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Abstract-- This paper presents an application of a new
meta-heuristic optimization technique, namely Ant Lion
Optimizer (ALO) for solving Optimal Power Flow (OPF)
problem. The presented method is inspired from the hunting
behaviors of antilions in the nature to catch pries. It is
inspected and tested on the well known IEEE 30 bus test
system considering various mono-objective optimization
problems, where the objective functions are presented by
smooth and non-smooth functions for fuel cost, non-quadratic
total gas emission, and complex function of total active losses.
The simulation results show that the proposed technique is
qualified to achieve the best solution qualities overcoming
other optimization techniques in the literature for the same
test system.
Index Terms—Ant Lion Optimizer, Fuel Cost, Gas
Emission, Optimal Power Flow

1. NOMENCLATURE
Pgi : Generated active power from unit i
Qgi : Generated reactive power from unit i
Vgi : Voltage magnitude for unit i
Ti : Tap ratio of transformer i
QCi : Reactive power from the i-th VAR compensator
VLi : Voltage magnitude of i-th load bus
SLi : Apparent loading power of i-th transmission line
Ng : number of generating units
Nt : number of tap changing transformers
Npq : number of load buses
Ntl : number of transmission lines (branches)
NC : number of VAR compensators
Qgi, min , Qgi, max lower and upper limits of i-th reactive
power generation unit
Pgi, min , Pgi, max lower and upper limits of i-th active power
generation unit
Ti,min , Ti,max minimum and maximum of i-th transformer
tap ratio
VLi,min , VLi,max minimum and maximum voltage magnitude
of i-th load bus
QCi, min , QCi, max lower and upper limits of i-th VAR
compensator
SLi, min , SLi, max lower and upper power flow limits of i-th
transmission line
2. INTRODUCTION
The Optimal power flow (OPF) is an important tool that
can cover optimal analysis studies of the electrical power
systems for both planners and operators. The main
objective of the OPF is to specify the settings of the
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parameters related to the available equipments in the
electrical network that optimize a specified objective
function in the goal to get an economic and secure
operation [1]. The objective function can be a total
generation cost, total gas emission resulting from the burn
of fuels, total active transmission losses or bus voltage
deviation, etc. The OPF is a constrained optimization
problem, where the power flow equations must be satisfied
furthermore to power balance constraint (equality
constraints), while the electrical network security and
operating limits of equipments must be verified (inequality
constraints).
In the literature, classical optimization methods have
been employed for solving the OPF problem such as a
Gradient based method [2], linear programming [3],
Newton method [4] and quadratic programming [5].
However, these techniques fail to handle many
optimization problems relying on the practical operating
constraints where the objective function is non-convex,
non-smooth and non-differentiable.
In the two last decades, important efforts have been
focused on the application of evolutionary algorithms for
solving OPF problems, trying to overcome the drawbacks
of conventional techniques such as Genetic Algorithms
(GA) [6], Particle Swarm Optimization (PSO) [7], Ant
Colony Optimization (ACO) [8], Artificial Bee Colony
(ABC) [9], Gravitational Search Algorithm (GSA) [10]
and Grey Wolf Optimizer (GWO) [11] among other metaheuristic optimization methods.
A new proposed bio-inspired algorithm called Ant Lion
Optimizer (ALO) developed by S. Mirjalili in the year of
2015 [12], which is inspired from the behavior of antilion
to hunt a prey (main pries are ants) in nature. The work in
this paper is devoted to the resolution of the OPF problem
using ALO algorithm. The proposed algorithm is
examined and tested on the well known IEEE 30 bus test
system for four cases of mono-objective optimization
problems for smooth and non-smooth functions of fuel
cost, non-quadratic total gas emission, and total active
losses as objective functions. The simulation results are
compared to those of other meta-heuristic methods in the
literature for the same test system to evaluate the
effectiveness of the proposed algorithm. In this paper,
section 3 is devoted to the OPF formulation, while section
4 is reserved to the concept of ALO algorithm. The

(1)
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simulation and results are discussed in section 5.
Conclusions are summarized in section 6.
3. OPTIMAL POWER FLOW FORMULATION

Case1: minimization of total fuel cost
The total generation cost of electrical power is expressed
as a quadratic function [9] by:

A. Mathematical formulation of the OPF problem
The goal of OPF is to determine the optimal settings of
control variables in terms of one or more objective
functions with the satisfaction of several equality and
inequality constraints of electrical power system. In a
general way, the conventional OPF problem can be
mathematically formulated as below:

min f ( x,u )



(1)
subject to : g( x,u )  0

h( x,u )  0


where f is the objective function to be optimized, g is the
set of equality constraints represented by the non-linear
power flow equations, h is the set of inequality constraints
reflecting the operating limits of control equipments, u is
the vector of control variables and x is the vector of state
variables. The vector u can be expressed as:

u  [ Pg 2 ....PgN g ,V g1 .....V gN g , T1 ...TNt , Qc1 ....QcNc ]T
The vector x is given as below:
x  [ Pg1 ,VL1 ,.....VLN pq , Qg1 ,...QgN g , S L1 ,....S LNtl ]T

(2)
(3)

The inequality constraints are mentioned as follow:
Limits of generators:
Pgi,min  Pgi  Pgi,max
Vgi,min Vgi Vgi,max

Limits of tap transformers:
Ti,min  Ti  Ti,max

(10)

Ng

i Pgi)) (Ton/ h)
f  (i  i Pgi i Pgi2 i exp(

(11)

i1

where f is the total gas emission (ton/h) and αi, βi, γi, δi,
and εi are the emission coefficients of the i-th unit.
Case3: minimization of total fuel cost considering valve
point effect
A sine component is added to the objective function
expression in (11) for considering the valve point effect to
evaluate the total fuel cost as [10]:
Ng

Ng

i 1

i 1

f   Fi ( PGi )  (ai  bi Pgi  ci Pgi2  f vpi )

(12)

where fvpi=| di .sin[ei(Pgi,min-Pgi)]|, while ei and di are the
fuel cost coefficients of the since component.

Ntl

f   g k [Vi 2  V j2  2ViV j cos( i   j )]

(13)

k 1

(5)
(6)

Limits of voltage magnitude for load buses
i=1,…,Npq
VLi,min  VLi  VLi,max

(7)

Power flow limits of transmission lines:
i=1,…,Ntl
SLi,min  SLi  SLi,max

(8)

where gk is the conductance of k-th transmission line
between buses i and j; Vi and Vj are the magnitude voltages
at bus i and j respectively, δi and δj are voltage angles.
4. ANT LION OPTIMIZER ALGORITHM

To handle an inequality constraint of a state variable, a
penalty function is introduced in the augmented objective
function as below:
Ns

(9)

k1

where xk is the k-th violated state variable, xlimk is the limit
of the k-th violated state variable and λPk is penalty factor
for the penalty function of the k-th violated state variable.
B. Objective functions
Mono-objective optimization problem is considered for
four cases of objective functions f in (1):

ISBN: 978-9938-14-953-1

i 1

Case2: minimization of total gas emission:
The emitted gasses from each generating unit can be
expressed as a combination of quadratic and exponential
functions of the generated active power [9]:

(4)

Limits of reactive power compensators:
i=1,…,NC
QCi,min  QCi  QCi,max

Faug  f (x,u)  Pk.(xk  xklim)2

i 1

where ai, bi and ci are the cost coefficients of the i-th
generating unit.

i=1,…,Ng

i=1,…,Nt

Ng

Case4: minimization of total active losses
The total active transmission losses for the power system
can be expressed as [11]:

i=1,…,Ng

Qgi,min  Qgi  Qgi,max i=1,…,Ng

Ng

f   Fi ( Pgi )  (ai  bi Pgi  ci Pgi2 )

Ant Lion Optimizer (ALO) is a novel nature inspired
algorithm proposed by Seyedali Mirjalili in 2015 [12].
The ALO algorithm mimics the hunting mechanism of
antlions in nature. The antlion has an attractive manner for
hunting, it creates a small circular pit by digging
backwards in the sand, then it is waiting at the bottom of
the pit, and when an ant or other small insect falls into it,
the hunter grabs it, pull it under the sand, and inject a
special liquifying agent into its meal in order to consume
it. The Fig. 1 represents the antlion, some types of pits and
an ant in the jaws of antilion. Five main steps of hunting
p r e y s u c h a s t h e r a n d o m wa l k o f a n t s , building
traps, entrapment of ants in traps, catching preys, and rebuilding traps are implemented [13]. For mathematically
model such hunting attitude, the both kinds of insects, ants
and antlions are considered, where the ants inspect the
search space to look for foods, and antlions try to catch
them
with
traps
well
organized.

(2)
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behavior or decreases its trend.
Nevertheless, the walks described by (14) are not
introduced directly in the algorithm due to the violations
of variables out of boundaries. Therefore, the
normalization of the random walks is designated as given
in the following equation:
k
k
k
k
X At
C( X At
,n (t)  min(
,n (t) .(ub (t)  lb (t))
k
 lbk (t) (16)
X At
,n (t) 
k
k
max(C( X At,n (t))  min(C( X At,n (t))





where max(C(XkAt,n (t))) and min(C(XkAt,n (t))) indicate the
maximum and minimum of random walks for the k-th
variable of the n-th ant, lkb(t) and ukb(t) are the lower and
upper bounds of k-th variable at t-th iteration, respectively.
B. Slide of ants

Fig. 1 Antilions and their various pits in order to catch ants

Assuming that ant population consists of Np ants in the
search space with D dimensions, the position of n-th ant is
XAt,n =(X1At,n, X2At,n, …., XkAt,n,…. XDAt,n), where XkAt,n is the
k-th variable position of n-th ant. The fitness function
evaluation of all ants can be given in the fitness evaluation
vector by fitAt=( fitAt,1, fitAt,2,..., fitAt,n,…, fitAt,Np), where
fitAt,n is the fitness value of n-th ant evaluated based on the
objective function given by f(X1At,n, X2At,n, …., XkAt,n,….
XDAt,n). In similar manner, Np antlions form the antilion
population and hid somewhere in the search space of Ddimensions, assuming that the position of n-th antilion is
XAL,n =(X1AL,n, X2AL,n, …., XkAL,n,…. XDAL,n), where XkAL,n is
the k-th variable position of n-th antlion. The fitness
function evaluation of all antlions is stored in the vector
fitAL=( fitAL,1, fitAL,2,..., fitAL,n,…, fitAL,Np), where fitAL,n is the
fitness value of n-th antlion evaluated based on the
objective function given by f(X1AL,n, X2AL,n, …., XkAL,n,….
XDAL,n).
A. Random walks of ants
In the natural life of ants, the movement of each ant is
randomly created to look for food sources. A random
walk is selected to model the ants’ displacement as given
by:
k
C( X At
(2r(t1 )  1),......
,n (t))  [0, cumsum

..cumsum
(2r(t 2 )  1),...,cumsum
(2r(t Ni _ max)  1)]

(14)

where C(X1At,n (t)) is the set of walks related to the k-th
variable for the n-th ant in the t-th iteration, cumsum
evaluates the cumulative sum, Ni_max is the maximum
number of iterations, t is the step of random walk
(iteration) and r(t) is a stochastic function given as :

0 if rand  0.5
r (t )  
(15)
1 otherwise
where rand is a random number in the interval [0,1].
Referring to this attitude, the ants have three
comportments of displacement, where the random walk
fluctuates around the original position, increases its
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When the antlion realizes that the ant is trapped in the
pit, it throws the sand beyond the pit center in order to
slide the prey down. To model mathematically such action,
the radius of the random walks hypersphere is reduced in
an adaptive manner, and therefore the lower and upper
limits must decrease with the increase of the iterations as
mentioned below:

lbk (t )
I
(17)
k
u
k
b (t )
u b (t ) 
I
where I is a ratio given by I=10w×t/Ni_max and w is a
constant adjusted based on the current iteration (w=2
when t>0.1×Ni_max, w=3 when t>0.5×Ni_max, w=4 when
t>0.75×Ni_max, w=5 when t>0.9×Ni_max and w=6 when
t>0.95×Ni_max).
lbk (t ) 

C. Trapping in antlion's pits
The random walks of ants are trapped by the pits of
antilons, the modeling of such natural behavior in the
mathematical environment is suggested by the following
equations:
k
 X AL
(t )  ubk (t ) if rand  0.5
ubk (t )   k
(18)
 X AL (t )  ubk (t ) otherwise
k
k
 X AL (t )  lb (t ) if rand  0.5
lbk (t )   k
(19)
 X AL (t )  lbk (t ) otherwise
where XkAL(t) is the k-th variable of an antilion at t-th
iteration.
D. Antlions building traps
The stronger antilion is affected by a high probability
for catching ants. The selection of an antilion Pselec in the
current iteration t among the most fitted antilions is
accomplished by the roulette wheel. Otherwise, the best
antilion Pelite providing the best solution obtained so far
should be taken into account, influencing on the
displacements of all ants during the evolution of iterations.
The traps defined by Pselec and Pelite are envisaged at the
same time and their sizes are given in (17). The position of
each ant randomly walks in the proximity of the traps

(3)
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defined by Pselec and Pelite is given by:
RS (t )  RE (t )
k
X At
(20)
, n (t ) 
2
where RS(t) is the random walk in the vicinity of the
selected antilion Pselec, while RE(t) is the random walk in
the vicinity of the elite antilion Pelite using (14)-(16).
E. Catching ants and re-building traps
The hunting process is terminated when the ant
becomes in the bottom of the antilion pit and the prey is
pulled inside the sand by huge jaws of the antilion. This
process can be imitated by assuming that the capture of
prey is accomplished when the ant fitness is greater than
that of corresponding antilion (sink into the sand).
Then the antlion updates its position to that of the hunted
ant, as given by the following equation:

X AL , j (t )  X At ,i (t )

if

setting of control variables by running the ALO algorithm
and the obtained optimal total fuel cost is 799.3264 $/h,
which is reported in Table I and compared with that of
other optimization techniques in the literature as ABC [9],
PSO [7], GSA [10], GWO [15], Differential Evolution
(DE) [15], Biogeography-Based Optimization BBO [16],
Adaptive Real Coded (ARC) BBO [16], RCBBO [16],
Teaching-Learning based Optimization (TLO) [17] and
Modified TLO [17] algorithms. It is clearly seen that the
proposed ALO algorithm gives a better result by
comparison with other meta-heuristic methods in Table I.
The evolution of the total fuel cost during the simulation is
indicated in Fig. 2. Based on this Figure, it is noticed, in
this case, that the convergence was very fast towards the
optimal solution.
TABLE I Comparisons of the results obtained for case 1 of IEEE
30-bus system

f ( X At , j (t ))  f ( X AL ,i (t )) (21)

Optimization technique
ALO
ABC [9]
PSO [7]
GSA [10]
GWO [15]
DE [15]
BBO [16]
ARCBBO [16]
RCBBO [16]
TLO [17]
Modified TLO [17]

Where XAL, j(t) is the position of selected j-th antilion at tth iteration, and XAt, i(t) is the position of i-th ant at t-th
iteration. The pseudo-code of ALO algorithm is detailed in
the Appendix.
5. SIMULATION AND RESULTS

Case1: Quadratic total fuel cost function
The objective function in (10) is evaluated for the optimal
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810

808

Total fuel cost ($/h)

The IEEE-30 bus test system is used to investigate the
aptitude of the proposed ALO algorithm to reach global
OPF solutions for different cases of mono-objective
optimization problems. The model has 6 generators, 41
branches (39 lines and 4 transformers with off-nominal tap
ratios) and 24 load buses. Shunt VAR compensators are
installed in buses 10, 12, 15, 17, 20, 21, 23, 24 and 29,
where the reactive power injection is controlled between 0
and 5MVAR as lower and upper limits, respectively [10].
The system total demand was (2.834+j1.262) p.u for the
apparent power at 100 MVA base. Bus 1 was taken as the
slack bus. Upper and lower active power generating limits,
reactive power limits, cost coefficients and emission
characteristics of generators are taken from [14]. The
ALO algorithm parameters are: Number of search agents
is equal to the number of ants and antilions NP=50,
maximum number of iterations Ni_max=200 and the number
of variables is D=25.
The software was written in Matlab 2009b using a
personal computer running Windows XP professional,
Pentium P-IV CPU 3 GHz processor and RAM of 1GB.
Four objective functions are used to evaluate the
performance of the proposed algorithm in order to reach
the optimal solution. The optimal control settings of
control variables and the corresponding objective function
value are determined for 30 independent runs with
different random seeds for different cases and with various
objective functions (for the same test system IEEE 30 bus)
using ALO algorithm. The average computation time of
one independent run with NP equal to 50, and Ni_max equal
to 200 was 25.88 s. The same cases as in sub-section 3. B
were considered:

Optimal Cost ($/h)
799.3264
800.6600
800.41
805.1752
801.41
801.23
801.0562
800.5159
800.8703
801.99
801.89

806

804

802

800

798
0

50

100
Iterations

150

200

Fig. 2. Convergence of the ALO algorithm for case 1

Case2: total gas emission
The total gas emission selected as in (11) is minimized
using the proposed ALO algorithm and the optimal value
achieved is 0.20476 Ton/h, which is reported in the Table
II and compared to the total gas emission evaluations of
other methods applied for the same test system as hybrid
Firefly Algorithm and GA (FFA-mGA) [18], GA [19],
PSO [19], ABC [9], Shuffle Frog Leaping Algorithm
(SFLA) [19] and Modified SFLA (MSFLA) [19]. By
examining Table II, the minimum total gas emission
obtained by the proposed ALO algorithm has been seen to
be better than the results in the literature. The convergence
of the total gas emission with the number of iterations is
depicted in Fig. 3, showing that the proposed ALO
algorithm gives faster convergence to the optimal solution.
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TABLE II Comparisons of the results obtained for case 2 of
990

IEEE 30-bus system
Optimal Gas emission
(Ton/h)
0.20476
0.20677
0.21170
0.20960
0.20630
0.20482
0.20560

ALO
FFA-mGA [18]
GA [19]
PSO [19]
SFLA [19]
ABC [9]
MSFLA [19]

980

970
Total fuel cost($/h)

Optimization technique

950

940

Case3: total fuel cost considering valve point effect
The objective function given in (12) is provided for nonsmooth curve of fuel cost function and that for the two
generators in buses 1 and 2, where their cost coefficients
are taken from [10]. The fuel cost curves of the remaining
generators keep the same characteristics as in case1. The
VAR compensators for this case are ignored, where the
number of control variables is D=16. The minimum total
fuel cost obtained using the proposed ALO algorithm and
considering valve point effect was 921.3071 $/h.
0.215
0.214
0.213
Total gas emission (Ton/h)

960

930

920
0

50

100
Iterations

150

200

Fig. 4. Convergence of the ALO algorithm for case 3

The reported results of the optimization techniques
revealed from the literature as ABC [9], GWO [15], DE
[15], ARCBBO [16], and Modified Flower Pollination
Algorithm (MFPA) [23] are compared with the result of
ALO algorithm for the same test system. The best result is
assigned to the proposed ALO algorithm. Fig. 5 shows the
total losses variations with iteration progressions for the
best result obtained by ALO.

0.212

TABLE IV Comparisons of the results obtained for case 4 of IEEE

0.211

30-bus system

0.21

Optimization technique
ALO
ABC[9]
GWO [15]
DE [15]
ARCBBO [16]
MFPA [23]

0.209
0.208
0.207
0.206
0.205
20

40

60

80

100
120
Iterations

140

160

180

200

Fig. 3. Convergence of the ALO algorithm for case 2

4.4

The ALO algorithm shows a better solution than other
methods displayed in Table III as ABC [9], Gbest guided
ABC (GABC) [20], Multi-Agent based Differential
Evolution (MADE) [21], GSA [10] and Modified DE
(MDE) [22]. The progress of total fuel cost with iterations
during the simulation is given in Fig. 4.

4.2

Total active losses (MW)

4

Case4: Total active losses
The transmission active losses in (13) adopted as objective
function in this case is minimized by carrying out the
proposed ALO algorithm. The optimal active total losses
resulting from the simulation are given in Table IV.
TABLE III Comparisons of the results obtained for case 3 of IEEE

30-bus system
Optimization technique
ALO
ABC [9]
GABC [20]
MADE [21]
GSA [10]
MDE [22]
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Optimal active total losses (MW)
2.8820
3.1078
3.4100
3.3800
3.1009
2.8877

Optimal Cost ($/h)
921.3071
945.4495
931.7450
929.6832
929.7240
930.793

3.8
3.6
3.4
3.2
3
2.8
20

40

60

80

100
120
Iterations

140

160

180

200

Fig. 5. Convergence of the ALO algorithm for case 4

As summarized in Tables I–IV, ALO algorithm method
can obtain best quality solutions compared to all other
methods listed in the tables, with moderately high speed of
convergence based on Fig. 2-Fig. 4.
6. CONCLUSION
In this paper, the recently developed ALO algorithm has
been applied to the OPF problem resolution, which is
implemented for many cases of mono-objective
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optimization problems. The proposed algorithm has been
tested and examined on the well known IEEE 30 bus test
system. The performances of ALO algorithm were verified
using four cases of study with various objective functions
including convex and non-convex fuel costs. The
simulation results obtained from the proposed approach
were compared with those of the recent reported metaheuristic methods in the literature. The comparison
demonstrates the effectiveness and the superiority of the
proposed ALO technique overcoming other optimization
techniques in terms of solution quality. The ALO
algorithm has a simple framework and successfully
implementation characteristic and, therefore, could be
used for the OPF problem in large-scale power systems.
APPENDIX
Pseudo-code of Ant Lion Optimizer
1.Initialize the search agent position of Np ants and
antilions randomly
2.Evaluate the fitness of all ants and antilions
3.Specified the antilion with the best fitness value
representing the elite antilion Pelite
4.while (t<Ni_max)
5. for each ant (i.e i=1….Np)
6.
Select an antilion Pselec based on the fitness of all
antilions using roulette wheel process
7.
for each dimension (i.e k=1….D)
8.
update the lower and upper bounds using (17)
9.
Evaluate the bounds around the selected
antilion or the elite antilion by (18) and (19)
10.
Determine RS(t) or RE(t) signifying the
random walk around the selected antilion or
the elite antilion respectively by (14)-(16)
11.
Update the ant position using (20)
12.
end for
13. end for
14. calculate the fitness values of all ants
15. All positions of ants and antilions are evaluated
based on their fitness, these fitness values are sorted
from the smallest to the largest
16. Replace an ant with its corresponding antilion if it
becomes fitter based on (21)
17. Update elite if an antlion becomes fitter than the elite
18. end while.
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Abstract- This paper is describing and investigating four
crucial areas of Erbium Doped Fiber Amplifier (EDFA).
First is the atomic part, where it is meaningful to give deep
and details information of erbium spectra structure and its
energy level. The atomic spectrum is one crucial part in
defining and understanding amplification phenomena. The
second part based on understanding, investigating and
analyzing of the theoretical background of EDFA where
spontaneous and stimulated emissionsare the main targets of
this portion. The third part is the EDFA design, where
variety of investigationsillustrated viadifferent design of
configurations from the single pass to the quadruple pass.
Thepurpose of EDFA designsis to prove experimentally the
high-gain and low-noise-figure utilizing novel methods and
techniques. The fourth is the critical-review part, where
many research papers reviewed to figure out their
strengthsand weaknesses at different interpretation. The
critical review is to describe and specifythe limitationsof the
classical understanding of EDFA and to depict and conceive
the next generation characteristics of the fiber laser and
fiber amplifier.

photon born? How it constructed within the sublevel of
the atomic orbits? Or what is the physical meaning of the
electron jumping to generate photons? How the
amplification phenomena can explained at the formulaexperimentbase? All these questions need very clear
answer to understand the laser and amplifier conception.
Amplifier, with the stimulated and spontaneous emission
phenomena is considered to be the pass-key to future
revolution of communication. Light is paradox
phenomena, by understanding its mechanism clearlyit
leads to great revolution that can affect deeply; high
speed, quantum and teleportation.
EDFA theorylinked to laser and its phenomena of lightmatter dual interaction, where the spontaneous and
stimulation emission occurred at specific conditions.
Based on lasers studies, numerous formula given in
different books and articles to find the exact model for
lasing and amplification and to find suitable, precise and
clear formula. Owing to the vast factor affecting both
laser and amplifier output it is complex problematic to
find the precise formula for output laser, gain, and NF by
giving consideration to all parameters. In general, the
basic formalism used for modeling light amplification in
EDFA is based on [3, 5]:
• Electromagnetics
• Quantum Optics
• Laser Physics
The fundamental laser and amplification parameters are:
• Optical mode distributions
• Dopant-ion type and concentration
• Decay time
• Emission and absorption cross section
• Fiber parameter
The rate equation is to combine the following:
• Signal
• Pump
• ASE
A remarkable effect of configurations observed [6],
designs are affecting clearly the output. In general, the
simple EDFA configuration is made by splicing the
wavelength division multiplexing (WDM) with the active
medium EDF and pump power fiber;then the
amplification of input signal will occur due to stimulated
emission along with the generation of amplified
spontaneous emission noise. The gain gap between the
single stage single pass configurations typesdoes not
show big difference and saturation will occur at low pump

Index Terms-- Erbium, erbium doped fiber amplifier, energy
level, optical amplifier.

1. INTRODUCTION
As it found in the massive literature of photonics,
laser and amplifier take an important part in the current
scientific age due to paradigm shift of transmission and
communications towards Tbps[1]. The importance of
optical amplifier [2] is owing to its ability to amplify the
signal and revive it through the length of millions of
Kilometers.Vast numbers of books and papers published
since the early discover of laser in 1960 by Theodore
Maiman and amplification by Snitzer[3]. Amplification
and lasing phenomena are worthy to be analyzed
carefully. The scientists illustrate and investigate the
beneath behavior of laser at specific conditions and
parameters of the design.
The laser and amplification discovered thenfollowed by
focused research of different models and theories to
harmonize the results with the experiment. The base of
amplification is the quantum theory of Planck and
Einstein formulas. To understand and elaborate the
construction of laser and amplification phenomena, it is of
great consequence to combine theory and experiment in
one thinking head.
The elucidation of laser and amplifierrelated to what we
call the energy level or the atomic structure that emits the
photon from their sublevels. The question is how this
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power. The study presented shows the effect of different
configurations on the gainefficiency of EDFA.
In addition, a tremendous progress have achieved for the
development of broadband EDFA, which form the
backbone of high capacity light wave communication
systems. The amplifier provides high output power and
low NF to support the ever-increasing capacity demand
on light wave systems. Spectral gain ripples and nonuniformities of Silica-based erbium-doped fiber
amplifiers represent a bottleneck in broadband all-optical
light wave systems.

TABLE 1
Total orbital Momentum

S
0
The

P
1

D
2

F
3

G
4

H
5

I
6

J
7

K
8

calculated by the following methods:
3
2 +1=2
+ 1 = 4, =
2
And = + , + − 1, + − 2, … … … … … … −
The
becomes .
.
,
,
,………………
J calculated as the following:
3 15
=6+ =
2
2
3 13
=6−1+ =
2
2
3 11
=6−2+ =
2
2
3
3
3
9
=6−3+ = 3+ = 6− = − =
2
2
2
2

2. ATOMIC LEVEL
Ions and atoms are critical for the amplification
phenomena. The erbium ion is a crucial factor for the
generation of the stimulated and spontaneous emission.
Studying the erbium characteristics is an important step to
understand the amplification phenomena.
The relationship between the principal quantum numbers
organized as shown in Fig. 1. It is very clear that all the
quantum numbers ordered in such way that gives the
specific structure of the atom. This structure, will affect
strongly the characteristics of the atom and its interaction
with light absorption or emission.
The Russel-Saunder theory is labeling the energy level
with the following label: 2S+1LJ, where L is the total orbital
angular momentum, ‘S’ is the total spin of electrons, and
‘J’ is the total angular momentum. From Fig. 1 the value
of ‘S’can be calculated as S = (1/2)+(1/2)+(1/2) = 3/2. ‘L’
also extracted from Table 1, as the energy state for a
system of electrons. These states or term letters are
represented as follows: From Fig. 1 and Table 1, L = 6 and
6 is coincided with I.

.

At the end the
can be given as shown in Fig. 2 as
.
the following: . / ! , . "/ ! . / ! and . #/ ! .
The number of fine manifold measured based on the
following formula:
2 + 1!
$=
2
"
$ % = & = 8,
$ % = & = 7,
$" % = & = 6,
#

$ % = & = 5.
The energy levels distribution of the Erbium ion shown in
Fig. 2 and the energy levels shown in the figure as proved.
4

I9 / 2

0.65 µm

I11/ 2

0.89 µm

4

I13 / 2

1.5 µm

4

I15/ 2

4f
4

4

I

Fig. 2: The energy levels distribution of the erbium atoms

3. THEORETICAL LEVEL
The analysis and interpretation of EDFA based on the
theory of the energy level. Fig.3(a) and (b) portray a
conceived drawing on the activities taking place at the
sublevel of atomic amplification. Water tanks equipped
with water pump used to depict nearly similar to what is
happening at the sublevel of atomic structure and how the
conversion rate of the population simplified.

Fig. 1: Energy level following the electrons distribution in
Erbium ion.
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Based on this formula we can write the emission and
absorption rate as the following
,

2

,- =
W12P

W21S

,.

W21ASE

(a)
Fig. 3 Energy level and water tank

)*
= , * − ,- *
)+
+ , . / * … … … … … … … … … 1!
)*
= ,- * − , *
)+
− , . / * … … … … … … … … . . 2!
The negative sign means the reduction rate of the
populations and vice versa. The notation N is the
population per volume at the two levels. The W is the rate
at which the populations are jumped from one level to
another. When the pumping power is interacting with
erbium ions the result will be aspontaneous emission but
adding the targeted signal for amplification the interaction
will create stimulated emission with specific condition.
The interacting powers inside the doped fiber are: Pump
power PP, Signal power PS and amplified
spontaneousemission power PASE, these powers are
described based on the number of photons per unit of time
as the following:
The number of photons in pump beam per unit time

-0

&is the pump intensity. Since the two fibers are

spliced,the confinement factor Γ is multiplied, which is
the ratio of the core area of the EDF and the core area of
the spliced fiber of the pump. Number of photons in the
core per unit time%

-0

.34 .12

&

The probability of an ion in the core to absorb pump
photon defined as the absorption cross section area. Each
wavelength has a specific absorption cross section 5 6 and
specific emission cross section 5 7 therefore; this value is
a function of frequency.
Probability of a single ion being excited into the upper
state =

-0 .8

.34 .12
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, Pump emission rate
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4. DESIGN LEVEL
An efficient amplification occurs at the signal
wavelength of 1550 nm when it travels along the fiber
doped with Erbium ions at the core and pumped with
specific value of wavelength. The highest gain, lowest
noise figure, and broad-flat output power is a perfect
amplifier [6,7]. A higher power and wider spectrum of
ASE observed for the double pass compared with single
pass. A comparative investigation presented and analyzed
for various configurations.
Design and implementation of single stage optical
amplifier made by splicing EDF with WDM and optical
isolator. This type of amplifier considered as a basic
amplifier. Six configurations are shown in Fig. 4 (a) SPSS:
single pass single stage, (b) DPSS: double pass single
stage, (c) DPSSF: double pass single stage with filter, (d)
TPDS: triple pass double stage, (d) TPDSF: triple pass
double stage with filter, and QPDSF: quadruple pass
double stage with filter. The difference between these
configurations is owing to the additions of TBF and the
second stage can be single pass or double pass. The
circulators used as loop back where port 1 and 3 spliced

-0

.34

, Stimulated emission rate

. 1>?
@ -A 8
9;:

* , . / = * , + ,- !
*/C = * + * ⟹ * = */C − *
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is% &, where hv is the energy of one pump photon. In
12
order to determine the number of photons in a particular
cross sectional area of the core, where the erbium ions
distributed uniformly, divide again by AEr. The value

%

/

< -= 8
9:;

In laser physics, transition cross sections used to quantify
the likelihood of optically induced transition events.
Transition cross sections depend on the optical frequency.
When signal light beam, with power PS at λS, traverses a
slice of fiber medium of thickness dz and atomic
population density NEr, the amplification produce the
difference between input and output power. This
difference in power depends on various factors like
erbium ions doped inside the core of the fiber, the
pumping power, the input signal power, the fiber length
the absorption and emission cross section.
Absorption and emission cross sections are two most
important parameters of EDFs. They quantify the ability
of an erbium ion in the EDF to absorb and emit light. To
be more accurate, the cross sections represent the
probabilities of transitions to occur between ground and
excited states.
At the steady state the rate of N1 equal the rate of N2:

1
(b)

=

(9)
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and the TBF is incorporated between these ports to
suppress and eliminate the unwanted ASE.

from SPSS to QPDSF, the gain difference reach 40dB as
you can see in Fig. 5.

Fig. 5: Experimental results of gain (dB) versus pumping power
(mW) for (•) single pass configuration and (▲) double pass dual
stage configuration.

Fig. 4: Experimental configurations of EDFA: (a) single pass
single stage (SPSS), (b) double pass single stage (DPSS), (c)
double pass single stage with filter (DPSSF), (d) triple passes
double stage (TPDS), (e) triple passes double stages with filter
(TPDSF) and (f) quadruple passes double stages with filter
(QPDSF). TBF: tunable bandpass filter, CIR: circulator, EDF:
erbium-doped Fiber, LD: laser diode, and WDM: wavelength
division multiplexing, INPUT: tunable laser source, and
OUTPUT: optical spectrum analyzer.

The Key role of Tunable Bandpass Filter (TBF) in the
continuous increase of gain is impressive and crucial
where the TBF can stop the build-up of both the forward
and backward ASE powers outside the signal bandwidth,
and therefore increase optical gain and pump efficiency by
the increase of stimulated emission.
Fig. 5 shows very high gap between two types of
configuration at the same pumping power. By including
the filter within the circulators ports at specific position,
the gain will increase sharply. At higher pumping power,
the gain shifted from 21.04 to 62.56 dB. All these results
are at 1550 nm input signal power and -50 dBm. This
result shows clearly the impact of the varied construction
of configurations, the filter and the double pass technique
on the gain value. So, with the change of configuration
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The main and principal focus was to find an idea where the
gain and noise figure improved better more than the
existed one. The hope becomes a truth when the tunable
band pass filter positioned between the port 1 and port 3 of
the circulator. This new position of the TBF increases the
gain. With the same EDF lengths and the same pumping
power and the same wavelength the gain is jumped from
20dB single pass to 40 dB double pass with filter and this
was a big achievement. Adding another stage double pass
to the first stage the configuration becomes dual stage
double pass with filter, see Fig. 5, the gain reach 62.56 dB.
The huge gap between the single pass configuration and
the double passes dual stage gain shows how efficient the
configuration design can affect the gain and output power
values.
In Fig. 5, the results are showing the difference between
dual stage double pass and single pass. By increasing the
pumping power for both configurations, the gap between
the two configurations gain is a constant.
5. CRITICAL LEVEL
• Most of the published papers and books on EDFA are
focusing on the experimental process and results with
less concentration on theory and modeling. This owes to
the complexity and difficulties faced during the analysis
and explanations of spontaneous and stimulated
emission. Dealing with the fiber amplifier endless of
factors are affecting the amplifier output such as, EDF
length, erbium concentration, material host, type of
optical component, type of configuration, pump
wavelength, overlap factor, signal wavelength and the
filter. All these factors and parameters have their direct
impact on the output power, flattening, gain, and NF.
• Based on the amplifier factors complexity, it is required
to find a combination between theory and experiment to
understand the real phenomena and this is what not fully
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•

•
•

•

•

•
•

analyzed in the published papers and books. To
harmonize the theory and experiment it is difficult and
complex task for researchers.
Most of the implemented experiments are just
descriptions of graphs and their trends and not physical
explanation phenomena based on the formula. The vast
factors and parameters controlling the laser and
amplifier cause misunderstanding of theory analysis.
Amplifier in communications system still in its early
stage and this needsother steps for the next generation. It
is important and necessary to find new and simple
formula for laser and amplifier to understand clearly
what happened within the atomic subshells.
There is a need for comprehensive and simple formula
to explain amplifier and laser.
There are less published papers, studying the
comparison between both lasers and amplifiers at
different configurations.
Since decade the EDFA gain value is not increased, and
the noise complexity generated from the amplifier is not
solved.
EDFA gain ripple still a major problem for broadband
amplifier and laser since the discovery of laser and
amplifier.
Nano-EDFA laser and amplifier still at its early stage.
Less interest given to amplifier and laser for the
undergraduate study level.

6.CONCLUSION
A detailed investigation of EDFA is givenat four
principal levels; first is the atomic structure where Erbium
ion was investigated and interpreted. The energy levels of
Erbium atom described and calculated. The second level is
the theoretical analysis, where it is worth to understand the
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physical meaning behind the amplification phenomena and
linkittoeasy, simple and basic formula. The third level is
the presentation of various configurations and their
performance parameters related to different structures. The
last one is the critics inside EDFA topic, where many
published papers and books show superficial and
insignificant investigation concern the experiment and
theory of EDFA.
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Abstract—A Sliding Mode Controller (SMC) is adopted in this
work with a Proportional Integral Derivative (PID) to employ
instead of Power System Stabilizer (PSS). The major proposal is
that the effective property of PID and high characteristics of
SMC are combined to eliminate the chattering effect of SMC in
order to generate best control signal to the excitation system. The
robust design of SMC-PID has been employed to enhance the
power system stability and further to damp out strongly the
system oscillations that caused by the disturbances. The
proposed proposition is evaluated on Single Machine Infinite Bus
(SMIB) power system under different perturbations with prespecified operating condition. The simulation results have
demonstrated the high performance of mentioned controller that
attained best results compared to various controllers.
Keywords— PID, Power system stability, PSS, SMC, SMIB power
system.

I. INTRODUCTION
In their early years, electric power systems did not
reach far from the generating station. Power systems are
inherently nonlinear and undergo a wide range of transient
conditions, that results in under damped low frequency speed
as well as power oscillations that are difficult to control.
Sufficient damping of oscillations is important in an
interconnected power system [1].
Small signal disturbances observed on the power
system are caused by many factors such as heavy power
transmitted over weak tie-line, the effect of fast acting and
high gain Automatic Voltage Regulators (AVRs) [1,2].
In order to add the necessary damping to rotor
oscillations, Power System Stabilizers (PSS) are used to
provide oscillation damping by producing an electrical torque
component in phase with the rotor speed deviations [3].
Over the past four decades, different control techniques
have been developed for PSS design to enhance the
performance of power system.
Sliding mode control (SMC) is one of the robust
techniques that applied to conquer the power system
uncertainty. The advantage of SMC is that can be used in
presence of unknown nonlinear function and parameter
uncertainties including disturbances and operating conditions.
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Many papers have proposed the method for designing
the PSS using SMC such as [4]. [5,6] presented other method
to design an observer via the duality between the reduced
order state observer in continuous-time and the design of
sliding surface in SMC. The problem is left for the discrete
time case. In [7], the authors propose a new design of power
system stabilizer based on fuzzy logic and output feedback
sliding mode controller. Therefore, the control rules are
constructed according to the concepts of output feedback
sliding mode control, where the fuzzy sets, whose
membership functions are identified.
In [8], robust design of PSS for a Single Machine and
Infinite Bus (SMIB) system has been suggested, using the
duality with SMC technique based on discrete time reduced
order observer. Where, the duality between discrete time
reduced order observer (Reduced Order Luenberger's
Observer) and discrete time sliding surface design have been
established.
In recent years, designing of controller based damping
has been investigated by means of various superior State
feedback controls (SFC). SFC have been widely published
and reported in the literature for achieving best designing of
controller and for overcoming the conventional controllers [9].
Optimal control theory is suggested in [10-12] for the PSS
design. Also, both Output feedback control and Pole
placement methods has been proposed in [13,14] and widely
employed to attain robust control signals of PSS through
actual model parameters.
The present work offers robust design of controller
based on combination of sliding mode theory and PID. The
stabilizer is tested through well-known Heffron–Phillip’s
model. Additionally, the disadvantage of sliding mode control
is overcome by adding PID to mitigate the power system
oscillation after the disturbances. The mentioned controller
has attained continually high effectiveness and performance in
improving the stability of power system compared with SMC,
PID and conventional PSS through different perturbations.
This paper is organized as follows; Section II describes
the power system modeling and tested model. Section III
offers statement of power system stabilizer. Short description
about proposed controller theory is given in Section IV.

(12)
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Results and discussions of the simulation are displayed in
Section V. the present work is finished by general conclusion.

II. POWER SYSTEM MODEL


KE 
B  0 0 0
TE 

1 0 0 0
C

0 1 0 0 

T

(5)
(6)

In order to verify the performance of proposed study, a
single machine connected to an infinite bus power system was
chosen. SMIB consists of a transmission line that links
between synchronous generator and infinite bus. A fourth
order model has been modeled the generator. While, the
model used here is the Heffron-Phillips’s block diagram
model. To design the proposed controller around an operating
condition, the linearization of power system should be
necessary for this purpose [15, 16]. Dynamic equations of the
generator can be given as follows:
  f ( X ,U )
X

(1)

where X is the vector of the state variables and U is the vector
of input variable. The state vector of n generators is given as
i ,  i , Eqi' , E fdi T and U is the PSS output signal. This
model is widely used in the analysis of parameter values
settings of PSS.
( Pm  Pe  D )

i 
M




(


1)
0
 i

 E '  (  Eq  E fd )
 qi
Td' 0

 E fd  K E (Vref  Vt )

 E fdi 
TE


III. POWER SYSTEM STABILIZER

(2)

In small perturbations stability studies, linearization
model of power system around its operating point is often
applied. The state equations of power system can be written as
follows:
  AX  BU
X

Fig. 1. Single Machine Infinite Bus (SMIB) diagram

The PSS based damping controller is designed to
generate an electrical torque in phase with the speed deviation
according to the phase compensation method. In this study,
the conventional lead-lag controller is used to design PSS. The
structure of the PSS based damping controller is shown in Fig.
2. The rotor speed deviation is taken as the input to this
controller. It has gain block, signal-washout block as well as
two stages of lead-lag compensator. The phase compensation
block supplies the suitable phase-lead characteristics to
compensate for the phase lag between output and input signals
[16].

(3)

VPSS ( s )  K 

where A is a 4n  4n matrix and is given by f / X , while
B is the input matrix with order 4n  m and is given by
f / U . The A and B are calculated with each operating
point. The state vector X is a 4n 1 and the input vector U is
a m 1 .
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sTw
1  sTw

[

(1  sT1 ) (1  sT3 )

]   (s)
(1  sT2 ) (1  sT4 )

(9)

Fig. 2. Power system stabilizer model
IV. PROPOSED CONTROLLER
(4)

Recently, the employment of sliding mode theory has
been widely investigated as a robust approach for handling
complex systems including external perturbation with
uncertainties in the modeling. It is important to mention that
the main step to design SMC is the concept of the sliding
surface in which the desired response of control will be
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expected correctly. The state variable under control signal is
driven toward the sliding surface.

speed. A broadly speed input signal is considered during all
the study. The placement of PID is taken beside SMC for
boosting the effectiveness of control signal. The transfer
function of the PID is given by:

U (s)  [ K p  Ki / s  Kd s]E(s)

(13)

where the parameters: K p , Ki and Kd are the proportional,
integral and differential constants.
V. RESULTS AND DISCUSSION

Fig. 3. Sliding model control employement.
Process of sliding mode control engages two parts,
which are sliding and reaching parts. First part, the system is
responsive to the disturbances and uncertainties thus the
elimination thereof would yield considerable system
effectiveness and enhancement.
The laws of SMC for the Eq. 3 of power system are
displayed as follows;
n

ui   iT X   ij x j ;

i  1, 2,....., m

(10)

j 1

where the feedback gains are presented by
if xi j  0 i  1,..., m

 ij ,
 ij  
j  1,..., n

  ij , if x j i  0

(11)

and
 i ( X )  CiT X  0,

i  1,..., m

(12)

Ci’s

where
are the vectors of switching which are chosen by
linear optimal control theory or pole placement.

T
 T

X

T
U  X

In this section, the performance of SMC and PID
integration has been investigated to enhance the power system
stability and achieve effective signal of control by adding
supplementary damping in power system. SMC has been
selected in this study as one of the most effective techniques
for the mentioned field. Also, we have chosen PID controller
to overcome the drawback in SMC mechanism, in which the
deviations and oscillations appear in the rotor angle and speed
will be obviously suppressed. The simulation is carried out in
the MATLAB environment.
The proposed PSS parameters are optimally obtained
using the traditional algorithm to minimize the fitness as
expressed in Eq. 14 and to ensure the best comparison. For
this purpose, different cases have been carried out in the
simulation studies that given as follows:
 Case I: 8% step change in the reference mechanical
torque;
 Case II: 10% step change in the reference mechanical
torque;
 Case III: 12% step change in the reference
mechanical torque.
Step change in the reference mechanical torque was
sequentially augmented in order to show the effectiveness of
control design under different levels of perturbation. We have
chosen the changes somewhat very close to each other to
manifest clearly the effects of different controllers.
In order to reveal the robustness and performance of
the proposed controller, we have applied well-known
performance index, which is Integral of Time multiplied by
the Squared Error (ITSE), its form is presented as follows;
tsim

T

ITAE 



Fig. 4. Sliding mode controller (SMC) block diagram.
The operating of a PID with SMC is to produce an
appropriate torque on the generator rotor involved in such a
way that the phase lag between the machine electrical torque
and the exciter input is strongly compensated, as given in Eq.
13. The supplementary control signal is one proportional to
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(14)

0

X
CT

 t  abs(e(t ))dt

where e is the speed deviation in this study and tsim is the
time of simulation. The system speed deviation responses of
SMIB power system under different cases are displayed in
Figs. 5, 6 and 7. We can note from the results that the
proposed SMC-PID exhibits much more appropriate
mitigation specifications for suppressing the deviations, and
quickly stabilizes the system response from the first swing
under various plants and cases by providing best control
signal in comparing with SMC, PID, PSS.
Also, the power system with PSS cannot supply better
damping to the system oscillations due to the limitation in its
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control signal. The system without controller is not able to
maintain the power system in boundaries of stability as
illustrated in blue line in the figures. Thus, the obtained results
perceptibly demonstrate the performance and efficiency of the
mentioned controller by incorporation two robust stabilizers
SMC and PID for enhancing the dynamic stability in different
scenarios.
Case 1

-4

10

x 10

Model
PSS
PID
SMC
SMC-PID

Effective comparison is presented in Tables 1, 2 and 3
with different controllers and cases for superior illustration of
suggested design’s robustness. The results studies comparison
is achieved by means of error criterion ITAE and response
characteristics of speed deviations subsequent the presented
disturbances. As it is clear from Table 2 and 3 that the SMCPID stabilizers attains superior damping and performance that
come into view of numerical results; least value of peak,
settling time and objective function. Consequently, the
dominance of the suggested controller concept (SMC-PID)
has been clearly proved in comparison with SMC, PSS and
PID.

Speed deviation (pu)

5

Table 2 Objective function, Peak and settling time of speed
response under case 1.
Peak 104

Ts

ITAE

PSS

8.2172

3.5045

0.0018

PID

6.2140

SMC

4.7508

3.1514 2.5847 104
1.7920 1.8052 104

SMC-PID

4.0658

1.6637 5.7140 105

0

Case 1

-5
0.5

1

1.5

2

2.5

3

3.5

Time in second

Fig. 5. Speed deviation for case 1.
Case 2

-4

15

x 10

Table 2 Objective function, Peak and settling time of speed
response under case 2.

Model
PSS
PID
SMC
SMC-PID

Peak 104

Ts

ITAE

PSS

10

3.5044

0.0023

PID

7.7675

3.1514

3.2309 104

SMC

6.9573

1.6420

1.8394 104

SMC-PID

6.0096

1.6089

8.2878 104

Speed deviation (pu)

10

5

Case 2
0

Table 3 Objective function, Peak and settling time of speed
response under case 3.
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Fig. 6. Speed deviation for case 2.
Case 3

-4

20

x 10

Model
PSS
PID
SMC
SMC-PID

Speed deviation (pu)

15

Case 3

Ts

ITAE

PSS

12

3.5039

0.0027

PID

9.3210

3.1514

3.8770 104

SMC

9.3785

1.6162

1.7454 104

SMC-PID

8.1830

1.5941

1.1313 104

VI. CONCLUSION
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Fig. 7. Speed deviation for case 3.
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3

3.5

In this work, effective design of control has been
investigated based on the incorporation of sliding mode and
PID controllers for improving the dynamic stability. The
control signal of SMC has been enhanced using PID controller
in order to achieve best command signal in the excitation
system. For this purpose, the proposed controller has been
tested on the SMIB power system. The simulation results
obtained proved that the proposed SMC-PID controller
ensures best control signal and damps out clearly the power
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system oscillation under the severe perturbations compared to
other known controllers.
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Abstract--In controlling non-linear systems, uncertainty is
one of the most difficult obstacles. For that reason, several
reported results have shown that Interval Type-2 Fuzzy
Logic Controllers (IT2 FLCs) are very interesting to handle
uncertainties. In this current paper a new control technique
of dc-link capacitor voltage in three-level NPC shunt active
power filter based on IT2 fuzzy logic is established. At first,
an introductory description of theories on type-2 fuzzy sets
which are required for the process. After an IT2 FLC is
presented .Next the concept of uncertain non-linear power
system is developed .Finally the control performances on
global system are showed under various settings. All series of
simulation results in MATLAB/Simulink environment are
demonstrated and compared to illustrate the effectiveness of
this scientific research.
Index Terms—IT2 FLC, NPC, SAPF, HCC, THD, SRF.

1. INTRODUCTION
Uncertainty is an inherent part in controllers. There are
two kinds of uncertainties, one is caused by a lack of
information on the internal structure and parameters of a
system, and the other is caused by external disturbances
and noise. When disturbances have fast changes and large
magnitudes complicate even more the problem.
Traditional controllers employ type-1 fuzzy sets, which
represent uncertainty by numbers in [0, 1] using crisp
type-1 fuzzy sets, might not be able to fully handle the
high levels of uncertainties.
In recent years, IT2 FLCs have been attracting great
research interests. They are a powerful tool and better able
to handle uncertainties than their type-1 in complex
processes [1], [2], [3], [4], [5]. IT2 FLCs can outperform
conventional T1 FLCs in presence of external
disturbances and noises. Because of the additional degree
of freedom provided by the footprint of uncertainty (FOU)
in their membership functions [6], [7].Consequently
IT2 FLCs have been applied in various areas especially in
control system design. However, fuzzy logic also has its
shortcomings; designing IT2 FLCs is more difficult
because there are more parameters involved. Lack of
systematic procedures, for design and tuning of fuzzy
systems, have been considered as a main disadvantage of
FLCs [9], and have limited their applications.
The application of IT2 fuzzy logic in intelligent control
has been considered in this paper. Where the performance
of the shunt active power filter has been evaluated in term
of harmonic mitigation and dc-link capacitor voltage
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regulation, we have developed IT2 FLC in order to
maintain it constant and to generate the compensating
reference currents. Numerous measurements and criteria
are discussed. For quantifying the errors, we utilized two
widely used performance criteria, these are integral of the
absolute value of the error (IAE), and integral of the time
multiplied by the absolute value of the error (ITAE).
Analyses of the results are presented as a part of this
study.
2. REVIEW SET THEORY
A.Type-2 Fuzzy Sets
The theory of fuzzy sets (FSs) was introduced by Zadeh
[3], in 1965. He wrote the seminal paper formally defining
the fuzzy set and some simple operations on fuzzy sets.
He applied this theory of fuzzy sets to develop a fuzzy
logic. Their ability to model linguistics and uncertain
systems is well known in literature. We provide in this
part, reviews for some essential definitions and associated
important concepts for type-2 fuzzy sets.
A type-2 fuzzy set denoted Ã may be represented as [9].
Ã= {((x, u), µÃ(x, u)) | ∀ x∈ X, ∀ u ∈ Jx⊆ [0,1]}
(1)
In which 0 ≤ µÃ(x, u) ≤1, another expression for Ã can
also be as:
Ã=∫x ∈X ∫u ∈Jx µÃ(x, u)/(x, u), Jx⊆ [0, 1]
(2)
Where: ∫∫ denotes union over all admissible input
variables; x called the primary variable, has domain X and
u ∈ [0, 1] called the secondary variable, has domain Jx ⊆
[0, 1] at each x ∈ X.
For discrete universes of discourse ∫ is replaced by ∑.
As in Fig. 1, an example of a T2 FS is shown. Unlike a
T1 FS the membership of a T2 FS is bounded from above
and
and below by two T1 FSs,
Ã(x)
Ã(x)
which are called upper membership function (UMF) and
lower membership function (LMF), respectively. The area
between Ã(x) and Ã(x) is the footprint of uncertainty
(FOU).

Fig. 1. A Gaussian type-2 fuzzy membership function (FOU)

B. Type- Interval Type-2 Fuzzy Sets

(17)

When all µÃ (x, u) are equal to 1, then Ã is an interval

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

T2 FLS. It is characterized as [11].
Ã=∫xϵX ∫u∈Jx 1/(x, u),Jx ⊆ [0, 1]

(3)

Note that Jx is an interval set, i.e.
Jx=[

(4)

Ã(x), Ã(x)]

Ã(x)
Ã(x)

= min (Jx), ∀x ∈ X

(5)

= max (Jx), ∀x ∈ X

(6)

The FOU(Ã) can also be expressed as
FOU(Ã)=⋃∀

Јₓ

(7)

convert type-22 fuzzy sets into type
type-1. Because it can be
computed more easily, center oof sets (COS) reduction is
usually used. Ycoc is an interval set that is determined with
its left-end point yl, and right--end point yr. Ycoc can be
expressed as [12].
Ycos=[yl,yr]=
…
,

,

Fig. 2. Structure of an IT2 FLC.

Compute yr as yr =

3.

=
for i = 1,2, ..., M and let yr' ≡ yr .
Find R (1 ≤ R ≤ M − 1) such that yrR ≤ yr' ≤ yrR+1.

4.

Compute yr =

∑
∑

by initially setting

∑

with f = f for i ≤ R and

= for i > R and let yr'' ≡ yr .
If yr'' ≠ yr' then go to Step 6 . If yr'' = yr', then stop
and set yr'' ≡ yr .
Set yr' equal to yr'', and return to Step 3.

The procedure to compute yl is very similar to yr, just
replace yri by yli and in Step 3, find L (1 ≤ L ≤ M − 1) such

A. Fuzzifier
vect
The fuzzifier maps the crisp input vector
x = (x1, x2 ... xn)T to a T2 FS Ãx. It is similar to the
procedure performed in a T1 FLS.
B. Rules

that ylL ≤ yl' ≤ ylL+1. In Step 2, compute yl as yl=
initially setting
compute yl=

The general form of the jth rule of a T2 FLS can be written
as If x1 is 1j and x2 is 2j and... and xn is nj ,Then y= j ,
j=1,2,...,M
(8)
Where M is the number of rules, xi (i=1,
(i= 2, ..., n) and y
are the input and output of the IT2 FLS
respectively, ji represents the T2 FS of input state i of the
jth rule and j is the output of T2 FS for rule j.
E. Inference engine
In IT2 FLS, the inference engine combines rules and
gives a mapping from input IT2 FSs to output IT2 FSs.
using
ing performing input and antecedent operations, the
firing input sets are defined based on their upper upper
ʲ(X) and lower ʲ (X) MFs as
(x )

(9)

( ) = fʲ(X), fʲ(X)
fʲ (X) = μ ∗ μ ∗………∗ μ

(10)
(11)
(12)

D. Type Reducer
Since the output of the inference engine is a type-2
type fuzzy
set, a type-reducer
reducer is needed before defuzzification
to
de
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∑

2.

6.

∗………∗

,

∑
∑

1. Without loss of generality, assume that yri are
arranged in ascending order : yr1 ≤ yr2≤ · · · ≤ yrM.

5.

∗

,

1/

To compute yr:

Generally, an IT2 FLC is composed of a fuzzifier;
fuzzy rule base; fuzzy inference engine; type reducer and
defuzzifier as shows in Fig. 2.

ʲ(X) =

…

(13)
The Karnik and Mendel algorithm presents iterative
procedures to compute yl and yr in (13) as follow [13]:

3. INTERVAL TYPE-2 FUZZY LOGIC CONTROLLER

( )=∏

…

∑
∑

=

∑

by

∑

for i = 1,2, ..., M and in Step 4,
with

=

for i ≤ L and

=

for i > L .
E. Defuzzifier
The defuzzified crisp output from an IT2 FLS is the
average of yl and yr [14].
Youtput (x) =
(14)
4. IT2 FLC BASED ON 3L NPC SHUNT APF
Voltage
oltage and current harmonics have become a serious
problem in transmission and distribution systems in
recent years. Active power filters ((APFs) come to
diminish the disadvantages of the passive filters such as
filter size, which is heavy and bulky for high power level
impedance. All
applications, resonances with the source impedance
this can affect the stability of the power distribution
systems and energy
nergy difficulties are becoming stronger.
APFs have drawn much attention since the 1970s, because
they
hey have excellent compensation characteristics and have
better dynamic performance [15
15].
The APF needs an accurate control algorithm that
provides robust performance
rformance under source and load
unbalances. From Fig. 3 the instantaneous currents can be
written as

(18)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

methods harmonic component extraction. To get the
reference harmonic current, first the load current is
measured then has already been transformed from (abc)
stationery coordinate to (dq-0) rotating coordinate system
transformation [16]. It is done using following figure.

Fig. 3. Basic configuration of shunt APF

( )= ( )− ( )
Source voltage is given by
( )=
sin( )

(15)

Fig. 4. Reference frame transformation

(16)

First, identified and transformed into stationary twophase frame (αβ-0) from the three-phase stationary frame
(abc), as per (23).

If a non-linear load is applied, then the load current
will have a fundamental component and harmonic
components which can be represented as
i (t) = ∑
I sin(nω t+ ϕ )
I sin(nω t+ ϕ )
= I sin(ω t+ ϕ ) ∑

(17)
(18)

The instantaneous load power can be given as
( )=

( ). ( )
(

=

+

+

sin(

sin(

=

) cos (ω t).sinϕ
Isin(nω t+ ϕ )

)

(20)

From (20), the real (fundamental) power drawn by the
load is
(

) cosϕ

=

( ) ( )

(21)

From (21), the source current supplied by the source,
after compensation is
( )=

( )
( )

=

cos

sin(

)=

sin(

)

(22)

Next section comes to suggest an analytic study deals
with reducing harmonics in three Level NPC shunt APF,
using hysteresis current approach which determines the
switching signals of the inverter and IT2 FLC intended for
control loop of dc-link capacitor voltage. Synchronous
reference frame algorithm is chosen to extract the
harmonic components, as well all simulation results in
MATLAB/Simulink environment are demonstrated.
A. Harmonic compensation
Harmonic pollution, caused by wide use range of
semiconductors and other non-linear devices have
degraded power quality in the source. Other way the IEEE
519-1992 standard recommends including total harmonic
voltage distortion less than 5% for systems of less than
69kV. Several algorithms in time and frequency domain
are being used for calculation of reference currents
harmonics.

(23)

After, the two phase current quantities iα and iβ of
stationary (αβ-0) axes are transformed into two-phase
rotating synchronous frame (dq-0) using (24).

(19)

) cosϕ

( )=

1 − 1/2
1/2
0 √3/2 − √3/2

=

sin( )
cos( )

− cos( )
sin( )

(24)

Phase Locked Loop circuit (PLL) is providing Cos (ωt)
and Sin (ωt) which represents the synchronous unit
vectors. Equation (24) contains AC component or
oscillating value as well as DC component or average
value, see (25).
+
(25)
+
To eliminate the AC component which contain
harmonic component, low pass filter is used. So that DC
component which is output of above equation is harmonic
free.
=

Next, this harmonic free signal in (dq-0) rotating frame
is converted back into (abc) stationery frame as shown
below.
sin( ) − cos( )
cos( )
sin( )
Finally, the current from two
frame (αβ-0) is transformed back
stationary frame (abc) as per
compensation reference currents ia*,
obtained us illustrated in Fig. 5.
=

∗
∗
∗

=

1
0
− 1/2 √3⁄2
1/2 − √3⁄2

(26)
phase stationary
into three-phase
(27) and the
ib* and ic* are

(27)

Synchronous reference frame is one of popular
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C. Hysteresis Current Control
For reason that it is characterized by unconditioned
stability, very fast response and high quality of precision
[18], the hysteresis current control (HCC) technique plays
an essential role in the development of shunt APF. In
Fig.7,, the desired currents and real compensating currents
are compared to create the errors values. Curren
Current errors
signals become the inputs to the hysteresis block control
minimize the
in order to drive the inverter in manner to m
error which in turn controls all the system

Fig. 5. Synchronous reference frame block
lock diagram

B. Knowledge model of three-level
level NPC
Currently, a three level neutral point
p
clamped
(3L NPC) remains dominant because it is easier to control
[17];; it can achieve better harmonic reduction than
traditional two-level inverters and thee associated control
strategies help to minimize semiconductor losses. The 3L
NPC inverter consists of two series connected capacitors
C1 and C2. The dc-link
link capacitors divide the DC bus
voltage into three levels namely –Udc/2, 0 and Udc/2.
These voltage levels
evels appear at the output of each phase of
the inverter by appropriate switching of the power
semiconductor devices. The middle point of the two
t
capacitors is denoted as ‘N’ which is the neutral point. It
is illustrated in Fig. 6 the circuit configuration
nfiguration of single
leg k =a, b, c

Fig. 7 Hysteresis band current controller

The hysteresis algorithm is given in (29).
≤ 2∆ )]

[(

≥ ∆ )]˄[(
˅
≤ − ∆ )]˄[(

⎨
⎪ [(
⎩ [(

> 2∆ ) ] ⇒
< − 2∆ )] ⇒

= 0˄
= 1˄

⎧
⎪

[(

⇒

=1˄

=0

≥ − 2∆ )]

(29)
=0
=1

Where: ∆I is the width of hysteresis tolerance band.
And
( , , )
_
_

=
=
=

_
_
_

−
+∆
−∆

(30)

D. DC voltage control loop
Fig. 6 Single leg of three -level
level NPC inverter

The switching states table of one leg of a 3L NPC can be
obtained from (28).
=
(28)
=

Voltage capacitor is considered as a voltage supply
source for active filter and itss value must be kept constant
filter is maintained
to ensure that the performance of the filte
semiconductors do not
and the voltage fluctuations of the semi
exceed the limits prescribed. The IT2 FLC is implemented
as exposed in Fig. 8.

TABLE I

Switching States for First Leg of 3L NPC Inverter
I
Output level
Voltage

2

0
−

2

Switching States (k=1)
S1

S2

S3

S4

1

1

0

0

0

1

1

0

0

0

1

1

ISBN: 978-9938-14-953-1

Fig. 8 IT2 FLC block diagram

The IT2 FLC does not require a mathematical model of
the system, its internal structure needs 2 inputs error e (k)
and variation in error ∆e (k). The output after a limit is
considered as the amplitude of the reference current Imax(k)
takes care of the active power demand of load and the
losses in the system.

(20)
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TABLE III

The internal structure of IT2 FLC is defined as

Performance Criteria Values For IT2 FLC

( )= ∗ ( )−
( )
∆ ( ) = ( ) − ( − 1)
( )=
( − 1) +
( )

(31)

Seven triangular membership functions are used for the
implemented IT2 FLC and seven fuzzy levels or sets are
chosen as: NB (negative big), NM (negative medium), NS
(negative small), ZE (zero), PS (positive small), PM
(positive medium), and PB (positive big) [19] to convert
these numerical variables into linguistic variables as in
Fig.9.

Performances
Criteria

Modeling
Uncertainty
(random noise)

Measurement
Uncertainty
(Lf+50%Lf)

Modeling
&
Measurement
Uncertainty

IAE

2.58

2.53

2.55

ITAE

0.049

0.046

0.049

600

VDC(V)

595

590

585

580

0.05

0.1

0.15
TIME(s)

0.2

0.25

0.3

0.2

0.25

0.3

0.25

0.3

A-first test
Fig. 9 Membership functions for e, ∆e & δImax
600

5. SIMULATION AND DISCUSSING RESULTS
This part presents the details of the simulation in
MATLAB/SIMULINK environment. Following table
contains the system parameters considered for the study.

VDC(V)

595

590

TABLE III
585

System Parameters
Network

Charge

Shunt APF

IT2 FLC & HCC

580

0.05

0.1

0.15
TIME(s)

Vdc*=600V
Rc=5Ω

C=22.10-4 F

F=50Hz

Lc=8.10-3H

Lf=1.10-3H

B-second test

seven T2-Triangular
MFs
matrix (7x7) rules
base
∆I=0.1A

600

595

VDC (V)

Vs=220V

The robustness of the T2 FLC in presence of nonlinearity and uncertainties is tested. When the parametric
uncertainty Lf is introduced with 50 % of the nominal
value and a random noise is added in measurement, then to
confer high performance in control loop, the third
disturbance is came.
In order to evaluate the feasibilities of T2 FLC, two
commonly performance measuring criteria such as:
integral of the absolute value of the error (IAE), and
integral of the time multiplied by the absolute value of the
error (ITAE) are adopted . The values obtained are show as
per in table below

ISBN: 978-9938-14-953-1

590

585

580

0.05

0.1

0.15

0.2

C-third test
Fig. 10 (A, B, C) the dc-link voltage capacitor & its reference for
(03) test

(21)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

6. CONCLUSION
an efficient type
In this work, we communicate
controller in intelligent control and power system.
We focus on the robustness analysis of IT2 FLSs and
it concluded that IT2-FLC
FLC is more robust because of
the presence additional degree of freedom provided
by FOU. Association IT2-FLC
FLC shunt APF is an
effectiveness approach demonstrate well results in
simulation and it proven that IT2
IT2-FLC is able to cope
with non-linearity
linearity and uncertainty
D-first test
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Abstract—Energy usage and environment pollution in the
transportation are major problems of today’s world.
Although electric vehicles are promising solutions to these
problems, their energy management methods are complicated
and need to be improved for the extensive usage. In this
work, a heuristic optimization approach, Particle Swarm
Optimization is used to provide an optimal energy
management system for a battery/ultracapacitor powered
electric vehicle without prior knowledge of the drive cycle.
The proposed scheme has been simulated in Matlab and
applied on the ECE driving cycle. Results show the
effectiveness of the applied method for the energy
management problem of the multi-source electric vehicles
with the lowest possible energy usage.

powers are not enough to meet the vehicle instant power
need most of the time. Therefore, integration of UC with
batteries is an accepted solution because of the ability of
UC to provide or absorb high powers [1]-[3]. Integration
and management of these two sources are studied by using
several methods in literature. Fuzzy logic [2], simulated
annealing [4], particle swarm optimization (PSO) [1],
model predictive control [5] methods are some of them.
Despite the difference between them, it is generally not
possible to compare the effectiveness or usefulness of
these methods because nearly all of the methods are
applied to different drivetrains and topologies.

Index Terms— Battery, electric vehicle, energy
management, particle swarm optimization, ultracapacitor.

In this work, a particle swarm optimization based
energy management strategy is applied to the Alatay-EV
whose general connection topology is shown in Fig. 1.

1. INTRODUCTION
In recent years, depletion of petroleum resources, global
warming and climate change has caused an increased
interest about effective usage of available energy
resources. Electric vehicles (EVs) are promising solutions
about transportation to those problems because of high
efficiency of electric motors and almost zero emission of
drivetrains. Improvements on power converters and
control techniques lead to increase of usability and
drivability of them. However, there are some drawbacks
and unresolved problem that are research subjects of many
researchers. Energy management of energy sources is one
of these problems because of only one type of energy
source could not provide the needs of the entire drive
profile. It is a common solution to use multi energy
storage devices to overcome the disadvantage of each
source and taking benefit of every source in an optimal
way.
Batteries, fuel cells, ultracapacitors (UC) and flywheels
are the most researched storage solutions for the electric
vehicle energy source [1]. Energy storage systems in
electric vehicles need to have high specific energy, high
specific power, long cycle life and safe operation in all
road conditions [2]. Fuel cells and flywheels are not
sufficient yet to supply all needs of vehicles due to limited
storage capability, safety and operational constraints [1].
Batteries provide a high specific energy but their specific
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Command input

Fig. 1. General connection topology of Alatay-EV
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Optimization of the energy management strategy (EMS)
is achieved in two stages. The first stage is to restrict the
search space of the optimization method according to
conditions of storage devices and power demand of the
vehicle. After determination and restriction of the search
space, the power sharing optimization is implemented by
using the PSO introduced by Kennedy and Eberthart [6].
This paper is structured as follows. The first section
states the needs for this work and gives an introduction to
the subject. The second section presents the structure of
the EMS and gives detailed information about the
optimization method. Section 3 represents the results of
simulations studies, and discussion of the obtained results.
Finally, conclusions are given in Section 4.
2. ENERGY MANAGEMENT STRATEGY
In this work, power losses are neglected to provide
simplicity. Only power sharing is considered as illustrated
in Fig. 2 [3]. Here, the battery provides the continuous
power while the UC provides peak powers. For accepting
high regenerative powers and sometimes to provide high
power to accelerate the vehicle, there is a power exchange
between battery and UC. This exchange results in a more
efficient use of energy storage devices and by consequence
longer the driving range. The energy exchange is
implemented according to some rules. These rules are
formed by considering the minimum and maximum
capacities of storage devices, demanded power and
maximum obtainable power of battery. These rules and
relevant actions are described in details in [4]. Forming
the rules is implemented according to working constraints
and operational needs of the vehicle and storage devices.

Energy
Exchange

Battery

where minimum and maximum powers are as described in
(4). Here, minimum power represents the maximum
charging power, while the maximum power is the
maximum discharging power from the storage units.
Pi ,min  0  Pi ,max ,i  {bat ,UC}

Continuous
Powers

In electric vehicles, demanded power and supplied
powers from battery and UC must be in equilibrium in any
case and in the whole time interval as described in (1).
(1)

where the demanded power is calculated according to (2),
and the constants and parameters used in this equation are
given in Table I.
1
Pdem  m.a.V  .Cd . .V 3  K r .mV
.  m.g .sin( ).V
2

(4)

The objective function to be minimized can be
expressed as in (5) as described in [3], [4].
tN

J  min {Pdem (t )  ( wBat (t ) * Pbat ,max (t )  wUC (t ) * PUC ,max (t ))}

(5)

k 1

where N is the time interval of the chosen drive profile
and wBat and wUC is the weighting factors of battery and
UC, respectively. Also the weighting factors have
restrictions as in (6).
wBat , wUC  [1,1]
Pbat (t )  wBat (t ) * Pbat ,max (t )

(6)

PUC (t )  wUC (t ) * PUC ,max (t )

Here, the objective is to provide optimal sharing of
power among battery and UC by determining the
weighting factors of them. In this paper, for the
determination and optimization of these factors, PSO is
used. Details of the PSO method are given in the next
subsection.
Assumptions and constants used in the simulation

Load Power

Pdem (t )  Pbat (t )  PUC (t )t

(3)

PUC ,min  PUC (t )  PUC ,max ,t

TABLE I

Fig. 2. General power sharing scheme [3]
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Pbat ,min  Pbat (t )  Pbat ,max ,t

Peak
Powers

Ultracapacitors

Pload=Pbat+Puc

This power equilibrium is subject to certain restrictions
in terms of minimum and maximum charging/discharging
powers as (3).

Name
Mass (m)
G
Kr
Θ
Ρ
cd
Front Area (A)
Number of Battery Cell
Battery Cell Nominal Voltage
Battery Cell Nominal
Capacity
Battery Nominal Discharge
Current
Number of UC Cell
UC Cell Nominal Voltage
UC Cell Nominal Capacity

Value
400
9.81
0.012
20
1.2
0.3
1.64
32
3.2
36

Unit
kg
m/s^2

21.6

A

30
2.7
0.244

V
Ah

Degree
kg/m^3
m^2
V
Ah

(2)
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In the implementation phase some threshold values for
battery and UC must be determined to avoid damage of
the storage devices. For this purpose, the battery state of
charge (SOC) level is restricted between 35% and 95%. In
a same way, UC minimum and maximum SOC are limited
between 80% and 90% to show effective operation of the
algorithm. Also, the operating voltages of battery and UC
cells are (2.8-3.7) and (0-2.85) respectively. Detailed
specifications and some constants about vehicle, battery
and UC are given in Table I.

Initialization of particle
positions

Objective Function Calculation
Finding particle s minimum and
global minimum
Updating positions with
calculated velocities

A. Particle Swarm Optimization
PSO is a population based evolutionary computation
technique, inspired from the social behavior of bird
flocking and optimizes a function by utilizing a population
of particles that fly through the solution hyperspace [6].
Particles are initialized randomly and seeking for optimal
solution is carried out by updating its velocity and position
at each iteration. Updating policy for each particle consist
of best experience of its own and the entire population.
Fig. 3 shows a flow chart of finding optimal weighting
factors wBat and wUC . The steps of the program flow are
described below:
 Step 1: Parameters of PSO like swarm size, acceleration
coefficients, inertia weight, maximum velocity and
iteration are defined. Positions of each particle are
randomly initialized within a predefined range.
 Step 2: Objective function fitness’s are calculated for
each particle.

Is stoping
criteria satisfied?

No

Yes
Optimal parameters

Fig. 3. Flow chart of PSO algorithm.

3. RESULTS AND DISCUSSIONS
The proposed energy management strategy is applied
on ECE driving cycle shown in Fig. 4 [7]. Drive cycle data
gives information of the speed of the vehicle. The
demanded power according to this drive profile is
calculated according to (2).

 Step 3: From fitness evaluation, particle best position
(pbest) and global best position (gbest) are obtained.
 Step 4: According to evaluated fitness’s, velocities of
particles will be calculated and positions will be
updated. The velocity formula is given below:
vid (t  1)  wvid (t )  c1R1 (t )( pbest d (t )
 pid (t ))  c2 R2 (t )( gbest d (t )  pid (t ))

(7)

p (t  1)  p (t )  v (t  1)
d
i

d
i

d
i

where c1 and c2 are acceleration coefficients, w is weight
factor, R1 and R2 are random variable, and pid is position
of particle.
 Step 5: If the fitness reached a specified value or
maximum iteration exceeded, algorithm exits from
the loop.
 Step 6: PSO algorithm is terminated and optimal
parameters are obtained.

ISBN: 978-9938-14-953-1

Fig. 4. ECE Driving cycle.

Some setup results of the management method is given
in Fig. 5 and Fig. 6 to show the optimization process. In
the first setup, battery and UC initial SOCs are determined
as 80% and 50% respectively. From Fig. 5 a), energy
exchange between battery and UC can be seen. For
example, in the first 8 seconds power demand is zero and
UC SOC is below the threshold value. So, battery charges
the UC in this case. This increment provides to rise UC
SOC for the later use to accelerate the vehicle. In Fig. 5 b),
demanded power and supplied power from each source are
illustrated. Power exchanges between sources can be seen
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clearly in this figure. As a result, power equality is given
in Fig. 5 c). This figure shows good matching of
demanded and supplied powers.

approximately 2 kW (21.6 A continuous discharge current
and 96 V nominal voltage). However maximum demanded
power about 3 kW for the ECE driving cycle.
In the other simulation setup battery and UC initial
SOCs are determined as 80% and 100% respectively, and
the results are shown in Fig. 6.

(a)

(a)

(b)

(b)

(c)
Fig. 5. Battery initial SOC: %80, UC initial SOC: %50, a)
battery and UC SOC values, b) battery, UC and demanded
powers, c) demanded and supplied powers.

In Alatay-EV vehicle batteries have much more power
density. It results to demand power is met by battery
power most of the time. Used batteries can supply

ISBN: 978-9938-14-953-1

(c)
Fig. 6. Battery initial SOC: %80, UC initial SOC: %100, a)
battery and UC SOC values, b) battery, UC and demanded
powers, c) demanded and supplied powers.
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In this work, the power losses of gear box, motors and
inverters are neglected to provide simplicity and avoid
from the computational effort. Demanded power from the
drive cycle is considered as demanded power from energy
storage devices. Also the DC-DC converter between
battery and UC must be included for realistic and correct
results. Every energy exchange between these devices
cannot be efficient in every time.
4. CONCLUSION
Electric vehicle technology is a growing issue with the
concerns about future of the petroleum resources and
climate change. One of the major components of these
technology is the energy management of used storage
devices in vehicle because of none of the current energy
storage devices is enough the entire need of the vehicle.
For this purpose, optimal power sharing and energy
management of a battery/UC powered electric vehicle is
studied in this work. Optimization of power sharing is
achieved with an effective PSO technique. It is concluded
that the PSO technique can be used effectively for the
energy management problem of the multi-source electric
vehicles with the less energy usage.
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Advances and Challenges in WBG Devices and their Applications in
Power Conversion and Conditioning
O. Bouketir
Department of Electrical Engineering,
University Ferhat Abbes Setif 1

Abstract—Investigations into silicon carbide (SiC) and
gallium nitride (GaN) devices are being gaining much
attention and attracting many research institutions in current
decades due to their great properties and superiority over
traditional silicon (Si) materials (higher power ratings, and
much higher operating temperature). This paper attempts to
track the developments of these switching power devices and
their applications in recent years. Applications, whether in
electronic drives, renewable energy or different power
conversion types are explored. Modelling of some devices and
simulation of some systems which use these new switches are
also inspected. Challenges and difficulties specially in
fabrication processes are stated.
Index Terms—GaN, Power Conversion, SiC, WBG.

1. INTRODUCTION
Researchers worldwide believe that wide bandgap
(WBG) semiconductors will definitely stimulate exciting
innovations in power electronics, energy-saving
applications and other applications in different industrial
and commercial sectors. WBG semiconductor industry
will demand
the development of pioneering
manufacturing techniques that can produce adequate WBG
materials, devices, and modules at a reasonable cost.
From energy generation (carbon, oil, gas or any
renewable) to the end-user (domestic, transport, industry,
etc), the electric energy undergoes a number of
conversions. These conversions are currently highly
inefﬁcient to the point that it is estimated that only 20% of
the whole energy involved in energy generation reaches
the end-user [1].
Semiconductors materials like SiC, and GaN, have
excellent properties. Such properties permit the operation
of their devices at very high frequency, very large voltage
and
elevated
temperature.
These
exceptional
characteristics allow the replacement of the current Si
switching devices with higher efficiency in different power
electronics applications. The main advantages of replacing
the existing silicon power devices in power electronics
applications by WBG semiconductor switches are the
remarkable increase in the power-to-size ratio, the ability
of withstanding harsh conditions (e.g. very high
temperature applications), high voltage blocking capability
and extended life-time of the converters built around these
devices.
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Nevertheless, the WBG power devices made on silicon
carbide (SiC) and gallium nitride (GaN) that are currently
available in the market still did not find the success that
Si-based switching devices have enjoyed for the past five
decades. Whereas the cost of a WBG power device ($/A
for a given voltage application) is much higher compared
to a silicon device with identical voltage and current
ratings, it may be possible to offset the higher chip cost
with increased energy efficiency and system level cost and
robustness benefits [2].
So far, SiC and GaN materials among WBG materials
exhibit the better trade-off between theoretical
characteristics (high-voltage blocking capability, hightemperature operation and high switching frequencies),
and real commercial availability of the initial materials and
the advancement of their fabrication procedures.
Economic viability of wide bandgap materials-based
devices is limited because their price is about 3 to 5 times
higher than silicon semiconductor devices. However, the
materials contribute about 40% of the total device cost
depending on availability, quality, and performance.
Other factors that drive the WBG devices’ price so high
are, design, fabrication, and packaging procedures and
techniques [3].
2. WBG MATERIAL PROPERTIES AND LIMITATIONS
A. Properties
Semiconductors made of WBG make power electronic
circuits smaller, operate faster, more reliable especially in
harsh environment, and more efficient than their silicon Sibased devices. These capabilities make it possible to
reduce weight, volume, and life-cycle costs in a wide
range of power applications. Exploiting these potentials
can result in:
 a great energy savings in industrial processing and
consumer appliances,
 broad use of EV and fuel cells, and
 facilitating the integration of renewable energy
systems and the electric grid.
Wide bandgap semiconductors are materials that
possess bandgaps much greater than those of silicon (Si)
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and germanium (Ge) the traditional semiconductor
materials as shown in Table 1[4].
TABLE I
Bandgap Energy of Some Semiconductor Materials [4]
Material

Symbol

Bandgap Energy (eV)

Germanium

Ge

0.7

Silicon

Si

1.1

Gallium
Arsenide

GaAs

1.4

Silicon Carbide

SiC

3.3

Zink Oxide

ZnO

3.4

Gallum Nitride

GaN

3.4

Diamond

C

5.5

Higher breakdown field and higher carrier concentration
in SiC materials allows SiC-based MOSFET to have the
three important properties of power switch, which are high
voltage, low on-resistance, and high operating frequency.

Si devices stop working at about 150°C, because the
power loss increases due to the increase in the leakage
current at off state when its temperature rises. WBG
devices will operate over 200ºC, because the energy
bandgaps of GaN and SiC are wider than that of Si [5].
Table II shows and compares physical properties of
different semiconductors materials. Diamond has the
largest bandgap energy which implies the greatest electric
breakdown field.
TABLE II [6].
Physical Properties of Some Semiconductors Materials
Material

Eg(eV)
@300K

µp
x10

µn

Si

1.12

145

GaAs

1.4

3C-SiC

λ

εr

0.3

1.3

11.7

2.5

0.4

0.54

12.9

2

2

5

9.6

2.5

5

9.7

3

5

10

5

1.3

8.9

10

1.1

11.1

56

20

5.7

vsat
x107

Ec

450

2

850

400

2.3

100

45

6H-SiC

2.9

41.5

90

4H-SiC

3.2

95

115

GaN

3.39

10

35

GaP

2.26

25

150

Diamond

5.6

220

1800

2
2
2

3

Eg: Bandgap energy
µp: Hole mobility (cm2/V.s)
µn: Electron mobility (cm2/V.s)
vsat:Saturated Electron Drift Velocity (cm/s)
Ec:Electric Field Breakdown (kV/cm)
λ: Thermal Conductivity (W/cm.K)
εr: Dielectric constant.
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SiC material can be found in a various polymorphic
crystalline structures called polytypes for example, 3CSiC, 6H-SiC, 4H-SiC. SiC polytypes and GaN have
similar bandgaps and electric breakdown fields.
Currently, 4H-SiC is generally preferred in practical
power device manufacturing over 6H-SiC because the
mobilities in 4HSiC are identical along the two planes of
the semiconductor contrary in the 6H-Sic are not the same.
Single-crystal 4H-SiC wafers of 3 inches to 6 inches in
diameter are commercially available [7].

6
x10

At present time, SiC is considered to have the best
trade-off between properties and commercial maturity with
considerable potential for both HTE and high power
devices. However, the industrial interest for GaN power
devices is a fact. For this reason, SiC and GaN are the
more attractive candidates. GaN and especially SiC
process technologies are by far more mature and,
therefore, more attractive from the device manufacturer’s
perspective, especially for high power and high
temperature electronics (HTE). GaN can offer better high
frequency and high voltage performances, but the lack of
good quality bulk substrates is a disadvantage for vertical
devices [6].
B. Limitations
WBG power semiconductor community faces many
challenges and difficulties in the R&D and industry fields
as well. The high cost, poor performance and degraded
reliability are some of these difficulties. These problems
originate from the material used in the manufacturing
process as it is too expensive compared to silicon, and it
includes very much undesirable defects in its crystal.
Much efforts should be put forward in the R&D field in
order to determine the effects of these defects on the
performance and reliability of the switching components,
especially under the excited state of the condensed matter
where most power devices are operated. The excited state
may be caused by a combination of high-level charge
injection, high temperature, and high electric field. This
information is critical in order to optimize the
manufacturing technology and also to develop new lowtemperature materials synthesis techniques that result in
low defect density at high throughput rates [2].
Crystal defects introduce local potentials in the
semiconductor crystal lattice that strongly distort the
energy-band structure of WBG semiconductors and cause
severe degradation in electrical parameters in the excited
state of the condensed matter. However, fundamental
understanding of the exact phenomena of the excited state
of condensed matter is lacking. This phenomenon is
particularly important in high-voltage (> 6.5 kV) bipolar
SiC power devices where in addition to threading screw
dislocations (TSDs) and threading edge dislocations
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(TEDs), point defects such as the carbon vacancy (VC)
have been found to have catastrophic effects on highvoltage bipolar power diodes [2].
One of a real superiority of Si device over a SiC
counterpart is the safe operating area. Fig. 1[2] illustrates a
measure of a 1200V/30A Si MOSFET which is bigger
than those of two SiC MOSFETs having almost the same
ratings.

Fig. 2. I-V characteristics of a Schottky diode (p-type epi)
implanted with silicon and boron as reported in [10]

Fig. 1. Measured safe operating area (SOA) of 1,200V/30A
silicon power MOSFET, and 1,200V/32A and 1,200V/45A
SiC power MOSFETs at Tj=25°C [2].

3. LATEST DEVELOPMENTS IN WBG DEVICES
Fig. 3. Typical reverse recovery waveforms of the Si pn
and SiC Schottky diode [10]

Despite the shortcomings of their materials stated in the
previous sections, various types of WBG switching device
have been manufactured and ultimately commercialized
during the last two decades worldwide. Researchers have
been able to develop and test diodes, thyristors and
transistors made from SiC and GaN materials. They
demonstrated their superiority over traditional Si switches
in various applications. In this section we attempt to trace
the latest developments in WBG devices and their
applications.

Usually, the voltage rating of Si-based Schottky
diodes is less than 200V. However, the ratings of SiC
Schottky diode could be found from 600V/20A to
1700V/25A. For the power diodes ratings from 600V to
1200V, compared to Si ultrafast power diodes, SiC
Schottky diodes switch even faster and have smaller
ON-resistance. Table III compares several key
characteristics among different diodes with similar
rating (around 600V/30A) at junction temperature Tj of
25oC [11].

A. Diodes
As early as year 2000, a 2kV GaN Shottky diode, a
6kV GaN pn diodes, a 4.9kV SiC Shottky diode and
19.2kV SiC pn diode were reported [8]-[9].
Ozpenici et al.[10], have tested and characterized
commercial Si pn and SiC Schottky diodes. Their
behavioral static and loss models were derived at different
temperatures, and they were compared with respect to
each other. Four samples of diodes based on their doping
materials were prepared and their doping densities were
calculated and the I-V curves were extracted. I-V
characteristic of one of these samples is given in Fig. 2.
An example of a better characteristic of SiC diode as
compared to the Si diode is the reverse recovery
waveforms as shown in Fig. 3. This study showed that
using SiC diodes and MOSFETs in electric hybrid vehicle
(EHV) traction drive have saved space and weight of the
overall system compared to the Si-based drive system.
However, the system cost is increased.
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TABLE III [11]
Characteristics of Some Diodes with Similar Ratings 600V/30A

Evolvement and developments of SiC power diodes
followed during the following decade and took it step
further by integrating it in a whole power module for
specific application as it will be seen in the following
sections. In order to integrate SiC diodes and predict their
behavior, models of several diodes were developed and
integrated into simulation software [12]-[13].
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B. Power Transistors
The first commercial WBG power transistor was SiC
junction Field Effect Transistor (JFET), which is a
unipolar power device. Nowadays, the SiC JFETs
developed in laboratories or commercialized ones are with
the blocking voltage around 1200V and nominal current
up to 40A. It is worth to note that this power rating is
much bigger than a Si unipolar power device. The
blocking voltages of Si MOSFET is usually below 1000V.
[11].
The first SiC power MOSFET was introduced in 1994
in the form of a vertical trench gate structure (UMOSFET)
(Fig. 4.) This MOSFET had a breakdown voltage of 150 V
and specific on-resistance of 3.3 mΩ⋅cm2. The breakdown
voltage of the device was restricted by the high electric
field in the gate oxide at the trench corner [14].

SiC BJT exhibits 20~50 times lower than Si BJT in
switching losses and ON-state voltage [22]. To improve
the current gain and switching speed, the base region and
collector region are made very thin because of the large
critical electric field of SiC material. A 4H-SiC BJT with
44 of current gain, and 3.2 kV of blocking voltage, and
specific ON-resistance of 8.1 mΩ.cm2 was reported in[23].
Above 1000V, Si bipolar power transistor like IGBT is
widely used in power converters. In 2007, Purdue
University fabricated a p-IGBT with a p-region width of
175μm, as high as 20kV in blocking voltage . This IGBT
could provide approximately twice the ON-state current as
MOSFETs at 177°C, which is superior to the IGBT based
on the Si [22]. In the same year, company Cree reported a
SiC n-IGBT with a blocking voltage of 12 kV, and its
switching characteristic is shown in Fig. 6. in comparison
with that of Si-IGBT [22]. In 2014, Arun et al. [24]
reported that a company named Cree successfully built a
SiC 15 kV/20 n-IGBTs. The authors extracted the turn-on
and turn-off characteristics of the IGBT up to 11kV and
its static characteristics up to 25A and 12kV.

Fig. 4. UMOSFET cross section [14]

In 2004, a 6H-SiC MOSFET having a planar gate with a
p-base formed by a double implantation MOS process was
fabricated (DMOSFET) to overcome the high electric field
in UMOSFET. 6H-SiC DMOSFET has a breakdown
voltage of 760V based on a 10μm-thick and 6.5×1015 cm3doped n-type drift layer [15]. SiC-based power metal
semiconductor field effect transistors (MESFETs) have
also been reported [16]-[17]. Hui et al. [18] reported a
vertical GaN transistors with breakdown voltages of 1.5kV
fabricated on pseudo-bulk GaN substrates (Fig. 5). The
transistors had a positive threshold voltage and exhibited a
specific on-resistance of 2.2 mΩ.cm2. Some other efforts
in developing MSOFETs based on SiC were reported in
[19]-[21].

Fig. 6. 12kV 4H-SiC n-IGBT ON-state characteristics[22]
SiC-based gate turn-off thyristors (GTO) can conduct
higher current and block very large voltage compared to
IGBT. They also possess fast turn-off capabilities, and
lower forward voltage drop than the IGBT-based switch at
high injection-level currents, which results in lower power
losses under normal operation.
Lin Cheng et al. [25], reported a developed 1cm2,
15kV, 4H-SiC-p-type GTO with very low, R(ON,diff) of
4.08mΩ.cm2 at high injection-current density of
600~710A/cm2. The thyristor was characterized and its
leakage current at its blocking voltage was measured.
Cheng et al. [26] also reported another SiC-based GTO
with higher ratings (20kV) but larger area (2cm2) and
11mΩ.cm2 for advanced power applications. The blocking
capabilities of this GTO at room temperature is depicted in
Fig. 7.
Simulation models of WBG semiconductors have been
reported in numerous works [27]-[32].

Fig. 5. Schematic cross-section of the vertical GaN transistor on
bulk GaN[18].
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The development of the world’s first all-SiC traction
inverter as claimed in [37] was reported in 2015. This 4Htraction module is based on SiC MOSFET and SiC SBD
had ratings of 3.3kV/1500A. It had conduction losses
similar to that of Si-IGBT inverter and 55% lesser
switching losses compared to conventional Si inverter.
The I-V characteristics of such inverter at two different
temperature values are given in Fig. 8.

Fig. 7. Blocking capabilities of the SiC GTO reported in [26]

Arribas et al. [29] developed simulation models of a
high-voltage MOSFET and Shottky barrier diodes (SBDs)
and validated used and used them in a buck-boost
bidirectional dc-dc converter, with and without an
antiparallel SBDs. A trade-off between the cost and the
efficiency of the converter was achieved.
An extensive research work has been carried out in
order to develop equivalent device models based on
gallium nitride (GaN) and silicon carbide (SiC) ( GaN
HFETs, SiC MOSFETs) [33]. These models were
implemented in SaberRD and MATLAB software.
Transient switching characteristics were analyzed and the
effects of the parasitic capacitances on detrimental circuit
behavior such as “overshoot,” “ringing,” and “false turnon” were investigated. The modeled results were validated
with experimental characterization of the devices in
various power conversion circuits (Buck converter and PV
system).
4. SIC-BASED MODULES AND APPLICATIONS
Currently, much of the research efforts have been
directed to the goal of developing all-SiC-based modules
for specific applications. This section traces the latest of
such endeavors in recent years.
Fun Xu et al. [34] presented an all SiC 7.5-kW highefficiency three-phase buck rectifier with 480-Vac,rms input
line-to-line voltage and 400-Vdc output voltage using SiC
MOSFETs and Schottky diodes. The authors claimed that
an efficiency of 98.5% was achieved.
Juan et al. [35] presented the design process of a
312kVA three-phase silicon carbide inverter using ten
parallel-connected metal-oxide-semiconductor field-effecttransistor power modules in each phase-leg. They reported
an estimated efficiency of about 99.3% of the inverter at
rated power.
A power module based on 50A SiC-MOSFET was
introduced in [36] and used in power conditioner for solar
photovoltaic cells up to 4kW output. A conversion
efficiency of 97.7% was reported which is better according
to authors than a similar module based on Si-IGBT by
1.5%. This module, beside it had very good thermal
conductivity, it possessed very low inductance (24nH) and
high slew rate up to 5kA/us.
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Fig. 8. IDS–VDS characteristics of the developed
3.3kV=1500A all-SiC power module [37].

A 1.2kV/400A SiC MOSFET/SBD dual modules were
used to construct a 750V-100-kW-20-kHz bidirectional
isolated dual-active-bridge dc-dc converter [38]. An
efficiency of 98.7% at 42kW operation was achieved.
An all-SiC high-frequency boost DC–DC converter
was reported in [39] using SiC MOSFET/SBD module.
The output of the converter was 800V with 1kW power
and frequency of 800kHz. The breakthrough in this design
was the steady-state junction temperature of the SiC
MOSFET that could reach as high as 320°C. Noritho et al.
[40], presented an all All-SiC power module for
photovoltaic Power Conditioner System (PCS). The AllSiC module has SiC-MOSFET) and SiC-SBD sandwiched
between SiN (Silicon Nitride) substrate and power circuit
board to achieve high power density. A ¼ of volume
downsizing and 99.0% of efficiency were achieved on
20kW PV PCS.
5. CONCLUSION
Switching power electronics devices made of Silicon
are currently approaching their limits as determined by the
material properties. New materials with superior
characteristics are needed in order to fulfil the
requirements of advanced applications of power
electronics in power conversion and conditioning in harsh
conditions with higher efficiencies. SiC and GaN are
promising materials because mainly of their wide bandgap
energy (WBG). Various devices have been developed
based on these two materials. These devices have been,
characterized, modeled and new converters for different
applications have been built and their results were
compared with the conventional Si-based converters. This
paper traced these developments in WBG-based devices
and applications. Their results according to the efforts
listed in the literature are very encouraging with high
temperature operation and high efficiency and reduced
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size. However, there are still many challenges before these
devices fully replace the silicon-based ones and make
them totally obsolete.
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Abstract—Grid fragility, especially in a system like the
Nigerian transmission network, is a very topical issue. Even
over the past years when voltage collapse incidences have
been recorded with an increased frequency, it is evident that
analysis of grid fragility is necessary. Load flow analysis was
carried out on the Nigerian 31-bus system using the NewtonRaphson iteration method. Using the relevant parameters
obtained from the analysis, the line stability index and line
stability factor were obtained for every line and the weakest
lines were identified. This study would prove to be useful
therefore in determining what lines to take into utmost
consideration in different transmission expansion planning
schemes.
Index Terms—Grid fragility, Stability index, Voltage
collapse index

1. INTRODUCTION
Electricity is a most crucial vehicle for socio-economic
advancement in any nation. Electricity contributes about
35 percent to the total cost of production. Therefore, lack
of electricity supply reduces the interest of investors due to
unprecedented costs of production thus increasing the rate
of unemployment as well as extending poverty range of
such a country.
Almost 50 per-cent (precisely 76 million people) do not
have access to electricity in Nigeria [5]. From the
foregoing, it is therefore very crucial to look into steps to
improve electricity in such an environment. Efforts have
been made over the years to improve electricity supply in
Nigeria. This has led to a number of policies on Power
Sector Reforms. One of these is the restructuring and
deregulation of the power sector to enhance access to
electricity. The principle of deregulation involves
provision of enabling environment for the investors to
embark on electric power generation. With the advent of
this, pressure is placed on the national grid to wheel the
generated energy to the various Distribution Companies.
The effects of deregulation on the grid are therefore highly
profound and need to be carefully investigated. Several
system collapse reports have been encountered in the
recent times in the Nigerian national grid. Quite a number
of these abnormal functioning of the transmission network
has been related to poor network capacity of the
transmission facilities [1]. Thus, it has been quite
impossible for the current Nigerian National grid to
transport the currently total generated capacity to the load
end. In order to arrive at tangible improvement in power
supply, the fragile Nigerian National grid has to be
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reinforced to ensure it has the capacity to carry the
generated electric power.
Reviews of system collapse incidences on the
transmission network have been done in past studies which
show that in the last ten years, the Nigerian National grid
(NNG) has experienced an average of thirty-five system
collapses per year [3]. Furthermore, a thorough assesment
of votage instability has been carried out [8].
This study, by means of various already developed
stability indices, examines the grid fragility on the
Nigerian Transmission Network. Much more than lumping
the network into one and determining how fragile the grid
is, this study examines how fragile each grid is and
suggests the weakest lines in the entire network. Hence, it
attempts to proffer practical approach to overcome the
issues of voltage collapse during system operations since
the analysis of the grid fragility will serve as analytic
framework to various transmission expansion planning
schemes.
In order to evaluate the network, the MATLAB™
Software Package would be employed in the load flow
analysis and determination of the required indices needed
in the determination of the grid fragility.
2. DETECTION OF WEAKEST LINES USING
STABILITY INDICES
In the determination of grid fragility, various indices can
be employed. In this work, the line stability index and the
line stability factor shall be employed to detect the
weakest lines in the Nigerian National Grid and suggest
the lines that should be given greater priority in
strengthening the grid. The Newton-Raphson iterative
method is used in load flow analysis and the results
obtained are used to compute the above mentioned
indices.
A. Line Stability Index (Lmn)
The line stability index was derived in [14] based on the
concept of power flow through a single line. By the usage
of system reduction techniques to represent the entire
transmission network as a single line equivalent network,
an overall system stability index is computed.
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3. RESULTS OBTAINED AND DISCUSSION
Table 1 shows the results obtained from the load flow
analysis by applying the Newton-Raphson iteration
method. The data used for the analysis are contained in the
appendix.

Figure 1 A Single line diagram of a transmission line in
the power system [15]

TABLE I

The line stability index using this technique is given as:

Loading and Generation of Network including Bus
Voltage and Angle

Where
V S and V R are the sending end and receiving end voltages
respectively
δ S and δR are the phase angle at the sending and
receiving buses
Z is the line impedance
R is the line resistance
X is the line reactance
θ is the line impedance angle
P R is the active power at the receiving end
Q R is the reactive power at the receiving end
Based on the stability indices of lines, voltage collapse can
be predicted. When the stability index Lmn is less than 1,
the system is stable and when this index exceeds the value
1, the whole system loses its stability and voltage collapse
occurs [13].
By extension, in the application to calculation of grid
fragility for the purpose of this work, the line stability
index is computed for every line in the transmission
network rather than compressing the whole system into a
single line equivalent. The lines with the stability index
closest to 1 will be identified as the most fragile lines in
the system.
B. Line Stability Factor (LQP)
For proper and effective identification of the weakest lines
in the transmission network, another stability index, the
Line Stability Factor (LQP) will be employed and results
will be compared with those obtained from the Line
Stability Index earlier defined. The LQP is also formulated
using figure 1 and is calculated as follows:

Like in the application of the Line Stability Index, the
lines with the line stability factor closest to 1 will be
identified as the most fragile lines in the system.
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The results obtained from the load flow analysis, the line
stability index and the line stability factor for every line
were computed from (1) and (2) respectively. The results
were tabulated in Table II as shown:
TABLE II

Line Stability Indices for the Nigerian Transmission
Network

Figure 2 Graphical Representation of Lmn and LQP values
for the Nigerian Transmission System
From table II, the five most fragile lines by both indices
are in bold print. It is evident from the two indices that the
line from bus 11 to 10 (Oshogbo to Ikeja West) is the most
fragile line in Nigerian transmission network. The next
two fragile lines are the lines from Ayede to Ikeja West
and from Kaduna to Kano. In most cases, the values
obtained for the line stability index and the line stability
factor are very close (the same in the case of line from bus
25 to 23) affirming the suitability of this method in
measuring the fragility of the grid. The results shown in
table II are also represented graphically in figure 2.
TABLE III
STABILITY INDICES AT CRITICAL LINE (NIGERIA) WITH VARIATIONS IN
REAL POWER OF SENDING BUS (MW)
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TABLE IV
STABILITY INDICES AT CRITICAL LINE (NIGERIA) WITH VARIATIONS IN
REACTIVE POWER OF RECEIVING BUS (MVAR)

Figure 4: Lmn with variations in Reactive Power

TABLE V
STABILITY INDICES AT CRITICAL LINE (NIGERIA) WITH VARIATIONS IN
REAL (MW) AND REACTIVE (MVAR) POWER

Figure 5: LQP with variations in Reactive Power

Figure 6: Lmn with variations in Reactive Power

Figure 3: LQP with variations in Real Power
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Tables III to V show the stability indices LQP and Lmn as
real and reactive powers vary with respect to the most
fragile line. Furthermore, Table III showcases the
variations of reactive power only, while Table IV is the
evidence of the variations of real power only in line with
this, Table V indicates the more probable case of
variations in regard to both cases. It is, therefore, observed
that the LQP is more sensitive to load changes. If the load
is increased to about 210MW and 260MVAr, which is less
than a 5% variation in load, hence system collapse occurs
in the network as predicted by the stability indices
obtained by this experiment. This variations are
graphically displayed in Figures 3 to 6.
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urgent reinforcement of the critical lines in the system to
overcome the current and incessant system collapse.
4. CONCLUSION AND RECOMMENDATIONS
The results from the computations show that the Nigerian
Transmission Network is a highly fragile grid system
susceptible to a great number of collapses. This is also true
in practice as the transmission network has undergone
about 30 collapses every year in the last ten years. The
analysis of this occurrence has shown that two of the lines
connected to Ikeja-West are fragile. It is therefore
recommended that these lines should be considered (for
reinforcement) first due to the high susceptibility to
voltage collapse. Also, in regard to the Northern part of
the grid, the line from Kaduna to Kano should be
considered as primary in transmission expansion and
planning schemes.
APPENDIX

Figure 7: Power world Simulation of Nigerian
Transmission Network
TABLE VI
VIOLATIONS RECORDED USING POWER WORLD BY
REMOVING CRITICAL LINES

Thus the results obtained by computations using
MATLABTM were further verified using Power World
experimental software. The observation shown in Figure
4.7 depicts a pictorial representation of the power flow
through each bus of the Nigerian Transmission Network;
as developed using Power world. Table VI reveals that
when both of the most fragile lines (Oshogbo to IkejaWest and Ayede to Ikeja-West) are subjected to
contingencies, the buses at Kaduna, Jos, Gombe and
Birnin-Kebbi are violated. Considering the violations
recorded by subjecting the critical lines to contingencies, it
can be concluded that the susceptibility of these lines to
fragility is highly undesirable. It implies that small
variations in the load at the (identified) buses joining the
critical lines give rise to violations in at least four
(adjoining) buses in the grid. This therefore demands an
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Figure 2: One line diagram of the Nigerian Transmission
Network
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TABLE IV
TABLE V
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Abstract-- In this paper the wind speed characteristics and
energy potential study has been performed taking into
account data from the on-site measurement station (mastheight 40m), which is being operated since October 2006. The
data collected over a period of two years were evaluated in
order to figure out the average wind speed, directions, and the
Weibull distribution which included calculations of scale and
shape factors for two sites. After that selecting wind turbine
class, forecast site wind energy & power density, estimating
farm annual energy production (AEP) and the expected cost
of electricity. The energy output analysis is done using a wind
energy conversion system (WECS) from different
manufactures with a rated capacities spectrum from 600 kW
to 2400 kW. The study is performed for 50 MW installed
capacity wind farms at Misslata and Tarhuna in Libya. Then
the monthly and annual energy output, as well as capacity
factor over the lifetime of the project (20 years) were
determined. The analysis also included a comparison of the
energy produced from both sites. The annual energy produced
has been found 154 and 166 GWh for Misallatha and Tarhuna
which is equivalent to capacity factor of 36.1% and 39.0%
respectively. The lowest LCOE are found for both sites as 4.6
and 4.97 c$/kWh. It is clear that Misallatha and Tarhuna are
feasible sites to develop a wind farm projects in terms of
economic parameters.
Index Terms—Wind energy, Sites assessment, Energy
evaluation, Levelized cost of energy (LCOE).

1. INTRODUCTION
The history of using wind energy goes back to over 2000
years was used to pump water and grind grains, while wind
turbines in its present form appeared late in 1800 in
Denmark specifically the year 1890 to produce electricity.
The world's first wind turbine has been installed with the
megawatt size in 1941. However, a blade failed problem
after 1100-hour operation, there would not be another wind
turbine of this size deployed for over 40 years. This goes
until the end of the 20th century and early 21st century
where the interest to wind turbines started again strongly
motivated by the rising of oil and gas prices in one side and
climate changes on the other side. As a result, the amount
of energy produced from wind power increased
dramatically and rapidly [1].
The relationship between energy consumption and
environment pollution has become clear due to the negative
results such as high levels of carbon dioxide and climate
change. During the latter years of the 20th century, the
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climate change was heavily observed and a more efficient
usage of energy was recommended as one of the main areas
for improvement to create a cleaner environment. One of
the most powerful initiatives in the world to create an
environment containing a long-term sustainable production
of electricity is the massive wind power development.
Electric power industry known specifically as one of the
industries that could be used to reduce carbon emissions by
increasing the percentage of electricity from renewable
sources such as wind power. This will lead to reduce the
dependence on fossil fuels, which in turn will ensure
economic stability. Libyan electric power generation
system is totally dependent on hydrocarbon resources. The
problem of power shedding that the country faces is due to
lack of energy resource mix. Therefore, to explore the
opportunity for wider energy mix, wind energy will be one
possible options. Since the country has enormous potential
wind energy is an attractive renewable option for the
Libyan energy generation system.
One of the initial steps in planning and building a wind
power plant or a wind farm is to consider the wind potential
on site. The wind potential is the theoretical amount of
energy that the wind contains, measured in the unit watts
per square meter (W/m2) [2]. There is a strong need for the
wind power industry to know how much wind energy a site
contains. Therefore, as far as wind energy is concerned, the
very crucial thing is its potential based on wind speed as
well as its direction and the situation of the degree of
variation with a given location for a given period of time.
The available wind resource is basically governed by the
site topographical and weather conditions. It has also a
large variability from one location to the other, and also
from season to season at any fixed location and makes it
possible to decide whether a project will succeed
economically or not.
North Africa region is considered as one of the most
important areas, which is expected to be very effective for
generating electricity from wind energy. The wind power
industry grows constantly in Morocco, Egypt and Tunisia
which have taken significant steps towards the exploitation
of wind generated electricity. A recent report from the
Global Wind Energy Council (GWEC) indicates that by the
end of 2015 the total installed capacity of wind power in
Morocco, Egypt and Tunisia reached 787, 610, and 245
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MW respectively, while Libya was not even among the list
of the countries that are using wind power [3].
The Ministry of electricity and Renewable Energy
Authority of Libya (REAOL) who had prepared a
preliminary plan for renewable energy contribution. This
Renewable Energy Master Plan is based on renewable
energy technologies that are currently available and
commercially viable such as wind energy. Based on this
plan, a number of proposed projects within the ambitious
plan to exploit the available sources of renewable energy in
a number of areas with different capacities by using wind
and solar power technologies include Derna wind farm
project and Misallatha wind farm project of a total capacity
of 60 MW.
The study aims to analyze and investigate the available
wind resources and energy potential in two selected
locations in west of Libya using wind speed data that
collected over a period of two years. In this study a detailed
resource data analysis is presented. The wind resources at
two sites (Misallatha and Tarhuna) are analyzed by using
Excel and SAM software issued by the national renewable
energy laboratory NREL [4]. The wind farm electrical
productivity for every hour throughout the whole a year for
both candidate sites is calculated. The annual average wind
speeds at 80 m are 7.74 m/s and 8.1 m/s. Both sites have
mean power density of 477 W/m2 and 561 W/m2
respectively. Accordingly, these sites have been
characterized as wind class III according to the IEC
regulations. A 2 x 50 MW wind energy power plants is
proposed in Misallatha and Tarhuna respectively. The
supposed wind farm with 56 turbines having 82 m rotor
diameter and 100 m hub height has been analyzed and
evaluated. As per this preliminary analysis the farms, the
amount of monthly and annual energy production that can
be generated from wind farm has been determined. The
calculation of the wake losses of the wind turbines causing
the so called shadowing effect between the wind turbines
has been carried out using the wake model PARK which is
part of the SAM software.
Finally, an economic analysis for the development of the
wind farm based on the results of wind resource assessment
were performed. Essential economic data are considered
based on international practices for Wind turbines plants
and taking into considerations real figures extracted from
proposals submitted to, and evaluated by, local authorities.
The lowest electricity production costs are predicted.

these measuring stations are based on the requirements of
the IEC standard 61400-12-2 (IEC, 2008). This should
ensure the load-bearing capacity of the results achieved and
the reproducibility of the measurements carried out.

Fig. 1. Location of the 2 meteorological stations in the northwest
of Libya. Misallatha site at 66 km southeast of Tripoli. Tarhuna
site at 60 km southeast of Tripoli. Google Earth image of the
nearby areas.

Wind data in the form of wind speed and direction as
well as temperature, humidity and atmospheric pressure in
addition to the data storage unit were measured using a cuptype anemometer and a weathercock were sampled every
five seconds at 10 m, 20 m, and 40 m above ground level
during two years (October 2006-November 2008). These
data were then combined with the standard deviations of
the wind data and averaged and stored every ten minutes by
the Wind Data logger. During these 10 minutes averaging
periods a binary file is generated and held on the data plug.
These binary files were later combined with a site file and
converted into an ASCII text file using its software.
The geographical coordinates of the meteorological
stations used in this study are listed in Table I. Care has
been taken during the collection of data to avoid
uncertainties and followed the methodologies proposed and
explained in the ISO guide (International Standards
Organization 1992). The data set has been filtered and all
errors values are removed. In addition, wind speeds below
the so-called Calm limit (0.2 m/s) were considered
separately. The calm limit is defined as the wind speed
limit, under which all wind speeds are classified as slow
down quickly, since an accurate measurement in these
ranges is not possible with all anemometers. However, it
cannot be assigned to any particular wind direction, so the
mean value has been formed from all wind speeds less than
0.2 m/s and this is distributed equally to all sectors [6].
TABLE I

2. MEASURED WIND SPEED DATA
The wind data used in this study was obtained from
Renewable Energy Authority of Libya (REAOL), from
measuring stations located at the two proposed sites,
Misallatha and Tarhuna in west of Libya [5] as indicated in
Fig. 1. REAOL has installed 26 wind measuring stations in
different places measure wind speed and direction at
different altitudes (40 and 60m tower heights) to determine
the most appropriate places for wind farms. The design of
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Information of selected locations
Location
Name

UTM X

UTM Y

Datum

Altitude

MISALLATHA 392993

3608787

ED79(33 S)

366 m

TARHUNA

3589581 EU1979 (33 S) 505 m

(43)

364760

Period
(years)
20062008
20062008
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Long term measurements are needed for a good wind
energy assessment. The longer the period of collected data
the more reliable are the estimated wind potentials.
However, as one year data is sufficient to predict the longterm trend of seasonal mean wind speed to within an
accuracy of 10 % and a confidence level of 90 % [7], [8],
[9], and [10].
3. SPEED FREQUENCY DISTRIBUTION AND SITE WEIBULL
PARAMETERS
When planning for installations of wind turbines, it is
very important to know the wind conditions on site to
optimize plants and to determine the expected energy
yields. The statistical distribution of the wind velocities
changes from Place to place and depends on (i) local
climatic conditions, (ii) the landscape and the (iii) ground
surface from. It's not sufficient to consider only the average
annual wind speed, because higher wind speeds, have a
greater impact on the energy that can be extracted from the
wind than the low wind speeds. Therefore, a more
differentiated statement about the wind conditions at a
location can be obtained via the frequency distribution of
the wind speed. Known distribution functions from the
statistics are in the field of wind power the WEIBULL
distribution, as well as the RAYLEIGH distribution [11].
In Weibull distribution, the variation in wind velocity is
characterized by two parameter functions: the probability
density function and the cumulative distribution. The
probability density function f(V) as in (1) indicates the
probability of the wind at a given velocity V, while the
corresponding cumulative distribution function F(V) in (2)
of the velocity V gives the probability that the wind velocity
is equal to or lower than V, or within a given wind speed
range:
𝑘 𝑉 𝑘−1 −(𝑉)𝑘
𝑓(𝑉) = ( ) ( )
𝑒 𝑐
𝑐 𝑐
𝑉 𝑘

𝐹(𝑉) = 1 − 𝑒 −( 𝑐 )

(1)
(2)

Where c is the scale factor defines the mean wind speed to
a specific wind turbine location in m/s. The Weibull k
parameter, which is also referred to as a shape factor,
defines the prevailing wind conditions at the site and
assumes values between one and three. It thus describes the
form of the frequency distribution approximated by the
Weibull distribution. Both parameters are determined by
the wind speed values measured over a period of two years.
Sites with constant or even wind conditions have a kparameter near the three and thus have a very sharp Weibull
curve. Locations with strongly variable wind conditions in
the form of frequent droughts and booms require a shallow
Weibull curve with a small k-value near the one. The
monthly and annual values of Weibull parameters were
calculated using least squares method.
In addition to the mean wind speed, the other two
significant wind speeds for wind energy estimation are the
most probable wind speed (VF) and the wind speed carrying
maximum energy (VE). They can be expressed respectively
as in (3) and (4) [12]:
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𝑘 − 1 1/𝑘
𝑉𝐹 = 𝑐 (
)
𝑘

(3)

𝑘 + 2 1/𝑘
)
𝑘

(4)

𝑉𝐸 = 𝑐 (

The most probable wind speed corresponds to the peak
of the probability density function, while the wind speed
carrying maximum energy can be used to estimate the wind
turbine design or rated wind speed. Prior studies have
shown that wind turbine system operates most efficiently at
its rated wind speed. Therefore, it is required that the rated
wind speed and the wind speed carrying maximum energy
should be as close as possible [13].
4. RESULTS AND DISCUSSION
In this section, the wind analysis results for measured
and Weibull distributions of both wind mast sites are
presented where evaluation of frequency distribution and
wind power as well as energy density were computed. It is
also done the turbine selection as per IEC standard to
estimate annual energy production, capacity factor, and
Levelized Cost of Energy (LCOE) with selected turbine
types.
In Figs. 2 and 3 histograms of the wind speed
observations are shown at the selected sites with fitted
Weibull frequency function and cumulative distribution
function derived from the long term wind velocity data at
the hub height of 80 m. A histogram (bar graph) showing the
number of occurrences of the velocities for both locations
in Misallatha and Tarhuna are presented in Fig. 2 and Fig.
3. These histograms were derived from one year of hourly
data, for which the mean speed were 7.74 m/s for
Misallatha and 8.1 m/s for Tarhuna site. From Fig. 2 it is
observed that, the most frequent maximum wind speed in
Misallatha is 8 m/s while is 6 m/s in Tarhuna site as
demonstrated in Fig. 3. The annual cumulative frequency
distribution for two sites indicate that the wind speeds are
less than or equal 4 m/s and 7 m/s for less than 14% and
47% respectively of the time during the year at Misallatha
and less than 13% and 44% respectively of the time during
the year at Tarhuna site. Annual Weibull distribution
functions also are showed in Figs. 2 and 3. The shape factor
k is 2.31 and 2.25 respectively. As shown in Fig. 4 which
compares the two sites in one diagram, as the value of k
increases, the curve has a sharper peak, indicating that there
is less wind speed variation (a steadier, less variable wind).
The cumulative probability distributions of the wind speed
at both locations show a similar trend. For wind speeds
greater or equal to 4 m/s cut-in wind speed, Misallatha and
Tarhuna have frequencies of about 94% and 93.5%
respectively as shown in Fig. 4. If a wind turbine system
with a design cut-in wind speed of 3 m/s is used in these
sites for wind energy resource for electricity generation,
both sites will have frequencies of more than 98%.
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Fig. 4. Comparison of Weibull and cumulative distribution of two
sites.
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Fig. 2. Comparison of wind histogram, cumulative distribution,
and Weibull distribution of Misallatha site.
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Fig. 3. Comparison of wind histogram, cumulative distribution,
and Weibull distribution of Tarhuna site.

Figure 5 shows the plots of the one-hour average wind
speeds against time for one month (May 2007). It shows the
variations of the wind characteristics about their mean
values and how they spread from their mean values.
The directional distribution of the wind resource is a key
factor affecting the design of a wind project. In most
projects, the spacing between turbines along the principle
wind direction is much greater than the spacing
perpendicular to it. This configuration maximizes the
density of wind turbines while keeping wake interference
between the turbines, and hence energy losses, manageable.
The wind rose the wind recording of both sites Site of one
year are shown in Fig. 6. It can be seen here that for
Misallatha site, the majority of the wind direction is
concentrated around the south (S) and south-east (SE)
directions, such as, about 2400 hours are blown from the
south direction and the rest of time is almost uniformly
distributed on the other directions.

144

288

432

576

720

الزمن بالساعة
Fig. 5. Instantaneous wind speed recorded at 40 m height for the
site of Misallatha during May.

For Tarhuna site, the majority of the wind direction is
concentrated between the south (S) and south-east (SE)
directions, such as, about 3100 hours are blown between
south and south-east, and between north-west (NW) and
west (W) directions, such as, about 3300 hours are blown
from the north-west to the west direction. There is almost
no speed from the directions south-east and north-east of
the mast site, and the rest as represented in the Fig. 6 (Left).

Fig. 6. Wind rose of one year for both locations, Tarhuna (Left),
and Misallatha (Right).

With knowledge of the frequency distribution of the
wind speeds, a theoretical energy yield can now be
determined by taking into account the performance curve
of a wind turbine. Figures 7 and 8 show the distribution
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TABLE II

which represents the probability of the wind speed, power
curve of Vestas-100-1.8, and the resulting energy
produced. The total annual energy yield is then determined
by adding up the individual class year energy yields.
Weibull

Energy (MWh)

Main characteristics of Misallatha site at a height of 80 m

Power-Curve

Frequency (hours)

2000
800

1600

600

1200
Median

400

800

Vaverage

200

400

0

0
0

3

6

9

12

15

Wind speed (m/s)

18

Power (kW) or Energy (MWh)

1000

21

Fig. 7. Weibull distribution for Misallatha with the shape factor
k= 2.31 and the scaling factor c = 8.75 m / s, power curve of Vestas
100-1.8 wind turbine at 80 m hub height and energy density
produced.
Weibull

Energy (MWh)

Vavg
(m/s)

c (c/m)

k

VF
(m/s)

VE
(m/s)

P
(W/m2)

E
(kWh/m2)

Jan

7.448

8.400

2.462

6.798

10.694

405.5

301.7

Feb

6.869

7.780

2.110

5.738

10.671

367.8

247.1

Mar

8.388

9.450

2.600

7.841

11.769

555.4

413.2

Apr

8.297

9.378

2.270

7.261

12.389

605.1

435.6

May

10.260

11.582

2.445

9.340

14.789

1071.5

797.2

Jun

8.523

9.573

2.805

8.181

11.598

555.7

400.0

Jul

6.499

7.355

2.262

5.683

9.733

297.5

221.3

Aug

5.943

6.671

2.890

5.759

8.002

185.0

137.6

Sep

6.901

7.742

2.954

6.731

9.223

201.3

144.9

Oct

7.740

8.719

2.639

7.279

10.798

432.9

322.1

Nov

8.036

9.098

2.274

7.051

12.008

556.9

401.0

Dec

7.961

8.986

2.452

7.258

11.460

499.0

371.2

Annual

7.74

8.752

2.314

6.853

11.45

477.8

4193

TABLE III
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Main characteristics of Tarhuna site at a height of 80 m
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2000

Vavg
(m/s)

c (c/m)

k
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(m/s)

P
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E
(kWh/m2)

Jan
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2.44

5.59

8.88

233.1
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Fig. 8. Weibull distribution for Tarhuna with the shape factor
k=2.25 and the scaling factor c = 9.11 m / s, power curve of Vestas
100-1.8 wind turbine and energy density produced.

The monthly variation of the mean wind speed
characteristics (Vavg, VF and VE), mean power density and
mean energy density as well as the annual values of these
parameters at a height of 80 m are presented in Tables II
and III. For Misallatha site, the monthly mean wind speed
varies between 5.94 m/s in August and 10.26 m/s in May.
The monthly mean power density varies between 184 W/m2
in August and 1071 W/m2 in May. In the case the Tarhuna
site, the monthly mean wind speed varies between 6.14 m/s
in January and 11.4 m/s in June. The monthly mean power
density varies between 233 W/m2 in also January and 950
W/m2 in June.
Velocity and power duration curves can be useful when
comparing the energy potential of candidate wind sites
[14]. The velocity duration curve is a graph with wind
speed on the y axis and the number of hours in the year for
which the speed equals or exceeds each particular value on
the x axis as demonstrated in Fig. 9. The total area under
the curve is a measure of the average wind speed. In
addition, the flatter the curve, the more constant are the
wind speeds. The steeper the curve, the more variable is the
wind regime.
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Feb

7.42

8.37

1.78

5.28

12.76

569.1

382.4

Mar

6.49

7.34

2.18

5.54

9.89

295.9

220.2

Apr

8.76

9.91

1.98

6.94

14.10

822.1

591.9

May

8.32

9.42

2.33

7.40

12.29

596.2

443.61

Jun

11.4

12.79

2.81

10.93

15.48

1319.7

950.2

Jul

8.26

9.33

2.46

7.55

11.87

559.4

416.2

Aug

9.0

10.12

2.88

8.73

12.15

645.9

480.5

Sep

7.0

7.85

2.88

6.77

9.42

301.5

217.1

Oct

7.75

8.70

2.76

7.39

10.60

419.2

311.9

Nov

7.71

8.68

2.68

7.30

10.69

423.3

304.8

Dec

8.48

9.54

2.71

8.05

11.69

558.0

415.1

Annual

8.0

9.11

2.247

7.01

12.09

561.0

4907

A power duration curve of both sites are shown in Fig.
10. The difference between the energy potential of both
sites (Misallatha and Tarhuna) is visually apparent, because
the areas under the curves are proportional to the annual
energy available from the wind.
5. ENERGY PRODUCTION FROM A WIND FARM OF 50 MW
INSTALLED CAPACITY

The calculations of the expected annual energy yield of
the proposed wind farms at Misallatha and Tarhuna sites,
which are based on the two years measured wind data, are
done using a self-programmed Microsoft Excel sheets and
SAM program considering the Vestas-100-1.8 wind turbine
of 1.8 MW. The wind park array losses, turbine availability,
electrical losses, and Miscellaneous losses were
considered. The selection of the wind turbine is done under
the consideration of the IEC Standard and parameters
resulted from the site data analysis which are: (i) Annual
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mean wind speed (ii) power density (iii) Wind speed for
maximum occurrence energy generation (iv) Maximum
frequently occurred wind speed (v) Cut-in and cut-out wind
speed. This leads Misallatha and Tarhuna sites to be
classified as IEC wind class III, meaning that nearly every
wind turbine on the current market is suitable for both sites
wind park in terms of wind class. The resulting energy yield
in both locations is displayed in Table IV. A parametric run
simulation involves assigning wind turbines types as input
variable to explore the dependence of a Levelized cost of
energy (LCOE) as an output is performed. The total number
of simulated wind turbines in parametric simulation was 40
wind turbine. As a result of simulation, the minimum
LCOE (optimum wind turbine) for both sites was Vestas100-1.8 wind turbine, Fig. 11. Table V gives a List of the
best selected turbines for both sites according to the
minimum LCOE.
25

Wind speed (m/s)

Fig. 11. Levelized cos of electricity and capacity factors for
Tarhuna site by using several types of wind turbines.

MISALLATHA: 7.74 m/s
TARHUNA: 8.0 m/s

20

cost are apparently enough to think in both sites as a
feasible site to develop a wind farm projects.

TABLE IV

Summary of main estimation result for the different scenarios

15

Description

10

Type of Turbine
5

MISALLATHA

TARHUNA

Vestas V100-1.8

Vestas V100-1.8

1800

1800

27

27

100,000

100,000

Turbine Capacity [kW]
Number of WTG [-]

0
0

2000

4000
6000
Duration hours

Installed park capacity
[kW]

8000

Fig. 9. Velocity duration curve.

Power-MW

800

Hub Height [m]

80

80

Rotor Diameter [m]

100

100

Specific Rotor Area
[m2/kW]

4.36

4.36

11.5

11.5

700

MISALLATHA: 7.74 m/s

Wind park array losses [%]

600

TARHUNA: 8.0 m/s

Turbine availability [%]

90

90

500

Electrical losses [%]

6.8

6.8

400

Miscellaneous losses [%]

300

Net Output [MWh/y]

200
100
0
0

2000

4000
6000
Duration hours

8000

2.0

2.0

153,660

166,066

Specific Energy Production
[kWh/y/m2]

725

783

Full load hours [h/a]

3150

3400

Capacity Factor [%]

36.1

39.0

LCOE [c$/kWh]

4.97

4.60

Fig. 10. Power duration curve.

TABLE V

6. ECONOMIC ANALYSIS

List of the best selected turbines according to LCOE for Tarhuna

The economic analysis has been conducted in the form
of calculating LCOE for several types of wind turbines by
using the specific cost of installation per kW. A supposed
wind farms each having 27 wind turbines with 100 m rotor
diameter at 80 m hub height has been subjected to an
economy analysis by assuming capital costs (CAPEX) of
1800 $/kW and cost of operation and maintenance (OPEX)
of 60 $/kW-year. The annual energy production is 154
GWh for Misallatha and 166 GWh for Tarhuna site as
indicated in Table IV, which is equivalent to a capacity
factor of 36.1 and 39.0%. The Levelized Cost of Energy
(LCOE) for Misallatha and Tarhuna are $49.7 and
$46.0/MWh respectively. These values of production and
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Wind Turbine

Power
(kW)

Rotor
Diameter (m)

LCOEa
(c$/kWh)

LCOEb
(c$/kWh)

Vestas V100-1.8

1800

100

4.97

4.60

GE 1.5 xle

1500

82.5

4.97

4.60

Vestas V82-1.65
Mitsubishi MWT
1000A
Mitsubishi MWT 92|2.4

1650

82

5.43

5.00

1000

61.4

5.65

5.10

2400

92

5.76

5.23

Gamesa G90 2.0 MW

2000

90

5.86

5.34

Nordex N100-2500

2500

100

5.96

5.44

NEG Micon 82 1650

1650

82

6.01

5.48

a

Misallatha, b Tarhuna

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

REFERENCES
[1]

W. J. Buchanan, "Statistical Analysis of Wind Data and Modeling
Regulating Reserves," 2012.

[2]

T. Wizelius, "Vindkaft - I Teori Och Praktik, " 2007.

[3]

A. Fallis, "Global Wind Statistics 2015. GWEC, " Brussels,
Belgium, 2015.

[4]

W. Michael J. and P. Gilman, "22--Technical manual for the SAM
physical trough model, " NREL/TP-5500-51825, vol. 303, no. June,
pp. 275–3000, 2011.

[5]

البيانات الريحية من الجهاز التنفيذي للطاقات المتجددة.”

[6]

B. Sebecker, J., Deutschländer, T., Wichura, B. and U., "Winddaten
für Windenergienutzer. 2. Auflage, Version 6, " Potsdam, 2012.

[7]

I. Youm, J. Sarr, M. Sall, A. Ndiaye, and M. M. Kane, “Analysis of
wind data and wind energy potential along the northern coast of
Senegal,” Rev. Energ. Ren., vol. 8, no. 2005, pp. 95–108, 2005.

[8]

R. Guzzi and C.G. Justus, Physical Climatology for Solar and Wind
Energy. Singapore,: World Scientific Pub Co Inc (March 1988),
1988.

[9]

M. Jamil, S. Parsa, and M. Majidi, “Wind power statistics and an
evaluation of wind energy density,” Renew. Energy, vol. 6, no. 5–6,
pp. 623–628, 1995.

[10] S. Mathew, "Wind Energy Fundamentals, Resource Analysis and
Economics". 2006.
[11] E. Hau, Windkraftanlagen: Grundlagen,
Wirtschaftlichkeit. Berlin, Heidelberg, 2008.

Technik,

Einsatz,

[12] S. Akpinar, EK, Akpinar, “An assessment on seasonal analysis of
wind energy characteristics and wind turbine characteristics,”
Energy Convers. Manag., vol. 46, pp. 1848–67, 2005.
[13] S. O. Oyedepo, M. S. Adaramola, and S. S. Paul, “Analysis of wind
speed data and wind energy potential in three selected locations in
south-east Nigeria,” pp. 1–11, 2012.
[14] J. F. Manwell, J. G. McGowan, and, A. L. Rogers, WIND ENERGY
EXPLAINED Theory, Design and Application, Second Edition. John
Wiley & Sons Ltd, 2009.

ISBN: 978-9938-14-953-1

(48)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

Based FE design and performance enhancement of a PMSM intended
for a leisure electric vehicle
Radhia JEBAHI

Nadia CHAKER

Helmi ALOUI

Moez Ayadi

jebahiradhia@gmail.com

nadia.chaker@enis.rnu.tn

helmi.aloui@enig.rnu.tn

moez.ayadi@enis.rnu.tn

Laboratory of Advanced Electronic Systems and Sustainable Energy, ENET’Com, University of Sfax, Tunisia

Abstract-- The increase of vehicular traffic is one of the
main causes of the high rate of pollution and increased
energy consumption. For that, researchers and industrials
are continuously working on environmentally friendly
solutions, such as electric and hybrid vehicles. The electric
vehicles are equipped with rechargeable batteries intended to
the supply of the traction motor. Thanks to their higher
performances, permanent magnet synchronous motors
(PMSM) became the main types of motors insuring electric
traction. The present work deals with a based 2D finite
elements design of a synchronous motor, where PMs are
managed to insure flux concentration, considering welldefined specifications of a leisure electric vehicle. It has been
found that obtained structure gather reduced energy
consumption to decreased losses.
Index Terms--Electric vehicle, Specifications, PMSM,
Finite Element Calculation, Output torque.

1. NOMENCLATURE
Br: remanent induction (T)
Bds: induction in stator tooth (T)
Bc: induction in stator yoke (T)
f: frequency (Hz)
J: current density (A/m2)
Km: error coefficient made by model
Kb: winding coefficient
Lcu: copper length (m)
Mds: stator tooth mass (kg)
Mc: stator yoke mass (kg)
mvfer: density of the iron (kg/m3)
Pfs: iron losses (W)
Pjs: copper losses (W)
q: sheets quality
ρcu : copper resistivity (Ω.m)
Scu: copper surface (m2)
Ta : ambient temperature (°C)
Tc : coil temperature (°C)

ISBN: 978-9938-14-953-1

2. INTRODUCTION
Along several years, researches were focused on the
reduction of problems caused by vehicular traffic such as
pollution, energy consumption and long-term severe
effects on the ecosystem. Retained solutions were mainly
cleaner vehicles such as hybrid and electric ones. In front
of the fuel's prices rise and the frequent encouragement to
use the environmentally friendly vehicles, the electric
vehicle market doubles every year. Besides, driving
motors characteristics are increasingly improved [1-3].
Design and control of electric traction motors was
presented in several works. In [4], authors studied the
performances of different radial flux surface-mounted
permanent magnet motors designed for an electric vehicle
motor application (Inner rotor, Inner rotor segmented
magnet, Outer rotor and Outer rotor segmented magnet).
They proved that the outer rotor topology has the
smoother and the higher output torque, but it has also the
highest iron losses. Moreover, in [5] the operational
characteristics, design features, and control requirements
for induction machines, switched reluctance machines, and
permanent-magnet brushless machines for vehicle
propulsion systems have been reviewed, with emphasis on
their low-speed torque and high-speed power capability.
Given that they offer a higher efficiency and torque
density, particular emphasis has been given to permanentmagnet brushless machines. Finally, it is clear that, due to
their high performance and effectiveness, the main used
motors for studied electric vehicles are the permanent
magnet ones [4-8].
In the present work, our study targets the design and the
sizing of a concentrated flux PMSM intended to the
traction of an electric vehicle where thermal behavior is
taken into account. In fact, information about copper and
iron losses could be used to elaborate a predictive rapid
model providing real-time information about the thermal
state of the motor permitting to perform advanced and
complete control schemes taking into account the
evolution of the machine parameters and the prevention of
its components damages.
On the other hand, Tunisia is known as great touristic
destination where leisure vehicles are widely needed,
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which explains the choice of such application in these
works.
To do so, this manuscript is organized as follows: In
first, the motor topology and composition are defined.
Then, the second part is intended to study the effects, on
cogging torque and electromagnetic one, of the variation
of motor’s components dimensions. Finally, the last part of
this work presents and discusses motor’s performances
from the points of view of energy consumption and
effectiveness.
Fig. 1. Studied topology.

3. SPECIFICATIONS

TABLE II

The analysis of specifications allows us to identify the
needed characteristics to insure motor functionality and
retrieve geometric, electrical, mechanical and thermal
constraints.

Machine’s initial dimensions
Symbol

Quantity

value

Rexts

outer stator diameter

133 mm

Rints

inner stator diameter

101 mm

Rextr

outer rotor diameter

100 mm

Rintr

inner rotor diameter

25 mm

- Electrical and mechanical constraints: they are given
in TableI.

hcs

stator yoke height

14 mm

hds

stator tooth height

18 mm

- Thermal constraints: the maximum temperature of the
hottest point must not exceed Tmax=200°C.
Moreover, in case of overheating, an indicator
should be turned on and the vehicle must be
operated for a sufficient period of time with
degraded performance before stopping.

lds

stator tooth width

20 mm

Haim

magnet height

40 mm

Eaim

magnet thickness

8 mm

Her1

width chamfer1

0.6*Her2

Her2

width chamfer2

0.65*Eaim

ler1

height chamfer1

2 mm

ler2

height chamfer2

13 mm

La

active machine length

70 mm

33 (30 seconds)

Ne

slot number

18

30 (300 seconds)

p

number of pole pairs

6

- Geometric constraints: They present the external
dimensions of the machine taking into account the
cooling system and carter: external length
Lext=200mm and external Diameter Dext=.280mm.

TABLE I

Electrical and mechanical constraints
Parameter
Power (kW)

value

15 (permanent)
Voltage (V) DC supply

torque (Nm)

Nominal: 200

5. NO-LOAD STUDY

Variation range 90 → 220

This part focuses the machine cogging torque. First, we
choose the remnant induction, then following studies are
performed:

145 (30 seconds)
130 (300 seconds)

- Variation of magnets thickness, where magnets
height is fixed.

65 (permanent)
basic Speed (tr/min)

2250

operating speed limit (tr/min)

8000

- Variation of magnets height, where magnets
thickness is fixed.
- Variation of magnets thickness where volume
magnets is fixed.

4. MOTOR TOPOLOGY
In this work, we propose a design procedure of a
permanent magnet synchronous motor with flux
concentration arrangement. Considered topology is
illustrated in Fig.1. Besides, the initial dimensions of the
machine are shown in Table II. Those dimensions will be
varied during the next studies in order to respond as best
to required specifications.
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A. Choice of magnets remnant induction
Fig.2 shows the output cogging torque when we used
respectively ferrite magnets (Br=0,37T) and Neodymium
Iron Boron magnets “NdFeB” (Br=1T). According to this
figure we can find that the use of ferrite magnets is not a
good solution despite of its low price. In fact, the output
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TABLE III

torque in this case is almost zero, while the use of a
NdFeB magnets give to machine the power to produce a
cogging torque reaching 10 Nm.

Cogging torque (Haim=40mm)

Moreover, Fig.2 and Fig.3 show that the angular period
of cogging torque is 10°.

Max cogging
torque

Eaim=6mm

Eaim=8mm

Eaim=10mm

6.31Nm

10.27Nm

14.85Nm

C. Variation of magnets height
In this part, the magnet height is varied from 35 to
45mm, where the magnet thickness is fixed to Eaim=8mm.
According to Fig.5 and table IV, the cogging torque
increases with the magnet height rise. In fact, a rise of
magnet height by 10mm leads to a rise of cogging torque
by 9.26Nm and of magnets volume by 5600mm3.
Fig. 2. Cogging torque versus angular position.

Fig. 5. Cogging torque versus angular position.
TABLE IV

Fig. 3. Angular period of cogging torque.

Cogging torque (Eaim=8mm)

B. Effect of the variation of magnets thickness
In this part, the magnet thickness is varied from 6 to
10mm, where the magnet height is fixed to Haim=40mm.
According to Fig.4 and Table III, the cogging torque
increases with the magnet thickness rise. In fact, a rise of
magnet thickness by 4mm leads to an increase of the
maximum cogging torque by 8.54Nm and also of magnets
volume by 11200mm3.

Max cogging torque

Haim=35mm

Haim=40mm

Haim=45mm

6.08 Nm

10.27 Nm

15.34 Nm

D. Effect of the variation of magnets thickness for a fixed
volume
Fig.6 and table V show that when the magnet volume is
fixed, the cogging torque decreases with the magnet
thickness rise. In fact, the raise of magnets thickness leads
to the growth magnets short circuits, which fallouts a
reduction of generated torque as shown in Fig. 7
The main objective of this part is to determine an
optimal value Eaimoptimal where the torque is maximum.
Beyond this value, cogging torque decreases with the
magnet height.
The analytical expression (1) gives Eaimoptimal ≈ 7mm.
while the finite element results show that Eaimoptimal should
be ≤ 6mm.
(1)

Fig. 4. Cogging torque versus angular position.
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At this stage, we have tested the effect of the variation
of the magnets dimensions on cogging torque. The
obtained resultants show that the analytical expression (1)
used in [9] to determine Eaimoptimal is false. Besides, we
can find that a rise of magnet dimensions leads to an
increase of the maximum cogging torque and also of
magnets volume consequently a rise of magnet price, but
to deciding about final dimensions of the magnets and find
a compromise between it and "J", load studies have to be
performed.

concentrated winding and distributed winding [10-11],
Fig.8.
Fig.9 shows an output torque comparison of two
PMSM with flux concentration arrangement. The first
encloses a concentrated winding and the second is a
classical one with a distributed winding. According to
obtained curves, the concentrated winding should be the
best choice in our case. In fact, when J=10A/mm2, the
output torque in case of concentrated windings can reach
108 Nm, while in case of distributed windings the output
torque cannot exceed 23Nm.

Fig. 6. Cogging torque versus angular position.
TABLE V

Cogging torque (Haim=Vaim/Eaim)

Max
cogging
torque

Eaim=6mm

Eaim=7mm

Eaim=8mm

Eaim=10mm

17.34Nm

13.4 Nm

10.27 Nm

6.33 Nm

Fig. 8. Concentrated and classical distributed windings

Fig. 7. Field vectors at no-load (J=0A/mm2)

6. LOAD STUDY
Before deciding about final dimensions of the magnets,
the following studies have to be conducted:

Fig. 9. Output torques versus current density

- Choice of winding type

B. Needed current density

- Investigation of needed current density

In order to find out the current density "J" needed to
produce the desired electromagnetic torque and find a
compromise between J and magnet dimensions, following
studies are performed:

A. Windings choice
There are two windings types for the electric motors,
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- Variation of magnets thickness, where magnets
height is fixed (Haim=40mm), Fig. 10.

(respectively thickness) is high, more the
current densities giving the required torques is
low.

- Variation of magnets height, where magnets
thickness is fixed (Eaim=8mm), Fig. 11.

- The rise of magnets height (respectively
thickness) make the machine less susceptible
to saturation

- Variation of magnets thickness where volume
magnets is fixed, Fig. 12.

Table VI and VII show the required currents density.
According to Fig.12 and TABLE VIII we can see that
the required current density increases with magnet
thickness when magnet volume is fixed, as a result of the
growth magnets short circuits, Fig.13.
TABLE VI

Required current density (A/mm2)
Eaim=6mm

Eaim=8mm

Eaim=10mm

65 Nm

7.8

5.67

4.51

130 Nm

19.2

13.48

10.76

145 Nm

23.06

15.64

12.46

Fig. 10. Electromagnetic torque versus current density, for Eaim
from 6 to 10mm
TABLE VII

Required current density (A/mm2) FOR HAIM FROM 35 TO 45MM.
Haim=35mm

Haim=40mm

Haim=45mm

65 Nm

7.78

5.67

4.29

130 Nm

18.11

13.48

10.53

145 Nm

21.26

15.64

12.25

TABLE VIII

Required current density (A/mm2) FOR EAIM FROM 6 TO 9MM

Fig. 11. Electromagnetic torque versus current density for Haim
from 35 to 45mm.

Eaim=6mm

Eaim=7mm

Eaim=8mm

Eaim=9mm

65 Nm

4.42

5.47

6.57

8.72

130 Nm

11.44

13.7

15.88

19.99

145 Nm

13.44

15.93

18.31

23.32

C. The final dimensions of magnets
According to the obtained results during load and noload studies, we can conclude that:
 The rise of magnets volume can reduce the heat
produced by electrical currents and make
machine less susceptible to saturation, but it
will cause a rise of magnet price.
Fig. 12. Electromagnetic torque versus current density for E aim
from 6 to 9mm

Referring to Fig. 10 and 11, one can notice that:
- For a constant thickness (respectively height) of
magnets,
more
the
magnets
height

ISBN: 978-9938-14-953-1

 It is better to increase magnets height than
magnets thickness.
Before deciding about final dimensions of the magnets
we have to see the effect of a Haim rise on Field vectors for
the required torque, Fig.13.Finally, the retained magnet's
sizes are: Eaim = 10 mm and Haim= 45mm.
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deciding about final value of lds, in order to find a
compromise between torque ripple, saturation and the
required current density.

Fig. 13. Field vectors for the required torque (145Nm)

While the magnet dimensions affect only the cogging
torque, the stator tooth dimensions affect also the copper
surface, consequently, it affects the electromagnetic torque
and the copper losses. For this raison, we are interested in
the next part to the stator tooth sizing.

Fig. 15. Field vectors no-load operation (lds=20mm).

7. STATOR TOOTH SIZING
During the following studies the stator tooth width is
varied where the stator tooth height is fixed to hds=18mm.
According to the equation (2), [9], we can see that the
decrease of stator tooth width can help to reduce the iron
losses but we have to know the impact of this action in
order to choose the right dimensions of the stator tooth.
(2)
A. no-load study
According to Fig.14 we can show that the decrease of
lds caused the rise of torque ripple. Besides, Fig.15 and 16
show that the decrease of lds causes a high saturation at the
stator tooth. In fact, when lds= 20mm the flux density does
not exceed 1.81T, while when lds= 10mm it reached 2.19T.

Fig. 16. Field vectors no-load operation (lds=10mm).

B. load study
Fig.17 and table IX show that the decreases of lds
causes the rise of required current density and it make the
machine more susceptible to saturation.

Fig. 14. Cogging torque versus angular position, for lds from 10
to 20mm

Despite the bad effects of lds decrease presented in the
no-load study, load studies have to be performed before
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Fig. 17. Electromagnetic torque versus current density for lds
from 10 to 20mm
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TABLE IX

Required current density (A/mm2) FOR LDS FROM 10 TO 20MM
lds=20 mm

lds=15 mm

lds=10 mm

65 Nm

3.52

4.34

3.77

130 Nm

9.35

13.55

13.99

145 Nm

10.91

15.52

16.66

According to the previous obtained results, we can
conclude that the most convenient dimensions for magnets
and stator tooth are as shown in table X.
TABLE X

Fig. 18. Copper losses versus coil temperature for the required
torque.

Final dimensions
Symbol

Haim

Eaim

lds

hds

Value (mm)

45

10

20

18

B. iron losses

8. PERFORMANCE OF THE DESIGNED CONFIGURATION
At this level, we have achieved the studies of cogging
and electromagnetic torques. According to the previous
obtained results the most convenient dimensions for
magnets and stator tooth are as shown in table X. Besides,
Fig.14 shows that the designed motor is able to produce
cogging torque higher than 20 (Nm). Thanks to this
property, the motor does not need a high current density to
produce the electromagnetic torque required by
specifications, Fig.17 and Table IX shows the current
density requested
In the next parts, we focus on the evolutions of iron
and copper losses which are the principal heat sources in
motor and can degrade her performances.
A. copper losses
Copper losses refer to the heat produced by electrical
currents in the conductors of motor.

The iron losses in rotor are equal to zero because the
rotor’s magnetic material sees a fixed magnetic field.
However, the stator's magnetic material sees a magnetic
field turning to the electric rotation frequency, for this
reason iron losses in stator are the majority and it can be
calculated by the equation (6), (7), (8), (9).
(7)
Where:
(8)
(9)
(10)
Fig.19 shows the induction in a stator tooth versus
angular position.
Fig.20 shows the iron losses versus speed, according to
this figure we can find that the iron losses which dissipated
as heat, increase with the speed rise.

For a SMPM with flux concentration the copper losses
are calculated through the equations (3), (4), (5) and (6).
Fig.18 shows that the copper losses increase
proportionally with the temperature rise. Besides, we can
see that copper losses converge more quickly with the
decreasing of electromagnetic torque.
(3)
Where:
(4)
(5)
(6)
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Fig. 19. Induction in stator tooth versus angular position.
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The present work covers the design and sizing of a
permanent-magnet synchronous motor, where PMs are
managed to insure flux concentration, considering welldefined specifications of a leisure electric vehicle.
The performed load and no-load studies lead to an
improvement structure with reduced energy consumption
and decreased losses, which are the main heating sources
in electrical machines. In fact, the obtained structure offers
a reduction of required current density about 1 A/mm2 and
a reduction of iron losses exceeded 350 W. Besides, the
efficiency of the designed motor is around than 0.99 even
for high speed.
Fig. 20. Iron losses versus speed

Fig.18 and 20, show that the iron and copper losses in
the designed motor during normal operation are
respectively equal to Pf=132.17W and Pjs=99.5W.
Comparing to the final structure in [9]. We have found that
the obtained structure gathers reduced energy consumption
to decreased losses. Table XI show a comparison between
the two structures. Besides, Fig.21 shows that the designed
configuration is characterized by a very high efficiency. In
fact, the motor efficiency is greater than 0.99 even for high
speed.
TABLE XI

Comparison (nominal regime)
Symbol

Structure in [9]

Obtained structure

Current density (A/mm2)

>4

3.52

Iron losses (W)

> 500

132.17

Fig. 21. Efficiency versus speed

9. CONCLUSION
Hybrid and electric vehicles are the main solutions for
the pollution problem due essentially to the use of thermal
automotive, which explain that since several years
numerous research works were focused on the
improvement of the characteristics of different kinds of
motors intended for electric vehicles.
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It is to be signaled that the information about copper
losses and iron losses obtained in the last part of this paper
are currently being used to elaborate a predictive rapid
model providing real-time information about the thermal
state of the motor permitting to perform advanced and
complete control schemes taking into account the
evolution of the machine parameters and the prevention of
damages.
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Abstract-- This paper investigates the technical and
economic feasibility analysis for the development of solar
energy power plants to generate electricity using large scale
Parabolic Trough Collector PTC Power Plants through
investments or government funding in Libya. In this study,
investment using parabolic trough with Molten Salt
technology is investigated. This storage technology is
considered as one of the most advanced thermal energy
storage systems. With the aim of developing investment
guidelines using concentrated solar power CSP, this paper
presents the technical and economic feasibility analysis for
three selected locations representing three major climatic
regions in Libya (Tripoli, Sabha, and Alkufra). Solar
resources from ground stations and/or from the available
satellite measurements for the three different locations were
collected and assessed. A detailed technical and dynamic
analysis has been made using a specially designed Microsoft
Excel sheets and SAM software issued by the national
renewable energy laboratory NREL revealing productivity
for every hour throughout the whole year. The analysis
showed that, the maximum productivity of a proposed 50 MW
PTC power plants (without storage) are 89.2, 120.3, and 143.7
GWh respectively for the three locations respectively, while
the Levelized Costs of Energy LCOE are $162.7, $118.3, and
$91.1/MWh respectively depending on the location (Direct
Normal Irradiation DNI) and energy storage. Analysis
estimated that the LCOE of a PTC plants declines by around
4% for every 100 kWh/m2/year of the DNI radiation that
exceeds 1800 kWh/m2/year.
Index Terms-- Concentrated Solar Power CSP; Parabolic
trough, Libyan resources; feasibility analysis of CSP plants;
Cost analysis

1. INTRODUCTION
Energy consumption in Libya has been increasing at an
annual rate of 8%. Population growth has resulted in the
need for new infrastructure, especially in the field of
electricity generation. This has resulted in a dramatic
increase in the electrical power demand, and therefore has
raised challenges for adopting alternative sources.
The relationship between energy consumption and
environmental pollution has become clear due to the
negative results such as high levels of carbon dioxide and
climate change. During the latter years of the 20 th century,
the climate change was heavily observed and a more
efficient usage of energy was recommended as one of the
main areas for improvement to create a cleaner
environment. One of the most powerful initiatives in the
world to create an environment containing a long-term
sustainable production of electricity is the massive solar
power development. Electric power industry is
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characterized as one of the industries that can have a
substantial impact reducing carbon emissions by increasing
the percentage of electricity from renewable sources. This
also lead to reducing the dependence on fossil fuels, which
in turn will ensure economic stability. Libyan electric
power generation system is totally dependent on
hydrocarbon resources while the country enjoys a climate
with the highest solar intensity level worldwide. Adopting
a balanced energy resource mix can certainly help in
overcoming the persisting shortage that resulted in long
hours of power shedding. Therefore, to explore the
opportunity for wider energy mix, solar energy will be one
possible options.
Libya has the largest proven oil reserves in Africa as
well as a huge potential for renewable energies. However,
despite excellent solar radiation and wind conditions,
renewable options have never been seriously considered in
the past. Since the country has enormous potential, solar
energy is an attractive renewable option for the Libyan
energy generation system. With a potential of 139,600
TWh/year (DNI > 1800 kWh/m2/y), Libya is considered
one of the countries with the highest potential for solar
power not only in North Africa and Middle East but
worldwide (Libya is one of the sun-belt countries with high
Direct Normal Irradiance DNI, [1].
The Parabolic Trough Collector PTC solar thermal
power plant is one of the attractive technologies to produce
electricity from thermal solar energy. Parabolic trough
collector is the most mature concentrated solar power CSP
technology, and further improvements in performance and
cost reductions are expected. Parabolic trough technology
accounts for more than 90 percent of the CSP capacities
installed worldwide [2]. The first commercial plants in
operation were built in the United States (410 MW) and
Spain (100 MW). Globally, there will be around 5000 MW
in operation by the end of 2016 as shown in Fig. (1), [3],
[4].
After a gap in interest between 1990 and 2000, CSP
deployment has been growing over the past decade. CSP
plants offer an integrated solution of concentrating the solar
radiation and low-cost thermal energy storage to provide
power on demand [5] and more imported at the peaks as
shown in Fig. 2. In this situation, CSP plants can supply
electricity to match the load during sunshine time and peak
times even when sun is not shining where electricity is
delivered from the thermal storage equipment.
Nevertheless, only strong direct sunlight can be
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concentrated to reach required temperatures for electricity
generation in concentrating solar plants. The generally
accepted minimum DNI technical operational limit of a
CSP plant is 1,800 kWh/m2/year, while the generally
accepted threshold for commercial CSP projects is 2,000
kWh/m2/year, which accounts for slightly more than 5
kWh/m2/day [1]-[6].

The Levelized Cost of Electricity LCOE for the proposed
parabolic trough plants in Libya was estimated using the
following formula:
𝐼𝑡 + 𝑀𝑡 + 𝐹𝑡
(1 + 𝑟)𝑡
𝐸𝑡
∑𝑛𝑡=1
(1 + 𝑖)𝑡

∑𝑛𝑡=1
𝐿𝐶𝑂𝐸 =
where:

5000

4650

LCOE = average lifetime Levelized cost of electricity
generation
It
= investment expenditures in the year t
Mt
= operations and maintenance expenditures in the year t
Ft
= fuel expenditures in the year t
Et
= electricity generation in the year t
i & n = discount rate and life of the system respectively
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3. SOLAR ENERGY RESOURCES IN LIBYA
Each second, the sun turns more than four million tonnes
of its own mass into energy, producing neutrinos and solar
radiation. A half a trillionth of this energy falls on Earth
after travelling 150 million kilometers, which takes a little
more than eight minutes. The solar irradiance (solar
constant) is 1368 W/m2 at that distance, with only 1000
W/m2 arrives at the surface of the earth when the sun is at
zero incident angle. The solar radiation reaching the earth’s
surface has two components: direct or “beam” radiation,
which comes directly from the sun's disk; and diffuse
radiation, which comes indirectly [7].
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Fig. 2. Daily load curve for Libya (June 21st 2014).

The paper focused on the analysis of the parabolic
trough power plants without and with a thermal storage of
6 hours capacity at three locations with an annual DNI
between 2000 and 3000 kWh/(m²a). CSP power plants are
capital intensive, but have virtually zero fuel costs.
Parabolic trough plants without thermal energy storage
have capital costs as low as 4300 $/kW, with low capacity
factors between 0.2 and 0.33. Adding six hours of thermal
energy storage increases capital costs to between 7400
$/kW to 8300 $/kW, but allows capacity factors to be
almost doubled as will be shown in analysis of the selected
cases.
2. LEVELIZED COSTS OF ELECTRICITY
Levelized Cost of Electricity LCOE is defined as total
costs of a system over its lifetime divided by the expected
energy output over its useful lifetime. LCOE includes all
costs throughout the lifetime of a plant: initial investment,
operations and maintenance cost, and cost of fuel. It is a
measurement of the cost of producing energy from a
technology and is an important parameter to measure
commercial viability of any electricity generation
technology. LCOE is the threshold selling cost of unit
energy that marks the profitability or loss of the project.
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The primary resource for CSP technologies is the DNI.
It refers to the “amount of electromagnetic energy arrives
at Earth´s flat-surface perpendicular to the sun’s beam with
surrounding diffuse sky radiation blocked, and it is
equivalent to the solar constant minus the atmospheric
losses due to absorption and scattering [8].
CSP plants require direct solar radiation in order to
generate electricity, given that only strong direct sunlight
can be concentrated to the temperatures required for
electricity generation. This limits the use of CSP to hot, dry
regions. The insulation time over the most of the national
territory exceeds 2500 h annually and may reach 3900 h in
high plains and Sahara. To be economic at present requires
a CSP plant with direct normal irradiance levels DNI of
2000 kWh/m2/year or more, although there is no technical
reason why CSP plants cannot run at lower levels. CSP
plants in areas with high DNI will have a lower LCOE,
compared to one located in an area with a lower DNI.
Higher levels of DNI have a strong impact on the LCOE,
[5]. Figure 3 shows the distribution of average annual DNI
across Europe and the MENA region where Data
interpolated from a global dataset produced by NASA’s
Surface meteorology and Solar Energy (SSE) program.
Areas with DNI above 5 kWh/m2/day are preferred for CSP
operation and are denoted by the hatch pattern. While
Europe exhibits good solar resources in southern Spain and
Turkey during some periods of the year, far greater
potential lies in the MENA countries to the south [9].

(58)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

Figure 4 shows the Potential for CSP around the world. The
excellent DNI resources in the world fall in sun belt region
in which Libya occupy a large part.

Fig. 3. Average Annual DNI in Europe and MENA Region, [10].

4. CONCENTRATING SOLAR POWER CSP PLANT
COMPONENTS
Concentrating solar power is a power generation
technology that uses mirrors or lenses to concentrate the
direct solar radiation to heat a fluid and produce steam.
The steam is then used to drive a turbine and generates
electricity in the same way as conventional power plants.
There are four major CSP technologies: parabolic troughs
and linear Fresnel reflectors (concentrated on a linear
collector system), power towers and parabolic dish
(concentrated on central focal point). Each of these types
can be integrated with thermal storage. When equipped
with thermal storage, the capacity factor of the CSP plant
and the dispatchability of the generated electricity
increases, thus providing grid integration and economic
competitiveness to fossil power plants. Figure 6
demonstrates a schematic diagram of a typical
configuration of CSP power plant which shows the main
three parts of the plant namely: (i) the solar field that
collects and concentrates the solar radiation using parabolic
trough collectors (PTC), (ii) the thermal storage unit, and
(iii) the power block that converts the heat collected from
the sun to electricity.
This work considers the analysis of a 50 MW power
plants located at the three representative locations by using
parabolic trough collector technology.

Fig. 4. Potential for CSP around the world map, [11].

Figure 5 demonstrates the DNI Libyan map. It shows
areas with the highest potential for CSP, that are suitable
for large-scale, year-round operation of CSP facilities. The
first region is characterized as a coastal plain, located
between latitudes 32-28° North. The range of solar
radiation insolation in this region is between 1800-2100
kWh/m2 per year. The second region which is located
between 28 and 25° North with an annual solar radiation on
horizontal ranges between 2100-2500 kWh/m2. The third
region is located between latitudes 25-19° North with the
highest intensity of solar radiation in Libya exceeding 2900
kWh/m2 per year. In general, Libya, with solar radiation
ranging between 1800-2900 kWh/m2/year, has an average
solar radiation of 2700 kWh/m2/year.

Fig. 5. Annual DNI Irradiation in kWh/m²
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Fig. 6. Reheat regenerative Rankine cycle based on the
commercial PTC CSP plants, typical configuration, [12]

5. RESULTS AND DISCUSSION
A. Technical Analysis
The calculations of the expected annual energy yield of
the proposed 50 MW (PTC) power plants were analyzed
using the available data for the three selected locations
(Tripoli, Sebha, and AlKufra) representing different DNI
solar intensities and climate conditions in Libya. Analysis
was performed using a specially designed Microsoft Excel
sheets and SAM software issued by the national renewable
energy laboratory NREL [13]. To investigate the effect of
including a storage system to the plant on the feasibility of
the project, two cases were considered: (i) no storage and
(ii) a storage that allows the plant to operate 6 additional
hours. It was assumed that the plant will be unavailable for
4% of the operating time due to scheduled outages allocated
basically for maintenance activities. Sizing the three solar
fields of a parabolic trough system were done. The optimal
solar field aperture area for each system at each location
was determined by taking into consideration two major
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B. Financial Analysis
The Levelized Costs of Energy LCOE incorporates all
capital and operational expenses into the cost of the unit of
energy produced. Table II showed the specific cost of the
major cost elements. A specific capital cost range from
4276$/kW to 8256$/kW for the case of the 50 MW PTC in
the three selected locations are considered. The differences
in the capital specific costs are mainly due to the different
values of solar multiple, (1.3 to 2.0), because the project in

Alkufra requires less collector area to drive the power plant
than the project in Sebha and Tripoli.
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Fig. 7. Power histogram (Frequency distribution) of CSP power
plant using PTC without storage at Alkufra area with an optimum
solar multiple of 1.3.
14
12
Frequency (%)

objectives: (i) maximizing the amount of time in a year that
the field generates the required thermal energy to drive the
power block at its rated capacity and (ii) minimizing the
installation and operating costs which leads to lowering
LCOE. Figures 7 and 8 show the results of the optimization
of the solar field at Alkufra location for the two cases
without and with thermal storage respectively. The
frequency distribution in which the power block generates
electricity at its rated capacity is shown in Fig. 7. It is clear
that the plant generates electricity at its rated capacity
during about 60% of the time. For systems with thermal
energy storage the optimization involves finding the
combination of field area and storage capacity that results
in the lowest LCOE. In this case, about 80% of the time the
power plant is running at its rated capacity as indicated in
Fig. 8. The annual simulation results are shown in Fig. 9
and Fig. 10. It can be seen from Fig. 9 that the maximum
produced energy from each of the three fields is realized in
June as it has the maximum solar irradiation. Figure 10
provides a visual and numerical representations of the
different energy conversion through the complete
electricity generation process. The analysis showed that,
the proposed 50 MW PTC power plants without storage
based on weather conditions for the three proposed
locations, have a maximum productivity of 89.2, 120.3, and
143.7 GWh respectively, which is equivalent to a capacity
factor of 20.6, 27.7, and 33.1% respectively while the
electric energy produced for the power plants with storage
case are 144.0, 181.2, and 224.3 GWh respectively. Results
of the technical analysis is listed in Table I.
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Fig. 8. Power histogram (Frequency distribution) of CSP power
plant using PTC with storage at Alkufra area with an optimum
solar multiple of 2.

Operation and Maintenance capacity-based expenses are
fixed annual costs proportional to the system's rated
capacity while operation and maintenance productionbased expenses are variable annual cost proportional to the
system's total annual electrical output in megawatt-hours.

. TABLE I

Summary of technical parameters of Both Cases with and without Storage
Description

Tripoli

Sebha

Alkufra

Full load hours of TES

0 hours

6 hours

0 hours

6 hours

0 hours

6 hours

Total field reflector area

0.353 km2

0.50 km2

0.333 km2

0.451 km2

0.271 km2

0.40 km2

0 m3

11746.3 m3

0 m3

11746.3 m3

0 m3

11746.3 m3

Storage volume
Total land area
Heat transfer fluid
Solar multiple
Direct Normal irradiation
(DNI)
Annual energy of the first
year
Energy yield/kW

2

2

2

2

2

1.25 km

1.80 km

1.17 km

1.60 km

1.0 km

1.45 km2

Hitec solar salt

Hitec solar salt

Hitec solar salt

Hitec solar salt

Hitec solar salt

Hitec solar salt

1.6
1800
kWh/(m2a)

2
1800
kWh/(m2a)

1.6
2400
kWh/(m2a)

2
2400
kWh/(m2a)

1.3
3000
kWh/(m2a)

2
3000
kWh/(m2a)

89.2 GWh

144.0 GWh

120.3 GWh

181.4 GWh

143.7 GWh

224.5 GWh

1802 kWh/kW

2910

2430 kWh/kW

3664 kWh/kW

2900 kWh/kW

4535 kWh/kW

Gross-to-net conversion

91.0%

91.2%

92.1%

92.2%

92.4%

92.5%

Capacity factor

20.60%

33.2%

27.70%

41.8%

33.10%

51.8%

25,026 m3

36,978 m3

27,255 m3

38,478 m3

26,765 m3

40,465 m3

Annual Water Usage
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Tripoli

Sebha

C. Economic Analysis

Al Kufra

Produced Energy (GWh)

16

The economic analysis has been conducted based on
essential international economic data for PTC plants. Major
input economic parameters, such as: plant life time, and
unit energy selling rice (PPA tariff), as well as economic
output indicators expressed in terms of the payback period,
internal rate of return IRR, and the net present value NPV
are all listed in Table III.

14
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All the three economic indicators for Alkufra location
stressed again on the potential of the location thus showing
a stronger feasibility for using PTC plants covering base
time as well as peak load period of up to 6 hours.

2
0
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Fig. 9. Monthly net electric output of the proposed plants.

Figure. 11 presents the annual profit, cumulative annual
profit and the cumulative annual cash flow for the proposed
plant at Alkufra, which shows a payback period of little
longer than 9.6 years. The IRR and the Payback period of
Alkufra plant suggests that investing in PTC plants is
competitive with current conventional technologies being
in operation in Libya.
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Fig. 10. Monthly energy flow through the proposed plant in
Alkufra.

-100

TABLE II

50.0 $/m2

Solar Field

295.0 $/m2

HTF System

80.0 $/m2
1500.0 $/kWe

OPEX capacity-based expense

70.0 $/kW-year
3.0 $/MWh

Table III shows the LCOE of the three proposed PTC
Plants. It is evident from the LCOE results the effect of DNI
for both cases with and without storage. Alkufra, having the
highest DNI has the best potential for using PTC plants for
both cases which is reflected in the lowest LCOE as well as
the lowest difference in the unit cost between the cases
without and with storage; 0.29¢/kWh when compared 0.46
and 1.37 $/kWh for both Sebha and Tripoli locations
respectively. The results confirm limits indicated in the
literature for the viability, [1], [6].
Analysis of the three locations estimated that for every
100 kWh/m2/year that the DNI radiation exceeds that in
Tripoli which is 1800 kWh/m2/year the LCOE of a PTC
plants declines by an average of 4.12% and 3.68% for the
cases of without and with storage respectively.
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Fig. 11. Cash flow, annual, cumulative, and annual profit of the
proposed plant in Alkufra [14].
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Description

50

The study also incorporated some sensitivity analysis to
show the effect of changes in three major cost parameters;
investment costs (CAPEX), the operating costs (OPEX)
and the project lifetime on the economic indicators; on
internal rate of return IRR and the net present value NPV,
Figs (12 and 13). Fig (12) shows the effect of input
parameters (CAPEX, OPEX and lifetime of the plant)
variation with up to ±30% of its values given in Tables II
and III on the net present value of the project (in million
USD), which is a direct indicator to the profitability of the
project. Fig. (13) gives the effect of variation in the same
parameters on the IRR. The figure shows that the capital
investment has the major effect on the economics of the
project, however, the specific cost considered in the study
is a conservative one in comparison to the international
prices and taking into consideration the price trend in the
last few years, which makes the results more reliable.
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operating costs (OPEX)

investment costs (CAPEX)
project duration
internal rate of return project cash
flow

Millions

net present value project cash-flow

investment costs (CAPEX)
project duration
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Fig. 12. Monthly energy flow through the proposed plant in
Alkufra.
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Fig. 13. Monthly energy flow through the proposed plant in
Alkufra [14].

TABLE III

Summary of results of Both Cases with and without Storage
Description

Tripoli

Sebha

Alkufra

Full load hours of TES

0 hours

6 hours

0 hours

6 hours

0 hours

6 hours

Life time

25 years

25 years

25 years

25 years

25years

25 years

$248,278,512

$408,712,032

$239,952,320

$386,406,528

$211,698,704

$364,101,056

Specific investment Cost

5027$/kW

8256$/kW

4847$/kW

7806$/kW

4276$/kW

7355$/kW

Operating cost (OPEX)

3,732,614
$/year

3,825,881
$/year

3,896,095
$/year

3,897,143
$/year

4,009,131
$/year

4,138,416
$/year

20.0 ¢/kWh

20.0 ¢/kWh

20.0 ¢/kWh

20.0 ¢/kWh

20.0 ¢/kWh

20.0 ¢/kWh

LCOE

16.27 ¢/kWh

14.9 ¢/kWh

11.83 ¢/kWh

11.37 ¢/kWh

9.11 ¢/kWh

8.82 ¢/kWh

Net present value (NPV)

$78,500,000

$173,120,000

$231,650,000

$368,600,000

$368,500,000

$590,900,000

19.6 year

18.2 year

13.3 year

13.3 year

9.6 year

9.6 year

2.3%

3.0%

6.24%

6.17%

10.28%

9.68%

Capital cost (CAPEX)

PPA price

Payback period
IRR at end of project
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Abstract-- The choice of finite element (FE) software for
motor analysis is an important factor in determining the
quality and scope of analysis that can be performed. In this
report, a comparative study is presented on two finite
element analysis (FEA) softwares to validate a radial flux
permanent magnet synchronous motor (RF-PMSM) suitable
for electric vehicle (EV) drive. The two softwares presented
are FEMM and OPERA. In order to determinate the
characteristics requirements, a simple vehicle dynamics
model that evaluates vehicle performances was considered.
An analytical study and validation of the studied motor has
been performed. Results of the FEA simulation were
compared with analytical values.
Index Terms-- finite element analysis, software, FEMM,
OPERA, RF-PMM, simulation, electric vehicle.

1. NOMENCLATURE
Mv: Vehicle weight with full load.
g: Gravity acceleration.
Crr: Rolling resistance coefficient.
Cx: Aerodynamic drag coefficient.
ρ: The air density.
Af: Frontal area of the vehicle.
Sb: Vehicle basic speed.
Sv: Vehicle speed.
SMax: Vehicle maximum speed.
γ: acceleration imposed by the driver
α: Incline angle.
σ: A coefficient which depends on the inertia of the
rotating masses.
Rwheel: Wheel radius.
FT: Total tractive effort.
FRo: The rolling friction force.
Faero: The aerodynamics force.
Fa: Force related to the acceleration.
FG: Force related to the slope.
PT: Total power supplied on the wheel
Rwheel: Radius of the wheel.
K: ratio of mechanical reduction
Nsph: Number of turns per phase.
∆t: the discretization in time.
L: Motor length.
DSo: Stator outer diameter.
DSi: Stator inner diameter.
DRo: Rotor outer diameter.
DRi: Rotor inner diameter.
DB: Bore diameter.
HSlot: Slots height .
HS: stator yoke thickness.
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HM: Magnet height.
Aslot: Slots mean angular width.
Atooth: Principal tooth mean angular width.
Athoothi: Inserted tooth mean angular width.
Ap: Pole pitch.
HM: Permanent Magnet height.
AM: Permanent Magnet angular width.
e: Air gap.
δ: current density.
Nt: number of stator main teeth.
Iph: Current per phase.
Ba: Magnetic induction in the air gap.
Br: Remanent induction.
Bs: Magnetic induction in the stator.
Ta: The ambient temperature.
μM: relative permeability of magnetic materials.
Kfu: Magnet leakage coefficient.
Kr: slot-filling coefficient.
p: number of pole pairs.
MS: Stator material.
MR: Rotor material.
MPM: Permanent magnets material.
SM: Magnet section.
Stooth: main tooth section.
rtp: ratio of number of stator teeth to number of pole pairs.
r1: Ratio of the magnet angular width by the pole pitch.
r2: Ratio of the main tooth angular width by the magnet
angular width.
r3: Ratio of the inserted tooth angular width by a main
tooth angular width.
Flux : Stator flux amplitude.
EMF: EMF amplitude .
TS: Starting Torque.
TEM : Electromagnetic torque.
TT: Total torque applied to the drive shaft
Ω : motor angular speed.
2. INTRODUCTION
With the problems of environmental impacts and the
necessity to reduce fuel consumption .EVs have the
potential to offer an ideal solution for personal mobility in
the future. Permanent magnet synchronous motors
(PMSM) are used increasingly in the electrical propulsion
due to their high eﬃciency, small size, high torque
density, and reliability [1]. PMSM can be classified into

(63)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

two main concepts, axial-flux permanent magnet
synchronous motor (AF-PMSM) and RF-PMSM. AFPMSMs are generally used in special applications where
large diameter and short stack are required. When, RFPMSMs are very common and used in various industrial
applications.
In this work, a RF-PMSM is used because of their
simplicity in fabrication and their low cost.[2].
The rest of this paper is organized as follow: section 3
presents vehicle specification which includes dynamic
modeling. Section 4 presents a description of the studied
motor and a FE validation by two softwares FEMM and
OPERA followed by a comparison of the two used
softwares. Section 5 contains the conclusion.
3. VEHICLE SPECIFICATION
A. Vehicle dynamics
A quantitative assessment of variables that characterize
the operation of the motor, especially those that appear in
the specifications, based on descriptive variables of the
system. The total resistance to vehicle motion FT is the
sum of the different components of the mechanical forces
acting on the EV for a driving cycle (Fig .1). Fro, Faero, Fa
and FG defined in TABLE I are respectively, the rolling
friction force, the aerodynamics force, force related to the
acceleration, and the force related to the slope. To model
the vehicle transmission system, we supposed that:


The left and the right vehicle sides are considered
symmetry at the level of working contacts and the
weight distribution.



The wheels are considered comparable to full and
homogeneous discs.



FRo

𝑀𝑣 𝑔 𝐶𝑟𝑟

Faero

1
ρ𝐴 𝐶 𝑆 2
2 𝑓 𝑥 𝑣

Fa

𝜎 𝑀𝑣 𝛾

FG

𝑀𝑣 𝑔 sin(𝛼)

The total torque applied to the drive shaft (2) and the
power supplied on the wheel (3) are related to FT [3]:
𝑇𝑇 = 𝐹𝑇 𝑅𝑤ℎ𝑒𝑒𝑙

(2)

P𝑇 = 𝑆𝑣 . 𝐹𝑇

(3)

B. EV starting torque
The EV wheels speed begins from a null speed until it
attains its basic speed. Over this phase the motor apply a
constant starting torque on the wheels. From a null speed
up to the maximum vehicle speed the motor exerts a
torque, which decreases in proportion to the speed (area of
constant power) [4]. Fig. 2 presents the torque in function
of the wheels speed.

The effects of the aerodynamic force in the
perpendicular axes of the vehicle are negligible
compared to the other components applied in the
parallel axis [3].
The total tractive effort can be written as in (1):

Torque (Nm)

TEM

Sb

SMax

Speed (RPM)

Fig. 2. The torque in function of the wheels speed.

The vehicle parameters are given in TABLE II
TABLE II

Vehicle parameters
Parameters

Values

Units

Mv

1000

Kg

Sb

30

Km/h

Sv

80

Km/h

g

9.81

m/s2

α

5

%

Crr

0.015

Cx

0.4

ρ

1.28

Kg/m3

γ

1

m/s2

Fig. 1. Forces applied to a vehicle in a slope.

σ

1,01

TABLE I

Af

2

m2

Rwheel

0.26

m

k

6

ts

4

𝐹𝑇 = 𝐹𝑅𝑜 + 𝐹𝑎𝑒𝑟𝑜 + 𝐹𝑎 + 𝐹𝐺

(1)
Faero
FT

FG
FRo
α

Mv g

Forces expressions
Symbols
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The electric vehicle must be capable to reach the basic
speed during a time tS. The starting torque of vehicle takes
the form in (4) by neglecting the aerodynamic force and
the rolling friction force:
𝑇𝑆 = 𝑅𝑤ℎ𝑒𝑒𝑙 (

𝜎𝑀𝑣 𝑅𝑤ℎ𝑒𝑒𝑙 𝑆𝑏
𝑡𝑠

+ 𝑀𝑣 𝑔 sin(𝛼))

(4)

Then the electromagnetic torque is given by the
following equation [3]:
𝑇𝐸𝑀 =

𝑇𝑆

(5)

𝑘

Vehicle parameters allow calculating the starting torque
of the vehicle 669 Nm, and the electromagnetic torque
111.5 Nm.
4. FINITE ELEMENT ANALYSIS: VALIDATION WITH TWO
SOFTWARES FEMM AND OPERA

𝐴𝑝 =

The analysis of the specifications books us to develop a
design module based on an analytical model and algebraic
equations and to determine all the dimensions defining the
machine. The studied machine is a RF-PMSM surface
mounted constituted by four pairs of principal pole and six
teeth .Between two main teeth, an inserted tooth is added
to improve the waveform and reduce the flux leakage
(Fig. 3). A concentric winding is used that allows having a
reduced space requirement and a better coefficient of
winding. Each phase winding is formed by two
diametrically opposite coils whose winding is
concentrated: the turns of the coil are directly wound
around a tooth of the stator. An analytical model is
developed in previous research work [3],[5].

In this work, these ratios are fixed and they take
2
3
1
respectively the following values: r1= , r2= et r3= [5].
3

𝐷𝑆𝑜 = 𝐷𝐵 + 𝑒 + 2(𝐻𝑠𝑙𝑜𝑡 + 𝐻𝑠 )

The angular width of magnet is given by the following
expression:
𝐴𝑀 = 𝑟1 𝐴𝑝

𝐴𝑡𝑜𝑜𝑡ℎ𝑖 = 𝑟3 𝐴𝑡𝑜𝑜𝑡ℎ

𝑆𝑡𝑜𝑜𝑡ℎ =

𝑆𝑀 =

𝐴𝑡𝑜𝑜𝑡ℎ

2

𝐷𝐵 −𝑒
2

𝐿 𝐴𝑡𝑜𝑜𝑡ℎ

(14)

𝐿 𝐴𝑀

(15)

The angular width of a slot depends on the number of
the main teeth; it is given by the following formula:
2𝜋
−(𝐴𝑡𝑜𝑜𝑡ℎ +𝐴𝑡𝑜𝑜𝑡ℎ𝑖 )
𝑁𝑡

𝐻𝑆𝑙𝑜𝑡 = √

(16)

2

𝑁𝑠𝑝ℎ 𝐼𝑝ℎ
√2𝑁𝑡 𝛿𝐾𝑟 𝐴𝑆𝑙𝑜𝑡

+(

𝐷𝐵 +𝑒 2
)
2

𝐷𝐵 +𝑒

−(

2

)

(17)

With
𝑁𝑡 = 𝑝 𝑟𝑡𝑝

(18)

The stator yoke height is given by (19):
𝐻𝑠 =

𝐵𝑎 min(𝑆𝑡𝑜𝑜𝑡ℎ ,𝑆𝑀 )
2𝐿𝐵𝑆

(19)

To obtain a magnetic induction in the air gap equal to
Ba, the magnet height is given by the following
expression:

The design of the motor depends on these three ratios:

𝐴𝑡𝑜𝑜𝑡ℎ𝑖

𝐷𝐵 +𝑒

The magnet section is given by (15):

Fig. 3. Half cross section of the studied RFPM motor.

𝑟3 =

(13)

The section of a main tooth is given by the following
expression:

m

𝐴𝑃𝑀

(12)

The angular width of an inserted tooth is determined as
a function of the angular width of a main tooth and the
ratio r3:

DRi
DRo
DB
DSi
DSo

𝑟2 =

(11)

The angular width of a main tooth is calculated from
the angular width of the magnet and the ratio r2:

AM

𝐴𝑡𝑜𝑜𝑡ℎ

(10)

The slots height is related to the total number of
conductors occupied by the slots and the current density
(17):

HSlot

𝐴𝑝

5

The stator outer diameter DSo is calculated from the
diameter DB:

𝐴𝑆𝑙𝑜𝑡 =
Atooth

𝐴𝑀

2

B. Analytic study

Atoothi ASlot

𝑟1 =

(9)

𝑝

𝐴𝑡𝑜𝑜𝑡ℎ = 𝑟2 𝐴𝑀

A. Studied motor description

HM

𝜋

(6)

𝐻𝑀 =

(2)

𝐾𝑓𝑢

(7)
(8)

𝜇𝑀 𝐵𝑎 𝑒
𝐵
𝐵𝑟 (𝑇𝑎 )− 𝑎

Therefore, the main geometric dimensions of the RFPMSM motor used in our study are shown in TABLE III.

With
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TABLE III

analysis [6]. The modeling by finite elements is both a
validation step and an adjustment study. A 2D model of
the RF-PMSM motor is made using OPERA2d/RM and
FEMM. .The increase of the number of nodes is essential
to have a better temporal representation [4]. In OPERA, a
rotating machine air gap is a special region which allows
the sections of the machine either side of it to rotate. The
air gap is constructed from three regions: 2 polygons and a
rotating machine air gap region [8].While, in FEEM the
air gap is only one region (Fig.4).

Dimensions and electromagnetic parameter of the RF-PMSM
motor
Parameters

Values

Units

L

250

Mm

µM

1.05

H/m

Br(Ta)

1.175

T

Ba

0.9

T

BS

0.9

T

Ta

20

°

Kfu

0.95

rtp

1.5

Iph

63

Kr

0.44

p

4

Nsph

25

spires

DSo

127.64

Mm

DSi

102

Mm

HS

14.15

mm

Aslot

8.40

deg

Atooth

29.99

deg

Atoothi

35.99

deg

DRe

81.38

mm

DRi

51

mm

HM

8.30

mm

AM

29.99

deg

e

2

mm

MS

Steel 1010

0,006

MR

Steel 1010

0,004

MPM

NdFeB

Flux

0.006

Wb

EMF

226.85

V

TEM

111.5

Nm

After meshing, the magnetic field distribution can be
established through the study of the finite element
calculation of each node.

A

(a)

(b)

Fig. 4. Air gap mesh (a) OPERA (b) FEMM.

In the case of no-load, the stator does not create
magnetic field. So the no load magnetic field is entirely
created by permanent magnets of the rotor. Fig.5 presents
the winding captured flux of the machine, for different
rotor positions at no load by the two softwares OPERA
and FEMM.

Flux linkage (Wb)

Cogging torque is the torque produced at no load
condition by the change of the magnetic permeance of the
stator teeth and slots over the PMs, and he has no net
value [7],[9],[10].Cogging torque curves are almost the
same. There is a small decrease in the value of peak value
of cogging torque found by OPERA. Fig.6 presents the
cogging torque for different rotor position by OPERA and
FEMM

0,002
0
-0,002
-0,004
-0,006
0

20

40

60

80

100

Rotor position (deg)
f1_OPERA
f1_FEMM

C. Simulation results
Finite element analysis method is a process of modeling
using mathematical approximation method for simulating
real physical system structure. It can be adapted for all
kinds of complicated structure, has the distinctive of high
precision, and is the effective means of engineering

ISBN: 978-9938-14-953-1

f2_OPERA
f2_FEMM

f3_OPERA
f3_FEMM

Fig. 5. Flux linkage at no load for different rotor position.

Maximum value of flux found by OPERA and FEMM
were respectively 0.0051Wb and 0.0054 Wb which
validate analytical value 0.006 Wb.
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120
Electromagnetic torque (N.m)

Cogging torque (N,m)

15
10
5
0
-5
-10

100
80
60
40
20

-15

0
0

20

40

60

Rotor position (deg)
Tc_OPERA

80

100

0

Tc_FEMM

Δ𝑡

. 𝑁𝑠𝑝ℎ

TABLE VI
Comparison of the two software features

(21)

FEMM

OPERA

Design

Manual design of
work-piece
or
implement
motor
control algorithms in
octaveFEMM (is a
Matlab toolbox that
allows
for
the
operation of FEMM)

Work-piece
can
be
designed manual. But
commands can also be
executed from a script
(COMI file) allowing
automation of regularly
performed tasks and
parametrization [8].

Material
library

An
extensive
material library. To
define
a
new
materials
,
preprocessor
command set must
be
written
in
octaveFEMM

An extensive material
library , the program also
has the capability of
simply defining new
materials

Dimension

Module on 2D

Modules for both 2D and
3D

Meshing

Mesh
refinement
and
boundary
conditions have to
be set manually

Auto-generation of finite
element
mesh
for
simulation. Mesh can be
refined and modify their
form

Solvers

limited solver

many ‘solvers’ to suit the
spectrum
of
electromagnetic
and
multiphysics
applications

Postprocessing
results:
EMF,
cogging
torque and
electromag
netic torque

Several commands
must been written in
m file (MATLAB)
to get EMF, cogging
torque
and
electromagnetic
torque.

OPERA gives directly
EMF cogging torque and
torque values in Postprocessing

Cost

Free

paid

Back-EMF (V)

200
100
0

-100
-200
-300
40

60

80

100

Rotor position (deg)
EMF1_OPERA

EMF2_OPERA

EMF3_OPERA

EMF1_FEMM

EMF2_FEMM

EMF3_FEMM

Fig. 7. Back-EMF at no load for different rotor position

Maximum value of Back-EMF found by OPERA and
FEMM were respectively 203 V and 214 V which validate
analytical value 226V.
Stator winding is feeding with three-phase balanced
sinusoidal currents. Electromagnetic torque is calculated
simulating load behavior of the motor, for different
positions of the rotor. The electromagnetic torque is found
by products of the back-EMF by the current as follows
[4]:
1

𝑇(𝑡) = ∑ 𝐸𝑀𝐹(𝑡). 𝑖(𝑡)
Ω

(22)

To obtain a maximum torque the current must be in
phase with back-EMF. Fig.8 shows the electromagnetic
torque calculated.
The average torque value reaches by OPERA and
FEMM were respectively 102.6 Nm and 110.1 Nm which
validate analytical value 111.5 Nm.
The finite approach validates the analytical calculation.

ISBN: 978-9938-14-953-1

100

The two softwares features are compared in TABLE VI.

300

20

80

D. Comparison of the two software features OPERA and
FEMM

Back-EMF of the three phases at no load is represented
in fig. 7.

0

60

Fig. 8. Electromagnetic torque for different rotor position

The back-EMF at no load is calculated by deriving the
results previously of flux. Back-EMF at time t is
determined from the flux values calculated at time t+∆t
and t-∆t by the following formula [3].
Flux 𝑡+Δ𝑡 −Flux 𝑡−Δ𝑡

40

Rotor position (deg)
T_OPERA
T_FEMM

Fig. 6. Cogging torque for different rotor position.

𝐸𝑀𝐹(𝑡) =

20

Overall, OPERA has several types of simulations and
the user has a good amount of control over the process
conditions and gives very quick setup of simulations. It
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offers a robust set of tools. Thus, it is a very useful
program.

magnet pieces, " Renewable Energy, vol. 99, pp 95-106, December
2016.

FEMM is a good program for performing easy-to-setup
machining simulations. Although there are still some bugs
those needs to be worked out, the program is still very
functional and it is very valuable.
5. CONCLUSIONS
A geometric model of RF-PMSM suitable for EV has
been presented in this work. Then this model is validated
by the FEM using two softwares OPERA and FEMM. The
FE study has allowed to validate the analytical calculation
and to validate waveforms as well as the electromagnetic
motor torque. In addition the values of flux, cogging
torque curve and back-EMF found by OPERA and FEMM
is almost the same. Reducing cogging torque of PMSM
which cause torque pulsations and non-sinusoidal backEMF is the theme of future research.
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TRANSMISSION LINES FOR THE MICROWAVE
APPLICATIONS.
D.Bensafieddine1*, F.Djerfaf1, F.chouireb2, D.Vincent3.
1

Semiconductors and functional materials, Laboratory, Laghouat, Algeria
Telecommunications, Signal and Systems Laboratory, Laghouat, Algeria
3
Hubert Curien Laboratory, Saint Etienne , France
*corresponding author: d.bensafieddine@lagh-univ.dz

2

Abstract-- In this paper, a frequency tunable
transmission lines are designed using metasurface split
ring resonator unit cell. We prove that the tuning
principle in metasurface transmission lines is based on
the variation of the resonance frequency of the
permeability. The frequency-tuning, arises by changing
the values of two gaps in the inner and outer rings of
unit cell (g1 and g2). The branches of a disconnected
gaps type conductor of each unit cell can be joined by
switches (PIN diodes, MEMs, etc.). According to switch
states ON or OFF, the unit cell has four different
commutable behaviors which are 00, 01, 11 and 10. The
results show that the resonance frequency of our
metasurface transmission line is strongly shifted by about
2.5 GHz between the cases (01) and (11).

command system (PIN diodes, MEMs, etc.).
2. METHOD
2.1. DESIGN OF TUNABLE METAMATERIAL UNIT CELL
Our tunable elementary unit cell is composed of splitring resonator made of disconnected conducting with
two gaps (g1, and g2) in the inner and outer rings on
opposite sides. Each gap can be joined by switches that
enables to control over individual metamaterial
elements. According to switch states (ON or OFF), the
unit cell has four different behaviors that are (00, 01, 11,
10) as shown in Figure 1-(b). The actionable behavior of
our unit cell allows us to introduce the tuning of
metasurface transmission line. The representation of the
unit cell with all the geometrical parameters is shown in
Figure 1-(a). The incident wave in Figure 1-(a) is a plane
wave with its wave vector k in the x-direction and the Efield polarized in the z-direction, while the magnetic field
vector H oriented along the y-direction.

Index Terms: Metasurface, Tunable Metamaterials,
Transmission line, Resonance frequency, RF-MEMS.

1. INTRODUCTION
The technologies to implement reconfigurable and
tunable metasurface transmission lines has seen
significant progress in recent years [1].
The tuning is achieved through electronic actuation
where, typically, changes in a capacitance, or local
changes in the permittivity of a dielectric layer, are
generated by the actuated voltage or applied field. These
tunable or reconfigurable structures operate in the linear
regime [2]. Micro-electromechanical systems for radio frequency applications (RF and MEMS) constitute a key
enabling technology for telecommunication systems [3][4].

(a)

The successful integration of RF and MEMS switches
in electrically small metamaterial resonators is expected
to be an enabling technology for many microwave
applications. The tuning principle in most metasurface
transmission lines is based on the variation of the
resonance frequency of the resonant elements through
electronic actuation. This tuning can be achieved by
loading the split rings (SRRs, OCSRRs, etc.,) with
varactor diodes or RF-MEMS.
(b)

The goal of this work is to tune the frequency of
metasurface transmission line by changing the
resonance frequency of the effective permeability in the
SRR unit cell. It can be controlled by an external

ISBN: 978-9938-14-953-1

Fig 1. (a)-Tunable metamaterial unit cell (w1=0.2 mm,
w2=0.14 mm, d=0.8 mm, a=2.5 mm, L1=2.2mm), (b)- all
different cases of the gaps (g1 and g2).
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0
1
  0
c
0

2.2 EFFECTIVE PARAMETERS EXTRACTION OF TUNABLE



METAMATERIAL UNIT CELL

Several reports have been published for the
extraction of the constitutive parameters by using
scattering parameters S [8]. They deal with the isotropic
parameters of metamaterials . However, it has already
been demonstrated [5] that most metamaterials are
intrinsically bianisotropic due to the asymmetry of the
composite components such as split-ring resonators.

0
0
0

0 

j 0 
0 

(6)

Where:






E , H , and B are, respectively, the electric and
magnetic field intensities and flux densities; and  0 ,
0 are respectively, the permittivity and permeability of

For a bi-anisotropic metamaterial , the propagation
wave vector is related not only to permittivity and
permeability but also to the magneto -electric coupling
coefficient [5]. Figure 2 shows the schematics of a
homogeneous bi-anisotropic material slab
. The
metamaterial effective parameter extraction requires two
steps [6]-[9] :

the vacuum; c is the speed of light in vacuum; and




( ,  ) are the tensors quantities of the magneto
electric coupling coefficient.
We determinate the forward and backward wave
impedances entailed by  zz ,  yy , and  0 since other

-Computation of the homogenized metamaterial
forward and backward wave impedance (z+, z-) and
complex refractive index (n) which are expressed in
terms of reflection and transmission coefficients (S ij).

unknown four quantities :

 xx ,  yy ,  zz , and  xx

not related to the bianisotropic structure in Figure 2.
From Maxwell's curl equations and equations (1) to
(6), we find:

-Retrieval of the electromagnetic constitutive
parameters (permittivity, permeability and magnetoelectric coupling coefficient) from the Sij parameters.

 2 Ez
 k x2 Ez  0
2
x
2 H y

(8)

Z 

z  yy
 Ez
 0

Hy
(n  j 0 )

(9)

Z 

z
Ez
 0 yy

H y (n  j 0 )

(10)

2

Fig 2. Transmission and reflection coefficients in bianisotropic metamaterial.

The constitutive relations [7] can be written as:


 







 

(1)

Where:

 

B  .H  .E

z   Z  / z0 ; z   Z  / z0

(2)

Where:

  xx 0 0


   0  0  yy 0
0 0 

zz







k x  nk0 ; n    zz  yy   02
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Ez and Hy are, respectively, the z and y components
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c
0


0
0
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of E and H ; kx and k0 are, respectively, the wave
number of the wave propagating in the x direction and in
free space; Z+ and Z- are, respectively, the wave
impedances inside the medium for forward (+z) and
backward (-z) propagations; z+ and z- are normalized
wave impedances; z0 is the wave impedance in the air;
and n is the refractive index of the sample.

  xx 0 0

  0  0  yy 0
0 0 

zz


(7)

 k x2 H y  0

x

D   . E  H

are



 (4)


0 

0  (5)
0 

We derive the forward and backward reflection and
transmission S-parameters in compact form as :
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 A (1  T 2 )
S11 
1   BT 2

S21  S12 
S22 

CT
1   BT 2

 D (1  T 2 )
1   BT 2

(2  C )2  (4 2A  C2 )
0 
4i AC / n

(11)

 yy 

(12)

C (n2   02 )
n(2  C )  2n A  iC 0

(26)

(27)

3. RESULTS

(13)
3.1 VALIDATION

OF THE

S

PARAMETERS EXTRACTION

METHOD

Such as:

z 1
A  
z 1

(14)

 B   A D

(15)

C  1   B

(16)

D 

z 1
z 1

The validation of the S parameters inversion method
is examined by extracting the constitutive parameters of
metamaterial using a finite element method based
commercial simulation code and compare the results
with smith et al [10] .The metamaterial structure in [10]
is composed of split-ring resonator (SRR) and wire as
shown in figure 3 which consists of two types of
conducting elements, a split ring and wire, both made of
copper (thickness 17 µm). The split ring and the wire are
positioned on opposite sides of the dielectric slab of
thickness 0.25 mm.
The simulation results of scattering parameters and
electromagnetic parameters of the symmetric and
asymmetric unit cell are shown in figure 4 and figure 5
respectively. We observe from figure 4 and figure 5 the
good agreement between our results, if they are
compared to those obtained in [10] for the symmetrical
and asymmetrical unit cells. The asymmetrical unit cell
is obtained by shifting the conductor wire 0.75 mm
away from its centered position.

(17)

T  e jk0nd

(18)

We substitute the equations ( 11 ), ( 12) and ( 13) into
equations ( 14 ), ( 15 ), ( 16 ), ( 17 ), and ( 18 ). The
following variables are obtained:

z 
z 

 2   22  41 3
21

4 z   1
z   4

(19)

(20)

Where:

1  S212  (1  S11 )(1  S22 )

(21)

2  2(S11  S22 )

(22)

3  (1  S11 )(1  S22 )  S212

(23)

4 

S11  S22
S11  S22

Fig 3.The split ring resonator SRR (a)-symmetric (b)Asymmetric.

(24)

And:

n

1
 (ln T )"  2 m  j (ln T )'  (25)
k0 d

Where m = 1, 2, 3…, denotes the branch index value.
We deduce the effective parameter expressions
(magneto electric coupling coefficient and effective
permeability).
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Fig 4. Comparison between our extraction program results
(left) and those obtained from [10] (right) for symmetric unit
cell: (a)-(a’)MagnitudeofS,(b)-(b’)phaseofS.
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Fig 5.Comparison between our extraction program results
(left: with colors) and those obtained from [10] (right) for
symmetric unit cell: (a)-(a’) Index (n); (b)-(b’) Impedance
(z); (c)-(c’)relativedielectricpermittivity(ε);(d)-(d’)relative
magneticpermeability(μ).

3.2 CHARACTERIZATION

4

6

8

frequency (GHz)

10

12

(b)

OF TUNABLE METAMATERIAL

Fig 6. (a) Real part of permeability (b) transmitted power for
different values of the gap g2.

In this section, we study the influence of the gaps g1
and g2 on the electromagnetic properties of
metamaterials. We use the effective permeability and the
transmitter powers as an essential two parameters to
appreciate the efficiency of the tunable metamaterial unit
cell.

It is clear from the plot that the metamaterials shows
the normal resonant behavior in the frequency band (6-9
GHz).

UNIT CELL

The resonance frequency shift to the higher
frequency when the gap g2 increases as shown in figure
6-(a). The transmitted power is normalized to incident
power and calculated over the 4 to 13 GHz frequency
band, it is about 80 % at 7.3 GHz for g2=0.1 mm as
shown in Figure 6-(b).

The simulation results of effective permeability and
transmitted power for different values of the gap g2 (case
01) where g1=0 are shown in Figure 6.
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Fig 8. (a)-Real part of permeability (b)-transmitted power for
different values of the gap g1.

Fig 7. Real part of permeability (b) transmitted power for
different values of the gaps (g1, and g2.)

Figure 9 illustrates all previous results (cases 00, 01,
11 and 10). We note that the behavior of metamaterial
can be tuned by opining the gap g2 or each gap (g1 and
g2) in the same time (case 01 and 11). The case 01 acts
strongly on the metamaterial frequency resonance which
shifts to higher frequencies when g2 is increased.

Figure 7-(a, and b), illustrate the effect of the gaps g1
and g2 on the transmitted power and real permeability
(case 11).
It can be seen that we also have a normal resonant
behavior in this case. The resonance frequency is
slightly shifted to the higher frequency band.

Re (  )

The effect of the gap g1 (case 10) on the real
permeability and transmitted power is shown in Figure
8-(a and b). We can see that there is no effect in both the
permeability and the transmitted power when g1 is
increased.
The transmitted power decreases over the frequency
band (4 - 12 GHz) as shown in Figure 8.b.
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0,9

there is no effect on the transmission parameters S21
(case 10) as shown in Figure 12.

00
01
11
10

0,8
0,7
0,6

g2= 0 mm

Pt

0,5

0

0,4
0,3

-2

S21 (dB)

0,2
0,1
0,0
-0,1
4

6

8

10

-4
-6

12

frequency (GHz)

(b)
Fig 9. (a)-Real part of permeability; (b)-transmitted power
for all different cases (00, 01, 11, 10).
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Fig 12. Transmission parameter S21 for the case 10.

METASURFACE

The simulation results of the transmission parameter
S21 for the case 11 are shown in figure 13.

We use the tunable metamaterial unit cells (Figure.1)
to design a tunable metasurface transmission line. The
proposed metasurface transmission line consists of 8
SRR unit cells as shown in Figure 7.

Figures show that each gap (g1 and g2) have a
relatively minor effect on the resonant frequency of the
proposed structure.
g1 = 0.1 mm
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Fig 10. Tunable metasurface transmission line (w=0.6 mm,
L=10 mm, h=0.8 mm).
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The simulation was done for different values of the
gaps (g1 and g2).The resonant response of the structure
for the case 01 as shown in figure 11. It can be seen that
as the value of the gap g2 increases from 0.1mm to
0.4mm, the resonance increases from 8.5 GHz to 9.7
GHz.
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Fig 11. Transmission parameter S21 for the case 01.
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However, as the gap g1 increases when g2=0, the
resonant frequency it tends to remain the same, and
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10

Figure 14 illustrates all previous results (cases 00, 01,
11 , and 10). The resonance has shifted in the case 11 to
around 7 GHz from the 9.5 GHz obtained in the case 01.
The results support the hypothesis that the tuning can
only be achieved if we have a variation on the resonance
frequency in the permeability.
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Fig 13. Transmission parameter S21 for the case 11.
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Fig 14. Transmission parameter S21 for all cases.

(74)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

[3]. K.AydinandE.Ozbay,“Capacitor-loaded split ring resonators
as tunable metamaterial components,” J. Appl.Phys.,vol.101,paper
024911, 2007.:

4. CONCLUSION
We have design and investigate a tunable
metasurface transmission line for the microwave
applications. Metasurface transmission lines can be
useful as tunable and reconfigurable filters. It is possible
to tune the filter central frequency by changing the
resonance frequency of the effective permeability in the
unit cell.

[4]. J. Papapolymerou, K. L. Lange, C. L. Goldsmith, A.
Malczewski, and J. Kleber, “Reconfigurable double-stub tuners using
MEMS switches for intelligent RF front-ends,”IEEE
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Martin Wegener, “Bianisotropic Photonic Metamaterials, ” IEEE
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The obtained results show that the resonance
frequency of our metasurface transmission line can be
shifted by about 2.5 GHz between the cases (01) and
(11).

[6]. Zhenya Lei, Rui Yang, Xiaowei Shi, and Jiawei Zhang,
“Determining the effective electromagnetic parameters of
bianisotropicmetamaterials with periodic structures,” Progress In
Electromagnetics Research M, Vol. 29, 79-93, 2013.

Future research could the implementation of
transmission lines loaded with RF-MEMS as a switch.
The reason is that RF-MEMS can operate at higher
frequencies and exhibit smaller levels of losses
compared to the varactor diodes.
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Abstract--This paper aims to present a performance
constrained optimization process of an embedded hybrid
claw pole alternator for automotive applications where the
excitation winding is transferred to the stator side using a
non-linear reluctant network modeling. Proposed procedure
is based on a Sequential Quadratic Programming (SQP)
coupled to a magnetic equivalent circuit of the studied
alternator targeting the minimization if iron losses. It has
been found that the efficiency of the alternator could be
improved especially at high speed rate.
Index Terms—Optimization, embedded alternator, claw
pole, hybrid excitation, magnetic equivalent circuit, iron
losses.

1. NOMENCLATURE
0
r

L
Su
H (B)
F
R
S

D
Lr
v
Lspire _ moy
Nspires
S fil stator
a

If
Rf
Kh
K cf

f
B
Bm
Bco _ m

N. Rafik∗

: air permeability
: relative permeability
: flux path average length
: section area
: magnetic flux tube crossing the section S
: magnetic field
: loop m.m.f vector
: diagonal matrix of reluctances
: topological matrix
: loop fluxes vector
: rotor diameter
: rotor length
: tangential speed of the rotor
: average length of a turn
: number of turns per phase
: wire section
: number of parallel wiring channels
: parameterization of the coupling ( =1 if
triangular coupling, =0 if star coupling)
: alternator’s field current
: resistance of the inductor
: the hysteresis current’s constant
: the eddy current’s constant
: the Steinmetz constant
: frequency of the magnetic flux waveform;
: flux density
: peak of the sinusoidal flux density.
: maximum induction in magnetic collector
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Bcul _ m
Bcm _ m
Ks
Kc
pasdentaire
b
Be

Pu

: maximum induction in laminated parts
: maximum induction in massive parts
: characteristic factor of the material
: Carter coefficient
: teeth pitch
: notch opening
: medium induction in the air gap
: electric resistivity of material
: electrical output power

2. INTRODUCTION
Embedded alternator provides the conversion of
engine’s mechanical energy into electrical energy through
the stored magnetic energy in the air-gap [1]. The
electromechanical energy conversion is achieved in order
to transmit electrical energy to the battery and to all
electric embedded receptors on the vehicle. Because of the
increasing insist for on-board power, a continuous
development of automotive alternators has been marked
during the last years as to efficiency and power density is
necessary [2],[3]. The claw pole alternator (CPA) is the
conventional source of electrical energy in automotive
applications.
In fact, CPA is characterized by the hetero-polar
structure of its rotor offering the integration a high pole
pair number in a reduced volume, leading so to an
interesting generation capabilities [4]. In a previous paper
[5], we proposed two modified structures of an automotive
claw pole alternator, a Simple Excited Automotive
Alternator (SE2A) and a Hybrid Excited Automotive
Alternator (HE2A), where DC-excitation winding is
transferred from rotor side to stator one as illustrated in
Fig. 1.
These configurations are compared using an analytical
tool based on reluctant modeling validated experimentally.
In HE2A, the gain of Barium ferrites permanent magnets
integration between claws emanates from the combination
of the high-energy density of permanent magnets with the
commonly controllability (Fig. 2). Through the
investigation of hybridization effect, it has been found that
it leads to the increase of alternator generation capabilities
gathered to a fully controllable flux density [5].
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Fig. 3. Flux paths through the magnetic circuit of the HE2A.
Legend: (1) to (5) same as in Fig. 1, (6): half of the stator DCexcitation winding, (7): armature end-winding, (8): nonmagnetic core holding the two magnetic rings.

Fig. 1. Built prototype of the SE2A. Legend: (a) Sator of the
SE2A, (b) rotor of the SE2A, (1) half of the stator DC-excitation
ring winding, (2) armature en winding, (3) non-magnetic core,
(4) magnetic collector.

The magnetic equivalent circuit (MEC) can offer a
compromise between short calculation time with adequate
precision [6]. The MEC approach consists on the
decomposition of alternator geometry into flux tubes based
on the flux linkage through magnetic parts. These flux
tubes correspond to reluctances, MMF sources and
permanent magnets sources. The establishment of
reluctant model of an actuator is based mainly on
geometry dimensions, material characteristics, and
winding distributions. To define different components, the
Ohm magnetic law is applied following the analogy
between electric circuits and magnetic ones.
The proposed HE2A network taking into account the
armature magnetic reaction is illustrated in Fig. 4.
In the case of linear material, the reluctance is
expressed as follows:

L

R

0 r

(1)

Su

Fig. 2. Rotor of HE2A with magnets inserted between claws

The idea of the present work consists on the
improvement of the HE2A performance through the
optimization of its topology. To do so, based on flux
linkage between stator and rotor magnetic circuits, a
reluctant network of the studied alternator is provided.
Then, no-load and load operation performances are carried
out in order to analyze the energetic state of the claw pole
alternator. The final part concerns the optimization of the
device topology considering iron losses minimization case.
2. MAGNETIC CIRCUIT MODEL OF THE HE2A
In a first step, a description of the flux paths through
the magnetic circuit of the HE2A, Fig. 3, is necessary in
order to build alternator magnetic equivalent circuit. They
are of two kinds: useful (3D) and useless (2D):
 The 3D flux happens under each two poles and crosses
both stator and rotor magnetic circuits. It is devoted to
the generation of the emf in alternator’s armature.
 The 2D flux is treated as leakage fluxes caused by
homopolar linkage between rotor and stator.
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However, in the case of saturated material, reluctance is
calculated using equation (2):

R

L

H

(2)

Su

Due to the non-linear behavior of the alternator
materials [7], the Newthon-Raphson numerical algorithm
is adopted to resolve established model and calculate
needed values of flux crossing alternator’s armature [8].
Indeed, the number of equations to be resolved is same as
independent loops in considered circuit. In the case of
non-saturated magnetic circuit, the obtained system is
given by equation (3). However, when materials are
saturated, the inversion of matrix ( SRST ) is no longer
possible. Then the MEC system is transformed to equation
(4) and resolution procedure is completed when all
elements of vector C turn to be null, [5].

SRST
C

(77)
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Fig. 4. HE2A reluctance network within the d-axis accounting for the armature magnetic reaction and the saturation.

3.LOSSES AND EFFICIENCY OF THE HE2A

Rs T

s

T

Lspiremoy NSpires 1 1
S filstator
a 3

Losses in the Hybrid Excited Automotive Alternator
(HE2A) are grouped into mechanical losses, copper losses,
excitation losses, and iron losses. In what follows, we are
going to detail each one of these components [9].

C. Excitation losses

A. Mechanical losses

Pex

These losses can be estimated by empirical
formulations, but are generally obtained by the
measurement. The approximate law used for modeling the
behavior of these losses versus speed, [10], is expressed as
follows:

Pm

Pv

Pf

8D Lr

0,15 v²

(5)

B. Copper losses
The stator is equipped by a three-phase armature
winding in which copper losses correspond to Rs I s2 losses
and stray load losses as a result of skin effect and
proximity effect which make Rs depend on temperature
variation. This can be calculated as:

Pjstator

3Rs T Is2

With:
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(6)

(7)

These losses are analytically expressed as follows:

Rf I f2

(8)

D. Iron losses
According to the conventional model of Bertotti, the
iron losses of a magnetic material can be divided into three
categories [10], [11]: the hysteresis losses caused by
magnetic hysteresis of the material when a varying
magnetic field is applied to the magnetic material, the
eddy current losses resulting from circulating induced
eddy currents and the anomalous losses known as the most
complex losses phenomena in the magnetic material. It is
related to a change in the domain walls of the material.
The iron losses have a considerable influence on the
efficiency, particularly at high speed frequency. In this
work, we adopt an analytical model with reasonably
accurate and short calculation time to be associated with
gradient constrained optimization process. For a sinusoidal
magnetic flux density, equation (9) was proposed in [11]
to predict these losses. Then, some improvements have
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been made taking into account the non-sinusoidal periodic
regime. The generalized formulation is given by equation
(10).

Pfer

Physt

Pcf

Pfer

Kh fBm

Kh fBm

Kcf f ²Bm2

(9)

structure gathered magnets inserted in-between adjacent
claws. These most significant part of these losses are ones
due to eddy currents. However, iron losses in permanent
magnet represent an insignificant fraction that is why they
are neglected in this work.

(10)

The iron losses in the claw pole alternator can be
divided into two parts:

2

Kcf dB
2 ² dt

 No-load iron losses
with

dB
dt

1
T

T
0

2

dB
dt
dt

(11)

In the case of the HE2A, stator and rotor profiles are
given in Fig.3. Iron losses in this alternator are composed
of two parts: the stator iron loss and the rotor iron one.

The variation of the air gap permeance as a result of
stator slots allows creating local induction variations on
the surface of rotor poles. This variation creates an
induction armature current phenomenon that it causes
losses. These iron losses are expressed in [9] by:
3

2

1 Be2v 2 pasdentaireb

 The stator iron losses
 Iron losses in the teeth
The evolution of magnetic induction at no-load
operation in the teeth is trapezoidal. When the tooth is
placed in the inter-polar space, the crossing induction is
assumed to be zero. Besides, it increases linearly to reach
the maximum under each pole. However, under load, the
evolution of the teeth induction is no longer trapezoidal
due to the armature reaction and the appearance of space
harmonics.

The stator winding generates a discontinuous distributed
f.m.m in the air gap due to finite number of slots. Thus,
enclosed harmonics produce losses at claws surface.
Referring to [10], [11], the load iron losses are given by
equations (17):

Khf fBdm

Kcf

4mq
2
f ²Bdm
²

Ps

2

Ks

3

1

B v 2 pasdentaire 2

B

(12)

0

Au 2

pasdentaire
4e1

D. Losses in DC bridge

The iron losses in laminated and massive cylinders are
respectively expressed by equations (13) and (14).

Pd (t )

Khi fBcui _m

Pcu _mass

Khm fBcm _m

2
Kci f ²Bcui
_m
2
Kcm f ²Bcm
_m

(13)
(14)

 Iron losses in the magnetic collector
Built HE2A prototype includes two magnetic collectors
on both sides of the yoke (XC10 steel). The iron losses in
these collectors are calculated as in the case of the massive
cylinder. Assuming that the evolution of induction is
sinusoidal, we can write:

Pcollector

Khm fBco _m

Kcm f ²Bco2 _m

(15)

 The rotor iron losses
The analysis and calculation of iron losses in the rotor
side are more complex due to the special massive rotor
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(17)

Where: B is the amplitude of a sinusoidal induction
given by equation (24) and
is the useful line load.

 Iron losses in the cylinder head
The stator magnetic circuit includes two parts. The first
is the usual laminated cylinder composed of iron sheets
aimed to the insertion of alternator armature. Although,
the second part is a massive cylinder surrounding the
laminated part intended for flux’s flowing and called
“stator yoke”, [5].

Pcu _iam

(16)

 Load iron losses

In the present work, space harmonics are not considered
and the teeth iron losses could be expressed, [11], as:

Pfer _dents

Ks Kc

1
2

Ps

b

(18)

These losses are caused by forward voltage drop
(Vdiode )and depend essentially on the threshold voltage
(Vd ), the resistance of the diode in conducting states ( Rd )
and the diode current ( I d ). Then, losses in a diode are
expressed by:

Vdiode (t)i(t)

With: i(t )

Rdid (t ) Vd i(t )

I s 2 sin( t )

(19)
(20)

Referring to [9], the total losses in diodes of a
bridge are given by the following formula:

Pd

6I S

vd 2

Rd I S
2

(21)

E. Simulations results
Based on the previous analysis, we provide in Fig. 5
and Fig. 6 an analytical visualization of various losses
inside of the HE2A versus training speed while the
alternator debates 300W and 600W, respectively.
These losses are determined using the alternator
reluctance network of Fig. 4.
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As an outcome of the previous study, the efficiency of
the hybrid alternator is evaluated based on equation (22)
and illustrated considering the following cases:

450
iron losses
Copper losses
Mechanical losses
Excitation losses
Losses in diodes of a bridge
total losses

400
350
losses (w)

300
250

- Case 1: for a fixed load power of 600W, Fig. 8 shows
the efficiency of the HE2A versus the field current,
for two different training speeds: 1000 rpm (law
speed) and 4000 rpm (high speed).

200

- Case 2: for a varied output power (300W then
600W), Fig. 9 illustrates the efficiency of the
HE2A versus the training speed.

150
100

Pu

50

Pu

0
1000

2000

3000
4000
speed (rpm)

5000

6000

Analyzing obtained curves one can notice that:
- For a fixed value of the excitation current and a
constant output power, the efficiency of the
alternator decreases when the training speed
increases, Fig 8 and Fig.9.

Fig. 5. Calculated alternator losses at 300W.
600
iron losses
Copper losses
Mechanical losses
Excitation losses
Losses in diodes of a bridge
total losses

500

losses (w)

400

(22)

losses

- For a constant speed training speed, the variation of
the output power has no significant effect on the
alternator efficiency, Fig.9.
N=1000 rpm
90

300

80

200
efficiency(%)

70

100
0
1000

2000

3000
4000
speed (rpm)

5000

6000

60
50
40
30

Fig. 6. Calculated alternator losses at 600W.

20

Furthermore, Fig. 7 illustrates the total loss versus field
current for two speeds (1000 rpm and 4000 rpm).
The increase in losses is clearly related to the field current
and the training speed ones.
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0
0

1

550

4

5

N=4000 rpm
90

N=1000 rpm
N=4000 rpm

500

80

450

70

400

efficiency(%)
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field current (A)

350
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50
40
30
20

200

10

150
100
1

0
0

2

3
field current (A)

4

5

2
3
field current(A)

4

5

Fig. 8. HE2A efficiency versus field current

Fig. 7. Calculated load total losses versus field current.
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Pu=300 w
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efficiency (%)
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40
30
20
10
0
0
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3000
speed (rpm)

4000

Fig. 10. Generation of the optimization algorithm.

5000

B. Optimization variables
The transition from a simple excited to a hybrid excited
alternator where field winding is transferred from rotor to
stator side leads us to analyze the areas of variation of
specific geometric variables that can have a considerable
impact on the HE2A performance. In the present work,
four geometrical parameters are chosen to perform
optimization with minimized iron losses: the magnetic
collector thickness ecm , the outer yoke thickness hc1 , the
active length of the stator yoke lstator and the massive
cylinder length lc1 . These parameters are illustrated in Fig.
11 and their variation limits are summarized in Table I. It
is to be noted that outer dimensions of the original
prototype are kept constant during the optimization
process.

Pu=600 w
80
70

efficiency (%)

60
50
40
30
20
10
0
0

1000

2000
3000
speed (rpm)

4000

5000

Fig. 9. HE2A efficiency versus speed.

4. OPTIMIZATION OF THE HE2A WITH MINIMIZED IRON
LOSSES
A. Presentation of the problem
A well-defined MEC is an interesting mean for
optimization, due to its accuracy and low computation
time. Considering previous studies, we can conclude that
the particular rotor structure of the HE2A leads to high
iron losses rates, especially when training speed increases.
Consequently, in the present section we are going to
optimize the alternator topology considering iron losses
minimization case.
To do so, proposed magnetic equivalent circuit is
coupled to an optimization procedure, based on Sequential
Quadratic Programming (SQP) and developed on
MATALB Software platform, as shown in the synopsis of
Fig. 10. Calculations was performed for two operating
points of the alternator (1000rpm and 4000rpm)
corresponding respectively to a law speed operation point
and high speed operation point.
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Fig. 11. The input parameters to optimize.
TABLE I

Constraints imposed on the geometric parameters
Geometry
parameters

Designations

min
(mm)

max
(mm)

ecm

magnetic collector thickness

4

10

hc1

outer yoke thickness

2

7

lstator

active length of the stator
yoke

28

32

lc1

massive cylinder length

25.1

27.1

C. Output performance optimization
Table II gives kept values of the optimization variables
provided by computing procedure. Following these values,
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the HE2A iron losses and efficiency are calculated then
illustrated in Fig. 12 and Fig. 13.

120
100

Analyzing these figures, one can notice that:
iron losses (w)

 At 1000rpm, iron losses decrease from 12.6W to
9.46W, and the efficiency grows from 73.05% to
73.36% (Fig. 12). Thus, we can conclude that, at low
speed, the efficiency gain is of little importance
because iron losses reduction is not consequent.
 At 4000rpm, iron losses are reduced from 109W
to 72.06W and the efficiency jumps from 62.3% to
65% (Fig. 13). Consequently, the decrease of iron
losses and the improved of the efficiency is more
important at high speed.

80
60
40
20
0
0

2

4

6
8
Iterations

10

12

14

2

4

6
8
Iterations

10

12

14

68
67

16

efficiency (%)

66

iron losses (w)

14

12

65
64
63
62

10

61

8

60
0

6
0

2

4

6
Iterations

8

10

73.8

4. CONCLUSION

73.7

In a previous work [5], beneficial effect of the
hybridization of excitation sources has been confirmed on
a claw pole alternator’s generation capabilities. Indeed,
performed study was based on a magnetic equivalent
circuit models validated experimentally. It has been found
that the HE2A presents higher performances, due to the
increase of leakage flux through the integration of Barium
ferrites permanent magnets between adjacent rotor claws.
However, the transfer of field winding from rotor side to
stator one leads to the increase of massive parts of the
alternator magnetic circuit. The present work can be
qualified as a compliment study aimed to the optimization
of the alternator topology while outer dimensions are kept
constant. Proposed process is based on a SQP program
coupled to the MEC model of the HE2A targeting the
minimization of iron losses. Obtained results prove that
the decrease of these losses is more important at high
speed which leads to a higher improvement of the
alternator efficiency.

efficiency (%)

73.6
73.5
73.4
73.3
73.2
73.1
73
0

2

4

6
Iterations

8

10

Fig. 12. Evolution of iron losses and efficiency during
optimization at 1000rpm.
TABLE II

Evolution of optimization parameters

ecm

Fig. 13. Evolution of iron losses and efficiency during
optimization at 4000rpm.
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Geometry
parameters

hc1
lstator
lc1

initial value
(mm)

optimal value
(mm)

6.1
5
31
25.63

4
7
32
25.1
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Abstract: In an enterprise setting, a data warehouse serves as
a vast repository of meter data, holding everything from billing
transactions to forecasting consumption. Traditionally, data
warehouses have been implemented through relational databases,
particularly those optimized for a specific workload known as
online analytical processing; A number of vendors offer parallel
databases, but customers find that they often cannot costeffectively scale to the crushing amounts of data an organization
needs to deal with today. The explosion of new types of data in
recent years – from inputs such as the web and Smart appliances,
or just sheer volumes of records – has put tremendous pressure
on the enterprise data warehouse. Face to this disruption, an
increasing number of organizations have turned to Apache
Hadoop[1] to help manage the enormous increase in data whilst
maintaining coherence of the Data Warehouse. We define a new
Meter Data Management System Architecture that differ with
three leaders MDMS, where we use MapReduce[2] programming
model for ETL[3] and Parallel DBMS in SQL commands.
Index Terms: Data Warehouse, MDM/Repository, ETL,
Massive Parallel Processing, MapReduce.

1. INTRODUCTION :
Recently, Meter Data Management (MDM)[4-8] has
attracted considerable attention. MDM is believed to become
one of the most important future power management
paradigms. Architecture MDM affects the response time of
queries received from different applications such forecasting,
outage management that will have a huge impact on the
production and distribution of energy in the short, medium and
long term. The challenge is to design a parallel processing
architecture to break the data, so each processor performs an
equal amount of work. As you double your processors, you
always double your speeds; MDM is designed to assist in
managing the massive amounts of metering data from
potentially multiple sources in order to create a reliable
database repository and a fast access time to this one. For this
purpose the leaders of the MDMS are seeking to find effective
solutions to keep the desired quality of service, including
reliability, flexibility, and the ease of management. Our hybrid
architecture treats the problem into two levels, a high level
ETL processes constitute the backbone of the MDM database
repository architecture. The vast amount of data makes ETL
extremely time-consuming, the use of parallelization
technologies is the key to achieve better ETL scalability and
performance. Further, the MapReduce programming paradigm
is very powerful and flexible for a distributed computing
program by providing inter-process communication, faulttolerance, load balancing, and task scheduling; We see that
MapReduce can be a good foundation for ETL parallelization
and parallel DBMSs are good for querying of large datasets[9-
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10] where parallel DBMSs seeks to improve performance
through parallelization of various operations such as building
indexes and evaluating queries by using multiples CPUs and
DISKs in parallel. The second level is having a successful
Architecture Data Warehouse(DW) will help MDMS to
deliver effective strategic information that exactly meets the
needs of your enterprise to the right people, in the right place,
at the right time, in the right format. Evaluating the success of
the architecture through the measurement of information
quality, system quality, individual impacts, and organizational
impacts[11].
2. REVIEW OF MDM/ REPOSITORY ARCHITECTURES OF THE
LEADERS MDMS
A large number of MDM/Repository architectures are
available to support the growing market. However, with so
many architectures to choose from, a major concern for many
firms is which one to employ in a given MDM/Repository
project. We review and compare several prominent MDM/
Repository architectures based on a common set of attributes.
This architecture need to provide Quality data, low long-term
total cost of ownership, good query performance that results in
increased interactive usage, the ability to get to real-time
feeds, a platform to support mixed, unpredictable workloads
and a scalable path forward as data needs grow.
A. MDM/ Repository Platforms
Oracle, eMeter and Itron are the three best-positioned
vendors of meter data management systems.
Oracle is the industry's leading data warehousing platform
for delivering business insights across a wide range of
activities, from optimizing customer experiences to increasing
operational efficiency. Oracle's high-performance and
optimized solutions provide in-database advanced analytics,
enhanced datasets from big data, and industry-specific insights
to drive increased innovation, profitability, and competitive
advantage. Oracle Utilities MDM and Emeter EnergyIP
running on Oracle Exadata[12-14] helps utilities process data
at unprecedented rates – turning data into real intelligence that
improves operational efficiency across every department while
enabling utilities to provide their customers with information
that helps them monitor and manage their energy and water
use. In contrast Itron use Teradata Active Enterprise Data
Warehouse, this platform allows energy companies to access
integrated customer, financial and operational information,
and perform advanced analytics on this data without impacting
operational activities [15].
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A. MPP database Definition

B. Core technology data warehousing methodologies

In MPP databases data is partitioned across multiple servers
or nodes with each server/node having memory/processors to
process data locally. By distributing data across nodes and
running database operations across those nodes in parallel,
MPP database are able to provide fast performance even when
handling very large data stores. The massively parallel, or
“shared-nothing”, architecture allows MPP databases to scale
performance in a near-linear fashion as nodes are added, i.e., a
cluster with eight nodes will run twice as fast as a cluster with
four nodes for the same data.
B. MPP database advantages:
Fast query and load performance; scalable by throwing
more hardware at the cluster, standard SQL, easy integration
with ETL, visualization, and display tools, generally fast to
install, configure, and run, parallelization available via
standard SQL; no special coding required [17-18]
C. MPP Database Architecture:
Fig 1

Comparison of core technology [16]

Teradata Active Enterprise Data Warehouse meets the
widest range of operational and strategic intelligence needs as
the highest performing, most dependable, massively parallel
processing (MPP) platform.
The Oracle Exadata Database Machine deliver extreme
performance for all types of database applications by
leveraging a massively parallel grid architecture using real
application clusters and Exadata storage. Database Machine
and Exadata storage delivers breakthrough analytic and I/O
performance, is simple to use and manage, and delivers
mission-critical availability and reliability

This architecture is based on a Shared-nothing hardware
design [21] in which processors communicate with one
another only by sending messages via an interconnection
network. In such systems, tuples of each relation in the
database are partitioned (declustred) across disk storage units
attached directly to each processor. Partitioning allows
multiple processors to scan large relations in parallel without
needing any exotic I/O devices.

Fig 3

MPP Data Warehouse Architecture [19]

4. DATA WAREHOUSE ARCHITECTURE DESIGN PHILOSOPHY

Fig 2

Teradata Architecture vs Oracle Architecture [20]

3. MASSIVELY PARALLEL PROCESSING
Highly parallel database systems are beginning to displace
traditional databases for the huge data and transaction
processing tasks. So the challenge is to build an infinitely fast
processor out of infinitely many processors of finite speed,
and to build an infinitely large memory with infinite memory
bandwidth from infinitely many storage units of finite speed.
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DW is an asset of an enterprise and exists for the benefit of
an entire enterprise. It does not exist for the benefit of a single
entity to the exclusion of all others in the enterprise. As such,
data in a DW does not conform specifically to the preferences
of any single enterprise entity. Instead, DW is intended to
provide data to the entire enterprise in such a way that all
members can use the data in the warehouse throughout its
lifespan. The concepts and principles of data warehouses will
not immediately equip a reader to design and develop a data
warehouse; however, they will equip a reader to understand
the reasons and intentions underlying DW design. For that
reason, these concepts and principles are collectively known
as DW philosophy [22-24].
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A. The leaders MDM/Repository Architecture Design
Philosophy
Oracle Utilities MDM and Emeter EnergyIP running on
Oracle Exadata where his architectural philosophy of the DW
is built on independent data marts (IDM), which are the first
endeavors to provide a repository of decision support data, are
typically independent of other data stores and serve specific
and localized needs such as providing data for a particular
application or business unit. By against itron use Teradata
Active Enterprise Data Warehouse arises on an Enterprise
Data Warehouse (EDW) which represents the central
repository for significant parts of enterprise data and its use
extends beyond the specific focus of a department or group of
users. Hence, the EDW roadmap should align with the
strategic objectives of the enterprise supplying data to tactical
decision makers by integrating various data sources to a
common data model and overcoming inherent data quality
issues to develop analytics solutions for varied users.
B. A Reliable Data Warehouse Architecture of an MDMS
If you are working in data warehousing project on an
MDM/repository, you will often hear various names and
differences in their methodologies towards data warehousing.
Although the methodologies used by these companies differ in
details, they all focus on the techniques of capturing and
modeling user requirements in a meaningful way.
Four measures [11][25] were used to assess the success of
the architectures: information quality, system quality,
individual impacts, and organizational impacts.
The review of the available literature on DW has identified
five predominantly architectures, i.e. independent data marts,
bus architecture, hub and spoke, centralized and federated
[11][16][27]. Fig 4 depicts these architectures

These data warehousing architectures, which we believe are
fairly representative, the success of these depends on multiple
measures presented above. Considering the importance of the
architecture choice Fig 5 shows the average scores for the
measures across the architectures.

Fig 5

The success of the five architectures

In a Web-based survey [11][28] included a question among
several about the success of the DW architecture, data
collected on the domain and the size of the data warehouses,
authors have found that the hub-and-spoke architecture is
typically used with more enterprise wide implementations and
larger warehouses.
5. DATA WAREHOUSE PROCESS ARCHITECTURE
Need to define DW process architecture for an
MDM/Repository and want an overview of key architectural
component, so think of DW as a central storage facility which
collects information from many sources, manages it for
efficient storage and retrieval(DW structures), and delivers it
to many audiences(reporting structures called data marts),
usually to meet decision support and business intelligence
requirements[29-30].

Fig 6

Data WareHouse Process Architecture

A. Load Management:
The goal of the data extraction process is to bring all source
data into a common, consistent format so it can be made ready
for loading into the DW. Load management involves the
following tasks:

Fig 4

• Extracting the data from source systems is converted into
one consolidated DW format which is ready for transformation
processing.
• Transforming the data there are often additional tasks to
complete before you can load data into the DW. Some typical
data transformations such as applying business, cleaning,
filtering, splitting, joining together data from multiple sources,
applying any kind of simple or complex data validation.
• Loading the data often involves the transfer of large
amounts of data from source operational systems, a data

Different types of data warehouse architectures
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preparation area database, or preparation area tables in the DW
database. Such operations can impose significant processing
loads on the databases involved and should be accomplished
during a period of relatively low system use.
B. Warehouse Management
Involves all tasks required to create temporary holding
tables to accommodate merging data for analysis or cleansing
purposes; Create and/or maintain indexes, views, and table
partitions; Aggregate data as necessary; De-normalize data if
needed for performance purposes; Archive data in each of the
DW environments; Complete incremental or full back-ups as
needed.
C. Reporting management
Reporting management involves tasks required to ensure
that business intelligence (BI) reporting tools direct queries to
the data that will provide the quickest query response. DW
involves a lot of moving parts and requires a significant
investment in process architecture to ensure successful
operation and maintenance. To ensure that service level
agreements are met, process architecture must ensure that all
system processes complete in time.
6. MAPREDUCE
MapReduce is a programming model and an associated
implementation for processing and generating large data sets
with a parallel, distributed algorithm on a cluster[2]. A
MapReduce program is composed of a Map() procedure that
performs filtering and sorting and a Reduce() procedure that
performs a summary operation. The "MapReduce System"
(also called "infrastructure" or "framework") orchestrates the
processing by marshalling the distributed servers, running the
various tasks in parallel, managing all communications and
data transfers between the various parts of the system, and
providing for redundancy and fault tolerance.

Fig 7

MapReduce Workflow

As you can see, data are passed into the compute cluster
and divided using DFS and Map-Reduce; When a set of data
exceed the storage capacity of the system that is processing the
data, the Distributed File System (DFS) comes in to distribute
the data across multiple system. When this distribution occurs,
one of the biggest issues that need to be handled is having a
suitable failure tolerable mechanism and recovery method
within the system to ensure no data loss, DFS has several great
capabilities.
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Fig 8

Distributed File System Architecture

A. PROS AND CONS[33]
• Advantages: Simple and easy to use, flexible, independent
of the storage MapReduce is basically independent from
underlying storage layers[31], fault tolerance, high scalability;
the best advantage of using MapReduce is high scalability.
Yahoo! reported that their Hadoop gear could scale out more
than4000 nodes in 2008[32]
• Pitfalls: We itemize the pitfalls of the MapReduce
framework below, compared with MPP. MapReduce does not
include a high-level language or Schema, or Index; use a
single fixed dataflow and low efficiency.
B. MapReduce Implementation
• Hadoop[34-35] is an Open Source implementation of a
large-scale batch processing system. It uses the MapReduce
framework by leveraging the concept of Map and Reduce
functions well known used in Functional Programming.
Although the Hadoop framework is written in Java, it allows
developers to deploy custom written programs coded in Java
or any other language to process data in a parallel fashion
across hundreds or thousands of commodity servers. It is
optimized for contiguous read requests (streaming reads),
where processing consists of scanning all the data. Depending
on the complexity of the process and the volume of data,
response time can vary from minutes to hours. While Hadoop
can processes data fast, its key advantage is its massive
scalability. Hadoop leverages a cluster of nodes to run
MapReduce programs massively in parallel. A MapReduce
program consists of two steps: the Map step processes input
data and the Reduce step assembles intermediate results into a
final result. Each cluster node has a local file system and local
CPU on which to run the MapReduce programs. Data are
broken into data blocks, stored across the local files of
different nodes, and replicated for reliability. The local files
constitute the file system called Hadoop Distributed File
System (HDFS). The number of nodes in each cluster varies
from hundreds to thousands of machines. Hadoop can also
allow for a certain set of fail-over scenarios.
C. Discuss Mapreduce’s Pitfalls
Let us discuss these pitfalls and how they are addressed.
There is no high-level language this makes queries harder to
write and maintain but there are possible solutions to this
problem that introduce high-level SQL-like languages that
compile into a series of MapReduce jobs. The most popular
tools for this are Pig and Hive. Additionally there are no
schemas and no index the solution for this is to use HBase or
other database management system that works on top of
HDFS. Also Low efficiency the solution is Incremental
MapReduce.
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7. MAPREDUCE AND MPP COMPLEMENTARY OR
OPPOSITES[9][3]

8. SUGGESTED ARCHITECTURE

Despite many advantages, MapReduce lacks some of the
features that have proven paramount to data analysis in MPP.
In this respect, MapReduce is often characterized as an
Extract-Transform-Load (ETL) tool[9]. The newest wave of
big data is generating new opportunities and new challenges
for businesses across every industry. The challenge of data
integration incorporating data from social media and other
unstructured data into a traditional BI environment is one of
the most urgent issues facing IT managers. MapReduce
provides a cost-effective and massively scalable platform for
ingesting big data and preparing it for analysis. Using
MapReduce to offload the traditional ETL processes can
reduce time to analysis by hours or even days. Running the
MapReduce cluster efficiently means selecting an optimal
infrastructure of servers, storage, networking, and software.
Authors [36] ran the [9] benchmark on Amazon EC2 clusters
of 10, 50, 100 nodes. The results for loading both the
535MB/node unstructured data and 20GB/node structured data
sets are shown in Fig 9

Fig 9

Load Times

Without using either block or record –level compression,
MapReduce (Hadoop) clearly outperforms MPP(vertica,DBX) in loading process and Scalability Performance, on the
other side MPP databases were significantly faster and
required less code to implement each task, but took longer to
tune and load the data. Hence, we conclude with a discussion
on the reasons for the differences between the approaches and
provide suggestions on the best MDM/Repository
Architecture for An Meter Data Management System. Fig 13
provides an overview of the architecture of the MDM /
Repository suggested, which describes a hybrid approach
between MapReduce and MPP databases for management of
SmartGrid massive data less cost in time and hardware.

Fig 12

On the other hand the results concerning the execution of
the SQL query below that requires a full table scan is show in
Fig 10/11 respectively

Suggested MDM/Repository Architecture.

Architecture suggested has a goal to provide a simple
integration of various existing methodology advantages such
as Dependent DataMarts philosophy, MapReduce Loading and
Scalability performance, and Massive Parallel Processing
databases querying performance for the integration on Smart
metering system.
A. Contribution

Fig 10

Grep / Join Task Times

Fig 11

Scalability Performance
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Our contribution is twofold, the first; we define and
implement an architecture of MDM/Repository of the smart
grid Fig 12 with the aim to minimize the cost our smart grid
toolkit data access Fig 13. Through the implementation of a
principal MDMS’s component, which his task involves
extracting the data from the source system then a series of
rules or functions is applied to the extracted data in order to
prepare it for loading into the end target at the appropriate
time, this component is based on Apache Sqoop and Flume for
importing structured and unstructured data to HDFS format,
we use MapReduce(Hortonworks Data Platform) as
framework for writing component’s core that process large
amounts of structured and unstructured data in parallel then
exported with Apache Sqoop to the MPP(Parallel
DataWarehouse) as structured database to be input for our
smart grid toolkit.
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which in turn has motivated a large amount of
research on SRMs in the last decade [4]. The motor
speed-torque characteristics are also excellently
matching with the road load characteristics [5]-[10],
and the performance of
SRM for HEVs
applications has been found to be excellent.
However, there are several barriers that need to be
resolved before they can be applied in mass
produced vehicles [11]-[14]. Since SRM involves
successive excitation of poles to produce
Continuous motoring or generating torque by
aligning the rotor, the motor drive needs a position
sensor for high-grade control. Torque ripple,
vibration and associated acoustic noise are also the
main concerns in SRM operation [15]-[17]. These
issues are critical in vehicle application and
research is targeted towards analysis, design
improvement and development of excitation
schemes and control strategies to reduce these
effects. With the High concern over the energy
resource crisis and global warming, Hybrid Electric
Vehicle (HEVs) has become the most suitable
candidate for the next generation vehicle due to
their lower emission, high fuel efficiency. For the
HEV, electric motor is one of the most important
devices which should be reliable, robust, powerful,
highly efficient and low cost. The electric drivetrain comprises battery, motor, converter and
control algorithm. Due to the variable DC bus
voltage caused by the variation in the state of
charge (SOC) of the battery and the nonlinearities
found both in the motor and the switching
converter, the torque control for switched
reluctance motor while optimizing the motor
efficiency for traction application becomes very
complex. Extensive works have been done to
optimize the efficiency of SRM at high speeds. The
manufacturing cost of the SRM is relatively low
and it can be operated at very high speed without
mechanical problems.

Abstract-- Switched reluctance motors "SRMs" are
gaining interest as a potential candidate for Hybrid
Electric Vehicle "HEV" propulsion. SRM is a doublysalient, singly excited machine and having very simple
construction. It has a low inertia and allows an
extremely high-speed operation. The control system of
SRM is highly complex due to non linear nature;
however these merits are overshadowed by its
inherent high torque ripple, acoustic noise and
difficulty to control. In this work, modeling,
simulation and analysis of Switched Reluctance motor
has been done. Various models of Switched reluctance
Motor control strategies are simulated in
MATLAB/SIMULINK. The control strategies used
are PI Control, Hysteresis Control and voltage
control. The result obtained from simulation has been
presented. The control signal and circuit design for
operation of a Switched Reluctance Motor (SRM)
drive has been described.
Index Terms--switched reluctance motor, PI Control,
Hysteresis Control and voltage control, Hybrid
Vehicle.

1. INTRODUCTION
The power electronic converters and electric
propulsion motors are crucial components for
modern
hybrid
electric
vehicle
(HEV).
Accordingly, it is necessary that the associated
traction motor and drive, operate at their optimal
effectiveness throughout the test cycle. In typical
HEV propulsion the electric motor is used over the
entire operating range of torque / speed. SRMs are
beginning to gain interest as a potential candidate
for HEV propulsion due to their simple and rugged
construction, fault tolerant operation, insensitivity
to high temperatures, an extremely long constantpower range and high speed operation [1]-[2]. In
this motor only the stator has got windings. The
rotor contains no conductors or permanent magnets
[3]. It consists simply of steel laminations stacked
onto a shaft. It is because of this simple mechanical
construction SRMs carry the promise of low cost,
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 1
1 


 Nr Ns 

2. SRM CHRACTERISTICS

 s  2 

The SRM has the simplest structure of any electric
machine. It is a doubly-salient and singly-excited
reluctance machine with independent phase
windings on the stator, which is usually made of
magnetic steel laminations. The rotor is a simple
stack of laminations, without any windings or
magnets. The basic 3-phase SRM structure has 6
stator and 4 rotor poles within the single stator
geometry as shown in Figure 1. Each stator and
rotor pole has pole arc of 30˚ mechanical. The
stator windings on diametrically opposite poles are
connected either in series or in parallel to form one
phase of the motor. When a stator phase is
energized, the most adjacent rotor pole-pair is
attracted toward the energized stator to minimize
the reluctance of the magnetic path. Therefore, by
energizing consecutive phases in succession, the
SRM develops reluctance torque in either direction
of rotation. Fig.1 shows its linear inductance profile
L() with each phase inductance displaced by an
angle s given by inductance profile of each
phase.

Where Nr and Ns are the number of rotor and stator
poles, respectively. When the motor has equal rotor
and stator pole arcs, r = s, we get the following
angle relations:

 

 r 
 Nr


x  

VALUE

1
2
3
4

Stator Resistance
Inertia
Friction
Initial Speed and
Position
Rotor Angle Vector
Stator Current Vector

0.05 ohms
0.05 Kg.m.m
0.02 N*m*s

5
6

(3)

Nr

Fig. 2 shows the angle δ corresponding to the
displacement of a phase in relation to another,
which is given by

 1
1 


 Nr Ns 

  2 

(4)

The studied 6/4 SRM has the following
parameters:
Lmin = 8 mH, Lmax = 60 mH , and βr = βs = 30°.
Thus, from (2) and (3), we get θx = 15° and
θy = 45°.
The electric equation of each phase is given by:

Specifications of SRM
PARAMETER

(2)



y 

TABLE I

S.NO

(1)

 i , Ii 
t

[0,0](rad/s, theta)

 RI i  V

﴾5﴿

With i = {1, 2, 3}

[0 10 20 30 40 45]
0:25:450

While excluding saturation and mutual
inductance effects, the flux in each phase is given
by the following linear equation:

 i , I   L   I i

﴾6﴿

i

The total energy associated with the three phases
(n = 3) is given by:

Wtotal 

1 3
L    n  i  1  s  I i2

2 i 1

(7)

and the motor total torque by:



Fig. 1. SRM linear model. Inductance profile

1 3 L    n  i  1 s  2
Ii

2 i 1


(8)

of each phase.

J


   l  f 
t

The mechanical equations are:
The angular velocity can be written as follows :

﴾9﴿



t

Where l represents the torque load, and f the
machine friction coefficient.
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We show in Fig. 3 the simulation diagram used for
the SRM simulation using Simulink, which is the
use of conventional blocks allowing understanding
the programmed structure more easily.
Fig. 4 shows the content of the block phase 1. It
contains four other blocks, each one associated with
a specific Matlab function. The complete model
can be used in application of Hybrid Electric
Vehicle with proper turning on/off of the operating
mode region of SRM/Gs
3. SRM ENERGIZING STRATEGIES
The torque developed in a SRM is independent of
the direction of current flow. Thus unipolar
converters are sufficient to serve as the power
converter circuit for the SRM, unlike induction
motors or synchronous motors that require
bidirectional currents to flow through the power
devices.

Fig. 2 . The angle  corresponding to displacement
of a phase in relation to another
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determine the average torque, torque ripple and
other performance parameters. The difficulty to find
the control parameters depends on the chosen
control method for a particular application. At low
speeds, the current rises almost instantaneously
after turn-on because of the negligible back-emf
and the current must be limited by either controlling
the average voltage or by regulating the current
level. As the speed increases, the back-emf
increases and opposes the applied bus voltage.
Phase advancing is necessary to establish the phase
current at the onset of rotor and stator pole overlap
region. Voltage PWM or chopping control is used
to force maximum current into the motor to
maintain the desired torque level. The torque
command is executed by regulating the current in
the inner loop as shown in the closed-loop block
diagram in Figure 6. The desired current "Iref", is
dependent upon the load characteristics, speed and
control strategy. The simpler control strategy is to
generate one current command to be used by all the
phases in succession. The electronic switch selects
the appropriate phase for current regulation based
on on, off and the instantaneous rotor position.
The current controller generates the gating signal
for the power devices based on the information
coming from the electronic switch. With both the
switches turned ON, the energizing current in the
phase winding increases with positive DC-link
voltage. For current control, the switches are
operated to freewheel, magnetize and demagnetize
depending on the rotor position and direction. The
current in the switched phase is quickly brought to
zero applying "-Vdc", while the incoming phase
ensures the torque production depending on the
used current. The torque ripple tends to increase
since the torque production is not smooth during
phase transition in these drives. Usually, three kinds
of current controllers are used for the SRM,
namely: PI controller, hysteresis controller and
hybrid structure which is a combination of the first
two.

The fact that stator phases are electrically isolated
has generated a wide variety of converter
configurations [18]. The type of the converter
required for a particular SRM drive application is
intimately related to motor construction and the
number of phases.
The SRM has the added advantage of reduced
hysteresis losses due to the unidirectional current
flow. The converter circuit supplies the required
pulsed waveforms from a DC source for the
operation of the SRM. The most flexible and
versatile four-quadrant SRM is the classic bridge
converter topology, which has two transistors and
two freewheeling diodes per phase as shown in
Figure 5 [19]. The transistor switches are turned
ON and OFF in each phase depending on controller
outputs for torque and speed control of the SRM.

Fig. 5. H-bridge asymmetric converter

Assuming linearity, the flux relation is given by:

  L   I

(11)

The co-energy is given by:

W  L   I 2

(12)

Resulting in a torque given by:



1 L 2
I
2 

(13)

Expression (13) shows that this converter is
unidirectional in current because torque production
does not depend on the current sign but only on

L
sign.


4. SRM CONTROLLEUR STRATEGIES

Fig.6. Closed-loop speed and current control block
diagram of a SRM.

The effective performance characteristics from a
SRM drive system can be obtained by proper
positioning of the phase excitation pulses relative to
the rotor position. The commutation angles (turn-on
angle on, turn-off angle off), total conduction
period and the magnitude of the phase current (Iref)
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In this project, the hysteresis current controller is
used for its simplicity [20]. There are many choices
for the outer speed controller, such as PID
controller, two degree of freedom controller, fuzzy
controller, adaptive controller, and artificial neural
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network controller. The PI controller is used in this
research for simplicity.

variation in time of all the three phases, the total
electromagnetic torque is about 4 Nm. Torque
ripple presents high magnitude for the used values
of Turn-on (on) and Turn-off (off) angles, having
as consequence to originate important speed
oscillations shown in figure 8. To decrease the
speed oscillations it is necessary to produce more
torque. Adjustment of the Turn-off angle value
allowed fewer oscillations. However, ripple
reduction is not an easy task because other
parameters, such as the speed and load values,
influence the torque ripple magnitude. Figure 10
gives the flux-linkage and gate signal of the
converter phase PWM switching voltages for
regulating the current in time. Here, the ripples are
due to the current chopping control. The phase
current is given in figure 11. It can be seen that the
current flows only in the inductance rising slope as
it is in motoring mode, also the phase current
regulation between the turn-on and turn-off
positions for motoring operation.

A.Closed loop current controller design
Current feedback is essential for this proposed
control strategy. Here each of the phase-currents are
sensed and fed back to controller. A hysteresis
controller is used to control the phase current
according to reference current generated by the
speed controller. The only control parameter is the
hysteresis band Δi. In the case of an analog
implementation, this parameter ensures that the
instantaneous current is bounded between i∗ ±Δi/2,
where i∗ is the desired current. In this case, the
current ripple is equal to Δi and the current
controller output takes only two distinct values ±
Vdc. Its generates switching pulses by comparing
reference current and sensed current as mentioned
below:
If, Iact < ILw , switch is turned on.
and Iact > IUp, switch is turned off.
B. Speed control loop
The PI controlleur parameters calculated according
a small signal model of the SRM drive sustem, to
satisfy the control specification. Transfer function
of the PI controller is

Fig. 7. Inductance profile

(14)
5. SIMULATIONS RESULTS
A PI controller is used for speed control of the
SRM in simulation because of its simplicity. The
advantage of the controller is that the speed of the
machine can be controlled with fast transient
without overshoots, and good steady state response
as shown in Figure 3. The PI speed control loop is
in the outer loop generating the desired phase
current command based on the speed as shown in
closed-loop block diagram of Figure 6. Here, the
desired current "Iref" is not fixed, but changes based
on the error between the desired speed Wref and
actual machine speed Wm. The PI controller
parameter values tuned in the simulation are: The
proportional constant "Kp = 0.8" and the integral
constant "Ki = 0.03".
With the motor functioning without load,
waveforms can be obtained by integrating all the
functional blocks in the motoring simulation
figure 3 such as position wrapping, active phase
determination, phase commutation and current
regulation. Figure 7 shows inductance variation in
SRM, which is considered as control reference for
the phase commutation. The speed characteristic is
shown in Figure 8. Figure 9 shows the total torque

ISBN: 978-9938-14-953-1

Fig. 8. Speed Characteristics

Fig.9. Total torque
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low speeds and improve the power efficiency at
high speeds. In this paper, mathematical modeling
of SRM and advanced PI, as well as hysteresis
controllers for SRM position control have been
presented. The parameters of the speed PI controller
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Abstract—
In this paper, we present a study of the size for the hybrid
central containing a three different generators, two on
renewable energy (solar and wind power) adding a diesel
generator for feeding the village when renewable source is
insufficient. Acquaintance of daily consumption for the city
is the key to size hybrid central, for this reason, we made a
full study, economically and sociological in this village. The
hybrid central will distribute energy to rural village in
southwest of Algeria called “Timiaouine”, the program used
for simulation is Hybrid Optimization Model for Electric
Renewable(HOMER), this program will simulate the central
and choose the optimum configuration economic and
ecologic.
The hybrid central size for secure the energetic continuity of
the village with minimum cost.
Keywords—hybrid central, HOMER PRO, renewable
energy, solar energy, wind energy, diesel generator.

1.INTRODUCTION
The energy demand growths exponentially every
day due to the increase in industry and population, for
this reason the world bank and international energy
agency estimate doubling in installing capacity of energy
over the 4 following decades [1].
Renewable energy sources are powerless to meet energy
demand because some sources richness with season like
solar and wind energy, or depend on the location like
hydroelectric, However the drawbacks of renewable
energy sources can be limited by using solar energy in a
hybrid system [2].
The electric energy system made up of one renewable
source and another conventional sources named Hybrid
Renewable Energy Systems (HRES) [3], that system can
work in off-grid (standalone) or grid connected mode.
The hybrid energy systems composed essentially from
renewable energy generators (AC/DC sources),
nonrenewable generators (AC/DC sources), power
conditioning unit, storage, load (AC/DC) and sometimes
may include grid. [4]
HRES can use one or both of the renewable sources
(solar photovoltaic and wind turbine) in combination with
storage system like fuel cell, batteries or ultra-capacitor.
This back up energy devices (or named also secondary
sources) are introduced into the system to supply the
shortage power and to cover the pic consumption. [5]
In some cases, the system can be 100% on renewables
source by eliminating the diesel generators and replace
via large storage capacity, but this has a strong impact on
overall system cost. [6]
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There are many combinations for hybrid energy systems
such as solar, wind, hydroelectric, or geothermal with
conventional sources like diesel generator and storage
device (battery or fuel cell). [7]
We can classify HRES by capacity installed, these
systems vary from few kW to hundreds of kW, with a
capacity less than 5 kW can be treated as the small
systems, this kind of systems is generally used to serve
the loads of a remotely located home or a
telecommunication relay system. Then the systems with
the capacity more than 5 kW and less than 100 kW can be
treated as the medium systems, these are used to power
remotely located community which contains several
homes another required amenities. The medium systems
in most cases work in stand-alone mode and sometimes
may be connected to utility grid, if it is nearby. The other
type of the system is able to cover the energy of a region,
with the capacity of more than 100 kW can be called as
the large system. These systems are generally connected
to grid, to enable the power exchange between the grid
and the system in case of surplus or deficiency [8].
In order to find the optimal sizing and operational
strategy for a hybrid renewable energy system, HOMER
PRO software is one of the best program work in hybrid
system. This software based on three principal tasks
which are simulation, optimization and sensitivity
analysis. [9]
The future of HRES is to combine two or more renewable
power generation technologies to make best use of energy
available in the site to obtain the greatest efficiencies that
could be found from a single power source.
2.SYSTEM DESCRIPTION
The hybrid central is composed of:
- Solar photovoltaic.
- Wind turbine.
- Diesel generator.
The connection of hybrid system is illustrated in the
bellow figure:
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houses and schools, because it presents 98% from global
consumption of Timiaouine city.
2.1.1Housing consumption:

Fig1: hybrid system connection

2 Hybrid central sizing:
For size a hybrid central in HOMER PRO, we should
follow these steps:
2.1 Load consumption:
The load profile is an important step to find whether the
energy produced by the central is matching the load
demand [8], Arabali and al. [10] propose a method for the
hourly load variation by using Gaussian distribution with
specific limits. The statistical methods are also generally
used for the estimation of the residential energy
consumption [11-13].
The HOMER PRO program filed loads according to their
type (home, commercial, industrial or city) and proposed
model for each type.
In our case, the load is consumption of Timiaouine city.
We will describe in this part just the consumption for

We classified the consumption in two seasons; a season
when consumption is low (winter), and a season when
consumption is high (summer).
In winter season, we noticed that most consumption of
houses is in the refrigerator and light (45%), the other
consumption divided between the rest devices, the
consumption rest low and equal 16,17 kWh/day
In the high season consumption, the air- conditioner
presents more than 60% from the global house load, the
daily consumption is46,9 kWh.
2.1.2 Primary and secondary school:
The Figure 2 represents the consumption of primary
school with 400 students, the school is composed of:
- 20 classrooms
- 1staffroom
- 2 offices
- 1 bathroom
The capacity of secondary school is over 900 students; it
is composed of:
-30 classes
- 1 staffroom
- 4 offices
-2 bathrooms
-2 laboratories
- computer lab.

Fig 2: The consumption of primary and secondary schools in two seasons

ISBN: 978-9938-14-953-1

(98)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

2.1.3 Global village consumption:

2.2.2 Wind turbine:

Timiaouine town consumes 7,52 MWh every day in
winter and23 MWh/day in summer, the household
presents 93% from global consumption (fig 3), the
second most consumption is the schools by 5%
(secondary and primary).

In our system, we use two wind turbines mark GAMESA,
type G52 with 850 kW power output, the cost of this type
is 1, 8 million euro and is the same for replacement, the
maintenance costed at 18333€, the figure 4 describes the
yearly production of renewable energy (solar and wind
turbine).

2.2 Generator sizing:

2.2.3 Diesel generator:

2.2.1 Solar photovoltaic:
The initial capital cost is 1100€/kWh,1100€for the
replacement and the cost of maintenance it takes10€, the
lifetime of panel is 25 years.
Photovoltaic generator is size with 2500 kW, because the
strategy of program HOMER PRO is the choice of a
capacity equal or less than the peak load.

Generator diesel is used like support in peak load or
absence of the renewable generators production (solar or
wind). The initial cost is 500 €/kWh, this price is the
same price for replacement, the maintenance cost is 0.03€
with 15000 hours for the lifetime
Finally, HOMER PRO size the generator capacity to
1400 kW. Figure5 illustrates the daily production of
diesel generator.

Fig 3 The consumption of Timiaouine city

Fig4: renewable energy annually production
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Fig5: diesel generator daily profile

Fig 6: Global solar monthly average

Fig 7: Wind speed monthly average
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The diesel engine is used as emergency protection but the
usage of batteries and more green energy can reduce the
emissions of this generator.
2.3 Weather data:
The climatic conditions play a major role as the
entire power generation is dependent on this. For every
different location the weather conditions will be different.
So, for a feasibility study or for optimal sizing of the
hybrid systems, weather data is a very important tool for
analyzing the climatic conditions thoroughly before
setting up a plant. Such data is mostly available at the
local meteorological stations, for some potential sites the
space research agencies like national aeronautics and
space administration (NASA) have made the data
available through the web resources [8], the figures 6 and

7characterize the weather data for Timiaouine city.
3. RESULTS:
The global investment for this central is 22 million euro
with 0,336 €/kWh and that’s what shown in the economic
report (Fig. 8), the central produces 10,63 GWh
everyyear,72% of this energy from renewable energy
(fig9).
The minimum percentage for renewable energy is a
condition we can add to the ecologic strategy for limiting
the usage of hydrocarbons; in our case we chose 60%.
To secure the energy system of Timiaouine town we add
another condition in sizing strategy of the central, this
parameter is named ‘increase in load profile’ and we
opted for 10%.

Fig. 8 economical report for hybrid central

Fig. 9 energetic report for hybrid system
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4. CONCLUSION
In this study, we were sizing and simulating a
hybrid central based on three different generators, this
central was simulated by software HOMER PRO. This
central uses all renewable resources available in the urban
village.
The optimum configuration proposed by
HOMER PRO is hybrid central produce 10,63 GWh
every year, most of this energy is produced from
renewable source (72%), this result is better than Rohit
and Subhes [14] when use hybrid central base on solar
PV, bio diesel, hydropower and batteries with 0.442
€/kWh.
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Abstract--In this paper we are interested to study the
effect of transient stability of generations kind, such as, fixed
speed wind turbine (CSIG), variable speed wind turbine
(DEIG), synchronous generator (SG) and assigning a fault in
the presence of FACTS system. So to increase the transient
stability of a power system. The STATCOM is one of the
proper element of FACTS system, it provides or absorbs the
required reactive power by a power electronics system
(VSC). This function is identical to that of synchronous
condenser with the rotating mass. In this work, we propose
an improvement of transient stability using STATCOM
under faults, at first time, we study the transient stability
without and with STATCOM for clear advantages in
different generator joined to infinite bus, using the PSAT
software tool (Power System Analysis Toolbox). some
simulation results are presented, commented and discussed.
Index Terms--Transient Stability, FACTS, STATCOM,
CSWT, DFIG ,SG, PSAT

1. INTRODUCTION
Today’s electricity grid is a complex system allowing
the integrated generation, transmission and distribution of
electrical power to consumers. But its stability is one of
the key in the system operation, this is termed as the
synchronous operation of a system. Any disturbance small
or large can affect the synchronous operation. The
stability of a system determines whether the system can
settle down to a new or original steady state after the
transient disappears [1]. In power system stability studies
the term transient stability usually refers to the ability of
the synchronous machines to remain in synchronism
during the brief period following large disturbances, such
as severe lightning strikes, loss of heavily loaded
transmission lines, loss of generation stations or short
circuits on buses [2]. The presence of wind farms in such
weak transmission network incurs grave about system
security and stability. Power system utilities are shifting
focus from the power quality issues to the stability
problems caused by the wind power integration [3].
In the grid impact studies of wind power integration,
the stability issue is a key problem because a large
proportion of wind farms are based on fixed speed wind
turbines equipped with simple induction generator (IG)
[4]-[5]. Induction generators consume reactive power; for
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that reason, compensating capacitor banks are currently
added to provide the induction generator magnetizing
current ( they can also improve the power factor) [6]-[7].
Also variable speed wind turbines equipped with doubly
fed induction generator (DFIG) are becoming more
widely used for its advanced reactive power and voltage
control capability [8]-[5].
One of the major problem of system stability is the
reactive power limit. Such as required reactive power of
machine excitation provided by the capacitor banks
installed at its terminals. However, improving the systems
reactive power handling capacity by a Flexible AC
Transmission System(FACTS) devices is a solution for
prevention of the voltage instability[3]. such as static
VAR compensator (SVC) or STATCOM can represent a
more suitable solution. The STATCOM based on a
voltage source converter and regulate the system voltage
by absorbing or generating reactive power, STATCOM
output current can be controlled independent of the
alternating current system voltage .The static synchronous
compensator (STATCOM) is considered for this
application, because it provides many advantages, in
particular the fast response time (1–2 cycles) and superior
voltage support capability with its nature of voltage
source. With the recent innovations in high-power
semiconductor switch, converter topology, and digital
control technology, faster STATCOM (quarter cycle) with
low cost is emerging, which is promising to help integrate
wind energy into the grid to achieve a more cost-effective
and reliable renewable wind energy [9]-[10].
This paper investigate the application of STATCOM to
improve the transient stability of power system including
fixed and variable speed wind turbine capability and
synchronous generator. To examine the improvement in
system performance using STATCOM, with fault at each
bus of power system kinds, simulation results of the
studied system with and without the connection of
STATCOM are presented.
2. POWER SYSTEM MODELING
This paper presents the mathematical machine models.
Such as synchronous machine, squirrel cage induction
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C. Wind turbine generator system
C.1. wind turbine Model

machine and double feed induction machine.
A. Synchronous machine model
In general, for transient electromechanical phenomena
analysis of a power system, power flow algebraic
equations for the transmission network as well as the
stator windings of the synchronous machines, along with
differential equations for the rotor of the synchronous
machines are employed. Therefore, the mathematical
model of a power system can be represented by a set of
differential and algebraic equations (DAEs). In this paper,
the two-axis model is used to describe the synchronous
machines. The fourth-order differential equations of the
i th synchronous machine of an n -machine system are
expressed as follows [2].
dδ
(1)
= w − ws
dt

dω 1
= (Pm − (Eq' − X d' I d )* I q − (Ed' + X q' I q )I d − D (ω − ωs ))
dt M

(2)

Where δ is the angular rotor position, ω is the rotor
speed E d' and E q' are d-axis and q-axis transient voltages
for machine, respectively. ωs is the synchronous speed,
and M is the inertia constant and D is the damping
constant for machine. The variables I d and I q are the daxis and q-axis currents respectively Pm is the mechanical
input power for machine and it is assumed constant.

For capture the maximal wind energy, it is needed to
install the power electronics devices between wind turbine
and grid where frequency is constant. For a wind turbine,
the turbine produce the torque could be described as [12],
the mechanical power extracted from the wind Pw the
latter is a function of both the wind and the rotor speeds
and can be approximated as.
pω =

ρ
2

c

p

( λ , β ) A rv

(5)

3

ω

Where pω is a function of the wind speed v w the rotor
speed w m and the pitch angle β , C p the performance
coefficient or power coefficient λ the tip speed ratio and
A r the area swept by the rotor.
The speed tip ratio λ is the ratio between the blade tip
speed v t and the wind upstream the rotor [13].

cp
1
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− 0.4 β − 5 ⎟ e
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⎠
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3
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(6)
(7)

β

C.2. Induction generator model

B Automatic voltage regulator
The automatic voltage regulator (AVR) defines the
primary voltage regulation of the synchronous machines.
Here, we used the simplified IEEE model (I) which can be
defined by AVR Type II in PSAT for the excitation
system, as shown in Fig. 1. The mathematical model of
the AVR is as follows.

a. model of Induction generator
In this paper, the equations used for the induction
generator as follows.

dV r
1
=
( −V
dt
Ta

(3)

Where bc is the fixed capacitor conductance.

(4)

The equation in terms of the voltage behind the stator
resistance rs are.

d E fd
1
(V
=
dt
Te

r

r

+ K

a

(V

re f

− (1 + S e ( E

−V

fd

−V

)) E

fd

f

)

))

Where V ref is voltage reference; V r and V f are the
outputs voltages of AVR and excitation system stabilizer
(feedback), respectively. E fd is the voltage applied to the
synchronous generator field winding T a , T e are the AVR
exciter and excitation system stabilizer respectively. V r min
and V r max are the lower and upper limits of V r . S e the
exciter saturation [2]-[11].

The power absorptions are.
P = v rir +v mim
Q = v m i r − v r i m + b c (v

2
r

(8)
+v

2
m

)

dE r'
= ω s (1 − ω m ) E m' − ( E r' − ( x 0 − x ' ) i m ) / T 0'
dt

(9)

(10)

dE m'
(11)
= −ωs (1 − ωm ) E r' − ( E m' + ( x 0 − x ' )i r ) /T 0'
dt
'
Where x 0 , x and T 0' can be obtained from the generator

parameters.
x0 = xs + xm
x = x s + (X
'

R1

// X

(12)
m

(13)

)

x R1 + x m
(14)
ω s rR 1
The mechanical differential equation which take into
account the turbine and rotors inertia H wr and H m

T 0' =

respectively, and shaft stiffness K s are as follows.
Fig. 1. Simplified model of AVR
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d ωωr
= (T ω r − K s γ ) / ( 2 H ω r )
dt
d ωm
= ( K s γ − T e ) /( 2 H m )
dt

(15)

equivalent circuit are shown in fig .2.

(16)

dγ
= ω s (ω w r − ω m )
dt

(17)

Where the electrical torque is.
T e = E r' i r + E

'
m

(18)

im

And the mechanical torque is.
Pω

T ωr =

(19)

ωωr

b . Model Of DFIG
The equation used for doubly feed induction generator
are in terms of the direct (d) and quadrature (q) axis.
v d s = − rs i d s + (( x s + x

m

)i qs + x m i qr )

(20)

v q s = − rs i q s − (( x

m

)i ds + x

(21)

s

+ x

m

i dr )

v dr = − rr i dr + (1 − ω m )(( x r + x m ) i qr + x m i qs ) (22)
v q r = − r r i q r − (1 − ω m )(( x

r

+ x

m

)i dr + x

m

i d s ) (23)

The active and reactive powers injected into the grid
depend on the stator currents and the grid side currents of
the converter, as follows.
P = v ds i ds + v qs i qs + v dc i dc + v qc i qc

(24)

Q = v qs i ds − v ds i qs + v qc i dc − v dc i qc

(25)

whereas, on the rotor side.
Pr = v dr i dr + v qr i qr

(26)

Q r = v qr i dr − v dr i qr

(27)

The generator motion equation is modeled as a single
shaft, as it is assumed that the converter controls are able
to filter shaft dynamics. For the same reason, no tower
shadow effect is considered in this model. Thus one has.
d ωm
= (T
dt

Te = ψ
T

m

=

ds

m

−T e ) / 2H

i qs − ψ

qs

(28)
m

i ds

Pω

ωm

(29)
(30)

Fig. 2. STATCOM, VSC connected to the AC network via a
shunt transformer

The STATCOM has the ability to either generate or
absorb reactive power by suitable control of the inverted
voltage V v R p θ v R with respect to the AC voltage on the
high-voltage side of the STATCOM transformer, say node
l , V l p θl .
In an ideal STATCOM, with no active power loss
involved, the following reactive power equation yields
useful insight into how the reactive power exchange with
the AC system is achieved.

Q vR =

vl

Q vR =

vl

2

x vR
2

−

v l v vR
x vR

cos(θ l − θ v R )

− v l v vR

(31)

(32)

x vR

Where θ l = θ v R for the case of a lossless STATCOM; if
V v R p V l the STATCOM absorbs reactive power. On
the other hand, if V v R f V
generates reactive power.

l

and the STATCOM

In power flow studies the STATCOM may be
represented in the same way as a synchronous condenser,
which in most cases is the model of a synchronous
generator with zero active power generation. It is adjusts
the voltage source magnitude and phase angle using
Newton’s algorithm to satisfy a specified voltage
magnitude at the point of connection with the AC network
as presents at the fig .2.

Where T e and T m are electrical and mechanical torques.

v v R = v v R ( c o s θ v R + j * s in θ v R )

D. STATCOM model

It should be pointed out that maximum and minimum
limits will exist for V vR which are a function of the

A STATCOM is a controlled reactive-power source. It
provides the desired reactive-power generation and
absorption entirely by means of electronic processing of
the voltage and current waveforms in a voltage source
converter (VSC). This function is identical to the
synchronous condenser with rotating mass, but its
response time is extremely faster than of the synchronous
condenser. This rapidity is very effective to increase
transient stability, to enhance voltage support, and to
damp low frequency oscillation for the transmission
system [14].
The schematic representation of the STATCOM and its
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(33)

STATCOM. Capacitor rating. On the other hand, θvR can
take any value between 0 and 2π radians but in practice it
will keep close to θ l .
STATCOM is capable of providing capacitive reactive
power for network with a very low voltage level near
0.15pu . It also is able to generate its maximum
capacitive power independent of network voltage. This
capability will be very beneficial in time of a fault or
voltage collapse or other restrictive phenomena, as
presents at the fig .3.
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A STATCOM device was placed at buses 2, 5 and 8 for
increasing a transient stability of power system.
The first objective of this paper is to evaluate the
specific need of the system to restore to its initial state as
quickly as possible after fault clearing.

Line

Fig. 3. Voltage current characteristic of STATCOM[15].

In this paper we analyze the effect of squirrel cage,
double feed induction generator and synchronous
generator respectively on transient stability including
STATCOM applied in [16]. The test system is employed
as three kinds of power system, to demonstrate the
proposed test for analyzing how the three kinds of machine
studied in transient stability. Test systems where
implemented using the software tool Power System
Analysis Toolbox (PSAT); PSAT Simulink library.

Thus, we chose one voltage level for the system
equipments. The voltage ratings for all machines where
decided to be 69 kV. Then, the voltage ratings of the other
equipments where chosen to be 69 kV, according to the
existing transformer ratio equal one in the system. But, the
slack bus (i.e., buses 3,6 and 9), are directly connected to
the system without any transformer. Therefore, based on
the voltage rating chosen for the system equipment, the
slack bus should be connected to the 69 kV bus.
• Each wind farm has thirty equal wind turbine.
• Buses 1, 4 and 7 , where taken as the generator with a
constant speed wind turbine with third order induction
generator, a variable speed wind turbine with doubly feed
induction generator and a forth order synchronous
generator, respectively where considered as PV bus.
• Buses 2, 5 and 8 ,where taken as a fault appear at 1 s
and clear at t = 1.07s where the breaker installed at lines
2-3, 5-6 and 8-9, opened at t = 1.07s .
• Buses 3, 6 and 9 considered as slack buses.

Bus 06

Bus 05

DFIG
Wind

Infinite bus

Bus 09

Bus 08

Bus 07

SG

Fig .4. Test system

A. Without STATCOM
The effect of a three phase short circuit fault at the
buses 2,5 and 8 are studied. The ground fault is initiated at
t = 1 s and cleared at t = 1 .0 7 s .The system is studied
under different kinds of power generation.
Fig .5, show the angular speed of synchronous machine,
constant speed induction machine and doubly feed
induction machine. We can see the angular speed of a
constant speed wind turbine curve reached t = 1 .7 s in
transient state operation and a doubly feed generator
curve reached t = 1 .3 s of speed angular, except, the
synchronous generator curve return near 1.0 pu in the
steady state mode even with fault presence at 1.0s and
cleared at t = 1.07s .
Fig. 6, show the voltage amplitude of each kind power
generation, such as, V bus 2 , V bus 5 and V bus 8 are the voltage
where a fixed speed induction generator connected, the
voltage where a doubly feed induction generator
connected and the voltage where a synchronous generator
connected, respectively.
1.8

As shown in fig. 4. a sample contingence is applied to
the test system. This contingency is a three-phase shortcircuit ground fault at buses 2, 5 and 8.
It is assumed this fault is eliminated by opening the
transmission line connected between buses 2 and 3, buses
5 and 6, buses 8 and 9 in the post-fault system; as look in
fig.4.

Bus 04

Infinite bus

w(p.u)

In this section, a test system implementation in PSAT is
completely described in fig.4. In PSAT, the synchronous
machine, squirrel induction machine and double feed
induction machine
are initiated after power flow
computations. A PV or a slack generator is necessary to
require the desired voltage and active power at the machine
bus. the voltage ratings of all system equipments in kV
need to be specified in PSAT.

Bus 03

Wind

Bus 02

Bus 01

IG

3. POWER SYSTEM IMPLEMENTATION
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Fig.5. Angle speed generators

We can see, the voltages curve of buses 2, 5 and 8 are
drops near zeros during a fault and are under its initial
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values reach 0 .3 8 p u at bus 2, and reach 0.75 pu at bus
8 in post-fault. the voltage curve of bus 5, where a DFIG
connected.
we can see its voltage drop to zeros during a fault and
return in the steady state operation in the post fault.
Fig.7, show the voltage curve, where a power sources
connected. It is clear according to these results where the
fault appears who the voltage drop near 0 .1 p u for
DFIG bus, 0.35 pu for synchronous generator bus and
0 . 2 p u for CSIG bus during a fault and 0.24pu voltage
value of CSIG for post-fault, because the reactive power
is insufficient for system exciter of machine when the
fault appears, but the DFIG and SG voltages return near
initial values.
The wind turbine equipped with simple induction
generator are not provided with reactive power regulation
capability. Voltage stability deterioration is mainly due to
the large amount of reactive power absorbed by the wind
turbine generators during the continuous operation and
system contingency.
1.2

1
V Bus 2

v(pu)

V Bus 5
0.6

V Bus 8

0.4

0.2

0

0

1

2

3
time (s)

4

5

B. With STATCOM
According to the previous simulation results, we added
the STATCOM at buses 2, 5 and 8 for view the
STATCOM effect.
Fig.8, show the angular speed of synchronous machine
(SG), constant speed induction generator (CSIG) and
doubly feed induction generator (DFIG). We can see the
angular speed of constant speed wind turbine curve return
at initial state after a fault, because the reactive power of
STATCOM react the unsuccessful energy for machine
exciter. and a doubly feed generator curve reached 1.3pu
of speed angular, because its wind is changeable and its
protection is limited. The synchronous generator curve
return near 1.0pu in the steady state mode even with the
presence of a fault at 1.0s and cleared at 1.07s .
However, the reactive power injected or absorbed by
STATCOM play its aim.
Fig .9, show the voltage curve, where the fault injected.
It is clear according to these results where the fault
appear. We can see, the voltages curve of buses 2,5 and 8
are drops near zeros during fault and are return near its
initial values in post-fault. The same for the voltage curve
show in fig .9, increased their amplitude after a fault.

1.4

0.8

turbine with same rating. as like at buses 2 and 5 voltages
respectively.

6

Fig.6. Bus fault voltage

Fig .7, and fig.10 show the voltage buses when the
power generation are connected , we can note that in the
figure.10. the voltages also stabilized faster with less
oscillation compared with the figure .7, in the transient
state and even after the fault.
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Fig.8. Angle speed generators

The wind turbine equipped with doubly fed induction
generator (DFIG) controlled by the PWM converter is
provided with reactive power regulation capability; can
absorb or supply reactive power during normal operation.
The adverse affect on local network voltage stability is
mitigated, so that more wind power installed capacity can
be incorporated into grid, and the transient voltage
characteristic of wind turbine with DFIG is better than
wind turbine with induction generator because of the
voltage control capability of the DFIG based wind
turbine. The DFIG based wind turbines have a better
voltage recovery performance than the IG based wind
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Fig.11, show the current injected by a STATCOM
when appear faults and post fault of different generator
kinds.
According to the simulation results, the curves
presented above, show the importance of the
compensation when the power system consist of constant
speed induction generator, doubly feed induction
generator and synchronous generators recovers its
operation after a fault appears and take its stability with
some oscillation by intervention of STATCOM which
connected.
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Abstract-- A system is a structured combination of
elements related to each other to form a coherent entity
which has one or more functions. Several researchers are
interested in systems studies which may be in many ways
placed around the modeling, simulation and improvement
of systems according to evolving needs. This
communication is part of the modeling mechatronic
systems domain, using a systemic approach. It is a
contribution to the study of anti-lock braking systems
(ABS) in order to find a methodology for modeling and
simulation of complex, nonlinear and multi-disciplinary
systems, by exploiting the bond graph (BG) formalism.
Thereby supervise these functional behaviors.

mechatronics goes well beyond the framework of
robotics and affects many applications very present in
areas in our daily lives, as well as in industry [8]. It
affects more and more the world of transport and in
particular the automotive sector.
The complexity of such systems requires the use of
systemic tools allowing on one hand a fair system
modeling and helping to design or improve existing
systems on the other hand. The decomposition of the
system to study several subsets, which can be studied
separately, permits to facilitate the modeling process.
This communication provides a description of the
anti-lock braking system (ABS) operating modes and
the partial modeling of this system by using the bond
graph (BG) methodology.

Index Terms--Analysis and modeling, mechatronic
systems, anti-lock braking system, Bond Graph.

1. INTRODUCTION
The systemic is a new discipline that combines the
theoretical, practical and methodological approaches,
relating to the study of what is recognized as too
complex to be tackled in a reductionist way, laws or
emergent properties characterizing the system or mode
observation problems, representation, modeling or
simulation of a complex totality [1-4].

2. ANTI-LOCK BRAKING SYSTEM
The ABS is active safety equipment which helps the
driver to maintain directional control of the vehicle by
preventing the wheels from locking during braking
intense episode [9], [10].
The ABS braking systems are not all configured the
same way; some prevent blocking of the four wheels
whereas others avoid only blocking of the rear wheels
[11], [13]. All ABS systems, however, operate by
monitoring wheel speed. If a potential blockage of
wheel is detected, it applies or rapidly releases the
brake on that wheel. All ABS systems use four main
components: the wheel speed sensors, the hydraulic
part, the braking pressure modulator and the electronic
control unit.

Modeling is the process of developing a model,
which is a representation of the architecture and the
function of the system [5]. One of the objects of a
model is the ability to predict the effect of changes in
the system. On the one hand, a model should be a close
approximation of the real system and integrating the
most of its characteristics. On the other hand, it should
not be too complex in order to be treated
mathematically or numerically.
The mechatronic systems are complex systems.
Which are it is the integration of mechanical and
electromechanical systems (mechanical components,
machinery, precision mechanics..) with electronic
systems (microelectronics, power electronics, sensors,
actuators) and information technology (systems theory,
modeling, automation, software, artificial intelligence)
[6], [7].

A. Wheel speed sensors
The wheel speed sensors are inductive proximity
detectors. They monitor the rotational speed of the
wheels and the vehicle. When the sensors detect that
the wheels even one of the wheels no longer rotates,
although the automobile continues the movement, it
means that the wheels are locking. The signals
delivered by the sensors are processed by a digital
electronic system in the sensors.

Nowadays, mechatronic systems, mostly involve
several disciplines. Robotics can be considered the
father, or the ancestor of mechatronics. Today
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Marcel-Stefan Geamanu (2013) [17], has modeled
and simulated the dynamic behavior of the wheel of a
car in the braking condition with an ABS system after
estimating model parameters.

B. Hydraulic part
The brake control is affected from the master
cylinder; the centerpiece of the system which is
connected to the brake fluid reservoir. When the driver
presses the brake pedal, the force is transmitted to the
brake booster, which then transforms this power to the
master cylinder. So the strength of the supports is the
one that determines the braking power.

Cem Unsal (1999) [18], has proposed a design based
on a nonlinear observer for controlling the vehicle
traction he designed a sliding mode controller to keep
wheel slip during braking with an ABS system. Direct
feedback from the state is replaced with non-linear
observers to estimate the vehicle speed from the system
output.

C. The braking pressure modulator
The braking pressure modulator has the function of
modulating the hydraulic pressure to the wheel
cylinders or calipers. The assembly modulator contains
the solenoid valves of the hydraulic system, a motor
pump and two accumulators.

Li Bing-lin, and Wan Mao-song (2015) [19], have
analyzed the braking process of the vehicle and the
principle of operation of the antilock system (ABS),
they used the method AME Sim and the control
strategy based on the PID controller to determine the
model of the hydraulic system for a vehicle with a
single wheel.

The solenoid valve is a controlled hydraulic valve,
managing the transition between the master cylinder,
the wheel cylinder and the oil tank. These positions are
arranged and organized by the electronic brake control
module with electrical signals of different intensities,
powering the coils to create electromagnetic forces.

Chankit Jain, Rahul Abhishek and Abhishek Dixit
(2014) [20], have explained the system of dynamic
equations of the wheel during ABS braking, they used
a Simulink model and the PI control strategy to
maintain the slip rate and simulate the speed and the
braking distance of the vehicle.

D. Electronic control unit
It is the electronic control unit (ECU) which
receives the information from the wheel speed sensors.
In the modern ABS system, the ECU and the hydraulic
units are integrated. The ECU detects any signs of
rapid deceleration of a wheel and commands the
electronics unit to act on the electrovalves [14].
The following figure shows the
constituting the ABS braking system.

four

Mohamad Heerwan Bin Peeie, Hirohiko Ogino and
Yasuo Oshinoya (2016) [21], have proposed a model
that combines the ABS braking system and the control
braking with recuperation, to improve the braking
performance of small electric vehicles. Hydraulic ABS
unit is installed at the front tire, whereas a motor in the
wheel at the rear, then they simulated the performance
of this model.

parts

Hongtao Zhang, Wei Han, Lu Xiong, and Songyun
Xu (2016) [22], have studied the integration of the
hydraulic part and the electronic part of the ABS
braking system to design an electrohydraulic system,
they proposed a control unit (HCV), which is
composed of six on-off electrovalves of the high debit
to control the hydraulic pressure wheel cylinders, then
they have set up a simulation model of the designed
system.
4. DYNAMIC EQUATIONS OF THE MASTER
CYLINDER
This communication is interested in modeling the
master cylinder; it is the mechanical part that produces
the pressure set point for the ABS braking system.

Fig. 1. ABS brake system components [15].

3. RESEARCH WORKS ON ABS MODELING

The master cylinder of a hydraulic braking system
transforms the force applied by the driver for actuating
the brakes on the wheels. To meet the requirements of
the legislation, each vehicle must have two separate
brake circuits; the master cylinder is designed as
tandem units where there are two pistons in one
cylinder, with two separate rooms which are nominated
the primary and secondary chambers.

The work on the braking system and its components
require special and meticulous attention, because its
malfunction leads to endanger human life. Also, the
quality of work and components, spare used must it be
always a major concern [10], [16]. Since the 70s, an
increasing number of scientists have been interested in
the braking systems; the following paragraph shows
some research on the ABS braking system.
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point to the master cylinder that transforms this
pressure to the wheels by means of all which form the
hydraulic unit.
The mechanical part comprises an oil tank
distributed by the two hydraulic chambers and a set of
elements represented by figure 2.

12

-./0 =

345

-./6 =

345

+ -./6

(7)

127

(8)

It is important to give the mathematical model
representing the master cylinder's relationship with its
environment particularly with the brake disc.
The mathematical model of the master cylinder and
drum brake is expressed in equations (9) and (10) [21].
89: − ;(- − - ) − <. - − .


= @ >0
=? @



Fspring : the force exerted on the spring for coefficients
k1 and k2.
xmcp and xmcs: compression springs in the primary and
secondary chamber.

(9)



−Fspring1−
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(Fspring2 +)
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(3)
(4)

Pmcp: the pressure in the first chamber of the master
cylinder.
Pmcs: the pressure in the secondary chamber of the
master cylinder.
"%

= &'. )Pmcp − pr

"#$*
"%

= Cq. )Pmcs − pr

(10)

The order and type of dynamics of the system are
deducted directly from the model. With its evolving
nature, the graphical structure of the resulting model
may be modified by a simple addition of bond graph
elements [27-31].

(5)
(6)

The basic requirement is that the brake servo shall
be sufficiently sensitive to provide the braking
pressure. The determination of the pedal and booster
parameters is studied by researchers [24], [25], [32].
The following figures represent the responses of these
devices to different set points.

Where:
Cq: Valve orifice coefficient.
Pr: Reservoir pressure.
Vra and Vr the exchanged volumes enter master
cylinder and the reservoir, these volumes circulate in
the circuits of braking.
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The objective is to reproduce graphically all
physical phenomena taken into account in the modeling
hypothesis. At this level, the bond graph tool enables
with its graphical nature, using a single language,
highlighting the nature of the power exchanges in the
system, such as storage phenomena, processing and
power dissipation.

Where:

"#$

=?

H ()


BG method to treat chains of energy and
information, this is an oriented graph showing dynamic
variables, which translate the energy transfers between
systems. They are based on power relationships. It
helps to understand the energy transfers and focuses
particularly on structural properties of complex
systems as it highlights the causality in the resulting
model.

In permanent regime the mathematical model of the
master cylinder is presented by the following
equations:

Pmcp =

when xp(t) =

=>=

5. BOND GRAPH MODELING OF THE
MASTER CYLINDER

The variation of volume is modeled by these two
equations.

Fspring2=F0+k2.xmcs

=

Where: Amc is the master cylinder section, Hp is
the pressure of the highest point of the tank, kd and kp
are the coefficients springs, dp and df are the damping
coefficients in oil, mp and md are the masses of the
pistons of the master cylinder and the movable portion
of the drum brake also xp et xd are the compressions
of the springs in master cylinder and the drum brake
finally ρ is the brake oil density [25], [26].

Fig. 2. Constitution of the mechanical part [16].

Fspring1=F0+k1(xmcp-xmcs)

=? @

=?

.
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= @ >=

=>0

Once the strength of the driver increases, it will
continue until it reaches the maximum of atmospheric
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pressure, called Knee point. These two curves showing
the non-linearity of the system, in this case the bond
graph model can be a transformer MTF of which the
transformation ratio is a non-linear function. In our
case we will take a transformation ratio around an
operating point which represents a fixed action on the
pedal.

Booster
m(t)

Reservoir

Restriction

Springs

Fig.3 Characteristics of brake pressure and brake pedal
applied force [24].

Mass of the piston

The next step of the modeling is to assemble the
previous elements by contacting them with junctions
“0” if submitted by a common effort and by junctions
“1” if they are traversed by the same flows. The bond
graph model is given by the following figure:

Fig.4 Characteristics of the vacuum and hydraulic booster
[32].

To determine the bond graph model of the ABS
system and based on several references interested in
modeling systems by Bond graph formalism [33-35],
we present the models of each element of the
mechanical part of this system in the following table:
TABLE I

The master cylinder elements of the ABS

Element

Equivalent
electrical
model

Bond Graph
model

Fig. 5 Bond graph model of the master cylinder ABS.

The simulation is a tool used by the researcher,
engineer, military, etc. to study an action on an
element. In this part we have simulated the behavior of
the master cylinder for a driver force set point value
100 N, the simulation results are shown in the
following figures.

The fixed Force

The variable force

Figure 6 presents the pressure evolution in the
master cylinder; Figure 7 presents the compression of
the spring 1 in the master cylinder and Figure 8
presents the compression of the spring 2 in the master
cylinder.

Pedal
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6. CONCLUSION
The simulation model allows mainly studying the
behavior of the mechanical part of a fixed supporting
force. This allows internal supervision of these parts
and providing information on the evolution of several
variables. This information can be used to improve the
response time and minimize vibration or amplify the
braking pressure.
Any model contains parameters modifying his
behavior and variables permitting the prediction of its
evolution. In some cases, these variables and
parameters can be measured directly (for example, the
wheel rotation speed). In other cases, the interest
parameters must be estimated by using the model
equations or by observation of responses.

Fig. 6 Pressure evolution in the master cylinder.

After simulating the model in degraded mode by
modifying these parameters, we can integrate a system
to simulate the effects of the partial or total degradation
of the mechanism to minimize the danger to human
life.
This communication concerns the modeling process,
which uses the graphic language, going through the
development of dynamic models and opening to
simulation, in order to be capable at first to orient,
then in secondly to act on the system.
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Abstract: This communication presents a system rotorflux-oriented control of the induction machine-NPC/H
converter. We applied a comparison between two multilevel
converters, multilevel inverter type H and multilevel NPC
inverter, by the strategy Phase Disposition Carrier-pulse
width modulation (PDC-PWM). We used the means of
simulation MATLAB/SIMULINK to underline the results of
comparison.
Keywords: asynchronous machine, rotor-flux-oriented
control, multilevel inverter type H, multilevel NPC inverter,
Harmonic, PDC-PWM.

[2]. The experience determines the torque, the rotor flux
and the stator pulsation. We present an application of the
control-oriented vector of rotor flux applied on the IM. By
using the model command within tension of the IM for a
reference table sensibly chosen in a specific mark, allows
to transform the electromagnetic torque’s expression to
adapt itself with that of the DC machine. Afterward we
applied a comparison by two multilevel inverters ‘H’ and
‘NPC’ with the command PDC-PWM.

1. NOMENCLATURE

3. MATHEMATICAL MODEL OF
ASYNCHRONOUS MACHINE

Rs: Stator resistance (1.4534 Ω)
Rr: Rotor resistance (1.4160 Ω)
Vds, Vqs: d-axis and q-axis stator voltages
Vdc: Continuous tension for NPC inverter
Ids, Iqs : d-axis and q-axis stator currents
Lr: Rotor inductance (0.0143H)
Ls: Stator inductance (0.0144H)
M: Mutual inductance (0.0132H)

The rotor-flux-oriented control of the induction
machine implements a model based on the most used one
at present: Park modeling [2] [3].
A dynamic model for an application of the rotor-fluxoriented control of the induction machine, by choosing the
tensions equations modeling of Park in the stator model
are given by the following equations:

: Total leakage factor
: Stator time constant
Φr: Rotor Flux
Φs: Stator flux
ωs: Synchronization speed

(1)

The equations of the currents by asynchronous machine
in a reference related to the spinning vector control by
oriented rotor flux pattern become.

: Rotor time constant
S: Laplace Operator
Tr: Load of torque (60N.m)
Te: Electromagnetic Torque
f: Friction coefficient (0.014 kg.m² /S)
ωm: Electromechanical angel speed of the motor
Ω: Mechanical rotor speed
J: Moment of inertia (0.311kg.m²)
p: Number of pole pairs in the motor (2)
E: Continuous tension for inverter type H
NPC inverter: Neutral-Point-Clamped inverter
IM: induction machine

(2)
(3)
From equation (3), we deduce.
(4)
By taking account of
electromagnetic can be written.

2. INTRODUCTION
The technical model of the IM results by transforming
the three-phase (a, b, c) into two-phase modeling (d, q)
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relations,

the

(5)
Figure 1, represents the complete block of the rotorflux-oriented control of the induction machine fed with
tension. The decoupling between the main variables of the
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system is realized by the rotor flux and Te to make the
enslaved system similar to the functioning of the DC
machine to separate excitement.
It allows deciding the various values:

, Te and ω.

about exit variation, that gives several levels for tension.
The figure 2 represents a modulating signal and four
triangular carriers for PDC-PWM to arrangement of bands
[13].

Figure 2: Principle of a modulating signal and four triangular carriers for
PDC-PWM

5. MODELING OF THE COMMAND OF THE
ASYNCHRONOUS MACHINE AND THE MULTILEVEL
INVERTER

The inverter needs a fully research so that the rotorflux-oriented control of the induction machine works in
the optimal condition [14]. To determinate this
optimization, we make a comparison between the
multilevel NPC inverter and the multilevel inverter type H,
to reach the goals that we fixed.
5.1. MODELING OF THE COMMAND IM USED THE
MULTILEVEL INVERTER 2 CELLS H

Figure 1: Plan of the rotor-flux-oriented control of IM

This work described the FOC (Field Oriented Control)
algorithm and the PCD_PWM technique that were
applied. The overall control algorithm of planning of
trajectory and decoupling of induction motor is presented
in figure 1, including the flux and speed. The main
equations of FOC algorithm are expressed a d-q Park
system, as shown in equations (1) to (5).

A multilevel inverter cascaded PWM as H-bridges have
4 cells of switching connected in series by the phase as
exposed in the figure 3. For every H-bridge there are two
arms and a DC source; every arm is carried by two IGBT
commute complementary [13]. The production PWM
produces a wave of impulse towards IGBT with a dutiful
cycle which is realized by the modulator; involve that four
impulses are produced for a bridge in two arms.

4. THE PWM COMMAND
To extend various method of the command, we need to
reduce harmonious of the tension and the current at the
inverter exit. This development requires the evolution of
PDC-PWM command for rotor-flux-oriented control of
the induction machine-NPC/H inverter [9].
In this technique, we are interested with using the
multilevel inverter type H then type NPC, which allow us
to create tensions at several levels [13-14]. In our work,
we commanded the multilevel inverter by PDC-PWM
(Phase Disposition Carrier-pulse width modulation) [9].
The signals of commands in the three-phase multilevel
inverter PDC-PWM are obtained by comparison between
a sinusoidal modulate and four triangular carriers. The
carriers have the same phases and moved vertically
between them. The IGBTs cells commute successively
(influenced by PDC-PWM) and afterward give surety
Figure 3: Three-phase cascaded multilevel inverter type H
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During our application, the rotor-flux-oriented control
is made by means of a static inverter multilevel PWM in
both cells H mass which guarantee a variable tension
amplitude and frequency.
The model is established by six cells and every phase is
equipped by two cells H mass. Switches are
complementary on the same arm. Rotor-flux-oriented
control of the induction machine increases the number of
the available exits levels tension from the static inverter. It
allows them to reduce amplitude of the cut tension, thus to
increase the cutting frequency by the exit tension. This
command produced indirectly well distinct characteristic
values of the inverter exits with: in amplitudes (tension
and current), the frequency and harmonious distortion.
5.2. MODELING OF THE COMMAND IM USED THE
MULTILEVEL INVERTER 2 CELLS NPC INVERTER
The NPC inverter was considered as a competitive
technology compared to other structures of inverters. The
whole IM-NPC inverter is generally seen as a successful
technology to get competitive results comparable to other
technologies, as IM-inverter PWM in two cells H [10, 6].
The rotor-flux-oriented control is a specific model of
IM-NPC inverter; it’s better adapted to use a major power
because it decreases the constraints due to switchingrequesting switches. We use the technique PDC-PWM and
afterward we are going to make a comparative study by
simulation, in which the objective is to analyze the quality
and reduce harmonic of the asynchronous machine.
The same technique rotor-flux-oriented control of the
induction machine multilevel inverter PDC-PWM type H
is evoked in the previous part. Only we changed the H
inverter by multilevel NPC inverter. This section shows,
first of all, the principle of the command MI-NPC inverter,
operating mode, and reaction of command PDC-PWM on
the system [6, 9].

Figure 4: Three-phase multilevel NPC inverter

6. SIMULATION AND DISCUSSION
The simulation was made with the PDC-PWM
commands for multilevel inverter type H and multilevel
NPC inverter. MATLAB-Simulink is the space we used to
simulate our system.
Figure 5 and 6 shows the current IA exist from
multilevel inverter type H respectively NPC:

5.3. TECHNIQUE MULTILEVEL NPC INVERTER
The structure NPC three-phase inverter PWM is
composed by three arms, each one got a single-phase
inverter as figure 4 shows. It also consists four IGBTs in
every arm and a main tension continues (Vdc). Both
condensers C1 and C2 take function of a tension divisor,
and every tension the condenser limits liberated a potential
half tension (Vdc /2).
Every arm NPC's three-phase inverter in figure 4
consists of four floors mass switches and every floor
contains a transistor IGBT and a diode taken up in antiparallel line. So, every switch of the three-phase NPC
inverter can take two possible binary states 0 or 1. Even
there, the structure of IGBT is ordered by the comparison
between triangular carriers and a sinusoidal modulate.

Figure 5: Current IA in multilevel inverter type H

Figure 6: Current IA in multilevel NPC inverter

The evolutions of the currents THD is represented on
the figure 7. After analyzing the results of the rotor-fluxoriented control of the induction machine, we presented
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these simulations.
The FFT (Fast Fourier Transformer) process requires
that the sampled THD of FOC consists of a complete
frequency harmonic (10 KHz, 20 KHz, 30 KHz, 40
KHz,……).¶

Figure 10 illustrates THDV (tension harmonic) of the
system using multilevel inverter type H then NPC inverter.
Value is 12.37 % for the tension of 223,3V when it’s H
inverter and 20.17 % for the tension of 220,6V when it’s
NPC inverter. The FFT process requires that the sampled
THD of FOC consists of a complete frequency harmonic
(10 KHz, 20 KHz, 30 KHz, 40 KHz, 50KHz,……).¶

(6)

Figure 10: Harmonic THDv of the rotor-flux-oriented control of the
induction machine using: (a) The inverter type H. (b) The NPC inverter

Electromagnetic torque of the machine commanded by
inverter type H respectively NPC obtained by the dynamic
performances of the command PDC-PWM is indicated by
figure 11 then 12.
Figure 7: Harmonic THDI of the rotor-flux-oriented control of the
induction machine using: (a) The type H inverter . (b) The NPC inverter

Figure 8 and 9, illustrates the exits tensions of the
multilevel inverter type H and NPC.

Figure 11: Evolution of the electromagnetic torque obtained by the
inverter type H

Figure 8: Tensions of the inverter type H

Figure 12: Evolution of the electromagnetic torque obtained by the NPC
inverter

Figure 9: Tensions of the NPC inverter
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By this result, it seems delicate to explain why the
mitigation of torque’s wave also depends on the command
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technique to be used. The simulation of the figure11 and
12 cleared up this question.
The simulations are made for a rate of modulation
equal to 0.9 for the NPC inverter and a fundamental
sinusoidal frequency equal to 50Hz. Further to the diverse
simulations, we notice that the tension quality of the
inverter and the current in a phase depends on the type of
process control of the system.
Table 1 summarizes the results of comparison rotorflux-oriented control of the induction machine using
multilevel inverter type H then multilevel NPC inverter.
TABLE 1: COMPARISON BETWEEN INVERTER TYPE H AND NPC

H Inverter NPC Inverter
Fundamental Tension (V)

223.3

220.6

THDv %

12.37

20.17

Currant (A)

57.69

59.07

THDI %
Maximal current in the
starting up (A)
Undulation of torque after
starting up (N.m)
Maximal torque in the
starting up (N.m)

0.74

0.25

100

109.75

0.2

0.6

120

127.5

7. CONCLUSION
The association of asynchronous machine with a multi
level PDC-PWM inverter, is applied by comparing two
multilevel inverters types, were analyzed. A simulation
study was used to back amelioration in the vector control
of asynchronous machine and inverter PWM technique
with better harmonic spectrum. Special interest was
adjusted on the THD, the oscillations rate of the
electromagnetic torque, as functions are determined by of
the multilevel inverter quality. The diminution of the
switch's commutation reduces losses in commutation then
loss iron in the motor. The simulation results show high
performances in the vector control of MI.
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Abstract— This paper focuses on the application of a geometric and electric parameters in order to model the
wireless power transfer technology in an electric vehicle
battery charger. The appropriate application is based on
the using of a coreless transformer that is composed of
two separated core. A primary circuit integrated in the
parking platform and a secondary circuit implemented in
the vehicle. The modeling methodology needs to provide
guidelines in the selection of system performance values
and design parameters. A sensitivity analysis for several
blocks of the wireless charger system including
fundamental concept of coreless PCB transformer, ClassE inverter, resonant converter, electric motor and battery
are performed. Simulations results are reported to
conclude about the choice of the required design. The
issues of coil misalignment, highlighted in wireless
charging, can degrade efficiency, reduce power transfer
and extend charging time. Control system is investigated
to detect and adjust car position.

proposed wireless battery charger system for electric
vehicle application. Several analyses are carried out as
well as simulations results are reported to conclude about
the choice of the desired design. A control system based
on the use of microcontroller is developed for proximity
sensing and automating to tackle the impact of
misalignment between transmitter and receiver coil.
The most interesting researchers
accomplished in wireless power transfer applicable in EV
TABLE I.

Researchers &
developers
Partners for Advance Transit and
Highways (PATH)
Auckland University
Kaist,1G OLEV
Kaist 2G OLE
Kaist 3G OLEV ; Bus
Kaist 3G OLEV;Suvs
Waseda advanced Electric Bus
WiTricity with MIT
Univ of Michigan, Dearborn
Laboratory (ORNL) ,US
PLUGLESS™ , Evatran Group

Index Terms— Wireless, Coreless transformer, Electric
Vehicle, Methodology

1.

INTRODUCTION

Recently, Wireless power transmission WPT using
magnetic fields has reaped considerable attention due to
their promises of offering interest economic,
environmental sustainability protection, safety and
flexibility for several applications. Resonant inductive
coupling power transfer is an emerging technique, which
enables power transfer to loads through air. The concept
of this technique is based on the use of a coreless
transformer in addition to capacitors in series or in parallel
in the magnetic circuits to compensate losses. The fact
that the primary and secondary coils are granted at the
same frequency generates a resonance phenomenon.
Regarding the several advantages associated with the
WPT, the use of this technology in the electric vehicle
battery’s charging application is considered [1-2]. A lot of
interesting researches were accomplished in this wireless
charging mode with various innovative techniques as
illustrate in TABLE I [3-4-5-6].
Coreless transformer offers various advantages such as
low costs, very high power density, no magnetic loss and
ease of manufacture. PCBs with coreless transformers are
particularly suited for use in applications where strict
height requirements must be met. In the modeling of PCB
coreless transformer various parameters affects on their
optimization characteristic where the modeling becomes
not a trivial task. The influence of each parameter is
analyzed to deduce the tendencies and then make a choice.
This paper is intended to study the effect of different

2.

Air gap
[cm]
7.6

Power
[kw]
60

[%]
60

20
1
17
17
17
10
18
20
7.5
10

5
3
6
60
20
30
3.3
8
7
3.3

90
80
72
71
83
92
90
95.7
90
88.8

ANALYSIS OF PCB CORELESS TRANSFORMER

A. Mathematical modeling of PCB parameter
According to the literature, there are several geometries
circular, rectangular, hexagonal, and octagonal. In this
study, a planar coil with a rectangular geometry is
considered because it offers better tolerance to
misalignment between the primary and secondary
windings of the coreless transformer [7].
This section provides some analytical solutions used in the
calculation of inductance, capacitors and resistors of
coreless PCB transformer. This method of calculation is
more efficient and easiest than finite element analysis
(FEA) method. In case of rectangular spiral inductor,
Mohan et al consider «Greenhouse formula » equation to
estimate the value of inductance L presented as follow [8].

(1)
Were N is the number of turns, do is the outer diameter, di
is
the
inner
diameter
of
the
coil.
The winding resistance, Rs increases with the operating
frequency due to skin effect δ which is given as following
expression
(2)
1
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In addition, the resistance Rs is expressed as
Class-E inverter

The coreless PCB transformers capacities are calculated
assuming that the two conductive coils are planar and
parallel. Parallel total capacity, Cp is given as

Resonant converter
Rectifier
&
Filter

Power
supply

SS topology

(4)

The width of the coil is also important in determining the
inductance. Thus, if the width is small, the resistance is
important thereby reducing the quality factor of the coil
and then inductance. TABLE II groups all parameters
used in calculation of winding resistance and capacitors.

Fig.1 Bloc diagram of the proposed wireless charger battery system

Where Vin
is the input Voltage, Vout
is the Output
Voltage and n is the transformer turns ratio.
The magnetizing inductance Lm has to be greater than the
boundary magnetizing inductance introduced as

TABLE II.

MATHEMATICALLY PARAMETERS USED IN
WINDING RESISTANCE AND CAPACITOR EQUATION

ρc

Conductivity = 17,24.10^-9

lc

lg

tc

Length of the conductive
path
lc =4*N*(do-w)(s+w)*(2N+1)^2
dielectric constant
of FR4 material=4.4
Thickness

µ0

Permeability=4π10^-7

β

0,1

f

Frequency

α

0,9

rs

0

(6)
The breakdown voltage Bv of the MOSFET is presented
as

permittivity =8.854e-12
length of the air gap
lg = 4*(do-N*w)*(N-1)4*s*N*(N+1)

dielectric constant
of the layer
w Width of the conductor
rc

Where SF is the safety factor whose value is chosen to be
equal to 0.8 (less than 1) and Vcc is the supply voltage of
the class E power amplifier.
The full load resistance is equal to
(8)

B. Effect of Geometric parameter
The inductor parameters can be classified into two groups:
Technology and layout parameters. Technological
parameters such as substrate thickness, silicon dioxide and
layer thickness depend on the manufacturing process. The
available optimization parameters are the number of turns
N, the width of the conductor ω, the spacing between
adjacent conductors, s, and the outer diameter, do. A
sufficiently large number of turns ensure to have a good
efficiency and an important quality factor. Since the
resistivity of metal is fixed by the technology and the
width and length are set to obtain the desired inductance,
the only way to reduce the direct current resistance is by
changing the thickness of the metal. A higher thickness
trace implies a lower resistance, which increases the
quality factor. The magnetizing inductance and the
leakage inductances of PCB coreless transformer depend
on the dimensions of the primary and secondary system
and the air gap length. For the given power transfer
application, the coupling coefficient can be improved by
increasing the area of the transformer. However, if the
area of the transformer is increased by increasing the
number of turns, the rate of increase of the transformers
self inductance is higher in comparison to its leakage
inductance which leads to high coupling coefficient.
3.

(7)

ANALYSES OF CLASS-E INVERTER

The bloc diagram of the proposed wireless charger system
for electric vehicle is illustrated in Fig.1
The duty cycle D is given by
(5)

Where P is the output power of the amplifier and is fixed
by the designer.
The current drawn from the DC power supply is
(9)
The value of the shunt capacitance C1 is presented as
(10)
The value of C2 is calculated by using the equation below
(11)
Where Q presents the quality factor.
Usually the value of
is chosen to be 30 or more than
times the unadjusted value of
. Thus
(12)
The value of L2 is found from the equation below
(13)
4.

ANALYSIS OF RESONANT CONVERTER

The secondary current i2(t) is sinusoidal with peak
amplitude and phase shift , and is can be introduced as
(14)
The secondary voltage u2(t) is expressed as
(15)
The sinusoidal output current i2(t) is rectified by a diode
bridge rectifier, and next is filtered by a capacitor CF.
Thus, the dc component of |i2(t)| is equal to load current
IL.
(16)
Consequently, the effective load resistance is written as
(17)
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The reflected secondary
compensation expressed as:

side

impedance

for

SS

(24)

(18)
Power transfer efficiency vs coupling coeffecient.
1

The values of reflected impedances are strongly depended
on coupling coefficient and decreasing when the coupling
coefficient is lower smaller.
The desired resonant capacitor is given by
(19)

without compenation
with SS compensation

0.9
0.8

efficiency

0.7

Therefore, the equivalent impedance seen by the power
supply for a SS topology is given by

0.6
0.5
0.4
0.3

(20)

0.2

The power transfer efficiency without compensation is
written as

0.1
0

0

0.1

0.2

0.3

0.4

0.5
coupling coefficient

(21)

0.6

0.7

0.8

0.9

1

Fig. 2. Transfer power efficiency as a function of coupling
coefficient with and without SS compensation

The power transfer efficiency with SS compensation is
calculated as
(22)

a)

transfered power as a function of operatioanl frequency and load resistance
K=0.27
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Fig. 3. Transferred power as a function of normalized frequency
and load resistance RL, for a) K=0.27 .b) K=0.5
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1.5
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Transfered power

Fig.2 illustrated the coreless transformer power transfer
efficiency with and without SS capacitive compensation.
Without compensation, the maximum power transfer
efficiency is 78.14% while with capacitive compensation
is equal to 93.18%. Simulation results proved that, with
SS capacitive compensation the power transfer efficiency
is enhanced with a rate of 15.04%.
The high secondary leakage inductance, which causes a
voltage drop and limitation of the transfer power range,
presents an important issue in the WPT system.
Consequently, primary winding compensation is needed to
minimize the VA rating of the supply and secondary
winding compensation is required to enhance the power
transfer efficiency. The maximum efficiency depends on
the coupling coefficient between resonators. In order to
achieve acceptable efficiency in relative distance of lager,
it is necessary to have resonator coils with high coupling
coefficient.
The power transfer from primary side trough the air gap to
secondary side can be expressed as a function of reflected
resistance multiplied by the square of primary current
(23)
The transferred power for the SS compensation topology
versus normalized frequency fs/fo, and for different values
of load resistance RL are depicted in Fig. 3.
It is lucid that the transferred power are strongly depended
on coupling coefficient and very sensitive to the
increasing of load resistance.
The quality factor Q presents also important parameters
that affect on the modeling of the WPT system. The
primary quality factor depends on the geometry of the
primary winding transformer and the required primary
current and the secondary quality factor affect on the
power transfer efficiency.
The coreless transformer operates under lower and
variable magnetic coupling factor k. In addition, the
voltage gain GV defined as a function of k, Q and
operating frequency can be rewritten as follows:

(122)
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a)

Fig.4 illustrates the variation of voltage gain as function
of frequency and quality factor for two various value of
coupling coefficient K= 0.2 and K=0.7 .
Simulation results demonstrate that both figures have the
same behavior save that for a low deviation in low Q.
At the resonance frequency = 0, the voltage gain Gv is
equal to a unity and the current and the voltage of the
resonant converter are in phase reducing thus reactive
power. As the converter is functioning at this frequency,
the current flowing through the magnetizing inductance is
cancelled independently on coupling coefficient and load.
As shown in Fig.4, three important frequency regions can
appear. A feedback regulator may be used to control the
output voltage by choosing the corresponding range from
these areas. Zone A is defined by small frequencies. The
voltage gain GV increases as the operational frequency
increases. The unity gain frequency depends on coupling
coefficient k. Zone B is the middle frequency region and
is called the double-turned circuit. The gain largely
depends on load variations and operational frequency.
Zone C is defined by great frequencies. The voltage gain
GV decreases the operational frequency of the converter
increases. Despite that the maximum voltage gain is
obtained in the Range B, this region is very sensitive to
load changes and coupling coefficient k and it has
nonlinear characteristics versus operational frequency. In
addition, it is complicated to control the output voltage.
According to Range A and Range C the gain is a
monotonic function of operational frequency so it is easy
to control the output voltage. Range C is considered as the
more advantageous region because the gain voltage for
each load conditions is fewer responsive comparing to
range A and fast changes in output voltage are noted when
increasing frequency which is significant if danger state is
detecting.
5.

MODELING OF THE ELECTRIC CAR

The electric power (Pele) required of the energy storage
system is equal to the mechanical power (P mec) plus the
power consumed by the vehicle auxiliary systems (Paux).
Furthermore, the losses of the traction system through its
total efficiency (ηt) must be considered. These losses
depend on the direction of power.
The electric power is expressed as
(25)

voltage gain as a function of operational frequency and quality factor
FOR K=0.27
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Fig. 4. Voltage gain as function of normalized frequency and
quality factor for a) K= 0.2 .b) K=0.7

A. Selection of the electric motor
For this application a synchronous motor without brushes
inductor with permanent magnets (PMSM) named
JIANGSUWEHATSTONE CO., LTD is preferred. The
proposed electric motor offers various advantages
including performance as well as Light weight. This type
of motor used in industrial equipment, power tools…, is
powered by 48v battery, 1500w brushless DC motor.
TABLE III.

PARAMETERS USED IN CALCULATION OF
ELECTRICAL AND MECHANICAL POWER.

Where

Air density 1.25 kg/m3
Frontal area for small car = 2m2
Drag coefficient for small car=0.3

(26)
Where v is the car speed
The constraint to dimension the electric motor is the
accelerating from 0 to 45 km / h in 90 seconds for electric
mode. Fig.6 shows that the power required to meet these
constraints is about 1.4 kW. TABLE III groups all
parameters used in calculation of electrical and
mechanical power.

a

Mass =100kg
Constant acceleration =9.80665 m/s2
Rolling resistance of the wheels =0.013
Acceleration of the vehicle.
Correction factor = 1.05
Auxiliary power 250W
Efficiency =0.9
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new geometry with a different set of parameters. If
condition is satisfied, the desired design is achieved. The
electrical parameters of the wireless battery charger are
regrouped in Table IV.

Electric power for an accelerating from 0 to 45 km / h in 90 seconds
1800

1600

X: 90
Y: 1443

Electric Power (w)

1400

1200

7.
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Fig. 6. Electric power required

B. Selection of the Battery
Many rechargeable batteries types differ from each other
by several characteristics. At present, the majority of EVs
are still equipped with Pb_acid battery, mainly for cost
reasons. However, the Ni-MH batteries are becoming
more common, especially in France where SAFT as one
of the leading battery manufacturers, has carried out
extensive research on these batteries specially adapted for
EV. In addition for this application, a Ni-MH battery is
used and their specifications are presented as following:
Rated voltage: 6 * 1.2V = 7.2V
Specific Energy: 50Wh / kg
Specific power: 1000w / kg
The target is to operate an electric motor for P abs =1.5 kW,
U=48V for time T=90s.
The current drawn by the motor is calculated as
(27)
The nominal capacity is expressed as
(28)
In addition, a 7.2V battery pack for nominal capacity
31.25 Ah is required.
6.

CONTROL SYSTEM FOR MISALIGNMENT ISSUE

Fig.8 illustrates the control system simulated by ISIS
Proteus software in order to detect and adjust the
misalignment problem between transmitter and receiver
coils. Detection is performed using linear Hall sensors
mounted oppositely on the transmitter side, in order to
sense the position of the receiver. Adjustment is
recommended using visual notification about position of
the electric car. A Hall sensor senses nearby magnetic
field and generate a corresponding voltage which is
interpreted by the micro-controller AT89C51 using ADC.
In this simulation model, a voltage divider circuit acts as
Hall sensor that produces a voltage. The microcontroller
monitors the charging current level and causes automatic
turning off wireless charging system whenever batter is
fully charged and the charging current value decreases
8.

CONCLUSION

In Wireless power transfer technology and precisely
wireless charger battery (WBC) application, multi physics
and highly variable parameters affect on the modeling of
the appropriate system. A highly efficient wireless power
transfer system is realized based on the using of Class-E
inverter and a series series resonant converter. Analysis
and modeling of the electric motor and NI-MH battery
have been introduced. A control system performing the
adjusting of car position in case of misalignment is also
investigated.

MODELING OF PROPOSED WBC SYSTEM

Based on previous equations presented in the analyses of
the wireless battery charger, it is easy to calculate all
voltages, currents and electric component required to
design the proposed system shown in Fig.7. Fig.9 models
the iterative process applied in the designing of the
appropriate system. If all conditions are reaches and all
specifications are respected, the proposed model is willing
to be defined In the first step, it is necessary to determine
the geometric and electric parameters related to the
coreless transformer: the dimension of the primary and
secondary coils as well as the separation distance between
them. Referring to analytic equations presented in the
analyses of coreless transformer, it is easy to deduce
provides inductors and electrical variables. According to
the equations given in the analysis of the class-E inverter
and SS resonant converter, the supply voltage, the
resistance of the load RL, the voltage necessary for the
load and the transferred power can be determined and
efficiency also can be calculated. At this point, a criterion
of success is checked. The charging voltage should respect
the specification given in the analyses of the EV battery. If
the condition is unsatisfied, the designer ought to build a

Fig.7 Matlab/simulink bloc diagram of the proposed WBC
system
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Fig.8 Iterative process applied to design proposed WBC system

9.
[1]

[2]

[3]

[4]

Fig.8 Control system for correction misalignment
TABLE IV.
ELECTRIC PARAMETER OF THE PROPOSED
WIRELESS BATTERY CHARGER SYSTEM FOR EV APPLICATION
Air gap
Dimension of primary coil
Dimension of secondary coil
Nb of turns
Frequency
Filter capacitor
Primary and secondary resistance
Primary and secondary capacitance
Primary and secondary inductance
Transferred power
Efficiency
source voltage
Load resistance

20mm
550mm X 550mm
350mm X 350mm
N1=30 N2=30
50 kHz
Cf= 30µF
R1=0.01Ω R2=0.01Ω
C1=23.6µF C2=23.6µF
L1=38µH L2=38µH
1KW
0.91%
100 V
RL=20Ω

[5]

[6]

[7]

[8]
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battery energy management and LCA indicators (EE,
GHG, LCC and LPSP) will be presented. Then, a
parametric sensitivity algorithm will be developed for size
the hybrid system under constraints of EE, GHG, LCC
and LPSP. Hybridization interest of the studied sources
will be investigated in terms of these LCA indicators in
order to reduce both economic and environmental
requirements.
The remainder of the paper is organized as follows: the
studied system architecture and the modeling of the hybrid
system components are presented in section 2. Next,
section 3 describes the LCA investigation of the hybrid
PV/WT/Battery system in terms of embodied energy,
GHG emissions and life cycle cost for a life period of 25
years. Then, section 3 presents the dynamic simulator of
the proposed system. Finally, in sections 4 and 5
respectively, the results analysis and conclusion are
presented.

1. INTRODUCTION

2. MODELING THE HYBRID SYSTEM COMPONENTS

Renewable energy sources as Photovoltaic (PV) Panels
and Wind Turbines (WT) are combined with each other in
order to provide more continuous electrical power
compared generating electricity with single-renewable
energy systems [1], [2] and [3]. The energy storage device
as a battery bank in PV/wind hybrid system is necessary
especially to feed electrical loads due to the intermittency
of weather conditions (solar radiation and wind speed) [4].
In hybrid systems sizing, the designers integrate the
economic aspects into systems design in order to reduce
the total annual cost [5] and [6]. In fact, today it is
necessary to integrate the environmental consideration
with the economic aspects into systems design (eco-design
and eco-optimization) to participate of reducing the
environmental impacts (embodied energy and GHG
emissions) [7], [8] and [9].
In this context, we focus on hybridization interest of a
standalone hybrid PV/WT/Battery system for the
residential house under constraints of Embodied Energy
(EE), GHG emissions, Life Cycle Cost (LCC) and Loss of
Power Supply Probability (LPSP). First, based on Life
Cycle Assessment (LCA) methodology, EE, GHG
emission and LCC models are developed for the studied
hybrid system. Next, a dynamic simulator which includes
PV/Wind renewable generators, storage system, AC load,

The hybrid PV/Wind energy source is composed of
wind turbine and PV module with their appropriate power
electronics converters, battery storage and AC load
(residential house). As shown in Fig. 1, these components
are connected through a DC bus (48V).

Abstract—In this paper the authors investigated a
hybridization study based on embodied energy, GHG
emissions, life cycle cost and loss of power probability of a
hybrid photovoltaic-wind system with battery storage of a
residential house. Based on the life cycle assessment (a period
of 25 years), economic and environmental models are
developed for a photovoltaic subsystem, a wind turbine
subsystem and a battery bank. The performance of
parametric sensitivity technique is evaluated for sizing a
hybrid PV/WT/Battery system to continuously satisfy the
load demand with the minimum of economic and
environmental requirements. The sizing is performed for a
PV/Wind/Battery
system,
PV/Battery
system
and
Wind/Battery system and the results are compared in order
to select the best hybrid system configuration which meets
both economic and environmental requirements.
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Fig. 1. Schematic of the hybrid Wind-PV system with battery
storage.
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A. Wind turbine
The produced power of wind turbine is obtained as
follows:
1
PWT = × ρ × AWT × η G × V 3 × C p
(1)
2
where V is the wind speed (m/s), ρ is the air density
(kg/m3), AWT is the wind turbine swept area (m²),Cp is the
turbine efficiency and η G is the generator efficiency.
For sizing procedure, wind turbine swept area (AWT)
and wind speed (V) are defined as input variables. The
wind turbine operates between the cut-in value and the
cut-out value. If the wind speed exceeds the rated speed,
the generator generates constant output power.
B. PV System
The output power of PV system is obtained from the
solar radiation by the following expression [10]:
(2)
PPV = I r × APV ×η PV
where Ir is the solar radiation, APV is the PV area and η PV
is the power conversion efficiency of PV panels expressed
by:
(3)
η PV = η mp , STC × 1 − β × (Tc − Tc , NOCT )

[

]

where η mp,STC is the maximum power point efficiency
under standard test conditions, β is the generator
efficiency temperature coefficient, ranging from 0.004 to
0.006 per °C, Tc,NOCT is the normal operating cell
temperature when cells operate under standard operating
conditions and Tc is the cell temperature which is
expressed by:
Tc = 30 + 0.0175 × (I r − 300) + 1.14 × (Ta − 25)
(4)

SOC (t ) = SOC (t − ∆t ) +

where ηDC/DC, ηAC/DC and ηDC/AC are respectively DC/DC,
AC/DC and DC/AC converter efficiencies, ηcha and ηdis
are battery efficiencies during charging and discharging
phase, Ubus is the DCbus voltage (48V), PLoad(t) is the
power consumed by the load and ∆t is the simulation time
step (∆t = half an hour).
The SOC limits are determined by:

SOC min ≤ SOC ≤ SOC max

The battery operates either in charging or discharging
mode based on the energy management system. The
battery management is determined according to the
operation power (Poper) and the energy constraints of the
battery as shown in Fig. 2. In case of the power generated
by the hybrid system (Phy) is insufficient for the load
power (Pload) and battery SOC is greater than the
minimum value (SOCmin), the power from the battery is
transferred to the load (discharge), otherwise load
shedding is required to maintain power balance. In case of
hybrid power exceeding the load power and battery SOC
is below SOCmax, excess of energy is stored in batteries,
however, if the battery SOC exceeds its maximum
(SOCmax), the battery charging mode stops and the
generated hybrid power is lost.

Calculate Phy = (PPV+PWT), SOC,
Pload, Ploss

Poper = Pload – (Phy - Ploss)

Poper > 0
SOC > SOCmax

Battery charge
until Pbat
(SOCmax)

η cha
(5)

Lost energy
(off-MPPT)

SOC > SOCmin

Load
Shedding

Battery
discharge until
Pbat (SOCmin)

Fig. 2. Batteries energy management system.

3. LIFE CYCLE ASSESSMENT INDICATORS

- The battery bank is in discharging state if the total
output of wind turbine and PV sources is less than the load
demand. In discharging sate, SOC can be obtained by

ISBN: 978-9938-14-953-1

Power demand
of the user

Power generated
by PV system

Power generated
by WT system

An ideal lead-acid battery model is used in this paper.
The lead-acid type of battery bank is usually used in the
field of renewable energy to store the surplus of electric
energy from the wind turbine and PV sources and to feed
the loads in case of low wind speed and/or low solar
radiation [10]. The State of Charge (SOC) of the battery is
defined as follows:
- The battery bank is in charging state if the total output
of wind turbine and PV sources is greater than the load
energy. In charging sate, SOC can be obtained by


P
(t ) 
×  PPV (t ) × η DC / DC + PWT × η AC / DC − Load  × ∆t
η DC / AC 


(7)

where SOCmin and SOCmax are the minimum and the
maximum allowable states for the battery safety.

C. Battery storage

U bus

(6)


(t ) 
P
×  PPV (t ) × η DC / DC + PWT × η AC / DC − Load  × ∆t
η DC / AC 


with Ta is the ambient temperature.
For sizing procedure, PV area (APV), solar radiation (Ir)
and ambient temperature (Ta) are defined as input
variables.

SOC (t ) = SOC (t − ∆t ) +

1

η dis × U bus

The Life Cycle Assessment (LCA) methodology
evaluates the potential impacts of a system or product for
a wide set of impact categories across the whole life cycle
[9] and [11]. LCA indicators used in this paper for
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evaluate the LCA of the proposed system are embodied
energy, GHG emissions and life cycle cost.

EE (MJ ) = EE PV + EEWT + EE Bat

(8)

where,
EEPV is the embodied energy model of PV system (polySi) expressed as a function of PV surface area (APV):
EE PV = 3863 × APV − 47.26
(9)
EEWT is the embodied energy model of wind turbine
system expressed as a function of wind turbine swept area
(AWT):
EEWT = 2359.7 × AWT + 49.43
(10)
EEBat is the embodied energy model of batteries expressed
as a function of nominal capacity (Cn):
EE Bat = 31.62 × C n
(11)
10000
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Fig. 3. Embodied energy of various poly-Si PV modules and EE
model.

EE (MJ)

200000
150000
100000
50000
0
0

20

40
AWT (m²)

60

80

Bergery
Proven
Nera
PWPY
Whisper
Kingspan
Kestrel
Black
Model

EE (MJ)

The Embodied Energy (EE) represents the nonrenewable
energy
consumed
for
components
manufacturing of the hybrid system including the
acquisition of raw materials, processing, transportation to
site, and construction. EE is expressed as mega Joules
(MJ) per unit of weight or area.
In order to obtain total EE model of the hybrid system
over a period of 25 years, the amount of EE for different
industrial solar panels (poly-Si), wind turbines and
batteries are investigated. Note that, the static converters
are replaced every ten years and batteries are replaced
every five years. The EE evolution of the PV system
versus PV area (APV) for poly-Si is presented in Fig. 3.
Fig. 4 and 5 present the EE evolution of the wind turbines
versus WT swept area (AWT) and the EE evolution of
batteries versus nominal capacity (Cn), respectively.
Total EE model of the hybrid system is given by
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Fig. 5. Embodied energy of various batteries and EE model.

B. GHG emissions
A Greenhouse Gas (GHG) emission is composed of
carbon dioxide (CO2), methane (CH4), nitrous oxide
(N2O) and fluorinated gases. GHG emissions are often
measured in carbon dioxide (CO2) equivalent (CO2eq).
The increase of GHG emissions was due to a number of
factors: fuel demand especially in residential and
commercial sectors, transportation and industrial
production.
In our case, to develop a GHG emissions model of the
studied system, the amount of GHG emissions for
different industrial solar panels (poly-Si), wind turbines
and batteries are elaborated. The GHG evolution of the
PV system versus PV area (APV) is presented in Fig. 6.
The GHG emissions evolution of the wind turbines versus
WT swept area (AWT) and the GHG emissions evolution of
batteries versus nominal capacity (Cn) are presented in
Fig. 7 and 8, respectively. Total GHG model of the hybrid
system is given by
GHG(kgCO2 eq ) = GHG PV + GHGWT + GHG Bat
(12)
where,
GHGPV is the GHG emission model of PV system (polySi) expressed as a function of PV surface area (APV):
GHG PV = 138.3 × APV − 2.54
(13)
GHGWT is the GHG emission model of wind turbine
system expressed as a function of wind turbine swept area
(AWT):
GHGWT = 156 × AWT
(14)
GHGBat is the GHG emission model of batteries expressed
as a function of nominal capacity (Cn):
GHGBat = 1.99 × Cn + 27.2
(15)
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Fig. 6. GHG emission of various poly-Si PV modules and GHG
model.

Fig. 4. Embodied energy of various wind turbines and EE model.
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Fig. 11. Life cycle cost of various batteries and LCC model.

C. Life Cycle Cost

D. Loss of power supply probability

Life Cycle Cost (LCC) of the hybrid system (expressed
in €) over a period of 25 years integrates initial cost of the
system, installation cost, replacement and maintenance.
LCC of the wind turbine system includes turbine and
tower cost, installation cost, Balance of System (BOS)
costs (cables, connectors, protections) and converters
(replaced every 10 years). LCC of the PV system is
divided between PV modules cost, installation, BOS and
converters.
The LCC evolution of the PV system (for poly-Si),
wind turbine system and batteries are presented in Fig. 9,
10 and 11, respectively. The obtained economic model
(LCC) of the hybrid system is given by
LCC (€ ) = LCC PV + LCCWT + LCC Bat
(16)

The power system reliability assessment is measured in
terms of Loss of Power Supply Probability (LPSP)
especially with loads powered by intermittent renewable
energy sources. LPSP can be defined as

SOC ≤ SOCmin
 Pload − Phy ,
∆P = 
(21)
0,
otherwise

where Phy is the hybrid source power (PV/Wind) and Pload
is the electrical load power.

where,

4. DYNAMIC SIMULATOR

LCCPV is the economic model of PV system (poly-Si)
expressed as a function of PV surface area (APV):
LCC PV = 440.13 × APV + 96.11
(17)

A dynamic simulator of the hybrid wind–photovoltaic
system with battery storage as shown in Fig. 1 is
developed under annual data of weather conditions (wind
speed, solar irradiance and temperature) [12]. Real
consumption data of electricity energy for a residential
home are used and programmed with half an hour
(sampling step). The average half-hourly insolation,
temperature and wind speed profiles are illustrated in Figs.
12, 13 and 14, respectively. The average half-hourly load
demand considered in this paper is shown in Fig. 15.The
hybrid simulator as shown in Fig. 16 includes all hybrid
system components (PV/Wind renewable generators,
storage system and AC load), battery energy management
and LCA indicators (EE, GHG, LCC and LPSP).

LCCBat is the economic model of batteries expressed as a
function of nominal capacity (Cn):
LCC Bat = 11× C n + 146.8
(19)
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LCCWT is the economic model of wind turbine system
expressed as a function of wind turbine swept area (AWT):
LCCWT = 1844.2 × AWT
(18)
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Fig. 9. Life cycle cost of various poly-Si PV modules and LCC
model.
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Fig. 16. Dynamic simulator of the hybrid PV/Wind/Battery
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5. RESULTS ANALYSIS AND DISCUSSIONS
Based on the three sensitivity criteria (APV (m²), AWT
(m²) and Cn (Ah)), a parametric sensitivity algorithm
seeks to find the best compromise between four
objectives: EE, GHG, LCC and LPSP, in order to reduce
environmental impacts with the objective of minimizing
loss of power supply probability.
The bounds of decision variables are: APV_min=0 m²,
APV_max=120 m², AWT_min=0 m² AWT_max=120 m² and
Cn_min=50 Ah, Cn_max=600 Ah.
LPSP criterion is limited to 5% (LPSP < 5%) with the
aim to provide more than 95% of the electric needs. From
the parametric sensitivity, three configurations are
retained according to the objectives of users/consumers:
- PV/Wind/Battery system,
- PV/Battery system,
- Wind/Battery system.
The studied hybrid systems are summarized in Table 1.
Table 1 shows the optimal parameters of each component
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(APV, AWT and Cn) and in detail the system costs, the GHG
emissions, the embodied energy and the LPSP for the
hybrid systems.
The hybrid PV/Wind/Battery system configuration is
composed of APV=60 m², AWT=25 m² and Cn=100Ah. The
energy produced from the hybrid system is about 26540
kWh. Total EE (240406 MJ) is composed of 71% for PV
system components, 27% for wind turbine parts and 2%
for batteries. Total GHG is composed of 65% for PV
system components, 33% for wind turbine parts and 2%
for batteries. LCC is shared between the different
components as follows: 36% for PV subsystem, 61.3% for
wind turbine and 2.7% for batteries.
The embodied energy, greenhouse gas emission and
life cycle cost for a 20-year life time of 1m² of WT, 1m²
of PV panel and 1Ah of battery storage capacity are
summarized in Table 2. It should be noted that the GHG
emission and the life cycle cost of 1m² WT are higher than
the GHG emission and the life cycle cost of 1m² PV panel.
But, the embodied energy of 1m² PV panel is higher than
the embodied energy of 1m² WT.
The optimal sizes of the other systems are as follows:
PV/Battery: APV=115 m², Cn=100Ah; WT/Battery: AWT=58
m², Cn=100Ah. Figs. 17, 18, 19, and 20 represent the
break down of the total embodied energy, the total GHG
emission, the total life cycle cost and the LPSP for the
hybrid systems, respectively. From this figures, it can be
concluded that the embodied energy and GHG emissions
of the hybrid WT/Battery system are lower than that of the
other hybrid systems. Also, the LCC of the hybrid
WT/Battery system is more than that of PV/WT/Battery
system and PV/Battery system. In addition, in terms of
LCC, the cost of PV/Battery system is less than that of the
other hybrid systems. From Fig. 20, it is seen that the
LPSP indicator of the hybrid PV/WT/Battery system is
less than that of the other systems meaning that the hybrid
systems can meet the load demand.
Therefore, hybridization of the sources has a significant
impact on the design of the system in terms of these LCA
indicators. The hybrid system is located in the middle of
these indicators with the lowest LPSP. The choice of the
hybrid system configuration according the specific LCA
indicators (EE, GHG, LCC and LPSP) is returned to the
user or designer. For example, the objective of the user or
designer is to reduce environmental impacts or annual
costs of hybrid systems. The priority should be given to
the use of renewable energy sources that meet
sustainability and environmental requirements.
TABLE I

Summary of the Results over the Hybrid Systems.
APV (m²)
AWT (m²)
Cn (Ah)
EE (MJ)
GHG(kgCO2eq)
LCC (€)
LPSP (%)
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PV/WT/Battery
60
25
100
240406
12546
70907
1.64

PV/Battery
115
100
329533
15766
50211
4.8

WT/Battery
58
100
155053
9833
103073
4.06
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TABLE II

LCA indicators of 1m² of poly-Si PV panel, 1m² of wind turbine
and 1Ah of battery storage capacity.
1m² WT
2616
165.8
1756

EE (MJ)
GHG(kgCO2eq)
LCC (€)

EE
21%

1m² PV
2863.3
136.4
428

EE
33%

1Ah Cn
31.51
2.16
12.25

PV/WT/Battery
PV/Battery
WT/Battery

EE
46%

Fig. 17. Break down of the total embodied energy.

GHG
26%

GHG
33%
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Abstract-- This paper describes the solution of the optimal
power flow (OPF) problem with wind penetration using a
Differential Evolution optimization technique. In order to
make OPF become more reasonable, the cost of wind power
generation is added into the objective function. This paper
presents the enhancement of different performance
parameters of power systems such as voltage profile, power
flow of transmission lines , reduction of the active power
losses , and a voltage stability index for identifying the most
sensitive bus to the voltage collapse in the systems by
optimally integrate the wind farm in power systems. The
modified IEEE 30 system with six thermal generating units
and one wind farm is used to analyze the effect of connected
wind farm on the total generation cost, the voltage profile, to
active losses and Fast voltage stability index (FVSI). Several
scenarios according to the variation of the wind and the
change in power demand (off peak and peak period) are
performed in 24-h of a day. The numerical results provide
valuable information for operators to determine the
scheduling strategy for the power with system with wind
farms that would increase performance parameters of power
systems.
Index Terms--Optimal Power Flow , wind Penetration,
Dispersion of wind Generation, voltage Profile, weakest bus,
voltage collapse, voltage stability, differential evolution.

1. INTRODUCTION
Unlike the conventional energy sources, wind energy is
characterized as free-fuel energy; free of air pollution, and
it is the most competitive energy among all the renewable
energies because of its high installed generation capability
and also its advanced control technology. Therefore, the
use of wind energy for electricity generation has been
gaining popularity [1].
Wind generation system will not affect only the
economic operation of a power system but also the bus
voltage and transmission losses due to different locations
of wind generation system. For the reason of maintaining
the energy efficiency of power system operation, both the
effects of wind generation on power system economic
operations and the effects of wind generation on bus
voltage and transmission losses should be studied. Optimal
power flow (OPF) is one of the most important topics in
power system operations that including economic
operation and power flow analysis [2].
The aim of optimal power flow (OPF) is to minimize
the total cost of generation while satisfying the system
design and operational requirements. It is known that the
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conventional OPF problem involved only thermal energy
power sources. With the introduction and development of
renewable energy sources especially like wind energy
there is a need to incorporate wind generation cost into the
classical OPF problem [3]. Despite the interest in
renewable energy and to incorporate renewable generation
cost in the OPF, but that the problem of voltage stability in
power systems always remain more important.
Voltage instability is considered as one of the major
threats to the safe operation of many power systems due to
the consequences of the kinds of incidents which have
been reported worldwide in recent decades. One serious
type of voltage instability is voltage collapse, which may
leave large groups of people without electricity for
extended periods of time. The blackouts that occurred in
North America in 1996 and 2003 and in Europe in 2003
are examples of large-scale blackouts where voltage
collapses played an important role [4],[5]. Such incidents
have social impacts and caused huge economic losses. For
this reason, the importance of implementing suitable and
efficient techniques to monitor voltage stability have
increased.
The identification of the weakest buses is an important
task for the analysis of power system stability .To identify
the weak buses several methods have been suggested in
the literature, the most of these methods are based on
Voltage Stability Indices [6].
In recent years evolutionary/meta-heuristic computing
techniques like Genetic Algorithm (GA), Particle Swarm
Optimization (PSO), evolutionary programming and
others have emerged as very powerful general purpose
solution tools. Basically these tools are search techniques
capable of finding the optimum solution of a problem. The
most remarkable feature of these tools is that they do not
impose any restriction to the nature of the research space
and type of the variables [6]. In this paper the optimization
problem is solved using Differential Evolutionary (DE)
technique.
We worked in previous articles on the optimal power
flow (OPF) with wind penetration. We added the cost of
wind power generation into the objective function [9] .and
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we used Lmn as the indicator for voltage stability margin
and the weakest bus identification [6].
New in our article this, a Differential Evolution (DE)
method is proposed to solve the optimal power flow
problem. The objective function used is the minimization
of the cost the thermal and the wind generators and The
Fast voltage stability index (FVSI) is used as the indicator
for voltage stability margin and the weakest bus
identification In the presence of wind generators.
Simulations are performed on IEEE 30, and several
scenarios according to the variation of the wind and the
change in power demand (off peak and peak period) are
performed in 24-h of a day.
A. Modeling of Wind Turbine Generators
Wind model input assumptions vary from constant
torque to constant power. The frequently make assumption
of constant torque means any changes in shaft speed will
result in a change in captured mechanical power,
consequently change in power output of wind plant. A
simple relationship exists relating the power generated by
a wind turbine and the wind parameters [7],[3].
In this paper, the relationship between wind speed and
mechanical power extracted from the wind is given as
follows:


0 Vω ≤ Vcut −inorVω ≥ Vcut −off

Pm = 0.5ρ Aωt CP ( β , λ ) Vω3 Vcut −in < Vω < Vrated (1)

Prated Vrated < Vω < Vcut −off

Where Pm is the power extracted from the wind, ρ is the
air density, Cp is the performance coefficient, ʎ is the tipspeed ratio Vt/Vw the ratio between blade tip speed, Vt
(m/s), and wind speed at hub height upstream of the rotor,
Vω(m/s) Awt=лR2 is the area covered by the wind turbine
rotor, R is the radius of the rotor, Vω denotes the wind
speed, β is the blade pitch angle, Vcut-in and Vcut-off are the
cut-in and cut-off wind speed of wind turbine, and Vrated is
the wind speed at which the mechanical power output will
be the rated power. When Vω is higher than Vrated and
lower than Vcut-off, with a pitch angle control system, the
mechanical power output of wind turbine will keep
constant as the rated power Prated.
2. VOLTAGE STABILITY INDEX
Recently, concerns over voltage instability phenomena
have been growing as significant voltage drops and
voltage collapse are regarded crucial in stable operations.
Thus, effective voltage control schemes using voltage
stability indices have been brought to attention in a
considerable number of studies [8].
There are many voltage stability indices such as:
Voltage Margin Proximity Index (VMPI) [8], On-line
Voltage Stability Index (LVSI) [9][10], Line Stability
Factor (LQP) [11], Line Stability Index( Lmn ) [12], A
Simplified Voltage Stability Index (SVSI) [5]…….i.e
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In this paper the Fast Voltage Stability Index (FVSI) is
used to determine the weakest bus. The Fast Voltage
Stability Index (FVSI), proposed by Musirin and Rahman
[16], Fast voltage stability index (FVSI) is capable in
determining the point of voltage collapse, maximum
permissible load, weak bus in the system and the most
critical line in an inter-connected system. The trend of
voltage and index profiles were studied by increasing the
reactive power loading in stages until the load flow
solution fails to give any results. FVSI was calculated for
each line in the system as reactive load increased. The
calculated FVSI could be used in determining the weakest
bus, line criticalness and maximum loadability [10], [13].
The voltage stability index referred to a line was
formulated from the 2-bus representation of a system. The
value of line index that is closed to the unity indicates that
the respective line is closed to its stability limit. The
representation of a 2-bus model is illustrated in Fig. 1

Fig.1. Model of simple branch for voltage stability research

The Fast voltage stability index is defined as follows:
4 Z 2Q j X
(2)
FVSI =
≤1
Vi 2 X
Where:
Z, X, Vi,Qj = line impedance, line reactance , sending end
voltage and reactive power at the receiving end.
The line that exhibits FVSI closed to 1.00 implies that it
is approaching its instability point. If FVSI goes beyond
1.00, one of the buses to the connected to the line will
experience a sudden voltage drop leading to system
collapse
3. FORMULATION OF THE OPF PROBLEM
The OPF problem incorporating wind power is the
problem to be studied in this paper and planned wind
power combined with the power output of thermal power
plant are as the variables to be optimized.
Also, the optimization of voltage stability index
(FVST) is included in the objective function to improve
system voltage stability.
The aim of this paper is to optimize a certain objective
function such as cost, loss, the deviation of voltage and
voltage stability index while satisfying all operational
constraints. The general optimization problem can be
written in the following form:
Ng

Min [ f ] = ∑ f i + Ploss + f v + Max( FVSI )

(3)

i =1

Where:
fi : is the fuel cost of the ith generator.

fi = α i + β i Pgi + γ i Pgi2

(4)

Pgi: is the actual power produced in the generator i;
αi, βi and γi : are the cost coefficients of generator at bus i;
Ng : is the number of generators in the system;
Ploss : are the active power losses.
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Ng

Nl

Ploss = ∑ Pgi − ∑ Plj
i =1

(5)

j =1

fV : The deviation of voltage is given as follows:
NPQ

fv =

∑ (Vi − Vrated )

2

(6)

i =1

FVSI: is the Fast voltage stability index
The equality and inequality constraints to be satisfied
while searching for the optimal solution can be written as:
nb

P
=
P
−
P
=
VV
∑
i
gi
di
i j ( gij cosθij + bij sin θij )

j =1

(7)

nb
Q = Q − Q = VV ( g sin θ − b cosθ )
∑
gi
di
i j
ij
ij
ij
ij
 i
j =1

The system inequality operation constraints include:

Pgimin ≤ Pgi ≤ Pgimax
min
gi

Q

max
gi

≤ Qgi ≤ Q

(8)
(9)

Where:
Pgi, Qgi: are the real and reactive power generations at bus
i.
Pdi, Qdi: are the real and reactive power demands at bus i
Vi, Vj: The voltage magnitude at bus i, j, respectively.
θij : is the admittance angle.
bij and gij: are the real and imaginary part of the
admittance.
nb: is the total number of buses.
4. APPLICATION OF DIFFERENTIAL EVOLUTION
ALGORITHM ON OPF PROBLEM
Differential evolution is an optimization algorithm that
solves real-valued problems based on the principles of
natural evolution. DE uses a population of given size
composed of floating point encoded individuals that
evolve over generations to reach an optimal solution. It
was introduced by Storm and Price in 1995 as heuristic
optimization method which can be used to minimize
nonlinear and non-differentiable continuous space
functions with real valued parameters.
The advantage of DE can be summarized as follows:
DE is an effective, fast, simple, robust, inherently parallel,
and has few control parameters need little tuning. It can be
used to minimize non-continuous, non-linear, nondifferentiable space functions, also it can work with noisy,
flat, multi-dimensional, and time dependent objective
functions and constraint optimization in conjunction with
penalty functions [6],[7],[14],[15].
The main steps of the DE algorithms are given below:
Initialization
Evaluation
Repeat
Mutation
Crossover
Evaluation
Selection
Until (termination criteria are met)
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Step I: initialize power flow data, and DE related
parameters such as the size of population (NP) , the
maximum number of iteration , the number of variables to
be optimized (D) , the crossover factor (CR) , and the
mutation factor (F) .
Step II: randomly generate the initial population of NP
individuals in the feasible space by:

X ij (0) = X min
+ rand (0,1)( X max
− X min
j
j
j )

(10)

Where
i=1,……., NP and j=1,……., D
Xjmax and Xjmin are the upper and the lower bounds of the
jth decision parameter.
rand(0,1) is a uniformly distributed random number
within [0,1] generated for each value of j.
Xij(0) : is the jth parameter of the ith individual of the initial
population.
Step III. Evaluate the fitness for each individual in the
population according to the objective function in
(3).
Step IV. Create a new population by:
'( G )

1- Mutation: creates mutant vectors ( X i

) by perturbing

a randomly selected vector Xa with difference of two other
randomly selected vectors Xb and Xc
X i'( G ) = X a(G ) + F ( X b( G ) − X c(G ) ), i = 1......NP (11)
Where Xa, Xb and Xc: are randomly chosen vectors
among the NP Population, a ≠ b ≠ c ≠ i.
The scaling constant F is an algorithm control parameter
used to adjust the perturbation size in the mutation
operator and to improve algorithm convergence. Typical
value of F in the range of [0.4 - 1.0].
2- Crossover: In order to increase the diversity of the
perturbed parameter vectors, crossover is introduced. To
this end, the trial vector is formed, where:

Xij'(G) ,if rand(0,1) ≤CR or j = jrand
(12)
Xi''(G) = 
(G)
X
otherwise

ij
Where:
jrand: is a randomly chosen index ϵ {1…Np} that guarantees
that the trail vector gets at least one parameter from the
mutant vector
CR is the crossover constant which has to be determined
by the user in the range of [0 1]
3- Selection : The selection operation forms the population
by choosing between the trail vectors and their
predecessors (target vectors) those individuals that present
a better fitness or are more optimal according to (13)

 X ''( G ) , if
X i( G +1) =  i ( G )
 Xi

f ( X i''( G ) ) ≤ f ( X i( G )
otherwise

(13)

Where

X i(G +1) is the offspring of X i( G ) for the next generation.
Step V: stop the process and print the best individual if the
stopping criterion is satisfied, else go back to step IV.
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TABLE II

In this paper the following values are selected as: F=0.8,
CR=0.8, NP= 20
5. RESULTS AND DISCUSSION
The modified IEEE 30-bus test system consists of six
generators at buses 1, 2, 5, 8, 11 and 13 and wind farms
connected to bus 10. The wind turbine generators used are
assumed to be Enercon, type E33 with the following
specifications: diameter of 33.4 m and tower height of
49m (table 1) [16]. For a wind farm with 100*330kVA
power output, is used to analyze the effect of connected
wind farm on the total generation cost, the voltage profile,
the active losses and the fast voltage stability index in 24
hours in the month of January. The system has 41
transmission lines and 24 loads. The system load curve
(hourly load curve), where it is divided into two different
periods, i.e. peak period and off-peak period fig .2.
The output from the wind is considered as “must-take”
energy, all the output of the conventional generators will
be reduced and optimized by DE to accommodate the
wind output, and also DE optimization technique is used
to define the best location to provide desired reactive
power support under heavy load conditions.

P(MW), Q(MVar)

P(MW)

Times
(hr)
1-5
6-8
9-11
12-13
14-16
17-19
20-22
23-24

C0ST
($/h)
519.547
683.59
1158.27
863.879
1158.27
790.212
1387.61
519.547

Ploss
(MW)
-78.6088
-25.6289
79.6769
27.0823
79.6769
5.98295
132.188
-78.6088

Fv
MAX(FVSI)
(P.U)
(P.U)
0.00657505 0.0804
0.00704439 0.0955
0.0173837
0.0788
0.0110733
0.0888
0.0173837
0.0788
0.00895278 0.0937
0.0354576
0.0837
0.00657505 0.0804

Fig. 3. The Active Power Generation.

Q(MVar)

Off-peak period

Results of OPF without Wind Farm

peak
period

Time, hr
Fig. 2. IEEE 30-Bus System Load Curve.
TABLE I

Fig. 4. Voltage Magnitudes.

The Parameters Of The Wind Turbine

Parameters
ρ
D
Cp

Value
1.225 kg/m3
33.4 m
0.59

Parameters
Vcut-in
Vcut-off
Vrated

Value
2.5 m/s
28m/s
12 m/s

5.1. OPF RESULTS WITHOUT THE INSERTION OF WIND
FARMS
The results including the generation cost, the minimum
deviation and power losses in the case without the
penetration of the farm wind generators for peak and off
peak period are tabulated in table II, Figure 3, Figure 4
and Figure 5 show respectively the power generation
system, voltage magnitudes and the Fast Voltage Stability
Index (FVSI) for peak and off peak period. Figure 6 and
7respectively represented the voltage magnitudes and
power generation according to the variation of the power
required fig.2 in 24 hours.

Fig. 5. FVSI Index in Normal and Peak Period.

Fig. 6. Voltage Magnitudes in 24 Hours.
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Fig. 9. Voltage Magnitudes with Farm Wind.

Fig. 7. The Active Power Generation in 24 Hour.

Figure 4 and 7 show that the voltages at the load bus are
all within the system limits ranging from 0.95 to 1.05 P.U.
But in the peak period (400MW) the voltage in the bus 2629-30 exceeds the limit (0.95).
Ranking weak bus under heavy load conditions IEEE 30bus system of Figure 6 is the bus 30-26-29-21-24.

Fig. 10. Voltage Magnitudes in 24 Hours with Farm Wind.

5.2. OPF RESULTS WITH THE INSERTION OF WIND
FARMS
The results including the generation cost, the minimum
deviation and power losses in the case with the penetration
of the farm wind generators are connected to bus 10 for
peak and off peak period are tabulated in table 3; Figure 8
Figure 9-10 and Figure 11 show respectively the power
generation system in 24 hours, voltage magnitudes, and
the Fast Voltage Stability Index (FVSI) for peak and off
peak period.
The results obtained from different values of the power
requested show that wind generation can contribute
towards improving the transmission system voltage profile
for some case. Different values of the wind generation
indeed change the system Operation.
The table 3 shows generation cost and power losses for
different wind penetration levels for location of wind farm
in the bus 10 are less, compared of the Table2 (without
farm wind), where the cost of production and the power
losses high.

Fig. 11. FVSI Index in Normal and Peak Period with Farm
Wind.
TABLE III

Results of OPF with Wind Farm
Times

Fig. 8. The Active Power Generation in 24 Hour with Farm
Wind.

Pw

C0ST

Ploss

(hr)

(MW)

($/h)

(MW)

1
2
3
4
5
6
7
8
9-11
12-13
14-16
17-19
20-21
22
23
24

16,211
10,8601
12,0159
12,6749
23,0817
33
42,1424
43,3022
33
33
33
33
33
33,6002
31,6622
20,1389

478.444
491.582
488.723
487.099
461.921
590.827
566.795
563.799
1047.26
761.763
1047.26
691.31
1252.86
1250.61
441.827
468.951

-79.4884
-79.2821
-79.3283
-79.3537
-79.7244
-27.2786
-27.6355
-27.676
78.8052
25.8545
78.8052
4.72543
131.552
131.497
-79.9736
-79.6272

Fv

MAX(FVSI)

(P.U)
0.018106
0.0181291
0.0181247
0.018122
0.0180674
0.0101411
0.00934104
0.00936066
0.0149562
0.0089065
0.0149562
0.00917546
0.0456602
0.0456359
0.0180056
0.0180852

(PU)
0.0826
0.0810
0.0812
0.0815
0.0833
0.0886
0.0852
0.0847
0.0802
0.0946
0.0802
0.0956
0.0853
0.0838
0.0817
0.0832

The result of the weakest bus ranking under heavy load
conditions obtained is presented in Table 4.
TABLE IV

Weakest Buses Ranking under Heavy Load Conditions in
IEEE 30-bus System with Wind Farm

Ref [8]
Proposed method (DE)
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6. CONCLUSION
This paper proposes the application of DE method to
the optimal power flow for a system that incorporates
thermal unit and wind farms during off peak period and
peak period and is proposed to identify the weakest buses
for IEEE30 bus systems.
Based on the technical result it has been concluded that
the utilization of wind farms give significant benefit
example like such as reduction in the real power loss, fuel
cost and amelioration in the voltage profile in different
periods (off peak and peak period).
According to the variation of the wind and the change in
power demand, the cost is changed.
The weakest buses identification problem is modeled
as optimization problem considering the voltage stability
of power system. The scheme optimizes the cost, the
power losses and the load voltage stability index to find
the buses were the reactive power sources to be installed,
and these buses (30-26-29) are considered as the weakest
buses in the system.
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Abstract -- This research paper represents a part of a
Senegalese project established to improve living
conditions in rural areas. The project is based on
setting up a robust grinding device offering more
possibilities in handling with craft mills designed
locally. Grinding devices represent a complex
mechanical load which depends on the mill design and
the nature, quality and quantity of cereals to be grind.
The objectives of this work are first to study and
characterize the craft mills then elaborate an efficient
control for the mini-grid photovoltaic powered
induction motors driving the mills.

2. INTRODUCTION
In the present context, more than 40% of remote areas
don't have access to electricity in Senegal. It's a limiting
factor for the development and improvement of living
conditions in these regions. To solve this problem, minigrids based on photovoltaic solar plant are implemented in
remote areas. Fig. 1 shows the mini-grid and the existing
electrical loads in these areas.

Theoretical study was carried out to characterize
the mills and it was validated experimentally on a
locally designed test-bench. Experimental tests show
that working with variable cereal flow gives better
results on the grinding device performances and on the
product quality.
Simulation results with Field- Oriented Control
(FOC) strategy are presented and show good
performances for grinding with variable speed.
Index Terms — Craft mill, variable cereal flow, PV minigrid, induction motor, FOC.

1. NOMENCLATURE

Vsd; Vsq : d, q-axis stator voltage components;

isd; isq

d, q -axis stator current components;

rd ;rq

d, q-axis rotor flux components;

R s, R r

Stator and rotor resistances;

Ls , L r

Stator and rotor inductances;

Lm

Mutual inductances;

ωs , ω r
Ω
Cm

Stator and rotor angular speed;
Mechanical speed;
Electromagnetic torque;

Cr

Load torque;

fr
J

Friction coefficient;
Inertia;

ISBN: 978-9938-14-953-1

Fig. 1. Mini-grid PV and electrical loads scheme

Mini-grids are used for domestic electrical loads and
motorized loads like water pumping and grinding devices
for public use. This paper is devoted to the grinding
device.
In rural areas, cereals grinding was traditionally done
with mortar and pestle. This grinding method is laborious,
no longer profitable and gives final products with limited
life time. For these reasons, the mechanization of this
process is an unavoidable solution. The mechanization
consists of driving the crafts mills with a three phase
induction motor in order to have a robust and less
expensive grinding device [1], [2].
Craft mills are increasingly used today for various
reasons including local manufacturing possibility, low
cost, ease adjustment and availability of spare materials
[3].
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The major problem with craft mills are the lack of
datasheets required for sizing the electrical motor suitable
for this mechanical load. In most craft mills currently
used, speed variation is assured by a pulley-belt system
and requires continuous maintenance.
The aim of this paper is to characterize and to control
the craft mill. The characterization allows to size the
electrical motor. Using FOC with a three-phase induction
motor allows to operate at variable speed. This will
improve the performances in order to have better quality
product and minimize time losses due to mill jam.
The paper is organized as follows: section 3 presents
the grinding device. The characterization of the craft mill
is described in section 4. Section 5 is devoted to the
control strategy. Results and discussions are presented in
section 6. The paper is concluded in section 7.
3. GRINDING DEVICE PRESENTATION

4. CHARACTERIZATION OF THE CRAFT MILL
The characterization allows to determine the craft mill
parameters and the variation laws of speed and load torque
versus to cereal flow. The proposed method is based on a
theoretical study and experimental tests.
A. Theoretical study
The craft mill functioning depends in large part on the
cereal flow. The regulation of cereal flow is necessary to
assure a correct operation of the system. Cereal flow may
be defined as cereal quantity released by waltz in time
units in the grinding chamber. Cereal flow expression is
given by (1).

Q

m
t

(1)

Where:
Q is cereal flow (kg/min);

A grinding device (fig. 2) is composed of a craft mill
and an induction motor.

t is time unit (min) ;
m is cereal quantity (kg);

Craft mills operation in steady state is characterized by
speed variation versus cereal flow. Therefore, speed can
be modeled with a linear function versus to cereal flow.
The relation between these parameters is given by (2).

  o  co  D

(2)

Where:

ω is mill speed (rd/s)
;
ω o is mill speed without load (rd/s)
c o is mill characteistic parameter

Fig. 2. Grinding device
The craft mill is composed of:
 The feed hopper; the tank where the cereals are placed.
 The waltz, located under the feed hopper;
 The hammers, fixed on the motor shaft;
 The sieve; circular shape with perforations.
When the motor start, the shaft activates hammers in
the grinding chamber. Under the effect of centrifugal
forces, cereals are projected in the grinding chamber then
crushed and pulverized. Small grains pass through the
sieve gates and are collected.
To have a good quality of final product, cereal quantity
in grinding chamber and grinding speed should be
controlled. The waltz is used to regulate cereal flow across
grinding chamber. A very large flow can cause an
overload or a machine jam.
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The mill represents a mechanical load to the motor. It's
characterized by the variation of load torque versus speed
and the variations of speed and torque versus cereal flow.
Theoretically, loads are characterized by four types of
existing load torque depending on applications. The craft
mill is more complex with an operating principle that
doesn’t exactly reflect one of these loads torques. Load
torque profile that characterizes the mill is based on the
operating principle. To determine the profile of the load
torque, it’s necessary to take into account all the existing
variations laws. Thus, the general load torque expression
of the mill is given by (3)

Cr  c1  c 2  c3 2  c 4 1

(3)

c1 , c 2 , c 3 , c 4 are craft mill characteristic parameters.

Theoretical expressions (2) and (3) allow to determine the
torque load variation law versus cereal flow. The
determination of these parameters is done experimentally.
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B. Experimental tests.
The experimental characterization of the mill consists to
determining the characteristic parameters in the theoretical

relations (2) and (3). The test bench, presented in fig. 3, is
used to determine these parameters.

Fig. 3. Experimental test bench of the craft mill with the induction motor

To characterize the device and simulate the control
strategy, the test bench is realized. It’s essentially
composed of the following elements:
• Craft mill represented in section 3. It has a hopper
pyramid-shaped with a capacity about 10 kg.
• Three phase induction motor fixed on the craft mill.
It has a rated power of 2200 W.
• Industrial speed drive Altivar with a scalar control
V/f. It allows to vary the grinding speed.
Fig. 4. Speed variation versus to the flow

Electrical network analyzer and tachometer are
respectively used to measure electricals quantity and the
speed.
The aim of the test is to determine the variation of the
speed and the torque load. The principle is to determine
mechanical and electrical output values for different value
of the cereal flow in steady state. This is done by
maintaining the cereal quantity inside the grinding
chamber for each measure. Results allow to have the
speed variation versus cereal flow and the load torque
versus speed. Results of the experimental test are shown
in Fig. 4 and Fig. 5.
Fig. 5. Torque variation versus to the speed
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Curves represent speed and torque load variations for
different values of cereal flow. Fig. 5 shows that the speed
vary linearly versus cereal flow. Fig 6 shows that the
waveform of load torque doesn’t reflect one of four
existing loads torques. Results confirm the theoretical
study. To determine the parameters of theoretical
relations, the trend curve method is used. It has allowed to
determine the parameters of (2) and (3), given in Table I.
TABLE I

Mill characteristic parameters
Parameters

2091.2 N .m

c2

12.031 N.m.s/rd

c3

0.0171 N.m.s2 /rd2

c4

0 N.m..rd/s

co

5,8161 rd.kg

o

313,47 rd/s

The decoupling method is used to eliminate the
currents relations in (6). The controlling terms (Vsd1, Vsq1)
and decoupling terms (Esd, Esq ) is given by (9) and (10).

Esd 

Vsd1  (Rs  sLss )isd

Values

c1

The relation (8) allows to reconstruct the stator angular
position from the mechanical and rotor speed.
L
s  p  m isq
(8)
Trr

Lm dr
 s Lsisq
Lr dt

(9)

Lm
r (10)
Lr
For indirect control strategy, the flux is fixed in open
loop, currents and speed are controlled by PI correctors.
Esq  s Lsisd  s

Vsq1  (Rs  sLss )isq

A. Currents control
Vsd1 and Vsq1 expressions are used for currents control.
Closed loop control for currents is given by Fig. 6.

The speed expression versus cereal flow is given by (4).

  313.47  5.8161 D

(4)

With speed relation, load torque can be written as
function of flow by combining (3), (4) and table I.
Equation (5) gives the relation that binds torque and flow.

Cr  0,578  D2  7,621 D  0,047

(5)

The term 0.047 is related to errors of measurements,
and the waste after each grinding phase.
5. CONTROL STRATEGY
The control is based on the FOC, allows to control
separately flux and torque by the current components and
have a variable speed functioning [4], [5], [6]. For this
strategy, the model in the synchronous reference frame is
used. Applying Laplace transform to the equations has
allowed to establish control strategy relationships.
Electrical equations of an induction motor in a
synchronous reference frame can be represented by (6):

Lm dr

Vsd  (Rs  sLss )isd  L dt  s Lsisq

r

V  (R  sL )i   L i   Lm 
s
ss sq
s s sd
s
r
 sq
Lr
Where: Lss  Ls (1 

(6)

L2m
)
Ls Lr

Lm
isd
Tr s  1

Where: Tr 

Lr
Rr
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Equation (11) gives the open loop transfer function.
1
K pi
Rs
Kii
(11)
Fol 
(1 
s)
Lss
Kii
1
s s
Rs
The pole zero cancellation technique has allowed to
eliminate the pole zero introduced in the transfer function
in closed loop. The relationship of this technique and the
transfer function in open loop are given by (12) and (13).
Lss K pi

Rs
K ii

(7)

(12)

1 Kii
(13)
Rs s
In closed loop, the transfer function is given by (14).
Fol 

1
1
(14)

Rs
1
s 1   cs
K ii
The transfer function has allowed to determine the PI
controller parameters (Kii and K pi ) given by (15) and (16).
Fcl 

Kii 

Equation (7) gives the magnetic relation.

r 

Fig. 6. Currents closed loop control

K pi 

Rs

(15)

Lss

(16)

c

c
 c : The time constant.
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B. Speed control

6. SIMULATION RESULTS

Speed control is the most important point of this
application. Control strategy used in closed loop can allow
to determinate speed grinding by a fixed reference. Fig. 8
shows scheme of speed control in closed-loop.

The simulation model is composed to the grinding
device fed by three-phase inverter. In order to evaluate the
control performances with the craft mill, simulations using
Matlab-Simulink are done. The simulation parameters and
rated values of the induction motor are given in Appendix.
Simulation results are presented in the following curves.

Fig. 7. Speed closed loop control
Equation (17) gives the closed loop transfer function.

1

K p

s

K i
Fcl  * 
J 2 K p  f r

s 
s 1
K i
K i

Fig. 8. Flow variation

(17)

The closed-loop transfer function is identical to a second
order system whose the denominator is given by (18).
1
2
(18)
Fs  2 s 2 
s 1

c

c

The load profile used for the grinding device simulation is
illustrated in Fig. 8. The flow variation is based on the
craft mil operating principle. It simulates under following
operating conditions.
- The craft mill is gradually loading;
- The craft mill is a half load;
- The craft mill is in rated load.

The equivalence between the denominator of (17) and
(18) allows to determine the corrector parameters.
The PI correctors parameters ( K pω and Kiω ) versus to the
amortization parameter ( ξ ) and the own pulsation (ωc ) ,
are given by (19) and (20).
Ki  Jc2

(19)

K p  2 Jc  f r

(20)

To get a slight overrun with a fast enough response, we
have chosen an amortization factor of 0.7 with a response
time of 0.25 s corresponding to an own pulsation of 12 rd.

Fig. 9. Speed variation

Fig. 9 shows the applied control strategy performances for
the system. The speed is maintained to the reference value
despite the load application. The possibility to operate at
variable speed by fixing the reference, limits flour losses
when one wants to make the semolina. These losses were
significant because the mill operated at rated speed
regardless of the product with the only possibility to
change the sieve. The FOC gives good results for the
system with an efficient speed control.

With the indirect control strategy used, the flux is fixed
in open loop. Park angle is obtained by integration the
stator pulsation [7], [8]. References currents are obtained
from flux and torque references in state steady. Equations
(21), (22) and (23) give control relations.



 s  ( p 
*
isd


*
isq


Lm
isq )dt
Trr

r*
Lm

2Lr Ce*
3 pLm r*
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(21)
(22)
(23)

Fig. 10. Current variation

Fig. 10 shows the instantaneous and the effective value
variation of the current. The current is perfectly sinusoidal
with a proportional variation of its effective value with the
cereal flow. Thus, to control the current it's necessary to
control the cereal flow.
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APPENDIX
TABLE II

Motor parameters
Parameters

Fig. 11. Mechanical power

Electrical and mechanical powers waveform are shown in
Fig. 11. It have the same shape and vary proportionally
with the cereal flow. Variations are explained by the
increasing of the current and the load torque versus to the
cereal flow. Results shows the depending of electrical and
mechanical powers according to the cereal flow.

Values

Rated frequency f n

50 Hz

Rated power Pn

2200 W

Rated current I n
Rated speed  n

5.03 A

299.5 rd/s

Rated voltage Vn

400 V

TABLE III

Simulation parameters
Parameters

Values

565 V

Vdc
Rs

2,475 Ω

Rr

4,446 Ω

Ls

270,315 mH

Lr

270,315 mH

Lm

259,836 mH

Fig. 12. Efficiency

fr

0,0026 N.m.s.rd-1

The efficiency of the grinding system is shown in fig 12.
The result illustrate the variation of the efficiency for the
three conditions simulations. For low loads, the
performance of system is bad. It causes a longer grinding
time and an important energy loss. To have a good
efficiency for the system, the craft mill must operate at
rated load.

J

0,023 N.m.s2rd-1

The experimental and simulation results confirm the
theoretical study. It has well. However, the results can be
ameliorated, because it are based on the craft mill
parameters that can be depending of other parameters
neglected in this work.
7. CONCLUSION
The characterization and the control of a grinding
device have been presented in this paper. The proposed
method is based on theoretical study and experimental
tests. It allows to determine the general relations that
characterizes the crafts mill and the parameters of the mill
used. Simulations of the craft mill with the FOC and the
parameters give satisfactory results with the ability to
control the speed and the load, in order to have a good
final product and a good efficiency. The actuator must be
chosen to accord to the mill capacity and the mini-grid
power. However, this work is the first part based on the
simulation. As perspective, it will be validated using a
dSPACE prototyping systems.
ACKNOWLEDGMENT

REFERENCES
[1]

A. Upasan and Y. Kumsuwan, "Closed Loop Speed Control of
Induction Generator with Scalar-Control Inverters," Elsevier,
Energy Procedia, vol. 34, pp. 371-381, 2013.

[2]

P. Farmanzadeh, M. R.Azizian and A. Ebrahimi, "A Robust
Controller Design to Stabilize Induction Motor Drive Operation
Using (IFOC) Method," IEEE, 3rd Power Electronics and Drive
Systems Technology (PEDSTC), Tehran, Iran, 15-16 Feb. 2012.

[3]

H.M. Mbengue, "Le matériel de traitement post-récolte des céréales
au Sénégal," Revue Sénégalaise des Recherches Agricoles et
Halieutiques, vol. 2, pp. 68-75, 1989.

[4]

S. E. Rezgui and H. Benalla, "High performance controllers for
speed and position induction motor drive using new reaching law, "
International Journal of Instrumentation and Control Systems, Vol.
1 (2), pp. 31-46, 2011.

[5]

A. Kumar, T. Ramesh, "Direct field oriented control of induction
motor drive," the 2nd IEEE International Conference on Advances
in Computing and Communication Engineering, Dehradun,
Uttarakhand, India, 1-2 May, 2015.

[6]

W. Khairi, A. Rhouma, M. Turki and J. Belhadj, "Dspace
implementation and experimentation of Power Field Oriented
Control for motor-pump fed by intermittent renewable sources,"
IEEE, International Conference on Electrical Sciences and
Technologies in Maghreb, Tunis, Tunisia, 3-6 November, 2014.

[7]

R. A. Maher, W. Emar and M. Awad, "Indirect Field Oriented
Control of an Induction Motor Sensing DC-link Current with PI
Controller," International Journal of Control Science and
Engineering, vol. 2 (3), pp. 19-25, 2012.

[8]

Y. Zahraoui, A. Bennassar, M. Akherraz and A. Essalmi ," Indirect
Vector Control of Induction Motor Using an Extended Kalman
Observer and Fuzzy Logic Controllers," IEEE, 3rd International
Renewable and Sustainable Energy Conference (IRSEC'15),
Marrakech, Morocco, 10-13 December, 2015.

This work was supported by the Tunisian Ministry of
Higher Education and Research under Grant LSE–ENITLR 11 ES15 and the European project "ERANETMED EDGWISE" ID 044.

ISBN: 978-9938-14-953-1

(143)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

Detection of Eccentricity Fault in Closed-Loop
Induction Motor Drive using Wavelet Transform
R. Rouaibia

F. Arbaoui

T. Bahi

Faculty of Sciences and Technology
University Mohamed-Cherif
Messaadia
LEER Lab., Souk Ahras, Algeria

Department of Electronics
Engineering Badji Mokhtar
University
LASA Lab., Annaba, Algeria

Department of Electrotechnology
Engineering Badji Mokhtar
University
LASA Lab., Annaba, Algeria

rouaibia.reda@hotmail.com

arbaoui @univ-annaba.org

tbahi@hotmail.fr

Abstract--The present paper examines eccentricity fault
detection for a variable speed induction motor (IM) using an
indirect field oriented control (IFOC) based inverter (PWM)
for speed and stator current regulation. Although the
induction machine is well known to be robust, it is subject to
certain constraints due to operating conditions. Hence,
detection of faults inherent to the machine is essential for
improving reliability, security and avoiding unwanted or
even catastrophic failures. In this work, we propose to use
the Discrete Wavelet Transform (DWT) with different
approaches for the diagnosis of induction machine to detect
faults and identify their severity. The obtained results show
that the considered methods can effectively diagnose and
detect
mixed
eccentricity
faults.
Index Terms--Diagnostic, modeling, Induction Motor, IFOC,
Mixed Eccentricity, Discrete Wavelet Transform.

1. INTRODUCTION
Induction motors are also known as the asynchronous
motors and they are the most used electric drive in
industrial applications. (IM) are wide spread
electromechanical conversion systems for high-dynamic
performance applications. Now it covers most of the
transformation needs of electrical energy to mechanical
energy. Since it has the advantage of being robust, simple
and low cost. However, the fault diagnosis of such
machines has become an essential and necessary task to
get a will functioning of a more secured production chain
for most industrial applications. Also, the production lines
must be provided with effective protection systems since
any failure can cause hardware damage and / or body. To
avoid such problems, many researchers are still working
to develop various dynamic models for analysis and fault
diagnosis purpose of the induction motor. They have
developed many types of software whose main objective
is to prevent users from risks that could possibly happen
in a particular point of the system. There are many studies
on eccentricity faults in line connected induction motors,
but there are fewer studies on inverter driven induction
motors. The supply voltage in line-connected motor has a
sinusoidal waveform. On the other hand, the closed-loop
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harmonic components through controllers in control loops
affect the machine parameters (voltage and current) and
try to make them equal to the command values. The
impact of faults on controlled variables weakens and
faults detection may be difficult. On the whole,
characteristics of control loops should be considered in an
appropriate fault detection method. The work we
developed through this contribution relates to a fault
detection method of mixed eccentricity in a three-phase
variable speed induction motor using an indirect field
oriented control powered by a voltage inverter (PWM) [1],
[2]. We present in this paper a method for detecting and
isolating defects of eccentricity. The proposed method
uses frequency analysis of stator phase current based on
Discrete Wavelet transform (DWT) [3]. Its multi
resolution analysis and good time localization are used to
detect electrical and mechanical failure in an induction
machine, we use Daubechies 44 (db44) as mother wavelet
function for the analysis of the mixed eccentricity [4].
2. INDUCTION MOTOR MATHEMATICAL MODEL
The proposed model is based on an approximation of coupled
circuits where the magnetic current in each mesh of the rotor
cage is an independent variable as shown in Fig.1.

(144)

Fig.1. Equivalent Rotor mesh circuit

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

This approach offers a compromise in terms of model
accuracy and computation time. In addition to that, this
type of model can take into account a number of
electromagnetic faults such as broken bars and
eccentricity faults. By using extended Park transformation
in the (d, q) frame, we obtain the mathematical model of
the induction motor [2], [3], [5] which takes into account
the failure of the rotor and can be written as:

d 1
 (Te  Tr  f v . )
dt
J

(7)

3
Te  . p.N r .M sr .( I ds .I qr  I qs .I dr )
2

(8)

Where p: is pole number, Nr: number of rotor bar, Msr:
Mutual inductance.
3. INDIRECT FIELD ORIENTED CONTROL

d[I]
=[V]-[R][I ]
dt
I   I ds I qs I dr I qr T
[L]

V   Vds


 L sc

 0

[ L]    3
 2 M sr

 0

 0

(1)



Vqs Vdr  0 Vqr  0

T

0

 Nr
M sr
2

L sc

0

 Nr
M sr
2

0

Lrc

0

3
M sr
2
0

0

Lrc

0

0

0


0

0
 (2)

0

0

Le 

where
Lsc : is the total inductancegiven by the expression with

Lsc 

6.0 .N s 2 .r .l
 Ls
e . . p 2

e: air gap of the machine,

(3)

Ls : leakage inductances, r:

mean radius of the machine, l : length of the machine
and  0 :air permeability.

 Nr


0
..M sr 0 
 Rs  .Lsc
2


 Nr
.Lsc
Rs
..M sr
0
0
2
[ R]  
 (4)
0
Rr
0
0
 0
 0
0
0
Rr
0


0
0
0
Re 
 0

2 Le
+2 Rb( 1- cos (a))
Nr
2L
Lrc=Lrp -M rr+ e +2 Le( 1- cos (a))
Nr

Rr=Lrp+

The advantage of using a reference related to the rotating
field frame is to have constant magnitudes. It’s then easier
to make the regulation, by acting on the ids and iqs variables.
The magnitudes  r and Te are ordered separately. This
results in:

(5)

(6)

After applying the extended Park transformation on the
expression of electromagnetic torque, the mechanical part
is ultimately determined by the relationship obtained
below:
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The principle of control by (FOC) field oriented control
[6] applied to an asynchronous motor is based on the
decoupling between the current components used for
generating magnetizing flux and torque. The decoupling
allows the induction motor to be controlled as a simple
DC machine with separate excitation [7]. The field
oriented control implies the translation of coordinates
from the fixed reference stator frame to the rotating
synchronous frame. This implies that the ids component of
the stator current would be aligned with the rotor field and
the iqs component would be perpendicular to ids as shown
in Fig.2.This translation makes possible the decoupling of
the stator current into two components, which are
responsible for the magnetizing flux and the torque
generation. However, calculation of the rotor flux is
carried out by two different ways. If it is measured
directly by using sensors, it is called direct Field Oriented
Control (DFOC). If measurement is calculated from slip
of dynamic model of induction motor, it is called indirect
Field Oriented Control (IFOC) [8], [9]. The IFOC
technique has simple implementation and it is more
reliable what makes it widely used in industry. The IFOC
is based on a number of assumptions, more precisely:
φrq=0; Vrd=0andVrq=0.

Fig. 2. Stator current space vector and its component
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M sr .iqs
 d r M sr .ids   r
=
;  sl=

 dt
Tr
Tr . r

p.M sr .iqs . r

Te=
 K .iqs

Lr


The parameter τ indicates the translation in time, and the
parameter s is a scale parameter. The translation and the
(9)

Where ωsl: is a slip frequency.
Hence, the analogy with DC machine performance is
clearly established, by keeping the flux constant. The
electric torque is found proportional to the iqs component,
and the flux  r and ids component of current can be
related through the first-order linear transfer function
where Tr is a rotor time constant.
4. ECCENTRICITY FAULT MODEL
Eccentricity fault is more related with internal faults of
the machine; it appears when there is an unequal air gap
between rotor and stator. Three kinds of eccentricity can
be considered: static eccentricity (SE) [1], dynamic
eccentricity (DE) [11] and mixed eccentricity (ME), [10].
In the first static eccentricity, the air gap becomes
irregular, therefore in this case the minimum air gap
location appears at a specific fixed position. Its function
varies in a sinusoidal manner with the angular position of
the stator. Dynamic eccentricity exists when axis of
rotation coincides with axis of stator but not with axis of
rotor, the minimum air gap location then changes with the
rotor’s angular position and revolves with it. For the
mixed eccentricity(ME), the two defects(SE)and (DE)are
present at the same times and axis of rotation is different
from both axis of stator and rotor. In this work, we chose
to study mixed eccentricity fault. The expression of the air
gap that reflects this type of defect is expressed by the
following equation:

e( s , r )  e   s cos( s )   d cos( s   r )
with
e: air gap of the machine;
 s =a1.e:is the percentage of static eccentricity;

 d =a2.e:is the percentage of dynamic eccentricity.

(10)

expansions transform the signal into another timescale.
The representation form with smaller scales corresponding
to the high frequency components [13].
In the case of discrete wavelet transform, the expansion
and translation parameters s, τ are limited only to discrete
values leading to the following expression:

s,

1

(t )

j

t

k 0s 0
(12)

j

j

s0

s0

Where, the whole numbers s and τ control respectively the
wavelets expansion and translation. For practical reasons,
the simplest and most efficient discretization comes by
choosing s0= 2 and τo=1:

s,

(t )

t

1
j

2

k 2j
2

j

j

22

2 jt

k

(13)

Obviously, different mother wavelets generate different
classes of wavelets, and hence the behaviour of the
decomposed signal can be quite different.
B. Wavelet Energy
The fault diagnosis is based on observation and
comparison between levels decomposition that contain
default information. When mixed eccentricity fault
appears in an asynchronous machine, the stator current
signal, contain information included in each frequency
band which is resulting from the decomposition of
wavelet packet. The energy value associated to each level
or each node of decomposition is defined by [12], [13]:
n

E j   D 2 j , k ( n)

(14)

k 1

where
j is the level of detail,
Djk is the detail signal at level j and n is the total number
of samples of the signal.

The energy values of decomposition levels contain
necessary diagnostic information. The plot of these values
can be used to diagnose faults in the squirrel cage
induction motor and it can also identify the degree and the
A. Wavelet Transform
severity of the fault. Before the calculation of the wavelet
energy, the number of the decomposition levels must be
This transform is an extension of a given waveform in a well defined by the following relationship [13], [14]:
space which is defined by a set of orthonormal or

f

orthogonal functions. The wavelet Ψ (t) is as its name
 log  e
f s    2

(15)

N

int
suggests the localized waveform [12], which satisfies
 log  2  


some conditions and defined as:


With fs: frequency of the fundamental, fe: frequency of
1
t 
(11)
 s , (t )  s   s 
sampling.
5. FAULTS DETECTION METHODS
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6. SIMULATION AND INTERPRETATION
The static and dynamic performances of IFOC are
evaluated using the Software Matlab/Simulink. The
machine parameters are mentioned in the appendix below.
a. Results for healthy machine
Figs. 3(a-c) shows the speed, the stator currents and the
electromagnetic torque under healthy conditions of the
machine. The test of control is realised with an inversion
of the speed from +20rad/s to -20rad/s at time t=1.5s. This
change of the direction of rotation proceeds with
application of load torque equal to 3.5N.m at time t=0.6s.
The speed settling time is about 0.2s and the steady state
error is very small.

In Figs. 4(a-c) we applied mixed eccentricity fault
ME=10% (SE=10% and DE=10%) at start-up of motor.
We note the apparition of oscillations. They are very
visible considering the healthy case and are due to the
impact of eccentricity defect. In Fig. 4(a) we observe that
speed always remains stable and follows the reference
with small oscillations. These results show that the
indirect vector command applied to the asynchronous
machine presents an interesting performance.

(a)

(a)

(b)

(b)

(c)
Fig. 4. Faulty motor with mixed eccentricity fault
(ME 10%): (a) Rotor speed, (b) Stator current,
(c) Electromagnetic torque.

(c)

Fig. 3. Healthy condition of the motor: (a) Rotor speed,
(b) Stator currents, (c) Electromagnetic torque.

c. DWT analysis
The decomposition in multi levels of the stator current is
carried out using the mother wavelet Daubechies44
(db44). The level of decomposition necessary is calculated
with the relationship [15]:

b. Results for machine with mixed eccentricity fault
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TABLE 1
Frequency bands of approximation and details
Levels

Frequency bands
approximation
0-39.0625
0-19.531
0-9.76
0-4.88
0-2.44
0-1.22

7
8
9
10
11
12



contains low band frequency, caused by harmonic of the
eccentricity fault. The fault frequency components of the
eccentricity defect are based on expressions (18):

Frequency bands
Details
39.0625-78.125
19.531-39.0625
9.76_-19.531
4.88-9.76
2.44-4.88
1.22-2.44


1 s 
f ecc  f s 1  k 
 
 p 


(17)

with
fecc :eccentricity fault frequency, fs :fundamental frequency,
k = 0, 1, 2,…n :constant and s :is motor slip.



 log 104 
7 

(16)
N  int 
 2  12 levels
log  2  




With fs: frequency of the fundamental, fe: frequency of
sampling. In our simulation, fs=7 Hz and fe =10 kHz. One
can calculate the number of appropriate decompositions
that is equal to 12 levels; the Table1 indicates the different
frequency bands of approximation and details [16], [17].

Fig. 5 shows the DWT analysis of the stator current signal
given in Fig. 3(a), Fig. 4(a) (original signal) and d12, d11,
and d10 are the detail signals obtained by mother wavelet
db44 at level 12, in the case of healthy condition and
faulty case.

Fig. 6. DWT analysis of current for faulty machine under
(ME 10%)

Fig. 5. DWT analysis of current for the healthy machine
A comparison between Fig. 5, and Fig 6 when we applied
a load torque at t=0.6s and then we changed direction of
rotation at t=1.5s, shows that in the d10
and d12 levels signal, there is no much change but there is
an important variation in the d11 level signal, which
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Fig. 7 shows the variation of the energy in the frequency
bands of decomposition of multi wavelet-levels in the case
of a healthy machine and with three degrees of mixed
eccentricity defects: (ME 5%, ME 10%, ME 20%) [6],
[11]. The stored energy in each level of decomposition,
confirms the observed increase in the signals of detail and
approximation especially in the level 10 (see TAB1). This
is corresponding to the band of neighborhood and below
of the fundamental fs=7HZ. The effect of the mixed
eccentricity default is clearly manifested by the energy
stored in the level 10. The increase differs according to the
severity of default: the energy in the healthy case is 14.5%,
in the case of (ME 5%) the energy is 15.8%, in the case of
(ME 10%) the accumulated energy is 18%, and for the
case of (ME 20%) the stored energy in the level 10 is in a
remarkable way 22.7%. We can see that the difference
between the healthy and the faulty case is very clear, and

(148)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

the increase of energy differs according to the severity of
default.
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Abstract—Ad hoc networks are a new wireless networking
paradigm for mobile hosts. Unlike traditional mobile wireless
networks, ad hoc networks do not rely on any fixed
infrastructure. Instead, hosts rely on each other to keep the
network connected. This paper analyzes security challenges in ad
hoc networks and summarizes key issues that should be solved
for achieving the ad hoc security. It also gives an overview of the
current state of solutions on such key issues in Mobile Ad Hoc
Networks (MANETs). To develop suitable security solutions for
such new environments, we must first understand how MANETs
can be attacked. Then we discuss various proactive and reactive
solutions proposed for MANETs. We outline secure routing
solutions to avoid some attacks against the routing protocols
based on cooperation between nodes.
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a posteriori and react accordingly. For example, the proactive
approach can be used to ensure the correctness of routing
states, while the reactive approach can be used to protect
packet forwarding operations.
TABLE I

The security solutions for MANETs on the Protocol Stack

Keywords— Security; Routing Protocols; Ad Hoc Networks;
Attacks; Secure Routing Protocols.

1. INTRODUCTION
The Mobile Ad Hoc Network (MANET) is one of the
wireless networks that have attracted most concentrations
from many researchers. A MANET is a system of wireless
mobile nodes that dynamically self-organize in arbitrary and
temporary network topologies. Because mobile ad hoc
networks have far more vulnerabilities than the traditional
wired networks, security is much more difficult to maintain in
the MANET than in the wired network. Lack of secure
boundaries makes the MANET susceptible to the attacks. The
MANET suffers from all-weather attacks, which can come
from any node that is in the radio range of any node in the
network, at any time, and target to any other node(s) in the
network. The attacks mainly include passive eavesdropping,
active interfering, leakage of secret information, data
tampering, message replay, message contamination, and denial
of service [1]. MANETs is to provide security services, such
as authentication, confidentiality, integrity, anonymity, and
availability, to mobile users.
In order to achieve this goal, the security solution should
provide complete protection spanning the entire protocol
stack. Table I describes the security issues in each layer. There
are basically two approaches to protecting MANETs:
proactive and reactive. The proactive approach attempts to
prevent an attacker from launching attacks in the first place,
typically through various cryptographic techniques. In
contrast, the reactive approach seeks to detect security threats
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2. ATTACKS ON MANET
The security goals of MANETs are not that different from
other networks: most typically authentication, confidentiality,
integrity, availability, and non-repudiation. Authentication is
the verification of claims about the identity of a source of
information. Confidentiality means that only authorized
people or systems can read or execute protected data or
programs. It should be noted that the sensitivity of information
in MANETs may decay much more rapidly than in other
information. For example, yesterday’s troop location will
typically be less sensitive than today’s. Integrity means that
the information is not modified or corrupted by unauthorized
users or by the environment.
Availability refers to the ability of the network to provide
services as required. Denials of Service (DoS) attacks have
become one of the most worrying problems for network
managers. In a military environment, a successful DoS attack
is extremely dangerous, and the engineering of such attacks is
a valid modern war-goal. Lastly, non-repudiation ensures that
committed actions cannot be denied. The characteristics of
MANETs make them susceptible to many new attacks. At the
top level attacks can be classified according to network

(150)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016
protocol stacks. Table II gives a few examples of attacks at
each layer.
TABLE II

Some Attacks on the Protocol Stack
Layer

Attacks

Application Layer
Transport Layer

data corruption, viruses and
worms
TCP/UDP SYN flood

Network Layer

hello flood, black hole

Data Link Layer

monitoring, traffic analysis

Physical Layer

eavesdropping, active
interference

Fourth, the security solution should encompass all three
components of prevention, detection, and reaction, that work
in concert to guard the system from collapse.
4. SECURITY GOALS
Security is an important issue for Ad Hoc Networks,
especially for those security-sensitive applications. To secure
an Ad Hoc Network, we consider the following attributes:
confidentiality, availability, integrity, authentication, and nonrepudiation.

Attacks against ad hoc networks can be divided into two
groups: Passive attacks typically involve only eavesdropping
of data [2]. Active attacks involve actions performed by
adversaries, for instance the replication, modification and
deletion of exchanged data. External attacks are typically
active attacks that are targeted e.g. to cause congestion,
propagate incorrect routing information, prevent services from
working properly or shut down them completely. External
attacks can typically be prevented by using standard security
mechanisms such as firewalls, encryption and so on. Internal
attacks are typically more severe attacks.
3. CHALLENGES
The wireless channel is accessible to both legitimate
network users and malicious attackers. As a result, there is no
clear line of defense in MANETs from the security design
perspective. The boundary that separates the inside network
from the outside world becomes blurred. There is no well
defined place/infrastructure where we may deploy a single
security solution [3].
Attackers may sneak into the network through these
subverted nodes, which pose the weakest link and incur a
domino effect of security breaches in the system. The wireless
channel is also subject to interferences and errors, exhibiting
volatile characteristics in terms of bandwidth and delay.
Despite such dynamics, mobile users may request for anytime,
anywhere security services as they move from one place to
another. Building multi-fence security solutions that achieve
both broad protection and desirable network performance can
be:
First, the security solution should spread across many
individual components and rely on their collective protection
power to secure the entire network. The security scheme
adopted by each device has to work within its own resource
limitations in terms of computation capability, memory,
communication capacity, and energy supply.
Second, the security solution should span different layers
of the protocol stack, with each layer contributing to a line of
defense. No single-layer solution is possible to thwart all
potential attacks.
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Third, the security solution should thwart threats from both
outsiders who launch attacks on the wireless channel and
network topology, and insiders who sneak into the system
through compromised devices and gain access to certain
system knowledge.

A. Confidentiality
Confidentiality ensures that certain information is never
disclosed to unauthorized entities. In the Ad Hoc Network, not
only sensitive information transmitted requires confidentiality;
routing information must also remain secure in case it might
be valuable for adversaries.
B. Availability
The term Availability means that a node should maintain
its ability to provide all the designed services regardless of the
security state of it. This security criterion is challenged mainly
during the denial-of-service attacks, in which all the nodes in
the network can be the target of attack, and thus some selfish
nodes make some of the network services unavailable, such as
the routing protocol or the key management service [4].
C. Integrity
Integrity guarantees the identity of the messages when they
are transmitted. Integrity can be compromised mainly in two
ways [5]:
 Malicious altering
 Accidental altering
A message can be removed, replayed or revised by an
adversary with malicious goal, which is regarded as malicious
altering; on the contrary, if the message is lost or its content is
changed due to some benign failures, which may be
transmission errors in communication or hardware errors such
as hard disk failure, then it is categorized as accidental
altering.
D. Authentication
Authorization is a process in which an entity is issued a
credential, which specifies the privileges and permissions it
cannot be falsified by the certificate authority. Authorization is
generally used to assign different access rights to different
level of users. For instance, we need to ensure that network
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management function is only accessible by the network
administrator. Therefore, there should be an authorization
process before the network administrator accesses the network
management functions.
E. Non-repudiation.
Nonrepudiation ensures that the sender and the receiver of
a message cannot disavow that they have ever sent or received
such a message. This is useful especially when we need to
discriminate if a node with some abnormal behavior is
compromised or not: if a node recognizes that the message it
has received is erroneous, it can then use the incorrect
message as an evidence to notify other nodes that the node
sending out the improper message should have been
compromised.
5. SECURITY IN MANETS
The security of MANETs can be based on protection in
the link or network layer. In some Ad-Hoc solutions, the link
layer offers strong security services for protecting
confidentiality and authenticity, in which case all of the
security requirements need not be addressed in the network or
upper layers. For instance in some wireless LANs, link layer
encryption is applied. However, in most cases the security
services are implemented in higher layers, for instance in
network layer, since many ad hoc networks apply IP-based
routing and recommend or suggest the use of IPSec.
In [6], an authentication architecture for MANETs is
proposed. The proposed scheme details with the formats of
messages, together with protocols that achieve authentication.
The architecture can accommodate different authentication
schemes.
6. AD HOC ROUTING PROTOCOLS
Ad hoc routing protocols can be classified into three
classes: proactive, reactive and hybrid routing protocols. In
proactive routing the routing table of every node is updated
periodically. On the contrary, reactive routing is performed
on-demand, i.e. the sending node searches for a route to the
destination node only when it needs to communicate with it.
Hybrid routing uses a mixture of these two routing
approaches. That is, proactive routing is used in a limited area
around the mobile node and reactive routing is used outside
this area. MANET is the name of a working group in the
Internet Engineering Task Force (IETF) and it serves as a
meeting place for people dealing with MANET approaches.
The primary focus of the working group is to develop and
evolve MANET routing specifications and introduce them to
the Internet Standards track. The goal is to support networks
scaling up to hundreds of routers according to the official web.
Fig. 1 shows the prominent way of classifying MANETs
routing protocols[7].

ISBN: 978-9938-14-953-1

Fig. 1 Classification of MANET Routing Protocols

7. SECURE ROUTING PROTOCOLS
Routing protocols for Ad Hoc Networks are challenging
to design: wired networks protocols (such as BGP) are not
suitable for an environment where node mobility and network
topology rapidly change; such protocols also have high
communication overhead because they send periodic routing
messages even when the network is not changing. So far,
researchers in Ad Hoc Networking have studied the routing
problem in a non-adversarial network setting, assuming a
reasonably trusted environment. However, unlike networks
using dedicated nodes to support basic functions like packet
forwarding, routing, and network management, in Ad Hoc
Networks, those functions are carried out by all available
nodes. This difference is at the core of the increased sensitivity
to node misbehavior in Ad Hoc Networks and the current
proposed routing protocols are exposed to many different
types of attacks.
The secure Ad Hoc Routing Protocols take the proactive
approach and enhance the existing Ad Hoc routing protocols,
such as DSR [8] and AODV [9], with security extensions. In
these protocols, each mobile node proactively signs its routing
messages using the cryptographic authentication primitives.
In this way, the collaborative nodes can efficiently
authenticate the legitimate traffic and differentiate the
unauthenticated packets from outsider attackers. Following,
the major secure routing protocols for ad hoc networks will be
outlined and analyzed.
A. Secure Routing Protocol (SRP)
The Secure Routing Protocol [10] proposed by
Papadimitratos and Haas is conceived as an extension that can
be applied to a multitude of existing reactive routing
protocols. SRP combats attacks that disrupt the route
discovery process and guarantees the acquisition of correct
topological information: a node initiating a route discovery is
able to identify and discard replies providing false routing
information or avoid receiving them.
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The basic version of SRP suffers from the route cache
poisoning attack: routing information gathered by nodes that
operate in promiscuous mode in order to improve the
efficiency of the DSR protocol could be invalid, because
fabricated by malicious nodes. The authors propose two
alternative designs of SRP that uses an Intermediate Node
Reply Token (INRT). INRT allows intermediate nodes that
belong to the same group that share a common key (KG) to
validate RREQ and provide valid RREP messages.

impersonation attacks. In SAODV, an RREQ packet includes
a route request single signature extension (RREQ-SSE). When
forwarding an RREQ in SAODV, a node first authenticates
the RREQ to ensure that each field is valid. It then performs
duplicate suppression to ensure that it forwards only a single
RREQ for each route discovery. The node then increments the
hop-count field in the RREQ header, hashes the hop count
authenticator, and rebroadcasts the RREQ, together with its
RREQ-SSE extension [12].

SRP suffers also from the lack of a validation of route
maintenance messages: route errors packets are not verified.
However, in order to minimize the effects of fabricated error
messages, SRP source-routes error packets along the prefix of
the route reported as broken: as a consequence the source node
can verify that the provided route error feedback refers to the
actual route and is not generated by a node that is not even
part of the route. A malicious node can harm only the route it
belongs. However, SRP is not immune to the wormhole
attack: two colluding malicious nodes can misroute the routing
packets on a private network connection and alter the network
topology vision a benign node can collect.

When the RREQ reaches the target, the target checks the
authentication in the RREQ-SSE. If the RREQ is valid, the
target returns an RREP as in AODV. A route reply single
signature extension (RREP-SSE) provides authentication for
the RREP. A node forwarding an RREP checks the signature
extension. If the signature is valid, then the forwarding node
sets its routing table entry for the RREP’s original source,
specifying that packets to that destination should be forwarded
to the node from which the forwarding node heard the RREP.

B. Securing Link-State Protocol(SLSP)
Secure Link-State Protocol (SLSP), which uses digital
signatures and one-way hash chains to ensure the security of
link-state updates. We can use SLSP as the Intrazone Routing
Protocol in the Zone Routing Protocol (ZRP). SLSP is a
periodic protocol that receives link state information through a
periodic Neighbor Location Protocol (NLP). As a part of NLP,
each node broadcasts a signed pairing between its IP address
and its MAC address. A node’s NLP can notify SLSP when
one MAC address uses two IP addresses, when two MAC
addresses claim the same IP address, and when another node
uses the same MAC address as the detecting node. These
protocols ensure some level of integrity of MAC and IP
addresses within a two-hop radius. SLSP link-state updates are
signed and propagated a limited number of hops.
SLSP uses the same lightweight flooding prevention
mechanism as SRP, where in nodes that relay or generate
fewer link-state updates are given priority over any node that
sends more link-state updates. As in SRP, an attacker can
masquerade as a victim node and flood the victim’s neighbors
with link-state updates that appear to originate at the victim.
Although the victim might be able to detect the attack, due to
NLP’s duplicate MAC address detection functionality, the
victim will have no way to protest [11].
C. Securing Ad hoc On-demand Distance Vector(SAODV)
The idea behind SAODV is to use a signature to
authenticate most fields of a route request (RREQ) and route
reply (RREP) and to use hash chains to authenticate the hop
count. SAODV designs signature extensions to AODV.
Network nodes authenticate AODV routing packets with an
SAODV signature extension, which prevents certain
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SAODV also uses signatures to protect the route error
(RERR) message used in route maintenance. In SAODV, each
node signs the RERR and it transmits, whether it’s originating
the RERR or forwarding it. Nodes implementing SAODV
don’t change their destination sequence number information
when receiving an RERR, because the destination doesn’t
authenticate the destination sequence number.
D. Securing
Authenticated Routing
for
Ad
Hoc
Networks(SARAN)
ARAN is a secure, on-demand, distance-vector routing
protocol for ad hoc networks proposed in [13]. ARAN uses
public key cryptography to ensure routing message integrity
and non-repudiation to the route discovery process. ARAN
requires the use of a trusted certificate server T, whose public
key is known to all valid nodes. This server sends to each node
a certificate, containing the IP address of the node, its public
key, a timestamp t of when the certificate was created, and a
time e at which the certificate expires, all signed with the
private key of T. As an example, when a node n gets certified
by T, it receives a certificate of the form {n,Kn+,t,e}KT−. All
nodes use certificates issued by T to authenticate themselves
during the protocol.
Figure 2 shows a scheme of the ARAN protocol with four
nodes: a source node A, a destination node X, and two
intermediate nodes B and C, one close to the source and the
other close to the destination. A graphical representation is
provided of the flow of messages: dashed arrows denote the
broadcast of Route Discovery Packets (RDP), while the
continuous arrows denote the unicast sending of Reply
Packets (REP). The figure doesn't show the preliminary phase
in which each node receives a certificate from T, assuming it
has been already performed.
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 ٭: {RDP,X,NA}KA−, [certA]

A
B

 ٭: {{RDP,X,NA}KA−}KB−, [certA, certB]

C

 ٭: {{RDP,X,NA}KA−}KC−, [certA, certC ]

X

C : {REP,A,NA}KX−, [certX ]

C

B : {{REP,A,NA}KX−}KC−, [certX , certC ]

B

A : {{REP,A,NA}KX−}KB−, [certX , certB]
RDP

A

RDP

B
REP

RDP

X

C
REP

REP

Fig. 2 The ARAN Protocol with Four Nodes

8. CONCLUSIONS
In order to avoid the same problems that raised in wired
networks like the Internet, security has to be taken into
account at the early stages of the design of basic networking
mechanisms like the data link layer and the network layer
protocols. The need for security mechanisms that cope with
the threats that are specific to the Ad Hoc environment has
recently gained attention among the research community. A
number of challenges remain in the area of securing wireless
Ad Hoc Networks. First, the secure routing problem in such
networks isn’t well modeled. A more complete model of
possible attacks would let protocol designers evaluate the
security of their routing protocol. In addition, such a model
would form the basis for using formal methods to verify
protocol security.
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More work needs to be done to deploy these security
mechanisms in Ad Hoc Network and to investigate the impact
of these security mechanisms on the network performance.
SRP combats attacks that disrupt the route discovery process
and guarantees the acquisition of correct topological
information. SLSP is a periodic protocol that receives linkstate information through a periodic Neighbor Location
Protocol. SAODV also uses signatures to protect the route
error (RERR) message used in route maintenance. ARAN is a
simple protocol that does not require significant additional
work from nodes within the group.
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INTRODUCTION

The man has a big profit of the strength of the wind
which appears from the antiquity with the use of windmills.
It is today that the wind energy became the greatest form of
renewable energy thanks to the Herculean strength which
produces the wind. It is also the least expensive clean
energy to produce, which explains the strong enthusiasm
for this technology. Such penetration of wind energy in
electricity consumption, raises many questions as to its
perfect fit with the technical constraints of the electrical
system in particular regarding the quality of electricity and
security of electrical energy systems which are relatively
delicate seen that they are often subject to disturbances may
lead in the majority of cases to damage to the conditions of
normal functioning, they also cause the loss of stability of
the entire system, the imbalance between production and
consumption and the discontinuity of service.
In this paper, we are going to be interested in the analysis
of the static and transient stability of the networks of
electrical energy further to disturbances:
 Variation of overload affecting the system,
 Application of defect (three phase symmetrical fault),
 Integrating a source of wind by using a DFIG wind
turbine (Doubly-fed induction generator).
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Abstract— During the past few years, the installed world
wind power capacity has increased massively. The
wind turbine should be integrated efficiently in electrical
network because of their uncertain and difficult prediction
of production. Offshore Wind turbines are often located in
far-off regions where grid access is relatively weak.
This paper focuses on the study of the electric networks
stability in presence of offshore wind turbines. The
application of simulations shows that after the addition of a
FACTS (Flexible Alternating Current Transmission
Systems) device such as STATCOM, the level of
penetration of wind energy without losing the stability of
the network has been significantly improved, as well as
maintaining stability increases even when a fault occurs.
Simulations were achieved on the Tunisian electricity
distribution network (ASHTART) of the SEREPT (Society
for Research and Exploitation of Petroleum) using the
Matlab-based toolbox (PSAT).
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The structure of this paper is as follows. First, the wind
turbine concepts are mentioned, also the static synchronous
compensator is described briefly. Then, the test system and
the result of all simulations are presented.
2.

TURBINE MODELS

There are many different types of wind turbines in use
around the world, each having its own list of benefits and
drawbacks [1].
In recent years, the majority of wind farms that
connected to the grid are equipped with DFIG. This kind of
wind turbines is the most popular technology among
several wind turbines technologies because of their
numerous advantages over other types of generators when
used in wind turbines as that they allow the amplitude and
frequency of their output voltages to be maintained at a
constant value, no matter the speed of the wind blowing on
the wind turbine rotor, so DFIG can be directly connected
to the ac power network and remain synchronized at all
times with the ac power network, also the ability to control
the power factor while keeping the power electronics
devices in the wind turbine at a moderate size [2]-[3].
In this paper we will focus on a variable-speed wind
turbine with a doubly-fed-induction generator (DFIG) and
Fig. 1, shows the basic structure of this turbine.
The DFIG consists of a wound rotor induction generator
and back to back converter connecting the rotor slip rings
to the grid. The wind turbine is connected to the induction
generator through a mechanical shaft system. A gearbox is
linking high and low speed shafts in the shaft system. The
induction generator stator is directly connected to the grid
whereas the rotor is fed through a back to back voltage
source converter [4].
Also, the active and reactive power output of the DFIG
can be fully controlled by rotor side converter. The rating
of rotor side converter and grid side converter of DFIG are
about (25- 30%) of the total wind power [5].
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Fig. 1. Doubly-fed induction generator.
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3.

STATCOM

With instantaneous power demands, Flexibles AC
Transmission Systems have been introduced in the
networks to control the flow of power and to improve
stability of electrical systems. Mentioning in this context
the STATCOM (static synchronous compensator) which is
a shunt power compensation device (generating or
absorbing reactive power) when powered by a source of
wind energy as it is mentioned in the Fig. 2, [6]-[7].
The STATCOM has several advantages:
 Good response to low voltage, the STATCOM is
able to provide its nominal current, even when the
voltage is very low (almost zero),
 Good dynamic response, the system responds
immediately [8].

Critical Clearing Time "CCT", then the effect of adding
STATCOM on improving the "CCT",
- The impact of the integration of a source of wind power
on the stability of the test network by using DFIG wind
generator, then the maximum rate of wind energy
integrated into the network without losing its stability by
gradually increasing the quantity of energy added to the
network up to the limit of instability. At this stage, we are
going to add a STATCOM and see its influence on
improving the network's ability to accept more of wind
energy.

Fig. 2. Static synchronous compensator.

In this paper we will be interested in the effect of the
application of STATCOM on the conventional network,
which will take an important part in our simulation work.
4.

TEST SYSTEM

The test system for this study is presented in Fig. 2,
(Model implanted under PSAT), it represents the offshore
distribution network of the SEREPT named as
"ASHTART" network.
ASHTART is a network compound of 6 generators, 33
buses, 25 lines, 14 transformers and 8 loads.
It must be noted that all simulations are developed by
PSAT (version 2.1.2) [9].
5.

WORKING PROCEDURE

Fig. 3. Model of ASHTART network implanted under PSAT.

6.

RESULTS AND DISCUSSIONS

6.1. ANALYSIS OF STATIC STABILITY
A. Limit of The Overload
Fig. 4, and Fig. 5, Recapitulate the initial state of the
ASHTART network (Analysis of voltage profile of all
buses) which is characterized by the active losses in the
transmission
lines « ΔP=4.695MW»and
reactive
losses « ΔQ=3.614MVAR ».

First, the static stability will be analyzed. The study is to
identify the most sensitive buses to the power variation by
change of percentage of overload until a limit value beyond
which the system loses its stability and this in order to
determine the optimal location of STATCOM for
improving the maximum load that can be supported by the
network without losing its static stability.
Second, the transient stability is studied. The study is to
determine:
- The impact of the fault application (balanced three-phase
short circuit) on network stability, the calculation of
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Fig. 8. Evolution of the voltage magnitude with the
variation of load parameter.

Fig. 5. Angle of synchronism in the initial state.

B. Evolution of Voltage for Various Load Values
Now, we are going to increase the load gradually by a
coefficient λ of overload and see the Evolution of the
voltage for every overload value (10%, 20%, 25% and
29%) as shown in Fig. 6.

Fig. 9, compares the critical state with the initial state
of the network.

Fig. 9. Critical deflection of voltage.
Fig. 6. Evolution of the voltage according to load evolution.

According to results, it is very clearly that the voltage
of all buses decreases during the increase of the load up to
a limit where the network doesn’t supports more additional
overload (loss of static stability as shown in Fig. 7, so the
overload limit is equal to 29% (λmax =1.331) as shown in
curve (V, λ) of Fig. 8.

It is clear that the critical deflection voltage mainly
concerns the bus 3, 10, 15, 20, 24, 26 and 30 which will be
the candidate places for STATCOM insertion.
C. Optimal Location of STATCOM
Fig. 10, Fig. 11, and Fig. 12 show successively the
effect of different location of STATCOM on the network,
the variation of the active and reactive losses for every case.

Fig. 10. Voltage profile for the different location of STATCOM.
Fig. 7. Angle of synchronism for an overload value ≥ (29%).
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TABLE I

CCT for Different Fault Locations
Buses
CCT
(ms)

Bus
10

Bus
11

Bus
15

Bus
18

Bus
21

661.3

700.08

655.5

650.63

701.85

Bus
26
655.78

Bus
28

Bus
32

709.06

673.14

The variation speed of the rotors of the various
generators is shown in Fig. 13 and Fig. 14.

Fig. 11. Reactive losses for the different locations.

Fig. 13. Speed evolution for CCT =650.63ms.

Fig. 12. Active losses for the different locations.

6.2. ANALYSIS OF TRANSIENT STABILITY
This analysis was realized in two parts, it requires the
application of three phase symmetrical fault and see the
transient behavior of the network in order to identify the
exact value of the critical clearing time "CCT" (which
represent the Index of stability adopted in our transient
study):
- Calculating the maximum rate of wind power
penetration estimated from simulations in the temporal
domain,
- Improving wind penetration rate in the conventional
network by introducing a STATCOM.
It must be noted that the location of the STATCOM in
bus 10 will be adopted for all that follows.
A. Influence of Fault Locations
The study involves applying a default to all load bus
and seeing the behavior of ASHTART following this
disturbance given in Table1 which shows that the most
unfavorable place is in the bus 18 where CCT is the
lowest.

ISBN: 978-9938-14-953-1

Fig. 14. Speed evolution for CCT =651ms.

We can conclude that the CCT without integration of a
STATCOM is of 650ms and beyond this value, the network
loses its transient stability.
B. Behavior of Network After STATCOM Integration
Now, we insert a STATCOM into all buses except in
generation buses and Bus 18.
We can say that inserting a STATCOM in any bus has
improved the CCT compared to CCT found without adding
a STATCOM.
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This table shows that more than 80MW of wind power
integrated causes loss of network stability.

TABLE II

Transient Stability for the Different Location of STATCOM
Classification of
buses

Link buses

CCT(ms)

1
17
25
26
16
4
7
3
23
22
14
5
2
19
13
18
8
11
21
9
6
10
24
15
20
12

Bus 3
Bus 5
Bus 7
Bus 8
Bus 9
Bus 10
Bus 11
Bus 12
Bus 13
Bus 14
Bus 15
Bus 19
Bus 20
Bus 21
Bus 22
Bus 23
Bus 24
Bus 25
Bus 26
Bus 27
Bus 28
Bus 29
Bus 30
Bus 31
Bus 32
Bus 33

652.05
701.95
810.96
914.17
697.18
662.04
669.02
655.62
732.82
725.58
684.56
668.21
653.35
718.19
684.02
703.27
676.65
678.92
725.01
677.19
668.91
677.62
734.63
692.26
719.61
681.03

D. Impact of STATCOM on The Integrated Wind Power
Rates
Now, the study consists to insert a STATCOM on bus
29, same place of wind source integration.
TABLE IV

CCT for different penetration wind power rates
(With STATCOM)
Installed
capacity of
Wind
sources
(MW)
Rate of
wind
sources
penetration
(%)
CCT (ms)

TABLE III

CCT (ms)

40

60

80

>140

21.56

26.95

32.34

37.73

>38

132

107

96

0

0

CONCLUSION
This paper has mainly focused on the assessment of two
types of stability: "static stability" and "transient stability".
According to previously simulations, the following
conclusions are obtained:
 the optimal location of a STATCOM is determined to
improve the maximum load that the network can support
without losing its static stability,

>80

2.69

5.39

10.78

16.17

21.56

>22

463

375

242

113

67

0
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140

 It is proved that both a high level of wind power
penetration or exceed the critical clearing time "CCT"
due to three phase symmetrical fault destabilize the
power system,

CCT for Different Penetration Wind Power Rates
(without STATCOM)

20

120

Besides its performance of stability, we notice that
adding STATCOM leads to improve the integration of
wind power rates in the network, and to increase his ability
to support a disturbance without losing stability.

Now the study consist to add a source of wind energy to
the ASHTART network exactly on the bus 29 and increase
the penetration rate of wind power (10 to 80MW), to
observe transient behavior of the network during the same
defect by calculating the rate of wind integration in the
network given by the ratio between the power generated by
wind turbines and the total power consumed.

10

100

This table shows that integrating a STATCOM allows
the system to support more power than the case without
STATCOM.

C. Impact of Wind Integration on Transient Stability

Installed
capacity of
Wind
sources
(MW)
Rate of
wind
sources
penetration
(%)

80

 The addition of STATCOM gives better performance to
enhance the amplitude of the voltage profile during
disturbances, also its important effect to increase wind
energy rate integrated in the network without losing its
transient stability.
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Abstract— Present situation of the electricity companies is
very difficult due to two factors: the increased demand for
electricity and the rising price of fossil fuels. The solution is
to move towards the production of renewable energies. This
work focuses on the systems analysis based on the Objectives
Oriented Project Planning (OOPP) method of renewable
energy production in particular of photovoltaic system and
wind power. The objective of the analyses is to build a
communication network between different renewable
production sites, analyze and plan all installation projects
whatever its nature and situation.

Figure 1 presents the different blocks of photovoltaic
conversion chain.

Index Terms-- Renewable energy, Photovoltaic systems,
Wind power, Systemic modeling.
Fig. 1. Blocks of photovoltaic conversion chain.

1. INTRODUCTION
The progression of technology and the improvement of
manual systems to automated systems are a very important
call to electricity. That is why researchers are making great
efforts to improve the production of electricity, switch
between production and demand, assure monitoring and
real time supervision of all environmental changes to the
power grid by a very intelligent network called Smart
Grid.
In fact, the smart grid contains seven areas, the most
important one is the production area, which is a large
research area generally based on the renewable sources
such as water, wind and sun.
The renewable energy sources are the cleanest, the
most economical, nonpolluting and ecological character
and overlooked their costs they are free and will never risk
to be annihilated.
In this paper, we will be interested in the renewable
energy production for which a systemic modeling method
Objectives Oriented Project Planning (OOPP) is presented
to give the best description for this system. This is why a
research on a chain photovoltaic conversion and a chain
wind conversion is presented.

In this section, we identify the different blocks of a
photovoltaic conversion chain. This is why we start by
modeling of a PV panel and then the adaptation system by
static converter DC-DC, along with the ordering system
with the approach perturbation and observation, and
finally the adaptation system using static conversion DCAC.
A. Modeling of a photovoltaic module
Photovoltaic solar energy is the direct conversion of
energy from photons into electricity. The combination of
several PV cells called module and the combination of
several modules form a PV panel [1], [2], [3].
The cell of a PN junction photovoltaic submitted to the
illumination can be schematized in Figure 2.

Fig. 2. Equivalent electric diagram of a PV cell [1].

2. CHAIN PHOTOVOLTAIC CONVERSION
A photovoltaic panel (PV) is used either to directly
operate a continuous load current, or connect to a public
network or both together.
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The equivalent electric diagram of a PV cell can be
modeled by equation (1)

I pv = I ph − I d − I r

(161)
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Where: The photocurrent of the cell proportional to the
sunning Es is given by equation (2):

I ph = I cc (

Es
)
1000

(2)

The current through the diode is given by the
equation (3):

I d = I sat (e

(

q (V pv + I pv Rs
AKT

)

− 1)

(3)

The current derived by the shunt resistance is given by
equation (4):

Ir =

V pv + I pv Rs

(4)

Rsh

From equation (1), a simple methodology was
developed to determine the characteristics of a cell or
photovoltaic panel, like the short-circuit current Icc and the
open circuit voltage Voc to infer the implicit mathematical
expression of the current delivered by a photovoltaic cell,
and its characteristic I-V.
Similarly, for mathematical modeling of a PV panel,
you should have the actual realization of the module
structure, such as the inclusion of cells in a PV module is
as needed of the charge in three types [4], [5], [6]:
• The cells are associated in series: The series
connection of PV cells Ns delivers a voltage equal to
the sum of the individual voltages and a current equal
to that of a single PV cell.
• The cells are associated in parallel: The parallel
combination of the PV panels delivers a current equal
to the sum of the individual currents and a voltage
equal to that of a single PV cell.
• The cells are associated in parallel and in series:
mixed, to increase the current and the voltage.
The general case, the modeling of a PV panel is down
by equation (5).
q(

I pv = N p I ph − N p I sat (e
−

(

V pv
Ns

+

Fig. 3. Typical structure of DC-DC boost converter.

In this case the division of the output voltage of the
chopper by its input voltage is equal to:

Vout
1
=
Vpv 1 − α

(6)

With α: the duty cycle.
The nonlinear characteristic of the PV module and
sensitivity to external conditions induces energy losses
hence the fluctuation of the output voltage can damage the
load. Needless to say, the importance of a control system
is essential.
C. Ordering system with the approach perturbation and
observation.
Command systems that are mentioned later in systems
analysis have the same purpose; it is the search of the
maximum power point tracking MPPT. But the
performance, implementation, complexity and rapidity will
differ from algorithm to another.
The photovoltaic panels are subjected to change
conditions in the sunshine and temperature. These changes
materialize the need of a power extraction optimization
algorithm that is changing the values of voltage and
current of the photovoltaic generator to MPPT [9], [10].
The algorithm studied in this research is the
perturbation approach and observation which changed in a
block diagram (Fig.4).

I pv Rs

AKT

Np

)

− 1)

(5)

N pV pv − I pv N s Rs
N s Rsh

B. Adaptation system by the DC-DC converter
The converter is used to adapt the energy from the PV
panel with load. In the case of a booster converter, the
voltage’s nature does not change but the voltage level
increases (Fig.3).
In order to make the converter operate in a continuous
conduction mode, the IGBT must be opened and the
current going through the inductor is not canceled [7], [8].
Fig. 4. Flow chart of perturbation and observation algorithm.
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The command offered by this approach obliges the
operating point of the photovoltaic generator to approach
the maximum power point and oscillate around it either by
a linear positive or negative variation in voltage of the
photovoltaic generator through time [10].
D. Adaptation system by converter DC-AC
The DC-AC converter is used to adapt the energy from
the PV panel either directly or by the intermediary of a
Boost converter. This converter changes the nature of the
continuous voltage to the alternative and stabilizes the
voltage level after the PV panel. It can be a mono-phase
for operating charges or three-phases for delivering energy
to the grid (Fig.5) [11], [12], [13].

Where: The aerodynamic power is given by the equation
(8):

Paero = PwC p ( λ )

(8)

The power of wind is given by equation (9):

Pw =

ρ SR2V 3

(9)

2

The specific speed is given by equation (10):

λ=

RΩ T
V

(10)

B. Modeling of the multiplexer
The generator torque of fast shaft is given by equation
(11):

CG =

Caero
M

(11)

Where: M is the multiplication ratio.
C. Modeling of the generator
The mechanical torque is down by equation (12):

Cmec = CG − Caero − Cvis = J

d Ωmec
dt

Fig. 5 Three phase voltage inverter connected to a grid.

Where: The friction torque is given by equation (13)

3. CHAIN WIND CONVERSION

Cvis = f Ω mec

In this section, we identify the different blocks of a
wind conversion chain (Fig.6). This is why we start by
modeling of turbine, the multiplexer, the generator, and
finally the converter [13], [14], [15], [16].

(12)

(13)

D. Modeling of converter
The electric power is given by equation (14)

Pélec = CG ΩG

(14)

4. RESULTS OF SYSTEM MODELING
Because of the complexity of some systems and the
diversity of the interactions among its components, we
suggest in this research, on the one hand, the need for
systemic modeling for the resolution of these complex
problems and offer communication support between its
different users, on the other hand. Indeed, for analyzing
and modeling of complex systems, we find various
categories and a multitude of application areas.
We also in, this article, we used the systemic OOPP
method for the description of the field of renewable
production.
A. Presentation of method

Fig. 6 Blocks of wind conversion chain.

A. Modeling of the turbine
The aerodynamic torque of slow shaft is down by
equation (7):

Caero =

Paero
ΩT
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(7)

The OOPP method is considered as communication
device, an analysis and a project planning, whatever its
nature and its location [22], [23]. It is made up of three
essential stages: 1st problem analysis stage; 2nd objective
analysis stage and 3rd stage of activity planning.
The problem analysis stage is very frequent that the
conception and implementation of a project meets many
problematic situations expressed by a sponsor [22], [23].
The approach used is federative since endorses the
principle of organizing workshops bringing together
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variety of competence domain. This is why the analysis of
this situation must be conducted according to a structured
methodology based on causal logic identifying its effects
and causes (Fig.7).

B. Systemic modeling of the PV generation
Analysis of a PV generator with the systemic method
OOPP allows us to scale well a PV system with a study
that contains the best choice of components according to
the charge and the installation site.

Workshop of problems analysis

In this part, we introduce the information matrix of the
third step of the OOPP method associated to the general
objective (GO: Identification of PV production). This first
specific objective is presented in table 1.

Causal logic

TABLE I

Problems Tree

Analysis of the photovoltaic production

Inversion

1

Objectives Tree
Fig. 7. OOPP method.

The objectives of the analysis step are presented by the
Tree of problems constituting a negative report, allows a
simple inversion (transform a negative state to a positive
one) to build a Tree of Objectives which constitute the
basis of any plan Action.
A causal logic of problem analysis, logical is made to
correspond "means-end" for developing the objectives
tree. This is how we establish connections:
Central Problem: PC
Direct Cause: DC
Sub-Cause: SC
Sub-Sub Cause: SSC

Global Objective: OG
Specific Objective: OS
Result: R
Activity: A

To analyze an objective, a result, an activity or a
derived activity, is arisen whenever we are confronted
with the question: What is to be done to achieve the
discussed objective or achieve the result that should
perform the identified activity?
The answer of this question is made by the
decomposition of the level of analysis in the lower levels.
The OOPP method allows, in addition to the
determination of the different steps in the analysis of a
project from: follow its evolution, evaluate the project at
its various stages; identify dysfunctions and deviations
between performances and planning; analyze the causes,
identify the responsibility [24], [25].
Finally, the activity planning stage is represented by an
activity matrix also called activity planning scheme.
This matrix is composed of the activity sequence
number, the activity code, the activity designation, the
person in charge of the activity, the staff responsible for
the activity, the objectively verifiable indicator (OVIs), the
Source of verification (SOVs), the necessary resources
according to their category: infrastructure, human
resources, equipment and consumables, logistics (energy,
transport...).
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2
3
4
5
6
7

SO1
R1.1
A1.1.1
S1.1.1.1
S1.1.1.2
S1.1.1.3
A1.1.2

8
14

S1.1.2.1
S1.1.2.2

18
19
20
21
22
23
24

S1.1.2.3
R1.2
A1.2.1
S1.2.1.1
S1.2.1.2
S1.2.1.3
A1.2.2

25

S1.2.2.1

26
29
30
34
35
36
37
38
49
40
41
42

S1.2.2.2
S1.2.2.3
S1.2.2.4
A1.2.3
A1.2.4
R1.3
A1.3.1
A1.3.2
A1.3.3
A1.3.4
A1.3.5
A1.3.6

Photovoltaic production cycle identified
Transformation of solar radiation into electricity
identified
Identify the different photovoltaic cells
Identify monocrystalline cells
Identify polycrystalline cells
Identify amorphous cells
Modeling a photovoltaic cell
Determining the characteristics of a
photovoltaic cell
Placing the cells depending on the load
Model a photovoltaic panel
Voltage regulation according the load used
Use a DC-DC converter
Using a boost converter
Using a buck converter
Using a buck-boost converter
Use MPPT command
Using perturbation and observation
approach
Using the approach of open circuit and short
circuit
Use incrementing the conductance approach
Use artificial intelligence approach
Use a DC-AC converter
Connect the output voltage by the load
PV plant monitored and supervised
Install a sun sensor
Install a temperature sensor
Install a voltage sensor
Install a current sensor
Install a steering Pc
Install an energy meter

C. Systemic modeling of the wind generation
Analysis of a wind turbine with the systems approach
OOPP allows us to describe its operation, to cite these
components, to make the right decision for installation and
to present different methods of supervision and control.
Identification of wind production is the general
objective of systems analysis. Two specific objectives are
presented in table 2; each identifies different types of wind
turbines and as components necessary for the wind farms.
This method allows us, on the one side, to study the
installation site, to make the right choice of components
for each central and to guarantee a very high level of
control and supervision such as the control of atmospheric
criteria, the functioning of production chains, the stability
of frequency and the continuity of production.
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On the other side, it needles to creation of
communicative interface between the different production
sites, which helps to manage the production as well as the
driving of distribution.
TABLE II

[3]
[4]

[5]

Analysis of a wind farm
1
2
3
4
5
6

SO1
R1.1
A1.1.1
A1.1.2
A1.1.3
A1.1.4

7
A1.1.5
8
R1.2
9
A1.2.1
10
A1.2.2
11
A1.2.3
12 SO2
13 R2.1
14 A2.1.1
15 A2.1.2
16 R2.2
17 A2.2.1
18 A2.2.2
19 A2.2.3
20 A2.2.4
21 A2.2.5
22 A2.2.6
23 R2.3

Different types of wind turbines identified
Wind turbine with vertical axis identified
Present the Darrieus wind turbine
Present the Savonius wind turbine
Present wind helical Savonius
Present wind Darrieus-Savonius Hybrid
Present the H-Type for wind turbines with a
vertical axis
Wind turbine with horizontal axis identified
Present wind to 3 wings
Present wind to 2 wings
Present wind to 1 wing
Components necessary for the wind farms identified
Integration of the rotor identified
Integrate the wind turbine blades
Integrate the primary shaft
Integration of the nacelle identified
Integrate the speed multiplier
Integrate the secondary shaft
Integrate the generator
Integrate the electrical controller
Integrate the various cooling devices
Integrate the nacelle orientation device
Integration of the tower identified

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

5. CONCLUSION

[14]

Several researches based on the power grid and the
production of renewable energy has been made to study
the problems of electricity and predict in equivalence
between demand and production in order to find solutions.
One of these solutions is the use of unconventional means
such as wind, sun...
This paper presents a system modeling of the renewable
production using the OOPP method to create a dialogue
interface between man and the automatic system and to
facilitate communication between different areas of a
smart grid.

[15]
[16]
[17]

[18]
[19]

This method brings about a good satisfaction at the
time of its exploitation and several researches have been
done very well to develop tools and to prove its efficiency
for the scheduling of projects.

[20]

Starting from this case study of system modeling on
photovoltaic system and wind power system discussed in
this paper, work is in progress to develop the general
methodology of modeling and simulation of a smart grid.

[22]

[21]

[23]
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Abstract-- In this paper, the optimal power flow (OPF) of
a meshed AC/DC power transmission network with voltage
source converter based multi-terminal DC (VSC-MTDC)
networks has used to minimize the cost and the transmission
losses. Furthermore, we have used the optimal power flow
(OPF) in presence of VSC-MTDC with large integration of
wind farm using the differential evolution (DE) method.
Simulations are executed using MATACDC which is open
source software for the analysis of hybrid AC/DC systems.
The DE method has been tested on the standard IEEE 30
test system with different objectives that reflect active
power losses minimizations and active power generation cost
minimization.
Keywords -- Optimal Power Flow (OPF), AC/DC, VSC,
multi-terminal DC (MTDC), DE, MATACDC.

1. INTRODUCTION
Multi-Terminal HVDC Grids (MTDC) based in the
Voltage Source Converter (VSC) technology’s gaining a
lot of interest in the power system. The technology is
considered more and more for future grid reinforcements
and is currently being proposed as a technological
candidate to build future offshore grids to interconnect
offshore wind farms [1].
The Voltage Source Converter (VSC) technology’s
capabilities of multi-directional power flow and
independent power control capability are fundamental to a
MTDC grid system. With the systematic control of the
VSCs and the MTDC grid system, the integration of wind
farms and interconnections between countries can be
made more reliable to support the AC network [2]. VSC
based MTDC is considered to be a feasible solution for
transmitting wind farm powers due to its significant
advantages over both current source converter CSC, Line
Commutated Converter (LCC) and traditional AC system
[3].
Integrating wind farms by VSC-MTDC to power grid
will inevitably present a big impact on the electrical
system safety and economical operation of the system and
such impact has become a lot research topic as wind farm
power penetrations increase in power system in recent
years [4].
By the use of optimal power flow (OPF) calculation we
can find out the impact of wind farm energy with Multi-
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Terminal HVDC Grids on power system. The OPF is an
important tool that system operators require in order to
operate the grid with high penetration of wind farm power
more efficiently with VSC-MTDC while maintaining all
constraints within restricted limits [5].
The evolutionary algorithm for global optimization
named it Differential Evolution (DE) was proposed by
Storn and Price [6]. The Differential Evolution is
characterized as a simple heuristic of well-balanced
mechanism with flexibility to enhance and adapt to both
global and local exploration abilities. The effectiveness,
efficiency and robustness of the DE algorithm are
sensitive to the settings of the control parameters [5].
The effect of optimal power flow for combined AC
and VSC-MTDC system with connected to wind farm on
the transmission grid has grown, as shown [7], [8], to
minimized of the active losses, and as shown [9] to reduce
the total generation cost.
This paper aim to study the optimal power flow for
including wind farm by VSC-MTDC system. The
differential evolution (DE) method is proposed to solve
the optimal power flow problem. The proposed MTDC is
building with voltage source converters (VSC) for
transmission of wind farm power. The influence of the
VSC-MTDC with large penetration of wind farm on the
power systems are carried out on IEEE 30-bus test system.
The objective function used is the minimization of the cost
the thermal and the wind generators and the minimization
the transmission losses. The results of simulation show
that the optimal power flow of VSC-MTDC system with
wind farms can reduce active losses, minimization of the
cost the thermal and prevent overloads in electrical lines.
2. MODELING OF AC/MTDC SYSTEM
This section introduces the modeling of the AC/MTDC
system. The modeling is based in the converter station and
DC grids system models.
A. Converters
A general representation of a VSC-MTDC converter
station, the different components is shown in Fig. 1. As
seen from the AC point of common coupling (PCC), the
different components are [10]:
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• The converter transformer

through the transformer are written as

• The AC filters

𝑃𝑠𝑓 = 𝑈𝑓2 𝐺𝑡𝑓 − 𝑈𝑓 𝑈𝑠 [𝐺𝑡𝑓 cos(𝛿𝑠 − 𝛿𝑓 ) − 𝐵𝑡𝑓 sin(𝛿𝑠 − 𝛿𝑓 )] (6)

• The phase reactor

𝑄𝑠𝑓 = −𝑈𝑓2 𝐵𝑡𝑓 + 𝑈𝑓 𝑈𝑠 [𝐺𝑡𝑓 sin(𝛿𝑠 − 𝛿𝑓 ) + 𝐵𝑡𝑓 cos(𝛿𝑠 − 𝛿𝑓 )]

(7)

And those flowing through the phase reactor side are

• The converter.

𝑃𝑐𝑓 = −𝑈𝑓2 𝐺𝑐 + 𝑈𝑓 𝑈𝑐 [𝐺𝑐 cos(𝛿𝑓 − 𝛿𝑐 ) + 𝐵𝑐 sin(𝛿𝑓 − 𝛿𝑐 )](8)
𝑄𝑐𝑓 = 𝑈𝑓2 𝐵𝑐 + 𝑈𝑓 𝑈𝑐 [𝐺𝑐 sin(𝛿𝑓 − 𝛿𝑐 ) − 𝐵𝑐 cos(𝛿𝑓 − 𝛿𝑐 )] (9)
2)

Converter losses

Converter losses can be taken into account using a
generalized loss formula quadratically depending on the
convert current [11]:
Fig. 1. VSC MTDC converter station [10]

𝑃𝑙𝑜𝑠𝑠 = 𝑎 + 𝑏. 𝐼𝑐 + 𝑐. 𝐼𝑐2
(10)
The current 𝐼𝑐 is given by the following expression:
√𝑃𝑐2 + 𝑄𝑐2
𝐼𝑐 =
(11)
√3𝑈𝑐

1) AC side model
In the most general format, the AC side of the
converter is represented as depicted in Fig. 2.

B. DC System modeling
The DC system modeling can be represented by a
resistive network with current injections and DC voltages
at the different nodes, as depicted in Fig.3 [12].

Fig. 2. Equivalent single phase power flow model of a
converter station connected to the AC grid [10]

The model a converter station consists of a controllable
voltage source 𝑈𝑐 = 𝑈𝑐 ∠𝛿𝑐 behind the phase reactor,
represented as complex impedance 𝑍𝑐 = 𝑅𝑐 + 𝑗𝑋𝑐 . the
low pass filter from Fig. 2 is represented as a susceptance
𝐵𝑓 at system frequencies. A transformer connects the filter
bus to the AC grid and is represented by its complex
impedance 𝑍𝑡𝑓 = 𝑅𝑡𝑓 + 𝑗𝑋𝑡𝑓 [10].
The equations for active and reactive power at the grid
side in terms of the complex voltages are:
𝑃𝑆 = −𝑈𝑆2 𝐺𝑡𝑓 + 𝑈𝑠 𝑈𝑓 [𝐺𝑡𝑓 cos(𝛿𝑠 − 𝛿𝑓 ) + 𝐵𝑡𝑓 sin(𝛿𝑠 − 𝛿𝑓 )](1)

Fig. 3. DC grids modelling

The current injected at a DC node i can be written as the
current flowing to the other n- 1 nodes in the network:
𝑛

𝐼𝑑𝑐𝑖 = ∑ 𝑌𝑑𝑐𝑖𝑗 . (𝑈𝑑𝑐𝑖 − 𝑈𝑑𝑐𝑗 )

𝑄𝑠 = 𝑈𝑠2 𝐵𝑡𝑓 + 𝐵𝑠 𝐵𝑓 [𝐺𝑡𝑓 sin(𝛿𝑠 − 𝛿𝑓 ) − 𝐵𝑡𝑓 cos(𝛿𝑠 − 𝛿𝑓 )] (2)

With 𝑈𝑠 = 𝑈𝑠 ∠𝛿𝑠 and 𝑈𝑓 = 𝑈𝑓 ∠𝛿𝑓 respectively the
complex grid side and filter bus voltage.
The equations at the converter side are:
𝑃𝑐 = 𝑈𝑐2 𝐺𝑐 − 𝑈𝑓 𝑈𝑐 [𝐺𝑐 cos(𝛿𝑓 − 𝛿𝑐 ) − 𝐵𝑐 sin(𝛿𝑓 − 𝛿𝑐 )]
𝑄𝑐 = −𝑈𝑐2 𝐵𝑐 + 𝑈𝑓 𝑈𝑐 [𝐺𝑐 sin(𝛿𝑓 − 𝛿𝑐 ) + 𝐵𝑐 cos(𝛿𝑓 − 𝛿𝑐 )]

𝑄𝑓 = −𝑈𝑓2 𝐵𝑓

The DC grid power flow equation can be written as
𝑛

𝑃𝑑𝑐𝑖 = 𝑝𝑈𝑑𝑐𝑖 ∑ 𝑌𝑑𝑐𝑖𝑗 . (𝑈𝑑𝑐𝑖 − 𝑈𝑑𝑐𝑗 )

(4)

(5)

The expressions for the filter side complex power flowing
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With 𝑌𝑑𝑐𝑖𝑗 equal to 1⁄𝑅𝑑𝑐𝑖𝑗

(3)

The reactive power at the filter is given by

(12)

𝑗=1
𝑗≠1

(15)

𝑗=1
𝑗≠1

With 𝑌𝑑𝑐𝑖𝑗 equal to 1⁄𝑅𝑑𝑐𝑖𝑗 and p=1for a monopolair
system or p=2 for a monopolair symmetrically grounded
or bipolair system.
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𝑁

3. PROBLEM FORMULATION

𝑄𝑔𝑖 − 𝑄𝑑𝑖 = 𝑉𝑖 ∑ 𝑉𝑗 (𝑔𝑖𝑗 sin 𝛿𝑖𝑗 + 𝑧𝑖𝑗 cos 𝛿𝑖𝑗 )

A. Formulation of OPF

𝑗=1

The standard OPF problem can be written in the
following from:

𝑀𝑖𝑛𝐹(𝑥, 𝑢)

(14)
(15)
(16)

𝑔(𝑥, 𝑢) = 0
ℎ(𝑥, 𝑢) ≤ 0

Subject to

Where 𝑥 the vector of state variables is, 𝑢 is a vector
of control variables, 𝑓(𝑥, 𝑢) is the objective function to
be optimized, ℎ(𝑥, 𝑢) represents the equality constraints,
and 𝑔(𝑥, 𝑢) is the inequality constraints.
𝑢: Vector of state variables includes the active power
generated except the reference bus and power generated of
the wind farms for the case for the incertion of the wind
farms. The control vector is obtained by:
𝑇

𝑢 = [𝑃𝐺2 … . 𝑃𝑁𝐺 , 𝑃𝐺𝑊1 … 𝑃𝐺𝑊𝑛𝑤 ]

Where 𝑃𝐺𝑖 , 𝑄𝐺𝑖 are the active and the reactive power
generation at bus i; 𝑃𝑑𝑖 , 𝑄𝑑𝑖 are the real and the reactive
power demand at bus i, 𝑉𝑖 , 𝑉𝑗 the voltage magnitude at
bus i, j, respectively 𝑔𝑖𝑗 , 𝑧𝑖𝑗 are the real and imaginary
part of the admittance (𝑌𝑖𝑗 ); 𝛿𝑖𝑗 is the phase angle
difference between buses i and j respectively and 𝑁 is the
total number of buses.
• Constraints of inequality are:
-

(17)

-

Minimization of cost of generation

(18)

Where: F is the fuel cost function, 𝐴𝑖 , 𝐵𝑖 , 𝐶𝑖 are the fuel
cost coefficients, i represent the corresponding generator
(1,2, . . . . . 𝑛𝑔), 𝑃𝐺𝑖 is the generated active power at bus I
and 𝑛𝑔 is number of generators including the slack bus.


(24)

Limits on transmission lines loading
𝑚𝑎𝑥
|𝑆𝐿𝑖 | ≤ 𝑆𝐿𝑖

(25)

C. Differential Evolution Optimization method

The OPF problem can be expressed as minimizing the
cost of production of the real power which is given by a
quadratic function of generator power output 𝑃𝐺𝑖 as [13,
14].
𝑛𝑔

(23)

Limits on voltage magnitude of at the all buses

𝑉𝑖𝑚𝑖𝑛 ≤ 𝑉𝑖 ≤ 𝑉𝑖𝑚𝑎𝑥
-

(22)

the location constraint
𝑚𝑖𝑛
𝑁𝐿𝑖
≤ 𝑁𝐿𝑖 ≤ 𝑁𝐿𝑚𝑎𝑥

In this paper, OPF is formulated with two objective
functions as follows:

2
)
𝐹1 (𝑥) = ∑𝑖=1(𝐴𝑖 + 𝐵𝑖 𝑃𝐺𝑖 + 𝐶𝑖 𝑃𝐺𝑖

Limits on active power at generator buses
𝑚𝑖𝑛
𝑚𝑎𝑥
𝑃𝐺𝑖
≤ 𝑃𝐺𝑖 ≤ 𝑃𝐺𝑖

B. Objectives Functions



(21)

Minimization of Transmission Loss

The second objective function considered in the OPF
model is the total active power loss.

Differential Evolution (DE) is based on evolutionary
behavior and was invented in 1995 by [16]. The main
advantage of differential evolution (DE) is a high
probability of finding the global optimum solution even
when concerning complex nonlinear problems.
Additionally Differential Evolution (DE) is capable of
representing nonlinear and differential equation based
problems which enable the algorithm for consideration of
stability and security aspects in power systems including
FACTS devices such as including HVDC in this paper
[17].
Differential Evolution (DE) as all artificial intelligence
optimization methods is based on crossover, mutation and
selection of the most appropriate solutions as it is
illustrated in Fig.4

𝐿

𝐹2 (𝑥) = ∑ 𝑔𝑖𝑗 (𝑉𝑖2 + 𝑉𝑗2 − 2𝑉𝑖 𝑉𝑗 cos 𝜃𝑖𝑗 )

(19)

𝑘=1

Where L is the number of the branches.


OPF constraints
Fig. 4. Simplified Flowchart of DE Optimization

The constraints of the OPF problem can be split
into two parts: The equality and inequality constraint
[15]:
• The equality constraint is:



The population is initialized by randomly generating
individuals (equation (27)) [18].
𝑋𝑖𝑗0 = 𝑋𝑗𝑚𝑖𝑛 + 𝑟𝑎𝑛𝑑 ∗ (𝑋𝑗𝑚𝑎𝑥 − 𝑋𝑗𝑚𝑖𝑛 )

𝑁

𝑃𝑔𝑖 − 𝑃𝑑𝑖 = 𝑉𝑖 ∑ 𝑉𝑗 (𝑔𝑖𝑗 cos 𝛿𝑖𝑗 + 𝑧𝑖𝑗 sin 𝛿𝑖𝑗 )

Initialization

(20)

𝑖 = 1,2, … 𝑁𝑝 & 𝑗 = 1,2, … 𝐷 (26)

𝑗=1
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Where: the jth variable of the given problem has its lower

𝑋𝑗𝑚𝑖𝑛 and upper 𝑋𝑗𝑚𝑎𝑥 bound. 𝑁𝑝 is the size of the
population and 𝐷 is the number of decision variables.

Mutation
The mutation operator of differential evolution
occupies quite an important function in the reproduction
cycle. This operation creates mutant vectors 𝑋𝑗′𝑘 by
perturbing a randomly selected vector 𝑋𝑎𝑘 with the
difference of two other randomly selected vectors 𝑋𝑏𝑘 and
𝑋𝑐𝑘 at the 𝑡ℎ iteration equation (27) [19]:
𝑋𝑖′𝑘 = 𝑋𝑎𝑘 + 𝐹𝑥 ∗ (𝑋𝑏𝑘 − 𝑋𝑐𝑘 )

𝑖 = 1,2, … 𝑁𝑝

(27)

Where: 𝐹𝑥 is the scaling factor, it used to control the
amount of perturbation in the process (𝐹𝑥 ∈[0 2]).


Crossover

Based on the mutant vector, the parent vector is mixed
with the mutated vector to create a trial vector, which is
used in the selection process according to the following
equation:
𝑋𝑖𝑗′′𝑘

𝑋𝑖𝑗′𝑘 𝑖𝑓 𝑟𝑎𝑛𝑑 𝑗 < 𝐶𝑟 𝑜𝑟 𝑗 = 𝑟𝑎𝑛𝑑𝑛
={ 𝑘
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
𝑋𝑖𝑗

Fig.5 IEEE 30-bus system with VSC-MTDC networks and two
Wind Farms

In this paper, the OPF-DE parameters are set as:

(28)

𝑗𝑡ℎ individual of 𝑖𝑡ℎ target vector, mutant

-

Population size NP: 20.
Maximum nbr of generations Gmax: 200.
Crossover constant CR: 0.8.
Weighting factor F: 0.8.
Strategy: 1: DE/best/1/exp [21].

vector, and trial vector at 𝑘𝑡ℎ iteration respectively.
Cr ∈[0, 1] is the Crossover constant [20].



Simulation without VSC-MTDC and Wind Farms

𝑘
′𝑘
Where: 𝑖 = 1, 2, 3, . . . , 𝑁𝑝; 𝑗 = 1, . . . , 𝐷. 𝑋𝑖𝑗
, 𝑋𝑖𝑗
′′𝑘
𝑋𝑖𝑗

are



and

The results presented in Table I including the real power
generation, generation cost and real power losses.

Selection

Selection process is used among the set of trial vector
and the updated target vector to choose the best. At last
the fitness of the vector b and 𝑋𝑖𝑘 𝑎𝑛𝑑𝑋𝑖𝑘+1 is compared,
and the best is chosen to generate offspring through
greedy selection, that is [19]:
𝑋𝐼𝑘+1 = {

𝑋𝑖"𝑘

𝑖𝑓

𝑋𝑖𝑘

𝑓(𝑋𝑖"𝑘 )

≤

𝑓(𝑋𝑖"𝑘 )

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝑖 = 1,2, 𝑁𝑝

TABLE I

Resultants Simulation DE-OPF and PSO-OPF

(30)

4. RESULTS AND ANALYSIS
In this study, a four terminal MTDC system is integrated
in the modified IEEE 30 bus system. The DC system
voltage is +/- 132 kV. The converter station VSC1 (slack
bus of the DC network) is connected to bus 10 and VSC3
is connected to bus 24 of the AC system. In addition the
converter station VSC2 and VSC4 are connected with
wind farms 1 and 2 respectively to capture maximum
power from the two wind farms, as shown in Figure 5.The
total load was 396.76 MW. Several scenarios with
dispersed wind penetration levels from 5% to 30% of
active total load have been investgated.
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Variables

min

max

DE-OPF

PSO-OPF

𝑃𝐺1 (𝑀𝑊)
𝑃𝐺2 (𝑀𝑊)
𝑃𝐺5 (𝑀𝑊)
𝑃𝐺8 (𝑀𝑊)
𝑃𝐺11 (𝑀𝑊)
𝑃𝐺13 (𝑀𝑊)

50
20
15
10
10
12

200
80
50
35
30
40

200.00
80.000
32.067
35.000
30.000
34.594

200.00
75.421
36.672
34.980
30.000
34.185

-

-

14.9010

14.4957

-

-

1268.45

1270.4

Active Loss
MW
Cost ($/h)

The comparisons of the results obtained by the proposed
approach DE, with those found by PSO algorithm are
reported in the Table I. In this case, we minimized the fuel
cost generation and total losses. The proposed approach
shown better results for the cost generation; in contrary,
the PSO has better value for the real power loss.
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TABLE III

Best cost: 1268.453316

Total Fuel Cost

1276

Case Scenarios of Wind Dispersion on Two Different Locations
N°

1274

1272

C0
C1
C2
C3
C4
C5
C6
C7
C8
C9

1270

1268

0

50

100
Number of Generations

150

200

Fig.6 Convergence characteristic of the 6 generating units using
DE

As shown Figure 7, the power transmitted in line 5
between buses 2 and 5 is 84.35 MW, and this value
exceeded the maximum 80 MW.

Active Powers Flows (MW)

150
P Line
Pmax
100

% of
combinaison
G32 (Low)G31 (High)
0%-0%
5%-5%
5%-10%
5%-15%
10%-10%
10%-15%
5%-20%
5%-25%
10%-20%
15%-15%

% of Total
combination

0%
10%
15%
20%
20%
25%
25%
30%
30%
%30

The results of multiple wind farm location obtained by [5]
but with increase the load a 40% and without VSC-MTDC
is shown in Table IV, and the results obtained from the
simulation where the penetration level of wind farm is low
at bus 31 and high at bus 32 and the penetration level of
wind farm is low at bus 32 and high at bus 31 by VSCMTDC is shown in Table V.
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TABLE IV

Wind Generation Impact on Active Power Losses and Cost
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Simulation with VSC-MTDC and Wind Farms

In this part we are going to study two different cases,
the first one it’s a multiple wind farm location and in the
second we traid to see the effect of the outage of VSC4.
The parameters and at the converter stations are given in
Table II.
TABLE II

VSC Converter Data

Converter parameters
𝑋𝑡𝑟 (𝑝. 𝑢)
𝑅𝑡𝑟 (𝑝. 𝑢)
𝐵𝑓 (𝑝. 𝑢)
𝑋𝑐 (𝑝. 𝑢)
𝑅𝑐 (𝑝. 𝑢)
𝑅𝑑𝑐1−2 (𝑝. 𝑢)
𝑅𝑑𝑐3−4 (𝑝. 𝑢)

0.1121
0.0015
0.0887
0.1642
0.0001
0.0500
0.0400

C0
C1
C2
C3
C4
C5
C6
C7
C8
C9

G10 -Low
G24-High
Cost Value
1268.5
1109.2
1039.7
977.0
974.7
913.9
918.3
863.2
856.8
852.8

Rating & Converter loss data
No.
1, 2,3,4
±𝑉𝑑𝑐

𝑐𝑟𝑒𝑐
𝑐𝑖𝑛𝑣
𝑅𝑑𝑐2−4 (𝑝. 𝑢)

G24-Low
G10-High
P Losses
14.90
13.6085
13.5082
13.1587
13.0531
12.5579
12.7478
12.4663
12.1882
12.6373

Wind Generation with VSC-MTDC Impact on Active Power
Losses and Cost
N°

1.103
0.887
2.885
4.371
0.060

 Case 1 : Multiple Wind Farm Location
In the multiple locations scenario, wind generation is
connected to AC network simultaneously by using VSCMTDC, and different penetration levels combinations
were applied. Table III shows the combinations used and
the overall penetration level on the system.
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G24-Low
G10-High
Cost Value
1268.5
1109.2
1039.8
975.1
974.7
912.0
912.6
852.2
851.3
852.8

TABLE V

132

𝑎
𝑏

G10-Low
G24-High
P Losses
14.90
13.6434
13.4876
13.6786
13.0533
13.0972
14.3359
15.6172
13.7903
12.6385

C0
C1
C2
C3
C4
C5
C6
C7
C8
C9

(170)

G31-Low
G32-High

G31-Low
G32-High

G32-Low
G31-High

G32-Low
G31-High

Cost Value
1268.5
1202.2
1152.7
1109.2
1107.0
1029.8
1.0338
1.0000
1.0001
994.38

P Losses
14.90
9.067
8.116
7.972
7.370
8.072
8.660
9.921
8.472
7.462

Cost Value
1268.5
1202.2
1152.8
1108.1
1107.0
1052.8
1.0551
993.53
992.19
994.38

P Losses
14.90
9.067
8.082
7.429
7.370
7.052
7.188
7.242
6.969
7.462
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TABLE VII

The table IV and V shows generation cost and real
power loss for different wind penetration levels and
location of wind farm. The generation cost and real power
loss have reduced due to the optimal location and mixture
combination.

Resultants Simulation of DE-OPF for Two Cases

The results obtained from different scenarios give a
signal to the utility on what penetration level and location
is optimal with respect to active power losses and cost
generation.
. Connecting the two wind farms for two cases with
and without VSC-MTDC will be a better option in terms
reduction in the total costs and power losses for high
penetration level (20%, 25%, and 30%). The results
obtained for the case of connecting the two wind farms by
VSC-MTDC shown better results for the real power loss;
in contrary, the results obtained by [5] with increased the
load has better value for the cost generation. The best
combination is obtained by the combination C8 for the
G24 Low and G10 High for two cases, and the voltage of
the AC busses in the limit acceptable. Following the
installation of large offshore wind farms, the influence of
wind energy on the transmission grid has grown.

Case 1

Case 2

𝑃𝐺1 (𝑀𝑊)
𝑃𝐺2 (𝑀𝑊)
𝑃𝐺5 (𝑀𝑊)
𝑃𝐺8 (𝑀𝑊)
𝑃𝐺11 (𝑀𝑊)
𝑃𝐺13 (𝑀𝑊)
𝑃𝑊𝐼𝑁𝐷1 (𝑀𝑊)
𝑃𝑊𝐼𝑁𝐷2 (𝑀𝑊)

73.01
68.68
50.00
35.00
20.94
40.00
79.35
39.68

91.51
80.00
50.00
35.00
30.00
40.00
79.35
00.00

𝑃𝑙𝑜𝑠𝑠 (MW)
Cost ($/ℎ𝑟)

6.969
992.1985

7.276
1108.8

From Table VII, the powers generated by generator 1,
2 and 11 are increased after outage the VSC4, which leds
the farm wind 2 to be out-service. The power generated
from the wind farm 2 before outage has been compensated
by the generators 1, 2 and 11 after outage the VSC4. The
total losses and the cost have the values 7.276 MW and
1108.8 $/hr respectively after outage. After the outage of
the converter station VSC4, the power output from the
VSC1 and VSC3 reduces the power losses and the cost.

 Case 2 : Effect of outage the converter VSC4
In this part, we studied the system of transport of wind
energy by VSC-MTDC for the normal case and the case
of outage the converter 4, in order to get the change
happened on the generation cost, loss and voltage profile.
To perform this simulation, we used the combination C8
(G24 Low and G10-High)
Case 1: before outage of the VSC4
Case 2: after the outage of the VSC4
The detailed operation modes of VSC station are given in
Table VI.

Fig.8 Power flows in the DC bus system before outage

TABLE VI

OPERATION MODE OF VSC STATION
VSC
stations
𝑉𝑆𝐶1
𝑉𝑆𝐶2
𝑉𝑆𝐶3
𝑉𝑆𝐶4

𝑃𝐷𝐶 (𝑀𝑊)

𝑉𝐷𝐶 (𝐾𝑉)

Slack
-79.35
39.68
-39.68

± 132
± 132
± 132
± 132

𝑇𝑦𝑝𝑒

PV
PV
PV
PV

𝐴𝐶 𝑏𝑢𝑠

Bus2
Bus31
Bus5
Bus32

The results of optimal power flow for combined AC and
VSC-MTDC system with connected to wind farms for two
cases before and after outage the VSC4 are given in the
Table VII, and the power flow in the DC system of two
cases as show in Figure 8 and Figure 9.
Fig.9 Power flows in the DC bus system after outage
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The voltage profile and the power transmitted in all
lines in the limits acceptable for the two cases before and
after the converter station VSC4 as show in Fig (10.11).

Criteria”, IEEE Transactions On industrial Electronics, VOL. 58,
NO. 10, October 2011, pp.4514-4525.
[5]

L. Slimani, T Bouktir, "Application of Differential Evolution
Algorithm to Optimal Power Flow with High Wind Energy
Penetration," Volume 53, Number 1, 2012.

[6]

Storn R., Price K., Differential evolution—a simple and efficient
adaptive scheme for global optimization over continuous spaces,
in: Technical Report TR-95-012, ICSI, 1995.

[7]

J. Cao, Wenjuan Du, Haifeng F. Wang, and S. Q. Bu,
"Minimization of Transmission Loss in Meshed AC/DC Grids with
VSC-MTDC Networks” IEEE Transactions on Power Systems,
Vol. 28, NO. 3, August 2013.

[8]

S. S. H. Yazdi, S. H. Fathi, J .M. Monfared, E M. Amiri, “Optimal
Operation of Multi terminal HVDC Links Connected to Offshore
Wind Farms”,
11th International Conference on Electrical
Engineering/Electronics, 2014.

[9]

W. Feng, Le. A .Tuan, L. B. Tjernberg, A. Mannikoff, A.
Bergman "A New Approach for Benefit Evaluation of
Multiterminal VSC–HVDC Using A Proposed Mixed AC/DC
Optimal Power Flow", IEEE Transactions on Power Delivery,
VOL. 29, NO. 1, February 2014.
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[10] Beerten, J., Cole, S., Belmans, R. "Generalized steady-state VSC
MTDC model for sequential AC/DC power flow algorithms", IEEE
Trans. Power Syst., pp. 821–829, 27, 2,2012.
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Katholieke Universite it Leuven, Leuven, 2008.
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[12] J. Beerten, "MATACDC User’s Manual ", [Online].Avail
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DCManual, 2012.
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[13] A. J. Wood and B.F. Wollenberg, "Power Generation, Operation
and Control" , 2nd Edition, John Wiley, 1996

Fig.11 Active powers flow in branch with MTDC before and
after outage VSC2

[14] Glenn W. Stagg, Ahmed H. El Abiad, "Computer methods in
power systems analysis", McGrawHill, 1981

5. CONCLUSION
This paper presented an optimal power flow in presence
of Multi-Terminal HVDC Grids with large penetration of
wind farm. We studied the impact of integration the huge
wind farm with VSC based MTDC on the power system
using an evolutionary method which is the differential
evolution method. The Simulation results show the best
combination for the multiple wind farm location for high
penetration level, the optimal power flow for combined
AC and multi-terminal HVDC Grids before and after VSC
station outages minimize the cost generation, the active
power losses and reduces the overflow in the transmission
line.
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Abstract-- The energy from a stand-alone photovoltaic (PV)
generation system is based on energy conversion in
photovoltaic cells. It is defined as a semiconductor device
which converts sunlight into electricity. In this paper, we
demonstrate how to create a complete implementation of a
photovoltaic module using mathematical equations in order to
study their I-V and P-V characteristics. Also, introducing the
manufacturer’s datasheets after sizing step. The chosen model
consists of current source in parallel to the diode and the
resistor connected in series represents the resistance of the
contacts. Another one in parallel called shunt resistor,
representing the leakage currents. The detailed model shows
properly the impact of the weather condition, the irradiance
and the temperature, on the production of maximum poweroutput to our electric vehicle.
Index Terms-- Irradiance, Maximum Power, Temperature,
Photovoltaic cell, P–V and I–V characteristic.

1.

INTRODUCTION

Ecological studies have shown that increasing energy
consumption due to thermal vehicles is accompanied by an
enormous increase in the emission of toxic gases into the
atmosphere, which causes air and water pollution. For this
purpose, electric vehicle development are rapidly involved
and having an economic system [1]-[2]. The growing
interest in renewable energy resources sector encourage
scientists to increase the benefits of electric vehicle when
storing energy in electric batteries through photovoltaic
panels. Solar energy is an inexhaustible energy as it comes
from the sun and respects nature and environment. It is the
most reliable energy because there is no risk of rupture [2].
Moreover, the photovoltaic module refers to the number of
cells connected in series and formed by semiconductor
material with two interfaces: the positively doped P and the
other negatively doped N. It’s the PN junction [3].
Photovoltaic cells convert light into electricity and it have
different available technologies including monocrystalline,
polycrystalline and thin-film which can be all used to
produce the Photovoltaic panel. On the other hand, to
obtain higher power output, you must choose the

University of Sfax,
National Engineering School
of Sfax
3038 Sfax, Tunisia

Rafik.neji@gmail.com

monocrystalline technology with many cells connected in
series to increase the open circuit voltage of PV panel.
In addition, the maximum energy produced by
photovoltaic module depends on many parameters
(irradiation, temperature, series resistance ...). This latter
has large fluctuations then it is very difficult to make an
exactly calculation of power production. Therefore, on the
market, there are many software to estimate this production
by giving us all parameters of any type of panel and in any
domain after choosing the constraint (roof area available,
electricity consumption or budget) [4]. There are a number
of studies about the optimization and sizing of PV system
equipped with the electrical grid utilize the conventional
type of panel because there are no constraint of surface [5],
Also H. Belmili highlights the criterion (quality / price)
than the power generated or the surface of his standalone
photovoltaic installation for lighting and pumping [6]. On
the other hand, in our work, we are interested in the panels
that will be installed on the roof of vehicles. Therefore, the
choice of module type must check the constraint of the
surface limitation by guaranteeing the maximum power
generated. Sizing software has allowed us to select the
desired cell type, battery type and the proper converter. For
that we are chosen the best panel “SPR-455J-WHT-D “of
SunPower Manufacturer with 455W.
In this paper, after the dimensioning phase of the system
and the providing of all electric characteristic of the
appropriate panel, we propose a simple model of our panel
using the step-by-step modeling procedure to present the
simulation results in the next step.
2. MODELING OF PHOTOVOLTAIC PANEL
A. Specification
A solar cell of “SPR-455J-WHT-D “is basically a PN
junction fabricated in a monocrystalline of semiconductor
which has the faculty of transforming the irradiation solar
to electricity.
As appears in Fig. 1, the equivalent circuit of a PV cell
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is composed of current source, which models the
photocurrent, associated in parallel with diode represents
the PN junction, to determine the voltage source. The two
preceding components represent the equivalent circuit of
an ideal photovoltaic cell, which is developed in several
papers [6]-[7], and regardless the dissipation phenomena at
the cellular level caused by the increase of temperature. In
this paper, to solve this problem and having an effective
model with exactly values of power, we added two
resistances Rs and Rp, representing the losses of the cell, to
obtain the complete equivalent circuit of photovoltaic cell
and with more performance and persuasion at any time.
I

the irradiance of sunlight and the temperature. The
simulation of the proposed model of PV panel or module
consists of validating the relationship between voltagecurrent and voltage-power, in addition to give the operating
range of optimal power [8].The equivalent circuit of PV
module is shown in Fig.3.
The table below recapitulates the value of all PV
parameters of “SPR-455J-WHT-D “.They represent all the
input parameters of our model.
TABLE I

Electric characteristic of SPR-455J-WHT-D of SunPower
Manufacturer

+

Vd

V

Id

Iph

Symbol

Parameters

Value

Pnom

Peak Power at STC
(manufacturer)

455Wc

Technology

Si-mono

Sm

Total surface of the module

2.16m²

Nb

Cells number

128

Tref

Reference Temperature

298K

G

reference Irradiance

1000
W/m²

Vco

the voltage at open circuit

90.5V

Isc

the current at short circuit

6.32 A

T_coef

Temperature Coefficient at Isc

3.5 mA/°C

Rp

Parallel resistance

4591ohm

Rs

Series Resistane

0.58 ohm

D

-

Fig. 1. Ideal single diode Model
Rs
I
+

Ip
Iph

Rp

Vd

Vd

Id

D

-

According to Kirchhoff’s current law applied to Fig. 3. :

Fig. 2. Equivalent circuit of a photovoltaic cell
Np

(Ns/Np)Rs

The output current I [A], of PV module is expressed by:

I

𝐼 = 𝑁𝑝(𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑝 )

(1)
(Ns/Np)Rp

NpIph

Where Np is the number of PV cells connected in parallel
(=1), Iph is the photocurrent [A], Ip is the photocurrent [A]
and Id is the diode current [A] measured as:

V

Ns

𝑞𝑉𝑑

𝐼𝑑 = 𝐼𝑂 (𝑒 𝐴𝑁𝑠𝐾𝑇 − 1)
(2)
Here, I0 is the reverse bias saturation current (or scale
current), Vd is the voltage across the diode, k is the
Boltzmann constant, T is the absolute temperature of the
PN junction, q is the magnitude of charge of an electron and
Ns is the number of PV cells connected in series [9].

Fig. 3. Equivalent circuit of PV module

The output power of photovoltaic module depends on
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A is the diode ideality factor or the quality factor or
sometimes emission coefficient. It depends on the
fabrication process and semiconductor material as shown
in table below.

The two curves, Fig. 4 and Fig. 5, show the simulated and
measured characteristic of I-V and P-V in the standard test
condition (T=25°C and G=1000 W/m²) in order to establish
the efficiency of our model.

TABLE II

In the simulation graph of P-V characteristic, we have
the maximum power point Pmpp equal to 450W and voltage
at maximum power Vmpp equal to 75.64 V, on the other
hand, Pmpp up to 455.5 W and Vmpp up to 75.8 V in the
measured graph.

Ideality factor (A) [10]

Technology

A

Si-mono

1.2

Si-poly

1.3

a-Si-H

1.8

a-Si-H tandem

3.3

a-Si-H triple

5

cdTe

1.5

CTs

1.5

AsGa

1.3

The convergence between the two power values
indicates that the error margin between simulated and
measured graph is very weak. So we can rely to our model
for giving us the real behavior.

7
X: 75.5
Y: 6.01

Impp

6
X: 75.94
Y: 5.923

Simulated Graph
measured Graph

Current(A)
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3

2

1

0
0
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80

90

100

Voltage(V)

Fig. 4. I-V characteristic of PV module.

The reverse saturation current I0 depends on the cell
temperature (T) and defined by:

500

X: 75.8
Y: 455.4

Simuated Graph
maesured Graph

Pmpp 450

𝑇 3
𝑞𝐸𝐺
1
1
𝐼𝑜 = 𝐼0_𝑟𝑒𝑓 (
) exp
(
− )
𝑇𝑟𝑒𝑓
𝐴𝑘 𝑇𝑟𝑒𝑓 𝑇

400

Power(W)

350

(3)
By using [6]:
𝑞𝑉𝑑
(𝑒 𝐴𝑁𝑠𝐾𝑇

𝑉𝑑

250
200

100

− 1)

50
0

(4)
𝑁𝑝𝑅 𝑝

300

150

𝐼0_𝑟𝑒𝑓 = 
𝐼𝑠𝑐𝑟𝑒𝑓

𝐼𝑝 =

X: 75.64
Y: 450

=

𝑉+𝑅𝑠 𝐼
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Fig. 5. P-V characteristic of PV module.

𝑁𝑝 𝑅𝑝

(5)
3.

The photocurrent illustrated in [11]

𝐼𝑝ℎ = (𝐼𝑝ℎ,𝑟𝑒𝑓 + 𝐾𝑖 ∆𝑇)

The simulations of solar Panel is based on mathematical
equations given in the section above with the input
parameters shown in the TABLE I.

𝐺
𝐺𝑟𝑒𝑓
(6)

Here, Ki is the coefficient temperature of short circuit
current (A/K), G is the input irradiance of model (W/m²),
Gref is the irradiance at Standard Test Condition STC
(G=1000W/m² and T=25°C), ∆T= T-Tref, Tref is the nominal
temperature at STC= 298 K, Iph,ref = Isc,ref is the nominal
photocurrent.
B. I-V and P-V characteristics of our panel
To study the environmental conditions effect
(temperature and solar irradiance) in the maximum power
generation, we have interested to model our module with
using all mathematics equations which is illustrated above.
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SIMULATIONS

Our proposed model is presented in Fig.6. The inputs are
both, the weather data irradiance and the temperature, while
the outputs represent the variation of the PV electrical
quantity as a function of current, voltage and power.
All the variables of the mathematical equations are as
follows:






(175)

k = 1.3805*10-23 J/K;
q = 1.6*10-19C;
A = 1.2;
Ki = 0.0035 A/°C;
Isc_ref = 6.32 A;
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Ns = 128,
Eg (Material band gap energy) = 1.12 eV.

- Module photon-current Iph is given by Eq. (6) and
modeled as Fig.7 with detailed information
- Module reverse saturation current I0-ref is given by Eq. (4)
and modeled as Fig. 8.
- Module saturation current I0 is given by Eq. (3) and
modeled as Fig.9.
- Module PV output current I is given by Eq. (1) and
modeled as Fig.10.
Fig. 9. Simulink Bloc of detailed I0 simulation

Fig. 10. Simulink Bloc of detailed I simulation

4. RESULTS AND DISCUSSION
Fig. 6. The complete model of our PV module

All simulations are completed and performed by using
the commercial software MATLAB® (Simulink) which
validate the previously described model.
In the first step, we represent the results of photovoltaic
module with the following series and parallel resistance: Rs
= 0.17 Ω and Rp = 250 Ω. After validating our model with
best running, we are going to show the influence of
irradiation and temperature in the response of the outputs.
A. Irradiance effect

Fig. 7. Simulink Bloc of detailed Iph simulation

In the following two curves (Fig.11 and Fig.12), our
Simulink model is running for various values of sun
intensity levels as 1000 W/m², 800 W/m², 650 W/m² 450
W/m², and 200W/m². When the irradiance increases, the
current intensity increases too and with an increase in
sunlight voltage, the production of electric power of the
photovoltaic module increases also.
7
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Fig. 8. Simulink Bloc of detailed I0-ref simulation
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Fig. 11. I-V characteristic by varying irradiance.

And the same for the P-V characteristic in the following
figure.
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To compare our calculated results of maximum power
point values and those published by the manufacturer, it is
evident that they are in a good agreement. It is found that
the temperature and irradiation conditions of the panel
"SPR-455J-WHT-D
of SunPower"
modify the
characteristic I-V and P-V and also the values of Vmax,
Imax and Pmax. For this reason, founding the maximum
power point is difficult because it is related to the
fluctuation of climatic conditions. Indeed, there are lots of
researches proposing adjustment real-time algorithms of
the operating point MPP where maximum power output is
achieved[12]-[13] .
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4. CONCLUSION
This
procedure
of
PV
modeling
with
MATLAB/SIMULINK is very helpful to all users of
photovoltaic domain because it serves researchers and
developers to understand the behavior of any solar PV cell
and how to extract the maximum power. With any type and
technology panel, the performance of a PV module is
strongly influenced by climatic conditions especially solar
irradiation and temperature which makes it possible very
useful in our country even then with more performance.
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Abstract-- Nowadays, transportation is an inseparable
part of human life. We can travel easily thanks to vehicles
such as bicycles, public transportation etc..., but it still a hard
job for people with reduced mobility. They usually use
wheelchairs, customized cars… In this paper, we try to
simulate a light specialized vehicle for needy people. We
choose the advisor tool that helps us to get a better simulation
and gives a traction chain, whose elements of storage and
power are lighter and less expensive.
Index Terms-- Advisor, traction chain, input parameters,
electric vehicle.

1. INTRODUCTION
The elements of an electric vehicle are batteries,
power converter, transmission chain and the ectrical
motor. The software was developed to model and to
simulate the vehicle, for example: Advisor 2002, Dymola,
Simulation X, AMESim, and Saber… [1].
We are interested in ADVISOR tool, which has a
powerful analysis tool of advanced and conventional
vehicles.
Advanced Vehicle Simulator model: ADVISOR, was
firstly developed in November 1994[3], and created by the
American Department of Energy's National Renewable
Energy Laboratory's (NREL) [3].As the tool became more
and more advanced and flexible, many other clients have
also used it to understand and know the system-level
interactions of hybrid and electric vehicle components [2].
This modeling tool evaluates quickly the performance of
conventional, electric, hybrid, and fuel cell vehicles [3].the
user can change many different components of the vehicle
and its specifications like electric motors, batteries, and
engines [3]. Then the advisor tool simulates the vehicle's
response which run on the different driving cycles [3][2].So it is used to make whole analysis of performances
of a large range of vehicles [4].
ADVISOR uses MATLAB environment and the control
of Simulink for simulations [5]. It takes the required speed

ISBN: 978-9938-14-953-1

into account to follow the test-driving cycle, then
determines the power, speed and required torque to be
provided by the power group in order to follow the
instructions. Pollutant emissions, fuel consumption, state
of batteries charge, acceleration, ability to overcome
slopes and analyzing the distribution of energy
consumption are then calculated [1].
Advisor tool has an easy and practical graphical
interface, allowing most system to troubleshoot problems
(GUI) [2].
This graphical user interface is composed of three main
screens (GUI) that help the user in the simulation process
[6]-[2]. He can model any type of vehicle (EV/HEV…) by
changing simply the vehicle configuration and parameters
without modifying the Simulink block diagrams [7]. He
can also evaluate the impacts of the vehicle’s parameters,
its drive cycle requirements, fuel economy and emissions.
The first of three ADVISOR 2.0 GUI window is the
vehicle input page, through which the user can select his
own vehicle configuration (serial, parallel …) and
components of traction chain using drop down menus[5],
[6]. The component size (peak power and number of
modules) can be changed by editing the value of
characteristic shown in the boxes on the right portion of
the window [7].So the auto-size button facilitates the task
of sizing drivetrain components of traction chain (motor,
the number of battery modules of the system, engine) to
meet user-defined performance constraints of gradeability
and acceleration [5]. Lastly, the scalar parameter can be
modified through the "Variable Editing" button in the
lower right portion of the screen [7] .All vehicle
configuration parameters can be saved for later uses [6].
When the user is satisfied of his own vehicle, he moves to
the second advisor GUI window via the "continue" button
[7], to simulate the vehicle on a standard cycle, which is
used to estimate fuel consumption and pollutant emission
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of a vehicle, so we can compare the difference between the
vehicles [5].Therefore in the ADVISOR simulation setup
window the user selects the cycle and defines the
simulation parameters in the right portion of the screen
[7]. When all measure are fixed , the user moves to final
advisor window through the "run" button which start the
simulation and the results will be shown in this results
window[6]-[7]. The ADVISOR results window provides
the capacity of testing the vehicle performance. , summary
results such as emissions, fuel economy, results of
different tests (maximum gradeability and acceleration)
are displayed on the right part of the screen [6].
2. MODEL OF ALL ELECTRIC VEHICULE IN
ADVISOR
There are many configurations of vehicles in advisor
tool (series, parallel, electrical...), described above. In this
paper, we chosed the electrical configuration, which is the
most adequate for a light application [6].
As appears in Fig. 1, the traction of All-electric
vehicle is composed of a battery, electronic power
(inverter), an electric motor, an on-board charger. Allelectric vehicles run only on electricity [6]. They are
propelled by one or more electric motors powered by
rechargeable battery packs.

Fig. 2. Grade parameters

Bouton
Battery

Mechanical energy
Electrical energy

Electrical
Bouton
motor

Inverter
Bouton

Mechanical
Bouton
transmission

Electrical energy

BoardBouton
charger

Fig. 3. Acceleration parameters
Fig. 1. General schema of electric vehicles

.

3. SIMULATIONS AND RESULTS

A. Input parameters
To begin the simulation with ADVISOR tool, two main
parameters must be identified, which are the acceleration
and gradeability. The two latter allow the user to define
the performance constraints of his traction chain [8]-[9].
As appears in Fig. 2, Fig. 3, via the Grade Options and
Accel Options buttons, user can specify the performance
constraints that can be applied in sizing the vehicle.

 Acceleration
In the following TABLE I the values of acceleration
parameters are shown [8].
 Gradeability
The gradeability put in perspective the ability of a
vehicle to overcome the slopes. In the following TABLE II,
the values of grade parameters are shown [8].

The user will be able to change a set of parameters, as
he desires.
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TABLE I

The Fig. 4 shows the all-electric vehicle traction chain,
which is modeled with Simulink [9]. This block diagram
represent how ADVISOR applies the drive cycle and
vehicle properties to analyze the power flow [9].

Values of acceleration parameters

Parameters

Value

Initial SOC

80%

Mass

200 kg

Accel time 1 from 10 to 20

10 s

Accel time 2 from 20 to 30

12 s

Accel time 3 from 0 to 30

23.4 s

Distance in 5s

15 feet

Time in 0.01km

20s

Max speed

30 km /h

Fig. 4. Traction chain of the all-electric vehicle

 Simulation with asynchronous motor
The elements of the traction chain are selected.
Therefore, the next step is the sizing of these latter. The
result of simulation auto size is shown below:

TABLE II

Values of gradeability parameters

Parameters

Value

Grade

15%

Speed

9 mph

Duration of the grade

10 s

State of initial load

80%

Grade test ... SUCCESSFUL!
Acceleration test ... SUCCESSFUL!
Motor/controller ==> 3 kW
Energy storage system module number set to minimum
number of modules!
Energy storage system number of modules ==> 8
Final drive ratio ==> 5.0579 to allow max speed of
18.6411 mph.
Total vehicle mass ==> 200 kg.

(I_SOF)
Minimum state of

30%

The following TABLE III recapitulates the values of
the various parameters concerning our traction chain like
the result of auto size, weight of some components etc…

charge (m SOF)

When the step of adjustment parameters of acceleration
and gradeability constraints is finished, we move to selfdimensioning step. The component sizes are minimized on
this step [8]. The number of battery modules is reduced;
the driving power is minimized, which influences on
vehicle mass as well as on price. After the selection and
sizing the various components of the vehicle. It remains
only to test the vehicle on a standard cycle for
performance analysis of the traction chain [9].

B. Simulation with first value of slope
For our traction chain, we choose for energy storage:
the battery type lead, which is not expensive .And
according to simulation results and performance
constraints, we choose the motor. Therefore, the
simulation is performed with two types of motors:
synchronous and asynchronous motors with the same
number of lead battery modules.
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TABLE III

Summarize of some values of traction chain with induction
motor

Asynchronous Motors

ESS (lead
battery)

Number of
module

8

Weight

9kg

51kg

Voltage

Min voltage=70V

99v

Power

3kw

Max speed

30km/h (Simulation result: 30.6km/h)

Vehicle
weight

200kg= weight of (driver +
chassis+wheel+battery+motor...)

Grade

15 %( Simulation result: 19, 1%)
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TABLE IV

ECE driving cycle is the cycle chosen for testing the
different traction chain in our application .this latter is an
urban European driving cycle, it is characterized by a low
speed (maximum speed = 50km / h)[9].
The main outputs from the ADVISOR simulations were
plots showing the SOC as a function of time and velocity
profile [9]. In Fig. 5 the result of our vehicle simulation
that run on the ECE driving cycle, is illustrated below.

Summarize of some values of traction chain

Synchronous motor

Number of
module

ESS (lead
battery)
8

Weight

4kg

51kg

Voltage

Min voltage=49V

99v

Power

3kw

Max speed

30km/h (Simulation result: 48km/h)

Vehicle
weight

200kg= weight of (driver +
chassis+wheel+battery+motor...)

Grade

15%( Simulation result: 31, 4 %)

Fig. 5. Test of traction chain with asynchronous motor on ECE
driving cycle

This traction chain with induction motor power (with
3 Kw), and eight number of lead battery modules, is able
to reach a maximal speed up to 30.5 km/h and 19.1% of
slope.
 Simulation with synchronous motor
The result of simulation auto size is shown below:
Grade test ... SUCCESSFUL!
Acceleration test ... SUCCESSFUL!
Motor/controller ==> 3 kW
Energy storage system module number set to minimum
number of modules!
Energy storage system number of modules ==> 8
Final drive ratio ==> 3.8824 to allow max speed of
18.6411 mph.
Total vehicle mass ==> 200 kg.

Fig. 6. Test of traction chain with synchronous motor on ECE
driving cycle

In the following TABLE IV are saved the result of auto
size and a set of parameter values related to our chain.

C. Simulation with second value of slope

This traction chain with synchronous motor power
(with 3 Kw), and eight number of lead battery modules, is
able to reach a maximal speed up to 48 km/h and 31,4% of
slope.

In Fig. 6 is illustrated the test of vehicle on the ECE

driving cycle.
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Now we just change the grade parameters and then we
will notice the effect on the traction chain. In the TABLE
V is shown this change.
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TABLE V

12, 4% of slope and furthermore we notice that the vehicle
follows correctly the ECE driving cycle for a speed lower
than 31, 2 km/h.

Grade parameters

Parameters

Value

Grade

12%

Duration of the grade
State of initial load (I_SOF)

10s
80%

Minimum state of charge (m SOF)

30%

 Simulation with asynchronous motor
The result of simulation auto size is shown below:
Grade test ... SUCCESSFUL!
Acceleration test ... SUCCESSFUL!
Motor/controller ==> 2 kW
Energy storage system module number set to minimum
number of modules!
Energy storage system number of modules ==> 6
Final drive ratio ==> 5.0579 to allow max speed of
18.6411 mph.
Total vehicle mass ==> 200 kg

Fig. 7. Test of traction chain on ECE driving cycle

 Simulation with synchronous motor
The result of simulation auto size is exposed below:

The result of auto size and the set of parameter values
related to our chain are revealed in the following TABLE
VI.
TABLE VI

Summarize of some values of traction chain with asynchronous
motor

Asynchronous Motors

Number of
module

Grade test ... SUCCESSFUL!
Acceleration test ... SUCCESSFUL!
Motor/controller ==> 2 kW
Energy storage system module number set to minimum
number of modules!
Energy storage system number of modules ==> 6
Final drive ratio ==> 4.9916 to allow max speed of
18.6411 mph.
Total vehicle mass ==> 200 kg
The result of auto size and the set of parameter values
related to our chain are revealed in the following TABLE
VII.

ESS (lead
battery)
6

Weight

6kg

38kg

Voltage

Min voltage=70V

74v

Power

2kw

Max speed

30km/h (Simulation result: 31 ,2km/h)

Vehicle
weight

200kg= weight of (driver + chassis
+wheel+battery+motor...)

Grade

12 %( Simulation result 12, 4 %)

TABLE VII

Summarize of some values of traction chain with synchronous
motor

synchronous Motors

Number
of module

In Fig. 7, shows us the result of vehicle simulation
running on the ECE driving cycle
This traction chain with induction motor power
(with 2KW), and eight number of lead battery modules, is
able to reach a maximal speed up to 31, 2 km/h and
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ESS (lead
battery)
6

Weight

2kg

38kg

Voltage

Min voltage=49V

74v

Power

2kw

Max
speed

30km/h (Simulation result:37 ,4 km/h)

Vehicle
weight

200kg= weight of (driver + chassis
+wheel+battery+motor...)

Grade

12 %( Simulation result 24, 4 %%)
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The Fig. 8 shows us the test of vehicle on the ECE
driving cycle.

The results demonstrate that the traction chain with
induction motor answers correctly to the performance
constraints (acceleration, slope ...). In addition, this
traction chain followed correctly the ECE driving cycle
than that one with synchronous motor for the speeds lower
than or equal 30km/h.
4. CONCLUSION
In this paper, the ADVISOR is a powerful analysis tool
of advanced vehicles, which take as input parameters:
acceleration and gradeability, to estimate the size of
vehicle components. Simulation results indicate that a
traction chain with asynchronous motor, for the low value
of the slope, is the best for this application thanks to its
price advantage, weight and autonomy.

Fig. 7. Test of traction chain on ECE driving cycle

This traction chain with 2Kw the power of its
induction motor, and eight number of lead battery
modules, is able to reach a maximal speed equal to 37 ,4
km/h and overcome a slope equal to 24,4 %)..
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Abstract—in this paper, the DPC strategy is proposed to
control PWM voltage source converters under various
loads. This strategy is used to reduce the current
harmonics distortion, to maintain the DC side capacitor
voltage at the required level, while the input currents
drawn from the power supply should be sinusoidal and in
phase with respective phase voltages to satisfy the unity
power factor. Simulation results are presented and
interpreted.
Keywords—DPC, PI controller, PWM voltage source
converter, performances, pwer quality, improvement.

various loads connected in parallel with DC capacitor voltage.
The advantage of PWM voltage source converter rectifier
as non-polluting equipment, he has sinusoidal input
currents with unity power factor with bi-directional power
flow and the stabilization of output DC voltage [5].
Several control strategies were proposed in recent works
for the PWM rectifier, DPC strategy based on PI
controller provides sinusoidal line current and lower harmonic
distortion in to the AC line power [6]. This paper is
dedicated to this specific type of rectifiers using DPC
strategy, shown in Figure. 1.

1. INTRODUCTION
Harmonics distortion cause several problems in electrical
networks and grid. They have negative influence on the
control and
automatic power electronic equipments,
protection systems, and other electrical loads. Traditional
method of current harmonic compensation involves passive
filters. These filters are used to eliminate lower order
harmonics such as 5th, 7th, 11th, and 13th, however,
these passive present many disadvantages such as series
and parallel resonances [1, 2]. The use of the active
power filters (APFs) was been one of the most
competitive modern solutions to suppressing harmonic
pollution, enhance power quality, and insure the better
power distribution system. According to its procedure
connection to the power system, there are two types of
(APFs) as series active power filter and parallel (shunt)
active power filter [3]. The AC/DC conventional rectifiers
converter such as Diodes Bridge have nonlinear loads
nature, which absorb a no sinusoidal input current,
consume sometimes reactive energy, and they generate
harmonic currents in to the AC line power [4]. Researches and
application show that the PWM voltage source converters
(PWM rectifiers) are used in several industrial applications,
the performance of the PWM converter depends on the
design of the structure and the types of controllers to
obtain the high performances. In this paper, the DPC strategy
is proposed to control PWM voltage source converters
rectifiers. The PWM rectifier has six power transistors with
anti-parallel diodes, which is used to carry out the PWM
generation as well as the power bidirectional conversion.
The converter is supplied by a three-phase source in series
with coupling inductance (Lc), the PWM rectifier is supplying
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Fig. 1.Three-phase PWM voltage source converter
The instantaneous voltages of AC source and the fundamental
line current [5,7] are expressed as:

 v an (t )  Vm cos(t )

2
)
(1)
vbn (t )  Vm cos(t 
3

v (t )  V cos(t  4 )
m
 cn
3

 ia (t )  I m cos(t   )

2

 )
ib (t )  I m cos(t 
3

i (t )  I cos(t  4   )
c
m

3

Vm : is the amplitude source voltage,

I m : is the amplitude of the phase current,
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: is the angular phase.
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With assumption:

i AN  i AN  i AN  0

Figure 2 shows the configuration of the direct instantaneous
active and reactive power controller for the PWM converter

(3)

α–β input voltages are:


 vs (t ) 

v (t ) 
 s

3
Vm sin(t )
2
3
Vm cos(t )
2

(4)

Similarly, the input voltages in the synchronous d-q
coordinates are expressed by:


3
 vsd (t ) 
 v 2 sd  v 2 sq

2

v
t
(
)

0
sq


(5)
Fig.2. DPC based on the instantaneous active and reactive
power control

Line to line input voltages of PWM rectifier can be described
as:

v AB (t )  ( S A  S B ) * Vdc

vBC (t )  ( S B  S A ) * Vdc
v (t )  ( S  S ) * V
C
A
dc
 CA
v sa  vca  Rica  L

dica
dt
dicb

v sb  vcb  Ricb  L
dt
dicc
v sc  vcc  Ricc  L
dt
And additionally for currents

du
C dc  S a iCa  SbiCb  Sc iCc  idc
dt

3. HYSTERESIS CONTROL
The regulators used are hysteresis comparators for errors
instantaneous active and reactive power. The output switches
determines the switching state of the converter, indicate higher
or lower limits of powers errors according to the below logic
are given by:
S P  1 if Pref  P  h p

(6)

S P  0 if Pref  P  h p

(7)

(11)

S P  1 if qref  q  hq
S P  0 if qref  q  hq
Where:
hp and hq designate the hysteresis band.
Figure 3 shows the block diagram of the PWM rectifier state
selection

(8)

2. DIRECT POWER CONTROL
The basic principle of the Direct Power Control (DPC)
was proposed by Noguchi [8], this strategy was inspired
from DTC is based on the concept of the direct control of the
torque applied to the electric machines. The DPC strategy
was developed for controlling PWM rectifiers connected
to the network [9-11]. In this case, active and reactive
instantaneous powers represent the controlled variables. In
this technique, there are no internal current control loops
and no PWM modulator block [6], because the PWM
voltage source converters switching states are appropriately
selected by a lookup table based on the instantaneous
errors between the commanded (the reference) and
measured values of the active and reactive powers are defined
as:
p  van (t )  ia (t )  van (t )  ia (t )  van (t )  ia (t )
(9)
1
q
(( v (t )  vcn (t ))  ia  (( vcn (t )  van (t ))  ib
3 bn
 (van (t )  vbn (t ))  ic )
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(10)

Fig.3. Block diagram of the PWM converter state selection
4. SWITCHING TABLE
The principle of DPC is to select a sequence of switching
commands (Sa, Sb, Sc), from a switching table, according to
the errors between of the active and the reactive powers as
well as the angular position of the source voltage vector. This
position is defined by the following relationship [6, ]. The
input voltage can be estimated by the following equation:
i  i   pˆ 
v 
1
(12)
 
v   2
2 i
 i   qˆ 
  i  i   

(185)
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The knowledge of the estimated voltage sector is necessary to
determine optimal switching states. Determination of the
number sector is given by:
(n  1)



  n  (n  1)



(13)
6
6
Where n is the sector number n=1,2,…12.
 n : is the voltage vector position is obtained as follows, is
shown in figure 4.
Where:
v
(14)
  arctg (  )
v

compensated by the DC capacitor of inverter constructor
of (SAPF). The changes of DC capacitor voltage from its
reference most is regulate.
A. PI Regulator.
The functional diagram of vdc voltage regulation based on a
classical PI regulator [12-13] is given by Figure. 4 . The
closed loop transfer function is given by:
R( s)G( s)
H ( s) 
(15)
1  R( s)G( s)
We have:
k p s  ki
(16)
H ( s)  2
Cs  k p s  ki
To order the closed loop system, it is necessary to choose the
coefficients ki and kp.
The transfer of a system of second order function is given by:
c 2
F ( s) 
(17)
s 2  2 c s  c 2
So,
k p  2C c

Fig.4. Voltage vectors generated in α-β coordinate
The switching table was determined in order to minimize the
errors between the commanded and measured powers in each
sampling period. Also to achieve a better performance,
they proposed to divide the vector space into twelve sectors
and then determine the position of the source voltage
vector
corresponding.
Switching table for direct
instantaneous power control illustrated by Table 1.

ki  Cc
The reference dc current is
I c  I dc  I l
And the referenced active power is given by:
Pref  I dc Vdc

(18)
(19)

The control loop of the DC voltage is represented by the
diagram of figure 5.

TABLE I

Switching table for the DPC technique

Fig.5. DC capacitor voltage regulation
6. SIMULATION AND DISCUSSION

5. CONTROL OF DC VOLTAGE
The advantage control of DC voltage source of PWM
converter arises suitable transit of supply power necessary
added to power active fluctuate. The storage capacity C
absorbs the power fluctuations caused by the compensation
of the reactive power. In the normal conditioner, the real
power supplied by the source should be equal to the real
power demand of the load plus a small power to compensate
the losses in the active filter [8-11]. Thus, the DC capacitor
voltage can be kept at constant value and confirmed at a
reference value. However, in the abnormal conditioner, In the
presence of harmonics current, when the load changes, the
real power balance between the source and the load will be
disturbed. In this case, the real power poured most is
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To validate the effectiveness of the control strategy studied in
this paper, The PWM rectifier was examined through
simulations using Matlab/Simulink. All spectrum analysis
harmonic figures are below the levels imposed by international
standards recommendation IEEE 519-1992, in terms of total
distortion harmonic (THD). The system parameters studied in
this paper are given in Table.2.

(186)

TABLE II

System parameters
RMS supply phase voltage
source
coupling inductance
Load rectifier bridge
DC voltage

380 V, 50Hz
R=0.1 Ω, L=12mH
R=100Ω
R=50 Ω, L=30mH
600V and 750V
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reference value in t= 0.5s at 750V, the DC voltage pursue its
reference that system became more stable and more robust.
800
700

DC voltage and its refrence (V)

Figure 6 shows superposition of the input current and the input
voltage. We can see that the input current is sinusoidal
and nearly in-shape with the respective phase voltages due
the presence of DPC technique based on PI controller.
Figure 7 shows, the evolution of line current phase. The THD
(Total Harmonic Distortion) at 1, 73 %, that is within the
limit of the harmonic standard, shown as figure 8.
400
vsa (V)
Input voltage (V) and line current (A)

300

ia (A)

Vdc ref
Vdc

500
400
300
200

200
100

100
0

0

0.1

0.2

0.3

0.4

0

0.5
Time(s)

0.6

0.7

0.8

0.9

1

Fig.9. DC capacitor voltage and its reference
-100
800

-200
700

0.45

0.5

0.55

0.6
Time (s)

0.65

0.7

DC voltage and its reference (V)

-300

0.75

Fig.6. Line current in phase with input voltage
120

Introduced RL load
600
500
Vdc ref
Vdc

400
300
200
100

100
ia (A)

80
Line current (A)

600

0

60

0

0.1

0.2

0.3

0.4

0.5
Time(s)

0.6

0.7

0.8

0.9

1

Fig.10. DC capacitor voltage and its refrence in various load

40

Figure 11 presents the evolution of the instantaneous active
and reactive power. We can see that the reactive power flow is
small, what is very beneficial for the system performances and
thus the power-factor is almost equal to unity, shown in figure
12.

20
0
-20
-40

0

0.1

0.2

0.3

0.4

0.5
Time(s)

0.6

0.7

0.8

0.9

1

4

Fig.7. Line sinusoidal current

5
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active and reactive power

4

active power (W)
reactive power (VAR)

3

2

1
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Time(s)
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0.7

0.8

0.9

1

Fig.10 Active and reactive powers
1.5
power factor (cos phi)

1

The DC voltage control system is tested as well as the DPC
method following a DC voltage step variation occurred at
t=0.5s from 600V to 750V and at 0.7 we introduced author
load (see figure 9).The effectiveness of the DC voltage PI
controller is illustrated by figure.10. We can see that DC value
follows up its reference at 600V.We have changed the

Power factor at unity

Fig8 line current spectrum harmonic
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Time(s)
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Fig.12: Power factor correction
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7. CONCUSION
In this article we presented a control strategy for a PWM
rectifier. It concerns the use of the direct power control based
on PI controller. The simulation results obtained showed that
the DPC technique improves the system performances. These
improvements affect the performances of the system response
on the DC side capacitor voltage, power-factor correction,
sinusoidal line current and power quality improvement.
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Abstract—this paper presents an efficient approach for
treatment of vibration signals bearings failure in induction
motor. We are developed a new approach for treatment
non stationary signal dedicated to de vibration analytic
signals of bearing fault to the induction machine
monitoring. To extract a vectors forms to vibration signals
from four bearing states (normal, rolling element defect,
inner race defect and outer race defect) we are following
two steps. The first step uses the Hilbert-Huang transform
to decompose the signal into several IMFs by empirical
mode decomposition. These IMFs represent the input
signal in specific frequency bands given by the
instantaneous frequencies. Next, these frequency bands are
identified by the Hilbert marginal spectrum, which
calculates the energy density at each frequency. Finally,
the second step, we are using a Teager - Kaiser energy
operator (TKEO) for extract the vectors forms.
Keywords— Teager-Kaiser Energy operator; Empirical
mode decomposition; vibration signals; Hilbert-Huang
transform; bearing faults; induction motor.
.

I.

INTRODUCTION

Recently, Huang et al. [1] have proposed a class a
functions (oscillating components) called intrinsic mode
functions (IMFs). To compute the frequency behavior of
each IMF in time, the IF is estimated. A standard
approach to this problem is to use the Hilbert transform
(HT) and the related Gabors analytic signal [4]. An
alternative approach developed by Maragos et al. [2]
uses an energy-tracking operator, Teager energy operator
(TEO), to first estimate the energy required for
generating an AM-FM signal and then separate it into its
IF and IA components [7],[8].
Knowing that The stationary signals are analyzed by
using well- known temporal and/or frequency methods ,
whereas the non-stationary signals are processed by
using time-frequency methods. Therefore we are
developed a new approach for treatment non stationary
signal dedicated to de vibration analytic signals of
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bearing fault to the induction machine monitoring. This
approach based on Teager huang transformation (THT)
to extracted a vectors forms from vibration signals from
four bearing states (normal, rolling element defect, inner
race defect and outer race defect) by following three
steps. The first step uses use the Hilbert-Huang
transform to decompose the signal into several IMFs by
empirical mode decomposition. These IMFs represent
the input signal in specific frequency bands given by the
instantaneous frequencies. In the next step, these
frequency bands are identified by the Hilbert marginal
spectrum, which calculates the energy density at each
frequency. Finally, the third step, we are using a Teager Kaiser energy operator (TKEO) for extract vectors forms
correspond a high energy density to the signals.
II.

HILBERT-HUANG TRANSFORM

The Hilbert-Huang transform is an emerging
technique for time-frequency signal processing designed
to analyze nonstationary data, even within an oscillation
cycle.
HHT is performed in two steps. The first step
concerns empirical mode decomposition (EMD) [5],
which decomposes the signal to obtain the intrinsic
mode functions (IMFs) representing the average trend of
the signal. Each of these IMFs is located in a specific
frequency band. The second step deals with the Hilbert
transform, which is applied to the IMFs in order to
extract instantaneous frequencies and instantaneous
amplitudes of the signal.
A.empirical mode decomposition
The Empirical mode decomposition method (EMD)
proposed in 1998, is a self-adaptive data driven method,
which decomposes a complex signal into a number of
simple oscillatory modes called intrinsic mode functions
(IMFs) [6].
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These IMFs are determined by the signal itself rather
than by pre-determined functions and designated by the
following definitions:
1) In the whole data set, the number of extrema and
the number of zero crossings must either equal or differ
at most by one.
2) At any point, the mean value of the envelopes
defined by local maxima and the envelope defined by the
local minima is zero.
The decomposition consists of the following steps [9]:
1) To identify all the local extrema, and then connect
all the local maxima by an interpolation method to
produce the upper envelope. Repeat the procedure for
the local minima to produce the lower envelope.
2) To determine the difference between the signal
x(t ) and m1 which is the mean of upper and lower
envelopes to obtain the first component, h1 .
x(t )  m1

h1

3) To separate IMF (c1 ) from the original signal x(t )
to obtain the residue r1 :
r1

x (t )  c1

4) To consider r1 as the new data and repeat the above
described process for n times, so that n-IMFs of signal
x(t ) can be obtained. Then:
r1  c 2 r2
rn1  c n rn

5) To stop the decomposition process when rn
becomes a monotonic function from which no more IMF
can be extracted. By summing up Equations (4) and (5),
we finally obtain:
n

¦ ci  rn

x(t )

i 1

B. Hilbert transform

These two steps, EMD and Hilbert transform allow
obtaining three dimensions (time, frequency and
amplitude) representation of the signal.
The EMD characteristic of being an adaptive bandpass filter bank with the bandwidth self-adaptively
determined by the signal decomposed; whereas the filter
features of wavelet decomposition is not self-adaptive.
III.

The Teager-Kaiser energy operator (TKEO), which is
a nonlinear differential operator can estimate the energy
required to generate a signal [9]. The TKEO is defined
for a continuous time signal x(t ) as:

< >x t @

< x>n@

1
S

f

ci t

³f t  W dW

ci t  jH >ci t

@

Finally, the Hilbert-Huang transform and the Hilbert
energy spectrum are represented, respectively as follows:
n
½
TFRx t , f
Re®¦ ai t exp j ³ 2Sf i t dt ¾
¯i 1
¿
n

TFR x t , f

¦ ai2

t G > f  fi t

1
§
<>x n  1  x n  1 @ ·¸
arccos¨¨1 
¸,
2<>x n @
2
©
¹

An |

Then, analytical signal is constructed as:
zi t

@

i 1

x 2 >n@  x >n  1@ x>n 1@

As at any instant, only three consecutive samples are
needed to estimate the instantaneous TKEO, it is
adaptive to the instantaneous changes in signals and is
quite adapt to resolve transient events. It is an adaptive
method and effective in estimating the instantaneous
frequency and envelope amplitude of non-stationary
signals. It has some merits such as low computational
cost, high resolution of time and frequency and
adaptability to instantaneous feature [10].
The instantaneous frequency and instantaneous
amplitude at any time instant of the signal x(t ) can be
given as:

Having obtained the IMFs using EMD method, the
Hilbert transform is applied to each IMFs:

@

>x t @ 2 x t x t

où : x t is the first time derivatives of x(t).
x t is the second time derivatives of x(t).
For a discrete time signal x(n) (where n is the discrete
time index), using difference to approximate differential,
the TKEO can be proposed as:

Fn
H >c i t

TEAGER-HUANG TRANSFORM: THT

IV.

2 <>x n @
<>x n  1  x n  1 @

EXPERIMENT RESULTS

A. Vibration data
The vibration data that were used for analysis are
obtained from the Case Western Reserve University
Bearing Data Center [16]. Reliance Electric’s 2-hp

where G  is the Dirac delta function.
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healthy bearing
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motor, along with a torque transducer, a dynamometer,
and control electronics, constitutes the test setup.
Figure 3 presents the waveforms of the vibration
signals from the four bearing states.
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Fig 2. Empirical mode decomposition
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Fig. 1. Vibration signals
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B. Empirical mode decomposition
The Hilbert-Huang transform is a time-frequency
decomposition technique particularly suitable for the
analysis of nonstationary vibration signals. Experimental
study on bearings showed that their damages can be
detected efficiently by means of time-dependent
amplitudes and instantaneous frequencies resulting from
the Hilbert-Huang transform. The empirical mode
decomposition of the Vibration signals from the four
bearing states: (normal, rolling element defect, inner race
defect and outer race defect) are given in figures 2,
3,4and5.
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Fig 3. Empirical mode decomposition of the signal
of rolling element fault .
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C. Hilbert marginal spectrum

ball fault
0

IM F 2

0.1
0
-0.1

IM F 3

0.1
0
-0.1

IM F 4

0.05
0
-0.05

IM F 5

0.05
0
-0.05

IM F 6

0.02
0
-0.02

IM F 7

0.02
0
-0.02

0.1

0.12 0.14 0.16

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

healthy bearing
25

X = 60
Y = 20.2

X = 86.7
Y = 21
X = 93.3
Y = 19.8

20

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

15

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0

0.02

0.04

0.06

0.08
time(s)

0.1

0.12

0.14

0.16

rn (t )

0.01
0
-0.01

0.02 0.04 0.06 0.08

The Hilbert marginal spectrum on the two first IMFs
of the vibration signals from the four bearing states:
(normal, rolling element defect, inner race defect and
outer race defect) is used to separate the high frequencies
of the low frequencies. In fact, from the figures 6, 7, 8
and 9, one can see that the Hilbert marginal spectrum
applied to the first IMF identifies the high frequency
components.
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These results show the effectiveness of the Hilbert
Huang transform to track the amplitudes of the transient
components.

3
2
1
0

D. Teager-Kaiser energy operator

-1

The feature extraction phase is carried out by using
the Teager-Kaiser energy operator (TKEO). The
figures.10, 11, 12 and 13 present the envelope and
Instantaneous frequency estimated by TKEO for
vibration signals from the four bearing states (normal,
ball defect, inner race defect and outer race defect). The
envelope of signals considered the vectors forms of each
bearing case faults.
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V.

CONCLUSION

In this paper, We developed in approach based on
Teager huang transformation (THT) to extract vectors
forms of vibration signals for four bearing states
(normal, rolling element defect, inner race defect and
outer race defect) by use a Hilbert-Huang transform and
Teager - Kaiser energy operator (TKEO). We are applied
the Hilbert-Huang transform to decompose the signal
into several IMFs. The Hilbert marginal spectrum
applied which calculates the energy density at each
frequency. We are using a Teager – Kaiser Energy
Operator (TKEO) for extract vectors forms correspond a
high energy density to the signals. To assess its
computational efficiency in processing of feature
extraction to the vibration signals. The results show the
effectiveness of this approach for condition monitoring
of bearings.

amplitude(db)

6

6. REFERENCES
4

[1]

2

0

-2

0

10

20

30

40
50
Frequency(Hz)

60

Fig. 11. TKEO of ball fault

ISBN: 978-9938-14-953-1

70

80

90

N.E. Huang et al., ”The empirical mode decomposition and the Hilbert
spectrum for nonlinear and nonstationary time series analysis,” Proc.
Royal Soc. London A, vol. 454, pp. 903-995, 1998.

[2] G. Weidl, A.L. Madsen, et S. Israelson. Applications of object-oriented
bayesian networks for condition monitoring, root cause analysis and
decision support on operation of complex continuous processes.
Computers and Chemical Engineering, 29(9) :1996{2009, 2005

(193)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016
>@ :DQJ +RQJIHQJ ʊ3URJQRVWLFV DQG +HDOWK 0DQDJHPHQW IRU &RPSOH[
system Based on Fusion of Model-based approach and Data-driven
DSSURDFKۅ3K\VLFV3URFHGLD9RO3DUW%SS
[4] Medjaher. K, Tobon-Mejia. D.A, Zerhouni. N, "Remaining Useful Life
Estimation of Critical Components With Application to Bearings,"
Reliability, IEEE Transactions on , vol.61, no.2, pp.292-302, June 2012.
>@ :HL *XR 3HWHU : 7VH $OH[DQGDU 'MRUGMHYLFK ʊ)DXOW\ EHDULQJ VLJQDO
recovery from large noise using a hybrid method based on spectral
NXUWRVLV DQG HQVHPEOH HPSLULFDO PRGH GHFRPSRVLWLRQ ۅ0HDVXUHPHQW
Vol.45, no.5, pp.1308-1322, June 2012.
>@256HU\DVDW0$6KRRUHKGHOL)+RQDUYDUDQG$5DKPDQLʊ0XOWL
fault diagnosis of ball bearing based on features extracted from timeGRPDLQDQGPXOWLFODVVVXSSRUWYHFWRUPDFKLQH 0690 ۅLQ3URF,(((
SMC, 2010, pp. 4300-4303.
[7] J.C. Cexus and A.O. Boudraa, ”Link between cross- Wigner distribution
and cross-Teager energy operator,” IEE Elec. Lett., vol. 40, no. 12, pp.
778-780, 2004.
[8] jean-christophe cexus and abdel-ouahab boudraa. « nonstationary signals
analysis by teager-huang transform (tht) ». 14th european signal
processing conference (eusipco 2006), florence, italy, september 4-8,
2006, copyright by eurasip
[9] P. Maragos, J.F. Kaiser, T.F. Quatieri, On amplitude and frequency
demodulation using energy operators, IEEE Trans. Signal Process., 41 (4)
(1993), 1532–1550.
[10] Zhensheng Yang, Zhonghua Yu, Chao Xie, Youfang Huang,
ʊ$SSOLFDWLRQ RI +LOEHUW±+XDQJ 7UDQVIRUP WR DFRXVWLF HPLVVLRQ VLJQDO
IRU EXUQ IHDWXUH H[WUDFWLRQ LQ VXUIDFH JULQGLQJ SURFHVV ۅ0HDVXUHPHQW
Vol.47, pp.14- 21, January 2014.

ISBN: 978-9938-14-953-1

(194)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

Finite Sit MPC Control of Two Level Inverter for PV/Battery GridConnected System
M. Habib

A. A. Ladjici

E. Bollin

Laboratory of Electric and Industrial
Systems
USTHB, Algiers, Algeria
mhabib@usthb.dz

Laboratory of Electric and Industrial
Systems
USTHB, Algiers, Algeria
aladjici@usthb.dz

Institute of Energy Systems Technology
Offenburg University
Offenburg, Germany
bollin@hs-offenburg.de

Abstract—This work proposes and simulates a finite set model
predictive control (MPC) technique for photovoltaic inverter.
The power topology is a 30 KW PV array with two power
conversion stages: DC/DC boost converter controlled with MPPT
to extract the maximum available solar power and two level
voltage source inverter (VSI) with passive filter to convert direct
current to alternative current and inject it into low voltage, a 30
KW lead-acid battery system connected to inverter DC bus
through buck-boost converter. Two control levels appear for the
inverter: a simple hysteresis-based power management which
sends the power reference to the second level according to the
battery state of charge value. The second level is a finite set MPC
controller which makes the inverter inject desired high quality
current according to the reference without using a modular. The
digital simulation with MATLAB/Simulink software proves the
performance of such control strategy compared with classical
hysteresis controller.
Keywords—Finite set MPC Control, PV array, DC-DC power
converter, voltage source inverter (VSI), lead-acid battery,
hysteresis power management, hysteresis controller.

I.
INTRODUCTION
A grid-connected Inverter is an enabling technology of
distributed generator (DG) system to transfer the energy to
power system. In particular, inverter control techniques have
very important part of power converter to control power
quality, efficiency, reliable and safety grid interconnection
operation. With this reason, a survey of power inverter control
for the grid connection of renewable energy system has been
studied [1]. A classical controllers have been developed by
linear controller combine with modulation schemes such as
voltage oriented control, direct power control, space vector
PWM [2]. There are some drawbacks of these methods follow
as a mismatch of nonlinear system with linear control,
limitation of analog control, computational time of controller
[3]. However, by advance technology of computer and digital
signal processing, modern techniques have been developed for
power converter controlled such fuzzy, neural, adaptive and
predictive control.
Recently, Model Predictive Current control (MPC) has
been paid more attention for power converter and AC drive
because of its simplicity, good dynamic performance, and
strong current tracking ability, less sensitivity to the system
model in [4],[5], [6] and [7]. MPC will predict the future
behavior of the variables in time frame considering the model
of the system. All the predictions are valued based on a cost
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function and that minimizes the cost function is the optimal
control sequence.
Nowadays, MPC has been applied to various types of
converters. MPC has been used to control a voltage source
inverter [5] electric drives [6]. And it is also employed in threelevel NPC inverter [8], asymmetric cascaded H-bridge
inverters in [9] and a 3-phase cascaded H-bridge inverter in
[10]. Then some optimal methods are presented to reduce the
amount of calculation for general MPC. Switching frequency
reduction is applied to a motor driver [11]. A method of
variable sampling time finite control for MPC is employed in a
grid-connected inverter [12]. Also, a fast-predictive controller
is proposed for neutral-point-clamped multilevel converter
[13].
This work proposes a finite set model predictive control
(MPC) for the PV inverter current control to inject the
maximum available solar power. Two control levels are
applied for the inverter: a simple hysteresis-based power
management which sends the power reference to the second
level according to the battery state of charge value. The second
level is a finite set MPC controller which makes the inverter
injects desired high quality current according to the reference
without using a modular. A simulation will be carried for our
hybrid power system using the chosen control methods.
II.

ENERGY SOURCES MODELING

A. PV array Model
Photovoltaic cell is the most basic generation part in PV
system. Single-diode mathematic model is applicable to
simulate silicon photovoltaic cells, which consists of a
photocurrent source Iph , a nonlinear diode, internal resistances
Rs and Rsh [14].
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Fig 1. Single-diode mathematic model of a PV cell
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A  E full  Eexp

The mathematic relationship for the current and voltage in
the single-diode equivalent circuit can be described as:

I  I ph  I s (e

q

V  IRs
AkT

 1) 

V  IRs
Rsh

Where, Iph is photocurrent; I, is diode saturation current; q
is coulomb constant (1.602e·19 C); k is Boltzmann’s constant
(1.38Ie-23 J/K); T is cell temperature (K); A is P-N junction
ideality factor; Rs and Rsh are intrinsic series and parallel
resistances. Photocurrent is the function of solar radiation and
cell temperature, described as:

 S
Iph  
S
 ref


  I ph ref  CT (T  Tref ) 


(2)

Where, S is the real solar radiation (W/m2); Sref, Tref et Iph-ref
are the solar radiation, cell absolute temperature and
photocurrent in standard test conditions respectively; CT is the
temperature coefficient (A/K). Diode saturation current varies
with the cell temperature:

I s  I s  ref

 T

 Tref

3

 qEg  1

1 

  AK  Tref  T 
 e


B  3 / Qexp

(1)

(3)

Q  Qnom
K   E full  Enom  A(e  BQnom  1) 
Qnom
III.

(5)

POWER TOPOLOGY

A. Power Topolgy of Grid Connected PV/Battery Hybrid
System
Among possible power topologies for grid connected
PV/Battery system, the one with battery DC coupled is a best
solution according to the following advantages:
 The hybrid system is connected to the grid with one
inverter which reduces the installation cost of the
whole system.
 With one inverter, the control complexity of is much
improved.
 Controlling the DC bus with battery system makes
inverter working on autonomous mode making it
connected all the time to the grid which is impossible
with only PV system.

Where Is-ref is the diode saturation current in standard test
conditions; Eg is the band-gap energy of the cell semiconductor
(eV), depending on the cell material.
B. Battery Model
The battery equivalent circuit model is most suitable for
dynamic simulation. Based on Shephred battery model, author
in [15] presents a generic battery model for dynamic
simulation, assuming battery is composed of a controlledvoltage source and resistance.
The expression of the controlled voltage source is:

E  E0  K

 B ib dt
Q
 Ae 
Q   ib dt

(4)
Fig 2. Power topology with control techniques

Where, E is no-load voltage (V); Eo is battery constant
voltage (V); K is polarization voltage (V); Q is battery capacity
(Ah); A is exponential zone amplitude (V); B is exponential
zone time constant inverse (Ah-l).
This model assumes the internal resistance of the battery
keeps constant during both charge and discharge cycles. All
parameters are deduced from the discharge and assumed to be
same for charge. From the discharge characteristics of the
battery at rated discharge current, all parameters can be
calculated, namely fully charged voltage (Efull), the end of
exponential zone (Eexp, Qexp), the end of nominal zone (Enom
,Qnom).
Formulas for calculating the parameters are:

More details about possible hybrid power topologies
characteristics are shown in [16].
IV.

The inverter is controlled to inject the available power in
the DC bus fed by PV and battery system into the grid. The
power reference is sent from the higher level, hysteresis-based
power management according to the battery state of charge
control. This power reference will be then divided on a fixed
number to convert it to an rms current reference (6).

I ref 
Where
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3.

In this case, the quality function g evaluates the error
between reference and predicted currents in the next
sampling interval. The voltage vector that minimizes
the current error is selected and applied to the load
through the inverter.
B. Cost function:
The current error for the next sampling instant can be
expressed in orthogonal coordinates as follows:

g  ( I *  I (k  1))  ( I  *  I  (k  1))
Where
Fig 3. Hysteresis power management

I (k  1) and I  (k  1) are the real and imaginary

part of the predicted load current vector,
A model predictive control MPC will be used to allow the
inverter to inject currents according to the reference. This
controller uses measured inverter current with grid voltage to
deliver a variable frequency pulses for inverter switches gates.

(7)

I * and I  * are the

real and imaginary part of the reference current. Different
control criteria will be expressed in different quality functions.
In this work, the absolute error is used for computational
simplicity. Other quality functions could evaluate the error
integral over a sampling period, or the square error. Also,
additional terms can be added to the quality function to
improve other control aspects like minimizing the switching
frequency and DC link voltage balancing, as presented in [18],
for a three-phase neutral point clamped inverter.
The switching states of the converter are determined by the
gating signals Sa , Sb, Sc and as follows:

1 if
Sa  
0 if

S1On and
S1Off and

S4Off
S4On

1 if
Sb  
0 if

S2On and
S2Off and

S5Off
S5On

1 if
Sc  
0 if

S3On and
S3Off and

S6Off
S6On

Fig 4. Inverter two control layers

A. Control Strategy:
The proposed predictive control strategy is based on the fact
that only a finite number of possible switching states can be
generated by a static power converter and that models of the
system can be used to predict the behavior of the variables for
each switching state. For the selection of the appropriate
switching state to be applied, selection criteria must be
defined. This selection criterion is expressed as a quality
function that will be evaluated for the predicted values of
controlled variables. Prediction of future value of these
variables is calculated for each possible switching state. The
switching state minimizing the quality function is selected.
This control strategy can be summarized below:
 Define a quality function
 Build a model of the converter and its possible
switching states.
 Build a model of the load for prediction.
A discrete-time model of the load is needed to predict the
behavior of the variables evaluated by the quality function,
i.e., the load currents. The current control is performed in the
following steps.
1. The value of the reference current is obtained from
an outer control layer (power management), and the
load current I*(k) is measured.
2. The model of the system is used to predict the value
of the load current I(k+1) in the next sampling
interval for each of the different voltage vectors.
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And can be expressed in vectorial form by:
2
j
2
2
S  ( Sa  aSb  a Sc )  a  e 3 
3

Fig 5. Voltage vector situations

The output voltage space vectors generated by the inverter are
defined by:
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dI I (k  1)  I (k )

dt
Ts

2
S  (VaN  aVbN  a 2VcN ) 
3
Where: VaN, VbN and VcN are the phase to neutral voltages of
the inverter. Then, the load voltage vector V can be related to
the switching state vector S by:
(10)
V  Vdc S
And Vdc is the DC link voltage.
Considering all the possible combinations of the gating
signals Sa, Sb, Sc and, eight switching states, and consequently,
eight voltage vectors are obtained. Note that V0=V7 , resulting
in only seven different voltage vectors.

And replacing (13) in (15), the future load current vector can
be determined by:

I (k  1) 

1
 LI (k )  Ts V (k )  e(k )   (16)
RTs  L

Where, I(k+1) is the predictive value of load current at the
time k+1. I(k) is the measured value of load current at time k.
And V(k) is the selected voltage vector during sampling time
interval of k+1. e(k) is the grid voltage at time k. There are
seven possible output voltage vectors (Fig 6), which mean that
there are possible seven different load current vectors for
future as the measured current I(k). Then we can use a selected
voltage vector to estimate the future behavior of the system.

Fig 6. Possible voltage vectors of the inverter

C. Load Model:
In a balanced three-phase load, the current can be defined as a
space vector by:

2
I  (ia  aib  a 2ic )
3

(11)

2
E  (ea  aeb  a 2ec )
3

(12)

Fig 7. MPC block diagram

The grid voltage as:

In this way, the load current dynamics can be described by the
vector equation:

V  RI  L

dI
E
dt

(13)

Where R is the load resistance, L the load inductance, the V
voltage generated by the inverter and E the grid voltage.
The load current, grid voltage and inverter voltage vectors can
be expressed in the stationary reference frame αβ as:

ea 
Va 
ia 
 e 
V 
 i 


 


i   C3/2 ib  , e   C3/2  eb  , V   C3/2 Vb 

 
 ec    
Vc 
 ic   

(14)

Where C3/2 is Clarke matrix.
D. Descrit Time Model:
Assuming the inductor is linear and sampling time Ts is
short enough, a discrete-time model of the system can be
used to predict the load current in the next sampling
interval (16), considering the possible output voltage
vectors and measured currents at a sampling instant.
During the kth sampling interval, the dI/dt of load current
can be simplified as:
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(15)
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Fig 8. Flow diagram of the MPC algorithm
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SIMULATION AND RESULTS

In this section, a simulation will be achieved for our control
strategies using MATLAB/Simulink environment. The power
topology is the one studied in the section III, 30KW PV
system (10 in series and 60 in parallel) connected to a 400V
through 10KHz PWM IGBT boost converter, two level
IGBT/diode inverter and L/R passive filter with L=12mH and
R=0.11Ω. A 30KW, 480V and 56Ah battery stack is
connected to the inverter DC link through classical 10KHz
PWM IGBT back-boost converter. The sampling time for
MPC controller is 100µs and the gap value for hysteresis
current controller is fixed at 0.5. The hysteresis-based power
management is characterized by Pmin=-3KW, Pmax=+25KW,
SOCmin=20% and SOCmax=80%.
The solar irradiation and the temperature are shown in Fig. 9
and 10 respectively. The power load variation is shown in the
Fig. 11.

offers high quality current according to a simple hysteresisbased controller (Fig. 18 and 19) and good tracking while
reference changes (Fig. 17).
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Fig 12. Power dispatching of PV/Battery grid connected system
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Fig 13. Battery state of charge variation according to the inverter power
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Fig 11. Load power

The hysterics power management strategy, in addition with its
simplicity, it can offer a good control for battery state of
charge making it in optimal functioning area (Fig. 13). The
power dispatching according to the hysteresis power
management is shown in fig. 12. The inverter MPC controller
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With DC bus voltage regulation, the battery stack offers the
power difference between the delivered PV power and the
reference power sent to the inverter, so at each sampling time,
the inverter power is equal to the summation of PV power and
Battery power. With a well-controlled DC link voltage, the
power flow management between energy sources and load
through DC bus capacitor is satisfied. In this case, the grid is
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charged to deliver or recover the power difference between the
inverter delivered power and load power demand.

60

40

Current (A)

20

power management was a simple hysteresis-based power
management strategy which sends the current reference to the
power control layer. The simulation results prove that with
MPC control, the grid connected inverter can inject high
quality current with good tracking while reference changes.
Also, this controller can offer on line control while load
current demand changes.
REFERENCES
[1]

0

-20

[2]
-40

[3]
-60

0

2

4

6

8

10

12
14
Time (Hour)

16

18

20

22

24

Fig 16. Inverter current injected to the grid

[4]

60

[5]

40

Current (A)

20

[6]

0

-20

[7]
-40

-60
2.64

2.66

2.68

2.7
Time (Sec)

2.72

[8]

2.74

Fig 17. Inverter current tracking with MPC controller
[9]

8
6

[10]

Current (A)

4
2
0

[11]

-2
-4

[12]

-6
-8
2.65

2.651

2.652

2.653

2.654

2.655
2.656
Time (Sec)

2.657

2.658

2.659

2.66

Fig 18. Zoom on injected currents with MPC controller

[13]

8

[14]

6

Current (A)

4
2

[15]

0
-2
-4

[16]

-6
-8
2.65

2.651

2.652

2.653

2.654

2.655
2.656
Time (Sec)

2.657

2.658

2.659

2.66

[17]

Fig 19. Zoom on injected currents with hysteresis controller

VI.

CONCLUSION

[18]

This work has focused the light on power control in grid
connected photovoltaic/battery hybrid system using finite sit
model predictive control technique. To simplify the study, the

ISBN: 978-9938-14-953-1

(200)

J. Carrasco and L. Franquelo, “Power electronics systems for the grid
Integration of Renewable Energy Sources, A survey,” IEEE Transaction
Ind. Electron, vol. 53, no. 4, 2006, pp. 1002-1016.
R. Kennel and D. Schroder, “Predictive control strategy for converters,”
in Proceeding of the third IFAC Symposium, pp. 415-422, 1983.
R. Kennel and A. Linder, “Predictive control of inverter supplied
electrical drives,” Power Electronics Specialists Conference, 2000.
PESC 00. 2000 IEEE 31st Annual, 2000, vol.2, no., pp.761-766.J.
J. P. Rodriguez, C. A. Silva, P. Correa, and P. Lezana, "Predictive
Current Control of a Voltage Source Inverter," Industrial Electronics,
IEEE Transactions on, vol.54, no.1, 2007, pp.495-503.
Jos, R., P. Jorge, A.S. Csar, C. Pablo, L. Pablo, C. Patricio and A.
Ulrich, 2007. Predictive current control of a voltage source inverter.
Proceeding of the IEEE Transactions on Industrial Electronics, 54.
Cortes, P., M.P. Kazmierkowski, R.M. Kennel, D.E. Quevedo and J.
Rodriguez, 2008. Predictive control in power electronics and drives.
IEEE T. Ind. Electr., 55(12): 4312-4324.
Kouro, S., P. Cortés, R. Vargas, U. Ammann and J. Rodríguez, 2009.
Model predictive control: A simple and powerful method to control
power converters. IEEE T. Ind. Electr., 56(6): 1826-1838.
Vargas, R., P. Cortes, U. Ammann, J. Rodriguez and J. Pontt, 2007.
Predictive control of a three-phase neutral-point-clamped inverter. IEEE
T. Ind. Electr., 54(5): 2697-2705.
Perez, M.A., P. Cortes and J. Rodriguez, 2008. Predictive control
algorithm technique for multilevel asymmetric cascaded H-bridge
inverters. IEEE T. Ind. Electr., 55(12): 4354-4361.
Cortés, P., A. Wilson, S. Kouro, J. Rodriguez and H. Abu-Rub, 2010.
Model predictive control of multilevel cascaded H-bridge inverters.
IEEE T. Ind. Electr., 57(8): 2691-2699.
Preindl, M., E. Schaltz and P. Thøgersen, 2011. Switching frequency
reduction using model predictive direct current control for high-power
voltage source inverters. IEEE T. Ind. Electr., 58(7): 2826-2835.
Hoffmann, N., M. Andresen, F.W. Fuchs, L. Asiminoaei and P.B.
Thøgersen, 2012. Variable sampling time finite control-set model
predictive current control for voltage source inverters. Proceedings of
IEEE Energy Conversion Congress and Exposition (ECCE).
Barros, J.D., J.F.A. Silva and É.G.A. Jesus, 2013. Fast-predictive
optimal control of NPC multilevel converters. IEEE T. Ind. Electr., 60
Fei Ding, Peng Li, Bibin Huang, Fei Gao, Chengdi Ding and Chengshan
Wang, “Modeling and Simulation of Grid-connected Hybrid
Photovoltaic/Battery Distributed Generation System,” China
International Conference on Electricity Distribution, 2010.
Olivier Tremblay, Louis-A. Dessaint, Abdel-Illah Dekkiche, "A Generic
Battery Model for the Dynamic Simulation of Hybrid Electric Vehicles",
Proceedings of the 2007 IEEE Vehicle Power and Propulsion
Conference, pp. 284-289, 2007.
Lu, D., "Conception et contrôle d’un générateur PV actif à stockage
intégré. Application à l’agrégation de producteurs-consommateurs dans
le cadre d’un micro réseau intelligent urbain", PhD thesis, Ecole
Centrale de Lille, 2010
Lazarov, V., Zarkov, Z., Stoyanov, L., Kanchev, H., “Modeling of
photovoltaic panels for MPPT purposes”, proceedings of the technical
university of Sofia, vol. 63, no.2, pp.341 – 350, 2013
J. Rodríguez, J. Pontt, P. Correa, P. Lezana, and P. Cortés, “Predictive
power control of an ac/dc/ac converter,” in Proc. IEEE 40th Annual
Meeting Industry Appl. Society, Hong Kong, Oct. 2–6, 2000

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

Comparison between rate equations model and
traveling wave model in large signal transient
response of Fabry-Pérot Laser diodes
BOUCHENE Mohammed Mehdi
Laboratoire des Télécommunications
Université 8 Mai 1945 Guelma
Guelma, Algérie
bouchenemahdi@gmail.com

HAMDI Rachid
Laboratoire des Télécommunications
Université 8 Mai 1945 Guelma
Guelma, Algérie
rachidahl@yahoo.com

Abstract—In this paper we compare and analysis the large
signal transient response of Fabry-Pérot semiconductor laser
using two different theoretical models: rate equations model and
traveling wave model. The results are obtained of by numerical
solution of the two models and show an excellent agreement.
Keywords—Rate equations model; Traveling wave model;
Fabry-Pérot Laser diodes, Transient response.

I. INTRODUCTION
Laser diodes are key components of the coherent high
capacity optical communication systems due to their attractive
properties such as: emission wavelength, compact structure,
low threshold, high-speed modulation [1]. With the
enhancement of computer hardware, computer science and
numerical methods; computer aided model plays an important
role in semiconductor lasers design and optimize [2].
Two well-known theoretical frameworks are used for
semiconductor lasers modeling and analysis: rate equations
model, and traveling wave model TWM. The rate equations
model is a classic approach in laser modeling and it used since
1960 [3], it describe the rate of injection and recombinaison of
electronic carriers, and the rate of emission and loss of
photons. Mathematically it consists of a set of ordinary
differential equations for the electric field and electron density
within the laser cavity, where the carrier density and the
optical field are assumed to be uniformly distributed along the
laser cavity.
Comparing with rate equations model, traveling wave
model is a recent approach in semiconductor laser modeling;
where the basics are putted by many authors [5-6-7]. It
provides information about the longitudinal distribution of the
carrier density and the optical power where the optical field is
split into forward and backward fields. Mathematically it is
described by partial differential equations of the timedependent coupled-mode equation for electric waves traveling
in the opposite direction along longitudinal axis of the laser;
these equations are coupled to the ordinary differential carrier
rate equation in the active layer. The boundary conditions of
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the model are defined by the reflectivity conditions at both
facets of the laser.
The purpose of this paper is to provide quantitative
comparison of large signal transient response of Fabry-Pérot
laser diodes, using the rate equations model and the traveling
wave model. A comparison between these models is desirable
to demonstrate the efficiency and the accuracy and highlights
the differences in approach to various problems
The transient response is an important characteristic for
application
of
semiconductor
lasers
in
optical
communications, the high-speed optical signals are generated
by modulating the injection currents into the laser, where the
modulation characteristics are determined by the intrinsic
character of the semiconductor laser itself: turn on delay time,
and the relaxation oscillation, this two main characteristics of
the semiconductor laser will be discussed in detail in section
III.
The paper is organized as follows. Section II will give a
brief presentation of rate equations model and the traveling
wave model TWM for Fabry-Pérot semiconductor laser. In
Section III, we give the simulation results and physically
interpret them. We finally give conclusion in Section IV.
II. DESCRIPTION OF THE MODELS
A. Rate equations model:
The Fabry-Pérot laser diodes dynamic is governed by
single mode rate equations for the time variation of the optical
intensity S and the carrier density N on the active layer as
follows [4]:
dS
S
 G  N  S    Rs p
dt
p

dN J (t ) N

 GN S
dt
qv  s

(1)
(2)

Where G ( N ) is the optical gain in the active region of the
device and is given by:

(201)
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G N 

GN  N  N 0 

(3)

1  S
 is the gain compression factor, when the saturation effect is

where it is supposed to have a zero mean :  ( z, t),  ( z, t)  0 ,
and their correlation function is given by:

 ( z, t),  * ( z`, t`)  K (t  t`) ( z  z`)

very small, we can approximate the gain as:

G  N   GN  N  N0 1   S 

(4)

 p is the photon lifetime,  is the spontaneous emission
factor, Rsp total spontaneous emission, J (t ) is the injection
current,  s is the carrier lifetime dependant to the carrier
density it is given by :
1
(5)
 A  BN  CN 2

s

Where coefficient A describes non-radiative processes, B is
responsible for spontaneous recombination and C describes
non-radiative Auger recombination.
B. Traveling wave model:
Starting from the time dependent coupled wave equation
of the DFB laser [8-9-10], and putting the grating period and
the coupling coefficient to zero for the F-P lasers case, a
partial differential equation, called an advection wave
equation is obtained for Fabry-Pérot Laser, and it is used to
describe the time and spatial development of the field in the
laser cavity. For both forward and backward waves, we have :
1 E  E   gm   m  
E ( z, t )    ( z, t)


CG t
z
2

(6)

1 E  E   gm   m  
E ( z, t )    ( z, t)


CG t
z
2

(7)

K is the Peterman coefficient and  is the bimolecular
recombination per unit length contributed to spontaneous
emission. Using the boundary conditions at right and left
facets of the laser:
E  (( z  0), t )  r1 E  ( z  0, t )
E  ( z  L, t )  r2 E  ( z  L, t )

N J (t ) N ( z, t )


 AN ( z, t )  BN ( z, t )2  CN ( z, t )3  GCG P
s
t
ed
J (t ) is the injection current, e is the modulus of the electron
charge, d is the volume of the active layer,  s is the carrier life
time, B is the radiative spontaneous emission coefficient, C is
the Auger recombination coefficient.

amplitude gain and loss. In some text, the tern  gm   m is
replaced by the net gain G given by [8] :

GN  N  z, t   N 0   m

2(1   S )
2

(8)

Where GN is the differential gain, N ( z, t ) is the carrier
density,  is the gain compression factor, N 0 is the carrier
density at transparency, S is the photon density and it is
function of optical field and is given by :

S  E

2

 E

2

(9)

  ( z, t) and   ( z, t) are the spontaneous noises associated
with the forward and backward traveling waves and they are a
function of the carrier density , they appear in the laser output
as noise but they are also an important mechanism for the
operation of the laser, when the laser turn on, spontaneous
emission initiates the photon distribution inside the cavity,
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(11)

r1 , r2 are the amplitude reflectivity of the left and right facets
respectively. The rate equation for carrier density is given by:

E  ( z , t ), E  ( z, t ), are the forward and backward slowly
varying amplitude of the traveling optical fields. CG is known
as the group velocity, gm,  m are respectively the material

G

(10)
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TABLE I
PARAMETERS USED IN THE SIMULATIONS
Fabry-Pérot laser diode InGaAsP 1310 nm wavelength[12]
Valu
Description
Unit
Parameters
es
Non-radiative
2
108 s-1
A
recombination coefficient
Bimolecular coefficient
10-10
1
B
cm3/s
Auger coefficient
101
C
29
cm6/s
Differential gain
10GN
2.5
27
cm6/s
waveguide loss
m
11.2
cm-1
Transparency carrier density 1018cm3
N0
1.5

L

w
d


r2 , r1



m



300
0.8
0.14
0.25
0.32,
0.32
1310
3
20
5*105

Section cavity length
Active layer width
Active layer thickness
Confinement factor
Right and left facet
amplitude reflectivity
Wavelength lasing

µm
µm
µm

nm

gain compression factor

10 cm3

Internal optical loss
Spontaneous emission
coefficient

cm-1
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III.

RESULTS AND DISCUSSION

Using the parameters listed in Table I and the models
mentioned in section 2, we simulate the large transient
response of Fabry-Pérot laser by solving numerically the two
models. To solve the rate equations we have used fourth
Runge-Kutta method, while for TWM we have used finite
difference time domain method FDTD. Because the traveling
wave model is a stochastic model we ignore the effect of
spontaneous noise in the simulation of the TWM.
The current density J (t ) is given by:

J (t )  J b u(t )

(13)

0(t 0)
u (t )  
1(t  0)

(14)
Fig. 2. Large signal transient response of F-P laser using rate equations
model close threshold (5mA)

J b is the biased current.
We plot in Fig.1 and Fig.2 the output optical power as a
function of time of a Fabry-Pérot semiconductor laser biased
close threshold at 5mA using TWM and rate equations model
respectively. Note that the pulse width of the injection current
is much larger the carrier life time  s . The results in both
models show that the laser takes less than 4 ns to reach a
stable output, this time is called the turn on delay time and is
associated with the fact that laser takes time to inject enough
electrons to bring the laser to start the lasing process, and the
peak in the two graphs and correspond to shorter wavelength
which is suppressed by lasing mode after the laser reaches the
steady state, then we obtain the quasi single mode oscillation.
On other word, the relaxation oscillation appear in laser output
because the carrier cannot follow the photon decay rate.
Above the relaxation oscillation the modulation efficiency is
greatly degraded and the intensity modulation through the
injection current becomes difficult.

The large signal transient response biased above threshold
at 15mA are shown in Fig. 3 and Fig. 4 using TWM and rate
equations model respectively. The device take around 1ns to
reach the steady state in both models, we also notice that as
the biasing current increase, the electrons density increase that
lead the photon density, this gives rise to significant increase
photon density overshoot and relaxation oscillations appear
rapidly and become dominant at the laser output.
Our calculation demonstrates that the turn on delay time and
the damping rate of relaxation oscillation are same for both
models, and damping oscillation is more prominent for lower
drive current near to threshold.

.
Fig. 3. Large signal transient response of F-P laser diode using TWM above
threshold (15mA).

Fig. 1. Large signal transient response of F-P laser diode using TWM close
threesold(5mA)
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In terms of difference in the simulation time between the
two models the traveling wave model take more longue time
than the rate equations because it needs multiple
computational run.
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Abstract-- The adjustment for the required inductance is
quite straightforward by controlling the air gap of the
magnetic core. The focal point basis is the dependence on air
gap and the windings effects. An advanced magnetics planar
inductor model is developed. The magnetic inductor remains
a difficult device to model mainly, particularly when air gap
are taken into account. A novel physically based analytical
model is used to accurately simulate this planar magnetic
inductor. The skin and proximity effects in metal lines of
planar inductor are represented as the impedance of a
ladder R-L networks. These R-L ladder parameters are
determined by minimizing the errors function between
experimental and simulation results using the genetic
algorithm. During validation process, different type of
magnetic core has been investigated. The planar inductor
model results have been favorably evaluated by comparison
and validation with practical measurements and to 3D finite
element method simulations. It is found that simulation
results and measurements data are in close agreement of the
inductive and the parasitic effects.
Index Terms-- Planar Inductor Model, finite element
methods (FEM), R-L Ladder network, Genetic Algorithm.

1. INTRODUCTION
The large mass/volume of a given power converter
system is occupied by the magnetic components [1, 2]. A
continuous miniaturization of power converter integrating
planar magnetics is leading to low profile, higher
performance, higher efficiency, decreasing costs and
higher thermal characteristics [3-5]. Moreover, planar
technology cores have a higher surface area to volume
ratio compared with conventional magnetic cores,
therefore planar components having lower thermal
resistance and consequently cores losses [2].
These magnetic components may be optimized using
planar PCB devices. Compared to the conventional
magnetic components, planar technology is printed
directly on circuit board (PCB) with low profile and offers
the flexibility of winding geometry [3, 4].
From a design point of view, accurate planar magnetic
inductors models are necessary to design an integrated
power converter [5, 6]. In particular, the skin and the
proximity effects, the parasitic capacitances effects, the
eddy current effects and the air gap in the magnetic core
are complex devices to model, particularly during high
frequency application [7]. In [8], the finite element
method (FEM) is considered to modeling magnetic
components. However, this method is not only difficult to
develop into general electronically circuit simulations and
it is time consumption and not only cumbersome. In [9] an
empirical magnetic inductor model is presented.
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Although, this model is declared accurate, this model is
not depended on the geometrical parameters and the
layout design. Moreover, its model parameters are not
used fairness to optimize the planar inductor layout.
In this paper, a novel magnetic planar inductor model
with air gap is proposed. This model is then taken into
account the skin and proximity effects in the metal lines
and the parasitic capacitances effects between layers.
Therefore a more advanced model is then considered to
take into account the variation of the resistance of planar
inductor according to the frequency. Then, a ladder R-L
network has been used to take into account the skin and
proximity effects in the metal lines.
Moreover, the proposed model includes the effects of
air gaps in the magnetic core necessary to control the
inductance value. Based on the work developed in [3,7],
planar inductors integrated in power converters are
fabricated with air gaps. The presence of an air gap is the
inductors is necessary to linearize the behavior of an
planar inductor over a large excursion range of the
winding current, avoiding core saturation and reducing the
harmonic distortion [3,7]. It is also important to note,
magnetic planar inductor can be adjusted by controlling
the air gap without modifying the dimensions of the
magnetic materials or copper windings. On the other hand,
when the planar inductors are used with air gap, we can
suppress the temperature dependency into the magnetic
core. Thus, for the planar inductor with air gap, we can
improve performance such as a high quality factor and
maintain higher values of inductance. Therefore, planar
inductor with air gap is a key point for designing efficient
power converter, requiring then accurate model.
The principal purpose of this paper is to present an
accurate planar inductor model with air gap. After the
development of the planar inductors model, a step-by-step
process is proposed to validate the gapped planar
inductors.
- Step#1 dwells on the analysis of distributed-gap in
the planar inductors.
- Step#2 illustrates the test and the validation process
by comparing the proposed model with the experimental
measurements and with the 3D FEM simulation. The
errors between analytical and simulation results are
computed. First, the errors between experimental and
simulation results of the inductive effect are computed and
plotted on histograms to estimate the validation quality.
Second, a comparative study between experiment and
simulation results at frequency domain for series
resistance is established. Finally, the parasitic capacitance
model is validated with FEM 3D.
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2. MODEL DESCRIPTION
Figure 1a shows the proposed magnetic planar inductor
planar inductor printed on FR4-PCB substrate. This
device is designed by two main elements: the planar
windings printed on PCB substrate and the planar
magnetic circuit used for channeling the magnetic field
line. The planar winding geometric parameters are; w is
the width of the trace, t is the thickness of the metal trace,
S is the spacing between turns, nt is the number of turns
per layer and Nl is the number of layers. Figure 1b
illustrates the equivalent circuit model of a magnetic
planar inductor [4, 6]. This model includes the total
inductance Ls, the parasitic capacitance Cs between layers
and the skin and proximity effects in metal trace are
modeled by an RL ladder network [9]. The ladder R-L
network is mainly depended to the current crowding in the
metal. The total inductance Ls is the sum of the main
inductance including the corner effect and the winding
inductance.

(corner), so decrease the mean magnetic path [7]. This
model takes into account the corner in the magnetic core.
Based on this textbook, a sample model to calculate the
parameters of corner are developed in [3, 7]. This model
can be computed by summing the self inductance of all
cross-sections included the cross-section of the corner.
The cross-section and magnetic path length calculation of
the straight sections is quite simple whereas compared to
the corner sections is more complicated. The mean
magnetic path length and cross-section of each corner
segment is illustrated in Table I.
Table I. Magnetic path length and cross-section for the
planar core calculation.

Planar E core
Metal

PCB

Therefore, the reluctance of an each rectangular crosssection area can be calculated by:

(a)

,

=

(3)

Where
is the core cross-section area and
is the
equivalent length of magnetic path.
The total core inductance of the inductor is expressed by
equation (4):
(b)
Fig. 1. The proposed planar inductor: (a) picture and (b)
equivalent circuit model.
A.

Planar Inductance without air gap model

Based in [8], an improved model to calculate the total
self inductance of a planar inductor with magnetic core is
developed. This inductance model can be computed by
summing the magnetic core inductance and the winding of
copper tracks. Therefore, the total dc inductance of
magnetic planar inductors is expressed by equation (1):
=
+
(1)
Where Lcore is the inductance of the core and Lwinding is the
inductance of the planar winding inductor.
Generally, the inductance contribution from the magnetic
core can be estimated by equation (2).
=

(2)

Where is the number of turns in winding,
is the core
cross-section area and the equivalent length of magnetic
and
are the permeability
path. The parameters
vacuum and the relative permeability of the core material,
respectively. It is important to note that, in the magnetic
core, the flux tends to concentrate on the inside the bend
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=

(4)

,

Where is the number of turns of the winding and ,
is the total reluctance of magnetic core.
The total inductance
of the spiral inductor is
obtained by equation (5):
=

,

+ 2!"#$

$%&

(5)

Where
, is the self inductance of planar inductor in
each layer, ! ( is the mutual inductance between two
planar inductors and ) is the number of layers.
More other details of multilayer planar inductor model are
illustrated in [4, 10].
B.
Planar Inductance with Air gap model
Different methods have been proposed in the literature
to model the air gap in inductor [7]. The major
calculations of the air gap reluctance for the planar
inductor are based on two magnetic core type. The cores
are a pair of EE and EI 43/10/28–3F3 planar core from
Ferroxcube. Three types of air gap cross sections which
are illustrated in Figure 2. The basic air gap reluctance
model is expressed by equation (6).
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*%

=
+

1

, + .1 + ln
-

$

(a)

-1
2$

34

(6)

(b)

Fig. 2. Planar magnetic core: (a) EE core (b) EI core.
The equivalent magnetic circuit models of air gap
reluctance calculation are illustrated in Figure 3. To obtain
a reluctance associated with the air gap with a good
accuracy, it is essential to consider 3D phenomena, i.e.
taking into account the swelling of the field lines. To
consider the swelling of the field lines of 3D air gaps, [7]
proposes an improved model to calculate the 3D air gap
reluctance of a transformer. In this model a fringing factor
is introduced that describes by which factor the air gap
reluctance decreases due to fringing flux. The reluctance
of the 3D air gap can be expressed by equation (7) [7]:
%

Where

%6,

9
:;

= 78 7&
*%

78 = 9
=

*%

:

(7)
(8)

7& = 9
(9)
= ;
Where 9, b and : are the geometrical parameters for the
two type’s planar magnetic core with air gap (Figure 3).
The parameters 78 and 7& are the fringing factor that
considers fringing effects in y-direction and x-direction,
respectively. More other details for the air gap reluctance
model
calculation
and
are
given
in
[7].

planar inductor model and its associated parameters are
detailed in a previous work [12, 13]. But, from a design
point of view, a limitation of the current model versus
frequency is verified and does not give satisfactory
results. Thus, the planar inductor behaviour cannot be
precisely predicted by the conventional inductor models
[12]. In [12, 13], the error between the FEM 3D
simulation and the analytical model results of planar
inductor model is around than 25%. The error observed in
the series resistance can be explained by many problems.
Firstly, the problem is one-dimensional (H only depends
on a dimension) and the density distribution of the
currents in the conductors is uniform. Secondly, the
corners present in the planar topologies, do not promote a
homogeneous distribution of current in the conductor at
these corners. Indeed, it is very likely that the current lines
accumulate inside of the angle, increasing the current
density is inside relative to the outside, which results in an
increase resistance of the coils. However, the planar
inductor remains a difficult component to model,
particularly when the influence of skin and proximity
effects is taken into account. There are various methods
available to model the skin and proximity effects in the
planar inductor [2-4]. In the present study, an R-L ladder
circuit was used to model the evolution of the resistance
with the frequency as shown in figure 1b. A ladder R-L
network is built with resistors and inductors to take into
account variations of the resistance with frequency. The
values of this R-L circuit network were determined by a
genetic algorithm from the measuring points of the
evolution of the resistance versus frequency for a planar
inductor [14,15]. To determine the ladder R-L equivalent
circuit model of planar inductor resistance, a methodology
based on the genetic algorithm (GA) is proposed.
D.

Parasitic capacitance model

The parasitic capacitances between turns and between
winding layers are creating by the distribution of the
voltage potential. The turns to turns capacitance can be
neglected due to the dominating inter-layers winding
capacitance. The parasitic capacitance between two layers
in winding is modeled using the parallel-plate capacitance.
Where the planar inductor winding consists of @ uniform
layers connected in series, the equivalent capacitance can
be calculated by equation (10) [16]:
4 (@ − 1)
A$
(10)
A =
3 @

(E + 1)(2E + 1)
FA
(11)
6E
H∗
A =G G
(12)
J
Where n is the number of turns in each layer and A is the
equivalent parallel plate capacitance of a two adjacent
layers. G is the permittivity of air space, G is the relative
permittivity of dielectric material, 4.4 for FR-4. H is the
width of the trace, is the average length of a turn and J
is the distance between two parallel plate.
A$ = D

Fig. 3. Different types of air gaps and equivalent circuit
reluctance models: (a) Basic geometry of air gap (b) Air
gap type#1 (c) Air gap type#2 and (d) Air gap type#3.
C.

Winding loss model

Ferreira [11] proposes a model to calculate the AC
resistance of planar magnetic components. Based on [11],
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3. STEP-BY-STEP VALIDATION PROCESS
Step #1: Planar inductor parameter optimization
During optimization process, low winding loss planar
inductors factor are studied by analyzing the effect of
different formats of air gaps for given device [17]. Figure
4 shows a comparative study between three planar
inductors with different air gap distributed. These results
present the AC resistance of planar inductors. It is worth
mentioning that, the air gap length parameter to the three
Sample#1, Sample#2 and Sample#3 are 0.3, 0.3 and 0.1
mm, respectively. Reveals that the low ac winding is
obtained where air gap distributed in all legs of magnetic
core. For that reason, we are interested in the structures of
planar inductors where the air gaps are distributed in the
centre and laterals legs (Sample#3 in figure 4). Based on
the developed model introduced in previous section,
several planar inductors are designed, simulated, and built
using PCB-FR4 as a substrate. Designed planar inductors
are simulated using Ansoft Maxwell 3D, fabricated and
measured using LCR meter Analyzer.
4,0

Sample#1
Sample#2
Sample#3

3,5

Resistance (Ω)

3,0

Air gap in the center

2,5

element model as well as with experimental results for
planar inductors devices. Tables III depict a comparative
study between experimental data, 3D FEM simulation and
new and conventional analytical model of the inductive
effect.
Table II. Geometrical parameters of planar inductor used
during simulation steps.

An error function named δ is computed. This function is
computed from the following expression [4]:
MNOP (Q ) − MRS" (Q )
(13)
K=L
L
MNOP (Q )
Where MNOP and MRS" are the electrical quantities extracted
from the experimental data and analytical model,
respectively.
Table III. Analytical results for spiral inductors.

2,0

Air gap in right
leg

1,5
1,0
0,5
0,0
0,0

5

2,0x10

5

4,0x10

5

6,0x10

5

8,0x10

6

1,0x10

6

1,2x10

Frequency (Hz)

Air gap in the
three legs

Fig. 4. AC winding resistance versus different format of
air gap.
Different planar inductors designs are used during
simulation and experimental process. The core is a pair of
EE and EI 43/10/28–3F3 planar core from Ferroxcube.
These planar inductors are designed by a multilayer PCB
made on FR-4 material with the copper thickness, the
dielectric constant, εr, and the PCB substrate thickness are
35 µm 4.4 and 1.6 mm, respectively. Design parameters of
the planar inductors are depicted in Table II.
Step#2: Validations and Discussion
A.

Planar inductor without air gap

To validate the proposed planar inductor model, two
types of magnetic circuit (the standard planar ferrite EE
and EI core) are used. Different magnetic planar inductors
with air gaps designs are tested during experimental steps.
The lumped air gaps are distributed between central and
outer core legs. Design parameters of the planar inductors
are depicted in Tables II. In order to validate air gap
planar inductor model, the air gap length is also tuned
from 0.13 toward 0.4 mm. The planar inductors with EE
and EI-43/10/28–3F3 Ferroxcube ferrite core are tested
using LCR meter. A validation procedure is performed by
a comparative study between simulation results with finite
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The validity histogram of the proposed inductive model
depicts in Figure 5 is obtained by a comparative study
between simulation results and experimental data for
many planar inductors devices. The error of this model is
less than 2% between experimental and simulation results
compared with 15% for conventional model (equation 1).
On the other hand, the error of this model is less than 2%
between FEM simulation and our proposed model. This
result is justified by the approximation made to take into
account the effects of corner in the magnetic circuits.
Indeed, in a rectangular magnetic circuit, the field lines
are uniformly distributed in the straight legs, but in the
corners, they are moved to the inside of the corner. The
flux is denser in an inner area than in the linear portion of
the circuit. This difference is due, probably, to his result
confirmed that the projected model is more accurate in
terms of inductive effect of planar inductor.
For the series resistance of the magnetic planar
inductor, the validity of the ladder R-L network model is
obtained by a comparative study between simulation
results and experimental data for many magnetic devices.
Therefore, during identification process, the parameters of
ladder R-L network are determined by using Generic
Algorithm (GA) toolbox of the MATLAB.
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Table IV. Parasitic capacitance Error between 3D FEM
simulation results and analytical model.

Fig. 5. Errors between experimental and simulations
results of inductive effect in planar inductors.
During this phase, the ladder R-L network circuit
shown in Figure 1b is used to model the planar inductor
windings, which can be decomposed into resistances and
inductances. The proposed ladder R-L circuit model is
used take into account the evolution skin and proximity
effects with the frequency. The proposed method is based
on the measurement approach. In a previous study and a
physically based compact planar inductor model is
developed in [12, 13]. The computed error between the
based physical resistance model and the 3D FEM
simulation results is about 25%.
Figure 6 shows a comparative study between experimental
and simulation results for different planar inductors. These
results show good correlation between measured and the
proposed model over all the frequency range. Therefore,
for the variation of the resistance as a function of
frequency, the error between measurement and simulation
is negligible over the entire frequency band and are used
to validate the model of the planar inductor in the
frequency domain.

Fig. 6. Comparison between the measured and simulated
resistance of the planar inductor model.
The device under test (DUT) is represented with
inductance and ladder RL network series connected. On
the other hand, to taken into account high frequency
effect, an additional element is added in parallel and that
correspond to the parasitic capacitance effect introduced
by dielectric material. To validate the proposed parasitic
capacitance model, different planar inductors tests are
considered. Therefore, a comparative study between
analytical model and 3D FEM simulation, for many
magnetic planar inductors devices is shown in Table IV.
Therefore, the obtained results show a good accuracy of
the capacitance model.
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B.

Planar inductor with air gap model validation

To improve the accuracy of the analytical model and
model the evolution of the magnetizing inductance as a
function of variations in the air gap, it is essential to
consider the swelling phenomena field lines. Usually, the
swelling phenomena of the field lines are not taken into
account when calculating the reluctances in conventional
manner.
To validate the proposed planar inductor model, two
types of magnetic circuit (the standard planar ferrite EE
and EI core) are used to fabricate planar inductors.
Different magnetic planar inductors with air gaps designs
are tested during experimental steps. The lumped air gaps
are distributed between central and outer core legs. Design
parameters of the planar inductors are depicted in Table II.
In order to validate air gap planar inductor model, the air
gap length is also tuned from 0.13 toward 0.4 mm. The
planar inductors with EE and EI-43/10/28–3F3
Ferroxcube ferrite core are tested using LCR meter.
The validity histograms depicted in figure 7
demonstrate that the error between measured, simulation
and analytical model for gapped planar inductors. The
error between experimental data and proposed gapped
planar inductor model is less than 6% compared with 30%
for classical calculation of inductive effect for different air
gap length.
On the other hand, where air gap length increase from
0.13 mm to 0.4 mm, the classical method errors increases
from 15% to 30%, respectively. Compared to the
proposed model the errors are nearly constant with air gap
increase.
Therefore, at different air gap length, proposed model
and experimental results of the have satisfactory
compatibility in terms of inductive effect. This result is
justified by the take into account the effects of corner and
the swelling of the magnetic field lines in the magnetic
circuits [3, 7]. Indeed, the presence of the corner in the
magnetic circuit will change consistently the course of the
field lines. First, in a rectangular magnetic circuit, the
field lines are uniformly distributed in the straight legs,
but in the corners, they are moved to the inside of the
corner. The second major phenomenon is swelling of the
field lines at the air gaps. When adding a gap in magnetic
circuit, the fields lines are no longer parallel as in the
magnetic material but tend to move away from each other.
The field lines occupy a larger area in the air gap in the
magnetic circuit.
In addition, proposed gapped planar inductors model
can save time during design of the planar magnetic
components. Moreover, the analytical model can guide the
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geometrical construction of planar magnetic components
and also provide a better understanding of the physical
phenomena involved through an advanced study.

Downsizing Effects of Integrated Magnetic Components in High Power
Density DC-DC Converters for EV and HEV Applications,” IEEE
Transactions on Industry Applications, vol. xx, no. 99, (2016).
[2] Ziwei Ouyang, and Michael A. E. Andersen, “Overview of Planar
Magnetic Technology—Fundamental Properties,” IEEE Trans. Power
Electron., vol. 29, no. 9, (2014).
[3] Christoph Marxgut, Jonas M¨uhlethaler, Florian Krismer, and Johann
W. Kolar, ”Multiobjective Optimization of Ultraflat Magnetic
Components With PCB-Integrated Core,” IEEE Trans. Power
Electron.,vol. 28, no. 7, (2013).
[4] A. Ammouri, W. Ben Salah, S. Khachroumi, T. Ben Salah, F.
Kourda, H. Morel, ”Development of a physically-based planar inductors
VHDL-AMS model for integrated power converter design,” Eur. Phys. J.
Appl. Phys. 66, 20901 (2014).
[5] Z. Ouyang, O. C. Thomsen and M. A. E. Andersen, “Optimal design
and tradeoff analysis of planar transformer in high-power dc–dc
converters,” IEEE Trans. on Industrial Electronics, vol. 59, no. 7, pp.
2800 - 2810, (2012).
[6] Andersen, T.M.; Zingerli, C.M.; Krismer, F.; Kolar, J.W.;Ningning
Wang; Mathuna, C.O., “Modeling and Pareto Optimization of
Microfabricated Inductors for Power Supply on Chip,” IEEE Trans.
Power Electron., vol. 28, no. 9, (2013).
[7] J. M¨uhlethaler, J. W. Kolar, and A. Ecklebe, ” A Novel Approach
for 3D Air Gap Reluctance Calculations,” International Power
Electronics Conference (ICPE- ASIA 2011).

Fig. 7. Error between measured, simulation and analytical
results for different planar inductors (a) air gap g =
0.13mm, (b) g = 0.4mm.
4. CONCLUSION
In this paper, an equivalent circuit modelling of
magnetic planar inductors has been investigated.
Depending on the material and the shape of the core, new
planar inductor with air gap model was developed and
validated by experimental and 3D FEM computations.
The gapped magnetic component model is taking into
account the effects of corner and the swelling of the
magnetic field lines in the magnetic circuits. Second, the
proposed model includes the eddy current effect in the
conductor and the parasitic capacitance effects. Therefore,
ladder R-L network has been introduced for taking into
account the copper losses effects of the planar inductor.
The extraction ladder R-L parameters procedure is based
on generic algorithm and it is leads to very accurate
simulation. On the other hand, the parasitic capacitance
between the adjacent turns and between adjacent layers is
introduced in our model. Large planar inductors samples
are designed, manufactured, modeled and experimentally
tested. The proposed model is not only dedicated for
gapped planar inductor but can be used for any magnetic
component such planar transformer.
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Abstract-- This paper presents an induction machine (IM)
assessment used for electric vehicle (EVs) applications. The
purpose of the study focuses on the finite element (FE)
analysis; by calculating the magnetic flux distribution to
identify the parameters in the IM model. Due to the difficulty
of accessing the real system, 2D FE model based on practice
measurements is used to estimate the unmeasured states. The
model is developed using Matlab and Lua script. Simulations
are carried out to evaluate the IM performance and to identify
stator and rotor induction, as well as rotor time constant and
magnetic dispersion coefficient.

Index Terms-- Induction machine, Parameters of IM,
FEM.
1. NOMENCLATURE
D: electric flux density
B: Magnetic flux density

performance, especially in urban environments. Indeed a
wise choice for work method, due to the difficulty of
accessing real system. Second, analytics models are
complex and not accuracy and third depends every stator
winding and every rotor bar winding independent model
winding. FEM has been achieved to create a numerical
model of IM. Indeed, the modeling of electrical machines
has experienced remarkable development in recent
decades through the use of FEA. But also evaluating the
performance of this motor depends on the accuracy of
these parameters. The proposed method for calculating the
machine parameters is FE field solution is not new but it
might be useful alternative to the existing numerical and
experimental method, because it eliminates some of their
drawbacks. To carry out such design, we usually employ
2-D FEA software FEMM even it is time consuming. But,
with the progress of technologies this method is very fast
than in the past. In this paper, step by step simulation was
made to determine field distribution. Which using for IM
parameters estimation [1] [2][3].

E: the electric field
3. MACHINE ARCHITECTURE
The three phase machine designed with 36 slots stator and
24 slots rotor. This motor is characteristic by P=1.8kW,
f=50hz, 4 pairs of poles(i.e. p=2), running of a 220 Vrms
line-to-line,3 phase supply, implying that it will be running
at slightly less than 1500 RPM. The air gap of the
induction machine is 0.07 mm. The detailed dimensions
presented in Table1.
Table 1: Motor Dimensions

H: the magnetic field
J: electric current density
ρ: electric charge density
2. INTRODUCTION
With market condition today, the economics are such that
users and engineers are looking for the best fit for the
application at the most reasonable cost. As a result, EVs is
a great way for not only save money, but also help
contribute towards a healthy and stable environment. The
design of electrical machines in one of the most
prestigious discoveries of the last century and today
remains a popular research topic in research laboratories.
The studies for electrical vehicles (EVS) have attracted
attention of the necessity of developing electrical machine
performance. IMs with squirrel cage rotor plays key role
in industrial and commercial sectors, and have
experienced in EVs and noteworthy improvement in their
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Dimension
Rotor Radius
Number of stator Slots
Number of rotor slots
Number of stator turns
Coil pitch
Torque
Weight
Rated current
Peak efficiency
Power factor

Value
81.8/2 mm
36
24
46
65/71mm
12N.m
15 Kg
4.1A
77 %
0.85

An important feature of the stator is the shape of the slot.
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There are two main types: slot which is open and the semiopen. The open type slots are the same width through their
depth and teeth are trapezoidal. The semi-open slots are
typically trapezoidal in shape, so the teeth are parallel
walls. These slots let a minimum width of opening but still
allow introducing small diameters conductors. The slots in
the squirrel cage motor are copper bars or aluminum
shorted at both ends of the stator by end rings. N lowmedium power motors, the cages are made of cast
aluminum partial vacuum and pressure, which prevents the
presence of air bubbles and to the bars and the rings in the
same operation. The slots in the engine are semi open type
as presents in Figure1.[4]

4. MODEL DESIGN
There are different methods used in the field of calculation
and simulation of electrical devices including
asynchronous machines [5].
The proposed method for estimating the machine
parameters by using FE field solution is not completely
new, but it might be useful as alternative to the existing
numerical an experimental methods because it eliminates
some of their drawbacks [6]. Their aim is to compute
accurately the operating properties and characteristics of
IM. This model is based on the calculation distribution of
the electromagnetic field in the machine. This calculation
is performed numerically using the finite element method
which used several approaches have been explored for the
spatial discretization of the field equations based in
Maxwell equations:
(1)
(2)

Fig. 1. Semi open type of slot

The winding configuration for the machine is divided in
three symmetric phases and rotor the cage rotor constitutes
bars as pictured below in Figure2 and Figure3. To reduce
noise and some harmonics during starting and for the
accelerating is more uniform, the rotor is constructed so
that the conductors are oblique with respect to the motor
shaft. In order to model electrical rotor asymmetries the
full topology of the rotor cage, respectively has to be taken
into account. In order to understand how induction motors
work it is necessary to have a good model.

Fig. 2. Stator winding configuration

(3)
(4)
These equations are coupled with the equations
governing the boundary conditions to determine the
distribution of the field in the machine.
Many studies can be performed on this machine is
meant to represent field distribution in rotor bars and
calculate rotor current directly as eddy current induced
in rotor bars. But, the parameters are obtained from FE
field solution by building and identifying an IM model
and for the discretization triangular as well as
quadrilateral finite elements can be used in 2D using
FEMM. The main purpose of this software is to
determine the mapping of the magnetic field in
electrical machine with the aim of building and
optimizing [7] [8].
For the study and modification of the various
parameters of the machine, these settings may vary
depending on the desired performance, they include as
well the geometric dimensions, for all that is magnetic
saturation, eddy current...etc [9].
Calculation and computer aided design of the IM is to
size the squirrel machine. At first we used the
generalized analytical calculation by a program
reserved for the design of an engine, written in Matlab.
Then specialized software based on the finite element
method for the simulation of electrical machines like
shown in figure 4.

Fig. 3. Squirrel rotor winding configuration
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can be calculated from the vector magnetic potential as
presented in figure 6, 7 and 8.

Fig. 4. Process of estimation with FEM
The controls scripts are programmed in MATLAB that
are required to call FEMM software and create the
geometry of the IM. With geometry, we give him the
materials as of each part; outline the conditions of the
machine, and operating conditions. From a practical
standpoint, it is very easy to vary the operating
conditions of the machine (frequency and magnetizing
flux), by simply changing the data calculation program
where high flexibility. Materials are assigned in the
models. After run the mesh, the flux distribution can be
seen as in Figure 5 [10].

Fig. 6. FE model with materials identification

Fig. 7. FE model with flux distribution

Fig. 5. FE model with materials identification

5. SIMULATION RESULT
The point of identifying these parameters via FE
method is to validate the approximations and
simplifications that automatically must be made in the
derivation of analytical design formulas [11].
The principle of this method, the magnetic circuit of
the machine is divided into several elements of small
dimensions to allow considering the linear magnetic
material on the corresponding surfaces. The use of the
Maxwell equations, based on local forms, solves the
problem. The 2d model of the Induction Machine has
field linking with the stator phases or the rotor loops
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The analysis is run at a different values rotor speed and
stator current. The main point to be considered when
modeling IM at a single frequency is that the currents
induced in the rotor bars will vary at the slip frequency
rather than the armature frequency. This is important
because the setup of the dynamic analysis needs to
account for the difference between the frequencies in
the stator windings and the rotor bars / conductors.
Now, one could either attempt to base parameter
identification by using a constant stator current over a
range of frequencies.
The proposed method ensures the required separation
of the rotor and stator leakage inductances in both
saturated and unsaturated case. The described model of
the induction motor with the complete known set of
parameters can be used in the advanced control
synthesis of the induction machine.
To calculate the stator induction, the model solved with
the simulation were achieved for wide range rotor
speeds while different stator current figure 9 present
the stator inductance parameter for rotor speeds equal
2, 5, 12 and 25 rd/s.

simulation and FE analysis were achieved with similar
manner for wide range rotor speeds equal 2, 5, 12 and
25 rd/s while different stator current(0 at 50 A).

Fig. 11. Rotor time constant

Fig. 12. Magnetic dispersion coefficient

The developed program compute the circuit model
parameters of squirrel cage IM using the solution of
electromagnetic fields and take in account the
saturation and skin effects. In addition, Analysis the
performance of IMs and study of non-linear
alternating filed, then, study the problems that are
difficult to be solved by analytical methods.
Indeed, other parameters may also be present using
FEM calculation, such as stator and rotor resistance,
mutual induction between rotor and stator, field by
phase and electromagnetic torque can be computed
with significantly good accuracy.

Fig. 9. Stator inductance

The same process is adopted for rotor induction while
varying stator current up reach high values (0 at 50 A)
and for rotor speeds equal 2, 5, 12 and 25 rd/s like
figure 10 displays.

CONCLUSION

Fig. 10. Rotor inductance

Figure 11 and 12 shows respectively rotor time
constant and magnetic dispersion coefficient, the
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In this work, the geometric design of a IM is performed
with 2-D FEM simulations to achieve diagnostic and
optimization in next papers. The exclusive use of
analytical methods has resulted to be not sufficiently
accurate, here. As a result, a faster optimization
process that includes the use of FEM is proposed. With
the proposed magnetic field analysis based on the finite
element method, it is possible to determine the motor
parameters. The simulations of parameters identify for
high performance IM drives was carried for wide range
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stator currents and rotor speeds. So the application
where the high performance is needed the ac motors
are used so only the total performance depends in IM
for use in electric cars.
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Abstract-- the induction machines drives becomes more
and more important used in many industrial applications.
Their attractiveness is largely due to their simplicity,
ruggedness and low cost manufacture, easy maint00enance,
high power efficiency and high reliability, are susceptible to
various types of electrical and/or mechanical faults that can
lead to unexpected motor failure and consequently impulsive
downtime. This made necessary the monitoring function
condition of these machines types for improved an
exploitation of the industrial processes. The aim of this task
is the proposal of a monitoring strategy based on the fuzzy
logic inference system (FIS) and the neuro-fuzzy inference
system (ANFIS) for monitoring and classification of
electrical faults types, especially the open phase and interturns short-circuit in the stator windings. The principle
adopted for the strategy suggested is based on monitoring of
the average root mean square value of stator current (RMS).
Mathematical models and simulations results are presented
to validate the efficiency of this approach.
Index

Terms--

Monitoring;

Classification;

FIS;

ANFIS; RMS.
1. INTRODUCTION
Different of electrical machines types are present in
several processes and industrial equipments. But the
induction machines are currently the principal means in
the industrial sector for conversion electrical energy into
mechanical driving and they are play important roles in
various industrials processing. Though their low cost,
simple maintenance, from the reliability and robustness
perspective point [1, 2].
Although all these advantages, these machines are
easily prone to failure since are frequently installed in
variety and the hostile environment that may be easily led
to the deterioration. Moreover, several problems may
occur during their function because of thermal,
mechanical and electrical stresses, incorrect functioning
condition or manufacturing defects [3].
In recent years the online monitoring and diagnosis
techniques of faults found in three-phase induction
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machines are study under various approaches by many
research tasks, since of its considerable interest for the
continuity of the industrial processes service [4, 5].In
specifically the most common electrical faults in induction
machines are related to the stator windings, as inter-turn
shorte circuit account for more than 30% of all faults, also
the open stator phase default is one of faults in stator [7, 8]
Early faults detection allows to minimize the
downtime, the turn-around time of the process in question,
to avoid the damaging consequences, and to reduce the
financial losses [9].
The majority of the monitoring approaches are based
on the analysis of electromagnetic magnitude such that the
magnetic flux, the stator or rotor current, and the neutral
voltage [10, 11]. In this case, by measuring accessible and
easily quantifiable magnitudes, includes the stator currents
of the induction machine for calculate their RMS values to
analyze them in a minimum of time and to conclude the
state of the induction machine [12].
However, through this work, we will be interested
particularly in the open circuit and short-circuit inter-turns
faults in stator winding of the induction machine (IM).
The inter-turn short circuit fault in stator windings can
propagate and can be developed either due to total defect
insulation inter-turns of stator winding, leading to phase to
ground or phase to phase faults. Some importance is
therefore attached to the early detection of stator faults
[13, 14].
So, the approach that we propose is based on the fuzzy
logic inference system (Fis) and Adaptive Neuro-Fuzzy
System Inference (ANFIS), in order to increase the
efficiency and the reliability of the on-line monitoring and
classification faults in the supervision of the induction
machine [15, 16]. The models of the approach as well as
the global model are simulated by using software
MATLAB®/SIMULINK and the obtained results of
simulations in a healthy function and short-circuit or open
phase faults are presented and interpreted.
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2. MODEL OF HEALTHY INDUCTION MACHINE
The stator and rotor voltage equations can be expressed
in the form following [17]:
(1)

The resistance of the short-circuit winding is determined
by the relationship below:
(9)
The flux stator winding and short-circuit winding
equations in dq frame:

The stator and rotor flux equations can be expressed in
the form of following:

(10)

(2)
The stator and winding currents in dq frame
The electromagnetic Torque equation:
(3)

(11)

The differente inductances matrixes are obtained by:
With;
If : Current of short-circuit.
The constant coefficients are shown in Table1.
(4)

Figure1 present the schematic of induction machine
under inter turns short-circuit fault in phase “a”.

Ias
s

Ics

Ias

σs1
σs2

Indiction Machine

(7)

With;
Lsm: mutual inductances of the stator tow-phase winding;
Lrm: mutual inductance of the rotor tow-phase winding;
Lm: the self mutual inductance of the stator and rotor.

AC
Source

Ibs
Ibs
Ics

Fig.1 Stator windings with short circuit fault
4. OPEN-CIRCUIT MODEL OF INDUCTION MOTOR
The following figure shown the case of open stator fault
in phase "a", the stator and rotor voltages of this machine
are unbalanced [19].

3. SHORT-CIRCUIT MODEL OF INDUCTION MOTOR
The models of induction machine under stator inter turn
short circuit fault can be expressed as [18]:

(8)

Fig 2. Open stator phase fault
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The voltage and flux systems are expressed by equations
(12) and (13) respectively:

(12)

(13)
The resistance and inductance stator are given by the
following matrix:

(14)

All these variables are defined by using the fuzzy set
theory. Figure 3, shows that CM (Condition Monitoring)
interprets the state of the stator as a linguistic variable,
which could be T (CM) = {Healthy Stator, Damaged,
Seriously Damaged, Open Stator Phase}.Each limit in T
(CM) is characterized by a fuzzy subset. The dialog
system:
 CM {(HS)}: interprets that the stator is healthy;
 CM {(D)}: the stator can by present a minor
short-circuit faults;
 CM {(SD)}: that the critical short-circuit fault;
 CM {(OSP)}: that the stator open phase fault.
The variables of input RMS_Ias, RMS_Ibs and RMS_Ics
are also interpreted as linguistic variables, with, T (Q) =
{Very Small (VS), Small (S), Medium (M), Big (B)} as it
is showing in figure 4.

(15)
The mutual inductance matrix stator-rotor and rotor-stator
in faults case are given by:
Fig.3. Membership functions for output variables
(16)

(17)
With;

Fig. 4 Membership functions for input variables
Fuzzy rules membership functions for the input and the
output. These rules are then defined (shown in Table 2), as
follows:

: stator resistance in fault case;
: stator inductance in fault case;
: mutual inductance stator-rotor in fault case;
: mutual inductance rotor-stator in fault case.

Rules

01

5. MONITORING OF THE STATOR BY FUZZY LOGIC
1.

Input-output variables of fuzzy system

OPs

S

OPs
VS

OPs

S

S

Hs

05

M

M

M

Hs

06

S

M

M

Ds

07

S

S

M

Ds

08

M

M

S

Ds

09

M

S

M

Ds

10

S

M

S

Ds

11

M

S

S

12

B

14

(218)

Then CMS

04

13

The RMS of currents (RMS_Ias, RMS_Ibs and RMS_Ics)
and the state of stator, (CM) are respectively selected as
inputs and output variables of the fuzzy system.

And
RMS_Ias

VS

03

Monitoring system
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And
RMS_Ias

02

In this approach, we have used the fuzzy logic
inference system for monitoring of open phase or interturns short-circuit faults in stator winding of the induction
machine. In this stage, we used linguistic variables and the
membership functions for describe the RMS amplitudes of
stator currents. An interface fuzzy system comprising the
rules and the data bases are established to support the
fuzzy inference system. The state of the machine is
monitoring by using the fuzzy logic system [20, 21].
2.

If
RMS_Ias
VS

Ds
SDS

B

SDS
B

SDS

Table2. Fuzzy rules membership function
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6. ADAPTIVE NEURO-FUZZY INFERENCE

80

ANFIS is a hybrid controller structure using fuzzy
logic inference system and the architecture of a neural
network having five-layer feed-forward structure [22, 23].
Thus, the ANFIS offers the advantages of learning
capability of neural networks and inference mechanism of
fuzzy logic. A typical architecture of ANFIS having n
inputs, one output, and m rules is illustrated in Figure. 5.

Fuzzy values

SYSTEM
60

40

HS
20

0

0.5

1

1.5

2

2.5
Time (s)

3

3.5

4

4.5

5

-a- Output Fuzzy Values

Fig.5. Typical ANFIS structure

-b- Fuzzy inference diagram

Fig.6 Characteristics of the IM (healthy case)
Here x, y, z and up to n are inputs, f is output, the
cylinders represent fixed node functions and the cubes

80

fuzzy system, where the fuzzy if-Then rules have the
following form:


40

20

Rule2: if x is A2 and y is B2,……………..n is k2 then

0

0.5

1

1.5

2

2.5
Time (s)

3

3.5

4

4.5

-a- Output fuzzy Values

f2 = (p2x+q2y+r2z+……v2).


Ds

60

Rule1: if x is A1 and y is B1,……………..n is k1 then
f1= (p1x+q1y+r1z+……v1)



Fuzzy values

represent adaptive node functions. This is a Sugeno type

Rule m: if x is Am and y is Bm,…………..n is km then
f2= (pmx+qmy+rmz+……vm).

The suggested model for classification system is
developed under Matlab/Simulink. Data base is collected
from on-line is used the RMS of stator current signal.
7. SIMULATIONS AND INTERPRETATIONS
The figures 6.a present the output of the fuzzy value
(the decision). This value is included in the interval CM
= {HS [25 50]}, which corresponds to the limits of the
healthy stator case. In addition, in the figure 5.b present
the fuzzy inference diagram of the currents phases and
the decision.
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-b- Fuzzy inference diagram

Fig.7 Characteristics of the IM with 5% shortcircuit in phase "a" (Damaged case)
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80

Fuzzy values

The figures 7.a and 8.a corresponding to tests of
short-circuit currents phases, present increases in
magnitudes proportional to the numbers (proportion) of
the short-circuit stator turns. In addition, these figures
indicate values which correspond to those that indicate
the presence of the fault. Indeed, in the case of 5%
shorted-circuit turns the decision indicates CM = {D [45
50]}. On the other hand, for 10 % of shorted-circuit
stator turns the decision indicates CM = {SD [70
100]}.Therefore, these tests validate that the approach is
reliable and exploitable.
In addition Figure9.b indicates the fuzzy output values
of stator decisions state, these values are included in the
universe of discourse with CM interval = {open stator
phase OPS [0 25]} what correspond to the open stator
phase case limits. Figure 9.c shows the diagram of fuzzy
inference in the fault of open stator of phase “a”
The trained and checked ANFIS output for fault type’s
classification are shown in Fig. 10. To validate our
network (shown the Fig.11), a test of recognition is carried
out. The input relationships or dependency for the ANFIS
output are in addition analyzed. These are the unique
characteristics of adaptive neuro-fuzzy inference system.
The mapping is optimized by neuro adaptive learning
techniques by fuzzy modeling procedure to learn
information about the data set for monitoring the stat of
induction machine in our case study.

SD

60

40

20

0

0.5

1

1.5

2

2.5
Time (s)

3

3.5

4

4.5

5

-a- Output Fuzzy Values

3.5

-b- Fuzzy inference diagram
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Fig.10 Training, Testing and Checking Output for the
ANFIS (Stator inter-turns short circuit)
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faults type

Fuzzy values
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3

Fig.8 Characteristics of IM with 10 % short-circuit in
phase "a" (Seriously Damaged case)
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Fig.11 Testing Data and Testing Output for the ANFIS
(Stator inter-turns short circuit)

Fig.9 Characteristics of IM with open stator phase
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8. CONCLUSION
In this paper, we presented the development of a fault
model of the induction machine then the simulations of
stator short-circuit and open stator faults.
In firstly we are represented the mathematical
development then the simulation of healthy function and
faulty
induction
machine
models
under
MATLAB/Simulink software.
In the second part of this work we have assembled
feasibility to monitoring and classification of open stator
phase and inter-turns short-circuit fault inter turns in
stators windings of the induction machine by supervising
the root mean square value of stator currents (RMS)
magnitudes based on the fuzzy logic inference system
(FIS) and the neuro-fuzzy inference system (ANFIS).
In addition, this approach using the artificial
intelligence easily can by to inform about the induction
machine stat, and to predict the fault severity and classify
of faults types.
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Abstract-- In recent years, there has been a growing
interest for the use of metamaterial as superstrate in the
antenna design in order to enhance its performances. The
designed antenna using a superstrate had the capability of
producing high performance in terms of gain and bandwith
,due to negative refractive property of metamaterial .It has
been proved that high gain can be achieved if the superstrate
layer is appropriately designed and placed above antenna. In
this paper we propose an analysis and simulation of an array
patch antenna loaded with a 9x9 array of U and T shaped
resonators superstrate with high
magneto-dielectric
characteristics. The antenna consists of 2x2 patches printed
on the Roger RO3003C substrate of 0.75mm thickness and
with a relative permittivity of 3. By simply adjusting the
distance The distance between the patches and superstrate
,the resonance condition for high gain can be Obtained.
Multiple lines in a feed network arrangement is used for the
excitation of the proposed structure. The purpose Ansoft
HFSS Software has been used for numerical simulation. The
results obtained From the simulation of an array design
working at the resonance frequency of 10 GHz show an
improvement of the gain and a better bandwidth of the
antenna.

Index Terms-- Patch antenna, metamaterial, bandwith,
microwave, High-gain, superstrate.
1. INTRODUCTION
An antenna is defined as a part of a transmitting or
receiving system which is designed to radiate or to receive
electromagnetic waves. Microstrip antennas (MSAs) offer
many attractive features such as low cost, low weight, and
low profile, easy fabrication, and planar structure.However
these antennas have some drawbacks like narrowbandwidth, low gain and lower radiation efficiency [1].A
new design technique adopted to overcome Patch
Antenna’s drawbacks, is the use of metamaterial onto
antenna’s superstrate.Metamaterials are specially designed
artificial composite structured and engineered to exhibit
unusual electromagnetic characteristics generally not
found in nature. In the frequency domain, the
electromagnetic properties of
materials can be
characterized by their complex permittivity ( ) and
permeability ( ), These two parameters are admissible
into Maxwell's equations, and together, determine the
response of the material to the electromagnetic radiation.
The permittivity ( ) is used to describe the response of a
material to applied electric fields and the magnetic
permeability is obtained from the effects of induced
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magnetic polarization. Generally,
and
are both
positive in ordinary materials,called as double positive
(DPS) materials . In contrast to conventional material,
metamaterials are characterized by electromagnetic
proprieties of negative permittivity and/or negative
permeability.In such materials the index of refraction is
negative and therefore, phase and group velocity of an
electromagnetic (EM) wave can propagate in opposite
directions with respect to the direction of energy flow[23]. This concept was first theoretically analyzed by
Veselago in 1968, who had also investigated various
optical properties of the negative refractive index
structures [4]. The objective of this paper is to investigate
the high performance in terms of gain and directivity of
array patch antenna based on metamaterial superstrate. It
has been reported that the introduction of double negative
materials (DNG) as a superstrate layer above an antenna
may affect the antenna’s basic performance characteristics,
such as gain, radiation and efficiency. The metamaterials,
which consists of 9x9 array U and T shaped, is used to
simulate a high dielectric slab and placed above a 2x2
patches. The distance of the air-gap, which is sandwiched
between the array and the metamaterial is adjusted to
obtain the best gain performance at the operating
frequency of 10 GHz.First of all, the resonance structure
of the metamaterial is studied and analyzed. It has been
verified that this structure satisfies the Double-Negative
properties
by using Nicolson-Ross-Weir Method
(NRW)[5-6].Simulation results of proposed antenna
parameters like resonance frequency, return loss, and
radiation efficiency are discussed .Simulated Numerical
results indicate that the gain of the antenna with
metamaterial superstrate is efficiently increased and the
antenna directivity is enhanced. The prototypes LHM
array patch antenna was numerically simulated/designed
by High Frequency Simulation Software (HFSS). This is a
full-wave electromagnetic field simulator capables of
modeling 3D complex volumetric structures. It employs an
automatic adaptive meshing and Finite Element Method
(FEM) . It can be used to calculate and plot the resonant
frequency, S-parameters, current distributions and fields.
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2. ARRAY
ANTENNA
CONFIGURATION

DESIGN

AND

The single patch element is first designed. The size
width W and length L of the radiating copper patch are
calculated from the basic mathematical equation (1, 2):
(1)
The actual length of the patch is given by

desired centre frequency of 10 GHz ,on substrate Rogers
RT/duroid4003 (
) with a thickness
of 0.75mm (h) and an area of 80x80mm2.it consists of 2x2
rectangular patches of dimension 10.6mm× 8.75 mm
,placed on the top of the substrate. The element spacing of
this array antenna was 17.02mm at 10 Ghz.A coaxial feed
is connected to the center of the array from the bottom
side of the substrate. Power divider and quarter-wave
transformer impedance matching sections are used to
couple the power to each element for radiation.

(2)
Where
(3)
The effective dielectric constant of the substrate
can be determinated by
(4)
And the extension to the length,
field can be expressed

due to fringing
Fig 2. (a) 2 x 2 patch antenna array,dimensions and
parameters:w1=1.511mm,w2=2.94mm,w3=mm,w4=0.516mm,,w
5=17.02mm,l1=2.511mm,l2=7.5mm,l3=10mm,l4=7.5mm (b) 2 x
2 patch antenna array with superstrate

(5)
The resonance frequency for the
by:

mode is given

3. SIMULATION & RESULT
(6)

The structure superstrate suggested in this work is a
9x9 array cells of the U and T Perfect Electric Conductor
(PEC), etched on the sides of the Rogers RT/duroid 5880
(tm) substrate of 0.81mm thickness, with a permittivity
and loss tangent
, as shown in
Figure.1

Simulated results of return loss plot (S11)
characteristics of the 2x2 array patch antenna with and
without the superstrates are plotted in the same figure for
comparison and shown in the Fig. 3. According to this
figure ,the conventional and proposed antenna array are
resonating at 10 GHz ,and 9.3Ghz with a return loss -22dB
and 29.75 dB respectively . A slight shift is observed in
the resonant frequency of the structure array patch
antenna with superstrate which is attributed to the change
in the near field properties of the array antenna. The return
loss plot, also shows that the antenna array is matched,
before and after the application of the superstrates since
the resonant of return losses were more than -20 dB.
The bandwidth of proposed
array antenna is
remarkably increased by 675 MHz (75 %) compared with
conventional array patch antenna. It is clearly shown that
the bandwidths of array antenna without and with
superstrate are 0.225 GHz and 0.9 GHz, respectively.

Fig 1.Configuration of U and T shaped metamaterialsuperstrate
(a) The unit cell dimensions and parameters w= 5mm,c=
0.66mm (b) 9x9 aarray of the U and T shaped metamaterial.

The designed array structure is depicted in Figure 2.the
antenna array is composed of three layer structure which
consists of substrate,air-gap,and superstrate . The
superstrate is placed above the radiating patches at a
distance d.the array antenna has been designed with a
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The 3D and 2D gain plot (without and with superstrate)
are given in Fig.4 and Fig.5 respectively. It is seen that the
gain of the structure array patch antenna with a superstrate
is higher than that of the array antenna without a
superstrate. The gain was about 12.07 dB (with a
superstrate) and 8.38 dB (without a superstrate) at the
center frequency of 10Ghz. Thus, a gain enhancement of
about 4 dB was obtained over the gain of the patch
without a superstrate. Fig. 6 indicates the radiation pattern
of the array antenna with and without the superstrate at 10
GHz.

band range (10 GHz). the gain of a patch array with a
superstrate was compared with that of a patch array
without a superstrate. Results obtained are encouraging
and showed that the gain was significantly improved
between 3 dB to 4dB.
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Fig 6. Radiation Pattern of proposed antenna array
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4. CONCLUSION
In this paper, a Gain enhancement of 2x2 antenna array
has been achieved by using the DNG metamaterial as
superstrate above the antenna. This proposed structure has
been simulated and analysed on the commercial software
HFSSTM. the height which separates the patch from the
DNG superstrate is optimized for maximum antenna gain.
To demonstrate the usefulness of the proposed design
method, the performance parameters of array antenna like
resonance frequency, return loss, gain and radiation
efficiency are discussed . the antenna operates at at the X
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Abstract— This paper deals with analysis of the
magnetic field by using FEM and numerical
computation of the electromagnetic characteristics of
Induction
machine.
The
knowledge
of
electromagnetic characteristics is very important in
performance analysis of electrical machines. The
purpose of this investigation is to use the field
computation by finite element model to evaluate,
detect and diagnosis fault of the static eccentricity
effect on the vector potential and field magnetic.
The result of simulation of our model allows us to
clearly see the effect of the eccentricity on the
electromagnetic quantities of the induction squirrel
machine.
Keywords—Induction machine, modelisation, finite
element methode, eccentricity, diagnosis, simulation.
I.

INTRODUCTION

us to consider the effect of changing the rotor position
by adjusting its coordinates in the program.
In the following sections, we propose the problematic
will be resolved by our proposed model in this paper.
In the third section, we consider the development of
the model using the formulation of magnetic vector
potential. Next, we present the simulation results and
their interpretations.
II. STATEMENT OF THE PROBLEM
Our study is to see the evolution of magnetic variable
(magnetic field and vector potential) along the axis of
movement (x) of the rotor for 25% of the value of the
airgap. Comparing the simulation results in the default
case (with eccentricity) with those of the healthy case,
we can see the impact of eccentricity on the magnetic
quantity of the asynchronous machine.

The sudden damage of the induction motors, which are
generally used as part of the product line in the industry,
can lead to stop the whole process. Therefore, the
diagnosis of the lack of time is important to prevent the
spread of the fault on the product range.
Energy conversion in an induction motor (converting
electrical energy into mechanical energy) is through the
magnetic energy in the air gap. However, the
displacement effect of the rotor (eccentricity) directly
affects the course of the magnetic flux (magnetic
reluctance) [1,2].
According to the model developed in this work, we
could introduce and study the consequences of the
eccentricity phenomenon on the magnetic quantities of
the machine through the magnetic vector potential. The
complexity related to the spatial distribution of local
forces [3,4] to calculate a resultant force has been
surmounted due to the flexibility of our program allows
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Figure.1 Balanced of the rotor along x axis.
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III. MODEL OF INDUCTION MACHINE

IV. SIMULATIONS AND DISCUTION

To determine the field distribution at each time-step, a
two dimensional transverse section of the induction
motor is represented, in reducing the problem to two
dimensions [5,6]. The transient magnetic field in terms
of magnetic vector potential (A); The permeability of air
is defined by µ0 = H/m; Conductivity (σ) and
current density (Js), can be expressed as:



 1

A
 curl   curl  A  J s
t
 0


The finite element model described above to evaluate the
effects of rotor eccentricity in the air gap on the vector
potential magnetic and the magnetic field [9,10].
The figure 2 shows the geometry of the induction
machine with four poles, 36 slots in the stator and 32
rotor bars.
0.2
0.15

(1)

0.1
0.05

The constitutive linear relationship of ferromagnetic
material is:
B   0 r  H

(2)

0



-0.05
-0.1

Where,

-0.15

B: flux density;

-0.2
-0.2

H: magnetic field;

-0.1

-0.05

0

0.05

0.1

0.15

0.2

Figure 2 Induction machine geometry

µr: permeability relative.

The discretization of the geometry with finite element is
shown in figure 3.

To solve the general diffusion equation (1) a classical
weighted residual method with first order shape
functions we obtain the following integral form [7,8]:














A
  i  curl curl A   0    t  d    i  0  J s


-0.15

d



0.2
0.15
0.1

(3)

0.05
0

ωi : ponduration function.

-0.05

With the following linear approximation for the
vector potential:

A   i . Ai

-0.1
-0.15

(4)
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Figure 3 Grid of the domain

Then, we obtain the following algebraic form:

K    A   M  A  F 
 t 



 Mi j










The equipotential of potential vector magnetic is shown
by the figure 4.
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V. EFFECT OF THE ECCENTRICITY
A) Potential vector magnetic
The figure.5 shows the spatial distribution of the
potential vector magnetic for each element of the
geometry.
spatial distribution of potentiel magnetic

North poles
0.06
0.04

A(A.m)

0.02
0
-0.02
-0.04
-0.06
0.2
0.1

0.2
0.1

0

0

-0.1
y(m)

-0.1
-0.2

-0.2

South poles
x(m)

Figure.5 Spatial distribution of potential vector
b.

The projection of the spatial distribution of magnetic
vector potential presented in Figure.5 on the plane “zx”
allows us to obtain the potential vector magnetic in the
healthy case (figure6.a) and with fault, that is to say that
the rotor is balanced along the “x” axis (figure 6.b) is
illustrated by figure 6.

North poles

With fault

Figure.6 Effect of the eccentricity on the potential
vector magnetic

In the healthy cases (Figure 6.a) we find that the shape of
the spatial distribution of the magnetic vector potential is
symmetrical. Furthermore, the same figure shows that we
have the same absolute amplitude on the four poles of the
induction machine.
Against by, in the case with defect (Figure 6.b), the
thickness of the air gap is not uniform, then the shape of
the magnetic potential is not symmetrical and the
absolute value of magnetic potential is not uniform in the
four poles.
The change in the position of the rotor (eccentricity)
occurs with the change of magnetic reluctance. Indeed,
when the air gap reduces, so, the magnetic reluctance
also reduces, therefore the amplitude of the magnetic
vector potential increases.
By against, when the air gap increases we see the
opposite effect.

South poles

a.

healthy case
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B) Magnetic field
The figure.7 shows the spatial distribution of the
magnetic field (absolute values) for each element of the
geometry.

b.
Figure.7 Spatial distribution of magnetic field

With fault

Figure.8 Effect of the eccentricity on the magnetic field

The projection of the spatial distribution of magnetic
field presented in Figure.7 on the plane “zx” allows us to
obtain the magnetic field in the healthy case (figure 8.a)
and with fault, where the rotor is balanced along the “x”
axis (figure 8.b), is illustrated by figure 8.

In healthy cases, the air gap is healthy, therefore
uniform along the contour of the air gap. This is
expressed by the symmetry of the shape of the magnetic
field distribution observed in Figure 8.a.
By against, the figure 8.b (with eccentricity case),
there is no symmetry in the evolution plane of the
magnetic field.
The effect of the eccentricity of the magnetic field is
opposite with respect to their effect on the potential
vector, when the reduced air gap, therefore, the magnetic
reluctance also therefore reduces the amplitude of the
magnetic field decreases. For against, , when the air gap
increases the magnetic reluctance also increases,
therefore. the amplitude of the magnetic field increases.
VI. CONCLUSION

a.

The results of simulations enables us to introduce and
clearly see the impact of eccentricity on the magnetic
behavior of the machine (magnetic field and vector
potential) for the rotor position change of 25% from its
initial position, it is found that the effect of the
eccentricity influences first places on the magnetic
reluctance (the course of the field in the air gap), the

healthy case
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variation of the latter, causes a variation of the
magnetic properties (magnetic quantities), mechanics
(mechanical quantities ) and electrical (electrical
quantities).
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Abstract--The abundant energy available in nature can be
harnessed and converted to electricity in a sustainable way to
supply the necessary power to elevate the living standards of
the people without access to the electricity grid. The
advantages of using renewable energy sources for generating
power in remote areas are obvious such as the cost of
transported fuel are often prohibitive fossil fuel and that
there is increasing concern on the issues of climate change
and global warming. This paper deals with the control and
modeling of a wind system based on doubly fed induction
machines in islanded mode and simulation system with
different types of loads. A vector control strategy of the
doubly fed asynchronous machine 4 KW and a control
approach of back to back converter are presented and
different kinds of load have been tested by using simulation
modeling and a software entitled PSIM.
Index Terms--wind energy, islanded mode, Double Fed
Induction Generator (DFIG), Field Oriented Control (FOC),
Power Inverter.

1. INTRODUCTION
Nowadays wind energy has become a viable source of
power generation, in added to other renewable energy
sources. While the majority of wind turbines have fixed
speed, the number of variable speed wind turbines is
increasing [1].The double-fed asynchronous generator
with a vector control is a machine with an excellent
performance and is commonly used in wind industry [2][3].Nowadays, there is much more needed as in dual
asynchronous machine supply (DFIG) to a variable speed
wind turbine, such as reducing efforts on mechanical
parts, reducing noise and the possibility of control of
active and reactive power [4].The wind system using the
DFIG and a "back-to-back" converter connecting the rotor
of the generator and the load has many benefits.
To start with, the first advantage of this structure is that
the power converters used are dimensioned to pass a
fraction of the total power system [5]-[6]; which allows
reducing loss in electronic power components. The
performance and power production do not only depend on
DFIG but also the way in which the two parts of "back-toback" converter are controlled. The power converter side
machine is called "Rotor Side Converter" (RSC) and the
load side power converter is called "Load Side Converter"
(henceforth LSC).The converter side rotor can control
active power and also reactive power produced by the
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machine. As for the Load side converter, it controls the
DC bus voltage and line-side power factor. This paper will
present two control strategies of the two converters. Then,
we interpret their dynamic performance through
simulations by using the PSIM software. First of all, this
paper aims at presenting a model of DFIG in the (dq)
frame of reference and the general principle of the control
of the two converters, then putting forward the simulation
results interpretation.
2. MODELLING OF DFIG
The electrical equations of DFIG in the (dq) frame can
be written as follows [7]-[8]-[9]-[10]-[11]:

Vds


V

 qs

V
 dr

Vqr



d  ds
 s . qs
dt
d  qs
 Rs .iqs 
 s . ds
dt
d  dr
 Rr .idr 
 r . qr
dt
d  qr
 Rr .iqr 
 r . dr
dt
 Rs .ids 

(1)

The expression of the electromagnetic torque of the DFIG
based on flux and stator currents is written as follows:

Cem  P.( ds .iqs   qs .ids )

(2)

Where P is the number of pole pairs of the DFIG.
The active and reactive powers of the stator and rotor
DFIG are written as follows [7]-[8]-[9]-[10]-[11]:

 Ps  Vsd .isd  Vsq .isq

Qs  Vsq .isd  Vsd .isq

 Pr  Vrd .ird  Vrq .irq
Q  V .i  V .i
rq rd
rd rq
 r

(3)

3. FIELD ORIENT CONTROL (FOC) OF DFIG
The control strategies of DFIG are based on two
different approaches [12]:

(230)
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Flow control in closed loop, where the frequency and
voltage are considered variable (unstable network).
Flow control in open loop when the voltage and frequency
are constant (stable network).
In this study, the frequency and voltage are constant. It
can be seen from (2) the strong coupling between flows
and currents. As a matter of fact, the electromagnetic
torque is the cross product between the fluxes and stator
currents, making the control of the DFIG particularly
difficult. In order to simplify ordering, we have
approximated the model to that of the DC machine which
has the advantage of having a natural decoupling between
flows and currents. For this end, we have applied vector
control, which is also called control by direction of flow.
We have also chosen two-phase (dq) repository related
rotating field. The stator flux
axis, thus, we can write:

 s is oriented along the


 sd   s

 0

 sq

(4)

 ds  Ls .ids  M .idr   s

 qs  Ls .iqs  M .iqr  0

(5)

s
M

ids  L  L .idr

s
s

M
i  
.iqr
qs

Ls


According to (7), we note that by controlling the size of

i

quadrature rotor current ( qr ), we can control the
electromagnetic torque of the DFIG. The vector control of
DFIG is used to write expressions of powers.
M

 Ps  Vqs .iqs  Vs . L .iqr
s

s M

Qs  Vqs .ids  Vs ( L  L idr )
s
s

 Pr  Vdr idr  Vqr iqr

Qr  Vqr idr  Vdr iqr

The active and reactive powers can be written as follows:

 Ps


Qs


P
 r

Q
r



M
 ds .iqr
Ls

(7)
In the field of the production of wind energy, these
machines average and high power are mostly used. Thus,
we neglect the stator resistance. Taking the constant stator
flux, we can write:

Vsd  0

Vsq  Vs  s . sd
Where Vs



M
.iqr
Ls

Vs . s
V .M
 s
idr
Ls
Ls

 g.

Vs .M
.iqr
Ls

 g.

Vs .M
.idr
Ls

(8)

(11)

Total powers involved by the wind turbine are represented
by (12) and (13):

Qt  Qs  Qr 

The expression of the electromagnetic torque becomes:

Cem   P.

 Vs .

Pt  Ps  Pr  ( g  1).Vs .
(6)

(10)

M
iqr
Ls

Vs . s
M
 ( g  1).Vs . idr
Ls
Ls

(12)

(13)

The principle of vector control power is used. It is to
follow the DFIG a power set, with the best power
dynamics, taking into account the switching frequency
limit power converters switches. The principle of vector
control scheme is illustrated in “Fig. 1,”.
The PI power type regulators are used to achieve both a
good momentum and good robustness. In order to have a
unitary stator side power factor, maintaining the stator
reactive power setting zero play. The active power
reference to impose on the DFIG is defined by (14) [7]:

Psref   .Pmec _ opt

(14)

is the supply voltage.

 ds   s  Ls .ids  M .idr

 qs  0  Ls .iqs  M .iqr
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With: :Performance of DFIG and the two power
converters.

adjustment.

Fig. 3. Schematic of LSC converter and filter.

The LSC is bidirectional converter. It functions as a
rectifier when the slip (g) is positive (hypo synchrony
mode) and as an inverter when the slip is negative (over
synchrony mode).
Fig. 1. Schematic diagram of vector control in power of DFIG.

4. MODELING OF TWO CONVERTERS

The load side converter is controlled such that the active
power and reactive power load side are written as follows
[13]:

A .Rotor Side Converter (RSC)

With

The control principle of the rotor-side converter (RSC)
is illustrated in “Fig. 2,”.

U m is the amplitude of the phase voltage.


 P  mtV pd id


Q   mtV pd iq

(15)

The control of the DC bus voltage allows for the reference
active power. Also, the line side power factor can be
adjusted by means of the reactive power. The “Fig. 4,” is
the control block diagram of the DC bus.

Fig. 2. Converter control dimensional rotor vector control.

B. Loads Side Converter (LSC)

Fig. 4. Principle Diagram of DC bus.

This converter ensures the regulation of the DC bus
voltage and adjusts the load side power factor. The
purpose of the control is to maintain a constant DC bus
voltage while absorbing a current to be as sinusoidal as
possible, with the possibility of the load side power factor

By applying the law of the stitches, the voltage of the
filter is written in matrix form [14].
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 Vm1 
 i1 
 i1   Vp1 

d   


 
 Vm 2   R.  i2  L. dt i2   V p 2 

V 
i 
  
 3
 i3   Vp 3 
 m3 

(232)

(16)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

By applying the Park transformation to equation (16), on
obtain the equation (17):
did

Vmd  Rid  L dt  Ls iq  V pd

V  Ri  L diq  L i  V
q
s d
pq
 mq
dt

(17)

The simulation study shows that the three reference
voltages have a content that is rich in harmonics “Fig. 6,”
what may deteriorate the quality of the wave supplied by
the turbine. In order to improve the quality of these
reference voltages, we propose to use a band-pass filter.
This will allow extracting only the fundamental waves of
voltages reference.
Vca(V)

e
e
The coupling voltages d and q are written as follows:

ed  L s gid

eq   L s giq

1K

(18)
0K

-1K

-2K

(19)

0

The relations (17), (18) and (19) allow us to write:

di

V  Ri  L d

bd
d

dt

V  Ri  L diq
q

dt
 bq

0.1

0.2
Time (s)

0.3

Fig. 6. Screened prior reference voltages.
Fig. 7. ZOOM of the wind turbine output voltage in single mode
when the introduction of the non-linear load.

(20)
The

The filter transfer function is then:
id ( p )
1

 F ( p )  V ( p)  R  pL

bd

i
1
 F ( p )  q ( p) 

bq
V
(
p
)
R

pL


Vab(V)

2K

By posing:

Vbd  Vmd  V pd  eq

Vbq  Vmq  V pd  ed

Vbc(V)

(21)

The current control scheme is illustrated in “Fig. 5,”[ 12] :

overall diagram of control of the load side converter is
shown in “Fig. 8,” .

Fig. 5. Schematic current control principle.

5. SIMULATION RESULTS
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Fig. 8. Scheme of the principle control LSC.

The parameters of the DFIG are given in Annex. The
global model of the wind system was simulated in the
PowerSim (PSIM) software. The model includes the wind
turbine, the double-fed asynchronous machine (DFIG), the
two converters that connect the rotor to the load “Fig. 9,”
the DC bus and the storage system and the loads.

Fig. 10. The different loads used for testing the correct operation
of wind in isolated mode.

7. CONCLUSION

Fig. 9. Wind system in isolated mode using the DFIG.

6. POWER LOADS OF DIFFERENT TYPES (INDUCTIVE AND
RESISTIVE NONLINEAR)
To test the system’s performance, loads of different
kinds (resistive, inductive and nonlinear) were used. The
introduction of the load is made one by one “Fig. 10,”.
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This article was devoted to the modeling,
simulation and analysis of a wind turbine operating at
variable speeds. Stable operation of the wind energy
system is obtained with the application of controlled
flow orientation. The overall operation of the wind
turbine and its control system were illustrated by
responses to the command power, transient and
permanent regimes. The DFIG operates in two
quadrants; hypo-synchronous operation for positive
slip and hyper-synchronous operation for a negative
slip. Besides, the generator supplied power to the load
with an active power regardless to the mode of
operation. The wind generator has been tested and
modeled in a variable speed operation for a power of
4 kilowatts. Simulation results show that the wind
energy system thus proposed is feasible and has many
advantages such us the originality of this work is to
provide a fully autonomous system, without any
storage element (except for the start-up phase), which
is not the case in most of the literature. In fact, the
element of storage has been just used for the starting
phase, but will be eventually removed. On the other
side, we were not interested in adding a storage
element where reference power will be equal to that
required by the load.

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

APPENDIX

n

Wind System parameters

TABLE III

Transformer parameter

TABLE I
Symbo
l

DFIG Parameters
Symbol

Designation

The value

Pu

power output

4 kW

Ns

synchronous
speed

1435tr/mn

Vsn

nominal stator
voltage

400V/690

Isn

nominal stator
current

8.4A/4.6

Vrn

nominal rotor
voltage

130 V

Irn

nominal rotor
current

19A

Fsn

nominal stator
frequency

50Hz

Rs

cyclic stator
resistance

Rr

cyclic rotor
resistance

Ls

Lr

M

J
P

Cos�

mt

Symbo
l

0.25

the capacity

Value
1100 µF

0.49
0.748H

rotor
inductance

0.027H

mutual
inductance

0.139H

moment of
inertia

0.01617

REFERENCES

number of pole
pairs

2

power factor

0.83

Designation

Pn

nominal power of the turbine for β=0°

J

moment of inertia

f

coefficient of friction

R

radius of the blades
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Abstract— This paper presents a new model of the CFAR
(Constant False Alarm Rate) detector. Mentioned CFAR
detector is named Cell-Averaging-Clutter-Map CFAR (CACMCFAR), which is a combination of cell-averaging CFAR and
clutter-map CFAR. Then each local detector makes local binary
decision, and transmits it to the fusion center. Finally, the fusion
center makes the overall decision based on the total local
decisions. The overall decision, which is zero or one, is obtained
at the data fusion center based on the ‘AND’ and ‘OR’ fusion
rules. Closed form expressions of the probabilities of detection
and false alarm are determined and the performance of the
proposed detector is investigated.
Keywords—CFAR detection, radar target, clutter, data fusion.

I. INTRODUCTION
Radar is an electromagnetic system that detects, locates,
and
recognizes
target
objects.
Radar
transmits
electromagnetic signal and then receives echoes from target
objects to get their location or other information. The
received signal is frequently corrupted by noise and clutter.
The disturbances may cause serious performance issues with
radar systems by concluding these signals as targets [1].
To make a right censoring decision, the receiver is desired to
achieve a constant false alarm rate (CFAR) and a maximum
probability of target detection. Modern radars usually detect
targets by comparing with adaptive thresholds based on a
CFAR processor. In this processor, the threshold is
determined dynamically based on the local background
noise/clutter power. Finn and Johnson [2] developed a theory
based on the arithmetic mean of the nearby resolution cells of
the test cell. This is known as the CA-CFAR, Cell Averaging
Constant False Alarm Rate detector. The CA-CFAR detector
was shown to be not efficient in nonhomogeneous
environment or in the presence of interfering targets. Many
other techniques based on cell averaging and order statistics
have been developed in the literature. Some are discussed in
[3-5]. A different approach to obtain CFAR based on clutter
map exploits the intrinsic local homogeneity of the radar
environment in which the detector output of each range
resolution cell is averaged over several scans in order to
obtain an estimate of the background level [6-8].
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In recent years, distributed detection systems based on
multiple detectors with data fusion have been widely
considered [9-11]. This is due to a number of advantages over
the centralized detection systems employing a single sensor,
for example improved reliability, speed, and capability to
handle a large area of coverage [11].
In this paper we propose a new CFAR detector named cellaveraging-clutter-map CFAR (CACM-CFAR), which is a
combination of CA-CFAR and CM-CFAR. The new CFAR
has some advantages over other types of CFAR detectors.
The paper is organized as follows. In Section2, we formulate
the problem and calculate the global probabilities of detection
and false alarm for the ‘AND’, ‘OR’ decision rules. Section 3,
is devoted to the discussion of the results obtained. Finally,
the conclusion is given in Section 4.
II. THE CACM-CFAR DETECTOR
The novel cell-averaging-clutter-map CFAR (CACMCFAR) optimizes good features of some mentioned CFAR
detectors from different groups depending on the
characteristics of clutter and present targets with the goal of
increasing the probability of detection at constant probability
of false alarm rate. . It is realized by parallel operation of two
types of CFAR detector: CA-CFAR and CM-CFAR. Its
structure is showed on Fig. 3
The early CFAR detector called cell-averaging CFAR (CACFAR) (Fig.1) was proposed by Finn and Johnson in [2]. In
this detector, the adaptive threshold is the arithmetic mean of
its reference cells according to Eq. (1).

Z CA

1

N

N

X
i 1

(1)

i

The threshold level is obtained by multiplying the estimate,
ZCA, by a given constant, TCA, chosen as a function of the
desired false alarm probability, Pfa, and the number of
reference cells, N . TCA is given in Eq. (2) [2].
1

TCA  Pfa N  1

(237)

(2)
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The detection probability, PD is given by Eq. (3).

T 

PDCA  1  CA 
 1 S 

N

(3)

The probability of false alarm is obtained when S=0;i.e.

PFACA  1  TCA 

N

(4)

The CA-CFAR performs well under an homogeneous
environment, however, in presence of interfering targets it
presents a serious performance degradation. Various classes
of CFAR techniques have been proposed to enhance the
robustness against non-homogeneous environment. In
particular, Clutter MAP-CFAR detectors (Fig.2). proved to
provide good performance [6-8]. This detector is based on
local power estimation of the environment. In each scan, the
power estimation of a cell in map is updated by digital
exponential smoothing of the clutter.
The background estimate is formed from previous scans and
for the mth scan the output of the recursive filter is given by
[6-8].
m

y m (k )    (1   ) l .q ml (k )

Fig. 2. CMAP-CFAR algorithm

(5)

l 0

The detection probability, PD is given by Eq. (5).
m


1

PDCM   
l

l 0  1  (TCM ..(1   ) 1  S ) 

(6)

The probability of false alarm is obtained when S=0; i.e.
m


1

PFACM   
l 
l 0  1  (TCM ..(1   ) ) 

(7)

Fig. 3. Block diagram of CACM-CFAR detector

A. AND Fusion rule (CA-AND-CMAP-CFAR)
The global decision at the data fusion center is one only if
all of the detectors decide a one. [9-11]
TABLE I. AND FUSION RULE

Decision
0
0
1
1

Fig. 1. CA-CFAR algorithm

Decision
0
1
0
1

Global Decision
0
0
0
1

The overall probability of detection PD and the overall
probability of false alarm PF at the data fusion center can be
written as:

PD  PDCA .PDCM
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N

III. RESULTS AND DISCUSSION

T 

PD  1  CA  
 1 S 
m


1



l
l  0  1  (TCM ..(1   ) 1  S ) 

(9)

We utilize Monte-Carlo simulation method to illustrate the
performance of Fuzzy CA-CMAP-CFAR detector using two
kinds of fusion rules, and target fluctuates according to
Swerling I model .
A. An Homogeneous Environment

PF  PFCA .PFCM

(10)
m


1

  
l 
l 0  1  (TCM ..(1   ) ) 

PD  1  TCA 

N

(11)

B. OR Fusion rule (CA- OR-CMAP-CFAR)

We consider the detection of separate targets using the
conventional CA-CFAR and CMAP-CFAR detectors. In Fig.
4, we show the detection thresholds for the CA-CFAR and
the CMAP-CFAR detectors for Pfa=10-4 , N = 16 and α = 0.1.
Both detectors distinguish easily the five targets present at
cells range 60, 90, 134, 160 and 200. Nevertheless, the
CMAP-CFAR processor exhibits some additional losses in
detection.

The global decision is zero only when all the detectors
decide a zero.
TABLE II. OR FUSION RULE

Decision
0
0
1
1

Decision
0
1
0
1

Global Decision
0
1
1
1

The overall probability of detection and false alarm at the
data fusion center can be written as:

PD  PDCA  PDCM  PDCA  PDCM
T 

PD  1  CA 
 1 S 
T 

1  CA 
 1 S 

N

N

(12)



1

  
l

l  0  1  (TCM ..(1   ) 1  S ) 
m

m


1

  
l
l  0  1  (TCM ..(1   ) 1  S ) 

(13)
PF  PFCA  PFCM  PFCA  PFCM
m


1

  
l 
l  0  1  (TCM ..(1   ) ) 
m


1

  
l 
l  0  1  (TCM ..(1   ) ) 

(14)

PD  1  TCA 

N

1  TCA 

N
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Fig 4. CMAP-CFAR and CA-CFAR detection thresholds in an homogeneous
environment for Pfa=10-4 , N = 16 and α = 0.1.

B. Non-homogeneous Environment
In Fig. 5, we consider radar signal detection in a nonhomogeneous environment, presence of interfering targets,
using the CA-CFAR and CMAP-CFAR detectors for Pfa=104 , N = 16 and α = 0.1, in presence of two separated targets
and a group of targets. The separated targets present at cells
60 and 90 and the group of targets contains three targets (cells
150 , 154 and 158).
The application of the CA-CFAR detector allows the
detection of the separate target and only the target with higher
SNR of the first group, while all the targets of the second
group are missed.
The CMAP-CFAR-CFAR detector detects all the targets of
the group.
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Fig .6 Probability of detection versus SNR of CA-CMAP-CFAR using
‘AND’, ‘OR’ fusion rules for (Pfa=10-4, =0.1 and N=24)

In figure. 5 shows the ROCs curve of the two fusion rules, the
‘Max’ and ‘Min’, for SNR =12 dB. It can be seen how the
optimal fusion is the ‘OR’ rule.

Fig 4. The CMAP-CFAR and CA-CFAR thresholds in presence of
interfering targets, Pfa=10-4 N = 16 and α = 0.1.

A. heterogeneous Environment
In the real case, the milieu is a heterogeneous environment
(homogeneous and no homogeneous).
In Figures 6 and 7, we present the simulated probabilities of
detection versus the SNR, and the ROC (receiver operating
characteristics) curves respectively, to compare the
performance of the CA-AND-CMAP-CFAR and CA-ORCMAP-CFAR detectors. The length of reference window is
N=24,

=0.1 of the filter's gain coefficient respectively. The

desired false alarm rate

.

In Figure. 6 shows the global system performance for
identical SNRs. The probabilities of detection achievable with
the two fusion rules, the ‘AND’ and ‘OR’, is plotted versus
SNR. The ‘OR’ fusion rule is the best one in the whole range
of analyzed SNR.

FIG .7 The ROCs curve for CA-CMAP-CFAR using ‘AND’ and ‘OR’ fusion
rules

(SNR =12,

=0.1 and N=24)

In figure 8 and 9, we present a comparative case between the
detectors CA-CFAR, CMAP-CFAR, CA-AND-CMAPCFAR and CA-OR-CMAP-CFAR in the case of only one
target in a reference window and two targets interfering in
another reference window.
In figure 8. We present the comparative case between
detectors CA-CFAR, CMAP-CFAR and CA-AND-CMAPCFAR. In the case of a target being in a homogeneous
environment one notices that detectors CA-CFAR, CMAPCFAR and CA-AND-CMAP-CFAR detect it. We can observe,
in the case of presence of very close interfering targets, that
detectors CA-CFAR and CA-AND-CMAP-CFAR crosses
besides their detection contrary to the CMAP-CFAR, this one
detects the two adjacent targets.
In figure 9. We notice that detector CA-OR-CMAP-CFAR is
successful even in the presence of very close interfering
targets, it indicates the presence of each one of them.
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IV. CONCLUSIONS
In this paper we have proposed a new CFAR detector
named cell-averaging-clutter-map CFAR (CACM-CFAR),
which is a combination of CA-CFAR and CM-CFAR. The
new CFAR has some advantages over other types of CFAR
detectors. We derived expressions for the probability of
detection, the probability of false alarm of CACM-CFAR.
The performance evaluation of detection of each detector
CFAR, namely the CA-CFAR, the CMAP-CFAR and the
system distributed with the logical fusion rules ‘AND’ and
‘OR’, shows the performances of each one of them in the
various environments, so the use of the ‘OR’ rule for the
fusion of data has the advantage of making the automatic
swing between the two detectors.

Fig 8. Detection CA- AND-CMAP-CFAR

In future work we suggest analyze the detection performance
of fuzzy CACM-CFAR detector using fuzzy fusion rules in
homogeneous and non-homogeneous Weibull background
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1. INTRODUCTION
The Modular Multilevel Converter (MMC) was
proposed by R. Marquardt in 2001 [1]. MMC topology
has proved to be an attractive alternative in high voltage
applications such as HVDC transmissions [2]-[3]. It is
made by a serial connection of identical DC-choppers
called Sub-Modules (SM), with flying capacitors that
stand for independent DC sources. The output voltage is
obtained by a control of the state of sub-modules switches
with taking into account the capacitors voltage balance
and the circulating current, which are the main issues of
this topology [4].
Many research studies have been dedicated to the
modulation of the MMC converter. The modularity and
simple implementation of PWM-based modulation
strategies make them the most suitable for MMC
converters [5]. In this paper three Carrier Disposition
CDPWM strategies are considered: Phase Disposition
PWM (PDPWM), Alternative Phase Opposition
Disposition PWM (APODPWM) and Phase Opposition
Disposition PWM (PODPWM). Previous researches [6][7] demonstrated that when used for MMC modulation,
PDPWM yields to better THD performances. PODPWM
and APODPWM performances can be enhanced using an
output filter. Furthermore, lower circulating current and
inductor voltage are obtained with PODPWM and
APODPWM techniques considering the higher number of
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voltage levels. However, in [8], it is shown that
PODPWM technique is applicable only when the number
of sub-modules per arm is even. In this paper, the authors
propose an original implementation of the PODPWM for
MMC converters that remains valid regardless of the
converter’s sub-modules number.
2. OPERATION PRINCIPLE AND
STRATEGIES FOR MMC CONVERTERS

MODULATION

A. Operation Principle of MMC Converter
The topology of a three-phase MMC is depicted in
fig.1. One leg converter consists of a connection of two
arms. Each arm is a series connection of N identical submodules (SM) and an inductor L. Each SM contains a half
bridge converter and one capacitor C as shown in fig.2.For
a given SM in the upper arm (respectively lower arm), the

𝑼 𝑼𝒂
𝑉𝑑𝑐
2

+
-

Upper arm

Abstract-- This paper focuses on the carrier disposition
Pulse Width Modulation (PWM) strategies for Modular
Multilevel Converters (MMC). The authors propose a new
Phase Opposition Disposition PWM (PODPWM) scheme
applicable regardless of the converter’s sub-modules number.
Moreover, a capacitor voltage sorting algorithm is synthesized
aiming to ensure the converter’s balanced operation.
Simulation results of a 3.6 MVA, 3-SM-MMC are presented
and discussed.
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Fig. 1. N-SM Modular Multilevel Converter
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output voltage U SM _Ui (t ) (respectively U SM _ Li (t ) ) is
given by


U SM _Ui (t )  SCUi .U c _Ui (t )
(1)


U SM _ Li (t )  SC Li .U c _ Li (t )
where SCUi (respectively SC Li ) is the modulation
function of the ith SM in the upper arm (respectively the ith
SM in the lower arm) and U c _Ui (t ) (respectively

U c _ Li (t ) ) is the corresponding flying capacitor voltage.
SCUi and SC Li are equal to 1 when the SM’s upper
switch is ON and the SM’s lower switch is OFF, and are
equal to 0 when the SM’s upper switch is OFF and the
lower switch is ON.
Under full balance conditions, we can write
V dc
N
where N is the number of sub-modules per arm.
U C _Ui (t )  U C _ Li (t )  U C (t ) 

(2)

Consequently
N
N

V dc nU x

V
. dc
U Ux (t )  U SM _Ui x (t )   SCUi x .
N
N

i 1
i 1
(3)

N
N
V dc n Lx
U (t )  U
 SM _ Li x (t )   SC Li x . N  N V. dc
 Lx

i 1
i 1
where x denotes phase a, b or c, U Ux (t ) and U Lx (t )
denote respectively phase x upper and lower arm voltages
and nU x and n Lx are the number of the ON-stated SM of

phase x upper and lower arm respectively.

ia 

(7)
2
and i za , which results from the voltage difference
between the DC bus and the sum of the upper and lower
arms voltages, is given by
i z a  0


di L
diU
di
V dc  U La  L a  UU a  L a  U La  UU a  2L za  U U a  U La
dt
dt
dt


diU a
V dc
UU a  L
0
2
dt
di La
V
V a  dc U La  L
0
2
dt
The subtraction of (5) from (4) gives:
V dc U La U U a
di
d iU  i L
 L ( a a )  L za
2
dt
2
dt
where i za is defined as phase a circulating current.

(8)

Moreover, from (3) and (8), one can write:

nU a  nLa  N

(9)
Thus, for a balanced MMC converter operation, the
modulation strategy and algorithm control has to ensure
that N SMs among the 2N available ones are switched
ON.
B. PWM Strategies for MMC Converters
PWM based modulation strategies are widely used in
multilevel converters modulation [9]. The association of
each triangular carrier to a particular SM goes along with
the nature of modularity and scalability for MMC
converters [5]. However, the influence of the carriers’
disposition on the MMC converter is still not deeply
investigated. Basically, their arrangement directly
influences the number of the output voltage levels [10].
This criterion was used to classify modulation strategies
into two main categories: N+1 and 2N+1 modulations.
The first category lead to N+1 voltage levels and the
second one lead to 2N+1 voltage levels.
In the following, analysis of one example of each of
these two PWM categories is carried out based on a
comparison of their output performances.

Kirchhoff’ s voltage law for phase a can be expressed as

Va 

iU a  i La

(N+1) modulation

(4)
(5)

(6)

Under balance condition operation, the converter output
current is equally split among the two corresponding arms.

An (N+1) modulated MMC converter is able to
generate (N+1) voltage levels. Fig.3 shows the Alternative
Phase Opposition Disposition PWM (APODPWM).
Neighbored carriers are 180° phase shifted. For a 4-SM
MMC converter, simple output voltage presents 5 levels,
as shown in fig.3 b).
The symmetry of the carriers and reference voltages
disposition in (N+1) modulation strategies guarantees that
N SMs are ON switched [10]. Consequently, according to
equations (4) and (5), (N+1) modulation strategies lead to
a low inductor voltage and a negligible MMC circulating
current.

Therefore, phase a output current can be written as

Uppe r re fe rence
Lowe r re fe rence

T1
𝑉𝑆𝑀

C

Vao

𝑈𝑐

T2

Vdc/4

Fig. 2. Topology of a single Sub-Module SM of a MMC
converter
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Fig. 3. (N+1) modulation strategy: APODPWM;N=4 a) carriers
disposition b) Simple output voltage: 5 voltage levels
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Fig.4 gives the three line currents for a 4-SM MMC
converter with: Vdc=600 V, L=100 µH, fsw=10 kHz,
Rload=10 Ω and Lload=11,5 mH. Line current amplitude is
equal to 25 A.

Uppe r re fe rence
Lowe r re fe rence

Vdc/8

Fig. 4. 3-SM MMC APODPWM modulated converter: line
currents (10A/div)

Line a current spectrum presented on fig.5 shows that
first harmonics appear around 10 kHz with maximum
amplitude equal to 0.045 A, which is lower than 0.18% of
the fundamental magnitude. The THDi is equal to 0.36%

Fig. 7.
2N+1 modulation strategy: PDPWM a) carriers
disposition b) leg a output voltage: 9 levels

Fig. 5. Spectral analysis of Phase a output current

Fig.6 gives leg a steady state inductor voltage and
circulating current. The inductor voltage, which is the
difference between the phase-leg voltage and the DC side
voltage, has a high frequency component that is related to
the capacitors’ charge and discharge [11]. Due to the
small difference between the DC side voltage and the
phase-leg voltage for APODPWM, the magnitude of the
resulting circulating current is nearly equal to zero.

Fig. 8. PDPWM modulation strategy for a 3-SM MMC
voltage level b) leg a upper arm inductor voltage

a)

Fig. 9. Line a current a) temporal analysis b) spectral analysis
Fig. 6. APODPWM modulation strategy for a 4-SM MMC
converter Vdc=600 V; L=100 µH, fsw=10 kHz a) inductor
voltage (2.10-2V/div) b) Leg a circulating current iza

(2N+1) modulation
MMC converter controlled with (2N+1) modulation
strategies is able to generate 2N+1 voltage levels. Fig.7
shows the Phase Disposition (PDPWM) strategy used for
a 4-SM MMC converter. The converter’s output voltage
has 9 voltage levels. Due to the asymmetry of the carriers
disposition, the number of ON switched SMs varies
between N, N-1 and N+1, as shown in fig.8-a and the
V
V
inductor’s voltage is equal to 0,  dc or  dc as shown
2N
2N
in fig.8-b. First harmonics appear at 20 kHz with
maximum amplitude equal to 8 mA.

ISBN: 978-9938-14-953-1

As the number of ON switched SMs is not always
equal to N, the circulating current increases dramatically
and reaches 20 A as shown in fig.10. However, the
increase of the output voltage levels improves THDv with
a 5% rate and THDi with 77% rate compared to
APODPWM.

Fig. 10. Leg a circulating current under PDPWM modulation
strategy
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C. Limits of Existing PODPWM Strategy for MMC
Converters
The disposition of the references and carriers is the key
element towards the possibility to apply the PODPWM
according to the number of sub-modules.
For example, PODPWM proposed in [8] is based on the
comparison of N carriers with the upper arm reference to
generate the upper arm control signals, and the
comparison of the same carriers with the lower arm
reference to generate lower arm control signals. This
strategy is only effective when sub-modules number is
even, as shown in fig. 11 where N=4.

since in this case, an N-SM MMC converter generates an
output voltage with N+1 levels. However, in [10], the
authors confirm that this PWM strategy is limited since it
is only applicable for MMC converters when the number
of sub-modules in each arm is even.
In this paper, we propose a PODPWM modulation
strategy for MMC converter independently of its submodules numbers. Simulations tests are carried out with a
3-SM MMC converter. The capacitance of each SM is
equal to 6 mF. The DC bus is equal to 3600V. Two
100µH inductors are used in the arm inductors to ensure
an equal distribution of the line current among the two
arms. The carrier frequency is equal to 10 kHz, thus
switching period equal to 100 µs. The MMC converter is
connected to an RL load where R is equal to 10 Ω and L is
equal to 11.5 mH.
A. Converter Control Principal

Fig. 11. PODPWM for MMC with even number of submodules; N=4

However, the strategy is limited when the sub-modules
number is odd. In fact, with this disposition, it is
impossible to define the carriers’ phases so that they are
symmetric according to the average value of the reference
signal. The asymmetry causes an imbalance in the upper
and lower levels, as shown in fig. 12 (N=5).

Fig. 12. PODPWM for MMC with odd number of sub-modules;
N=5

In order to generalize PODPWM strategy for even and
odd sub-modules number per branch, this paper proposes
an original scheme that aims to modify the carriers and
references disposition.
3. PROPOSED PODPWM STRATEGY IMPLEMENTATION
FOR MMC CONVERTER
Basically, the PODPWM (Phase Opposition
Disposition PWM) strategy is a (N+1) modulation type

ISBN: 978-9938-14-953-1

In this paragraph, flying capacitors are replaced by
perfect DC sources, each equal to Vdc/3. The issue of
flying capacitors balance is investigated in the next
paragraph.
Rather than using the same carriers for upper and lower
sub-modules, the proposed PODPWM assigns a carrier for
each SM and a reference for each arm. The control signal
of each SM results from the comparison of its carrier and
its corresponding reference. PODPWM, presented on fig.
13, is designed as follows:
- All three carriers for the upper arm are identical:
𝑉
initial phase angle is 0 and the magnitude is equal to 𝑑𝑐.
𝑁
𝑉

These three carriers are vertically shifted with 𝑑𝑐,
𝑁
forming 3 contiguous bands varying from 0 to Vdc. They
are compared with a sinusoidal reference Vref_U defined as
follows:
V
V
(10)
V ref _U (t )  dc  m dc cos(2 ft )
2
2
where Vdc is the DC bus, m is the modulation depth and f
is the reference frequency
- All three carriers for the lower arm defined with 180°
𝑉
initial phase and − 𝑑𝑐 magnitude, forming 3 contiguous
𝑁
bands varying from –Vdc to 0. The so generated carriers
are compared with a sinusoidal reference Vref_L defined by:
V
V
(11)
V ref _ L (t )   dc  m dc cos(2 ft )
2
2
One can note that both references and carriers are
symmetrical according to the 0 voltage level. Unlike
PDPWM, the symmetry property can also be found on
each arm phase level, as shown in fig.14.
Fig.15 shows that for a three-SM MMC converter, the
number of switched ON SMs is continually equal to 3.
Vdc
Upper reference
0
Lower reference
-Vdc

Fig. 13. Proposed PODPWM for a 3-SM MMC converter
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Fig. 14. Upper and lower arms voltage levels a) PODPWM
b)PDPWM

Therefore, the DC bus-leg balance condition defined in
(9) is verified, leading to a sensitive reduction of the
inductor voltage as shown in fig.16.

Fig. 15. 3-SM MMC converter leg characteristics a)Number of
ON switched SMs b) Inductor voltage c) circulating current

In fact, PODPWM carriers are not assigned to specific
SMs. They are used to determine the required voltage
level for upper and lower arms. It is to mention that the
arms of each leg are controlled separately, but the number
of ON switched SM in both arms together is equal to N.
For a 3-SM MMC converter, each arm can generate 4
voltage levels: 0, 1, 2 and 3. If voltage level is equal to 0
(respectively 3), all control signals have to be equal to 0
(respectively 1). However, many combinations are
available to achieve voltage level 1 and 2. This extra
degree of freedom is used to perform flying capacitors
voltage balance. If voltage level is equal to 1, the switched
ON SM is the one with the most charged or discharged
flying capacitor, depending on the current sign. Likewise,
if voltage level is equal to 2, the SMs with the most
charged or discharged flying capacitors are switched ON.
This strategy is extendable to N number of sub-modules.
A sorting algorithm is implemented in order to determine
the priority degree for each flying capacitor. For an N-SM
MMC converter, the sorting algorithm is as follows:
- Measured flying capacitors voltages of each branch are
stored in an array with N cells.
- We suppose that array’s first cell contains the greatest
value. We browse the cells from 2 to N with comparing
the value of each cell with value n°1. If value n°1 is less
than value n° X, cells 1 and X switch values.
- The same algorithm is applied for the next (N-1) cells.
The sorting algorithm output is an array of N cells,
containing the N capacitors voltages sorted from greatest
to lowest. The sorting algorithm is depicted on fig.18 and
fig. 19 shows the overall block diagram of the proposed
method, applied to one single arm.

Vcmax1>Vcmax2 > Vc1>Vc2>…>Vcj>…VcN
Vc1

Vc2

… Vcmax1 Vcj

…. Vcmax2

…

VcN

Vcmax1 Vc2

…

Vc1

Vcj

…. Vcmax2

…

VcN

Vcmax1 Vc2

…

Vc1

Vcj

…. Vcmax2

…

VcN

Vcmax1 Vc1

…

Vc2

Vcj

…. Vcmax2

…

VcN

Vcmax1 Vcmax2

…

Vc2

Vcj

….

Vc1

…

VcN

Vcmax1 Vcmax2 … Vc1 Vc2 ….
Vcj
Fig. 18. Sorting algorithm for an N-SM MMC

…

VcN

Fig. 16. 3-SM MMC converter a) Simple output voltage b) Line
current

B. Flying Capacitors Voltage Balance Issue
When perfect DC sources are replaced with flying
capacitors, output leg voltages are unbalanced, as shown
on fig.17.
However, for an MMC converter, the same voltage
level can be obtained with different configurations of the
sub-modules control signals. This degree of freedom can
be exploited to perform the flying capacitors voltage
balance.

Fig. 17. Leg a output voltage of MMC without balancing
algorithm

ISBN: 978-9938-14-953-1

...

The converter’s output voltages are shown on fig. 20.
Line to line output voltage shows the expected voltage
levels. However, when a zoom is applied on the different
levels, an error equal to 100V appears. This error
corresponds to the flying capacitors voltages. Fig. 21
shows the flying capacitors voltages of the upper and
lower arms of leg a. The error varies between 100V and
51V which respectively represents 4.16% and 2.1% of the
initial voltage.
Line to line output voltage shows the expected voltage
levels. However, when a zoom is applied on the different
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Example : 𝑉𝑐3𝐿𝑚𝑒𝑠 > 𝑉𝑐 1𝐿𝑚𝑒𝑠 > 𝑉𝑐2𝐿𝑚𝑒𝑠
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𝑉𝑐3𝐿𝑚𝑒𝑠
Sorting 𝑉𝑐1𝐿𝑚𝑒𝑠
algorithm 𝑉𝑐2𝐿𝑚𝑒𝑠

SM
3L

PODPWM Voltage
level
Lower arm

Lower arm
Voltage sensors

𝑆𝐶1𝐿
Control Signals
Generation
LOWER ARM

𝑆𝐶2𝐿
𝑆𝐶3𝐿

Fig. 19. Block diagram of the proposed algorithm applied for one leg

levels, an error equal to 100V appears. This error
corresponds to the flying capacitors voltages. Fig. 21
shows the flying capacitors voltages of the upper and
lower arms of leg a. The error varies between 40V and
22V which respectively represents 3.33% and 1.8% of the
initial voltage

Fig. 20. Three-SM MMC converter output voltage a)output
voltage b) zoom on the 3600V level c) zoom on the 2400V
level d) zoom on the 1200V level

Fig. 21. Voltage balance outputs a) Leg a flying capacitors
voltages b) error on the capacitor voltage of the first sub module
of leg a upper arm.
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Abstract— The three level Active Neutral Point Clamped
(3L-ANPC) topology has been proposed to overcome the
three level Neutral Point Clamped (3L-NPC) topology’s main
structural drawback of unequal loss distribution and the
resulting asymmetrical junction temperature distribution
among its power switches. According to several research
works, this unbalanced distribution of losses and heat inside
the converter can be reduced by using the appropriate
control technique. Taking benefit of the conventional PWM
strategies advantages, this paper proposes a reconfigurable
carrier-based PWM control strategy for the 3L-ANPC
converter. The proposed modulation technique aims to
improve the thermal stress unbalance inside the converter
and to reduce the converter total losses compared to existing
ones. The effectiveness of the proposed algorithm is proved
by PSIM simulation tests with a 60 kW 3L-ANPC converter.
Index Terms-- NPC topology, ANPC topology, PWM
strategy, power loss, junction temperature.

1. INTRODUCTION
During last decades, multilevel converters provided
compelling solutions to operate at high power rates thanks
to original semiconductors switch and passive component
connection ways [1], [2], [3]. Compared to conventional
two level converters, the multilevel structures present the
advantages of lower harmonic distortion, lower device
voltage rating and higher efficiency [4], [5]. Numerous
multilevel topologies have been proposed, and abundant
modulation techniques and control have been developed in
recent literature [6], [7], [8]... Some of these topologies
have been introduced in industrial applications thanks to
their inherent advantages, such as, the Cascaded H-Bridge
(CHB) which was used in many possible instances for the
broadcasting amplifier, industrial drive, and STATCOM
applications… [9], [10], [11], the Flying Capacitor (FC)
topology which is attractive for some applications such as
high speed drives and test benches [11], [12], and the
Modular Multilevel Converter (MMC) which is suitable
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for the applications in High Voltage Direct Current
(HVDC) and STATCOM [13].
Among these multilevel topologies, the 3L-NPC is
the most popular and most used in the field of high power
medium/high voltage industrial applications [14], [15].
However, this topology presents some issues that attracted
much research and development attention. For instance,
the DC link capacitor voltage unbalance, that can be easily
solved by using a dedicated Space Vector Pulse Width
Modulation (SVPWM) as reported in [15]. Also, Adding
clamp diode in series can efficiently reduce the unequal
voltages they support when p is greater than 3, where p is
the converter voltage level.
The 3L-NPC major drawback is the uneven
distribution of power loss among its different power
switches, which naturally leads to an unequal junction
temperature distribution. This drawback limits the
switching frequency and the maximum achievable power
and reduces sensitively the converter dynamic
performances, lifetime, and reliability [2], [15]. In 2001,
the 3L-ANPC topology, a developed version of the 3LNPC one, was introduced to overcome the issue of power
loss and junction temperature unbalances inside the
converter [15]. The main circuits of the 3L-NPC and 3LANPC converters are depicted in Fig. 1. The ANPC
topology is a derivative of the NPC one where the clamp
diodes of this later are substituted by bidirectional
switches. Hence, the 3L-ANPC topology presents
additional degrees of freedom, i.e. additional zero states
and commutations can be achieved. These additional
active switches allow a particular utilisation of both the
upper and lower path of the neutral point regardless the
output current direction. Based on the fact that the
commutation from or to the zero states can determine the
switching losses distribution, and the selection of the
conduction paths can determine the distribution of the
conduction losses during the zero states, numerous carrier-
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based PWM strategies have been proposed for the 3LANPC converter [7], [8], [16]. A comparison study
between four well-known carrier-based PWM strategies
for the 3L-ANPC converter regarding the junction
temperature distribution inside the converter has been
reported in [7] and is summarised in this paper.
This paper proposes a reconfigurable carrier-based
PWM strategy for the 3L-ANPC converter. Compared to
the other existing strategies, the proposed control
algorithm guarantees an even loss and junction
temperature balancing, and it permits to reduce the
converter total losses.
To start with, a brief introduction of the structure and
the operating principle: switching states and commutation
types, of the 3L-ANPC converter is presented, along with
an analysis of its thermal behaviour in section 2.
Moreover, a comparison between the most popular
existing control strategies regarding the heat distribution
among the converter switches is summarised in section 3.
Finally, in section 4, the authors introduce the proposed
control strategy of the 3L-ANPC converter. Simulation
tests are also presented in this section to prove the
effectiveness of the proposed strategy over the existing
ones.

devices and the resulting output voltage during each
switch state.
The resulting zero state configurations are designed:
" " and " " if the neutral tap is clamped through the
upper path of converter and " " and " " if the zero state
is obtained through the lower path. The states "+" and " "
correspond to a direct connection of the converter output
to the DC voltage supply.
TABLE I.
3L-ANPC CONVERTER SWITCHING STATES

𝑉𝑑𝑐
2

+

-

T2

D5

T1
𝑉𝑑𝑐
2

D2

+

-

T5

Iout
𝑉𝑑𝑐
2

T3

D6
+

-

T4

D3

Vout

𝑉𝑑𝑐
2

+

T6

T2
D5

D6

-

T4

D4

(a)

T1, T2, T6

" "

T2, T4, T5

0

" "

T2, T5

0

" "

T3, T6

0

" "

T1, T3, T6

0

"

T3, T4, T5

Commutations
"+" ↔ "
"+" ↔ "
"+" ↔ "
" "↔"
" "↔"
" "↔"
" "↔"
"+" ↔ "
"+" ↔ "
"+" ↔ "
" "↔"
" "↔"
" "↔"
" "↔"

D1

D2
Iout

T3

"+"

"

Output voltage

TABLE II.
COMMUTATION TYPES AND MOST STRESSED DEVICES

Fig 1 illustrates the schematic of a single leg of a 3L-NPC
and a 3L-ANPC converter.
D1

ON state device

TABLE II illustrates the most stressed converter
devices during every commutation type.

2. 3L-ANPC CONVERTER: TOPOLOGY, OPERATING
PRINCIPLE, AND THERMAL BEHAVIOUR

T1

CVS state

D3

Vout

D4

(b)

Fig. 1. One leg of a 3L-NPC converter (a) and a 3L-ANPC
converter (b)

"
"
"
"
"
"
"
"
"
"
"
"
"
"

Phase current

Positive

Negative

Most stressed devices
T1, D5
T2, D3
T1, D3
T2, D3
T2, D4
D4, T6
D4, T6
D1, T5
D2, T3
D1, T3
D2, T3
D2, T4
T4, D6
T4, D6



cell1: (T1/D1) and (T5/D5)



Cell2: (T2/D2) and (T3/D3)

The commutations from or to the zero states
determine the switching losses distribution. According to
TABLE II, all commutations occur between one active
switch and one diode. Thereby even if more than two
devices turn on or off, only one active switch and one
diode experience significant switching losses. Moreover,
the conduction losses distribution can be controlled by the
selection of the upper or the lower path during the zero
states, but they cannot be influenced in the positive "+" or
the negative " " state. As a result, the four zero states are
the key influence factors of loss and junction temperature
distribution inside the converter used in the PWM control
strategies.



Cell3: (T4/D4) and (T6/D6)

B. 3L-ANPC converter thermal behaviour

A. 3L-ANPC converter: topology and operating principle
The 3L-ANPC converter is derived from the NPC
topology as shown if Fig 1. It consists of replacing the
NPC clamp diodes by active switches providing more
degrees of freedom and controllability. A single leg of the
converter is made of 6 bidirectional switches, and each
switch is composed of an IGBT (Ti) and its antiparallel
diode (Di), where i=1..6. The switches are grouped in
three commutation cells:

Compared to the classical 3L-NPC structure, the 3LANPC converter features two extra configurations to
clamp the neutral point. TABLE I shows the on state
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In power electronics application, the operating junction
temperature Tj of a power device is a critical aspect which
can be considered to increase the converter’s efficiency
and to reduce the costs. Indeed, the increase in the
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TABLE III.
SWITCHING STATES OF THE PWM1

operating junction temperature can permit to reduce the
heat sink dimension or to increase the load current [17].
Thereby, a precise electro-thermal simulation technique is
required to accurately estimate the junction temperatures
and obviously the thermal behaviour inside the converter.

Output voltage

"

The instantaneous junction temperature in the junction
j is calculated by (1). It depends on the device’s power
loss Ptot, the junction to case thermal impedance Zthj-c, and
the ambient temperature Ta.

T j (t )  Ptot (t )  Zthj c (t )  Ta (t )

Switching states

0

2, 3

1, 4

(1)

5, 6

𝑗

𝑗

𝑗

"

On state
devices
T3, T4

" "

T1, T6

" "

T2, T5

"+"

T1, T2

𝐷1,𝐷4 𝐷2,𝐷3 𝐷5,𝐷6
𝑗
𝑗
𝑗

(°C)

Where:

Zoom



4

t

Zthjc (t)  R thi (1  e  i )

(2)

i 1

Where Rth is the thermal resistance and
is
the time constant, these parameters are provided in the
manufacturer’s datasheet.
The electro-thermal simulation technique used in this
paper is the same one used in [7], as well as the method of
the estimation of the power loss of each converter device.
The calculated power losses are after that injected into an
RC-based thermal model allowing the estimation of the
junction temperature of every device. The thermal model
elaboration and the Tj estimation technique are detailed in
[7]. The estimated junction temperatures will serve later to
describe the thermal behaviour of the 3L-ANPC converter
depending on the employed control strategy.
3.

3L-ANPC

PWM

CONTROL STRATEGIES
JUNCTION TEMPERATURE BALANCING

L=1mH, IGBT module: SKM50GB12T4)

In contrast to the PWM1, for the PWM2 cell2 switches
at high frequency while the two others; cell1 and cell3 are
switching at low frequency. The switching states and the
involved devices are shown in TABLE IV.
TABLE IV.
SWITCHING STATES OF THE PWM2
Output voltage

Switching states
"

On state
devices
T3, T4, T5

"

FOR
0

Several PWM strategies have been proposed to control
the 3L-ANPC converter. They are classified into two basic
categories: the carrier–based strategy and the space vector
modulation strategy [18]. This work concentrates on the
carrier-based modulation technique.
In this section, the most known existing PWM strategies
and their resulting thermal distribution are summarised.
A. Conventional PWM control strategies
Two well known PWM strategies called PWM1 and
PWM2 were proposed for the 3L-ANPC converter control
[7], [8], [14] ... These two strategies are based on the
Phase Disposition PWM (PD-PWM) technique, i.e. they
compare a sinusoidal reference voltage with two triangular
carriers having the same frequency and same amplitude
but vertically shifted.
In the case of the PWM1, cell1 and cell3 are switching at
high frequency; however cell2 switches at low frequency.
The resulting switch states of this strategy are depicted in
TABLE III. Fig 2 illustrates the junction temperature
distribution by the PWM1 among the IGBTs ( ) and the
diodes ( ), where
, which are unequally
distributed and the gap between the highest and the lowest
temperature is about 24° C.
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Fig. 2. Junction temperature distribution inside a 3L-ANPC
converter by the PWM1 (
,
, RL load: R=1Ω,

" "

T1, T3, T6

" "

T2, T4, T5

"+"

T1, T2, T6

As it can be observed in TABLE IV, the commutations
taking place are "+" ↔ " " and " " ↔ " ". Thus the
most stressed devices are inner ones: T2, T3, D2, and D3.
Fig 3 shows the junction temperature distribution by the
PWM2, which is also unequally distributed and the gap
between the hottest and the coldest device is about 25 °C.
1, 4
𝑗

2, 3
𝑗

5, 6
𝑗

𝐷1,𝐷4 𝐷2,𝐷3 𝐷5,𝐷6
𝑗
𝑗
𝑗

(°C)
Zoom

Fig. 3. Junction temperature distribution inside a 3L-ANPC
converter by the PWM2 (
,
, RL load: R=1Ω,
L=1mH, IGBT module: SKM50GB12T4)

According to the previous results depicted in Fig 2 and
Fig 3, it’s clearly observed that the PWM1 and the PWM2
do not take advantage of the additional degree of freedom
of the ANPC topology. Thus the use of these strategies
doesn’t improve the thermal balancing among the 3L-
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ANPC converter’s devices, and the converter does not
overcome the main drawback of the NPC topology.

TABLE VI.
SWITCHING STATES OF THE PWM4

B. Double frequency PWM strategy

Output voltage

This strategy named PWM3 was proposed by Floricau
in 2008 [14]. It’s based on the Phase Opposition
Disposition PWM (POD-PWM) technique. In fact, it
compares a sinusoidal reference voltage with two
triangular carriers with the same frequency and the same
amplitude, but phase shifted on the horizontal axis with a
half of the switching period. In comparison with the two
previous strategies, this PWM strategy allows four
different zero states in addition to the positive and
negative switch states. The switching sequences are
depicted in TABLE V.

"

0

"

0

1, 4

2, 3
𝑗

𝑗

5, 6
𝑗

T3, T4, T5

"

" "

T1, T3, T6

" "

T3, T6

" "

T2, T4, T5

" "

T2, T5

"+"

T1, T2, T6

𝐷1,𝐷4 𝐷2,𝐷3 𝐷5,𝐷6
𝑗
𝑗
𝑗

Zoom

On state
devices
T3, T4, T5

"

" "

T3, T6

" "

T2, T4, T5

" "

T2, T5

" "

T1, T3, T6

"+"

T1, T2, T6

Fig. 5. Junction temperature distribution inside a 3L-ANPC
converter by the PWM4 (
,
, RL load: R=1Ω,
L=1mH, IGBT module: SKM50GB12T4)

Additional commutation types from or to a zero state
are possible in the case of the PWM3 allowing better
junction temperature distribution among the converter’s
power switches compared to PWM1 and PWM2. Fig 4
illustrates the junction temperature distribution by the
PWM3.
𝑗

𝑗

On state
devices

(°C)

SWITCHING STATES OF THE PWM3
Switching states

2, 3

1, 4
𝑗

TABLE V.
Output voltage

Switching states

5, 6 𝐷1,𝐷4 𝐷2,𝐷3 𝐷5,𝐷6
𝑗
𝑗
𝑗

The gap between the coldest and the hottest device in
the case of the PWM4 is about 14°C. This strategy
guarantees hence a better temperature distribution than the
conventional strategies, but it doesn’t provide much better
result than the PWM3.
In this paper, a reconfigurable carrier-based PWM
strategy is proposed to improve the thermal balancing
among the considered converter’s power devices.
4. PROPOSED PWM STRATEGY RECONFIGURATION

(°C)
Zoom

The proposed PWM strategy is a combination of the
two conventional strategies: the PWM1 and the PWM2.
The algorithm takes benefit from these two strategies
advantages to balance the thermal distribution inside the
3L-ANPC converter. The flowchart of Fig 6 describes the
digital control system of the proposed algorithm.

Fig. 4. Junction temperature distribution inside a 3L-ANPC
converter by the PWM3 (
,
, RL load: R=1Ω,
L=1mH, IGBT module: SKM50GB12T4)

The PWM3 allows a better temperature distribution
than either the PWM1 or PWM2 and the gap between the
higher and the lower temperature is reduced to about
14°C. However, as shown in Fig 4, the two inverse diodes
D1 and D4 still have lower junction temperatures than the
other power devices.
C. PWM4 strategy
The PWM4 was proposed in 2013 by Zhang [8]. It
allows four zero states: " ", " ", " " and " ", and the
states " " and " ". TABLE V resumes the switching
states of this strategy, and Fig 5 shows how the junction
temperatures of the converter’s devices are distributed.
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The proposed control technique is based on an active
thermal balancing algorithm. In contrast to the control
techniques previously mentioned, the proposed one
generates the gate signals in function of the junction
temperature distribution in order to release the overheated
device. This algorithm consists of two main functional
units: The on-line estimation of the power losses and the
junction temperatures of all the converter devices (IGBTs
and diodes) and the generation of the gate signals to the
converter power switches. In this second unit, the gate
signals are generated either by the PWM1 or by the PWM2
in function of the estimated junction temperature
distribution.
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is chosen carefully since almost 60% of power electronics
failures, are temperature induced [20], and this failure rate
nearly doubles for every 10°C rise in operating
temperature. Specifically, if one of these temperatures
exceeds the threshold, the algorithm allows the PWM 2 to
generate the gate signals to the converter. In the opposite
case, if Tj(T2), Tj(T3), Tj(D5) or Tj(D6) exceeds the
threshold, the algorithm switches to PWM1 which will
generate the control signals to the converter.

Start
Junction
temperatures
estimation
Tj(Ti) and Tj(Di), (i=1..6)

TjT1,T4,T5,T6 > Threshold

Yes

PWM2

Fig 7 shows the waveforms of the converter output
current and voltage in the case of the proposed PWM
strategy.

No
Yes
Yes
TjT2,T3,D5,D6 > Threshold

PWM1

Iout (A)

Fig. 6. Flowchart of the proposed PWM strategy
Vout (V)

In a previous work, the two strategies PWM1 and
PWM2 have been combined [19]. This combination
consists of applying the switching sequences of the PWM1
during 50% of the sinusoidal reference voltage period and
during the rest 50% of the period the switching sequences
of the PWM2 are applied. The period of the application of
the PWM1 or the PWM2 is arbitrary in this case, and the
converter power losses and junction temperatures
distribution are not considered. However, in the case of
our proposed algorithm, the application of the switching
sequences of the PWM1 or PWM2 depends on the junction
temperature of the power devices. The principle of the
proposed algorithm is explained below.

Fig. 7. Output current and voltage waveforms of 3L-ANPC converter
with the proposed PWM, (
,
, RL load:
R=1Ω, L=1mH, IGBT module: SKM50GB12T4)

The junction temperatures redistribution using the
proposed PWM strategy, are shown in Fig 8.
Tj (°C)

In the first functional unit, the power losses are firstly
estimated. Then an RC Foster circuit-based thermal model
of the 3L-ANPC is elaborated to estimate the junction
temperatures of the six active switches T j(Ti) and their
inverse diodes Tj(Di), where (
). The thermal
model’s inputs are the total losses Ptot calculated by (3) of
each power switch and the ambient temperature (
).

Ptot  Psw  Pcond

strategy (

,
, RL load: R=1Ω, L=1mH,
IGBT module: SKM50GB12T4)

(3)

Where, Psw and Pcond are respectively the switching losses
and the conduction losses.
After that, in the second functional unit, and according
to the junction temperature distribution inside the
converter, the selection between the two strategies: PWM 1
or PWM2 which will generate the converter switch control
signals will be made. The proposed algorithm guarantees
that the device with the highest junction temperature will
be released and will not experience more switching losses.
As shown in Fig 2, the outer devices T1, T4, T5 and T6
are the most stressed devices in the case of the PWM1
depending on the operating point. In the other case of the
PWM2, and as shown in Fig 3, T2, T3, D5 and D6 are the
most stressed devices. Thus, the principle of the proposed
algorithm is based on these two conclusions. In fact, it
compares Tj(T1), Tj(T4), Tj(T5) and Tj(T6) to a threshold
fixed to a 10% of the highest temperature. This threshold
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Fig. 8. Junction temperature distribution with the proposed PWM

According to Fig 8, the improved junction temperature
balancing inside the 3L-ANPC converter can be clearly
observed. In fact, the proposed control strategy can reduce
the gap between the hottest and the coldest device less
than 10 °C, which allows a better heat distribution among
the converter’s devices.
5. CONCLUSION
The power losses and thermal distribution among
power converter devices are one of the critical issues to be
considered in order to improve the performances, the
service lifetime, the reliability and the cost of any
conversion structure. This paper focuses on the junction
temperature distribution in the 3L-ANPC topology
according to the control strategies employed.
A reconfigurable PWM control strategy for a 3L-ANPC
converter is proposed in this paper. This novel algorithm
takes benefits from the conventional PWM strategies
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named PWM1 and PWM2. The PWM1 permits to release
the inner switches of the converter while the PWM2
releases the outer converter switches. According to the
junction temperature distribution inside the converter, the
proposed algorithm decides which PWM strategy will
generate the gate signals to the power switches.
This method guarantees that the most stressed devices
will not experience significant switching losses. Hence,
the asymmetric loss and heat distribution will be evenly
balanced, and the NPC major drawback is overcome. The
effectiveness of this proposed algorithm is proved by
PSIM simulation results.
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Abstract-- This paper discusses the performance of an
active power filter plug in the Powertrain of the electric
vehicle. The object of this filter is to mitigate harmonic
currents produced by the non linear loads and to ameliorate
the power factor of the source. For such application,
regarding the fact that the load dynamically changes
according to the variation of the system frequency (50Hz to
300Hz) which depend on the alternator speed (1000rpm to
6000rpm), an enhanced filtering system is required. The
proposed filter is a cascaded multilevel inverter controlled
by phase disposition carriers pulse width modulation
(PDPWM) technique. The performance of this filtering
system is checked through a simulation in the
Matlab/Simulink platform.
Index Terms—electric vehicle, active power filter,
cascaded multilevel inverter, identification strategy,
modulation technique.

1. NOMENCLATURE
Vs, Vr: stator and rotor voltages
is, ir: stator and rotor currents
ϕs, ϕr: stator and rotor flux
Rs, Rr: stator and rotor resistances per phase
Ls, Lr: stator and rotor inductances per phase
Msr: mutual inductance
PCC: point of common coupling
ISC: maximum short circuit current at PCC
IL: maximum demand load current (fundamental
frequency component) at the PCC
THD: Total Harmonic Distortion
TDD: Total distortion demand
PWM: Pulse Width Modulation
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vehicles [1]. Despite the variety in electric vehicle
configurations (battery electric vehicle BEV, hybrid
electric vehicle HEV, plug in hybrid electric vehicle
PHEV), the drive train consists of 3 main parts which are
the energy sources (rechargeable batteries, fuel cells and
ultra capacitors), the traction motor and finally the power
converters to adjust the voltage depending to the load
need. But owing to the proliferation of the use of the
power electronics and especially the AC/DC converter
into the electric vehicle structure, many power quality
problems (harmonics, reactive power…) appear and
affect the performance of the system and that of the
traction motor. Among the harmful effects of harmonics
in the motor, there are noise vibration, low efficiency,
excessive losses, overheating and shorten motor life
operation [2].
Thus, to avoid these undesirable
consequences, the table 1 presents the limits of harmonic
current emissions which must not be exceeded according
to the electromagnetic compatibility EMC Standard
IEEE-519 [11].
TABLE I
IEEE 519 Current Distortion Limits
HARMONIC CURRENT LIMITS FOR NON-LINEAR LOAD AT THE POINT-OFCOMMON-COUPLING WITH OTHER LOADS, FOR VOLTAGES 120-96.000 VOLTS
MAXIMUM ODD HARMONIC CURRENT DISTORTION IN % OF FUNDAMENTAL
HARMONIC ORDER

2. INTRODUCTION
In the recent years, scientific searches seek to improve
the efficiency of electric vehicles thanks to their ability to
reduce vehicular emissions and ecological pollutions and
simultaneously to increase fuel efficiency of the vehicle.
This type of vehicles is also characterized by the simple
design of the Powertrain compared the other kinds of
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TDD

35<50

23<35

17<23

11<17

<11

ISC/IL

5

0.3

0.6

1.5

2

4

<20

8

0.5

1

2.5

3.5

7

20<50

12

0.7

1.5

4

4.5

10

50<100

15

1

2

5

5.5

12

100<1000

In order to respect these limits and to aiming more
stability and better design of the alternator, the adding of
a harmonic filter into the electric vehicle powertrain is
requisite. Among the existing solutions of filtering, the
shunt active power filter is chosen as one of the powerful
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tools for the mitigation of harmonic currents and the
compensation of the power reactive and of the unbalance
of non linear loads. Then, this paper presents the design
of a shunt active power filter which is implemented into
the vehicle Powertrain as shown in fig.1.

Vrd  Rr ird 

drd
dt

(5)

With

sd  Lsd isd  M sr ird

(6)

 sq  Lsq isq

(7)

rd  Lrd ird  M sr isd

(8)

 rq  0

(9)

4. THE ACTIVE POWER FILTER TOPOLOGY
A. The selection of the harmonic filter topology
The design of the active power filter is studied deeply
in the literature. Among the current filter topologies,
the multilevel inverter takes more importance in
research for the high and the medium power
applications. But due to its ability to improve the
waveforms and to optimize costs, its usefulness in the
low power application increases. The most important
features of multilevel inverter are the ability to:

Fig. 1. the filter location into hybrid vehicle Powertrain

In the literature, there is research on severing issues
related to the design and the control of the shunt active
power filter such as the choice of the filter topology and
the selection of identification strategy and modulation
technique. On the other hand, for vehicle application, the
variation of the supply frequency according to the motor
speed brings new challenge essentially in the filter
control.
In this paper, we start with the description of the
alternator model. Then, we present the filter topology
selected for this application. In the fourth section, we
focus on the choice of the control technique which allows
the better mitigation of harmonics and the correction of
the power factor considering the frequency variation.
Finally, the efficiency of simulated system is checked
with presenting the simulation results.
3. THE ALTERNATOR MODEL

 synthesize an output voltage with high quality
and low distortion,
 operate with a lower switching frequency thereby
minimizing switching losses,
 generate a smaller common mode voltage and
reduce the stress in the motor bearing.
The most known topologies of multilevel inverter are
the diode clamped inverter, the flying capacitor inverter
and finally the cascaded inverter. This paper present an
active power filter based on cascaded multilevel inverter.
The choice of the cascaded topology is justified by the
following advantages compared to the other multilevel
inverter topologies [3]:

The traction motor is a synchronous alternator with
salient poles. It can be presented by the following
dynamic model:

Vs  Rs is 

ds
dt

(1)

Vr  Rr ir 

dr
dt

(2)

Neglecting the iron losses of the rotor, the equations of
the rotor and the stator voltages are depicted in the (d, q)
frame by the following expressions:

Vsd  Rs isd  dqsq 

Vsq  Rs isq  dqsd 

dsd
dt

dsq
dt
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 the Lower cost for construction and maintenance,
 the ability to achieve the same number of the
output voltage levels with the use of the smallest
number of components,
 the non requirement of the extra components like
the extra clamping diode and the voltage
balancing capacitor in contrast to the other
topologies,
 the decreasing of the potential shocks with the use
of separate DC sources.

(3)

(4)
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Vout  Vcell 1  Vcell 2

B. The cascaded inverter model

(12)

Vm  Vout  VON  L

di
dt

(13)

With VON the tension between the source neutral and
the point common of cascaded multilevel inverter.

1
VON   (Vout1  Vout 2  Vout 3 )
3

(14)

Thus, the expression of the current motor is as follows:
Fig. 2. Single phase multilevel inverter connected to the point
common coupling

Fig.2 shows a phase of the cascaded inverter connected
between the motor and the non linear load through a
smoothing inductance L.
Each phase of the inverter consists of two cells
connected in series. The output phase voltage is
synthesized by the summation of the voltage produced by
the different cells. For each bridge inverter, the
sequentially connection between the voltage source and
the ac side via the four power switches allows the
generation of three voltages at the output: -E, 0, E. Thus,
the phase ac voltage balances from -2E, 2E with five
levels. This is made the staircase waveform of voltage
more closely to sinusoidal yet without filtering. The
system parameters are given in the below Table2 where
the switching function are defined by the continuous
control signals δ1 and δ2.

dim 1
di
 (Vm  Vout  L l )
dt
L
dt

(15)

Based to these equations, the control system will be
determined in the next section.
5. CONTROL SYSTEM
The control system is composed by two essential
blocks which are: the identification block and the
regulation and control block.

TABLE II

System Parameters and Variables
Fig. 3. The principle of the control system

Symbol

DESCRIPTION

L

Filter inductance

E

H-Bridge source voltage

Vcell1,2

H-Bridge output voltage

Vout

Cascaded inverter output voltage

Vm

motor voltage

im

motor current

The principle of the control system is shown in Fig.3.
The identification algorithm extracted the motor current
and voltage to calculate the harmonic current. Then, the
regulation and control block generate the control signals
to draw the same harmonic current at the output of
cascaded inverter. Thus, the motor current keeps a
sinusoidal waveform that is equal to the fundamental of
the load current.

il

Load current

A. The identification block

i

Cascaded inverter current

δ1, δ2

Control signals

The equations that depict the cascaded H-bridge model
as well known are given by [6]:

Vcell 1  ( S1  S 2  1) E  1 E
Vcell 2  ( S3  S 4  1) E   2 E
With

1 ,  2 [1,1]
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(10)
(11)

This block permits a fast current decomposition based
to identification algorithm to calculate the reference
currents which must be injected in the PCC to eliminate
the harmonic currents in the system.
There is a large number of current extraction methods
in the time and frequency domains. In this paper, the
compensation signals are determined with the using of
the synchronous reference frame theory developed for the
shunt active power filter. This theory is based on time
domain reference signal estimation technique. Among its
characteristics, there is this efficiency in steady state or

(256)
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transient as well as for generic current and voltage
waveforms, the simplicity of the calculation, and the
ability to control the filter in real time system. For this
theory, the calculation of reference currents is consists of
5 steps which are described as below [10].
1. The transformation of the three phase load
currents in the αβ0 frame.
2. The transformation of the new frame currents to id
and iq on the d-q rotary reference frame after
the cancellation of their zero sequence
components. The fundamental angular
frequency ω is used as the synchronous angular
frequency by the phase lock loop block (PLL).
3. In the new frame the fundamental components of
motor current are transformed to dc components
and the harmonic components become ac
components with a frequency shift equal to the
fundamental frequency as described in the
following expression:

~
 id   id  i d 

 
 i   i ~

i
q
q
q
  


Fig. 4. The injected and the reference currents of filter for the
frequency 50 Hz

For the modulation strategy, we choose the multi
carrier based modulation sinusoidal PWM strategy owing
to its simplicity and rapidity. Thus, the output signal of
the PI regulator is compared with triangular carrier
signals to generate the control signals. This method of
control for the cascaded inverter has been deeply
investigated in the literature describing its various
carriers based disposition (PSPWM, PDPWM, PODPWM
and APODPWM…) [7].

(16)

The use of a low pass filter is necessary to
draw the harmonic components out of the current on d-q
axis.
4. The transformation of the extracted harmonic
current on d-q frame to (α, β) frame.
5. The calculation of the reference currents with the
using of the zero sequence components
calculated in the first step.

Fig. 5. PDPWM technique

Fig. 5 presents the phase disposition PWM (PDPWM)
technique used in this paper. For each phase, the
reference signal was compared to four triangular carriers
which have the same frequency and amplitude and are in
phase.

B. The control and regulation block

6. SIMULATION RESULTS AND ANALYSIS

In order to generate the switching pattern of the
multilevel inverter, we proposed the triangular carrier
current controller method [5]. This type of current control
based on the inverter features is characterized by a fast
current controllability and a switching operation which
allows the mitigation of the harmonics. This method
consists of the extraction of the reference signal from the
current error (the calculated reference current compared
with the actual injected current) by means of the PI
regulator. The regulator gains are calculated in order that
the injected current follows the reference current for the
different system frequencies as shown in Fig.4.

The performance of the proposed active power filter
for the different frequencies of the system is checked
through Matlab/Simulink platform. The correction of the
power factor is verified by the implementation of a power
factor calculator.
The expression of the power factor Pf is given by:

Pf  cos(1 )

1
(1  THD 2 I )

(17)

With
φ1: The phase angle between the voltage and the
fundamental component of the current.
THDI: The total harmonic distortion of current
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Fig. 6.

The simulation model of the active power filter in Matlab/Simulink platform

The simulation model via MATLAB/SIMULINK is
depicted in Fig.6.
Before filtering, the motor current keeps the same
waveform of the load current with a power factor equal to
0.95 as shown in Fig. 7.

After filtering, by varying the frequency, the waveform
and the harmonic spectrum of motor current are shown in
Fig.9.

(a). The waveform of the current motor before filtering
(a). The waveforms of the current motor for 50Hz

(b). The evaluation of the power factor

Fig. 7. The current waveforms and the calculation of
power factor

the

(b). The waveforms of the current motor for 100Hz

Fig. 8. The harmonic spectrum for the current motor before
filtering

Fig.8 shows the harmonic spectrum of the first 20
harmonics. Without the active filter, the harmonics (5th,
7th, 9th, 11th, 17th, and 19th) are predominantly present,
and the THD value of the motor current is 29.04% which
is well beyond the limits of the current distortion set by
IEEE 519.
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the power factor was 0.95. After filtering, the system
retains a constant power factor for 0.99. Also, the THD
value has become smaller and does not exceed the limits
set as shown in the below table.3.
TABLE III

The Simulation Results

(d). The waveforms of the current motor for 200Hz

Frequency (Hz)

THD VALUE (%)

50
100
150
200
250
300

1.84
3.30
3.73
4.39
4.32
4.90
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Abstract--In this work, a novel sensorless speed control
scheme is developed for the design of salient pole permanent
magnet synchronous motors (PMSM). This design strategy
consists of nonlinear backstepping controllers and an
angular velocity observer to achieve the purpose of speed
tracking. The PMSM design, in general, requires angular
velocity measurement to achieve control goals, but most
PMSM systems do not have speed measurement
devices. Therefore, a backstepping observer is used to
estimate the rotor speed, and then the nonlinear controllers
based on backstepping design algorithm coupled with
introduction of integral actions are developed for the PMSM
system. The proposed control scheme is not only to stabilize
the PMSM system, but also to drive the speed tracking
error to converge to zero asymptotically. Furthermore, the
complete system model is simulated by using
MATLAB/Simulink software, performance of the proposed
controller is investigated extensively at different dynamic
operating conditions such as sudden load change, command
speed change and parameter variation.
Index Terms--Backstepping control, Lyapunov theorem,
integral action, salient pole permanent magnet synchronous
motor (PMSM), backstepping angular velocity observer,
observer.

1. INTRODUCTION
Permanent magnet synchronous motors (PMSM) are
widely used in high performance servo applications due to
their high efficiency, high power density, and large torque
to inertia ratio [1]. The PMSM is very similar to the
standard wound rotor synchronous machine except that the
PMSM has no damper windings and the field winding of
the rotor is replaced by a permanent magnet [2]. Hence,
the mathematical model of the PMSM is identical to that
of the classical synchronous machine with the equations
of the damper windings and field current dynamics
removed. However, the dynamic model of a PMSM is
strongly nonlinear and coupled, because of the coupling
between the motor speed and the electrical quantities, such
as the d-q axis currents [3].
Recently, various nonlinear control methodologies have
been applied to the control design of PMSM systems in
order to construct the controllers directly by considering
the nonlinear PMSM dynamics. Backstepping control is a
new type recursive and systematic design methodology for
the feedback control of uncertain nonlinear system,
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particularly for the system with matched uncertainties. The
most appealing point of it is to use the virtual control
variable to make the original high order system simple,
thus the final outputs can be derived step by step
systematically through suitable Lyapunov functions. The
influence of the change some parameters and of the
perturbation of charge can be greatly reduced by
introducing integral action in each step, in order to ensure
high accuracy speed control [4]-[6].
In addition, the main reason why the industrial
application of PMSM drives has grown is that the
algorithm driving PMSM without speed sensors has been
steadily improved. The design of PMSM systems, in
general, the information of rotor position and speed are
necessary to achieve a high-performance drive, but lots of
PMSM systems do not have speed measurement
devices. Eliminating speed sensors simplifies the structure
of the driver system and widens the application
fields. Therefore, various sensorless control strategies have
been investigated [7]-[10].
In this paper, with the proposed backstepping angular
velocity observer, a nonlinear backstepping control design
scheme is developed for the speed tracking control of
PMSM that has exact model knowledge. The asymptotic
stability of the resulting closed-loop system is guaranteed
according to Lyapunov stability theorem. As a result, the
proposed nonlinear backstepping control design without
using speed sensor is not only to stabilize the PMSM
system, but also to force the speed tracking error to
converge to zero asymptotically.
The paper is organized as follows: in Section 2, the
dynamic model of a PMSM is introduced with some
important system properties. The sensorless backstepping
control scheme with integral action consisting of
an angular velocity observer and the voltage input
controllers is developed for the purpose of speed tracking
in Section 3. The simulation results are illustrated in
Section 4, and some concluding remarks are given in
Section 5.
2. MATHEMATICAL MODEL
The dynamic model of a PMSM can be described in the
well-known d-q frame through the Park transformation [3],
[11] as follows:
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3. SENSORLESS BACKSTEPPING CONTROL WITH
INTEGRAL ACTION

L
did
R
1
  id  p q iq  vd
dt
Ld
Ld
Ld
diq
L
1
1
R
  iq  p d id  p  f   vq
dt
Lq
Lq
Lq
Lq

(1)

d p
F
P
1
 Ld  Lq id iq     f iq  TL
dt J
J
J
J

The control technique is a nonlinear Backstepping
control having properties of strength. The pursuit of speed
takes place with a high yield by the control voltage
vq as long as the current iq is kept equal to zero.

where id Stator's d-axis current.
iq Stator's q-axis current.

The basic idea of the type Backstepping control is to
make curly equivalent subsystems of order 1 systems in
cascade stable within the meaning of Lyapunov, which
gives them the qualities of robustness and a global
asymptotic stability [5], [11]. In other words, this is a
multi-step method. At each step of the process, a virtual
control is also generated to ensure the convergence of
system to its equilibrium state. This can be reached from
Lyapunov functions to ensure step by step the stabilization
of each synthesis step. The idea is to compute a control
law to ensure that the Lyapunov function is positive
definite and its derivative is always negative.

vd Stator's d-axis voltage.

vq Stator's q-axis voltage.

 Motor speed.
R Stator resistance.
Ld d-axis stator inductance.

Lq q-axis stator inductance.

p Number of pole pairs.

The calculation of Lyapunov function is performed in a
recursive way. It is based on the previous system state. A
new Control Lyapunov Function (CLF) is constructed by
the increase of CLF of the previous step [6]. This
procedure calculates allow us to ensure overall system
stability. The robustness improvement of this technique by
incorporation of introduction in terms integrations of the
control design of PMSM thereafter. The corresponding
block diagram of a PMSM system with coordinate
transformation is shown in Fig. 1.

 f Permanent magnet flux.
J Rotor moment of inertia.

F Viscous friction coefficient.
TL Load torque.



Rotor angular position.

Here, the available measurements are assumed to be
the rotor position  and the d-q axis currents id
and

This part of the article studies the strategy of speed
control by the sensorless Backstepping technique, it can be
effectively used for linearizing a nonlinear system in the
presence of uncertainties [4], [6].

Idref
𝜔ref

iq . If rotor position can be obtained, then the

Id

relationship between the d-q frame currents and the actual
three-phase current quantities ia , ib and ic is defined by

Va

Vdref
Backstepping
Control

dq

Vb

Vqref
abc

PWM
Inverter

Vc

Iq

the following change of coordinates:

ia 
id 
 
 i   AB ib 
 q
 ic 

𝝷est

(2)

𝜔est

Ia

Id
Backstepping
Observer

dq

Iq

Ib
abc

where

cos 
A
 sin 

2
3
B
0


sin  
c os 

1
3
1

3


1 
3 

1 

3 
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Load

PMSM

Fig. 1. The block diagram of speed tracking design scheme.

Since the speed measurement of the PMSM is usually
unavailable, an angular velocity observer must be
employed to estimate the actual motor speed. So, the
speed estimation error is defined by

    ˆ

(261)
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where

̂ speed estimation



e2   ref 

speed estimation error



constants.
Now, we employ backstepping schemes to design the
nonlinear controllers with the angular velocity observer,
the backstepping design procedure consists of three steps:

id

First of all, since the direct axis current

forced to be zero, let us define the following tracking
error:

where e1  k1

(4)

t

 i

dref



(9)

Consider the following Lyapunov candidate function
1
V2  e22 its derivative is given by the following equation:
2

p
F
p
1

V2  e2  ref 
Ld  Lq id iqref  ˆ   f iqref  TL
J
J
J
J






k2 ref  ˆ

id must be

e1  idref  id  e1



k2 ref  ˆ

k1 , k1 , k2 , k2 , k3 and k3 positive design

A. Current Loop



p
F
p
1
Ld  Lq id iqref  ˆ   f iqref 
J
J
J
TL





(10)

C. Current Loop iq
Now to design the control input vq we define the
tracking error in the current as follows:
e3  iqref  iq  e3

 id  dt is an integral action.

(11)

t

0

where e3  k3

Defining the following candidate Lyapunov function:

 i

qref



 iq dt is an integral action.

0

V1 

1 2 1 2
e1  e1
2
2

(5)

V3  V2 

the time derivative is computed as:

 di

V1  e1  d  k1id   e1 k1id 
 dt

Since

Consider the following Lyapunov candidate function:

(6)

idref  0 , then replacing id  e1  e1 in the above

 diqref diq



V3  k2 e22  e3 

 k3 iqref  iq 
dt
dt









e3 k3 iqref  iq

Lq
L
R

1
V1  e1  id  p
ˆ iq  p q  iq  vd 
Ld
Ld
Ld 
 Ld

(12)

By taking the time derivative of V3 is given by:

equation, we obtain:

 k1 e1  e1e1  e1

1 2 1 2
e3  e3
2
2





(13)

Replacing by:

diq
(7)

dt



L
1
1
R
iq  p d ˆ id  p  f ˆ  vq , then (13)
Lq
Lq
Lq
Lq

B. Speed Loop

becomes:

To solve speed tracking problem, define the following
speed tracking error as:

 diqref
L
L
R
V3  k2 e22  e3 

iq  p d ˆ id  p d  id
Lq
Lq
Lq
 dt

t

e2  ref  ˆ  k2  ref  ˆ dt

p

(8)

0

t





e3 k3 iqref  iq



where k2 ref  ˆ dt is an integral action term added

0

to the control in Backstepping to ensure the convergence
of the tracking error to zero in spite of the uncertainties of
such piecewise constant at each step of the algorithm.
The virtual control input iqref
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(14)

Therefore, by following the choice of (5) and (12), the
complete Lyapunov function candidate is selected as
V  V1  V2 

used to ensure the

stability of the speed loop. The error dynamics of speed
from (8) is given by:



1
1
1
 f ˆ  p  f   vq  k3 iqref  iq
Lq
Lq
Lq

1 2 1 2 1 2
e3  e3 

2
2
2

(15)

where  is the positive adaptation gain. From (7), (10)
and (14), the derivative of (15) is computed as follows:
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TABLE I

1 

V  V1  V2  e3e3  e3 e3  


(16)

Lq
Lq
1
 R

V  e1  id  p ˆ iq  p
 iq  vd 
Ld
Ld
Ld 
 Ld

The Parameters of the PMSM.

R

Ld

Lq

(rd/s)

(Ω)

(mH)

(mH)

(Wb)

314

6.2

2.5025

4.01

0.305

p

 k1 e1  e1e1  e1  e2  ref 
Ld  Lq id iqref
J








0.0011

Actual speed
Speed ref
Estimated speed

20
0
-20
-40

-80
-100
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1.6

1.8

2

1.6

1.8

2

Time (s)



Speed estimation error (rd/s)
0.1
0.08
0.06

(17)

0.04

Speed (rd/s)



At last, we are able to obtain

0.02
0
-0.02
-0.04
-0.06

(18)

-0.08
-0.1
0

Clearly, V in (18) is negative definite, so it implies
that the resulting closed-loop system is asymptotically
stable and, hence, all the error variables e1 , e2 , e3 and
the estimation error  will converge to zero
asymptotically. Therefore, the d-axis current id will
converge to zero and the angular velocity will converge to
the reference speed. In addition, because  can converge
to zero, the estimation speed will converge to the actual
speed eventually. As a result, the desired control objective
of sensorless speed tracking for the PMSM system is
indeed achieved by the proposed non linear backstepping
control scheme.
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Electromagnetic torque (N.m)
30

Electromagnetic
torque (N.m)
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4. SIMULATION RESULTS

Current id , iq (A)
30
Id
Iq
20

Current (A)

To illustrate the mathematical analysis and to
investigate the performance of the proposed PMSM
control of Backstepping with integral action according to
the Backstepping observer, simulations are carried out
following the overall block diagram of the control shown
in Fig. 1. Table I gives the nominal parameters of the
PMSM which is used in the simulation tests. The
simulation has been carried out using Matlab/ Simulink
software. The machine started on the vacuum, then a load
torque is applied of 5 (N.m) at time 0.4 s, and then
eliminated where the moment was 0.8 s. At time t = 1.2 s,
the direction of rotation is reversed at 100 (rd/s) to -100
(rd/s).
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Fig. 2. Simulation results during the variation of stator resistance.
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Figure 2 show error of +100 % on the nominal value of
the stator resistance, it is noted that according to the shape
the speed follows perfectly its reference which is achieved
very rapidly, with a very fast response, we can find that the
estimation speed error can converge to zero
asymptotically, we can see that the effect of the load
perturbation is rapidly disappearing. The electromagnetic
torque stabilize at the load torque value and the response
of the two current components id and iq show good
decoupling introduced by PMSM control (The direct axis
current id is always forced to zero in order to orient all
the linkage flux in the d-axis and achieve maximum torque
per ampere), we also can see that the current iq is the
couple image. From the speed tracking simulation result
we can find that the sensorless backstepping controllers
have good performance.
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Fig. 4.
Speed Behaviour of the PMSM regulated by
backstepping.

Figures 3 and 4 illustrate the dynamics behaviours and
speed tracking error of PMSM according Backstpping
observer at a servo-control of speed, load torque is applied
at 5 (N.m) from starting. In the first figure and at time
t = 0.4 the speed of rotation is increased at 200 (rd/s) to
400 (rd/s), at time t = 0.8 the direction of rotation is
reversed to -400 (rd/s) then decreased to -200 (rd/s) then a
stop 0 (rd/s). In the last figure and at time t = 0.4 the
direction of rotation is reversed at 1 (rd/s) to -1 (rd/s), then
a stop 0 (rd/s). The simulation results show the robustness
of the controller used in high and low speeds, it is also
shown that this estimated speed follows the actual speed
with precision (speed estimation error converge to zero)
on permanent regime and the transitional regime.

This paper based on Backstepping control with an
integral action for salient pole permanent magnet
synchronous motor according to the Backstepping
observer, which is addressed in a hand, as a tool for a new
nonlinear control speed PMSM, and in the other hand as a
tool for studying dynamic stability.
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Fig. 3. Speed behaviour of the PMSM regulated by backstepping.
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0.8

1

1.2

The performance of the proposed controller has been
investigated in simulation. The different results show its
effectiveness and fast response without overshoot at
tracking a reference speed under critical situation of
benchmark commands which rapidly change, robust
performance to parameter variations and disturbances
throughout the system. Moreover, to overcome the
problem of control without mechanical sensors, we used a
method based on Backstepping technique, for estimating
speed from the measured currents. The speed elimination
sensor reduces the constraints and gives more flexibility to
control the machine.
In the light of the simulation results, we can conclude
that the objective of this study is achieved. Thus, the
Backstepping technique to the integral action combined
with vector control offers high control performance. The
intrinsic robustness Backstepping is strengthened through
full terms added to it.

(264)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

ACKNOWLEDGMENT
This paper was supported by the Algerian ministry of
higher education and scientific research. I would like to
express my utmost gratitude to all the people who have
directly or indirectly contributed towards the successful
completion of this paper.
REFERENCES
[1]

F Giri, AC Electric Motors Control, John Wiley & Sons, Ltd, 2013,
P. 41.

[2]

R. Krishnan, Permanent Magnet Synchronous and Brushless DC
Motor Drives, Taylor and Francis Group, 2010, P . 3.

[3]

P. Pillay and R. Krishnan, Modeling, simulation, and analysis of
permanent-magnet motor drives. ii. The brushless dc motor drive,
IEEE Transactions on Industry Applications 25 (2) (1989) 274–279.

[4]

M. Krstić, I. Kanellakopoulos, and P. Kokotović, Nonliear and
Adaptive Control Design, John Willey and Sons, Inc, 1995.

[5]

C-X Chen, Y-X Xie, and Y-H Lan," Backstepping control of speed
sensorless permanent magnet synchronous motor based on slide
model observer," International Journal of Automation and
Computing April 2015, Volume 12, Issue 2, pp 149–155.

[6]

A. Larbaoui, B. Belabbes, A. Meroufel, A. Tahour, and D.
Bouguenna," Backstepping Control with Integral Action of PMSM
Integrated According to the MRAS Observer," IOSR Journal of
Electrical and Electronics Engineering, Volume 9, Issue 4 Ver. I
(Jul – Aug. 2014), PP 59-68.

[7]

S-S Ke and J-S Lin," Sensorless Speed Tracking Control with
Backstepping Design Scheme for Permanent Magnet Synchronous
Motors," Proceedings of the 2005 IEEE Conference on Control
Applications Toronto, Canada, August 28-31, 2005.

[8]

L. Ciabattoni, M.L. Corradini, M. Grisostomi, G. Ippoliti,
S. Longhi, and G. Orlando," Adaptive Extended Kalman Filter for
Robust Sensorless Control of PMSM Drives," 2011 50th IEEE
Conference on Decision and Control and European Control
Conference (CDC-ECC) Orlando, FL, USA, December 12-15, 2011

[9]

O. M. Arafa, G. A. Abdel Aziz, M. I. Abu El-Sebah, and A. A.
Mansour," Observer-based sensorless speed control of PMSM: A
focus ondrive’s startup," Journal of Electrical Systems and
Information Technology 3, 2016, 181–209.

[10] Qian Yuan, Zhong-ping Yang, Fei Lin, and Hu Sun," Sensorless
Control of Permanent Magnet Synchronous Motor with Stator Flux
Estimation," Journal of Computers, vol. 8, no. 1, January 2013.
[11] M. A. Hamida, A. Umineau, and J. D. Leon ,Robust Integral
Backstepping Control for Sensorless IPM Synchronous Motor
Controller, Journal of the Franklin Institute 349, 2012, 1734–1757.

ISBN: 978-9938-14-953-1

(265)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

Optimal use of TCSC and wind farm using metaheuristic ABCWS
Haddi Sebaa,

Omrane Bouketir, and Tarek Bouktir

Department of Electrical Engineering
Faculty of Technology
University of Ferhat Abbas Sétif 1, Algeria
Abstract-- The purpose of this paper is to enhance
voltage stability, as well as loadability of power system, in
order to control the instability problem that occurs when
the system supply a heavy load, or when there is a sudden
increasing level of active or reactive power, leading to
voltage collapse, and therefore the system become heavily
stressed, for this raison a lot of researches and works are
performed in this subject, in order to obtain a best and
permanent state of stability, for ensure a safe and secure
electrical system. The aim purpose of the present work, is to
investigate the optimal use of Thyristors Controlled Series
Capacitor (TCSC) device by identifying the most critical
line in the network, using Fast Voltage Stability Index
(FVSI), then by keeping the best settings of the used TCSC
found by ABC method, we proceed for the
Environmental/economic Multiobjective (EED) problem
using Artificial Bee Colony Weighted Sum (ABCWS),
including wind farms to obtain the best and stable
operation state with respect to loadability, total losses, total
generation cost and gas emission of the power system.
Index Terms--The author shall provide up to 5 keywords.

1. INTRODUCTION
In recent years, the electrical power demand has grown
rapidly and power system utilities are in need to serve
more demand through their networks, and therefore need
to maintain the system security at all-time [1]. With the
increased loading of transmission lines, the voltage
stability problem has become a critical issue for most
utilities worldwide [2]. For this raison, the main objective
of any power system utility, is to satisfy the energy
demand of a customer with a high quality of energy, and
uninterrupted service requirements, but the continuous
increase in the load demand on the power system, may
lead the system to voltage collapse point, because in this
case, the power system operates close to its instability
limit [3], and may failed to blackout. One of the most
important indicators applied to voltage stability
enhancement, is the FVSI index. The FVSI of all lines
must be lower than 1 to assure the stability of the power
system. That is the transmission line with FVSI index
closer to 1 will be the most critical line and may lead to
the power system instability [4].
On the other hand, Reactive power has a deep effect on
the security of power networks, as it influences voltages
throughout the entire network. To increase the amount of
active power that can be transferred across a congested
transmission network, reactive power flows must be
minimized or reduced, and increasing the reactive power
generation of a particular generator has impact on its
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active power generation capacity, also the major
difficulties in power system is how to allocating reactive
power compensation in weak buses, and critical lines, in
addition, reactive power is essential for the flow of active
power through the transmission and distribution system,
and to maintain the voltage in order to deliver active
power through transmission lines [5].
Flexible
Alternating Current Transmission System (FACTS)
technology introduces new ways for controlling power
flows and enhancing the usable capacity of transmission
lines [6]. For this raison, it has become imperative to
better utilize the existing power networks to increase
capacities by installing FACTS controllers. P.Yadav et al
in [7] proposed a way for the enhancement of voltage
stability in power system using UPFC as a control device.
The variables and parameter of the transmission line,
which include line reactance, voltage magnitude, and
phase angle are able to be controlled using FACTS
controllers in a fast and effective way. I.M.Wartana et al
in [8] proposed a method to optimally locating TCSC for
maximizing system loadability, by evolutionary
optimization technique, namely, Particle Swarm
Optimization (PSO), to maximize system loadability by
placing single TCSC device in the most optimal location,
subject to minimizing the investment costs of TCSC
device and active power loss of transmission line. Many
other researchers are working for the same purpose. This
work is a way of combination between the use of FVSI
index as a main to allocating the series compensator
TCSC, by identifying the weakest transmission line, and
multi objective EED problem by ABCWS method in
presence of wind power. For this raison the present work
is devised as follows; following the introduction the
formulation of FVSI index, as well as the TCSC
modeling for OPF problem, are given in section three,
then in section four ABC algorithm followed by ABCWS
are given, section five, deals with the investigation and
discussion of different simulation results, and finally a
conclusion is given in section seven.
2. PROBLEM FORMULATION
The FVSI factor is used to identify the critical lines
and buses, Ismail Musirin and Titik khawa Abdul
Rahman 2002, proposed a new voltage index, called Fast
Voltage Stability Index, (FVSI). This index can either be
referred to a bus or line. Generally, it started with the
current equations to form voltage quadratic ones in which
the discriminate of the quadratic equation was set to be
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greater or equal to zero, as follows.

Thus the final expression of the FVSI indicator is:
FVSI ij 

4Z 2Qj

(8)

V12 X ij

Where;
Fig. 1. Two bus power system

Z= impedance of the line.

The current I that flow in the line is given by:

Xij= reactance of the line

V  V2
I 1
R  jX

(1)

Vi= the sending voltage of the transmission line

Where V1 is taken as the reference and therefore the angle
is shifted to 0.
The current at the receiving end can be written as:
I 

I 

S 2*

(2)

V2*

P2  jQ2

(3)

V2  

Then equating (2) and (3) quantities yield to:
V1 V2
R  jX

P2  jQ2



V2  

VV
   V220  (P2  jQ2 )(R  jX )
1 2

(4)

VV
cos  V22  RP2  XQ2
1 2

(5)

And for the imaginary part:
VV
sin   XP2  RQ2
1 2

(6)

Rearranging equation (5) for P2 and substituting into the
equation (6) yield to quadratic equation of V2 as follows:
V22  (

R
R2
sin   cos  ) V1 V2  (X  )Q2  0
X
X

(7)

To obtain roots for (7) with V2 that corresponds to the
secure operation of the power system, the discriminate is
set to be greater or equal to 0:
2

2
 R

( sin   cos  )  4(X  R )Q  0
 X

X 2



Or,
4(X 2  R2 )Q2 X
V12 (R sin   X cos  )2

1

Since δ is normally very small then, we can write:
4Z 2Q2 X
2
1

Qj= reactive power at the receiving end of the line

2

V (0  X cos )

1
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(7)

When the FVSI of any line approaches 1, it means that
the line is approaching its stability limits. If the value of
FVSI is evaluated to be closed to 1.0 this indicates that
the corresponding particular line is closed to its
instability point which lead to voltage collapse, so the
FVSI has to be kept less than 1.00 as a measure of
security in order to maintain system stability. [9]
Steps followed for maximal load determination:
1- Test load bus selection.
2- FVSI evaluation of all lines.
3- Check if FVSI value less than 0.95, if so increase
the load of the considered bus.
4- Save the load of the bus.
5- Do the same process for the other selected buses.

3. TCSC MODELING FOR OPF
Power flow over the transmission lines is mainly
limited by some network characteristics such as thermal
limits, stability limits, and voltage limits. Such
limitations can be removed by adding new transmission
and/or generation capacity. Flexible Alternating Current
Transmission Systems (FACTS), which are a concept
proposed by the searcher N.G.Hingorani, designed to
remove such limitations. Thyristor Controlled Series
Capacitor (TCSC) is one FACT device that offers smooth
and flexible control for loadability enhancement, with
much faster response compared to the traditional control
devices [10]. The TCSC can serve as the capacitive or
inductive compensation respectively by directly
modifying the reactance of the transmission line.
In this paper, the model of the TCSC is based on the
simple concept of a variable series reactance, as shown in
figure 2, the value of which is adjusted automatically to
constrain the power flow across the line to a specified
value [11]. The amount of reactance is determined
efficiently using ABC algorithm. Hence, the active and
reactive power equations at bus 2 figure 2 are:
P1  VV
sin(1  2 )
1 2
Q1  V12B22 VV
B12 cos(1  2 )
1 2
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Where x={x1, x2…xn} is an n-dimensional vector of
decision variables representing a feasible objectives. f1
and f2 are respectively the fuel cost and emissions
objective functions to be optimized, and w1 and w2 are
under defined weights.

Fig. 2. Two bus power system with TCSC

Objectives:

A. ABC Algorithm
Is one of the most recently defined algorithms by
Drv.Karaboga in 2005, motivated by the intelligent
behavior of honey bees. ABC as an optimization tool
provides a population based search procedure in which
individuals called food positions are modified by the
artificial bees travels with time, and the bee’s aim is to
discover the places of food sources with high nectar
amount, and finally the one with the highest nectar
amount is taken as the best selected solution. [12]
The ABC algorithm is based on the following ‘bees’
movements. [13]
1-Move of employed bees; this action expressed by the
equation:
Vij  Xij  ij (X ij  Xkj )

ng

f1   (ai  bi  Pgi  ci  Pgi2 ) ($/h)

(15)

i 1

Where ai,bi and ci are the fuel cost coefficients of ith
thermal unit.
2-total emission amount: Represents the total emission
of NOx gas, created by burning fossil fuel is expressed by:
ng

f2  (aei bei Pgi  ceiPgi2  deiexp(eeiPgi ) (t/h) (16)
i1

(11)

Where; Xi (i=1,…N), is represented by a D-dimensional
problem space, Vij is the new position of the employed
bee kϵ{1,2,…n}, and jϵ{1,2,…D}, are randomly chosen
indexes, Ø is a random number between [-1,1].
2-move of onlooker bees; for selected sites, and
evaluation of fitness based on the probability function
as:
fit
Pi  S i
(12)
 fitn
n 1

Where; Pi defined the probability of the food source with
respect to its fitness.
3-move of scout bees; the following equation corresponds
to their movement:
X ij  X j min  rand(0,1)(Xi max  X j min )

1-total fuel cost: Represents the minimization of total
cost, while satisfying the total demand, using the
equation;

Where: aei,bei and cei are the fuel cost coefficients of NOx
gas emission characteristics.
Constraints:
1-Power balance constraints; for which the total power
generated must supply the total demand power and the
transmission losses as follows;
ng

 (P  P
i 1

gi

D

 Pl )  0

(17)

2-thermal generator limits: the power generated by
each generator in the system must be between its
minimum and maximum limits as follows:

Pgi ,min  Pgi  Pgi ,max

(18)

3- Facts devices limits: represented by TCSC series
reactance limits as follows:

(13)

0.4 X l  X TCSC  0.5 X l

Where; Xij, jϵ[1,2….D} new food sources, Xjmin,
Xjmax; are the minimum and maximum limits of the
parameters to be optimized.

(19)

Where Xl is the particular transmission line reactance
XTCSC the reactance of the TCSC devise.

B. Multi-objective optimization by ABCWS.
This Algorithm is a multiobjective optimization
technique, based on weighted sum methods, combined
with ABC search algorithm [14], in order to find the best
compromise solution of the present Multi-Objective
problem, which combine the economic dispatch problem
with the emission dispatch one, and representing these
two conflicting goals via a single objective function, then
minimizing this function while maintaining the physical
Constraints of the system, as in the following equations:
f (x )  w1 .f1 (x )  w 2 .f2 (x )
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4. RESULTS AND DISCUSSION
In this section, simulations where carried out using
MATLAB software, have been conducted on IEEE30 bus
standard power system [15], shown in Fig. 8. In this
power test system, bus 1 is considered as slack bus, while
bus 2,3,5,8 and 13 are generator buses, and other buses
are load buses. Two cases are investigated in this study;
the first case with and without TCSC, the second one
with and without wind sources of the same system
equipped by FACTS.

(14)
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In the first step we start by identifying the weakest
and most critical lines in system, which required such
support by calculating the FVSI factor of the
corresponding load buses. Results of simulation are given
in table I, in which we see that the most critical line is;
25-26, 27-30 and 29-30, which need a compensation
support, then we proceed for the placement of TCSC
devices in the related reactance values limited between:
XTCSCMIN= -0.05p.u, and XTCSCMAX=0.05p.u, the
corresponding results are then founded by using ABC
technique we find the optimal settings of these
compensator devices as depicted in table II. As seen from
the table, the application of ABC method for the optimal
power dispatch of the system equipped by the three
TCSC’s devises updates and generates new settings in
order to adapt with the optimal locations found so far.

magnitudes of the system figure 3 with and without
TCSC. Then by applying optimal power flow using ABC
method, the TCSC settings are changed optimally to
become as indicated in the same table and figure. In The
next table III, we can see the significant reduction in
thermal outputs as well as active power losses are reduced
from 12.06 MW to 9.22MW by using ABC method of the
system.

TABLE I

Critical lines founded by FVSI Application
FVSI

Lines (From bus – To bus )
25-26

0.9479

27-30

0.9452

27-29

0.8944

29-30

0.6972

28-27

0.5528

14-15

0.4388

24-25

0.3659

15-23

0.3602

15-18

0.3574

25-27

0.3518

Fig. 3. Voltage profile with and without TCSC

TABLE II

TCSC reactance settings find by norma PF and ABC opf
TCSC device status

XTCSC

PTCSC

QTCSC

Before ABC

-0.0400

0.7156

-0.0120

After ABC

-0.0440

0.0355

-0.0237

Fig. 4. Active power with and without TCSC

TABLE III

Thermal powers generations and losses (ABC method)
normal
PF

ABC method
for OPF

Pg1 (MW)

175.859

176.152

Pg2(MW)

48.640

48.425

Pg3(MW)

21.570

21.165

Pg4(MW)

23.150

22.630

Pg5(MW)

12.530

12.245

Pg6(MW)

12.000

12.000

PD=2.834 pu

Total gen. (MW)

293.743

292.617

Cost ($/h)

802.33

801.5047

Real power loss (MW)

12.0652

9.2213

Fig. 5. Reactive power with and without TCSC

As shown in Fig. 4 and 5, the transmitted active and
reactive powers are taken before and after the TCSC
installation in order to see the effect of the devise on the
line loadability, there is a significant enhancement in the
loadability of the network, with regard to the reduction in
reactive power transmitted in many transmission lines,
and hence voltage stability enhancement.
4.2 case 2:

We find the following results for all bus voltage
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without any use of wind sources, we find the results
shown in Fig. 6 and table VI, in which, the simulation
gives the new settings of generated power outputs that
give the best dependent parameters as the total generation
cost and total actives powers losses as well as total gas
emission corresponding to this case; Then by the
placement of two wind farms at bus 10 and 24 [15]. For
this raison we keep the series Fact devise TCSC settings
found so far, and we proceed for the simulation using
ABCWS algorithm, we find the results denoted in
corresponding table IV.

total cost as well as emission and total losses of the entire
system are also reduced.
TABLE V

Thermal powers generations and losses (ABC method)

TABLE IV

Thermal powers generations and losses (ABC method)
PLoad=2.834 p.u

ABC method for
OPF

Pg1 (MW)

176.152

132.8048

Pg2(MW)

48.425

56.1334

Pg3(MW)

21.165

24.7535

ABCWS method
for EED

Pg4(MW)

22.630

35.0000

Pg5(MW)

12.245

20.9121

Pg6(MW)

12.000

20.3190

Total gen. (MW)

292.617

289.9228

Cost ($/h)

801.5047

818.7188

Real power loss (MW)

9.2213

6.5328

Emissions(t/h)

-

0.2518

ABC without
wind farms

PLoad=2.834 p.u

ABCWS with 2
wind farms

Pg1 (MW)

132.8048

126.6818

Pg2(MW)

56.1334

53.9182

Pg3(MW)

24.7535

23.9588

Pg4(MW)

35.0000

34.4823

Pg5(MW)

20.9121

18.6855

Pg6(MW)

20.3190

18.6152

Total gen. (MW)

289.9228

276.3418

Cost ($/h)

818.7188

772.5944

Real power loss (MW)

6.5328

5.9419

Emissions(t/h)

0.2518

0.2494

Wind Power (MW)

-

W1=6.5;W2=6.5

We can see that the total gas emission is reduced by
the integration of more renewable sources, for multiobjective solution the full capacity of the wind farms is
exploited, as there is no emission associated with their
energy production.
Pareto Front for the case of Wind power by ABCWS
0.32
0.3

The compromised solutions given by ABCWS method,
as shown by the Pareto front in Fig. 6 for the case without
wind power, for the total power generation, as well as the
corresponding costs , emissions and losses of the system,

emission (t/h)

0.28

Pareto front for EED problem Without Wind
0.34

0.26

best solution

0.24
0.22

0.32
best compromise

0.2

0.3

0.18
750

emission(t/h)

0.28

800

850

900

950

cost ($/h)
0.26

Fig. 7. Best compromise solution by ABCWS with wind
0.24

0.22

0.2

0.18
800

820

840

860

880
900
cost($/h)

920

940

960

980

We assume that the used wind sources, present a
variable nature characterized by the following parameters
depicted in the appendix. As seen in table V, the
significant reduction in total power generation as well as
gas emission amount explains the big role of wind
integration combined with flexible components in the
electrical grid.

Fig. 6. Best compromise solution by ABCWS without wind

From table V and figure 7, we see that all the full wind
capacity of each wind farm [17] is used in the generation
vector as the cost of wind power which assumed to be
zero after the land start cost of the wind farm system. The
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Abstract— The aim of this paper is to achieve a functional,
structural, and behavior description of a wind turbine using the
systems modeling language SysML. Nowadays, to further help
the environment and to sustain our increasing demand, we need
to move to renewable sources of our energy generation. However,
wind turbine is one of the alternative ways to generate electricity.
Since it appearance at the beginning of the last century, wind
turbine technology system has improved step by step. Actually,
wind turbine has a complicated structure, however a set of
heterogeneous components that interact in an organized manner
to accomplish a common goal which is harnessing the wind to
produce electrical power. We start with introducing wind
turbine generator systems. Next, we describe the systems
modeling language SysML. Subsequently, a graphical
description of the functionality of a wind turbine system based
on SysML diagrams are shown here. Finally, some conclusions
are presented.
Index Terms-- Wind turbine; systemic approch; SysML.

Although, harvesting wind power isn't exactly a new idea,
contemporary societies are essentially based on fossil fuels for
covering their increasing electrical energy demand. But
actually, during the last decade of the twentieth century,
security of energy supply, increasing demand and
environmental issues has captivated the interest for renewable
sources of energy such as wind turbine system.
In order to understand the overall operation of the wind
turbine system, we propose in this paper a high level graphical
description based on SysML diagrams.
The outline of this paper is as follows. An overview of
wind turbine generator systems is given in section II. Systems
modeling language SysML is presented in section III.
Functional, structural, and behavior description of a wind
turbine using SysML diagrams is shown in section VI. Finally,
section V concludes this paper with some prospects.

I. INTRODUCTION
Nowadays, increasing dependency over electricity has led
to the increasing unabated of the energy demand observed
worldwide. Meanwhile, the fossil fuels which still the
dominant source of energy production draw on finite and nonrenewable resources, which they will be finished someday.
Moreover, they are already dwindling and thus becoming
more expensive or their retrieval is becoming ever more
environmentally damaging. To further help the environment
and to sustain our increasing demand, we need to move to
renewable sources of our energy generation. It may come as a
surprise to learn that the harnessing of natural phenomena
such as sunlight, wind, for same form of productivity use has
always been part of the human activity for centuries.
One of the alternative ways of generating electricity is
harvesting wind power [1]. However, this latter has been used
since early history to provide mechanical power to pump
water or to grind grain. However, windmills and water driven
mills were the only the only power generators for over 1.200
years predating the 18th Industrial Revolution. Later, evolution
and perfection of these systems was performed step by step in
s in Denmark, France, Germany, and the UK [2].
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II. WIND POWER SYSTEM
Wind energy has reemerged as one of the most important
sustainable energy resources, partly because it is free from
pollution as there are no greenhouse gas or heat emissions.
Moreover, the wind is a clean, sustainable, free and renewable
source of energy, so it will never run out [3-4].
Wind turbine is a device that converts the wind's kinetic
energy into electrical power [5]. It falls into one of two basic
categories: Horizontal axis wind turbines (HAWTs) and
vertical axis wind turbines (VAWTs). HAWTs, is the more
common type currently used [6].
Today's wind turbines are manufactured in a wide range of
small and large types [7-8]. The smallest turbines are used for
applications such as battery charging for auxiliary power for
boats or caravans or to power traffic warning signs. Slightly
larger turbines can be used for making contributions to a
domestic power supply while selling unused power back to the
utility supplier via the electrical grid. Arrays of large turbines,
known as wind farms, are becoming an increasingly important
source of renewable energy and are used by many countries as
part of a strategy to reduce their reliance on fossil fuels.
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Regardless of the type of design, the main components that
can and often times will be found in wind turbine systems [9]
are a nacelle which contains the key components of the wind
turbine, including the gearbox, and the electrical generator
which uses electromagnetic to generate electricity, propellerslike blades rotates when wind is blown over them, causing the
rotor to spin. Most turbines have either two or three blades, a
tower which carries the nacelle and the rotor.

• Diagrams that describe the structure of the system
(internal block diagram and block definition diagram).
• Diagrams that describe the behavior of the system (use
case diagrams, sequence diagram, activity diagram, and
state machine diagrams).
Figure 1presents the SysML diagram architecture.

Generally, it is an advantage to have a high tower, because
winds are stronger higher from the ground. All those
components serve a purpose in delivering electricity where it
is intended to go. Thus it is clearly that the wind turbine has a
complicated structure. However, not only by a large number of
components, but also by the diversity of these components,
their relationships and interactions in an organized manner to
accomplish a common goal which is harnessing the wind to
produce electrical power, wind turbine system has the
characteristics of complex systems. Moreover, the
introduction of such a renewable energy sources and system
decentralization in what we called now smart grids has
increased its degree of complexity in terms of interactions and
communications [10].
In the aims of better understand and analyze the complex
structure of wind turbine system we present in the next section
one of the tools for modeling complex system: SysML.
Fig. 1. SysML 1.0 diagram architecture.

III. SYSTEM MODELING LANGUAGE SYSML
In order to master the understanding, development and
exploitation of complex systems, approaches such as system
engineering have proposed methodological approaches
associated with tools that give simplified representations of
reality. These simplified visions are called models which are
based on graphical languages.
Structured Analysis Design Technique (SADT), classic
tools of fundamental analysis (APTE, FAST...) and
GRAFCET are already part of these languages. However, all
these disparate tools, powerful they are, will never give a
coherent overall description of the thing represented. So, the
idea is to feeder several specialized languages within a metalanguage giving a pertinent vision to the system. That is what
we are always looking for by using SysML language [11].
In a manner similar to how UML unified the modeling
languages used in the software industry, the OMG defines a
general-purpose modeling language for systems engineering
applications, called SysML, which is intended to unify the
diverse modeling languages currently used by systems
engineers. SysML supports the specification, analysis, design,
verification and validation of a broad range of complex
systems. These systems may include hardware, software,
information, processes, personnel, and facilities.
SysML diagrams can be divided into three types [12-14]:
• Diagrams
that
capture
system
requirements
(requirements diagram) and physical constraints
(parametric diagram).
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In the literature, we find many applications that have
been used to develop design of renewable systems. We present
here some studies that have been presented in various
researches:
Researcher Kaitovic and al. [15], have explained how
economical and environmental concerns push toward novel
solutions for sustainable, renewable and intelligent energy
power grid - the Smart Grid. Such complex system, or better
aggregation of systems, involve a number of various
stakeholders coming from different areas of expertise, requires
novel ICT solutions, etc. Even so, on-going projects do not
apply unique formal design methodology and language. In
order to better correlate the projects, improve understating of
system requirements and simplify system design by
decomposing its complexity a model-driven methodology
(MDM) and SysML could be applied. Applying MDM should
give a possible referent model for aggregations in future
Power Grid.
Researchers Hodgson and al. [16], have discussed the
principal mechanism for achieving the policy goal of the
diminution of greenhouse gas emissions is the widespread
electrification of transport and heating coupled with the
parallel de-carbonization of electricity generation. This
requires a main expansion of renewable generation
(principally wind) jointly with new nuclear and clean fossil.
This paper reviews both the policy position inside the UK and
the implications for system balancing that large-scale
intermittent generation, such as wind, presents to the System
Operator (SO). One suggestion for helping to preserve system
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balance is the use of Demand Response (DR) by the SO. It is
by no means clear whether the existing industrial structure can
provide the right incentives for the realization of significant
DR capacity. This paper presents a method of classifying
barriers and describes experience in developing a Systems
Engineering methodology, using SysML, as an approach to
modeling the structural and operational aspects of the British
system with the objective of considerate barriers to the
execution of DR.
Researchers Neureiter et al. [17], have explained that the
current integration of decentralized, renewable energies is a
main challenge for today's power system. In order to control
the volatile behaviour of these Distributed Energy Resources
(DER), the electricity system has to develop towards a Smart
Grid. The development of this critical and complex System-ofSystems involves different stakeholder from different
disciplines. Thus, domain specific engineering concepts on
system level are wanted. To foster the interdisciplinary
development, the proposed approach presents a standardsbased architecture framework, implemented as Domain
Specific Language (DSL). Moreover, the DSL is used to
develop a reference architecture on basis of the NIST Logical
Reference Model. To evaluate the applicability of the
reference architecture model it is used for instantiation of a
particular system solution.

After showing an overview of SysML, this language is
chosen, in section VI in order to obtain high level graphical
description of the functionality of a wind turbine system.
These descriptions identify interactions and flow of data and
control between parts of the system which is necessary to
understand the overall operation of the wind turbine.
IV. RESULTS OF WIND TURBINE MODELING
In this section, SysML is used to provide simple but
powerful description for modeling wind turbine system. In
fact, we present a functional modeling with use case diagram.
Next, a complement to functional modeling with requirements
diagram. Then, we present a modeling the behavior with
sequence diagram and a structural modeling with BDD and
IBD. Finally, we present a modeling with state machine
diagram.
A. Functionnal modeling with use case diagram
A use case diagram lists the usage functions that the system
offers to each of its user actors in order to satisfy their needs.
It represents the external functional behavior of the system
(Fig.2). In other words, a use case represents a service offered
by the system to one or more actors in its environment. It is
defined by a function in an ellipse connected to the actor
concerned.

Researchers Gezer et al. [18], have described a
methodology and a case study through which system
architecture and dynamic models of related system
components are gathered in order to design and simulate the
SCADA system of a new hydro turbine test laboratory.
System architecture model is prepared in SysML, a system
modeling language based on UML, while the dynamic model
of the laboratory is formed in Matlab/Simulink. Some
simulations are performed in order to verify the preliminary
system design studies and system requirements.
Researchers Gutierrez et al. [19], have presented a
methodology for modeling photovoltaic systems in embedded
hardware. This methodology uses the HiLeS platform to
transform SysML models in Petri nets and generate VHDL
code. The proposed methodology is intended for Hardware-inthe-Loop simulations of power converters and PV panels in
microgrids. In addition, this methodology allows the design of
MPPT controllers for their direct implementation in FPGA.
Researcher Gutierrez et al. [20], have described a
methodology for implementing in FPGA models of
photovoltaic panels for Hardware-in-the-Loop (HIL) and realtime simulations. The proposed methodology integrates
numerical solutions, SysML diagrams and Petri nets for
structural design and formal validation. In this study,
photovoltaic cells have been modeled using the single diode
circuit. The photovoltaic panel model is solved by the
Newton-Raphson method, and the Lagrange remainder is
employed to limit the iteration number. Results show suitable
accuracy and performance of the proposed methodology.
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Fig. 2. Use case diagram.

B. Complements to functional modeling with requirements
diagram
Remember that a requirements diagram is a new diagram
and it is different type of behavior diagrams and structure
diagrams. Its role is to specify the needs of the system.
Figure 3 presents the functional requirement diagram
figure 4 presents the performance requirement diagram.
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Fig. 3. Functional requirement diagram.

Fig. 5. Sequence diagram.
D. Structural modeling with BDD and IBD
SysML block definition diagram (BDD) represents
structural elements called blocks, and their composition and
classification (Fig.6).

Fig. 4. Performance requirement diagram.

C. Modeling the behavior with sequence diagram
A sequence diagram lets you map the interactions arranged
in chronological order among system components or among
actors and the system (Fig.5).

Fig.6. Block definition diagram.
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A SysML internal block diagram (IBD) describes the
internal structure of a block, its properties and connectors
(Fig.7).

Staring from this case study of analysis and modeling of
wind turbine based on the systems modeling language SysML
discussed in this paper, work is in progress to develop
simulations of wind system using Matlab and SyML diagrams.
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ABSTRACT- The conflict that took place in Libya in 2011,
has greatly affected the electrical power network and resulted
in loosing major transmission lines and loosing few
generating units. As result to that the operation mode of the
Libyan network mostly is being at the emergency and alert
modes. Any sound disturbance lead to losing any line or
generating unit may in fact makes the system unstable, if load
shedding is not promptly taken. One of major Libyan
network weakness is the long distance between its main three
regions, Southern, Western and Eastern, and that no power
stations located at southern region. This situation has made
the problem of voltage instability be more severe in Southern
region. As electric power to all consumers should be
maintained quickly and the severity of voltage instability
should be contained, Mobile and small generation units were
proposed to be utilized at different locations of Libyan
network. This solution is considered as a fast and temporary
solution.
This paper discusses voltage instability problem within the
Libyan Network and presents the network voltage stability
improvement achieved by enhancing the network with small
and mobile generation units. The small and mobile generation
units are connected at selected points on the network. The
selected points were identified as the most weakened buses
and regions. The mobile units were connected for the
attainment of optimized solution. Moreover, this solution was
proposed as it can solve not only the voltage instability
problem, but it will also solve the inadequacy in generation
issue by circulating additional power within the network.
Hence, reduce the period of load shedding.

SALLUM2) 220 KV, while the western border is
connected to the Tunisian network through two high
voltage lines (ABOKMASH - MEDENINE), (RWAYS2 TATAWIN) 220 KV.
Load growth in Libya usually grown at normal rates,
however since 2011 the growth of load may be considered
as not normal. This is due to the random use of electrical
power and to the exodus happened as a result of war. The
load usually records a noticeable increase during the
summer season due to the excessive demand of the air
conditioners. In addition to that, a reduction of about 15%
of the gas turbine units occurs during summer, which is
known as (temperature control). Consequently, the power
factor value would be plummeted to the extent that causes
a considerable voltage collapse.
In this paper the behavior of the network under
different operating scenarios, has been studied focusing on
the determinants of voltage instability. The paper will
examine the network when enhanced by several small
mobile generating units planted over a wide geographical
area of Libya. Few measures were considered in this paper
such as, adjustments through changing the transformation
steps, shifting some of the network links or installation of
new mobile units.

KEYWORDS- Mobil Units, Voltage Stability, Eigen Value,
QU, PU Curves.

1. INTRODUCTION
The Libyan electricity network is divided into three
geographical regions, Western, Southern and Eastern
region. As shown in figure 1, western zone consist of three
sub-zones or islands (Central, Tripoli & West), while
Eastern zone consist of two subzones, i.e. Albida and
Benghazi). The western and eastern areas are connected
through single circuit 400KV (KALEJ4 - RLNOF4) and
double circuit 220 KV (SIRST2 - RLNOF2). Whereas the
Western and Southern regions are linked via three lines
which are single circuit 400 KV (HOMSW4 - GMMR4) ،
double circuit 220 KV (BNJEM2 - ZAMZM2) and double
circuit 220 KV (BINWLID2 -GMMR2). Internationally,
Libya is connected to the Egyptian network from the
eastern border through high voltage line (TOBRK2 -
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Fig. 1. The seven sub zones of the Libyan network.
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2.VOLTAGE STABILITY:
Voltage stability study is conducted to assess the ability
of a power system to maintain steady voltages at all buses
in the system under normal operating conditions, and after
being subjected to a disturbance. Phenomenon of
instability reveals itself in the form of a progressive fall or
rise of voltage of some buses. Voltage instability of a
network leads to a loss of load in the area where voltages
reach unacceptably low values, or a loss of integrity of the
power system [2].
While the most common form of voltage instability is
the progressive drop in the bus voltages, the possibility of
overvoltage instability also exists. It can occur when EHV
transmission lines are loaded significantly below surge
impedance loading and under excitation limiters prevent
generators and/or synchronous condensers from absorbing
the excess reactive power. Under such conditions,
transformer tap changers, in their attempt to control load
voltage, may cause voltage instability [2].
The factors that may affect voltage stabilityare:






Reactive power capability of synchronous generator;
Automatic voltage control of synchronous generator;
Loads;
Under-Load Tap Changer, and.
Compensation Devices [2].

A. Load flow Analysis during maximum load :
I.

3. CAUSES OF VOLTAGE INSTABILITY IN LIBYA
I.
II.
III.

IV.

The evaluation considered different network
connections, maximum load during year 2013, and then
when the network enhanced by the mobile units. The
evaluation was based on GECOL data for year 2013 at
peak load.
In all cases the aim is to find:• Self-Sensitivities of bus bars.
• Eigen value.
• Q-V curves.
• P-V curves.
The study will attempt to identify the capability of the
network towards an expected loads growth especially
during summer time.
To analyze voltage stability by using NEPLAN,
following modules must be invoked and the list of
parameters should be determined:
 Load flow.
 Voltage stability.
o Self-Sensitivities of busbars.
o The Eigen value.
o P-U curves.
o Q-U curves.

Delaying the maintenance of the damaged
transmission lines during the crisis.
Significant and un-controlled increase in loads
after 2011.
Disturbing the overhauling schedule of the
generating units that led to minimizing the
generating capacity.
Rescheduling to the ongoing and planned new
power plants projects.

Load Flow result at maximum load with no
mobile units connected to the network.

The load flow study is an initial requirement for voltage
stability study. Neplan program is used to find the state of
the network during maximum loading and branch loading
for the all of the scenarios being studied.
The results are summarized in figure 2 below where the
maximum generation and maximum load are at the
Western region. One can notice the high amount of
reactive power and non existence of power generation at
Southern region.

4. METHADOLOGY AND OBJECTIVES.




Address the points that considered as the weakness
points of the Libyan network. The focus will be on
southern region.
Then the effect of planting the small mobile units in
different locations is studied.
The results are summarized for optimum locations
of these units to enhance the network performance
to reach the most possible efficient network
operation.

5. ANALYSIS AND RESULTS.
Load flow and voltage stability results are presented
in this section. The software used is Neplan (power
simulation program).
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Fig. 2. Load flow results case1; (maximum load and no mobile
units).
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II.

Load Flow result at maximum load and the network
being enhanced by new mobile units.

Due to the increased demand and the need to a quick
remedy to the Libyan network, approximately 130 small
mobile generation units with total capacity exceeds 400
MW were planted over the Libyan network. 62 mobile
units with total capacity of 160 MW were planted in
Southern region. The rest of mobile units planted in
Western region. The aim was to fulfil the need to the
electricity and to preserve the voltage stability of the
network. List of these small units and their capacity are
shown in table 1 below.
TABLE 1

Power Mobile Generation Units planted in Libyan network.
Substation

zone
name

No.

Power

of
Units

Operation
[MW]

SAMNO

South

4

20

80

AIN ZARA

Tripoli

2

19

38

ZLETIN

Central

2

24

48

HOMSP

Central

4

24

96

UM-JDAWEL

South

58

1.4

80

BAMLD

Central

58

1.4

80

Name

Total Power
[MW]

Fig. 3. Load Flow result at maximum load when the network is
enhanced by new mobile units.

The results are summarized in figure 3 below where the
maximum generation and maximum load are still at the
Western region, and 160 MW are planted at the Southern
region. The results show that minimizing in power losses.
B. Voltage stability before and after the addition of
mobile units genrators.
I.

Fig. 4. busbar self-sensitivity at maximum load without mobile
generators.

Self-Sensitivities of bus bars.

Sensitivity analysis calculates the relation between voltage
change and reactive power change.
Positive sensitivities mean stable operation; i.e. the smaller
sensitivity index, the more stable is the system.
Thus the higher the value of busbar sensitivity index the
lower the stability of the system.
 Positive sensitivity = stable system (more small, more
stable).
 Negative sensitivity = unstable system.
Figures 4&5 illustrates graphically the most sensitive
busbars before adding the mobile units (fig 4), and after
adding the mobile units (fig. 5)
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It is quite obvious from fig.4 that buses (Awant-2, ubari-2
and turbo-1) at south region specially are more sensitivity to
change in reactive power from other busbars. However the
busbars at Southern region has showed higher sensitivity.
After adding the mobile unites the most sensitive busbars
still the same i.e. (Awant-2, ubari-2 and turbo-1) at Southern
region but the degree of sensitivity becomes less. However
comparing both figures the improvement in busbars
sensitivity is very obvious and that the busbars at Southern
region still showing higher sensitivity to the change in
reactive power.
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Table 2 . Eigen Values at both cases
Before mobile units
Num

Eigen value

After mobile units
Num

Mvar / %

Fig. 5. busbar self-sensitivity at maximum load when enhanced
system by new mobile units.

II. The Eigen value.
λ1, λ2, ……,λn are the diagonal elements of diagonal
Eigen values matrix, JR which is the reduced Jacobian
matrix of the system.
If λi> 0, the ith modal voltage and the ith modal reactive
power variations are along the same direction, indicating
that the system is voltage stable.
If λi< 0, the ith modal voltage and the ith modal reactive
power variation are along opposite directions, indicating
that the system is voltage unstable.
The magnitude of each modal voltage variation equals the
inverse of λi times the magnitude of the modal reactive
power variation. In this sense the magnitude of λi
determines the degree of stability of the ith modal voltage.
The smaller the magnitude of positive λi, the closer the ith
model voltage is to being unstable. When λi=0, the ith
modal voltage collapses because any change in that model
reactive power causes infinite change in the modal voltage.
As ΔQ = JR ΔV
JR is the reduced Jacobian matrix of the system.
we may write
The matrix
is the reduced V-Q Jacobian.

Eigen value
Mvar / %

1

0.1465

1

0.9636

2

0.1465

2

0.9636

3

0.1465

3

0.9765

4

0.1465

4

2.6805

5

0.9929

5

3.1069

6

2.8837

6

4.157

7

3.5011

7

5.0292

8

3.5011

8

5.3309

9

3.5118

9

5.6049

10

3.5643

10

5.6439

III. Q-V curves
The V-Q sensitivity at a bus represents the slope of the
Q-V curve at the given operating point. A positive V-Q
sensitivity is indicative of stable operation; the smaller the
sensitivity, the more stable the system. As stability
decreases, the magnitude of the sensitivity increases,
becoming infinite at the stability limit. Conversely, a
negative V-Q sensitivity is indicative of unstable operation.
A small negative sensitivity represents a very unstable
operation.
Q-V curves for few busbars that are more sensitive to
the change in reactive power (in Southern region and far
from main generation) are shown below in figure 6 before
and in figure 7 after adding the mobile units.

Its ith diagonal element is the V-Q sensitivity at bus i.
As;
 Eigen values > 0, i.e. system is stable;
 Eigen values < = 0, ie. System is unstable.
For both cases, Eigen values has been calculated and
their values are shown below in table 2. Before adding
mobile units Eigen values indicate that the system voltage
likely unstable=0.1456.
Aftre adding the mobile units an improvement in values
of Eigen values may be noticed =0.9636, which means that
the network has become more stable.
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Fig. 6. Q-V curves without mobile units.
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Fig.7. Q-V curves after adding the mobile units.

Fig. 9. P-V curves for buses at Southern zone after adding mobile
unites.

Increase in the margin of reactive power after enhance
the network mobile units, where was the -14Mvar in the
substation Await then became -70Mvar which means an
increase in the margin of reactive power before voltage
collapse.

Maximum transfer power before voltage collapse point for
south region approximately at P=588 MW and after
enhance network of mobile units became max transfer
power in the southern region=850MW.

IV. P-V curves

CONCLUSIONS

The P-V curves are produced by running a series of load
flow cases. P-V curves relate bus voltage to load within a
specified region and provide an indication of proximity to
voltage collapse throughout a range of load levels.
Next figures illustrated P-V farthest generation area and
more sensitive change reactive power for zone south, buses
(AWNAT2, UBARI2, TZRBO1, FAJIJ2 and TRAGN2).

Fig. 8. P-V curves for buses at Southern zone before adding
mobile unites.
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As the Libyan network since end of 2011 has not being
strengthen with new generation stations a shortage of
generation was expected and voltage instability was
inevitable. Thus to avoid system collapses a number of
mobile units were proposed to be planted over different
places in Libya. The paper is a summary of study conducted
to inspect the effect of planting these mobile units.
To realize the size of improvement that achieved the paper
compare the results obtained before and after adding the
mobile units. The figures show a great deal improvement
with the scenario covered by the study and briefly explained
in the paper. It is important to connect each group of
mobiles in the right place to maximize the benefits. Set of
conclusions are summarized in the following points:
 The Mobil units planted in the south region have
improved the voltage stability of the network.
 The busbars at Southern region are generally more
sensitive to change in reactive power from other
busbars at other regions.
 After adding the mobile unites the most sensitive
busbars still at Southern region (Awant-2, ubari-2 and
turbo-1) but the degree of sensitivity becomes less.
 Eigen values calculated and their values indicated
the system voltage likely unstable=0.1456, but we
have noticed improvement in value Eigen values,
which means that the network has become more
stable=0.9661.
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Maximum power that can be transfered before
voltage collapses is 588 MW for Southern region;
and it is 1694 MW for central zone of Western
region.
 After network enhancement the maximum power can
be transferred becomes 850 MW for Southern
region.
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Abstract—This paper develops a new fuzzy tracking control
method using Takagi-Sugeno (T-S) fuzzy models and virtual
reference model integrating disturbance estimation, with an
application to permanent magnet synchronous machine (PMSM).
The major contribution of the proposed method is to consider the
load disturbance as a part of the reference model to compensate
completely its effect on the PMSM. The design procedure can be
summarized in three stages: i) construct the T-S fuzzy controller
and calculate its matrix gains by solving a set of linear matrix
inequalities (LMIs). ii) construct the nonlinear tracking controller
and reference model based on the concept of virtual desired
variables (VDVs). The reference model is designed according to
the desired speed and load torque which is considered to be
an unknown disturbance. iii) construct the disturbance observer
using fuzzy sliding mode observer (FSMO), and calculate its
matrix gains by solving a set of LMIs. To show the validity and
effectiveness of the proposed fuzzy tracking control method, some
simulation results are provided.
Index Terms—permanent magnet synchronous motor; T-S
fuzzy models; sliding mode observer.

I. I NTRODUCTION
Permanent Magnet Synchronous Motor (PMSM) drives are
widely used in many complex processes, such as generators
and motors, due to a number of advantages: simple structure,
high torque-to-current radio, high power density, low noise,
and friendly maintenance [1], [2]. However, the control of
a PMSM is not easy and still a challenging task because
such a system exhibits nonlinear behavior with inherent uncertainties and load disturbance variation. Thus, a conventional
control method is already widely used for controlling the
speed of PMSM drives. This method involves the use of two
proportional-integral (PI) controllers for loop speed control
and outer inner loop current control [3], [4]. However, the
main drawbacks of this control stratify are the sensitivity of
performances to the system parameter variations, inadequate
rejection of load disturbance. In order to overcome these
drawbacks, many algorithms and control strategies have been
proposed, eg., adaptive control [5], [6], [7], predictive control
[8]-[10], sliding mode control [11], [12], backstepping control
[13], [14], neural network control [15], [16], finite-time control
[17], [18] and fuzzy control [19], [20], etc. Furthermore, many
attempts have been made to develop disturbance rejection
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control strategies, as an effective way to suppress the unfavorable influence of load disturbance; these strategies using
the feedforward compensation principle with some kind of
disturbance estimation [21]-[24].
On the other hand, the control of PMSM drives using
Takagi-Sugeno (T-S) fuzzy models is recently considered by
many researchers [25]-[30], as an alternative to the traditional
heuristics-based fuzzy control. Using T-S fuzzy model-based,
a complex dynamic system can be represented by means of
an averaged sum of local linear subsystems, thus providing
a systematic framework to cope with modeling, analysis,
and control of nonlinear systems [31]. In [25], [27], [29],
[30], control strategies combine the T-S fuzzy models and
a concept called virtual desired variables (VDVs) have been
proposed to deal with the control of PMSM drives. This
concept has been introduced by [32], to facilitate the design
of the control law and reference model, and ensure a fast
dynamic response with good tracking performance. However,
these control strategies have been discussed the control of
PMSM drives without taking into account the variations of
the load torque disturbance. Hence, a method combines the
advantages of VDVs and T-S fuzzy control with integral action
has been proposed by [33], to minimize the effect of load
disturbance on the PMSM drives, where the stability analysis
has been treated using Lyapunov’s method and formulated into
Linear Matrix Inequalities (LMIs).
In this paper, we propose a new T-S fuzzy tracking control
method for a PMSM using the concept of VDVs and load
disturbance observer. First, we use the TS fuzzy models
to describe the dynamic behaviour of PMSM. And then,
we design a T-S fuzzy controller using parallel distributed
compensation (PDC) technique [34]. Next, we derive a virtual
reference model and nonlinear tracking controller based on the
concept of VDVs. By using this concept, the reference model
can be designed according to the desired states and the load
disturbance. In this case, instead of minimizing the effect of
the load disturbance on the system using integral action, it
becomes a part of the virtual reference model to compensate
completely its effect on the PMSM, but the problem here lies
in the fact that the load disturbance is usually unknown or
difficult to measure. To overcome this problem, we propose a
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fuzzy sliding mode observer based on the method developed
in [35], to estimated effectively the variations of the load
torque. The main idea behind it is to extend the traditional
sliding mode observers to dynamical systems described by a
T-S fuzzy models. Finally, simulation results are presented to
demonstrate the effectiveness and the good performance of the
proposed method.
II. PMSM M ODEL IN A ROTATING d − q F RAME
The mathematical model of the PMSM can be described by
the following equations [36]:
ud = Rid + Ld

did
− pLq ωiq
dt

diq
uq = Riq + Lq
+ pω(Ld id + λ)
dt

(1)

3
p (λ − (Lq − Ld )id ) iq
2

(2)

(3)

The electromagnetic torque depends to the speed by following
mechanical equation:
Te − TL = J

dω
+ fω
dt

(4)

where TL is the load torque, J is the moment of inertia of
the rotor and f is the friction coefficient relating to the rotor
speed. The position can be written as:
p

dθ
=ω
dt

(5)

In our work, the smooth-air-gap of the synchronous machine
systems are considered, i.e., Lq = Ld = L. Using the
equations (1) to (4), the mathematical model of the PMSM
can be rewritten as:
(
ẋ(t) = f (x(t)) + gu(t) + υTL (t)
(6)
y(t) = ϕ(x(t))
where



− Jf ω + 3pλ
ω
2J iq
R
,
x =  iq  , f =  − pλ
L ω − L iq − pωid
R
id
pωiq − L id




0

g=

1
L

0


 1 


0
−J
uq
0 ,u =
, υ =  0  , ϕ = ω(t).
ud
1
0
L
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The goal is to design a fuzzy tracking control scheme
allows
to drive

T the states of the PMSM system x =
ω iq id
to track a specified desired trajectory xd =

T
ωd iqd idd
and to reject completely the effect of
disturbance (load torque variation) on the system. In the first
step, we develop the T-S fuzzy controller (FC) based on the
mathematical model of the PMSM. Next, we use the concept
of VDVs to design a virtual reference model (VRM) and
nonlinear tracking controller (NLC). Finally, We design a
fuzzy sliding mode observer (FSMO) to estimate the load
torque disturbance. Thus, a control scheme with FC, VRM,
NTC and FMSO is proposed, as shown in Fig 1.
A. T-S fuzzy controller

where ω is the rotor speed, (ud , uq ) are the stator voltage
components in the d-q axis, (id , iq ) are the current components
in the d-q axis, (Ld , Lq ) are the stator inductors in the d-q
axis. R, λ and p represent the the stator winding resistance,
flux linkage of the permanent magnets and number of poles,
respectively. The electromagnetic torque of the PMSM can be
expressed, in the d − q reference frame, as follows:
Te =

III. P ROPOSED C ONTROL D ESIGN

In order to develop the fuzzy controller, the PMSM model
(6) is transformed into T-S fuzzy models using the measurable
speed as a decision variable. This leads to the following
nonlinear state space form:
(
ẋ(t) = A(ω(t))x(t) + Bu(t) + ETL (t)
(7)
y(t) = Cx(t)
where:
− Jf
A(ω(t)) =  − pλ
L
0


3pλ
2J
−R
L



0
0
−pω(t)  , B =  L1
0
pω(t)
−R
L

− J1


1 0 0 .
E =  0 ,C =
0



0
0 ,

1
L

Assuming that the speed is bounded as: ω ≤ ω(t) ≤ ω and
using the well-known sector nonlinearity transformation [37],
the nonlinear system (7) can be described by a T-S fuzzy
models with r = 21 fuzzy If-Then rules, as follows:
Rule i : If z(t) is F1i Then
(
ẋ(t) = Ai x(t) + Bi u(t) + Ei TL (t)
i = 1, ..., r
y(t) = Ci x(t)
where z = ω is the premise variable, F11 and F12 are the
membership functions which can be defined by the following
equations:
F11 (ω) =

ω(t) − ω
,
ω−ω

F12 (ω) = 1 − F11 (ω)

(8)

The matrices of the local models can be defined as:




3pλ
3pλ
− Jf
0
− Jf
0
2J
2J
A1 =  − pλ
−R
−pω  , A2 =  − pλ
−R
−pω  ,
L
L
L
L
R
0
pω − L
0
pω − R
L




1
0 0
−J
E1 = E2 =  0  , B1 = B2 =  L1 0  ,
0
0 L1


1 0 0 .
C1 = C2 =
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Degree of membership

Fig. 1: Overall block diagram of the proposed fuzzy tracking control
x̃(t) = x(t) − xd (t) be defined as the tracking error and its
time derivative is given by:

F11

1

F12

˙
x̃(t)
= ẋ(t) − ẋd (t)

0.8

(12)

0.6

ReplacingPthe equation (9) by its value in (12) and adding
r
the term i=1 hi (z(t))Ai (xd (t) − xd (t)), the equation (12)
becomes:

0.4
0.2
0

z_min

z_max
z(t)

˙
x̃(t)
=

Fig. 2: Membership functions of the decision variable

ẋ(t) =

hi (z(t))(Ai x(t) + Bi u(t) + Ei TL (t))

(9)

i=1

where

F1i (z(t))
j=1 F1j ((z(t))
Pr
for all t > 0, hi (z(t)) ≥ 0 and i=1 hi (z(t)) = 1.
hi (z(t)) = Pr

as

t→∞

(13)
By introducing a new control variable τ (t) that satisfy the
following relation:
r
X

r
X

hi (z(t))(Ai xd (t)+Bi u(t)+Ei TL (t))−ẋd (t)

i=1

(14)
Using the equation (14), the tracking error system (13) can be
rewritten as follows:
˙
x̃(t)
=

r
X

hi (z(t))(Ai x̃(t) + Bi τ (t))

(15)

i=1

(11)

The new local state feedback controllers are designed to deal
with the tracking control problem as:
Rule i: If z(t) is F1i Then τ (t) = −Ki x̃(t)
The final output of the fuzzy controller is determined by the
following summation:

According to y(t) = ϕ(x(t)), it is natural to require yd (t) =
ϕ(xd (t)), which denotes the desired output state. Now, let
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hi (z(t))Bi τ (t) =

i=1

(10)

The objective is to design a fuzzy controller capable capable
of driving the state of the PMSM system x(t) to track a
specified set of VDVs xd (t). Then, the feedback tracking
control is required to satisfy:
x(t) − xd (t) → 0

hi (z) (Ai x̃(t) + Bi u(t) + Ei TL (t) + Ai xd (t))−ẋd (t)

i=1

Using the product-inference rule, singleton fuzzifier, and the
center of gravity defuzzifier, the overall output of the fuzzy
rule-based system:
r
X

r
X

(285)

τ (t) = −

r
X

hi (z(t))Ki x̃(t)

i=1
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Applying control law (16) to model (15), the closed-loop
system takes the following form:
˙
x̃(t)
=

r X
r
X

hi (z(t))hj (z(t))(Ai − Bi Kj )x̃(t)

(17)

B. Nonlinear Tracking Controller and Virtual Reference
Model
The virtual desired variables xd (t) and control law u(t) can
be obtained using Eq. (14) which is rewritten as:

i=1 j=1

r
X

By letting Gij = (Ai −Bi Kj ), the equation (17) can be written
as follows:
˙
x̃(t)
=

r X
r
X

hi (z(t))hj (z(t))Gij x̃(t)

hi (z(t))Bi (u(t) − τ (t)) = −

i=1
r
X

A=

r
X

hi (z)Ai , g =

i=1

In order to determine the gains Ki of the fuzzy control law
(16), the following theorem is considered:
Theorem 1. [32] The equilibrium of the closed-loop continuous fuzzy system (18) is asymptotically stable via the
controller (16) if there exist a symmetric matrix P > 0, a
diagonal matrix D and matrices Qij with: Qii = QTii and
Qji = QTij for i 6= j, such that:
GTii P + P Gii + Qii + DP D < 0, i = 1, ..., r
T


P +P

Gij + Gji
2

(19)


+ Qij ≤ 0, i < j ≤ r
(20)


Q11
 ..
 .
Q1r


. . . Q1r
..  ≡ Q̃ > 0
..
.
. 
. . . Qrr


XDT
< 0, (22)
−X

XATi + Ai X + XATj + Aj X − Bi Mj − MjT BiT − Bj Mi −
MiT BjT + 2Yij ≤ 0, i < i ≤ r
Y12
Y22
..
.

Y1r

Y2r


Y1r
Y2r 

 ≡ Ỹ > 0

. . . Yrr

...
...
..
.
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hi (z)Bi , υ =

i=1

r
X

hi (z)Ei (26)

i=1

Then, Eq. (26) can be rewritten as:
g(u(t) − τ (t)) = −A(x(t))xd (t) − υTL (t) + ẋd (t)

(27)

Applying the equation (28) to the PMSM model, we obtain
the following matrix form





3pλ

− Jf
0
0 0 
ωd
2J
u
−
τ
q
q
  iqd 
 1 0 
= −  − pλ
−R
−pω
L
L
L
ud − τd
1
R
idd
0 L
0
pω − L


 1 
ωd
−J
d 
iqd 
(28)
−  0  TL +
dt
idd
0

(21)

Remark 1: The conditions of Theorem 1 can be transformed
into an equivalent problem in the form of LMIs. The transformation corresponds to simple objective changes of variables
X = P −1 , Ki = Mi X −1 and the use of a congruence in
inequalities (19), (20), (21). The following LMI expressions
in variables X and Mi can be obtained:
∃ X = X T > 0, ∃ Yii = YiiT , ∃ Yij = YjiT , ∃ Mi

XATi + Ai X − Bi Mi − MiT BiT + Yii
DX

r
X

From the first equation of (28), it remains that:

for i, j = 1, ..., r, s.t. the pairs (i, j) such that
hi (z(t))hj (z(t)) = 0, ∀ t.


Y11
Y12

 ..
 .

hi (z(t))Ei TL (t) + ẋd (t) (25)

i=1

Noting that:

Stability Analysis

Gij + Gji
2

hi (z(t))Ai xd (t)−

i=1

(18)

i=1 j=1



r
X

(23)

(24)

iqd = (ω̇d +

f
1
2J
ωd + TL )
.
J
J
3pλ

(29)

According to field oriented vector control, the best choice for
the desired d-axis current is idd = 0. Then, the vector of VDVs
becomes:


ωd
1
2J 
xd (ωd , TL ) =  (ω̇d + B
(30)
J ωd + J TL ) 3pλ
0
From the second and the third equation of (28), we obtain the
following nonlinear tracking control inputs:
(
uq = pλωd + Riqd + Li̇qd + τq
(31)
ud = −pLωiqd + τd
C. Load torque observer
The reference model obtained in (30) needs the load torque,
which is usually an inaccessible state variable or difficult to
measure. Then, it is important to look for its estimated value.
In our case the states are available but we are interested
in estimating an unknown input (load torque). The problem
considered here consists of the reconstruction of the unknown
load torque disturbance by using the information provided by
the input voltages and PMSM outputs. The proposed observer
is a linear combination of local observers, each of them having
the structure proposed in [35]. In this context, we consider
that the load torque is bounded, such as kTL k ≤ η, where η
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is a scalar and k.k represents the Euclidean norm, It is also
assumed that there exists matrices Li such as Ãi = Ai − Li C
have stable eigenvalues, and there exist a symmetric matrix P̃
, a matrix Q̃ , matrices Fi respecting the following constraints:
(
ÃTi P̃ + P̃ Ãi = −Q̃
(32)
Fi C = EiT P̃
The following structure of fuzzy sliding mode observer is
proposed:
(
Pr
˙
x̂(t)
= i=1 hi (z) (Ai x̂(t) + Bi u(t) + Li r(t) + Ei vi (t))
ŷ(t) = C x̂(t)
(33)
The matrices Li and the control variables vi must be determined in order to guarantee the asymptotic convergence of
x̂(t) towards x(t). The terms vi are designed in order to
compensate the error due to the load torque. r(t) is the output
error which is defined as:
r(t) = y(t) − ŷ(t) = Ce(t)

(34)

where e(t) is the state estimation error which is defined as:
e(t) = x(t) − x̂(t)

(35)

and its time derivative can be written as:
r
X
ė(t) =
hi (z) ((Ai − Li C)e + Bi u + Ei TL − Ei vi (t))
(36)
The state estimation error (36) converges toward zero, if the
following theorem is verified:
Theorem 2. The state estimation error (36) converges
toward zero, if vi satisfied the following conditions:
(
Fi r
if r 6= 0
vi (t) = η kF
i rk
(37)
vi (t) = 0 if r = 0
and if there exist a symmetric matrix P̃ , such that:
(38)

Remark 2. In order to calculate the control variables vi (t),
the following LMI expressions in variables P̃ , Q̃ and Fi can
be obtained:
∃ P̃ = P̃ T > 0, ∃ Q̃, ∃ Fi :
(
(Ai − Li C)Ti P̃ + P̃ (Ai − Li C) = −Q̃
(39)
Fi C = EiT P̃
where Li can be calculated using pole placement technique.
The estimated load torque is derived, as follows:
+
+
Pr
Pr
T̂L ≈
(x̂ − x̄) −
(x − x̂)
i=1 hi Ei
i=1 hi Ei
(40)
where (.)+ denotes the pseudo-inverse and x̄ denotes the state
resulting from the fuzzy model without disturbance which is
defined as:
r
X
˙
x̄(t)
=
hi (z(t))(Ai x̄(t) + Bi u(t))
(41)
i=1
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In order to verify the effectiveness and the validity of the
proposed method, a numerical simulation was carried out by
using MATLAB/Simulink with the parameters of PMSM listed
in Table I. The following fuzzy controller gains are calculated
by solving the LMIs:


8.1338 18.8361 0.0758
K1 =
−0.0765 0.0780 18.8743


12.4762 16.8344 −0.3105
K2 =
.
−0.1569 −0.2428 17.9380
The FSMO matrix gains Fi are calculated by solving the LMIs
(39), as follows:
F1 = F2 = −4.2745 × 103
where the matrix gains Li are calculated using the pole
placement technique, as follows


L1 = 104 . 0.1353 3.1135 0.7554


L2 = 104 . 0.1353 3.1135 −0.7554
The proposed fuzzy tracking control has been verified for the
following cases:

i=1

ÃTi P̃ + P̃ Ãi < 0

IV. S IMULATION R ESULTS

A. Speed tracking
The aim of the first simulation is to force the output speed
of the PMSM to track sinusoidal reference speed ωd (t) =
100sin(t) rad/s, where the initial states are assumed to be:

T

T
10 0 0
−10 0 0
x(0) =
, x̂(0) =
. The
responses of different steady states are shown in Figs 3(a),
3(c), 3(b) and 3(d). The simulation results indicate that the
time response of the tracking is very low. It is clear that the
less speed, current and voltage tracking errors, the better the
tracking performance. Indeed, the speed and d-q axis currents
track well the reference trajectory with good reliability over
the whole speed range. From Figs 3(c) and 3(d), it is clear that
the current and voltage responses are in the expected ranges.
B. Speed regulation with applied load torque disturbance
The aim of the second simulation is to force the output
speed of the PMSM to track the step-reference speed ωd (t) =
100 rad/s, where the load torque disturbance increases from
0 N.m to 5.5 N.m at t = 2 s and decreases from 5.5 N.m to
0 N.m at t = 4 s, as shown in Fig. 4(d). The initial states are
set to be x(0) = x̂(0) = 0. The dynamic responses of PMSM
system are shown in Figs. 4(a), 4(b) and 4(c). It can be seen
from these figures that the time response of the regulation
control is very low, also, the tracking error is very small when
the load disturbance changes from 0 N.m to 5.5 or vice-versa.
This means that the robustness of the fuzzy tracking control is
improved with the disturbance compensation. From Fig 4(d),
it is clear that the load torque variation can be successfully
identified via the proposed fuzzy sliding mode observer.
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Fig. 3: Closed loop control with ωd (t) = 100sin(t) rad/s.
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TABLE I: Parameters of the PMSM.
Parameter
Number of poles pairs
Stator Resistance
d-axis Inductance
q-axis Inductance
Rotor inertia
Friction coefficient
Magnet flux linkage

Symbol
p
R
Ld
Lq
J
f
λ

Value
4
2.875 Ω
8.5 mH
8.5 mH
0.0008 Kg.m2
0.001 N.m/rad/s
0.175 wb

V. C ONCLUSION
This paper presents a fuzzy tracking control method for
a PMSM based on the concept of VDVs and sliding mode
observer. The concept of VDVs is used to simplify the design
of the control law and the construction of the reference model
according to the desired speed and the load torque disturbance.
A fuzzy sliding mode observer is proposed to estimated the
variation of the load torque disturbance. Sufficient conditions
for stability are derived from Lyapunov’s method and solved
by convex programming techniques. The simulation results
show the effectiveness of the proposed fuzzy tracking control
method and the robustness of the designed controller.
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Abstract--The connecting of renewable dispersed
generation RDG to the medium voltage MV distribution
power system has many advantages, However, as much RDG
connected to the distribution power system as much the
system are going to be complicated, So, in the presence of
RDG some problems in protection devices will occur. By
installing the RDG in power distribution system, the fault
current levels IF will be changed and furthermore may lead
to a miscoordination in directional overcurrent relay DOCR.
This paper focuses on a novel approach to study the impact of
active power injected by RDG PRDG on the different types of
fault current IF, and on the operation time T for IDMT over
current relay in the presence of a three phase fault current
and different types of characteristic curves of IDMT, for each
impact two cases will be studied: power system with, and
without RDG. This approach was developed using MATLAB,
and has implemented on an Algerian MV radial distribution
power system.
Index Terms—Renewable dispersed generation (RDG),
fault current (IF), directional over current relay (DOCR),
operation time (T), inverse definite minimum time (IDMT).

2. INTRODUCTION
The classical electrical generation comprises of
sizeable central power station, such as hydro, nuclear, and
thermal. The distances between the stations and the loads
are significant, for that reason, the transport of energy
must be made by transmission lines and distribution
systems from the power stations to the loads. So these
distribution systems and stations and transmission lines are
being used to their maximum capacity nowadays, but the
demand of consumptions is increasing [1].
This increase in consumption demand needs the
building of new generation power stations and an
expanded transmission and distribution systems, this
requirements are not recommended from an environmental
or economic perspective [2]. Therefore, the integration of
RDG in the distribution power systems has been increased
rapidly [3]. RDG is determined as small-scale electrical
generation supplied by the renewable energy sources, such
as solar and wind, or by sources of low-emission energy,
such as micro-turbines and fuel cells. Different forms of
RDG technologies are developed around world in recent
years [4]. Integration of the RDG into distribution power
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system has many advantages and benefits but it has also
their enormous influences on the power system [5], one of
the major impacts is the impact on the operation of the
protection system [6].
Concerning the impact of RDG on protection, many
researchers performed how to gear of the consequent
problems of integrating of RDG. Some of these famous
difficulties are: Arcing faults [7], Protective relaying
scheme [8], cost reduction of distribution network
protection [9], Operation of auto reclosing [10], Adaptive
protection scheme [11], Fuse-Fuse coordination [12],
Recloser-Fuse coordination [13], Single Line to earth
faults [14], protection of single wire earth return lines
[15], performance curve of frequency relays [16],
protection coordination index [17], Earth fault protection
with isolated neural [18], Fault location problem [19],
Optimal allocation of DG to minimize relay operating
times [20], traditional current protection [21], and distance
relay zone settings [22].
This paper is arranged as follow, section 3 illustrate the
basic equations needed for the calculation of the fault
current with and without RDG, section 3 presents the
properties of the IDMT overcurrent Relay and the needed
equations and its different kinds of characteristic curve,
section 4 presents the case study and the DISCUSES OF
obtained results in two cases (with and without RDG).
2. CALCULATION OF FAULT CURRENT IN THE PRESENCE
OF RDG
To illustrate the impact of RDG unit on the fault current
IF, a generic feeder is shown in Figure 1. The RDG unit is
connected at distance dRDG, and the three-phase fault
current IF located in the end of the feeder is simulated.

Fig. 1. Contribution of fault current in presence of RDG.
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To specify the location of the RDG, The distance
parameter is defined as:

l

dR DG

(1)

dtot

Where, dtot is the total feeder length, and l the relative
RDG location. Figure 2 presents the electric equivalent of
the Figure 1, where ZL is the total line impedance, ZS is the
source impedance, ZRDG is the RDG impedance, US the
voltage of source, URDG voltage of the RDG.

Fig.2. Electric equivalent circuit.

Determining the mesh currents I1, I2 and applying the
law of Kirchhoff’s voltage for URDG and US.

éU
ù
ê S ú=
êU
ú
ú
ëê RDG û

éZ + Z
ù éI ù
(1 - l).ZL
RDG
êS
ú ê1ú
ê(1 - l).Z Z (1 - l).Z ú. êI ú
L
RDG
Lû
ú ëê 2 û
ú
ëê

For the power system contribution holds:

I F- S =

Z RDG
Z RDG + l.Z L + Z S

´ I F - 3f

(9)

Substituting equation (5) into equation (9), gives the
RDG contribution of the short circuit current:

UT H .Z R DG

IF- S =

(10)
3 éêA + B + C + l.Z L (ZL - ZS ) - l2 Z L 2 ù
ú
ë
û
The total short-circuits current IF-3ø given by equation
(5) and the IF-S given by equation (9), are non-linear
current. In case of a low power system, ZS can be as large
as ZRDG and considering of the contribution of the
generator, the power system contribution to the fault
current reduces [1]-[2].
The equations of the three different type of fault current
below are the basic equations used in this our study case
illustrated by figure 5 and 6.
A. Equations of fault current without RDG
The Phase-ground fault current:

(2)

I F(ph g ) 

Where, I1 is the power system contribution of the IF-S, I2
is the RDG contribution of the IF-RDG. To define the
expressions for IF-S and IF-RDG, the equivalent circuit of
Thevenin of the feeder above is derived in Figure 3.

Vn
Z 1  Z 2  Z 0  3R F

(11)

The Phase to phase isolated fault current:

Vn

I F ( ph  ph ) 

(12)

Z1  Z2

The three Phase symmetrical fault current:

I F ( 3 ph ) 

The Thevenin impedance is given as:

(Z S + l.Z L ).ZRDG
Z S + l.Z L + Z RDG

+ (1 - l).Z L

(3)

The total three phase fault current:

I F - 3f =

UT H

(4)

3.Z T H
UT H .(Z S + l.Z L + Z R DG )

3 éêA + B + C + l.Z L (ZL - ZS ) - l2 Z L 2 ù
ú
ë
û
Where, the coefficients A, B, C are detrmined as:

(5)

Z L Z R DG = A

(6)

Z S Z R DG = B

(7)

ZS ZL = C

(8)
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The total line impedance in the presence of RDG:
Z  Z R DG
Z L R DG  L
Z L  Z R DG

(14)

Z R DG  X G  Z T R

(15)

U R DG 2

(16)

XG 

When substitute equation (3) into equation (4):

I F - 3f =

(13)

Z1

Where Z1, Z2, Z0, are respectively the positive and
negative and homopolar sequence impedance, and RF is
the resistance fault to ground, and Vn the simple voltage
B. Equations of fault current with RDG

Fig. 3. equivalent circuit of Thevenin.

ZT H =

Vn

PR DG

Where XG is the interne reactance of generator RDG
and, ZTR is the impedance of the coupling transformer,
URDG is the voltage at the RDG,and PRDG is the active
power injected by the RDG
The Phase-ground fault current:
I F(ph g ) 
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I F ( ph  ph ) 

Vn
Z L R DG .1  Z L R DG .2

(18)

The three Phase symmetrical fault current:

I F ( 3 ph ) 

Vn
Z L  R DG .1

(19)

3. IDMT DIRECTIONAL OVERCURRENT RELAY
The essential task of the DOCR overcurrent relays is to
sense the faults on the lines, and isolate these faults
quickly by the opening of all the current ways. The sensing
and the switching must occur rapidly to minimize the
damage. However, it should be very selective. To increase
the reliability, it has led to the practice of providing both
“primary” protections with “backup” protections which
should function only if one of the primary devices fails.
On the basis of the operation the overcurrent relays are
classified in three categories: Instantaneous Overcurrent
Relay (IOR), Definite Time Overcurrent Relay (DTOC),
Inverse Definite Minimum Time (IDMT) Overcurrent
Relay.

Where, T is the relay operating time (sec), TDS is the
time dial setting (sec), IP is pickup current (A), IF is the
fault current (A), IM is the fault current measured by the
relay, and KCT is ration of current transformer. The
constant k and α that depends of characteristic curve for
IDMT directional overcurrent relay.
However, it can be shown that the proposed method can
be easily applied to a radial distribution power system
with combination of overcurrent relays with different
characteristics as presented in Figure 4.

5

10

A. Inverse Definite Minimum Time (IDMT) Overcurrent
Relay :
This relay has an inverse time characteristic. This means
that the operating time of the relay is inversely
proportional to the fault current and if the fault current is
higher, the operating time will be lesser.
It can be classified for a very large range of fault
currents and operating times. The characteristic of an
IDMT overcurrent relay depends on the type of standard
selected for the relay operation. These standards can be:
IEEE, ANSI, IEC or user defined. By using the
characteristic curves and the corresponding parameters the
relay calculates the operation time.
Any of the standards mentioned above can be used to
implement the characteristic curve for an overcurrent
relay. The overcurrent relay will then calculate the
operation time corresponding to that particular
characteristic curve [23]-[24].

(

IM 

IM
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a
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Fig.4. Time and current of IDMT Overccurent Relaying
Characteristics.

Table 1 below shows the constants values
corresponding to each curve characteristic made standard
IEC 60255-3 :
TABLE I

Different type of inverse chracteristics curves
type

K

α

Normal Inverse NI

0.14

0.02

Very Inverse VI

13.5

1.00

Extremly Inverse EI

80

2.00

Long Time Inverse LTI

120

1.00

4. CASE STUDY AND SIMULATION RESULTS
The proposed methodology is applied to a medium
voltage (30 kV) radial distribution power system.

) - 1

IF
K CT

2

10

-1

The directional overcurrent relays employed in this
paper are considered as numerical with standard IDMT
characteristics that comply with the IEC 60255-3 standard,
and have their tripping direction away from the bus [25].
K

3

10

10

B. Relay characteristics :

T = T DS ´

NI
VI
EI
LTI

4

10

Operation Time T (sec)

The Phase to phase isolated fault current:

(21)

Figure 5 show the main distribution feeder protected by
IDMT relays RA and RB, and the fault on the bus C. on the
other hand the RDG study is installed between buses B
and C as shown in figure 6.
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Following table II and figure 7, the value of fault current
with RDG increases by augmentation of active power
injected whatever the type of fault current, this is a
consequence of the effect of the impedance of RDG ZRDG
where ZRDG decreased by the injection of active power,
then, the fault current IF is being increased.
B. Impact of PRDG on the operation time
Table III present the values of operation time for IDMT
overcurrent relay RB without RDG for the different types
of characteristics curves with the three types of fault
current on bus C.

Fig. 5. Distribution network without RDG .

TABLE III

Operation Time without RDG
Fault type

Fig. 6. Distribution network with RDG.

Single Phase

Phase to Phase

Three-phase

NI

6.6416

2.7210

2.5697

VI

7.3459

1.1960

1.0236

EI

11.3429

0.5334

0.3994

LTI

65.2971

10.6309

9.0987

T (sec)

Based on the above unifilar schemes we will study the following
impact:

A. Impact of PRDG on fault current
Table II presents the absolute and angles values of the
three types of fault current (IF) on absence of RDG.
TABLE II

Fault Current without RDG
Fault type

Single Phase

Phase to Phase

Figure 8 and 9 and 10 and 11 shows the impact of the
active power injected by RDG on the operation time for
IDMT overcurrent relay RB in the presence of the three
types of fault current in the different types of
characteristics curves respectively NI, VI, EI, LTI.
3.2

Three-phase

Ph-G
Ph-Ph
Ph-Ph-Ph

3

Abs (kA)

0.8513

Angle (°)

-81.093

3.6863

4.2566

-81.093

Operation Time T (sec)

IF
-81.093

Figure 7 shows the impact of the active power injected
by RDG (PRDG) on the fault current IF in presence of the
three types of fault current.

2.8

2.6

2.4

2.2

2

18

Ph-G
Ph-Ph
Ph-Ph-Ph

16

1.8

1.6

Fault Current IF (kA)

14

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Active Power Injected PRDG (MW)

Fig. 8. Operation Time of NI characteristic curve with RDG
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Fig. 7. Fault Current with RDG.
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fault current the presence of the active power injected of
RDG decrease the value of operation time of relay because
the fault current IF is changed.

1.8

Ph-G
Ph-Ph
Ph-Ph-Ph

Operation Time T (sec)

1.6

5. CONCLUSION
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Fig. 9. Operation Time of VI characteristic curve with RDG

1.4

Ph-G
Ph-Ph
Ph-Ph-Ph

1.2

This paper fills a gap in the understanding of the
particular problem of protection blinding through
presenting a detailed study of the impact of RDG on
IDMT directional overcurrent protection using a typical
MV radial distribution network in presence of three phase
fault. The factors that can influence the effect of RDG on
the fault current and the operation time value for
overcurrent protection system have been carefully
considered in the investigation. By installing RDG in MV
power distribution networks, the fault current levels are
changed and may lead to some mis-coordination in
directional overcurrent protection.
The continuity of this work will be the coordination of
the IDMT overcurrent relays considering several
conflicting objective functions and various power system
topologies in presence of FACTS devices and renewable
energy using optimization technique.

Operation Time T (sec)

APPENDIX
1

A. MV Distribution Line
Un = 30 KV,
LAB = 20 KM,
LBC = 10 KM,
ZL = 0.021 + j 0.134 Ω/KM,

0.8

0.6

0.4

B. Renewable Dispersed Generation (RDG)
0.2
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Active Power Injected PRDG (MW)

Fig. 10. Operation Time of EI characteristic curve with RDG

Operation Time T (sec)

C. Directional Overcurrent Relay
KCT = 300/1,
Standard: IEC,
TMS = 1.00 (sec),
IP = 1.00 (A),

16

Ph-G
Ph-Ph
Ph-Ph-Ph

14

UG = 660 V,
PRDG = 0 à 1 MW,
ZTR = 0.1254 + j 0.2457 Ω/KM,

12
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Abstract--SOA (Services Oriented Architecture) is
considered since its appearance as a solution to enterprise
information systems which allow agility, reusability and
interoperability. In the last decade, a big trend for the
adoption and migration to SOA has been noticed. Studies
have shown that the cost of migration to SOA using
reengineering techniques is much less than that from a
redevelopment of Information system.
Service Identification is a critical phase in services
engineering, particularly in the SOA design. The position,
direction and service identification activities differ from one
context to another.
Our work falls within the field of the re-engineering of
legacy systems and more particularly object-oriented
applications towards a service-oriented architecture.
Through this article, we propose to evaluate the results of the
identification of services from the object code by comparing
the resulting services with those expected by the company.
The services identification being made automatically from
the analysis of object-oriented code can generate services that
will not make sense for the company. To validate the
identified services we have to take into consideration the
point of view of the company, the latter is represented in
BPMN diagrams.
To achieve this goal we have proposed conversion rules
and developed a tool that automates the identification of
services from BPMN diagrams in order to compare them
with the services identified from the object code and validate
them.
Index Terms--SOA (Services Oriented Architecture),
Reengineering, Service Identification, Migration Towards
SOA, BPM, BPMN2.

1. INTRODUCTION
Business Process Management (BPM) includes
methods, techniques, and tools to support the design,
enactment, management, and analysis of operational
business processes [1]. It enables organizations to be more
efficient, more effective and more capable of change than
a
functionally
focused,
traditional
hierarchical
management approach [2]. Business process is defined as
“a collection of activities that takes one or more kinds of
input and creates an output that is of value to the customer.
A business process has a goal and it is affected by events
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occurring in the external world or in other processes.” [3].
Business Process Model and Notation (BPMN) is a
standardized graphical notation for modeling business
processes. It will enable businesses to understand their
internal business procedures in a graphical notation and
will give organizations the ability to communicate these
procedures in a standard manner. Furthermore, the
graphical notation will facilitate the understanding of the
performance collaborations and business transactions
between the organizations [4].
In order to increase the efficiency of the company‟s
business process, a good choice would be to combine
BPM and SOA. BPM will bring through its approach and
its overall view of all business processes a level of
understanding that will permit more simplicity, flexibility
in the optimization and process control. Thus, service
identification will be better conducted through an
approach combining the technical aspect of the SOA and
the comprehensive aspect of BPM, hence the choice of the
meet-in-the-middle approach.
2. BACKGROUND AND OBJECTIVES
To achieve service identification, several approaches
have been proposed, among them Top-down, bottom-up,
Inside-Out and Meet-in-the-Middle (Outside-In) "Fig. 1".
The latter consists of conducting in parallel a top down
approach to define high level of services necessary for the
implementation of business processes (in our case
represented by BPMN2 diagrams), as well as a bottom-up
approach in order to identify and extract services from the
existing application code (in this case the source code of
Object oriented applications). Through our previous
works, we proposed a solution to the automation of service
identification stage following a bottom-up approach
(intervening on the object oriented source code) in which
we used the classification algorithms to constitute class
groups each forming a service.
Although this work has allowed us to propose a reengineering of object-oriented applications to serviceoriented architecture, and each proposed service complies
with the quality requirements and characteristics of a
service-oriented architecture. This approach does not
guarantee that the services automatically identified meet
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the enterprise's expectations and point of view. To remedy
this problem we proposed automation of service
identification based on the perspective of the company
represented by the BPMN diagrams.

Candidate
services
Service
identification

Focused part by the work
Automating the service
identification from the standard of
BPM, the BPMN2.

Applying
identification rules

Extracting
information

Top Down
Reusable services according to
business perspective

File analysis

XML
FILE

Middle-Out

Meet In The Middle
Service identified from
existing legacy systems

Export

Software
BPMN

BPMN
DIAGRAMS

Fig.2. The steps for the automatic identification service

C. Applying identification rules
Bottom Up
Tools , analyzing object
source code, using
classification algorithms
Fig. 1. Service identification approaches.

The objective is multiple: First, this work allows
validating the results of the identification of services from
existing object oriented applications, second it also giving
companies the means to verify compliance of their IT
developed according to SOA with their expectations and
their tender specifications.

In In this step, we proceed with the extraction of
services from BPMN diagrams by applying some rules
that we have deduced from the properties of the services.
These rules can be updated on a continual basis in order to
improve identification. We present, in the following, some
examples of rules that we used to identify services.
 r1. A Task with the type service is an automatic task
ie without human interference. Such task could be
considered directly as a web service.
 r2. A process is a service constitute by all its tasks if
all its tasks are of the manual type.
 r3. A process that contains at least one manual task
cannot be considered globally as a service, but it
can be constituted of a finer granularity services.
 r4. Each path after a conditional branch can be
considered as a service on condition that: the path
is parallel and it does not contain any manual task.

3. RESULT AND DISCUSSION
Our goal is to automate the identification of services
from the perspective of the company represented by the
BPMN 2.0 diagrams. We want to break down all of the
functionality provided by this graphical representation into
a consistent set of features called basics services. In our
case a task or set of tasks may form a service provided to
respect the properties of a service. To achieve this goal we
have to follow the steps described in Figure “Fig.2”.

Task1

A. File analysis

Task3

The analysis stage can extract information from a given
representation, in our case we rely on two types of
diagrams: process diagram and collaboration diagram.
These informations, are about the components of a process
such as the events, activities, messages, connections, etc.

Task4

Task5

Task6

Fig. 3. Example of applying rules to identify services.

Many other rules where proposed and tested on samples.

B. Extracting information
During the diagrams analysis, our tool will scan all the
elements of the XML file to organize them into a usable
data structure and easy to navigate.
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Task2

D. Services assessment
After the identification of services from BPMN2
diagrams, we begin the results assessment stage of
candidate services (web service). This assessment can be
done by comparing manually the results of the automatic
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identification of services from BPMN2 with the results of
the identification service from object code analyzed.
5. CONCLUSION
Through this work we wanted to complete preliminary
work which was to provide a solution and a tool for
automatic migration of legacy systems (such as objectoriented systems) to a service-oriented architecture using
the analysis of the source code of legacy system and
application of unsupervised classification algorithms [5].
We noticed that the resulting services were purely
technical; they were independent and reusable modules
that meet the characteristics of a good service as defined
SOA. But, these services lack the semantic aspect of
business processes.
In order to improve the quality of services identified
from the source code, we proposed to exploit the semantic
contribution provided by the BPM. To identify services
according to business perspective, our proposal is based
on the automatic interpretation of BPMN2 diagrams, and
to automate the identification of services, we proposed a
set of rules complying with the SOA service
characteristics. So we can assess IT services developed by
programmers, and confirm their alignment with the
expectations and business requirements.
As perspective we propose to improve our work by
making it more general by allowing updates with new
rules. Furthermore, we wish to extend our work with a new
part that will automate the assessment and verification of
the alignment of IT services with business needs that
remains in our case a manual stage.
REFERENCES
[1]

VAN DER AALST, Wil MP, TER HOFSTEDE, Arthur HM, et
WESKE, Mathias. Business process management: A survey. In :
International conference on business process management.
Springer Berlin Heidelberg, 2003. p. 1-12

[2]

KO, Ryan KL. A computer scientist's introductory guide to
business process management (BPM). Crossroads, 2009, vol. 15,
no 4, p. 4.

[3] Hammer, M. and Champy, J. 1993. Reengineering the
Corporation: A Manifesto for Business Revolution. Harper
Business, New York, NY.
[4] Object Management Group: Business Process Model and
Notation; http://www.bpmn.org/ consulted: 30 October 2016.
[5] W.Nebili, R.Chelaghmia, A.Seridi: Master memory
„Identification des services web à partir d‟application orientée
objet en utilisant les algorithmes de classification (étude
comparative).‟ University 8 Mai 1945 Guelma - 2015

ISBN: 978-9938-14-953-1

(298)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

Distribution Network Reconfiguration Using Grey
Wolf Optimizer (GWO) algorithm
R. D. Mohammedi, M. Mosbah
Laboratoire d’Analyse et de Commande des Systèmes d’Energie et Réseaux Electriques (LACoSERE),
University of Laghouat, Laghouat, Algeria

r.mohammedi@univ-djelfa.dz

Abstract— The present paper describes the application of the
Grey Wolf Optimizer (GWO) to determine the optimal
reconfiguration in radial distribution networks. The main
objectives are to minimize the active power loss. A detailed
performance analysis is applied on 33, 69, 84, and 118 bus
networks to illustrate the effectiveness of the proposed
methodology.
Index Terms— reconfiguration, power losses, grey wolf
optimizer, radial distribution networks.

II. PROBLEM FORMULATION
A. Objective Function
The reason why power losses are selected as an objective
function is that the losses are one of vital quantities in
distribution systems and it is critical to keep power losses low
for a better usage of network resources. The system total power
loss is formulated as:
N

I. INTRODUCTION

i 1 j 1

Distribution networks are usually designed to be radial, to
have only one path between each customer and the substation.
Radial networks possess some advantages over meshed
networks, including lower short circuit currents and simpler
switching and protecting equipment. However, the radial
structure provides lower overall reliability. Therefore, to use the
benefits of the radial structure and, at the same time, to overcome
the difficulties, distribution systems are planned and built as
weakly meshed networks but operated as radial networks.
Two types of switches are generally found in the distribution
networks for both protection and configuration management.
These are sectionalizing switches (normally closed switches)
and tie switches (normally opened switches [1]. Reconfiguration
is defined as altering the topological structure of distribution
networks by changing the open/close status of sectionalizing and
tie-switches in order to optimize network operation parameters.
A survey of early works is provided in Ref. [2]. A nonexhaustive list of successive references illustrating the various
methods are included in Refs. [3-13].
In this paper, a Grey Wolf Optimizer (GWO) algorithm is
used on the reconfiguration problem of the radial distribution
networks to minimize real power loss. The organization of this
paper is as follows. In Section II, the mathematical formulation
for the problem of optimal reconfiguration is presented. Section
III briefs the GWO algorithm. Section IV provides the complete
details of the proposed GWO reconfiguration algorithm. The
simulation test resulting in two typical radial distribution
networks are presented and discussed in Section V. Section VI
concludes the paper.
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where Pi , Qi , Pj , Q j are the net real and reactive power
injection at buses i and j , respectively; R ij is the line
resistance between buses

i and j , V i  i , V j  j are the

voltage magnitude and angle at buses i and j , respectively;
and N is the total number of buses.
B. Constraints
1. Equality Constraints
At each bus of the network, power ﬂow equations should be
satisﬁed as follows:
N bus

 PGi  PLi  V iV jY ij G ij cos  j   i   B ij sin   j   i 
j 1

,

N bus
Q  Q  V V Y G sin     B cos    
 j i  ij  j i 

Li
i j ij  ij
 Gi
j 1

(2)
i  1, 2, , Nbus
where Y ij  G ij  jB ij is the element of the bus admittance
matrix corresponding to buses i and j .
2. Inequality Constraints
a. Bus voltage limitation
In distribution system, the voltage must be kept within the
standard limits of each bus and it may mathematically be
expressed as:
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V i min  V i  V i max

, i  2,3,  , N bus

(3)

where V i
and V i
are the minimum (resp. maximum)
voltages of the ith bus.
b. Line Thermal Limit
The rating of each branch is constrained by its permissible
power as:
S ij  S ijmax , i , j  2,3, , N bus
(4)
min

max

where S ij is the apparent power ﬂow at distribution system
lines between bus i and j ; S max is the permitted rating of
branch ij .
3. Radiality constraint
It is vital to keep the network radial after reconﬁguration due
to some technical reasons such as protection coordination. In
this paper, bus incidence matrix Aˆ is proposed for checking
the radiality of candidate solutions [14]. Matrix Aˆ has one row
for each branch and one column for each node with an entry aij
in row i and column j according to the following rules:
 1 if branch starts at node i

aij    1 if branch starts at node j
(5)
 0 otherwise

The square matrix A can be obtained from the matrix Aˆ by
deleting the column corresponding to the reference node. If the
determinant of A is equal to 1 or -1, then the system is radial.
Else if that is equal to zero, this means that either the system is
not radial, or groups of loads are disconnected from the service.

C. Constraints- Handling Mechanism
The constraints are handled as follows:
1. Equality Constraints
In the distribution feeders, the system Jacobian matrix is
usually ill-conditioned because of high R/X ratio in line
segments. Thus, traditional methods, such as Gauss-Seidel and
Newton-Raphson, are not appropriate for solving the load flow
problem in most cases and may often fail to converge. Based on
this matter, for solving the load flow of distribution networks,
the known backward-forward technique [15] has been adopted
in this work.
2. Inequality Constraints
The inequality constraints (10) and (11) are handled by
introducing penalty functions. Those functions indicate that a
violated inequality constraint will be punished and then
augmented to the objective functions (2) and (8).
N bus

F Penalized  F   K v V i V i lim  
2

i 1

N line

 K s S Li  S Lilim 

(6)

2

i 1

where F is the objective function value, V i
described as
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lim

and S

lim
Li

are

V i lim

V i max if V i V i max

 V i min if V i V i min

if V i min V i V i max
V i

(7)

S Limax if S Li  S Limax

S Lilim  S Limin if S Li  S Limin
(8)

min
max
if S Li  S Li  S Li
S Li
where K v and K s are the penalty factors. In this paper, the
values of penalty factors have been considered 10,000.
III. GREY WOLF OPTIMIZER (GWO) ALGORITHM
In 2014, Syedali Mirjalili et al. [16], proposed a new
population based meta-heuristic optimization algorithm entitled
“Grey Wolf Optimizer” (GWO). The social leadership and
hunting technique of grey wolves were the main inspiration of
this algorithm. Similarly to other meta-heuristics, it initializes
the optimization process by generation a set of random candidate
solutions (wolves). During every iteration, the ﬁrst three best
wolves are considered as alpha (α), beta (β), and delta (δ), who
lead other wolves (ω) toward promising zones of the search
space.

Grey wolves tend to encircle the prey when the hunt. To
model encircling behavior, the equation is deﬁned as follows:


 

X (t  1)  X p (t )  A  C X p (t )  X
(9)



A  2a  rand 1  a
(10)

C  2  rand 2
(11)


where t is the iteration number, A and C are coefﬁcient


vectors, X is the position vectors of prey, X p indicates the
position vector of a grey wolf. rand 1 , rand 2 are random vectors

in [0, 1] and the variable a decreases linearly from 2 to 0 with
the iteration steps:

a  2  t t max
(12)

(300)
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It should be noted that each mega wolf is required to update
its position with respect to alpha, beta, and delta simultaneously
as follows
 

D  C 1 X  (t )  X
(13)
 

D   C 2 X  (t )  X
(14)
 

D  C 3 X  (t )  X
(15)
   
X 1  X   A1  D
(16)
   
X 2  X   A2  D 
(17)
   
X 3  X   A3  D
(18)

  
X (t  1)  X 1  X 2  X 3 3
(19)



 
 
 



It was argued by Mirjalili et al. [16] that the parameters A
and C oblige the GWO algorithm to explore and exploit the
search space. Half of the iterations is devoted to exploration
(when A  1 ) and the rest to exploitation (when A  1 ). The
parameter C also changed randomly to resolve local optima
stagnation during the course of optimization.
IV. APPLICATION OF THE GWO TO THE PROPOSED PROBLEM
1. Decision variables
Because of the design of the network, the fundamental loops
are numbered from 1 to BL , respectively. Then, one switch
from every BL loops is opened to keep the network radial with
considering constraints of system. This helps to reduce the
generation of infeasible conﬁguration during each stage of the
optimization algorithm.
X  Sw 1 , Sw 2 ,  , Sw BL 
(20)
where X represents the state variables (solution) and SW i
represents the open switch number that is selected from the ith
fundamental loop. Thus, the size of X is equal to the number
of distribution system fundamental loops. The number of
network fundamental loops is equal to the number of tie
switches. Therefore, the encoding of individuals is as shown in
Figure 2, where each candidate switch is denoted by discrete
integer is corresponding to the respective loop vector.

Figure 1. Encoding of individuals
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2. The Proposed Method Steps
The steps of the GWO algorithm are given below.
Step 1: Define the input data including the system base
configuration, line impedance and bus data (Load Power i.e.,
Real Power and Reactive Power) and status of switches.
Step 2: Initialize GWO parameters such as population size
(PS), maximum number of iterations (iter) and the vectors
 

variables ( a , A and C ).
Step 3: Perform the distribution load flow analysis using a
backward/forward sweep approach for each control variables
vector. According to the results of the distribution load flow,
the objective function value Fobj (X ) (eq. 1), equality and
inequality constraints are evaluated and then the augment
objective function F (X ) is calculated by using the values of
objective function, constraints, and penalty factors (eq. 6).
Step 4: Update leader wolves X  , X



and X  (first three

best search agents).
Step 5: Use eq.10, eq.11 and eq.12 to calculate the coefficient

 
vectors ( A , C and a ).
Step 6: Update the wolves’ position using eq. 9.
Repeat the procedure from step 3 to 6 until the maximum
number of iteration is reached. The last X  is the solution of
the problem.
V. SIMULATIONS AND RESULTS
In this section, the proposed algorithm is tested on 33-bus
[17], 69-bus [18], 84-bus [19] and 118-bus [20] radial
distribution networks. Table 1 shows the effectiveness of the
proposed algorithm on system performance in comparison with
base case (before reconfiguration). The proposed GWO
methodology is programmed in MATLAB 7.1. The test
environment is set up on a computer with Intel Core i7-2630QM
CPU, 3.30 GHz, 12GB RAM, running on Windows 10.
As can be seen from the comparison of columns (2) and (5)
in Table 1, the total active power losses of all test systems are
reduced significantly after reconfiguration.
The voltage profiles of all test systems are depicted in Fig.
3. As it can be seen, the voltage levels at all nodes for the radial
distribution systems are improved and placed in an acceptable
margin.
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TABLE 1. RESULT OF THE PROPOSED ALGORITHM

After Reconfiguration

Before Reconfiguration
Test System

Real Power
Loss (kW)

Minimum
node voltage
(p.u.)

33-bus
69-bus

202.66
224.78

0.9131
0.9092

84-bus

531.81

0.9285

118-bus

1297.86

0.8688

Branches switched out
7-14-9-32-37
14-70-69-58-61
55-7-86-72-88-89-90-8392-39-34-40-62
42-12-23-51-48-58-39-95-71-7497-107-85-109-34

Real Power
Loss (kW)

Minimum
node voltage
(p.u.)

Loss
reduction (%)

139.51
99.58

0.9378
0.9427

31.16
55.70

470.32

0.9532

11.56

905.19

0.9322

30.26

Fig. 3. Voltage proﬁle before and after reconfiguration
TABLE 2. COMPARISONS OF AVERAGE WITH PREVIOUS METHOD
Test system
33-bus
69-bus
84-bus

118-bus

Methods

Optimal configuration

PSO
Proposed GWO
PSO
Proposed GWO

7-14-9-32-37
7-14-9-32-37
13-70-69-58-61
14-70-69-58-61
61-7-86-72-13-89-90-82-9239-34-42-54
55-7-86-72-88-89-90-8392-39-34-40-62
42-119-32-52-47-60-39-125128-73-71-82-130-108-23
42-12-23-51-48-58-39-95-7174-97-107-85-109-34

PSO
Proposed GWO
PSO
Proposed GWO
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142.12
139.51
99.67
99.58

Minimum
node voltage
(p.u.)
0.9336
0.9378
0.9427
0.9427

476.91

0.9503

470.32

0.9532

949.61

0.9122

905.19

0.9322

Real power
loss (kW)
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The results obtained using GWO method is compared
with Particle Swarm Optimization method (PSO) and the
results are shown in Table 2.
VI. CONCLUSION
This paper has presented a GWO based approach for
optimum reconfiguration of radial distribution networks, the
objective function was the minimization of power losses while
satisfying system constraints. The proposed algorithm was
tested on 33-bus, 69-bus, 84-bus and 118-bus radial
distribution test systems. The results have proved the
efficiency of this method for reduction of active power losses
and enhancement of voltage profile.
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Abstract--The main purpose of this study is the design and
performance investigation of a test bench reproducing grid
behavior in both ideal conditions and in presence of
normative faults. It is able to generate different types of
disturbed grid voltages as symmetrical and unbalanced
voltage sags, frequency variations and harmonic
disturbances. Taking into account the Tunisian grid
specifications as well as national and international standards
requirements, the designed grid emulator aims to test
performances of
single
and three-phase
utilityinterconnected photovoltaic inverters existing in the
Tunisian local market.
Index Terms—Grid emulator, photovoltaic inverter,
standards requirements, ideal grid conditions, normative
faults.

1. INTRODUCTION
Nowadays, electrical power generation based on
renewable energy sources becomes one of the biggest
concerns because of the fuel sources lack, polluting effects
and raised price. In the Tunisian case, for example,
national plans are targeting, by 2030, to achieve 30% of
the electrical power generation based on distributed
renewable energy including 10% of photovoltaic systems
conditioned by grid connected inverters. Indeed, the
utility-interconnected devices such as photovoltaic
inverters are submitted to compliance tests, due to power
quality evolving concerns in grid codes, national and
international standards. The main objective of these tests
is to study and propose better solutions and
recommendations for renewable energy integration
problems [1]. One of the major technical issues is
islanding. It is defined as a potentially hazardous
phenomenon in which a distribution generation continues
to dispatch power to a portion of the system while that
portion is electrically separated from the main power
system. Such isolated islands may cause serious damages
for maintenance personnel, customer equipments and grid
utility. Thus, the islanding prevention for utility-
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interconnected photovoltaic inverters is an important
performance test to be carried out. Consequently, referring
to both the European and Tunisian Standards, respectively
EN 62116 and NT 67.53, a normative test bench, depicted
in Fig. 1, is needed [2]-[3]. It is composed of 4 parts: an
AC energy supply: the Grid, a DC energy source: a
photovoltaic generator, a load emulator and a supervision
system. The presented test bench aims to evaluate the
equipment under test (EUT) performances based on
normative conformity under various grid conditions [2].
The EUT, in the present study, is the photovoltaic
inverter. However, a real grid cannot be used because of
its output voltage inflexibility. Therefore, a grid emulator
(GE) is required to reproduce grid behavior, both in ideal
conditions and in the presence of normative faults. In fact,
the sinusoidal voltage waveform will be generated with
high flexible programmability of given network
characteristics [4]. For this purpose, this paper focuses on
the design of a grid emulator, to be included in the
normative photovoltaic inverter test bench, taking into
account Tunisian grid specifications and national and
international power quality standards.
This paper is organized as follows. Firstly, in section II,
standards requirements in ideal grid conditions and in
presence of grid faults are presented. Then, in section III,
the study and design of the proposed grid emulator power
topology and control strategy are detailed. Section IV
exposes and discusses the simulation results in order to
validate the designed GE. Finally, a conclusion and some
future works are given.
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Fig. 1. Test bench for compliance testing of grid connected
photovoltaic inverters [2]
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2. STANDARDS REQUIREMENTS
In recent years, grid codes and international standards
concerns are still evolving. In this context, the proposed
grid emulator is designed within a normative test bench
for compliance testing of photovoltaic inverters to be
commercialized in the Tunisian local market.
Hence, studies of international standards dealing with
grid emulating aspects and photovoltaic grid inverter tests,
lead to the definition of the grid emulator to be designed
taking into account both ideal and grid faults operating
conditions.
A.

Ideal grid Conditions

In this case, the grid emulator should be able to
generate a perfect sinusoidal voltage waveform with a
tolerance range as imposed in the European Standard EN
62116 [2]. The output characteristics are presented in
Table I.
TABLE I
GRID EMULATOR CHARACTERISTICS IN IDEAL GRID
CONDITIONS [2]

Parameters
Rated output line-to-neutral
voltage
Frequency
Voltage THD
Phase angle
Rated current
Rated power

Symbol

Characteristics

V ac

230 V rms ± 2%

f
THDU
Φ ac
I ac
Pac

50 Hz ± 0.1 Hz
<2.5%
120° ± 1.5°

Short
interruptions
of supply
voltage
Long
interruption of
supply voltage
Temporary
power
frequency
overvoltages

Parameters
Power
frequency
Output
voltage

Symbol

f

Value
50Hz
-6% +4%

V ac

230 V rms ±10%

Plt

<1
< 1s

Depth

∆t
V ac

Duration

∆t

< 3min

Duration

∆t

> 3min

Output
voltage

V ac

< 440 V

Duration

∆t

5s

Long term
severity
Duration

< 60%

Output
voltage
Duration

V ac

< 6k V rms

∆t

ms-µs

Voltage
unbalance

VU

< 2%

Output
voltage

V ac

See Table II

0 A …25 A
0 kW …6 kW

TABLE II
INDIVIDUAL HARMONIC VOLTAGES AT THE SUPPLY TERMINALS [5]
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Supply
voltage sags

Supply
voltage
unbalance
Harmonic
voltage

3. STUDY AND DESIGN OF THE GRID EMULATOR

Several grid faults are defined and presented in many
standards which deal with power quality issues, such as
EN50160, VDE126 and CEI61000. In the case of the
Tunisian grid, the national energy provider bases his grid
studies on the European Standard EN50160 [5]. Each grid
fault is characterised by a specific output signal waveform
with a prescribed tolerance range. Those specifications are
presented respectively in Tables II and III.

Multiple of 3
Relative
Order
voltage
h
(%)
3
5
9
1.5
15
0.5
21
0.5

Description
Frequency
variation
Voltage
magnitude
variations
Rapid voltage
changes

Transient
overvoltages

B. Grid Faults Conditions

Odd harmonics
Not multiple of 3
Relative
Order
voltage
h
(%)
5
6
7
5
11
3.5
13
3
17
2
19
1.5
23
1.5
25
1.5

TABLE III
GRID EMULATOR CHARACTERISTICS IN PRESENCE OF GRID FAULTS [5]

Even harmonics
Order
h
2
4
6…24

Relative
voltage
(%)
2
1
0.5

The objective of this section is to present the GE design
methodology. The first subsection aims to study its power
topology. Then, the second part presents the proposed
control strategy.
A.

Power Topology Study

In this subsection, first, according to a deep
bibliographic study, different power electronics solutions
based GE, developed by researchers, are presented.
Second, a comparative analysis is carried out to conclude
to the GE power topology to be adopted. The related
filters design is then detailed.
1) Existing Grid Emulator Power Topologies: The grid
emulators were developed basing on four topologies:
thyristor-controlled-reactor-based,
transformer-based,
generator based and linear-amplifier-based ones [6]. With
the advent and the evolution of power electronics, the
voltage source inverters (VSI) based systems are
becoming a very competitive realization technique of the
grid emulators. In this context, four power electronic
topology based grid emulators are presented in Fig. 2, Fig.
3, Fig. 4 and Fig. 5. Each of these GE structures has its
own advantages and drawbacks. Indeed, the three-level
neutral point clamped voltage source converter presented
in Fig. 2 is able to reproduce balanced and unbalanced
faults with high voltage resolution but it uses a big
number of switches which is economically unsuitable [7].
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The second topology, based on voltage source inverter
cumulation, and presented in Fig. 3, is able to generate
transient low frequency faults and high order harmonics
but it presents an interaction between the two used
inverters [8]. The third solution, depicted in Fig. 4, is
based on two three-phase three-leg converters. Such an
emulator can produce voltage and frequency variation and
harmonic faults. But, it is not able to generate single phase
and unbalanced grid faults. This topology is then limited
to the generation of balanced three phases [9]. The last
topology presented in Fig. 5 is based on two three-phase
four-leg converters. It allows generating single and threephase, balanced and unbalanced grid faults, voltage and
frequency variation as well as harmonic disturbances [10].
This structure can be used to reach the desired standard
requirements. But it will rather be modified to make it
more economically suitable.

Fig. 5. Two three-phase four-leg converters based Grid Emulator [10]

2) The Adopted Grid Emulator Design: The grid
emulator design adopted in this study is described by Fig.
6. It is characterised by a back-to-back inverter topology.
In the grid side, a conventional three-phase three-leg
AC/DC converter is used. In the Equipment Under Test
(EUT) side, a three-phase four-leg converter is adopted in
order to generate balanced and unbalanced faults [11].
The used four-leg Voltage Source Inverter (VSI),
involves one more leg than the conventional three-leg
inverter which provides a way for the zero-sequence
currents in case of unbalanced, single and three-phase
loads [12].

Fig. 2. Three-Level Neutral Point Clamped Voltage Source Converter
(3L-NPC-VSC) based Grid Emulator [7]
Fig. 6. The Adopted grid emulator topology

Fig. 3. Voltage Source Inverter Cumulation based Grid Emulator [8]

3) The GE AC and DC Filters Design: The grid
emulator topology is based on power converters generally
characterized by their high harmonics range. Then, the use
of LCL filters is required in order to deal with grid codes
and international standards requirements. The filter design
is carried out basing on high filtering performances and by
ensuring low weight, size and cost. Indeed, the designed
LCL filter is characterized by a supplementary inductance
for the fourth converter wire as presented in Fig. 7. This
design aims to ensure the EUT side converter output
voltage filtering and to meet the filter resonance frequency
condition [13]. On the other hand, the designed grid
emulator has to generate harmonic faults with a range up
to 25 according to the EN50160 Standard [5]. Then, the
filter resonance frequency should be in respect with the
equation 1. Moreover, the filter inductances and
capacitances are sized according respectively to equations
2 and 3 [14].

25. f < f res <

Fig. 4. Two conventional three-phase three-leg converters based Grid
Emulator [9]

f res =
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1
2π

f sw
2

(1)

L x + Ln + L x'
C x .L x ' .( L x + L n )

(2)
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Cx =

∆.P
V 2 ac ω1

TABLE IV

(3)

THE DESIGNED LCL FILTER PARAMETERS

where
f : is the Grid frequency

: denotes respectively the a, b and c phases

L x : are the EUT side converter filter inductances
L x ' : are the PCC side filter inductances
L n : is the PCC side neutral filter inductance
C x : are the AC filter capacitances
P : is the output rated power
∆ : is a relative power value assumed to ensure a
capacitive reactive power at a rated load less than 5%
of the output rated power
V ac : is the Line-to-neutral RMS grid voltage
ω1 : is the fundamental Grid pulsation
Regarding the DC bus, it is designed to provide
sufficient energy to the EUT side converter to generate the
appropriate output signal. The DC bus voltage sizing is
then given by equation 4 [15].

V DC =

2 2
V ac max
m

Symbol

Value

Unit

Grid frequency

f
f sw
V ac

50

Hz

15

kHz

230

V

V ac max

253

V

m
Lx

0.9
1.8

mH

Switching frequency

f res : is the filter resonance frequency
f sw : is the switching frequency
x

Parameter

(4)

where

Vac max : is the maximum line-to-line RMS grid voltage
m : is the modulation index of the Grid side converter

On the other hand, the DC bus capacitance value is
designed using equation 5 basing on the approach
presented in [16].
2.E DCres
C DC = 2
(5)
U DC max − U 2 DCn
where
E DCres : is the DC bus Energy reserve

U DC max : is the maximal DC link Voltage
U DCn : is the nominal DC link Voltage
According to the described AC and DC filter design
methodology, the LCL filter parameters are given in Table
IV.

Line-to-neutral RMS grid
voltage
Maximum Line-to-neutral
RMS grid voltage
Modulation index
AC filter inductance

AC filter capacitance
Minimum DC bus voltage
DC bus capacitance
B.

L x'
Ln
Cx
V DC
C DC

1.8

mH

1.8

mH

27

µF

800

V

1100

µF

The Control Strategy Study

1) The Grid Side Converter Control Strategy: As a
conventional three-phase three-leg converter is adopted in
the grid side, a classical PI controller, used generally for
current-controlled inverters, is designed such that the
reactive power flux does not disturb the grid and the DC
link voltage is well controlled [17]. The control strategy is
developed in the dq frame as depicted in Fig. 8.
2) The EUT Side Converter Control Strategy: A threephase four-leg converter is used in the EUT side. Its
control strategy is ensured in order to maintain the output
voltages equal to the reference ones to emulate both ideal
grid operating conditions, as depicted in Table I, and
disturbed grid operating conditions, as presented in Tables
II and III. The EUT side converter control strategy, as
depicted in Fig. 9, is based on a two control loops cascade.
The external loop aims to control the grid emulator output
voltage in the EUT side. The internal loop controls the
grid emulator output currents and generates then the
inverter voltages references. In this case, using a resonant
controller allows tracking sinusoidal inputs, introducing
an infinite gain at the resonant frequency and eliminating
steady-state error. This strategy requires less
computational resources and execution time than
conventional PI based controllers [18]. The resonant
controller used in this study is defined as show in equation
(6).

GPR ( s ) = K p + K i

s
s +ω2
2

(6)

where

K p and K i are respectively the proportional and integral
gains,

ω is the resonance frequency.
Fig. 7. The designed AC and DC Grid Emulator filters
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SIMULATION RESULTS
In this section, simulation results, using the PSIM
software package, are presented and discussed, in order to
validate the designed GE performances. The simulated
system includes the designed GE connected to a threephase RL load and a given photovoltaic inverter (EUT).

- A voltage sag occurrence at t=0.5s,

4.

Three GE operating conditions are then analyzed: ideal
grid conditions, voltage sag fault occurrence and
unbalance voltage disturbances. The simulation results are
respectively presented in Fig. 10, Fig. 11 and Fig. 12.
The simulated waveforms, for the three studied cases,
are organized as follows.
The first curves depict the DC bus voltage reference
and response. A progressive capacitance charge reference
is taken into account to reach the desired DC bus voltage
of 1000V.
The second simulation waveforms are one-phase GE
output line-to-neutral voltage and its reference.
Furthermore, the third curves present the three phases
line-to-neutral voltages variations.
Finally, the last waveforms present the output current
responses to the grid operating condition variations which
are respectively:

- A voltage unbalance occurrence at t=0.5s.
Indeed, the three cases of the emulated grid voltages are
simulated as follows:
- The ideal sinusoidal voltage waveform depicted in
Fig. 10, during 0.8s, is generated with a 230V rated lineto-neutral voltage, a 50Hz rated frequency and a 120°
phase angle. The voltage references are generated
according to the EN 62116 Standard requirements [2].
- In Fig.11 and Fig. 12, the voltage sag grid fault and
the unbalance voltages disturbance simulation results are
presented during 0.2s. Their specifications are based on
the EN 50160 Standard [4]. The voltage sag is generated
during 0.1s with a depth of 50% and respect of the phases
balance. On the other hand, the unbalance has been
reproduced on the phase ‘a’ with a 10% overvoltage of the
rated voltage.
The obtained results demonstrate that the designed GE
emulate in an accurate way the grid behavior and is able to
reproduce the grid faults as they are defined by the
standard requirements. Indeed, the GE output voltages and
the desired references are in good agreement. These
results show the effectiveness of the designed GE in both,
ideal and faulty grid conditions.

- A load variation at t=0.4s in case of normal grid
operation,

Fig. 8. Grid side converter control strategy
Vdc ref (V)

Fig. 9. EUT side converter control strategy
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Fig. 10. Simulation results of the proposed grid emulator connected to the
EUT (photovoltaic inverter) and three phase RL load in ideal grid operating
conditions
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Fig. 11. Simulation results of the proposed grid emulator connected to the
EUT (photovoltaic inverter) and three-phase RL load in presence of voltage
sag conditions
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Fig. 12. Simulation results of the proposed grid emulator connected to the
EUT (photovoltaic converter) and three phase RL load under unbalance fault
conditions

5.

CONCLUSION
This paper presents the design methodology of a Grid
Emulator (GE) dedicated to the emulation of the Tunisian
grid behavior basing on the EN 50160 Standard
requirements. The designed emulator will be developed to
test grid connected photovoltaic inverters performances
according to the Tunisian market and grid requirements.
The GE power range considered is up to 6kVA. First, a
bibliographic study has been conducted to identify the
different emulator topologies developed by researchers as
well as the standard requirements to be considered both in
ideal grid operating conditions and in presence of
normative faults operating conditions. Second, the
adopted GE topology has been presented, analysed and
sized both in terms of power and control design. Finally,
simulations have been carried out to validate the proposed
GE design. An experimental setup is being developed to
validate the accurate operating of the designed grid
emulator according to the Tunisian grid standard
requirements.
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Abstract—Advanced technics intended for systems control
are introduced to overcome disadvantages of conventional
technics, leading so to the improvement of systems’
performances gathered to a gain in calculation time which
makes easier their implementation on real-time control
platforms. The present paper deals with a based sliding mode
control of a leisure electrical vehicle enclosing a TORUS
configuration of an axial flux permanent magnet synchronous
motor. In order to evaluate the effectiveness of such
controller, a comparative analysis with an adaptive PI
controller has been performed, based on criterions that
guaranty the improvement of the energetic and dynamic
aspects of the electric vehicle.
Index Terms--Electrical Vehicle, Sliding Mode Control,
Adaptive PI control, Speed tracking.

1. NOMENCLATURE
rm
Ld
Lq
R

𝜑𝑎
P
Mv
Rroue
fr
Sf
Cx
Mva
Id
Iq
ud
uq
Ω
Cem
Cr
Crb
Caero
Cg
Ueq
Us
V
Vref
(Vref-V)=e
ts

: reduction ratio
: Direct induction
: In squaring inductance
: Statoric resistance
: Permanent magnet flux
: Number of pole pairs
: Vehicle mass
: Wheel radius
: Coefficient to bearing pneumatic
: Frontal surface
: Drag coefficient
: Density of the magnets
: Direct component of the current
: In squaring components of the current
: Direct component of the voltage
: In squaring components of the voltage
: Angular motor’s speed
: Electromagnetic torque of the motor
: Load torque
: Resistant torque corresponding to the
friction at bearings
: Resistant torque corresponding to
aerodynamic effect
: Resistant torque corresponding to the
gravity effect.
: Equivalent component of the control law,
: Discontinuous component
: Instantaneous EV speed
: Speed reference
: Pursuit error
: Startup time
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2. INTRODUCTION
Numerous countries and global organizations, since
several years, are trying to promote the use of electrical
vehicles (EV) in order to overcome the environmental
pollution and to decrease the demand of the transport sector
on the petroleum and fuel energy. However, due to the
autonomy and cost of the batteries, the EV represented just
0.02 % of the worldwide vehicles by the end of 2012 [1,2].
To remedy such a problem, the improvement of the
energetic aspect of the batteries by ameliorating the
dynamic aspect of the vehicle could be a good solution.
Indeed, these aspects are strongly related to the control law
insuring the mechanical and electrical magnitudes of the
traction chain.
The control of the EV passes chronologically through
different technics. For instance, in [3], authors discussed a
nonlinear robust and optimal model-based controller for an
EV enclosing a brushed DC motor, where the robustness is
principally considered. Besides and in order to ameliorate
the speed tracking of an EV incorporating the same
category of motor as used in [3], the researchers had
realized an internal current regulation using a classical PI
regulator and the external speed regulation loop was
realized via another PI controller [4]. In addition, in [5], a
multi-machine multi-converter system (MMS) was
considered and controlled through an electronic differential
based on direct torque fuzzy control. In this work, it has
been considered that a PI regulator was not able to provide
respectable performance especially for the transient regime
and an adaptive PI controller was designed to govern
separately the two rear wheels and give a kind of robustness
especially when the EV across a straight or a curved road.
In [6,7], the authors aimed a better performance and a good
quality of speed tracking by developing two neuro-PID
controllers to control the speed and the torque of 4-in-wheel
motors integrated in two EVs.
On another hand, the variable structure control system
(VSS), which is also called sliding mode control, is a
specific control for a huge range of systems, presented as a
solid and effective solution in the industry [8]. Nasri and al.
treated the case of an EV with two asynchronous motors
controlled separately using the sliding mode in [9].
Furthermore, they presented in [10] the same control
strategy applied on a 4 wheels’ vehicle.
The present work concerns the study of a mono-motor
structure of leisure EV enclosing a traction chain powered
by an axial-flux permanent magnets synchronous motor
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(AFPMSM). It is aimed to establish a satisfying control of
the vehicle speed tracking, based on the sliding mode. To
do so, the traction chain is firstly described and modelled.
Then, the second part is devoted to the design of the sliding
mode controller. Finally, established model is implemented
on Simulink-Matlab platform and simulation results are
discussed.

In the dq frame, the voltages are defined as in (1) and the
electromagnetic torque is given by (2).
{

𝑢𝑑 = 𝑅𝑖𝑑 + 𝐿𝑑
𝑢𝑞 = 𝑅𝑖𝑞 + 𝐿𝑞

𝐶𝑒𝑚 =

3. TRACTION CHAIN
The considered traction chain adopted in this paper is
illustrated in Fig. 1.

Converter
Control

&

Electric motor

Mechanical transmission
chain

2

𝑑𝑡
𝑑𝑖𝑞
𝑑𝑡

− 𝑝Ω𝐿𝑞 𝑖𝑞

(1)

+ 𝑝Ω(𝐿𝑑 𝑖𝑑 + 𝜑𝑎 )

𝜑𝑎 𝑖𝑞

(2)

- Dynamic equations:
The transmission of the electromagnetic torque Cem to
the EV wheels is realized through the reduction ratio r m
[12]:

Cw
Batteries

3𝑝

𝑑𝑖𝑑

rmCem

(3)

Wheels

Fig. 1: Mono-motor traction chain of the studied EV

We consider in this work a leisure electrical vehicle
highly solicited in tourism activities, especially in Tunisia.
The traction chain modeling as well as choices justification
were presented in [2]. Studied motor is a TORUS
AFPMSM. Its layout and characteristics are also detailed in
[2], whereas the dimensioning aspect and the analytical
model were developed in [11,12]

The fundamental law of dynamics applied to the EV
[2,10] leads to equation (4), where the elementary
components are given by equations (5) to (8). Referring to
(4), the EV must develop a useful torque Cw on wheels that
can overcome the resistant torque and create motion.

The bloc diagram of the whole powertrain is shown in
Fig.2. Each bloc represents an element of the traction chain
and it is described through mathematical equations.
However, the EV model can be simply derived from
electric and dynamic equations, as illustrated below:

Cw

Crb Caero

Crb

Rroue fr Mv g

Caéro

RroueV ²

Cg

Ca

Cg

Ca

Cr

(4)
(5)

MvaCx S f
2

(6)

Rroue Mv g sin( )
2
Mv Rroue

(7)

dV
dt

(8)

- Electric equations [11]:

Vref

+
-

Iqref

Iqref

Va

Va

Vb

Vb

Vc

Vc

V
Cem

Ω

Ω
Controller

Converter

Cem

Motor

Dynamic
model of EV

Fig.2: Block diagram of the powertrain implemented on MATLAB/SIMULINK

4.

SLIDING MODE CONTROL (SMC) FOR EV’S SPEED
TRACKING

A. Principle
As said previously, the dynamic aspect of the electric
vehicle can be seriously affected by the internal and
external constraints. So, the studied system can be counted
as a variable structure system. As a result, the speed’s
control law must be at the same register.
The sliding mode control represents a particular class of
the variable structure control law for both linear and
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nonlinear systems. Such a technique consists on
establishing a switching surface depending on existence
and convergence laws, and then compels the dynamic
behavior of the system to bring back toward this surface
and slides around it till attaining the equilibrium state. This
action is realized using a control law U as defined by (9)
[13,14].
The idea to guarantee the convergence point through an
additive component to the control strategy leading to the
switching phase. Generally, beginning from ‘any point’, the
trajectory-state converges toward the sliding surface S=0 in
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a finite time. Such a phase is so called the ‘convergence
mode’. When the manifold S=0 is reached and the regulated
variable attempts to reach the equilibrium point, we said
that we are in the ‘sliding mode’. The system tries to cross
this phase to attain its equilibrium. When done, we are in
the ‘equilibrium point’ [15].
So, to tuning a sliding mode controller, requires to:
- Choose the sliding surface S=0,
- Determine the existence and convergence conditions,
- Establish the appropriate control law which can be
able to oblige the trajectory to match the manifold S=0 and
keep it switching around this surface.

U

Ueq

Us

Referring to (4), we can write 𝑉̇ as:
𝑉̇ (𝑠) =

So 𝑉̇ (𝑠) =

𝑆(𝑉) = (

𝑑𝑡

+ 𝜆)

(𝑉𝑟𝑒𝑓 − 𝑉)

̇ −
𝑆̇(𝑉) = 𝑉𝑟𝑒𝑓

(11)

2

To insure the attractive phenomenon of the regulated
variable toward the desired trajectory (reference), this
function must realize:
𝒱(𝑋) > 0
{ ̇
𝒱 (𝑋) < 0

−

3.6
𝑀𝑣 𝑅𝑤ℎ𝑒𝑒𝑙

𝐶𝑟

]

𝑆(𝑉) = 0
{𝑆̇(𝑉) = 0
(𝐼𝑞 )𝒄 = 0
Whence,
(𝐼𝑞 )𝑒𝑞 =

2 𝑀𝑣 𝑅𝑤ℎ𝑒𝑒𝑙
3 3.6 𝑟𝑚𝑝𝜑𝑓

̇ +
[𝑉𝑟𝑒𝑓

3.6
𝑀𝑣 𝑅𝑤ℎ𝑒𝑒𝑙

𝐶𝑟 ]

(17)

By substituting (17) in (16), we have:
3
𝑆̇(𝑉) = −

3.6
𝑟 𝑝𝜑𝑓 (𝐼𝑞 )𝑐
2 𝑀𝑣 𝑅𝑤ℎ𝑒𝑒𝑙 𝑚

(18)

During the sliding mode, we must verify the
convergence condition so called direct switching relation
(19), [18].
𝑆̇(𝑉)𝑆(𝑉) < 0

(19)

Such a condition is verified by choosing (Iq)c as
represented in (20):

Iq

c

I 0c

S(V )
S(V )

;

I 0c

0

(20)

(Iq)c is called continuous term with integral component.

To elaborate a SMC able to govern the electric speed
behavior, we must realize the three steps defined in the last
section.
To regulate vehicle’s speed V, we must act on the insquare component Iq of the motor current. So, the control
component will be presented as shown in (12):

Iq

eq

Iq

(12)

c

Before developing the control law, we must mention that
the equivalent term represents a low frequencies term while
(Iq)c is a high frequencies component. Otherwise, the
continuous term (Iq)eq regroups the desired performance to
be reached in the steady state, whereas the discontinuous
term (Iq)c will solicit the system to attain this stage. So, we
can choose (Iq)c as represented in (13):

The choice of the integral function instead of the sign
one is justified by the fact that this latter introduces, as
shown in Fig.3, the chattering phenomenon [19]. Such a
phenomenon generates oscillations and high frequencies
dynamics around the sliding surface, provoke a mechanical
stress for the traction chain and produce vibrations. This
latter induces high energy consumption which demeans the
energetic aspect of the batteries and bothers the comfort of
the conductor. This noxious effect represents the major
problem of the designed sliding mode controller via the
function sign.
Zoom: Chattering phenomenon
54.972

Speed (Km/h)

B. Application of SMC on speed tracking of the EV

Iqref

(16)

𝑣 𝑤ℎ𝑒𝑒𝑙

When the steady state is attained, we have:

If S0 then e and its derivatives are also tending to 0.

𝒱(𝑉) = 𝑆 (𝑉)

(15)

3.6
𝑟 𝑝𝜑𝑓 (𝐼𝑞 )𝑒𝑞
2 𝑀𝑣 𝑅𝑤ℎ𝑒𝑒𝑙 𝑚
3
3.6
+
𝑟𝑚 𝑝𝜑𝑓 (𝐼𝑞 )𝑐
2𝑀 𝑅

[

Such a choice of S is justified by the fact that the
characteristic polynomial of S must contain real, multiple
and negative poles to insure the system stability. In fact:

2

− 𝐶𝑟 )

3

(10)

Concerning the convergence condition, it is
recommended to define a scalar function which makes the
surface S=0 attractive and invariant. To do we can choose
the Lyapunov function υ defined as (11) [17]:

(14)

Consequently, and referring to (10) we can write:

Where 𝜆 ∈ ℝ∗+ and h is the relative degree of derivation
number to be applied to the output signal V to generate
explicitly the control component.

1

3.6
3
( 𝑟 𝑝𝜑𝑓 𝐼𝑞
𝑀𝑣 𝑅𝑤ℎ𝑒𝑒𝑙 2 𝑚

(9)

ℎ−1

(𝑟𝑚 𝐶𝑒𝑚 − 𝐶𝑟 )

Therefore, h=1.

To find the sliding mode, JJ Slotine proposed, as given
by (10), a general form that can be adopted [16]:
𝑑

3.6
𝑀𝑣 𝑅𝑤ℎ𝑒𝑒𝑙

Reference
Speed sign
Speed integral

54.971

54.97

54.969

54.968
16.586

16.588

16.59

16.592

16.594

16.596

16.598

t(s)

(𝐼𝑞 )𝑐 = −𝐾 𝑆𝑖𝑔𝑛(𝑆(𝑋)); 𝐾 ∈
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ℝ∗+

(13)
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Fig.3: Chattering phenomenon attenuation
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It’s to point out that the positive constant I0c must verify
the inequality (21):

I 0c

Cr

max

(21)

This choice will perfectly insure:
- The condition 𝑆̇(𝑉)𝑆(𝑉) < 0 will be always verified
which makes the manifold S=0 invariant and attractive
under the disturbance torque effect.
- The stability margin.
The control law robustness against disturbances,
especially when we remembered that the EV can
encounter a convulsive load torque due to the
functional environment.
To test the SMC contribution in speed tracking, the
scheme of Fig.4 is implemented under Simulink-Matlab
platform.

a. Speed tracking with FLC_PI, SMC & FSMC

b. Rapidity test

Fig.4: Scheme of the SMC setting the vehicle’s speed

5. RESULTS & COMPARISON
To evaluate the contribution of the designed SM
controller, the vehicle’s speed is carried out using
established model then compared to an adaptive PI
controller synthesized in [2] for same traction chain and
considering a speed tracking problem. Comparison
criterions concern essentially the performance, the
robustness and the calculation time.
A. Performance Test
To criticize the effectiveness of each controller in terms
of performance, a scaled speed reference is applied, and
obtained results using each controller are represented in
Fig.5. Referring to this latter, we can notice that:
- Both controllers lead the system to stability,
- Any overshoot is marked, which represents an
important asset compared to the Fuzzy Logic Controller.
- To reach 30 km/h, the vehicle with the SMC needs
3.77 s which satisfying according to required specifications
(4 s). Consequently, we can notice the significant
contribution of the SMC approach, as the FLC-PI one, to
the improvement of the control of EVs.
- The compromise Rapidity/Precision provides a little
advantage to the adaptive FLC-PI controller. Indeed, the
settling time and the steady state error of the system are
summarized in Table.1, for both control technics.

ISBN: 978-9938-14-953-1

c. Precision test
Fig.5: Vehicle response under a scaled speed sequence.
TABLE I

Comparison from the performance point of view
Criterion
Technique
SMC
Adaptive PI

Setting time

Steady state error

3,7761
3,7364

1,75x10-2
0

B. Robustness Test
The electrical vehicle parameters can undergo some
variations. Hence, the robustness of the control law must be
mightily considered. Thus, the choice of the tests to be
performed must be typical according to the considered
application. In what follows, the robustness degrees of each
technic (SM and FLC-PI) are tested is tested considering
the following conditions:

(313)



A variation of + 50% of the stator resistance and a
decrease of -25% of its inductance



A wet ground leading to the variation of the
friction factor by +50% (low-speed area),
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A vehicle inclination of 45 ° at t = 10s,



At t=80s, the vehicle is stopped then restarted
considering a supplement weight of 80 kg.

To be systematic, the speed reference is a portion of a
driving cycle used by the IFSTTAR for the test of leisure
electrical vehicles [19]. The Considered zone of test and
corresponding obtained performances are illustrated in
Fig.6. It is noteworthy that, from the point of view of
robustness, the SM controller is very convinced as the FLCPI. In fact, both controllers were able to neutralize the slope
effect successively after 1.77 and 1.72 s, Fig.6b. Such a test
lets us conclude about the effectiveness of the designed
controller, especially when the EV undergoes a sudden
change in a hill climbing angle. On the other hand, the
behavior of the EV is not affected due to the bad quality of

the sol, Fig.8.a, as the quality of the speed tracking still
intact throughout the zone of test despite the application of
this test from the beginning of the test cycle. Such a test can
confirm that the SM controller insures the security
measures of the conductor, the pedestrian as well as the
prohibition of the EV skid.
Besides, the second test focuses the effect of a sudden
change of the set-point (when the vehicle crosses a slippery
road). As shown in the Fig.6.e, the regulated speed via the
SMC wasn’t widely affected as well as the FLC-PI one,
which proves the immunity of the designed controller
versus these disturbances. Moreover, both controllers
permit to overcome disturbances caused by additive mass
or a sudden change of the set-point as shown in Fig.6c and
Fig.6e.

a. Zones of test

b. Slope effect

c. Effect of an additive mass

d. Steady state behavior
Fig.6: Robustness test under a portion of the driving cycle

ISBN: 978-9938-14-953-1

e. Effect of a sudden set-point change
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C. Calculation time

References

This criterion is adopted because it reflects the aptitude
of the designed controller to solicit the calculator. In fact, if
a conceived control law introduces a high calculation time,
it will provoke an early aging of the calculator and a highenergy consumption.
It is remarkable that the SM control needs less
calculation time then the FLC-PI one as shown in Table II.
This result shows that the adoption the SM controller
instead of the FLC-PI one leads to longer autonomy of the
EV.
TABLE II
THE TIME NEEDED BY EACH CONTROLLER TO ACHIEVE SIMULATION.
Pursuit Nature

Technic

Stairs

Driving cycle

22 min
30 min

16h 15min
17h 10min

Calculation time

SMC
Adaptive PI

7. Conclusion
The present work was aimed to the synthesis of a
sliding mode controller for speed tracking considering as
application a leisure electrical vehicle enclosing a TORUS
configuration of an axial flux permanent magnet
synchronous motor. In order to evaluate the effectiveness
of such controller, a comparative analysis with an adaptive
PI controller has been performed. Adopted criterions are
performance, robustness and calculation time.
From the performance point of view, it has been
noticed that both controllers lead the system to stability,
any overshoot was marked, and the compromise
Rapidity/Precision provides a little advantage to the
adaptive FLC-PI controller. Moreover, from the robustness
point of view, the SM controller nears the FLC-PI one when
a slop disturbance is considered. Besides, both controllers
permit to overcome disturbances caused by additive mass
or a sudden change of the set-point. Furthermore, from
calculation rapidity point of view, the SM controller needs
less calculation then the FLC-PI one.
Finally, authors are convicted that the actual control
based on sliding mode could be improved through the
controller hybridization. Indeed, we are actually working
on the integration of an adaptive Fuzzy tuner to be
associated with the SM controller, leading so to an FLCSM controller.
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Abstract—This paper deals with the design of a PV
generator emulator for pre-certificated tests of solar
inverters. The power topology is defined to meet standards
requirements and provide the current versus voltage (I-V)
curve under defined conditions of irradiation and
temperature. The standard EN50530 related to overall
efficiency of grid connected photovoltaic inverters gives the
model of PV panel to be used. Thereby, an algorithm is
proposed for model implementation on a low cost digital
target (STM32F4), and also for power structure control in
order to reproduce the PV panel behavior. Simulation and
experimental results of a 60 W PV panel emulator are
presented and discussed.
Keywords— Photovoltaic system, I-V photovoltaic module
characteristic, PV Emulator, Look-up tables, test bench;

1. INTRODUCTION
The PV roof-top market is continuously growing and
the performances of the PV grid connected systems are
nowadays one of the major issues. The PV inverter is the
heart of such systems and its performances strongly
impact the whole system ones. They depend on both DCDC and DC-AC conversion stages and on maximum
power point tracking (MPPT) algorithm performances.
For their evaluation, experimental tests have to be
conducted according to the EN50530 standard. The
performance evaluation could be performed using a PV
generator (panels) or a programmable DC power source
that reproduces the behavior of the PV generator under
various conditions of irradiation and temperature. In this
case, the PV generator model is given by standards and
then the current versus voltage I-V relationship. Thus,
this DC source should reproduce as closely as possible
this model: its power structure has to act like a power
amplifier and its control should ensure high dynamic
performances under variables change.
Several researches have been conducted in this field.
Some works have focused on converter topology and
others on PV model to be implemented. Different
topologies are proposed in the literature. PWM rectifier
[1], diode rectifier and DC/DC buck converter[2],
programmable DC power supply with resistive load [3],
[4] are the most common ones. New topologies have
been investigated like ZVS full-Bridge type [5]. Works
related to PV model can be divided into two categories:

mathematical model giving I-V relationship [6]–[8] and
its implementation methodology. The platform used for
the implementation could be based on FPGAs [9], [10],
dSPACE [11]or LabVIEW [12], whereas, model
implementation methodology is generally be based on
look-up table [13], [14] or semiconductor physics
equations [15], [16]. Model parameters could be those
given by standards or by PV panel datasheets [17] or by
dedicated algorithm.
Low cost implementation has been considered by some
authors. The approach is generally based on the use of
analog circuits to generate I-V curve, [18], [19].
This paper focuses on the use on a low cost solution
based of STM32F4 for PV panel model and power
converter control implementation. So, look-up table
method has been selected and the paper details the
algorithm derived from this approach. The emulator
components are firstly presented and then the
establishment of the look-up table from mathematical
nonlinear equations is detailed. The approach is
illustrated by simulation and experimentally validated
with 60Wp PV panel model.
2. PV GENERATOR EMULATOR STRUCTURE
The PV emulator under study consists of two parts:
power structure and its control. The control allows the
power stage to imitate the operating performance of a PV
generator and to fulfill the standard requirements. Fig. 1
represents the I-V and P-V curve that should be
reproduced.

Fig. 1 I-V and P-V curves of a PV generator

A. Power topology
The H-bridge structure has been selected since it
allows to reach extreme points such as the open-circuit
voltage ( VOC ) and the short-circuit current ( ISC ) that

1
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correspond respectively to zero current and zero voltage.
Fig.2 shows the power structure of the PV generator
emulator.
The H-bridge converter allows current and voltage
reversibility, so very low and null current and voltage
values could be reached (mean value after filtering).

The low cost solution adopted is based on STM32F4
digital card. The three control modules and also
conversion stages have to be implemented on this device.
Fig.5 gives the detailed structure of proposed control for
the PV emulator, where Vpv,f and Ipv,f are the analog
emulator outputs Vpv,D and Ipv,D are the digital conversions
of Vpv,f and Ipv,f.

Fig. 2 Emulator power structure

An output LC filter has been designed to let current
ripples within limits specified by standards. Fig.3 shows
the current and voltage obtained with L=60mH and
C=180µC with a 5 Ω resistive load under irradiation
G=200W/m² and ambient temperature T=25°C. The
voltage ripples are the most challenging ones since before
being filtered, the output voltage Vpv varies between
1500V and -1500V. These ripples are less than 0.5%.

Fig. 5Different modules of the proposed control for the PV emulator

C. Mathematical model
Standard EN 50530dealing with the overall efficiency
of grid connected photovoltaic inverters provides the I-V
curve expression (1) to be implemented [20]. This
equation is a mathematical nonlinear relationship
between PV generator current and voltage integrating
parameters depending on climatic conditions (irradiation
G and temperature T), the emulated panel technology
(Crystalline Silicon Csi , Thin-film TF …) and data sheet
parameters (current in short-circuit, Isc and voltage opencircuit Voc , maximum power point ratings under STC
standards test conditions).
VPV
IPV = ISC − I 0 (eVOC .C AQ − 1)

Fig. 3 H-Bridge output current and voltage, before (Ipv;Vpv) and
after filtering(Ipvf ; Vpv,f)

(1)

where

B. Control approach
The control stage, illustrated in Fig. 4, is composed of
three modules: PWM, current control and I-V curve
generator. It requires filtered DC current and voltage
measurements. The measured voltage is the input of I-V
curve generator module which outputs then current value
according to this curve. This value is the reference
current IPV _ ref for the current control loop whereas PI
regulator is designed using pole placement approach.

IPV

: PV generator current under operating

ISC

: Short-Circuit current under
conditions
: Saturation current of the diode

I0

operating

: PV generator voltage under operating
conditions
VOC : Open-Circuit voltage under operating
conditions
Variable C is a constant given by standard. It depends
on current and voltage fill factors noted respectively F F I
and FFU .

VPV

AQ

C AQ =

FFU − 1
ln (1 − F F I )

(2)

G
(1 + α ( T P V − T S T C ) )
G STC
1
G
= I S C , S T C (1 − F F I ) 1 - F F U
G STC

(3)

G


+ 1) C V − C R G 
V OC = V OC , STC (1 + β (T PV − T STC ) )  ln(
C
G



(5)

ISC = ISC , STC
I

0

(4)

Fig. 4 PV generator emulator control principle

G

:

Irradiation in operating conditions

2
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GSTC

:

Irradiation in the STC conditions
(1000W/m²)

TPV
TSTC

:

Temperature of PV module

:

Temperature in STC conditions (25°C)

ISC , STC

:

Short-Circuit current in STC conditions

V OC , STC

:

Open-Circuit voltage in STC conditions

α

:

Current temperature coefficient

β

CG , CV , CR

:

FFI

:

Correction Factors depending on panel
technologies
Current fill factor

FFU

:

Voltage fill factor

With
(6)

IMPP,STC
ISC, STC
VMPP,STC
FFU =
VOC , STC

≤1

(10)

A look-up table has been defined to implement
expression (A) defined in equation (8): Its length is
limited by the STM32F4 memory resources. In our case,
the maximum length is 3000 elements (float). Each index
corresponds to (!), ! varying from 1 to 3000.

Voltage temperature coefficient

FFI =

0≤

(7)

For the implementation of expression (B) (given by
equation (9)), irradiation G has to be considered. Indeed,
is a variable depending on PV panel technology and
G varies from 0 to 1500 W/m².
Thereby, the look-up table dedicated to expression (B)
implementation contains 1500 elements (integer); each
one corresponds to an irradiation value.
Tables for expression (A) and (B) are named Table_A
and Table_B respectively.
The organizational chart in Fig. 6 summarizes the
proposed methodology.
Start process

where

IMPP, STC : Maximum power point current in the STC
conditions

Data initialization phase
STC parameters (Isc,STC, Voc,STC)

VMPP, STC : Maximum power point voltage in the STC
conditions

Datasheet parameters

The exponential function in (1) and logarithmic ones in
(5) are to be implemented for real time and fast current
control. The following section details the proposed
solution to overcome problems related to the computing
time these non linear functions. To this purpose, A and B
are defined by (8) and (9).
=
=

Parameters depending on
technology (Parameter_Vector)

Tables initialization phase

(8)

−1

Exponential tables (Table_A)

(9)

+1

Logarithmic tables (Table_B)

The idea is to implement each of (A) and (B)
expressions using a look-up table. Since two different
technologies have to be used, 4 tables will be
implemented on the target device

Correspondence phase
Determination of
G, TPV, VPV (HMI)

D. I-V relationship algorithm
Standard EN50530 requires values of seven
parameters: α , β , CG , CV , CR , FFI and FFU . They
depend only on emulated PV panel technology. Each
parameter have only one value chosen among two
defined by standard according to the PV panel
technology. All cases are then grouped in the vector
(named Parameter_Vector) having two columns and
seven rows.
depends on F F I and FFU ,i.e. only on PV panel
technology. Thus C takes two values: one for the Csi
technology and another for the TF technology. Therefore,
− 1) depends only
the variation of the expression (

Calculation of ISC,
I0:(3) & (4)

Correspondence to
find VOC (Table_B)

Correspondence to find IPV (Table_A)

Fig. 6 Flowchart for the control

3. SIMULATION RESULTS C

AQ

AQ

on the variation of the ratio ( ).This ratio, as expressed
in (10) is always less than 1 since
varies between 0
and
.

Simulations are performed with PSIM software of
POWERSYS. At first, only the I-V curve generator,
using the look-up tables, is simulated and confronted to
the mathematical expressions generator and also a PV
panel modeling, offered by PSIM. Secondly, all the

3
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"2 =

system (power structure and control stages) are
considered.
Studied PV panel characteristics are given in Table I:

"

#$%&,()*+,,-% #

1 = 100% . "2

(12)
(13)

TABLE I

PV panel characteristics

Variable
Technology
VOC,STC
ISC,STC
VMPP,STC
IMPP,STC

Value
:
=
=
=
=

Csi
21.1 V,
3.8 A,
17.1 V,
3.5 A.

Fig. 9. Absolute error between the I-V curve generator using table and
I-V using mathematical model

The first simulation gives the comparison between I-V
curves based on look-up tables and model proposed by
PSIM, under STC conditions.

Percent error is less than 1% for 95% of the I-V curve,
until Vpv=20V. Indeed, this expression could not be
calculated for current values close to zero.

Fig. 7. Comparison between the I-V curve generator using table and
PSIM model

Fig. 10 Percent error between the I-V curve generator using tables and
I-V using mathematical model

Fig. 7 shows that the two curves are similar, except
near to the maximum power point. This dissimilarity is
result of F F I and F F U different values. The Ipv_Table
in Fig.7 has been obtained using values imposed by
standard ( F F I = 0 .9 and F F U = 0 .8 for the Csi
technology) whereas Ipv_PSIM current is obtained using
PSIM model (calculated from PV panel datasheet).

Impact of climatic parameters is tested using different
G and T. Fig. 11 shows I-V curves under different
irradiations and Fig. 12 gives absolute error between the
two curves, for each irradiation: this absolute error
decreases with irradiation.

Thereafter, in Fig. 8, I-V curve using look-up tables is
compared to the one using mathematical expression,
given by standard EN50530, for the same PV panel
characteristics and the same operating conditions STC.
These curves are well superimposed. The zoom shows
the exponential function discretization effect due to table
implementation.

Fig. 11.Different I-V curves under different irradiations

Fig. 12. Absolute errors between between the I-V curve generator using
table and mathematical model for differents irradiations
Fig. 8. Comparison between the I-V curve generator using table and
mathematical model

Absolute error between them is evaluated using (11)
and Fig.9 shows that this error, in STC conditions, does
not exceed tens milliamps between the two curves.
" = #$%&,()*+,,-% − $%&,.)/0, #

Fig. 13 shows I-V curves according to different
temperature and Fig. 14 shows absolute error for each
temperature.

(11)

Percent error 1 is defined by (12) and (13) where "2 is
relative error between the two curves.

Fig. 13Different I-V curves for different temperatures

4
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The temperature change engenders error translation but
has no effect on its magnitude.

Table II gives its data and Fig. 18 details its different
components. The first experimental tests have been
conducted for studied PV panel (Table I).
TABLE II

Power structure components

Components
Three-phase transformer
Three-phase autotransformer
Three-phase diode rectifier

Fig. 14Absolute errors between between the I-V curve generator using
table and mathematical model for differents temperature

Simulating serial and parallel PV panel connection
provides expected results as shown in Fig. 15 and Fig.16.

H-bridge DC/DC
LC filter
R load
Digital storage oscilloscope

Characteristics
6 kVA, m=2.6
6 kVA, m=1
SKD 51/16, 1700V-50A
SKM50GB1 2T4,
1200V, 50A
L=60 mH, C=180 µF
R=13.5 Ω, adjustable
MCP DQ8074

Interface board has been developed for STM32F4 board
and IGBT driver voltage adaptation, and a sensor board
groups current and voltage sensors.
Fig. 15The I-V curve for two PV panels connectionin parallel

Fig. 16. The I-V curve for a connectionin series of two panels

In this paper, authors do not focus on the current
control, so this part is not detailed. Simulations have been
conducted with power structure illustrated in Fig.2 and
control stages shown in Fig.4. The resistive load is
changed to reach desired operating points. In Fig 17, the
continuous I-V curve is obtained using only the
implemented I-V model, whereas each point corresponds
to a steady state operating point obtained with the whole
emulator (power stage and control stages). The results
demonstrate the effectiveness of the proposed approach.

Fig. 18 Test bench of the PV generator emulator tests

The first test was to validate the I-V algorithm
implementation : an external DC power supply provides a
fixed voltage VPV to the I-V curve generator, the output
current I PV , is displayed on the PC.In Fig.19, four VPV
experimental operating points are reported : V PV , 1 = 5V,
V PV , 2 =10.5 V , V PV , 3 =14.7 V and V PV , 4 =17.1V. The
output currents meet the desired I-V curve.

Fig. 19 I-V curve experimentally tested vs simulated I-V curve

Fig. 17Comparisonbetween the theoratical I-V curve and emulator
outputs for different values of resistive loads, under STC conditions

4. EXPERIMENTAL VALIDATION
Experimental validation has been performed with a
laboratory testbench designed for a 6kVA PV emulator.

Secondly, closed loop current control is tested. Results
reported in Fig. 20showsystem response for different
current references: 0.5 A, 2 A and 3 A. Each screen
displays Vdc voltage in the DC bus, Vpv voltage in H-

5
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bridge output and Ipv. Current response time is 10ms for
all cases.
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Fig. 20 Results of the current PI regulator tests

5. CONCLUSION
The paper presents allow cost PV panel model
implementation to reproduce I-V curve, according to
model defined by standard. The proposed algorithm is
based on look-up tables. This approach allows to
implement table instead of the model nonlinear
expressions to minimize computing time. Simulations
results give a percent error between tables method and
analytic expression less than 1%. Experimental
laboratory test bench has been developed and tests have
been conducted for 60 Wp PV panel emulation.
Experimental results demonstrate the effectiveness of the
approach.
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Abstract— The current paper describes a multi-objective
optimization approach to determine the optimal placement and
sizing of Distributed Generation (DG) units in radial distribution
systems. The main objectives are to minimize the active power loss
and to improve the voltage stability. Non-dominated Sorting
Genetic Algorithms II (NSGA-II) is applied to determine the set of
Pareto optimal solutions, which form a numerous set of nondominated solutions and will be employed by the Decision Maker
to decide on the best compromise solution. A detailed performance
analysis is applied on 12, 33, 69 and 85 bus systems to illustrate the
effectiveness of the proposed methodology.
Keywords— Distributed generation, Radial distribution systems,
NSGA-II, Multi-objective, Active power losses, Voltage stability.

I. INTRODUCTION
Distributed generation (DG) generally describes small-scale
(1 kW to 50 MW) power generation that produce electricity at
a site closer to customers than central generation plants [1].
Recently, DG has gained many momentum in the power sector
because of its ability in power loss reduction, improved
reliability, low investment price, and most significantly, to take
advantage of renewable energy resources. The installation of
DG units at non-optimal locations may lead to an increase in
system losses, meaning an increase in costs, and thus, having
an opposite effect to what is wanted [2].
It is seen from the literature review that many attempts were
made to resolve the optimization problem related to size and
placement of the DG. Most of the research related to size and
placement were aimed at minimizing the active power losses of
the distribution system, energy losses and cost of generation.
Less work has been done related to the voltage support and
stability which is also a major concern of the power systems.
In reference [3], authors have used analytical approach for
optimum DG placement with an objective function of
minimization of system losses. Reference [4] has proposed a
new analytical approach for DG placement and sizing in
distribution systems based on a new power stability index (PSI)
to improve voltage profile and minimize the burden of system
losses. Reference [5] has developed a genetic-based algorithm
to find the optimum size and placement of multiple DGs to
reduce the active power losses and the power supplied by the

ISBN: 978-9938-14-953-1

distribution network. A Cuckoo Search Algorithm (CSA) was
also applied in references [6] and [7] for DG placement and
sizing problem in order to reduce the active power losses and
to enhance the network voltage profile. The Particle Swarm
Optimization (PSO) technique was adopted in reference [8] to
search for the optimal locations and sizes of DGs producing the
best loss reduction of distribution systems. In reference [9], a
novel method based on PSO was proposed to evaluate the
optimal DG sizing and placement in order to minimize the
power losses in the distribution system considering voltage
stability index. A combined genetic algorithm (GA)/(PSO) was
presented in [10] for optimal location and sizing of DG on
distribution systems. A new approach based on Modified
Teaching-Learning Based Optimization (MTLBO) algorithm
was used in reference [11], which consists of two phases, i.e.
teacher phase and learn phase. The objective was to find the
optimal placement and size of DG units in distribution systems
to minimize active power losses. In the same direction, the
reference [12] has proposed the use of new optimization
technique called Artificial Bee Colony (ABC) algorithm to find
out the optimum size of DGs, power factor, and location so as
to reduce the system active losses. A number of papers have
focused on the use of EAs (evolutionary algorithms) to
optimize the DG placement and its sizing [13, 14]. The different
methods with their merits and demerits can be seen in reference
[15].
Within the above-mentioned literature, the DG placement
and sizing problem was presented as a multi-objective
optimization problem. Nevertheless, the multi-objective
problem was converted to a single objective problem by
summing all the objectives (Weighted Sum Method) [7, 9, 10].
This method requires multiple runs as many times as the
number of desired optimal solutions. Furthermore, the values
of weighting factors have a significant impact on the final
solution.
Evolutionary techniques have been widely applied to multiobjective problems because of their global searching capability
and the ability to obtain multiple Pareto-optimal solutions in a
single run. One of the most popular multi-objective
evolutionary programming strategies, the NSGA-II is used in

(322)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016
this paper to solve the DG placement and sizing problem. Using
the fundamentals of evolution, non-domination and solution
diversity, the NSGA-II has the capability to obtain multiple
Pareto-optimal solutions in one run of the algorithm that are
well spread out over the Pareto frontier. This is clearly shown
through a bi-objective optimization problem presented in this
paper.

V i  i   I

V i 2 V i V i 1 

Receiving End

Sending End

Load

 Pi 2  Q i2 

N bus

 Ploss ( i )

i 2

where V i  i is complex voltage at the ith bus;

 Pi 2  Qi2    ri2  x i2   0

From this, the voltage stability index for bus i  SI i
as

SI i V i41  4   Pi x i  Q i ri

(2)

 ri

 jx i



is the impedance of the line connecting buses i  1 and i ; Pi ,
Q i are the active (resp. reactive) power injections at the ith

bus; N bus is the number of buses.
2) Second objective function (Voltage stability)
Voltage stability has been defined by the IEEE Power
System Engineering Committee in the following way [16]:
“Voltage stability is the ability of a system to maintain voltage
so that when load admittance is increased, load power will
increase and so that both power and voltage are controllable”.
The fast indicator of voltage stability (SI Index) proposed by
Chakravorty and Das [17] is selected as the objective for the
voltage stability enhancement.
From Fig. 1
(3)
V i 1  i 1 V i  i  I   ri  jx i 



is derived

2 

(7)
2
4   Pi ri  Q i x i  V i 21  0
Under the stable operation, the value of SI should be greater
than zero for all buses, i.e. SI i  i  2 ,3 , , N bus   0 .
When the value of SI becomes closer to one, all buses become
more stable. The bus having the SI minimum value is the most
sensitive to voltage collapse. In the proposed algorithm, SI
value is calculated for each bus in the network. For the bus
having the minimum value of SI, will be considered in the
second fitness function.
1
f2 
(8)
1  SI min

1) Equality Constraints
The equality constraints are active/reactive power flow
equations as:
N bus

V j Y ij  cos ij   j   i  0
 PGi  PDi V i

j 1
,

N bus

V j Y ij  sin ij   j   i  0
QGi  Q Di V i
j 1

(9)
i  1 , 2 , , N bus













where PGi and QGi are the active (resp. reactive) power
generated at the ith bus; PDi and Q Di are the active (resp.
reactive) load demand at the same bus; Y ij and ij are the
admittance magnitude (resp. angle) of branch connecting bus i
and j.
2) Inequality Constraints
a. Generation constraint

0  size of DG ( PDG ) 
(10)

N bus

 PDi
i 1

b. Voltage constraints
V i min  V i  V i max
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(6)

B. Constraints

(1)
V i2
Therefore, the first objective function is calculated as
follows:

f 1  Ploss 

(5)

where SI min is the minimum SI value of all the buses.

Fig. 1. One line diagram of a two-bus system

Ploss ( i )  ri

 Pi 2  Qi2    ri2  x i2   0

Roots of Equation (5) are real if

V i 21  4 

1) First objective function (Active power loss)
In radial distribution networks, each receiving bus is fed by
only one sending bus. From Fig. 1, The line losses between the
receiving and sending end buses Ploss (i ), can be calculated
using eq. 1.

(4)

where I is the current amplitude and ‘*’ symbolizes the
complex conjugate operator.
From Eqs. (3) and (4), we get

II. PROBLEM FORMULATION
A. Objective Functions
The DG placement and sizing problem is formulated as a
multi-objective problem by considering minimization of active
power losses and enhancement of voltage stability as objectives
while satisfying system and unit constraints.

 Pi  jQ i

(323)
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where

V i min and

V i max

are the minimum (resp.

is the number of individuals (chromosomes) and nv is the
number of variables (discrete and continuous), is generated
randomly within the lower and upper boundaries.

(12)

B. Non-dominated Sort
After the initialization stage, the population is sorted on the
basis of on non-domination [20] into each front as shown in Fig.
2.

maximum) voltages of the ith bus.
c. Line thermal limit
S li  S limax

, i  2 ,3 , , N bus

where S li is a line loading and S limax is a maximum

permissible loading limit of branch incident to the ith node.
3) Constraints handling mechanism
The constraints are handled as follows:

Objective function 2

a. Equality constraints
Generally, distribution feeders have a high R/X ratio in
addition to their radial configuration. These reasons make that
distribution systems are ill-conditioned and thus traditional
method as Gauss-Seidel and Newton-Raphson are not
appropriate for solving the load flow problem in most cases and
may often fail to converge. Based on this matter, for solving the
load flow of distribution networks, the known backwardforward technique is used. The backward-forward sweep
technique has been widely used to solve load flow in radial
distribution networks because it converges very fast and
consumes less computational memory [18].
b. Inequality Constraints
The voltage limits (11) and the line thermal limits (12) are
handled by introducing penalty functions, because they are
simple and easy to implement [19].

FnPenalized  Fn 


N bus

 K v V i V i lim 
i 1
N line


i 1

2

(13)

lim 2
K s S Li  S Li





lim are
where Fn is nth objective function value, V i lim and S Li

described as

Vi

lim

V i max if V i  V i max

 V i min if V i V i min

if V i min V i V i max
V i
max
S Li
 min
S Li

if

(14)

Objective function 1
Fig. 2. The Pareto-optimal front in a bi-objective minimization problem

C. Crowding distance
To provide the diversity in population, the crowding distance
is calculated [20]. The crowding distance d of point s is a
measure of the objective space around s which is not occupied
by any other solution in the population. In Fig. 2, for a biobjective problem, the crowding distance of the solution s is
the average side-length of the cuboid (shown using a dashed
box).
D. The main loop
Let us consider the t-th generation of NSGA-II algorithm.
Suppose the parent population at this generation is Pt and its
is Qt having N pop chromosomes. The first step is to select the
best N pop chromosomes from the combined parent and

S Li  S Limax
S Li  S Limin

offspring population R t  Pt  Qt (of size 2 N pop ), thus

III. ALGORITHM BASED ON NSGA-II
The main components of the algorithm are summarized
below.
A. Initial population
An initial population, P1 of size N pop  nv , where N pop
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Fn

size is N pop , while the offspring population created from Pt

(15)
if

if S Limin  S Li  S Limax
S Li
where K v and K s are the penalty factors. In this paper the
values of penalty factors have been considered 10000.
lim 
S Li

Pareto-optimal
Rank 1 Solutions
front
Rank 2 Solutions
Rank n Solutions
Infeasible Solutions

allowing to preserve elite chromosomes of the parent
population. To achieve this, first, the combined population Rt
is sorted according to different non-domination levels ( F1 , F2

and so on). Then, each non-domination level is selected one at
a time to construct a new population Pt 1 . This process
continues until it reaches a front that can not be completely
accommodated by Pt 1 ’s size N pop restriction. When it

reaches this front, call it Fn , each chromosome must be ranked
according to its crowding distance, where larger crowding
distance means better rank. The best-ranked chromosomes
from Fn are then placed into Pt 1 one at a time until the
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Evolutionary
operators*

Non-dominated
sorting

Crowding
distance sorting

Rejected Solutions
Based on Domination

Evolutionary
Operators*

Rejected Solutions
Based on crowding
Distances

(*): - tournament selection
- BLX-α crossover
- polynomial mutation

Fig. 3. NSGA-II Main Loop Strategy

overall size of Pt 1 contains N

elite parent population formed, the evolutionary operators
(tournament selection [20], BLX-α crossover [21] and
polynomial mutation [20]) are invoked to create the next
generation child population Qt 1 . This ends one NSGA-II's

main evolution loop iteration. The NSGA-II procedure is
summarized in Fig. 3.
E. Stopping criteria
Different stopping criteria could be specified like: the
number of generations, an acceptable solution has been found,
and no improvement is observed over a number of generations.
F. Selecting the best compromise solution
A fuzzy-based technique is employed in this paper to select
the best compromise solution from the obtained Pareto-optimal
set. For each objective f i , a fuzzy membership function is
calculated as follows [22]:

f 
i

Where f i

min

, fi

max

f i max  f i
f i max  f i min

(16)

are the minimum (resp. maximum)

value of ith objective function of all Pareto optimal solutions.
For each Pareto solution k, the normalized membership
function is found as follows:
m

k 

 fk

i 1
D m



k 1 i 1

i

(17)

fk
i

where D is the total number of Pareto solutions and m is
the total number of objective functions. The best compromise
solution is that having maximum value of  k .
IV. APPLICATION OF THE NSGA-II TO THE PROPOSED PROBLEM
The DG placement and sizing problem can be expressed as:
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minimize Fobj  f 1 , f 2 

chromosomes. With the

pop

(18)

Subject to the constraints in Eqs. (9) – (12).
The solution process of the proposed method is given as
follows:
Step 1: Input data (which includes network topology, network
data and algorithm parameters).
Step 2: Create the initial population P0 taking into
consideration the defined information in the previous step. Set
the generation count t =0.
P0   x 1 x 2  x Npop 
(19)

DG pl

x i   DG pl DG size 
 round  2  rand ( N bus  2 )  ;

DG size 

min
PDG

 rand  

max
PDG

min
 PDG

.

(20)
(21)
(22)

where DG pl and DG size are , respectively, the placement and
sizing of DG, round(•) is a function which returns the nearest
natural number, and rand denotes a uniformly distributed
random number within [0, 1].
Step 3: For each individual in P t , run the load flow algorithm
using backward/forward sweep approach and evaluate the
objective functions (f 1 and f2) by Eqs. (2) and (8).
Step 4: Check the constraints considering the results of load
flow analysis. If all constraints are satisfied, go to the next step,
otherwise add penalty term to the objective functions.
Step 5: Generate offspring population Qt from Pt by
performing tournament selection, BLX-α crossover and
polynomial mutation operators.
Step 6: Combine the parent population P t and offspring
population Q t to get the intermediate population
R t  P t  Q t of size 2 N pop .
Step 7: Carry out the non-dominated sorting of intermediate
population R t . (i.e., sorting the population based on value of
objective function value in ascending order).
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Step 8: The new population P t 1 of size N pop is filled by

Start

adding the highest ranked front sets until the size of the
population N pop . The last front solutions are chosen based on

Read data:
1. load and line data
2. network topology
3. algorithm parameters

crowded comparison operator to fill exactly N pop slots.
Step 9: Increment the generation number and repeat the steps
from 3 to 8 until the maximum number of generation is reached.
Step 10: Choose the best compromise solution using fuzzy set
theory.

VI. DISCUSSION
As can be seen from the comparison of columns (2) and (7)
in Table I, the total active power losses of all test systems are
reduced significantly after installation of DG units. Also, it can
be observed that the voltage stability is improved, and the
system loadability is increased after proper allocation of DG
units. More loads can be added without experiencing the
problem of voltage collapse.
The voltage profile of all test systems are depicted in Figs.
5. As it can be seen, the voltage levels at all nodes for the radial
distribution systems are improved and placed in an acceptable
margin.
Fig. 6 shows the voltage stability indices of all test systems.
The weakness of voltage stability indices for all buses in the
distribution system before installing DGs is vivid. But after
installing DGs, the stability buses indexes for all distribution
systems are considerably improved.
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Tournament selection
Creates a new
offspring
population Qt

Select NSGA-II parameters

B
Run load flow analysis
and evaluate fitness
values for each individual

Check the Stop
Criterion
Y
Select the best compromise
solution using fuzzy set
theory

(BLX-α) Crossover
Polynomial mutation
Mutation

Generate initial population P0

The flowchart of the proposed algorithm is represented in Fig.
4.
V. SIMULATIONS AND RESULTS
In this section, the proposed algorithm is tested on 12-bus
[23], 33-bus [24], 69-bus [25] and 85-bus [26] radial
distribution networks. Table 1 shows the effectiveness of the
proposed algorithm on system performance in comparison with
base case (without DG). To find out the maximum system
loadability (λmax) of the system, active and reactive power load
is increased on all buses, till the voltage collapse is observed
(see Fig.7).
The proposed algorithm is also compared with the
analytical method [3], Cuckoo search algorithm [7], and
Particle swarm optimization [9]. The optimum DG position and
sizes are tabulated in Table 2. The proposed NSGA-II
methodology is programmed in MATLAB 7.1 running on Intel
Core i3 (3.1 GHz, 4 Go of main memory) with MS Windows 7
installed.

A

Combine Rt=Pt

Qt

Non-dominated
Sorting of Rt

N

Crowding distance
sorting
A
B
NSGA-II

Stop
Fig. 4. Flowchart of the DG placement and sizing algorithm.

It can be seen in Table II and Fig. 6 that the proposed
algorithm reaches the same or better results than other methods
published by other authors.
Fig. 7 demonstrates that the optimum size and the best
location of DG have improved the system loadability.
VII.
CONCLUSION
This paper has presented a multi-objective approach for
optimum DG placement, considering minimization of power
losses and enhancement of voltage stability. NSGA-II was
employed to find the Pareto optimal solutions. Finally, a fuzzybased method has been utilized to choose the best compromise
solution. The proposed algorithm was tested on 12-bus, 33-bus,
69-bus and 85-bus radial distribution test systems. The results
have proved the efficiency of this method for enhancement of
voltage profile, reduction of active power losses and also an
increase in voltage stability margin.
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TABLE I
APPLICATION OF PROPOSED APPROACH ON DIVERSE TEST SYSTEMS

Test System

min(SI)

System
loadability

Optimal
Bus

Optimal
Size
(MVA)

Real
Power
Loss (kW)

Loss
reduction
%

min(SI)

System
loadability

Proposed method

Real
Power
Loss (kW)

Without DG

12-bus
33-bus
69-bus
85-bus

20.69
202.66
225.00
316.12

0.7920
0.6952
0.6833
0.5764

5.30
3.62
3.20
2.54

8
7
61
25

0.43500
3.22991
2.66380
2.48451

13.66
114.16
103.96
180.98

33.97
35.92
53.80
42.75

0.9827
0.8618
0.8956
0.7825

6.08
4.86
4.24
2.96

TABLE II
APPLICATION OF ANALYTICAL METHOD, PSO AND CS FOR DG PLACEMENT AND SIZING

0.2539
2.8951
2.0264

47.70
45.55
62.65

0.9413
0.8149
0.8824

6.03
3.78
4.03

61

2.2000

(a) 12-bus System

(b) 33-bus System

(c) 69-bus System

(d) 85-bus System

System
loadability

9
7
61

min(SI)

5.92
3.70
3.92
2.88

Loss
reduction
%

0.9311
0.7839
0.8778
0.7306

Optimal
Bus
Optimal
Size
(MVA)

47.95
47.31
62.95
44.28

System
loadability

System
loadability

0.22715
2.49078
1.80782
2.20886

min(SI)

min(SI)

9
6
61
8

CS [7]

Loss
reduction
%

Loss
reduction
%

12-bus
33-bus
69-bus
85-bus

Optimal
Bus
Optimal
Size
(MVA)

Test
System

Optimal
Size
(MVA)

PSO [9]

Optimal
Bus

Analytical method [3]

62.80

0.8840

4.06

Fig. 5. Voltage proﬁle of radial distribution systems with and without DG
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Fig. 6. Comparison of Bus Voltage Stability Index (SI) using different DG placement algorithms.

Fig. 7. Loadability curve with and without DG
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Abstract-- In this paper, we are interested to segment weld
radiographic images using the level set method (LSM) based
on kernel fuzzy c-means clustering (KFCM) in order to
extract the region of interest (weld defects) and to improve
the precision of segmentation. The proposed approach
contains two successive necessary stages. The first one
consists in the application of kernel fuzzy c-means algorithm
to get a clustered image. The second stage is based on the
using of the appropriate class of the clustered image as an
initial contour of the level set method to extract the defects
boundaries. The experimental results have shown that the
proposed model can extract successfully the interest region
from image and confirm its efficiency for welding defects
segmentation.
Index Terms--Level set; kernel fuzzy c-means; weld defects;
weld radiographic images; image segmentation.

1. INTRODUCTION
The segmentation of images is the most important
operation in the image treatment systems, because it is
situated in the hinge between the acquisition of the images
and the use of semantics which they contain. The
segmentation of images is to search the main constituents
of an image (research of objects) in order to extract them.
So, it allows to label the dissociated regions with
descriptors and it is on this labeling that we are going to
apply the algorithms of recognition. The segmentation is a
stage required for a large number of high-level tasks
necessary for the autonomous systems of vision (for
example in robotics), medical [1], Agronomics [2], or
relative to the road safety and the surveillance (parkings ,
airports, etc.) [3]. Of this fact, the number of researchers
have been working on the development of methods and
dedicated algorithms. Moreover, it constitutes, since a few
years, an important axis of research. For proof, the
number of published works dealing with this problem is
difficult to assess. It is the consequence of several
elements: the diversity of the images, the complexity of
the problem, the evolution of the calculation machines and
an evaluation of the results rather empirical.
In the industrial welding, manufacturing process is
widely used in the manufacture of automotive,
shipbuilding and aerospace industry [4]. The main defects
of welding that occur for the region are the porosity,
cracks, the lack of penetration, etc. These defects occur
generally due to the lack of penetration, overlap,
incomplete fusion, and internal discontinuities in the
welded joints. The computer vision plays the most
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important role in many applications of industry to make
effectiveness and precision of automatic detection
processes. One of the applications of computer vision is
dedicated to the Non-Destructive Testing NDT by
radiographic technique. The NDT is a set of techniques
used in the industry to estimate the properties of a
component, a material, or a system without causing
damage. In this paper, The level set method [5-13] and
kernel fuzzy c-means (KFCM) Clustering [14-18] are two
types of fundamental tools proposed in this work for
segmentation of the weld radiographic images.
We use radiographic images which are the outcomes of
radiographic operation; because they are widely used for
nondestructive method for detection of internal defects in
the industrial weld images [19, 20]. The application of
kernel fuzzy c-means algorithm is used to get a clustered
image. In the second stage level sets are used to extract
the defects boundaries. This combined method gives good
segmentation quality.

2. THE LEVEL SET METHOD
The Level Set method was developed in the 1980s by
the mathematicians Stanley Osher and James Sethian [6],
[21]. It has become popular in many disciplines, such as
image processing, computer graphics, computational
geometry, optimization, and computational fluid
dynamics. The level set method tracks the motion of an
interface by embedding the interface as the zero level set
of the signed distance function. The advantage of the level
set method is that it makes it very easy to follow shapes
that change topology, for example when a shape splits in
two, develops holes, or the reverse of these operations [6].
A. Front propagating with curvature-dependent speed
The fundamental aspects of front propagation in our
context can be illustrated as follows. Let
be a
smooth, closed initial curve in
, and let
be the
one–parameter family of curves generated by moving
along its normal vector field with speed
. Here,
is a given scalar function of the curvature
Thus,
, where is the position vector of the
curve, is the time and is the unit normal to the curve.
Consider a speed function of the form
, where is
a constant. An evolution equation for the curvature , see
[22], is given by

(330)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

(1)
where we have taken the second derivative of the
curvature with respect to arclength α . This is a reactiondiffusion equation; the drive toward singularities due to
the reaction term (
) is balanced by the smoothing
effect of the diffusion term (
). Indeed, with
, we
have a pure reaction equation
. In this case, the
⁄
solution is
,which is
singular in finite if the initial curvature is anywhere
negative. Thus, corners can form in the moving curve
when
. As an example, consider the periodic initial
cosine curve propagating with speed
, > 0.
(2)
As the front moves, the troughs at s = n + 1/2, n =
0,±1,±2, ....are sharpened by the negative reaction term
(because
< 0 at such points) and smoothed by the
positive diffusion term (see Figure 1a).
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Now, our goal is to produce an equation for the
evolving function
: which contains the embedded
motion of,
as the level set
: Let
,
be the path of a point on the propagating
front. That is,
is a point on the initial front
, and
with the vector
normal to the front at
. Since the evolving function
is always zero on the propagating hypersurface, we
must have.
(5)
By the chain rule,
(6)

{
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(c)
Fig.1. Propagating Cosine Curve.

The figure.1b and figure.1c shows two possibilities of
weak solution for this problem, one is called
“swallowtail”, which is generated by letting the front pass
through itself, the other is called “entropy solution”,
which can be viewed as simply remove the “ tail” from
“swallowtail”. The entropy solution is constructed through
Huygen’s principle. Another way to obtain the entropy
solution is through the notion of an entropy condition
posed by Sethian in [23], [22]. The weak solution figure.
1c given by the entropy condition is the weak solution we
want, it satisfies most physical phenomena.
B. Surface moving
Given a moving closed hypersurface
, that is,
: [0,∞) →
we wish to produce an Eulerian
formulation for the motion of the hypersurface
propagating along its normal direction with speed ,
where can be a function of various arguments, including
the curvature, normal direction, etc. The main idea is to
embed this propagating interface as the zero level set of a
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|

0

1

-0.8

where

(3)
And where is the distance from to
and the
plus (minus) sign is chosen if the point
is outside
(inside) the initial hypersurface,
. Thus, we have
an initial function
:
with the property
that
(4)

(b)

1.5

-0.9

. Let

Since already gives the speed in the outward normal
direction, then
where
| | Thus,
we then have the evolution equation for φ, namely

(a)

0
-1

higher dimensional function
be defined by

|

We refer to this as a Hamilton-Jacobi “type” equation
because, for certain forms of the speed function , we
obtain the standard Hamilton-Jacobi equation. However,
the level surface
, and hence the propagating
hypersurface
, may change topology, break, merge,
and form sharp corners as the function evolves, see [6].
The major advantage of this Eulerian formulation
concerns numerical approximation. Because
remains a function as it evolves, we may use a discrete
grid in the domain of and substitute finite difference
approximations for the spatial and temporal derivatives.
For example, using a uniform mesh of spacing , with
grid nodes
and employing the standard notation
,
we might write:
(

)

(8)

The second major advantage of the above formulation
is that intrinsic geometric properties of the front may be
easily determined from the level function . For example,
at any point of the front, the normal vector is given by
and the curvature is easily obtained from the
| |
divergence of the gradient of the unit normal vector to
front, i.e.,

(331)
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In general, the numerical implementation for the level set
equations defined above is based on the algorithm
introduced in [21-26]. In brief, it can be denoted as the
following equation:
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(

The level set method defined in Eq. (7) can be extended
to set up a mathematical model for image segmentation.
There are various models based on this idea [24], [25],
[26], [7], which are slightly different from each other. One
typical model is the following [21-26]:
|

(

)

)

]

)

(14)

B. Essentially non-oscillatory schemes

3. THE FORMULATION OF LEVEL SET

|

(10)

is the speed function,
is the convolution of the
original image
with a Gaussian function . For the
level set equations, a reinitialization phase is necessary.
The purpose of reinitialization is to keep the evolving
level set function close to a signed distance function
during the evolution. It is a numerical remedy for
maintaining stable curve evolution. The reinitialization
step is to solve the following evolution equation:
|

)

)

1

Fig.2. Propagating Surfaces.

Where

(

(

-0.8

-1
-1

[ (

Finite difference and finite volume schemes are based
on discrete interpolation data using polynomials or other
simple functions. It is known that if more points are used
in the stencil then more accuracy is obtained for the
drawings. But if the stencil contains a singular point, it
produces an oscillation. ENO schemes are introduced by
Harten, Engquist, Osher and Chakravarthy [27]. The
purpose of these schemes is to choose the stencil without
singular point.

|

|

|

{

For

}:

(11)

Here
A. Numerical Implementation

{

To solve the Eq. (10), we need to discretize the domain
and apply an appropriate finite difference method. Naively
applying central difference approximations will cause
oscillation, unless the time step is small enough. There is
no time step that can produce a scheme which correctly
incorporates the entropy condition [21]. Therefore, in
practice, there are some numerical schemes solving the
Eulerian.
First, we define some notations which will be used in
the numerical implementation:
is the forward difference approximation for the
spatial derivative. Similarly,
is the backward
difference approximation and
is the central difference
approximation, which are defined respectively as follows:

(12)
The operators

and

are calculated as follows:

*

(

)

(

)

(

)

(

) +

*

(

)

(

)

(

)

(

) +

(13)
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4. KERNEL FUZZY C-MEANS ALGORITHM
The kernel fuzzy c-means (KFCM) [28] is an
improvement of the FCM method [29-30]. By basing itself
on the theoretical development of this algorithm, we
modified the objective function of the classical fuzzy cmeans algorithm (FCM) [31]. We used a distance
"induced kernel" spatial metric and a penalty on the
membership functions. First of all, the Euclidean distance
original in the FCM is replaced by a distance induced
kernel, and therefore the corresponding algorithm called
kernel fuzzy c-means (kFCM) is derived. It is shown to be
more robust than the FCM. The steps required for the
KFCM algorithm are the following:

(332)
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Cluster No: 1

1- Fix ,

,
, and
for some positive
constants. Where
is the maximum iterative
number.
2- Initialize the memberships matrix
.
3- Select initial class prototypes { } .
4- For
to
do:
 Update all prototypes
 Update all memberships
 Compute
|
|,
if
, stop;
End

(a)

(b)
Cluster No: 3

Cluster No: 2

(c)

(d)

Fig.6. Clusters obtained after applying KFCM. (a) Original
Image; (b) Cluster N° 1 ; (c) Cluster N° 2 ; (d) Cluster N° 3.
Magenta: Initial; Green: Final after 10 iterations

Magenta: Initial; Green: Final after 10 iterations

5. PROPOSED APPROACH
In this paper, we have proposed a method which
combines between level set method and kernel fuzzy cmeans algorithm to extract the defects boundaries. The
main steps can be explained as follows:
Input
Image

KFCM
Clustering

Use the Cluster to
initialize Level Set

(a)

(b)

Fig.7. Detection of defects in weld radiographic image by
proposed method. (a) Initial contour; (b) Final segmentation after
150 iterations.

The results obtained in this case are very satisfactory
and we could surround the area defects.
6. CONCLUSION

Segmentation by
Level Set Method

Display the obtained
segmented image

Fig.3. A flowchart of the proposed method.

We applied our solution to some of radiographic
images weld that include defaults that could happen
during the welding operation. Figures 4, 5, 6 and 7
represent a result the proposed method. The figures 4 and
6 show the results of kernel fuzzy c-means clustering, that
is, clusters obtained after applying KFCM. The results of
segmentation after taking the cluster N° 1 as initial
contour of the level set method to extract the defects
boundaries (Figures 5 and 7).
Cluster No: 1

(a)

(b)

In this manuscript, we have presented a model that allows
a fast implementation, adaptive and robust methods for
weld radiographic images segmentation; we have
described the many interesting properties of the methods
level set and kernel fuzzy c-means. The results were very
satisfactory. All objects were surrounded. The simulation
covers weld radiographic images used in Non Destructive
Testing (NDT) to delineate the weld defects.
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Abstract—In this work we presents comparative study of a
variable speed wind energy conversion system (WECS) based
on the doubly fed induction generator (DFIG) driven by two
AC/DC/AC converters and WECS driven by matrix converter
(MC). The whole system is presented in d-q-synchronous
reference frame. For this purpose, the control of the active
and reactive power using PI controller is verified using
software Matlab/Simulink, studies on a 1.5 MW DFIG wind
generation system. Simulation results obtained are presented
and analyzed. The results show the high performance and
improve the electric energy of the control strategy adopted in
the WECS based on a DFIG driven by a MC.
Index Terms-- wind systems, doubly fed induction generator,
matrix converter, Simulation.
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𝑃𝑟 , 𝑄𝑟
𝑇𝑒𝑚
𝑑, 𝑞
𝑉𝑠𝑑,𝑞
𝑉𝑟𝑑,𝑞
𝑖𝑠𝑑,𝑞
𝑖𝑟𝑑,𝑞
𝜑sd,q
𝜑rd,q
𝑅𝑠 , 𝑅𝑟
𝐿𝑠 , 𝐿𝑟
𝐿m
𝜔s, 𝜔r
𝜌
𝑉
R
λ
Ω𝑡𝑢𝑟
Ω𝑚
G
𝐽
σ
𝑞
𝑉𝑖𝑆
𝜔𝑖
𝜔𝑜

stator active and reactive power
rotor active and reactive power
DFIG electromagnetic torque (N m)
synchronous reference frame index
stator d–q frame voltage
rotor d–q frame voltage
stator d–q frame current
rotor d–q frame current
stator d–q frame flux
rotor d–q frame flux
stator and rotor Resistances
stator and rotor self Inductances
mutual inductance
synchronous and rotor angular frequency
air density
wind speed
rotor radius
tip-speed ratio
aeroturbine rotor speed
generator speed
gearbox ratio
turbine total inertia
coefficient of dispersion.
demand voltage ratios
peak input voltage
angular frequencies of input voltage
angular frequencies of output voltage
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1.

INTRODUCTION

In the aim to the nature conservation and the biodiversity
maintaining of natural environments, the world is heading
more and more towards renewable energy for electricity
production. Wind power is one of the cleanest sources of
renewable energy that allow producing the green energy.
However, wind energy is a natural resource that features
many advantages since while producing electricity they do
not propagate any gas greenhouse effect, do not degrade the
quality of the air and do not pollute nor the soils or waters.
Furthermore, it do not produce toxic or radioactive waste
[1-5]. Nowadays, wind generation system based on a
doubly fed induction generator (DFIG) are employed
widely in large wind farms fat has its many advantages [512]. The conventional WECS is constituted of the turbine,
the gearbox and the DFIG. The DFIG is connected directly
to the grid via its stator but also via its rotor by means of
two static converters to allow an exchange of energy
between the network and the DFIG at the speed of
synchronism. The rotor-side converter (RSC) and the gridside converter (GSC) are connected back-to-back by a dclink capacitor. These converters are controlled by Pulse
Width Modulation (PWM) [9]. So, for remedy the use of
two converter and to reduce maintenance, cost and number
of components, the matrix converter (MC) can be used for
a direct AC/AC conversion without dc-link connection [1317]. The MC is widely employed in large wind farms that
have many advantages: direct power converter AC/AC, bidirectional power flow, nearly sinusoidal input and output
waveform, and allows to control: the rotor currents
magnitude, frequency and input power factor. [15, 17]. MC
has three important topologies [18, 19]: AC controller
topology, cyclo-converter topology and matrix converter
topology. For such several advantages, the MC has
generated a considerable attentions and curiosity on the part
of researchers in recent years.
The aim of this work is to show the utility of the use of a
wind energy conversion system (WECS) driven by matrix
converter compared to WECS fed by back-to-back
converter.
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2.

WIND TURBINE SYSTEM MODELING

B. Modeling of the DFIG with stator field orientation
The Park model of DFIG is given by the equations
below [25-28]:

A. Turbine Modeling
The theoretical power produced by the wind is given by
[20-22]:
Ptur = Cp .

ρ.S.V3

(1)

2

Where Cp denotes power coefficient of wind turbine, its
evolution depends on the blade pitch angle (β) and the tipspeed ratio (λ) which is defined as [23]:
𝑅.Ω𝑡𝑢𝑟

𝜆=

{

(2)

𝑉

From summaries achieved on a wind of 1.5 MW, the
expression of the power coefficient for this type of turbine
can be approximated by the following equation [24, 25]:
𝐶𝑝 = (0.45 − (0.0167(𝛽 − 2))) (𝑠𝑖𝑛 (

𝜋(𝜆+0.1)

)) −

(15.5−(0.3(𝛽−2)))

(3)

(0.00184(𝜆 − 3)(𝛽 − 2))

Fig. 1 show the variation of the power coefficient (𝐶𝑝 )
versus the tip-speed ratio (λ) for the pitch angle 𝛽 = 2.
0.5

{

𝑉𝑠𝑑 = 𝑅𝑠 𝑖𝑠𝑑 +
𝑉𝑠𝑞 = 𝑅𝑠 𝑖𝑠𝑞 +
𝑉𝑟𝑑 = 𝑅𝑟 𝑖𝑟𝑑 +
𝑉𝑟𝑞 = 𝑅𝑟 𝑖𝑟𝑞 +

𝑑𝜑𝑠𝑑
𝑑𝑡
𝑑𝜑𝑠𝑞

− 𝜔𝑠 𝜑𝑠𝑞

(8)

+ 𝜔𝑠 𝜑𝑠𝑑

𝑑𝑡
𝑑𝜑𝑟𝑑
𝑑𝑡
𝑑𝜑𝑟𝑞
𝑑𝑡

− 𝜔𝑟 𝜑𝑟𝑞

(9)

+ 𝜔𝑟 𝜑𝑟𝑑

As the d and q axis are magnetically decoupled, the
stator and rotor flux are given as:
𝜑𝑠𝑑
{𝜑
𝑠𝑞
𝜑𝑟𝑑
{𝜑
𝑟𝑞

= 𝐿𝑠 𝑖𝑠𝑑 + 𝐿𝑚 𝑖𝑟𝑑
= 𝐿𝑠 𝑖𝑠𝑞 + 𝐿𝑚 𝑖𝑟𝑞
= 𝐿𝑟 𝑖𝑟𝑑 + 𝐿𝑚 𝑖𝑠𝑑
= 𝐿𝑟 𝑖𝑟𝑞 + 𝐿𝑚 𝑖𝑠𝑞

(10)
(11)

With: 𝐿𝑠 =𝐿𝑓𝑠 +𝐿𝑚
𝐿𝑟 =𝐿𝑓𝑟 + 𝑀2 𝐿𝑚
The active and reactive powers are defined as:
𝑃𝑠 = 𝑉𝑠𝑑 𝑖𝑠𝑑 + 𝑉𝑠𝑞 𝑖𝑠𝑞
{
𝑄𝑠 = 𝑉𝑠𝑞 𝑖𝑠𝑑 − 𝑉𝑠𝑑 𝑖𝑠𝑞
𝑃𝑟 = 𝑉𝑟𝑑 𝑖𝑟𝑑 + 𝑉𝑟𝑞 𝑖𝑟𝑞
{
𝑄𝑟 = 𝑉𝑟𝑞 𝑖𝑟𝑑 − 𝑉𝑟𝑑 𝑖𝑟𝑞

(12)
(13)

Power coefficient Cp

0.4
Lumbda = 7.64
Cp = 0.45

0.3

0.2

0.1

0
0

2

4
6
8
10
Tip-speed ratio lumbda

12

14

Fig. 1. Power coefficient versus tip speed ratio and pitch angle

The DFIG model is presented in synchronous dq
reference frame where the d-axis is aligned with the stator
flux linkage vector 𝜑𝑠 , and then, (𝜑𝑠𝑞 = 0, 𝜑𝑠𝑑 = 𝜑𝑠 ) [13,
19]. In addition, considering that the resistance of the stator
winding (𝑅𝑠 ) is neglected and the grid is supposed stable
with voltage 𝑣𝑠 and synchronous angular frequency ( 𝜔𝑠 )
constant what implies 𝜑𝑠𝑑 = 𝑐𝑠𝑡, the voltage and the flux
equations of the stator windings can be simplified in steady
state as [26-30]:
𝑑𝜑

This figure indicates that there is one specific point
(𝜆𝑜𝑝𝑡 , 𝐶𝑝𝑜𝑝𝑡 ) at which the turbine is most efficient for 𝛽=2°.

𝑃𝑡𝑢𝑟
Ω𝑡𝑢𝑟

= 𝐶𝑝 .

𝜌.𝑆.𝑉 3
2

.

1
Ω𝑡𝑢𝑟

(4)

The gearbox is installed between the turbine and the
generator to adapt the turbine speed to that of the
generator:
Ω𝑚𝑒𝑐 = 𝐺. Ω𝑡𝑢𝑟

𝑇𝑡𝑢𝑟

𝐿𝑠

(5)

(6)

𝑇𝑚𝑒𝑐

The mechanical equations of the system can be
characterized by:
𝐽

𝑑Ω𝑚𝑒𝑐
𝑑𝑡

= 𝑇𝑚𝑒𝑐 − 𝑇𝑒𝑚 − 𝑓Ω𝑚𝑒𝑐

With, 𝐽 =

𝐽𝑡𝑢𝑟
𝐺2

{

𝜑𝑟𝑑 = (𝐿𝑟 −

𝑀2
𝐿𝑠

) 𝑖𝑟𝑑 +

𝜑𝑟𝑞 = (𝐿𝑟 −

𝑀2
𝐿𝑠

𝑀 𝑉𝑠
𝜔𝑠 𝐿𝑠

(16)

) 𝑖𝑟𝑞

The expression of the stator and rotor voltage is given
by:
𝑅
𝑅
𝑉𝑠𝑑 = 𝑠 𝜑𝑠𝑑 − 𝑠 𝐿𝑚 𝑖𝑟𝑑
𝐿𝑠
𝐿𝑠
{
(17)
𝑅𝑠
𝑉𝑠𝑞 = − 𝐿𝑚 𝑖𝑟𝑞 + 𝜔𝑠 𝜑𝑠𝑑
𝐿𝑠

(7)

{

+ 𝐽𝑔𝑒𝑛
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(14)

From the equations (11) and (15), we can write:

The friction, elasticity and energy losses in the gearbox
are neglected.
𝐺=

𝑉𝑠𝑑 = 𝑠𝑑 = 0
𝑑𝑡
𝑉𝑠𝑞 = 𝜔𝑠 . 𝜑𝑠𝑑 = 𝑉𝑠

Hence, the relationship between the stator and rotor
currents can be written as follows:
𝜑
𝐿
𝑖𝑠𝑑 = 𝑠 − 𝑚 𝑖𝑟𝑑
𝐿𝑠
𝐿𝑠
{
(15)
𝐿
𝑖𝑠𝑞 = − 𝑚 𝑖𝑟𝑞

The aerodynamic torque expression is given by [23]:
𝑇𝑡𝑢𝑟 =

{

(336)

𝑉𝑟𝑑 = 𝑅𝑟 𝑖𝑟𝑑 + 𝜎. 𝐿𝑟
𝑉𝑟𝑞 = 𝑅𝑟 𝑖𝑟𝑞 + 𝜎. 𝐿𝑟
Where:

𝑑𝑖𝑟𝑑

𝑑𝑖𝑟𝑞
𝑑𝑡

𝑑𝑡

+ 𝑒𝑟𝑑

+ 𝑒𝑟𝑞 + 𝑒𝜑

(18)
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𝑒𝑟𝑑 = −𝜎. 𝐿𝑟 . 𝜔𝑟 . 𝑖𝑟𝑞
𝑒𝑟𝑞 = 𝜎. 𝐿𝑟 . 𝜔𝑟 . 𝑖𝑟𝑑
𝑒𝜑 = 𝜔𝑟 .

𝑀
𝐿𝑠

. 𝜑𝑠𝑑

The maximum ratio between output and the input voltage
is 86,6% [17].
𝑉2

(19)

𝑞 = √ 𝑜2
𝑉

2

𝑀

𝜎 = 1−(
)
{
√𝐿𝑠 𝐿𝑟
Stator and rotor active and reactive powers are described
as:
𝑉 .𝑀
𝑃𝑠 = − 𝑠 . 𝑖𝑟𝑞
𝑉𝑠2

−

𝐿𝑠 𝜔𝑠

𝑃𝑟 = 𝑔.

𝑀.𝑉𝑠

𝐿𝑠
𝑉𝑠 .𝑀
𝐿𝑠
𝑉𝑠 .𝑀

. 𝑖𝑟𝑑

2 𝑉𝑗 𝑉𝑘

3

2
3 𝑉𝑖𝑆

+

2 𝑞
9 𝑞𝑆

sin(𝜔𝑖 𝑡 + ∅𝑗 ) . sin(3𝜔𝑖 𝑡)

𝑉𝑗 = 𝑉𝑖𝑆 cos(𝜔𝑖 𝑡 + ∅𝑗 )
(20)

(28)
(29)

𝑞

𝑉𝑘 = 𝑞 𝑉𝑖𝑆 cos(𝜔0 𝑡 + ∅𝑘 ) − 𝑉𝑖𝑆 cos(3 𝜔0 𝑡) +
1 𝑞

𝐿𝑠

1

𝑆𝑗𝑘 = +

. 𝑖𝑟𝑞

{ 𝑄𝑟 = 𝑔. 𝐿𝑠 . 𝑖𝑟𝑑
The electromagnetic torque is as follows [25]:
𝑀
𝑇𝑒𝑚 = −𝑃. 𝜑𝑠𝑑 . 𝑖𝑟𝑞

(27)

Based on the equations (26) and (27) matrix transfer can
be calculated by the following three equations:

𝐿𝑠

𝑄𝑠 =

with : 0 < 𝑞 ≤ 0.866

𝑖

4 𝑞𝑆

6

𝑉𝑖𝑆 cos(3𝜔𝑖 𝑡)

(30)

The simulink bloc diagram of MC developed in this work
is showing in Fig.2.

(21)

C. Modeling of Matrix Converter
The matrix converter studied in this paper is 9×3
bidirectional switch single pole power converter. It is used
to convert nine AC phase input voltage into three AC phase
output, with a control of magnitude and frequency current
output. The tree phase output voltages (𝑉𝑎 , 𝑉𝑏 , 𝑉𝑐 ) are
represented in terms of input voltages (𝑉𝐴 , 𝑉𝐵 , 𝑉𝐶 ) as
follows [31, 32]:
𝑆𝐴𝑎
𝑉𝑎
[𝑉𝑏 ] = [𝑆𝐴𝑏
𝑉𝑐
𝑆𝐴𝑐

𝑆𝐵𝑎
𝑆𝐵𝑏
𝑆𝐵𝑐

𝑆𝐶𝑎 𝑉𝐴
𝑆𝐶𝑏 ] [𝑉𝐵 ]
𝑆𝐶𝑐 𝑉𝐶

(22)

Where the transfer matrix of MC is defined by the
switching function (𝑆𝑗𝑘 ) as:
1 → 𝑆𝑗𝑘 𝑐𝑙𝑜𝑠𝑒𝑑
𝑆𝑗𝑘 = {
, j𝜖{𝐴, 𝐵, 𝐶}, 𝑘𝜖{𝑎, 𝑏, 𝑐}
0 → 𝑆𝑗𝑘 𝑜𝑝𝑒𝑛

(23)

The input currents (𝐼𝐴 , 𝐼𝐵 , 𝐼𝐶 ) can also be calculated in
terms of output currents (Ia, Ib, Ic) as:
𝑆𝐴𝑎
𝐼𝐴
[𝐼𝐵 ] = [𝑆𝐵𝑎
𝐼𝐶
𝑆𝐶𝑎

𝑆𝐴𝑏
𝑆𝐵𝑏
𝑆𝐶𝑏

𝑆𝐴𝑐 𝑉𝑎
𝑆𝐵𝑐 ] [𝑉𝑏 ]
𝑆𝐶𝑐 𝑉𝑐

(24)

Knowing that the transfer matrix of calculating input
currents is the transpose of the transfer matrix in equation
(22). Calculation time of each output phase voltage 𝑡𝑗𝑘 is a
fraction of the switching frequency period 𝑇𝑠 .
𝑡𝑗𝑘 = 𝑆𝑗𝑘 . 𝑇𝑠

(25)

With ∑ 𝑡𝑗𝑎 = ∑ 𝑡𝑗𝑏 = ∑ 𝑡𝑗𝑐 = 𝑇𝑠
To eliminate open circuit to the output terminals or short
circuit between input terminals, the switching constraint is
defined as follow:
∑ 𝑆𝑗𝑎 = ∑ 𝑆𝑗𝑏 = ∑ 𝑆𝑗𝑐 = 1
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Fig. 2. Circuit diagram of MC

3.

CONTROL STRATEGY

Preliminary work [12, 33] have shown the performance of
the system using converters connected back-to-back by DC
bus. However, this control structure despite its good
performances, presents a certain inconvenience number
and imperfection in the control. Especially, three step
power conversion AC-DC-AC, complex structure and also
high cost and important number of components. Based on
these remarks, the interest of this paper is to propose
another control configuration based on a matrix converter
(MC). The studied system shown in Fig.3, is constituted of
the turbine, the gearbox and the DFIG. The DFIG is
connected directly to the grid via its stator but also via its
rotor by means of MC. The modulation method (LMSE) is
used to control the MC.

(26)
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4.

SIMULATION RESULTS

In order to validate this comparative study, the two
simulation programs: WCES driven by AC/DC /AC
converter and WCES driven by matrix converter were
tested for a variable wind profile expressed by the below
relationship, and represented by figure 4.
Fig. 3. Schematic diagram of DFIG wind turbine fed by MC

Vw(t )  8  0.2 * (sin(0.1047* t)  sin(3.6645* t))  2 * sin(0.2665* t)

The operation of a wind turbine at variable speed is
generally more beneficial over constant speed operation
[5]. In this section two control loops are presented: control
loop of the electric generator via the rotor side converter
and control loop of the aeroturbine without speed control
that provides the reference inputs of the first loop. The
extraction of maximum power control is to adjust the torque
of the DFIG to extract maximum power. In effect, the
power extracted from the wind is maximized when the rotor
speed is such that the power coefficient is optimal 𝐶𝑝𝑜𝑝𝑡 .
Therefore, we must set the tip speed ratio on its optimal
value λopt . The electromagnetic torque reference
determined by MPP control power is thus expressed by the
following equation [33-35]:
∗
𝑇𝑒𝑚
=

𝐶𝑝𝑜𝑝𝑡 .𝜌.𝜋.𝑅 5
2.𝐺 3 .𝜆3
𝑜𝑝𝑡

. Ω2𝑚

(31)

Furthermore, equation (20) and (21) demonstrate that
the electromagnetic torque and the stator reactive power
can be controlled by means of the DFIG current 𝑖𝑟𝑞 and 𝑖𝑟𝑑
respectively. The model of DFIG in d-q reference frame
with stator field orientation shows that the rotor currents
can be controlled independently. The reference rotor
currents 𝑖𝑟𝑑_𝑟𝑒𝑓 and 𝑖𝑟𝑞_𝑟𝑒𝑓 are given by:
𝑖𝑟𝑑_𝑟𝑒𝑓 =
{

𝜑𝑠𝑑
𝑀

−

𝑖𝑟𝑞_𝑟𝑒𝑓 = −

𝐿𝑠

. 𝑄𝑠_𝑟𝑒𝑓

𝑀.𝑉𝑠𝑞
𝐿𝑠

𝑀.𝑃.𝜑𝑠𝑑

(32)

∗
. 𝑇𝑒𝑚

The proportional integral controller (PI) is widely used
in the control of DFIG because of its simple structures and
good performances. For the synthesis of the regulators we
opted for the method of poles compensation (𝑡𝑟 = 0.005s).
Ω𝒎𝒆𝒄
Wind

Grid

Gerbox

DFIG

Fig. 4. Wind profile

Furthermore, a selected reactive power reference
corresponding to the following algorithm (Table.2).
Figures 5_a,b , 6_a,b , 7_a,b and 8_ a,b , shows,
respectively, the forms of the active and reactive powers as
well as their references obtained for the control
configurations: WCES driven by AC/DC /AC converter
and WCES diven by MC, For a final simulation time of 2
seconds and under the conditions cited above.
The active and reactive powers follow, correctly, their
respective references. On the other hand, there is a perfect
decoupling between the two power components. Indeed,
despite the change in the references of reactive powers and
consequently of their corresponding magnitudes, the active
power keep a value corresponding to the maximum of the
developed power.
However, due to the use of AC / DC / AC double
conversion, there are oscillations and deviations in power
responses (See the zooms). It is also noted that the
performance in terms of reference tracking and less than the
results obtained with the configuration using the matrix
converter.
Table 2. Operation Statues of the Simulated DFIG

MPPT
∗
𝑇𝑒𝑚

−𝐿𝑠
𝑀. 𝐿𝑚 . 𝜑𝑠
𝑸𝑺_𝒓𝒆𝒇

𝐿𝑠
𝑀. 𝐿𝑚 . 𝑉𝑠𝑞

𝒊𝒓𝒒_𝒎𝒆𝒔

Status

𝒊𝒓𝒒_𝒓𝒆𝒇
+-

1

PI
LMSE

𝒊𝒓𝒅_𝒓𝒆𝒇
-

+

𝜑𝑠𝑞
𝑀. 𝐿𝑚

+

-

PI

𝒊𝒓𝒅_𝒎𝒆𝒔

Outer power loop

Time
(sec)

0 ≤ t ≤ 0.6

Reactive power
(MVar)

0

2

0.6 < t ≤1.2

1

3

1.2 < t ≤ 1.8

-0.8

4

1.8< t ≤ 2

0

Inner current loop

Fig. 4. Circuit diagram of WECS with MC
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--a--

--a--

--b--

Active and Reactive Stator Power With Matrix Converter

Fig.5. Active and reactive powers responses with MC converter

--b-Fig.7. Active and reactive powers responses with AC/DC/AC converter

--b--

--a--

--a--

--a--

--b-Fig.6. Zoom active and reactive powers responses with MC converter
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--b-Fig.8. Zoom active and reactive powers responses with AC/DC/AC
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5.

CONCLUSION

At the end of this study, the performance of the two
variable speed wind energy conversion system based on the
doubly fed induction generator driven by AC/DC/AC and
WECS driven by matrix converter were simulated,
analyzed and discussed. First, a modeling and a control
strategy of DFIG based wind turbine are exposed. After,
The MC-based structure proved to be more efficient
compared to the AC / DC / AC structure. This, concerning
of pursuing the set points of powers and mainly during the
permanent regimes which are reached without recording
oscillations on the responses. Also, a good stabilization of
the active powers is noted even if the reactive power varies.
The simulation results using software Matlab/Simulink
show that the use of MC has given us good rotor currents
and power waveforms and can operate with a unit power
factor.
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solution, the operations are, mutation, crossover, and
selection operators [7].

Abstract_ This paper present the solution of optimal
power flow problems using a Differential Evolution
algorithm (DE) with consideration of unified power flow
controller (UPFC). Differential Evolution method is one
of the best evolutionary algorithms for global
optimization, it using three basic operations, namely:
mutation, crossover, and selection operators. The
objective of this paper is to minimize the total fuel cost of
generation, total real power loss and also maintain an
acceptable system performance in terms of limits on
generator real power, bus voltages. In this work, the
proposed method (DE) has been applied to solve the
optimal power flow problems with and without
installation of UPFC device on the standard IEEE 30-bus
system.

In this paper voltage source model of unified power
flow controller is integrated in Newton Raphson
algorithm in order to investigate the control of power
flow using DE algorithm [8].the simulations has been
implemented by the use of MATLAB software and
have been tested on the IEEE 30-bus power system.
The rest of this paper is planned as follows. Section
2 describes the mathematical formulation of optimal
power flow problem. Sections 3 present the
mathematical equivalent model of UPFC. The DE
algorithm is represented in section 4. Section 5 present
results and simulation. The last section, Sect. 6, is
devoted to conclusions and future work.

Index Terms_ Optimal power flow, Differential evolution
(DE), FACTS, Unified Power Flow Controller (UPFC).

1. Introduction

2. Problem Formulation

The optimal power flow problem (OPF) has been
one of the most usually studied subjects in the power
system community [1]. He was first discussed by
Carpentier in 1962 [2]. OPF problem has been
generally considered as the minimization of an
objective function representing the generation cost and
the transmission loss. The constraints concerned are the
physical laws governing the power generationtransmission systems and the operating limitations of
the equipment.

The mathematical formulation of optimal power
flow problem can be written in the following from :
(1)
(2)
:
=0
(3)
ℎ
≤0
Where:
is the objective function,
is the
equality constraints, ℎ
is the inequality constraints
and
is the vector of control variables, It can be
generated active and reactive power P , Q
,
generation bus magnitudesV , and transformers tap
setting T, … etc.

The unified power flow controller (UPFC) is an
advanced devices member of the group of Flexible
Alternating Current Transmission Systems (FACTS)
[3]. This device can control many parameters, so it is
the combination of the properties of two FACTS: static
synchronous compensator STATCOM and a static
synchronous series compensator SSSC [4]. It is able to
control all the parameters affecting power flow in the
transmission line: voltage, impedance, and phase angle
[5].

= !" , $" , %" , & … (

(4)

2.1 Objective function
In this paper, The OPF problem can be expressed as
minimizing the cost of production of the real power
which is given by a quadratic function of generator
power output as [9,10].

Differential evolution (DE) is a population-based
algorithm with the generation-and-test feature for
global optimization problems using real-valued
parameters, It was invented by Price and Storn in 1995
[6]. Differential evolution improves a population of
candidate solutions over several generations using
three basic operations in order to reach an optimal
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0
= ) *+ + -+ !.+ + /+ !.+
+23

(5)

Where:
is the fuel cost function.
*+ , -+ , /+ are the fuel cost coefficients.
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the most complex FACTS devices in a power system
today. It is a multipurpose FACTS’s device which
allows simultaneous control of active and reactive
power flow and the voltage magnitude at the UPFC
terminals [14].

represent the corresponding generator (1,2,.....ng).
!.4 is the generated active power at bus i.
is number of generators including the slack bus.
2.2 Equality and Inequality constraints

UPFC is modeled as a series reactance together with
the dependent loads injected at each end of the series
reactance. The model is simple and helpful in
understanding the UPFC impact on the power system.
A simpler schematic representation of UPFC is shown

OPF constraint can be split into two parts: The
equality and inequality constraint:
The equality constraints reflects the physics of the
power system, equality constraints g(x) are the power
flow equations describing bus injected active and
reactive powers of the 56 bus, expressed as
>

!"4 − !84 = %+ ) %9
923

>

+

$"4 − $84 = %+ ) %9
923

+9
+9

cos =+9

(6)

sin =+9

(7)

sin =+9
+9

in figure 1 with its equivalent circuit [15].

+ +9 cos =+9
Where !"4 , $"4 are the active and the reactive power
generation at bus i
!84 , $84 are the real and the reactive power
demand at bus i
%+ , %9 the voltage magnitude at bus i, j ,
respectively
+9 , +9 are the real and imaginary part of the
admittance (Yij)
δij is the phase angle difference between buses i
and j respectively
N is the total number of buses.

Fig.1. The UPFC equivalent circuit

The equivalent circuit of UPFC shown in Figure 1(b)
consists of a shunt-connected voltage source, a seriesconnected voltage source, and an active power
constraint equation, which links the two voltage
sources. The two voltage sources are connected to the
AC system through inductive reactance representing
the VSC transformers.

The inequality constraints reflect the limits on
physical devices in the power system as well as the
limits created to ensure system security that they are
presented in the following inequalities:
•
•
•
•
•
•
•

Limits on active power at generator buses:
(8)
P A BCD ≤ P A ≤ P A BEF
Limits on reactive power at generator buses:
(9)
Q A BCD ≤ Q A ≤ Q A BEF
Limits on voltage magnitude of at the all buses:
(10)
VC BCD ≤ VC ≤ VC BEF
Limits on tap positions of a transformer :
(11)
T BCD ≤ T ≤ T BEF
Limits on the bus voltage phase angles:
(12)
θC BCD ≤ θC ≤ θC BEF
Limits on transmission lines loading :
(13)
SHC BCD ≤ SHC ≤ SHCBEF
Limits on FACTS controllers :
(14)
X BCD ≤ XJKLMN ≤ X BEF

The UPFC voltage sources OPQ and OTQ are [18]:

OPQ = %PU
OTQ = %TU

V =TQ + V

=PQ

=TQ

(15)
(16)

Where: %PU and =PQ are the controllable magnitude and
phase angle of the voltage source representing the
shunt converter respectively (equation (17),(18)).

%PQ W+1 ≤ %PQ ≤ %PQ WXY
0 ≤ =PQ ≤ 2[

(17)
(18)

%TQ W+1 ≤ %TQ ≤ %TQ WXY
0 ≤ =TQ ≤ 2[

(19)
(20)

%TU and =TQ are the controllable magnitude and phase
angle of the voltage source representing the series
converter respectively (equation (19),(20)).

3. Modeling of UPFC
The Unified Power Flow Controller (UPFC), which
was proposed by L. Gyugyi in 1991 [11-13], is one of

ISBN: 978-9938-14-953-1
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The équation of the active power and reactive power at
bus k and m are:
!\ = %\0 ]\\ + %\ %W ^]\W cos _\ − _W
+ -\W sin _\ − _W `
+ %\ %TQ ^]\W cos _\ − =TQ
+ -\W sin _\ − =TQ `
+ %\ %PQ ^]PQ cos _\ − =PQ
+ -PQ sin _\ − =PQ `
0
$\ = −%\ ]\\ + %\ %W ^]\W cos _\ − _W
− -\W sin _\ − _W `
+ %\ %TQ ^]\W cos _\ − =TQ
− -\W sin _\ − =TQ `
+ %\ %PQ ^]PQ cos _\ − =PQ
− -PQ sin _\ − =PQ `
!W = %W0 ]WW + %W %\ ^]W\ cos _W − _\
+ -W\ sin _W − _\ `
+ %W %TQ ^]WW cos _W − =TQ
+ -WW sin _W − =TQ `
$W = −%W0 -WW + %W %\ ^]W\ cos _W − _\
− -W\ sin _W − _\ `
+ %W %TQ ^]WW cos _W − =TQ
− -WW sin _W − =TQ `

•

The population is initialized by randomly generating
individuals between the given constraints limits
(equation (29) )[ 17].
a+9b = a9W+1 + cd e ∗ a9WXY − a9W+1
(29)
= 1,2, … hi
&
= 1,2, … k

(21)

Where ; the jth variable of the given problem has its
lower a9W+1 and upper a9WXY bound. Np is the size of
the population and D is the number of decision
variables.

(22)

• Mutation
The mutation operator of DE creates new parameters
into the population. This operation creates mutant
vectors a+′\ by perturbing a randomly selected three
vectors, aX\ , al\ and aT\ such that the indices i, r1, r2 and
r3 are distinct at the th iteration equatuion (30) [16]

(23)

(24)

a+m\ = aX\ +
∗ al\ − aT\
= 1,2, … hi

0
!PQ = −%PQ
]PQ + %PQ %\ ^]PQ cos =PQ − _\
+ -P\ sin =PQ − _\ `
0
$PQ = %PQ
-PQ + %PQ %\ ^]PQ sin =PQ − _\
− -P\ cos =PQ − _\ `

•

(25)

Crossover

Based on the mutant vector, the parent vector is
mixed with the mutated vector to create a trial vector,
Then to get the trail vector the crossing operation is
used and the trail vector ui is given by:

(26)

a+9′′\ = n

a+9′\ o cd e < /c c = cd e

a+9\

ℎ cq V ,

r

(31)

Where, i = 1, 2, 3 , . . ., Np; j = 1, . . ., ,D.
a+9\ , a+9′\ d e a+9′′\ are jth individual of ith target vector,
mutant vector, and trial vector at kth iteration
respectively. Cr e [0, 1] is the Crossover constant [18].

(27)
(28)

•

Selection

Selection process is used among the set of trial
vector and the updated target vector to choose the best.
At last the fitness of the vector a+\ and a+\s3 is
compared, and the best is chosen to generate offspring
through greedy selection, that is:

4. Differential evolution
DE was first proposed by Storn and price at Berkely
in 1995[6]. It is heuristic, population based search
algorithm [16]. It is based on the concept of a
population of individuals that evolve and improve their
fitness through probabilistic operators like mutation.
DE technique is a technically simple, population based
evolutionary algorithm such as genetic algorithms
using similar operators; crossover, mutation and
selection, It using for minimizing non-linear and multimodal objective functions.

ISBN: 978-9938-14-953-1

(30)

Where ; the scaling factor is F, it used to control the
amount of perturbation in the process (Fϵ [0 2]) ,

The active and the reactive power of the series
converter :
0
!TQ = %TQ
]WW + %TQ %\ ^]W\ cos =TQ − _\
+ -W\ sin =TQ − _\ `
+ %TQ %W ^]WW cos =TQ − _W
+ -WW sin =TQ − _W `
0
$TQ = −%TQ
-WW + %TQ %\ ^]W\ cos =TQ − _\
− -W\ sin =TQ − _\ `
+ %TQ %W ^]WW cos =TQ − _W
− -WW sin =TQ − _W `
The active and the reactive power of the shunt
converter :

Initialization

a ′′\ oo a+′′\ ≤ o a+′′\
a+\s3 = n \ +
a+
ℎ cq V ,
i=1,2,… Np
r

(32)

The selection operator is repeated for both pair of
target/trial vector until the new population is
completed. The pseudo-code of the DE algorithm is
shown as [16] :

(343)
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The Pseudo-code of the DE algorithm
Star

1: Generate the initial population P
2: Evaluate the fitness for each individual in P
3: while The termination criterion is not satisfied
4:
for i = 1 to NP
5:
Select uniform randomly c3 ≠ c0 ≠ cu ≠
6:
1, k
UX18 = cd e
7:
for j = 1 to D do
8:
if randj (0, 1) > CR or j == jrand
9:
Ui(j) = aUv (j) + F (aUw
− aUx
10:
else
11:
Ui(j) = Xi(j)
12:
end
13:
end
14: end
15: for i = 1 to NP
16: Evaluate the offspring Ui
17:
if Ui is better than Pi
18:
P i = Ui
19:
end
20:
end
21: end

Compute and evaluate the
fitness of each individual
Apply mutation, crossover and selection operators
to generate new individuals

From new population P of individuals

Converged?

No

yes
End

Fig.2 optimal power flow using DE

Algorithm of DE applied to OPF

In the optimal power flow problem each vector in the
Differential evolution population represent a candidate
solution. The vector of that solution consist the output
power generated by a generation unit.
Evaluation function: DE algorithm searches for the
optimal solution by the maximization of the fitness
function, and for that reason an evaluation function
which provides a determine of the quality of the
problem solution must be given. The objective is to
minimize the total cost of generation while satisfying
the equality constraints by running the algorithm of
Newton Raphson power flow and the inequality
constraints by adding a quadratic penalty
function.(Fig.2)
Fig. 3. Topology of the IEEE 30-Bus electrical network

5. Application Study
The OPF with UPFC device using Differential
evolution approach has been developed and
implemented by the use of Matlab 9. The applicability
and validity of this method (DE) have been tested on
IEEE 30-bus system. This system consist of 6
generators (n°:1, 2, 5, 8, 11 and 13), 41 transmission
lines and 4 transformers (Figure 3).

To demonstrate the effectiveness of the proposed
approach two cases to be discussed:
Case 1: represent the solution of optimal power flow
using DE without UPFC device installed.
In this case the vector of control variables include only
the generated active power (!"+ .
Case 2: represent the solution of optimal power flow
using DE with one UPFC device is installed.
The vector of control variables include the generated
active power (!"+ , the shunt and the series voltage
source of UPFC (%TQ , %PQ )

ISBN: 978-9938-14-953-1

(344)

Editors: T. Bouktir & R. Neji

Generation G+1

•

Generate initial population P of individuals, Gen=0

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

= ^!"w , !"y , !"z , !"vv , !"vx , %PU , %TU `

loading with UPFC device as compared to without
such device (9.2504 MW compared to 9.6073 MW)
and (801.5290$/hr compared to 802.8047$/hr). Fig. 4
show that the convergence of fuel cost with UPFC is
fast and better than without UPFC. From fig.5 the
voltage profile before and after UPFC is clearly
identified that all voltage magnitude profiles are within
the constraint limit and are ameliorated.

(33)

The upper and lower bounds on the the shunt and the
series voltage source of UPFC are set as
0.95 ≤ %PU ≤ 1.10 pu.

&

0.95 ≤ %TU ≤ 1.10 pu.

The control parameters of UPFC are showed in Table
1.

NUPFC
UPFC

1

TABLE 1.
Parameters of UPFC
Xcr
Xvr
Qmax
(pu)
(pu)
(MVar)
0.1
0.1
35

TABLE 4
Comparison of results obtained by DE-OPF with/without UPFC
OPF-DE
OPF-DE
Min
Without
With
Max
UPFC
UPFC
50
176.3184
176.3803
200
Pg1 (MW)
20
48.8386
48.6344
80
Pg2 (MW)
15
21.5388
21.1435
50
Pg5 (MW)
10
22.0872
22.5892
35
Pg8 (MW)
10
12.2363
12.5488
30
Pg11 (MW)
12
12.0000
11.3543
40
Pg13 (MW)
0.5100
0.5100
Cr
1.9627
1.9627
F
0.1115
Vcr
0.9197
Vvr
Generation
802.8047
801.5290
cost ($/h)
Active power
9.6073
9.2504
losses (MW)
UPFC
24-25
-

Qmin
(MVar)
-35

The active power generating limits and the unit costs
of all generators of the IEEE 30-bus test system are
presented in Table 2 [19].
The total active load in the system was 283.4 MW,
the upper and lower bounds on the of generator buses
and load buses are set between 0,9 & 1,1 pu and The
phase angles are set between -14 °& 0°.
TABLE 2
Power generation limits and cost coefficients for IEEE 30-bus
system
Pgi
Pgi(min)
Pgi(max)
Bi .10 −2
C i .10 −4
Ai
(MW)
(MW)
(MW)
($/MWh)
($/MW2h)
($/h)
Pg1
50
200
0.00
200
37.5
Pg2
20
80
0.00
175
175.0
Pg5
15
50
0.00
100
625.0
Pg8
10
35
0.00
325
83.0
Pg11
10
30
0.00
300
250.0
Pg13
12
40
0.00
300
250.0

minimum cost ($ /h)

D E-OPF without UPFC

The DE parameters are set as:
TABLE 3
DE parameters

DE parameters
Population size NP
Maximum number of generations Gmax :
Crossover constant CR
Weighting factor F

20
100
0.5
0.9

80 8
80 6
80 4
X: 92
Y: 801.5

80 2
0

20

40
60
ge neration

80

Fig. 4. The convergence profile of DE-OPF with/without
UPFC for IEEE 30-bus system

The proposed approach with FACTS devices is
applied on IEEE 30 Bus system. UPFC devices are
placed at the bus 24 (between bus 24 and bus 25)
system performance is observed with and without
UPFC device. Table 4 shows the results of the total
cost of generation, active power and total losses
obtained by DE with and without installation of UPFC.
Fig. 4 present the typical convergence characteristics
for the best solutions of the minimum fuel cost
obtained for each generation with and without UPFC.
The results of the voltage magnitude of all buses are
shown in fig.5

6. Conclusion
In this paper, a new stochastic optimization
algorithm is a differential evolution has been presented
to solve the optimal power flow problem with
consideration of FACTS device (UPFC). The
effectiveness of DE method was demonstrated and
tested with IEEE 30 bus system. It is clearly evident
from the results that effective installation of UPFC
devices by using suitable globally acceptable
optimization technique like DE can significantly
improve system performance.

From TABLE 4 we observe that power loss as well
as operational cost reduced significantly in all cases of

ISBN: 978-9938-14-953-1

D E-OPF with U PFC

81 0

(345)

Editors: T. Bouktir & R. Neji

100

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

1 .1
D E-OPF without UPFC

Electrical Power and Energy Systems Engineering
1;4,2008

D E-OPF with U PFC

[9] A. J.Wood and B.F. Wollenberg, "Power
Generation, Operation and Control" , 2nd Edition, John
Wiley, 1996.

V (pu)

1 .0 5

[10] Glenn W. Stagg, Ahmed H. El Abiad, "Computer
methods in power systems analysis", McGraw-Hill,
1981.

1

0 .9 5

0

5

10

15
N bus

20

25

30

[11] Higorani, N.G, Gyugyi,L., Understanding FACTS
Devices, IEEE Press 2000
[12] Edris, A. Mehraban, A.S., Rahman, M., Gyugyi,
L., Arabi, S., Rietman, T., 'Cotnrolling the Flow of
Real and Reactive Power', IEEE Computer Application
in Power, January 1998, p. 20-25

Fig.5. Voltage profile of all buses for IEEE 30-Bus with &
without UPFC

7. References
[1] Hongye Wang, Carlos E. Murillo-Sanchez, Ray D.
Zimmerman and Robert J. Thomas, "On omputational
Issues of Market-Based Optimal Power Flow", IEEE
Transactions on Power Systems, Vol. 22, No. 3, pp:
1185-1193, Aug 2007.

[13] Gyugyi, L., 'A Unified Power Flow Control
Concept for Flexible AC Transmission Systems', IEE
Proceedings-C, Vol. 139, No. 4, July 1992, p. 323-331
[14] Behzad Minooie and Mostafa Sedighizadeh,
“Optimal Site and Parameters Setting of UPFC Based
on Hybrid Genetic Algorithm for Enhancing
Loadability”, Technical Journal of Engineering and
Applied Sciences, ISSN 2051-0853 , 2013

[2] J. Carpentier, "Contribution a l’étude du
dispatching économique", Bulletin de la Société
Française des Electriciens, vol. 3, pp. 431–447, Aug.
1962.

[15] E. Acha, V. G. Agelidis, O. Anaya-Lara and T. j.
Miller, "Power electronic control in electrical systems",
1st edition, Newnes, 2002.

[3] D. Murali, M. Rajaram, "Active and Reactive
Power Flow Control using FACTS Devices",
International Journal of Computer Applications (0975–
8887) Volume 9– No.8, November 2010.

[16]. Baghaee, H. R., Vahidi, B., Jaebi, S.,
Gharehpetian, G.B., Kashefi, A.: Power System
Security Improvement by Using Differential Evolution
Algorithm Based FACTS Allocation. In: Power System
Technology and IEEE Power India conference 2008,

[4] S. Muthukrishnan and A. Nirmal Kumar, "
Comparison of Simulation and Experimental Results of
UPFC used for Power Quality Improvement",
International Journal of Computer and Electrical
Engineering, Vol. 2, No. 3, 1793-8163, June, 2010.
[5] L. Gyugyi, C.D. Schauder, S.I. Williams, T.R.
Reitman, D.R. Torgerson, and A. Edris, 1995, "The
Unified Power Flow Controller: A new approach to
power transmission control", IEEE Trans. on Power
Delivery, 10(2), pp. 1085-1097.

[17] Santosh Kumar Morya1 , Himmat Singh, Reactive
Power Optimization Using Differential Evolution
Algorithm, International Journal of Engineering Trends
and Technology (IJETT) – Volume 4 Issue 9- Sep 2013
ISSN: 2231-5381.

[6] R. Storn and K. Price, Differential Evolution—A
Simple And Efficient Adaptive Scheme For Global
Optimization Over Continuous Spaces, Int. Comput.
Sci. Inst., Berkeley, CA, Tech. Rep. TR-95-012, Mar.
1995

[18] Ren Zi-wu Zhu Qiu-guo, Hybrid Algorithm Based
on Biogeography-based Optimization and Differential
Evolution for Global Optimization, IEEE 9th
Conference on Industrial Electronics and Applications
(ICIEA), 2014.

[7] Storn R, Price K (1997) Differential evolution—a
simple and efficient heuristic for global optimization
over continuous spaces. J Global Opt 11(4):341–359

[19] T. Bouktir and M. Belkacemi, "Object-Oriented
Optimal Power Flow", Electric Power Components and
systems, Vol. 31, (6) 525-534, 2003.

[8] Samina Elyas Mubeen, R. K. Nema, and Gayatri
Agnihotri ,Power Flow Control with UPFC in Power
Transmission System, International Journal of

ISBN: 978-9938-14-953-1

(346)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

Model reference adaptive sliding mode drive for
permanent magnet double rotor motor
Zohra Njajra#1, Dhia Elhak Chariag#2, Flah Ayman#3, Lassaad Sbita#4
Photovoltaic, geothermal and Aeolians Systems, ENIG
Tunisia
1zohra.njejra.speg@gmail.com, 2

dhia.chariag@gmail.com,

3FLAHAYMENING@gmail.com, 4lassaad.sbita@gmail.com

Abstract— In order to optimize the speed-control
performance of the permanent-magnet double rotor
motor (DRM), a control strategy based on sliding-mode
control (SMC) method is developed in this paper. The
SMC controller with reference model is implemented to
control the speed and the vector control is used for the
current loop. The model of the DRM is firstly presented
and implemented using Matlab/Simulink. Then, the
proposed control strategy is investigated and simulation
results validate the performances of the SMC
controllers.
Keywords— DRM, SMC, MRAC, PI, Vector Control

I. INTRODUCTION
The Hybrid electrical vehicles (HEV) take great
interest of the researchers, thanks to their energy
conservation, economic fuel consumption and
reduction of pollutant emissions. The development of
clean energy applications in the transport field can
provide some solutions of the air pollution, the global
warming and the over-exploitation of the petrol
resources. The hybrid vehicles are divided into three
architectures: series, parallel and power split vehicles
[1]. Much AC electrical motors are used in HEV
architectures as permanent magnet synchronous motor
(PMSM), reluctance motors (RM) and switched
reluctance motors (SWRM). The double rotor motor
or dual mechanical port motor is used as energy
transducer in power split HEV. There are classified
into two types: The axial flux double rotor motor is
used as a differential gear in the electrical vehicle [2]
and the radial flux motor that is considered as an
electrical variable transmission (EVT). There are
several types of radial flux double rotor motors
dependent on the inner and outer rotor structure and
materials [8]. The model of the first type is discussed
in [3], it is formed by a permanent magnet inner rotor,
a cup-type rotor and a stator. The second type, the
outer and inner rotors are formed by winding [4]. In
our work, we are interested on double rotor permanent
magnet motor (DRPMM). It is formed by an inner
wound rotor, a permanent magnet outer rotor and a
stator. Furthermore, this category is divided into two
configurations: the non-uniformed magnetic field
DRM and uniformed magnetic field DRM [5], [6]. For
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the first type, the outer rotor is formed by two layers
permanent magnets localized in the inner and outer
surface of the outer rotor with rational arrangements
and they are separated by permeable material.
Therefore, that the flux lines can pass through the
metal. The magnetic coupling between inner and outer
motors is weak and can be neglected in the motor
model [7]. However, in the uniformed magnetic field
DRM, the outer rotor is formed by buried permanent
magnets. As the material of this rotor is impermeable,
the magnetic field of the inner rotor is shared by the
outer motor and the magnetic coupling is strong and
important [8]. The strong flux coupling makes the
control more difficult. Then the outer motor cannot
operate at the high-speed region when the inner motor
operates at the wide speed region. For these reasons,
we choose the first type.
The vector control approach can give good results as
seen in [9]. In the vector control strategy, the q-current
command should be limited due to constraints
imposed by the motor characteristics in order to
protect the stator windings. However, performances
will be deteriorated when the q-axis current command
is saturated control low in places [13]. In order to have
good results an anti -windup
algorithm will be
required [13].
The sliding mode control provides an optimization of
the DRM speed control and can remove all effects of
parameters uncertainties [11].
In this paper, we are interested to the control of DRM.
A sliding mode controller (SMC) based on model
reference adaptive control MRAC is proposed for the
speeds control of the two rotors. SMC is a robust
control strategy used frequently in the nonlinear
system control. The anti-windup algorithm can be
avoided in this case.
This paper is organized as follows: the second section
introduces the mathematical model of the used DRM.
The vector control strategy used in current control is
described in section 3. Next, the MRAC with sliding
mode control strategy (SMC) used in speeds control is
presented in the fourth section. The model
implementation and the simulation results are
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Presented and discussed in section 5.
II. THE DRM MODELING
The DRM is considered as an electrical variable
transmission (EVT). So that the internal combustion
engine ICE operates at the optimal operation line, the
inner motor compensates the speed difference
between the ICE and car speed demand and the outer
motor provides the torque difference [3].
The DRM is formed by two concentric permanent
magnet motors: inner and outer motors.
ar
As

  r

Stator

Outer
rotor

mechanical speeds of the inner and outer rotors
respectively. In this model, the motor parameters are
denoted in the table 1 [4].
Table 1: The DRM parameters
Stator phase resistance
Inner rotor phase resistance

rs
rr

0.08 
0.29 

Stator q-axis inductance

Lqs

1.15 mH

Stator d-axis inductance
Inner rotor q-axis inductance

Lds
Lqr

1.85 mH
1.5 mH

Inner rotor d-axis inductance
Number of pair of poles
Flux linkage of the outer motor
Flux linkage of the inner motor

Ldr
p
m1
m 2

1.5 mH
3
0.0728 Wb
0.0889 Wb

III. VECTOR CONTROL STRATEGY
The regulators used in the currents control are
proportional integral (PI) type. The PI parameters are
inspired from transfer functions described in the four
following equations.
ids
1

(9)
uds  (rs idr   Lqs iqs ) (rs  sLds )

Cs
Inner
rotor

cr
br
Bs

iqs

Fig .1 the DRM architecture

uqs  (rs iqr   Lds ids  m1 )

The global model is described by the following
equations in the dq frame [4].
dids
1

(uds  rs ids   Lqs iqs )
(1)
dt
Lds
diqs
1
(2)

(u qs  rs iqs   Lds ids  m1 )
dt
Lqs

Tout 

3
p m1iqs  m 2iqr  ( Lds  Lqs )ids iqs  (3)
2 
d m
1

(Tout  Tl  Bsm )
dt
Js

(4)

didr
1

(udr  rr idr  (  r ) Lqr iqr )
(5)
dt
Ldr
diqr 1
 (uqr  rriqr  ( r )Ldridr  ( r )m2 ) (6)
dt Lqr

3
Tin   pm2iqr
2

(7)

d rm
1

(Tin  Tice  Br rm )
(8)
dt
Jr
We notice here that ids , idr , iqs , iqr are the direct and

quadrature currents of the inner and outer motors.
Similarly, uds , udr , uqs , uqr are the direct and
quadrature voltages of the two motors. Tin And
Tout are the electromagnetic torques in the inner and
the outer air gaps respectively. rm And m are the
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1
(10)
(rs  sLqs )

idr
1

(11)
udr  (rr ids  (  r ) Lqr iqr ) ( rr  sLdr )

iqr
uqr  (rr iqs  (  r ) Ldr idr  (  r )m 2 )



1
(rr  sLqr )

(12)
The regulators provide the voltages command that
ensure the reference tracking. Fig.1 presents the
description schema of the currents control strategy
used in this work. The voltage commands are limited
by the DC link voltage limit.
IV. SLIDING MODE CONTROL WITH MRAC
The model reference adaptive slide mode control used
in this paper is developed in [11] for the control of
PMSM speed and generates the q current command.
But in these works the controller generates the torque
command.
The mechanical equations of the rotors movement are
described in equations 8 and 4.
The reference model of PMSM is described by the
mechanical equation described as.
d rs
Tm  J m
 Bmrs
(13)
dt
The variable x  rs  m denotes the difference
between the reference model and the system outputs.
The control strategy based on SMC is detailed for the
outer motor. The same approach is the applicant to the
inner rotor speed control.

(348)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

The controller will generate the electromagnetic
torque command that are necessary to ensure that
the reference tracking. After subtracting (13) from
(4), we deduct the equation below.
d m
dx
Jm
  Bm x  (Tout  Tm )  (J
 Bm  Tl )
dt
dt

(18)
s (am x  bm u  e  cx )  0
By reference to [11], the switching controller that
can remove the dynamic generalized error should
be expressed as shown in equation (19).
a c
x   f (s )
u  m
(19)
bm
When we subtle equation (18) in equation (17), the
stability condition will be expressed as follows.
s (bm  f ( s)  e)  0
(20)
And the sign function f(s) is denoted as
 s  0  f ( s)  1
(21)

 s  0  f ( s )  1

Where J  J s  J m , B  Bs  Bm
From Equa.14, we deduct the following dynamic
equation.


(15)

x  am x  bm u  e

Where am  

Bm
1
, bm 
, u  Tout  Tm
Jm
Jm



From equation (20), the condition s s  0 is
satisfied, if the  value ensure these conditions.

Tl J d m B


m
J m J m dt
Jm
where e is the generalized error equation and x is
the speed error. The goal of the control algorithm is
to converge x to zero. We apply the SMC to the
generalized error equation, the switching surface
with integral component described in equation (16)
ensure the exponential stability for sliding mode
speed control [11] .

And e 

e

s  0    b
e

m
(22)
 

bm
s  0     e

bm
The slide mode controller is determined if the
 value is deduced. After the generation of the
electromagnetic torque commands, the quadratic
currents are expressed in equations (23) (24).

t

s  x  c  x ( )d

(16)

0

*
iqr


In the slide mode, s=0 so that the dynamic equation
described in equation (15) can be


x  cx



*
iqs


1 2
s , the
2



condition s  s s  0 ensure the Lyapunov stability
theorem. As a result, we can deduct from Equa.15,
Equa.16 and the Lyapunov condition the following
dynamic equation.

*
ids

k p (1 

(23)

2(Teo*  Tin* )
(24)
3 pm1
In this work, we are interested to control the DRM
at the constant torque region, As a result the direct
current references are forced to zero.

(17)

The Lyapunov function is denoted as v 

2Tin*
3 pm 2

1
)
sTi

u ds
ids

*
iqs

*
idr

*
iqs

k p (1 

1
)
sTi

u qs

k p (1 

1
)
sTi

u dr

k p (1 

1
)
sTi

u qr

iqs

idr

iqr

Fig. 2 Current control bloc
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model have effected in the speed response rapidity.
In the first case, we choose the parameters of two
J m  J s
references models as 
.The speed response
 Bm  Bs

V. MODEL IMPLEMENTATION AND SIMULATION
RESULTS

The fig. 2 presents the control strategy used to
control the output speed of the outer motor. The
same strategy is used in the inner motor speed. The
implemented model is simulated using MatlabSimulink. Fig.4 presents current responses in the
inner and outer motors. The direct current responses
are cancelled, so that current controllers achieve a
good precision and stability. For the quadrature
currents, their responses denote a good tracking
performance that help to have a good speed
tracking also. The fig.5 denotes the speed and
torque responses of the outer and inner rotor. We
notice here that the output speeds follow the
references when the outer and inner motor operates
as a motor or a generator. The proposed control
strategy presents robust performances as good
stability, rapidity and precision. The system
response is fast. The parameters of the reference

with these parameters are presented in fig.6 (a) and
Js

 J m  2
fig.6 (b). In the second case, we use 
.
 B  Bs
 m
2
The two-speed responses to the step references are
shown in fig.6 (c) and (d). We notice here that the
speed responses in the second case are faster and
they reach the reference with a smaller response
time. We conclude that the sliding mode controller
based on reference model improve the dynamic
performances of the system.

Bm


ref





Tm



rs

1
J m s  Bm


x

*
ids
0

Tin*

uds

m


Teo*

*
iqs


*
2(Teo
 Tin* )
3 pm1

*
iqs

uqs


u

Fig. 3 The control strategy implementation
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Fig.4 Current responses of the DRM:
(a) outer direct current (b) outer quadrature current, (c) inner direct current (d) inner quadrature current

Fig.5 Speed and torque outputs of the DRM:
(a) outer rotor mechanical speed (b) inner rotor mechanical speed, (c) outer electromagnetic torque (d) inner electromagnetic
torque
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Fig.6 Step speeds responses
(a) outer rotor speed in the first case (b) inner rotor speed in the first case, (c) outer rotor speed in the second case (d) inner
rotor speed in the second case
APPLICATIONS MAGAZINE, 2009.

VI. CONCLUSION
The proposed control strategy based on sliding mode control
with reference model proposed is robust, which provides good
precision and stability. In our work, we control the speeds of
the two rotors in DRM using the slide mode controller. These
results were applied to the PMSM, in this paper the studied
method is applied to the DRM without the consideration of the
mutual inductances between the inner rotor and the stator. The
simulation results validate the good performances of the
control strategy adopted such as rapidity, stability and
precision.
As a prospect, the simulation results will be validated by
experimental application and can also be used in the highspeed region. Also the proposed control strategy will be
applied in the control of DRM with mutual inductance.
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Abstract— Due to advancement in age and growing
demands, there has been a rapid evolution in the field of
communication. Hence, single carrier waves are being
replaced by multi-carrier systems like Orthogonal
Frequency Division Multiplexing (OFDM) and Generalized
Frequency Division. Multiplexing (GFDM) which are
nowadays being implemented commonly. In the OFDM
system, orthogonally placed subcarriers are used to carry the
data from the transmitter to the receiver end. The presence
of guard band in these systems deals with the problem of
intersymbol interference (ISI) and noise is minimized by the
larger number of subcarriers. However, the large Peak to
Average Power Ratio (PAPR) of these signals has
undesirable effects on the system. In this work, we will focus
on the GFDM systems as well as methods that reduce the
PAPR issue to improve the efficiency.
Index Terms--GFDM, ISI, MIMO, OFDM, PAPR, PTS.

1. INTRODUCTION
The successful deployment of killer applications in
wireless communication technology has allowed its rapid
development in the past 20 years with major impact on
modern life and way the societies operate in politics,
economy, education, entertainment, logistics & travel, and
industry. The evolution of wireless communication
systems technologies can be discretely grouped into
various generations based on the level of maturity of the
underlying technology. The classification into generations
is not standardized on any given metrics or parameters and
as such does not represent a severe demarcation.
However, it represents a perspective which is commonly
agreed upon, both by industry and academia, and hence
conceived to be an unwritten standard [1]. The LTE (Long
Term Evolution) and LTE-Advanced are the latest mobile
communications standards developed by the Third
Generation Partnership Project (3GPP).
GFDM
for Generalized Frequency Division
Multiplexing [1] is a multicarrier modulation technique
which can be foreseen as a potential alternative for
upcoming wireless networks. GFDM attractive features
include reduced low Peak-to-Average Ratio (PAPR),
which is the crucial shortcomings of Orthogonal
Frequency Division Multiplexing (OFDM) used in present
day wireless communication networks.

ISBN: 978-9938-14-953-1

High PAPR causes severe degradation of Bit Error Rate
(BER) performance and in-band and out-of-band
distortion occurs in the non-linear amplifier and leads to
power inefficiency in the Radio Frequency (RF) section of
the transmitter.
There are different techniques for PAPR reduction [3],
[4] including Selective Mapping (SLM) [5], Tone
Reservation (TR) [6], Clipping and Filtering [7] and
Partial Transmit Sequence (PTS) [8],[9]. PTS is
considered to be one of the best techniques to reduce the
PAPR in GFDM systems.
2. GFDM SYSTEMS
Generalized Frequency Division Multiplexing (GFDM)
is a candidate waveform that has been investigated as a
component in the physical layer (PHY) of future wireless
communication systems. Particularly, GFDM can use
Time-Frequency Localization (TFL) of the transmit signal
to address spectral agility and aggregation of carriers with
an adaptation of the prototype filter and resource grid.
However, inherent self-interference between subcarriers
of GFDM hinders the application of standard spatial
multiplexing (SM) detection algorithms.

A data source provides the binary data vector b , which

is encoded to obtain bc . A mapper, e.g. QAM
Modulation, maps the encoded bits to symbols from a 2μvalued complex constellation where μ is the modulation

order. The resulting vector d denotes a data block that
contains N elements, which can be decomposed into K
subcarriers with M subsymbols each according to



T T
T
d c  d 0T ,, d M
1 and d m  d 0,m ,, d k 1,m  . The total





number of symbols follows as N  KM . The ind ividual
elements dk,m correspond to the data transmitted on the kth
subcarrier and in the mth subsymbol of the block. The
details of the GFDM modulator are shown in equation (1).
Each dk,m is transmitted with the corresponding pulse
shape:

k 

g k ,m n  g n  mK mod N . exp  j 2 n
K



(353)

(1)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

With n denoting the sampling index. Each g k,m n is a
time and frequency shifted version of a prototype filter
g n , where the module operation makes g k,m n a

circularly shifted version of g k ,0 n and the complex

exponential performs the shifting operation in frequency.

The transmit samples x  xnT are obtained by
superposition of all transmit symbols:

 
K 1

M 1

k 0

m0

Collecting

the

xn 

g k ,m nd k ,m , n  0,, N  1
filter

samples

in

(2)
vector

Where A is a KM  KM transmitter matrix with a
structure according to:




(4)
A  g 0,0 ,, g k 1,0 , g 0,1 ,, g k 1,m1 



As one can see, g1,0  An,2 and g 0,1  An,K 1 are
circularly frequency and time-shifted versions of,


g 0,0  An,1 .At this point, x contains the transmit

samples that correspond to the GFDM data block d .
Lastly, on the transmitter side, a cyclic prefix of N CP

samples is added to produce x .

Due to the large number of sub-carriers in typical
Multicarrier Modulation (MCM) systems, the amplitude
of the transmitted signal has a large dynamic range,
leading to in-band distortion and out-of-band radiation
when the signal is passed through the nonlinear region of
the power amplifier.






E xt x  t   E 






 

k 1

0

ak e

j 2ki
T



k 1 
ak e
0



 



 j 2ki
k 1 
ak e T
0




 (5)


CCDF ( PAPR0 )
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PTS scheme [8] is a common method to reduce PAPR
of OFDM signal. Its basic principle can be described as
follows:
Let X be an input symbol sequence as presented in
Equation (10) :

X  [X 0 , X1 ,, X N ]

 j 2ki
T





(6)

(7)

(8)

(10)

This sequence is then partitioned into V “disjoint” symbol
subsequences X v , v  1,2,,V  as in Equation (11):





V
v 1

It

Xv

(11)
introduces

rotating

vector:



av  e , v  1,2,,V ; v  0,2  which is known as
Side Information (SI), where each signal subsequence Xvis
multiplied by a unit magnitude constant av, to generate
that is given by Equation (12):
jv



V

a X
v 1 v v

(12)

One can get time-domain signal through IFFT, as
expressed in Equation (13):

y  IFFT (Y ) 

The Complementary Cumulative Distribution Functions
CCDF formula that approximates the PAPR of a
multicarrier signal with Nyquist sampling rate is derived
from the central limit theorem [11] and is given by:
 x2
2
2
 1  (1  e  ) N

C. The Partial Transmit Sequence (PTS) technique

Y

So, mathematically PAPR is given by,

PAPR  Max xt x t  E xt x t 

Where p is the smoothness factor and U sat is the output
saturation level.

X

Peak to Average Power Ratio (PAPR)

Peak Power is defined as:
j 2ki
 k 1
Max xt   x  t   Max 
ak e T
 0
Average power is as follows:

The SSPA [12] shows non-linear characteristics, as it
causes distortion of the signals, particularly high PAPR
values. Consequently, the BER performance of the system
is decreased. The Rapp model of Solid-State Power
Amplifier (SSPA) is defined by following Amplitude-toAmplitude Modulation (AM/AM) and Amplitude-toPhase Modulation (AM/PM) characteristics:
Vin
(9)
Vout 
1

(1  ( Vin / U sat ) 2 p ) 2 p
a


g k ,m  g k ,m nT allows to formulate Equation (2) as


(3)
x  Ad

A.

B. Solid-State Power Amplifier (SSPA)



V

a X
v1 v v

(13)

PAPR value is then compared by selecting different
phase factors, so as to yield the phase factor vector for
OFDM signals with the minimum PAPR. The
corresponding objective function can be written as in
Equation (14):

a1 , a2 ,, av   arg min(max v1 av X v
V

2

)

(14)

Where ‘argmin’ stands for the decision condition at the
minimum value of the function. So PAPR performance of
the GFDM system is improved through finding the best
phase factor {av , v=1,2,…..,V } at the cost of V −1 times
IFFT. Figure 1 shows a typical GFDM system with
traditional PTS.
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x(b) 



V

(15)

bx
v1 v v

Where xb  x0 b, x1 b,, x NL1 bT and L is the over
sampling factor. The objective is to find the optimum
signal x'(b) with lowest PAPR.
Both b and x can be shown in matrix form as follows:

Fig 1.PTS methodblock.
3. DIFFERENT PTS TECHNIQUES
In the PAPR reduction process, PTS does not
deteriorate the orthogonality of subcarriers but it needs
lots of IFFTs and requires an exhaustive search over all
combinations of allowed weighting coefficients, which
brings a much higher computational load.
Several solutions have been proposed recently [17] to
overcome this issue. Modified PTS technique is an
effective way to cut down the computational complexity,
however, the performance of PAPR is still a limitation,
compared with the ordinary PTS technique. Modified PTS
with the interleaving scheme is proposed by using
interleaved sub-block partition and pulse shape technique
to avoid multiple IFFT in PAPR reduction. Although this
method reduces computational complexity, it does not
improve well the PAPR performance.
In the present work, we will focus on two types of
methods: Probabilities-PTS such as Optimal-PTS,
Random Search PTS, and others, and Artificial PTS such
as ABC-PTS and BFO-PTS which are based on artificial
behavior.
A. Probabilities Algorithms
I. optimal-PTS
The Optimal PTS (O-PTS) [13] is a promising
technique that can reduce the PAPR, while its complexity
increases rapidly as the number of sub-blocks increases.
Let X denote a random input signal in frequency
domain with length N. X is partitioned into V disjoint sub
blocks X=[X0, X1, X2…….XN-1]T which are then
combined to minimize the PAPR in time domain. The sub
block partition is based on interleaving in which the
computational complexity is less compared to adjacent
and Pseudo-random, however, it has the worst PAPR
performance among them.
By applying the phase rotation factor bv= ejᴓv, v=
1,2,3,…….V to the IFFT of the vth sub-block Xv, the time
domain signal after combining is given by:
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 b1  b1 
b      
bv  bv 
N V

(16)

 b1,0  b1, NL1 


b 

 
bv,0  bv, NL1 



(17)
NL1V

It should be noted that all elements of each row of
matrix b are of same values and this is in accordance with
O-PTS method. In order to have exact PAPR calculation,
at least 4 times oversampling is necessary. As
oversampling of x, adds zeros to vector, hence number of
phase sequence to multiply to matrix x will remain same.
Now, the process is performed by choosing optimization
parameter b' according to the following condition:


b  arg min max
 0K  NL1



V

bx
v1 v v





(18)

Once the optimum b' is found, the optimum signal is
transmitted to the next block. Finding optimum b',
requires performing an exhaustive search for (V-1) phase
factors since one phase factor can remain fixed, b 1=1.
Hence WV-1 iterations should be performed to find
optimum phase factor, where W is the number of allowed
phase factors.
II. Random Search (RS-PTS)
Random search algorithms [15] are useful for many
global optimization problems with continuous and/or
discrete variables. Typically random search algorithms
sacrifice a guarantee of optimality for finding a good
solution quickly with convergence results in probability.
Random search algorithms include simulated annealing,
genetic algorithms, evolutionary programming, particle
swarm optimization, and colony optimization, to name a
few.
A random search algorithm refers to an algorithm that
uses some kind of randomness or probability (typically in
the form of a pseudo-random number generator). This
method may be called a Monte Carlo method or a
stochastic algorithm in the literature. The term
metaheuristic is also commonly associated with random
search algorithms.
The problem of designing algorithms that obtain global
optimal solutions is very difficult when there is no
overriding structure that indicates whether a local solution
is indeed a global one.
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bi  bi  i bi  bK 

III. I-PTS
In this section, I-PTS algorithm for PAPR reduction is
considered [14], as it is a problem of traversing the binary
tree.
The solution of I-PTS is always updated for
improvements purposes and hence is quickly trapped in a
local optimum. Therefore, Instead of using the linear
search of I-PTS, the Metropolis criterion is applied to
decide the current phase factor b  bm ; m  1,2,, M  is
accepted or is rejected. This can be described within the
following steps:
1 -Suppose that b' is the phase factor obtained from the
previous search and ∆E = PAPR(b)-PAPR(b').
2-if ∆E ≤ 0, accept the move and keep the current b.
 E

3-if ∆E > 0, accept the move with probability e TK .
where Tk    Tk 1;  0.8,1 .
4- The phase factor which does not show the minimum
PAPR may be chosen, thus the local optimum
convergence can be avoided and the PAPR performance is
improved consequently.
Moreover, due to the linear search of I-PTS, a different
selection of initial phase factor may show diverse PAPR
performance.
Another iteration PTS is to eliminate the effect of initial
phase factor. The phase factor that is achieved by the
previous iteration is set as the initial phase factor of the
current search, thus the search is closer to the optimal
phase factor. The optimum phase factor with minimum
PAPR is then obtained after U times. The most important
is to note is that more cyclic time provides the better
performance but with higher complexity, hence an
appropriate U should be chosen to obtain the good
compromise between PAPR performance and complexity.
The PTS algorithm should perform an exhaustive search
for M phase factors, Consequently, D = WM sets of phase
factors are searched to find the optimum set of phase
factors. The search complexity increases exponentially
with the number of sub-blocks M. I-PTS needs M sets of
search to find the sub-optimum phase factors with much
PAPR performance decline.

(19)

where bk is a solution within the neighborhood of bi , and
 i is a random number in the range of [−1, 1] . The nectar
amount of the food source determines the quality or
fitness of the solution that is expressed as:

 1

iff bi   0


fitbi   1  f bi 

1  abs f b iff (b )  0
i
i



(20)

where f (bi) represents the PAPR value of the signal and is
desired to be at a minimum. The probability of an
onlooker bee selecting a food source is calculated as:
fitbi 
(21)
pi 
SN
fit(bi )



i 1

After an onlooker bee reaches a food source, it looks for a
new source within the neighborhood of the previous one
and memorizes the food sources according to their fitness.
After the employed bees and onlooker bees complete their
searches, if the fitness values of the food sources do not
improve with a number of iterations that is called the
“limit” value, employed bees become the scout bees. The
scout bees look for new food sources randomly by:

bi  minbi   rand 0,1 maxbi   minbi 

(22)

where min (bi) and max(bi) are the lower and upper
bounds of the phase vector.
The above steps are repeated within in a cycle, called
the maximum number of cycles (MCN). In a cycle,
possible SN solutions are produced. In the ABC-PTS
algorithm, MCN  SN possible solutions are produced to
find the optimum phase vector.
II. Bacterial Foraging Optimization (BFO-PTS)

B. Artificial Algorithms
I. Artificial Bee Colony (ABC-PTS)
It was recently proposed by Karaboga [15].In the ABC
algorithm, employed bees, onlooker bees, and scout bees
are tasked with finding optimum food sources, and first,
the food source positions are generated randomly. In the
PAPR reduction problem, a food source position is
equivalent to phase vector bi = [bi1, bi2, bi(V−1)] where i =
1,…., SN, and SN denotes the population size, which is
composed of the employed bees or the onlooker bees. The
employed bees look for a new food source within the
neighborhood of the previous source. If the nectar amount
of the new source is higher than the previous one, the new
source is memorized as a possible optimum solution. In
the ABC-PTS, the new phase vector (the new food source)
is expressed by
Fig 2.Flowchart of BFO
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E. coli recently introduced the Bacterial Foraging
Optimization algorithm (BFO)[16] for numerical
optimization problems. The Flowchart of BFO shown in
Figure 2.
4. Simulation Results
The Performance of GFDM was tested through
computer simulation by setting the parameters as shown in
Table 1.
TABLE I
GFDM PARAMETERS
Parameter

Notation

Value

Modulation

-

QAM 16

Samples per symbol

N

256

No. of active subcarriers

K

64

Fig 4.Comparison of PAPR performance (Nc =2,4,6 )

Block size(symbols)

M

256

Sampling frequency(MHz)

Fs

2

Symbol duration(μs)

Ts

60

Block duration (μs)

Tb

60

Channel model

-

AWGN, Rayleigh

Figure 4 shows the PAPR reduction performance with a
different number of chemotactic loop Nc.
As Nc increases, the PAPR performance of BFA-PTS has
small improvement while the computational complexity
becomes high accordingly. Therefore, an appropriate
iteration number Nc=4 is the best choice to achieve the
excellent PAPR reduction performance with very low
complexity. Similarly, the variable PAPR performance
caused by different swim length Ns, and the perfect swim
length is chosen as Ns= 4.

A. PAPR Reduction

B. BER Performance

Fig 3.Comparison between probabilities algorithms

Figure 3 reveals that the best algorithm to reduce PAPR is
O-PTS, but the problem of complexity and search number
still remains. Random search algorithm also provides
good results with only 256 search.
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Fig 8.Performance of GFDM with HPA in Rayleigh Fading
channel.

40

5. Conclusion

Fig 6. The Performance of GFDM without HPA in Rayleigh
Fading channel.

Figures 5 and 6 represent the performance of GFDM
system using different modulations: 16-QAM, 64-QAM
and 256-QAM in a Gaussian channel and Rayleigh Fading
channel without channel coding. We note that the results
of the 16-QAM modulation are better than those obtained
by the modulation 64QAM and 256-QAM.We can
conclude that performance of the system decreases when
the number of constellations increases.
Figures 7 and 8 represent the performance of GFDM
system in the presence of SSPA model with a Gaussian
channel (AWGN) and a multipath channel (Rayleigh
Fading channel).We can note that the system is affected
by the use of high power amplifier while the aim of this
work is to reduce PAPR to improve the performance of
the system. Simulation results show that the performance
of the system decreases when the value of IBO decreases,
which means the level of the saturation of the amplifier
diminish.

In this paper, almost all Partial Transmit Sequence
(PTS) techniques for PAPR reduction in OFDM/GFDM
systems are undertaken. Optimum-PTS technique is the
preeminent method for PAPR reduction while its
drawback is optimization of Phase factor and complexity.
Random-Search PTS is the best technique that makes use
of random optimization and sub-block circular
permutation which reduce the computational complexity
and equivalently improve the performance for PAPR
reduction.
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Abstract-In this paper we present a comparison between
lightning return stoke current distributions calculated in a
vertical lightning channel. The latter is excited at its bottom by
a lumped current source above a flat perfectly conducting
ground. The computation is based on the use of the three
dimensions finite difference time domain method (3D-FDTD)
associated to uniaxial perfectly matched layer (UPML)
boundary conditions. The calculating approach which is based
on the Taflove formulation of the 3D-FDTD method combined
to the UPML boundary conditions is implemented on Matlab
environment in order to develop calculation codes to obtain
lightning return stroke current distributions. Otherwise, due to
electromagnetic model representation, the lightning channel is
modelled alternately by : a vertical conducting wire in air
loaded by additional distributed series inductance and
distributed series resistance, a vertical perfectly wire embedded
in a dielectric of relative permittivity great to the air, a vertical
perfectly conducting wire embedded in parallelepiped dielectric
having the same relative permittivity that the second
representation surrounded by air, and a vertical perfectly wire
coated by a material having a high relative permittivity and
permeability in the air. Finally, the obtained lightning return
stroke space and time distributions are compared with others
taken from specialised literature for validation needs.

Index terms—Electromagnetic models, , 3D-FDTD method,
Taflove formulation.

I. INTRODUCTION
In Electromagnetic Compatibility studies, relative to
lightning and its effects on various systems, it is necessary to
determine the space-time lightning return stroke distribution
along the lightning channel to identify the electromagnetic
field and its effects on electrical system. So, several lightning
return stroke distribution models exist. They are currently
classified [1] into four types of models namely the physical
models, the electromagnetic models, the RLC models, and
the engineering models [1]. These models are currently used
in lightning return stroke analysis, in lightning
electromagnetic environment characterization and in
lightning induced effects studies.
Furthermore electromagnetic models which are based on
Maxwell’s equations are relatively new but effective to
analyze the coupling lightning electromagnetic field effects
on various systems [5- 6-7].

So several works relative to lightning return stroke
electromagnetic models have been performed by the
implementation of numerical methods allowing the lightning
electromagnetic field calculation. These methods solve
Maxwell’s equations in order to have the lightning channel
current space-time distribution Among these numerical
methods we quote the time domain moment method (MoM)
(Van Baricum and Mailler [2]), the frequency domain
moment method (MoM) (Harrington [3]) and the finite
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difference time domain method (FDTD) (Yee [4]). Indeed,
the MoM method, in time domain, was used by Moini et al.
[5] to have a numerical solution of the electric field integral
equation; this can give the lightning channel current stroke
distribution. Shoory et al. [6] employed the frequency
domain MoM method with a vertical resistive wire excited
by a lumped current source to analyze the lightning current.
Finally the FDTD method was used by Baba and Rakov [78-9-10] for the specification of the current time-space
distribution and the associate electromagnetic field
components. The latter employs a simple way to discretize
the entire work space into small cubic or rectangular
parallelepiped cells for computing the electromagnetic field
components and the return stroke current distribution along
the lightning channel. This task needs a special lightning
channel representation taking into account the current wave
propagation velocity knowledge and the excitation sources
representation.
The aim of this paper is to contribute in the
characterization of lighting by the use of electromagnetic
models and the 3D FDTD method. The paper is structured as
follow. In the first section, we review some theoretical
aspects concerning the Taflove formulation related to the
3D-FDTD method using uniaxial perfectly matched layer
(UPML) absorbing boundary conditions [11]. These
conditions are employed to solve Maxwell’s equation to
obtain the current distribution along the lightning channel. At
the end of this section we give two formulas linking the
space and the time increments which allow us to obtain the
computational stability. A review on the lightning channel
representations used in electromagnetic models and FDTD
calculation is given in the second section ; we also present in
this section the channel representations adopted in our
analyze. The third section, of this paper, is devoted to the
presentation of the simulation results. We also present, in
this section, the calculation methodology used in lightning
return stroke current analysis and a comparison between four
lightning channel representations. For validation reasons,
return stroke currents calculated are compared with
measurements results taken from literature [12].
Moreover, for obtaining of the lightning current spacetime distribution waveforms, it was necessary for us to
develop on Matlab environment a 3D computation code. The
latter, is based on the FDTD method including Taflove
formulation. Uniaxial perfectly matched layer (UPML)
absorbing boundary conditions were implemented in this
computation code. Finally conclusions, related to the
lightning analysis based on electromagnetic models and the
3D-FDTD method, are given in the last section.

(360)

Editors: T. Bouktir & R. Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2016

II. 3D-FDTD FORMULATIONS AND BOUNDARY
CONDITIONS

The FDTD method based on Yee algorithm [4] was
employed in 2D and 3D by Baba and Rakov associated with
the perfectly matched layer (PML) conditions based on
Berenger’s formulation [13] and the second order Lioas
boundary conditions in various works such us [7], [8], [9]
and [10] to analyze the lightning return stroke current and to
compute the associated electromagnetic field components
using different lightning channel representations and
different excitation sources methods above a perfectly
conducting ground and a lossy ground and also to study the
influence of the strike tall grounded object on lightning
electromagnetic field.
The Taflove formulation [11] of the 3D-FDTD method
used to analyze lightning current and electromagnetic field in
this work has the advantage that it can be used to calculate
the electromagnetic components in the entire work space and
set a uniaxial perfectly matched layer (UPML) absorbing
boundary conditions using the same equations of electric and
magnetic field associated to their current densities,
employing a simple changing into mediums parameters
(working space medium and UPML regions).
Equations representing this formulation can be written as
follow:
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Similar expressions can be derived for the remaining electric
and magnetic fields components.
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(

(3)

d: The PML area thickness.
x: A positive integer number corresponding to the layer’s
number (0 < . < H).
(1-b)

Defining the multiplying coefficients of electric and
magnetic fields and current densities permits a unified
treatment of both the interior working volume and the UPML
area. The parameters σ and k values, in the interior of the
working volume, depend on the medium nature. For example
in a free space they worth = 0 and = 1. However, in the
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UPML area the parameters and k are assumed to have a
polynomial-graded profile given by equations (3) and (4).
For computational stability, it is necessary to satisfy a
relation between the space increment ∆s and the time
increment ∆t namely [7]:
Δ
ΔT
≤
+
√
√3

k` = 4.12
= 6,57 μ
/\
PM
PML

(8)

In the same context Noda and Yokoyama [14] proposed the
following formula to determine the time step ∆t is:
Δ = ΔTD (1 − Y)
WX
*

PML

Perfectly conducting
grounds
Perfectly
conducting

(9)

Model 2

Model 1

Perfectly conducting grounds

(a)

(b)

α is a small positive value specified by user in order to
prevent instability of the numerical integration.
Model 3

` = 4.1
= 4.12
2
PML
PM

III. STUDY AND RESULT’S PRESENTATION
a. Lightning channel representation
In references [7],[8],[9], and [10], electromagnetic models of
lightning return stroke are classified into seven several types
depending on lightning return stroke channel representations.
These types are:
1) a perfectly conducting/resistive wire in air above
ground;
2) a wire loaded by a additional distributed series
inductance in air above ground;
3) a wire surrounded by a dielectric medium (other than
air) that occupies the half space above ground;
4) a wire coated by a dielectric material in air above
ground;
5) a wire coated by a fictitious material having high relive
permittivity and high relative permeability in air above
ground;
6) two parallel wires having additional distributed shunt
capacitance in air); and
7) a phase current source array in air above ground.
Among these seven electromagnetic models we considered,
in this work, four models (figure 1) it is:
Model 1: A vertical wire loaded by an additional distributed
series inductance and a distributed series resistance (L= 6.57
µH/m, R=0,13 Ω/\).
Model 2: lightning channel considered as a vertical wire of
0.2 m radius surrounded by a dielectric medium of
permittivity ε^ = 4.12 greater than 1 occupying the entire
half space above a flat ground.
Model 3: a vertical wire embedded in a parallelepiped of
ε^ = 4.12.

Model 4: a vertical wire embedded in a parallelepiped of
ε^ = 4.12 and µ r = 4.12.

Note that this types are used by Baba and Rakov [7], [8],
[9], and authors of reference [10] in their FDTD computation
and analysis of lightning current distribution along the
channel and by Moini et al. [5] in their lightning
electromagnetic field calculation based using the method of
moment ( MoM) in time domain.
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PML

PM
Perfectly conducting grounds

(c)

Model 4

`

Perfectly conducting
grounds
Perfectly
conducting

(d)

Fig. 1. Two lightning return stroke channel representations with a
perfectly conducting ground excited at its bottom by a current
source:
(a) Model 1 (L= 6.57 µH/m, R=0,13 Ω/\),
(b) Model 2 ( ` = 4.12).
(c) Model 3 ( parallelepiped of f = 4.12).
(d) Model 4 (parallelepiped of ` = 4.12 and µ r = 4.12).

b. simulation principal
In this study the lightning return stroke channel is
represented by a vertical wire placed at the center of a
horizontal perfectly conducting plane and excited at its
bottom by a current source. The later is represented by four
kinds of electromagnetic models (Figure 1).
In this part of study we analyze the return stroke current
space-time distribution along the lightning channel using the
electromagnetic model, illustrated in Figure (1) and based on
3D-FDTD formulations presented before.
The wire representing the lightning channel has a length
of 4 km; this length value is close enough to reality since the
lightning channel length must not exceed 7.5 km. This wire
is placed in a working volume of 90 m x 90 m x 4500 m,
which is divided into rectangular parallelepiped cells
of 1.5 m × 1.5 m × 10 m. In this way a vertical wire has an
equivalent radius of 0.2 m (fij = 0.135 × ∆., according to
Taniguchi et al [27]). The time increment was fixed to 2 ns.
Finally, in the second part of this section, we compare
our results, consisting of the lightning channel distribution
current, with those computed by Izadi et al [12].
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c. Current time- space distribution along the lightning
channel
The vertical wire shown in Figure (1) is excited at its
bottom by a lumped current source, this latter produce a
current waveform having a peak of 16 kA and a rise time of
0.7 µs. Note that the channel-base current waveform shown
at Figure (1), at 0 m, is calculated using Heidler function
(equation 10) applied to a subsequent return stroke and using
parameters illustrated in table 1 (taken from reference [12]
for comparison and validation needs).
(0, ) =

so
nCo 2prqoo 3
so
7o
2prqoo 3

:.t

;p

qou

su

nCu 2prquo 3
su
7u
2prquo 3

+

:.t

(a)

;p

quu

(10)

Where:
i01, i02 are current amplitudes,
v , v are the front time constants,
v , v are the decay time constants,
n1, n2 are the exponents
w = x−

qoo
qou

y

o

q
s
. ou o z ,
qoo

w = x−

quo
quu
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o

(b)

q
s
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Table 1
Lightning channel base current parameters.
i01
(kA)
14.8

v
(µs)
0.244

v
(µs)
2.77

i01
(kA)
6.86

v
(µs)
4.18

v
(µs)
40.66

n1

n1

2

2

The speed of lightning return stroke current wave is equal
to 1.4752.108 m/s [12] (lower to the light velocity 3.108 m/s)
for this reason we take L = 6.57 µH/m, and ` = 4.12.

(c)

In figure (2) we present a comparison between our
results, obtained by the achievement of the 3D-FDTD
method and EM models, and those obtained by Izadi and al
[12] using measured electromagnetic fields. These results
consist in current waveforms which are plotted at different
lightning channel heights namely: 0 m, 250 m, 500 m, and
750 m. Thus, current waveforms plotted in figure (2 a) are
those obtained by Izadi et al [12] and curves plotted in
figure (2 b-c-d-e) are our results.
Through this comparison, we can see the good agreement
between the two results. As seen in figure. (2 a), the current
wave suffers both attenuation and dispersion as it propagates
along the lightning channel. In all the four electromagnetic
models results we can remark that the current waveforms
have attenuation in there magnitude along the lightning
channel and there is also a difference between current speeds
obtained for each model. So, in figure (2 b-c) the lightning
current speed is equal to 1.47. 108 m/s, in figure (2 d) this
latter equal to 2.38. 108 m/s and the speed values taken from
figure (2 e) is equal to 1.7857.108 m/s. from this values of
lighting return stroke current speeds it is clearly remarked
that all the four electromagnetic models implemented in this
calculation give a speed lower than that of light velocity, the
difference between these values is due to the series
inductance value (model 1) and the size of artificial medium
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(d)

(e)
Fig. 2. Current waveforms calculated at different heights using the
3D-FDTD method and EM models:
(a) Results taken from [12],
(b), (c), (d) (e): Our results.
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and to it’s relative permittivity and permeability (model 2,3
and 4) we can notice also that there is a difference in the rate
of attenuation of current waveforms along the lightning
channel of each model.

[9]

Finally we can notice that the use of four electromagnetic
models and the 3D- FDTD method based on Taflove
formulation has given good results validating thus our
computation code developed on Matlab environment.

[11]

[10]

[12]

[13]

IV. CONCLUSION

[14]

In this paper, we implemented electromagnetic models in
order to calculate the lightning return stroke current
distribution, along a vertical channel and above a flat
perfectly conducting ground. In this computation we also
implemented Taflove formulation in the 3D-FDTD method
associated to the UPML absorbing boundary conditions. To
that effect, we developed two 3D calculation codes based
on this numerical method. Finally, this computation
approach gives a good agreement between the obtained
results (current distribution along the lightning channel) and
results of the same type taken from literature allowing us to
validate the proposed approach based on the use of
electromagnetic models and Taflove formulation in the 3D
FDTD calculating method. At the same time we also
validated the developed codes.
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Abstract—This paper proposes the application of the
firefly algorithm (FA) for optimal sizing and placement of
Multiple Distributed Generation (DGs) in the radial
distribution networks considering uncertainty in the
variation of loads in order to minimize power losses and to
improve the voltage profile. Uncertainty in the variation of
loads is linearly changed in small steps of 1% from 50% to
150% of the base case. IEEE 33-bus test system is used to
demonstrate the effectiveness of the proposed algorithm.
The results are compared with S huffled Frog Leaping
Algorithm (S FLA) is also given.
Index Terms —Radial distribution network; Load
flow; Multiple Distributed Generation; Uncertainty in the
variation of loads.

1. INTRODUCTIO N
Distribution networks are generally radial in nature
with single source feed. Conventional load flow
programs used for the transmission networks are not
suitable for the distribution networks as these networks
are characterized by high R/ X rat io, thus makes
Jacobian matrix ill-conditioned and hence NewtonRaphson (NR) and Fast Decouple load flow (FDLF)
methods are not suitable for solving such networks [1].
One of the most important motivation for the studies
on integration of distributed resources to the grid is the
exploitation of the renewable resources such as; hydro,
wind, solar, geothermal, bio mass and ocean energy,
which are naturally scattered around the country and
also smaller in size. Accordingly, these resources can
only be tapped through integration to the distribution
system by means of Distributed Generat ion (DG). DG
which generally consists of various types of renewable
resources can be defined as electric power generation
within distribution networks or on the customer side of
the system [1]. DG can be an alternative for industrial,
commercial and residential applicat ions. DG makes use
of the latest modern technology which is efficient,
reliable, and simp le enough so that it can compete with
traditional large generators in some areas [2, 3].
On account of achieving above benefits, the DG must
be reliable, dispatchable, of the proper size and at the
proper placement [4].
The Firefly Algorith m (FA) is a metaheuristic,
nature-inspired, optimizat ion algorith m wh ich is based
on the social (flashing) behavior of fireflies, or lighting
bugs, in the summer sky in the tropical temperature
regions. It was developed by Dr. Xin-She Yang at
Cambridge University in 2007 and it is based on the
swarm behavior. In part icular, although the firef ly
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algorith m has many similarities with other algorithms
which are based on the so-called swarm intelligence,
such as the famous Particle Swarm Optimizat ion (PSO),
Artificial Bee Colony optimization (ABC) and Bacterial
Foraging (BFA) algorithms. Fu rthermore, according to
recent bibliography, the algorithm is very efficient and
can outperform other conventional algorith ms, such as
genetic algorith ms, for solving many optimization
problems, a fact that has been justified in a recent
research, where the statistical performance of the firefly
algorith m was measured against other well-known
optimization algorithms using various standard
stochastic test functions. Its main advantage is the fact
that it uses mainly real rando m numbers, and it is based
on the global communication among the swarming
particles (the fireflies), and as a result, it seems more
effective in mult iobjective optimization [5].
In this area, the most of studies have focused their
research on the peak load level and so the uncertainty
variations of loads have been considered [6, 7].
However, in the time horizon of a day, a month or a
year, the active and reactive load values may experience
severe changes and the operator have to consider these
variations. As a result of uncertainty associated with the
variation of loads during the day, the operation and
control of distribution networks are very co mplex and
can be modeled as a nonlinear optimization problem [8,
9].
According to the above discussion, in this work, the
uncertainty in variation of loads is linearly changed
fro m 50% to 150% of its nominal value in 1% steps.
In this paper DGs are considered as an active power
source. The best sizing and placement of mu ltiple DGs
unit in the distribution system to minimize the total loss
are fond by firefly algorith m. This will also improve the
voltage profile.
2. LO AD FLOW
The calculation of the load flow of distribution
system is different fro m that of transmission system
because is radial in nature and has high R/X ratio. In the
proposed method of load flow analysis the main aim is
to reduce the data preparation and to assure computation
for any size for distribution network. The proposed
algorith m can know the topology of the grid, just by
reading line and bus data. The voltage of each node is
calculated by using a simple algebraic equation.
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A lthough this method is based on the forward sweep.
It calculates the power flo w of simple and comp lex
radial distribution networks.
1

P1

2

P2

i-1

i

PL2

i+1

Pi

Pi-1

PLi-1 PLi

n
Pi+1 Pn

PLi+1 PLn

Fig.1. Single-line diagram of a radial distribution network.
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Vi+1

Ii
Ri + j*Xi

i

i+1
Pi+1 + j*Qi+1
Fig.2. Electrical equivalent of Figure.1.

Fro m figure 1 and figure 2, the follo wing equations can
be written:
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3. FIREFLY A LGO RITHM
The firefly algorith m has three particular idealized
rules which are based on some of the major flashing
characteristics of real fireflies. These are the following
[8]:
1) All fireflies are unisex, and they will move
towards more attractive and brighter ones regardless
their sex.
2) The degree of attractiveness of a firefly is
proportional to its brightness which decreases as the
distance from the other firefly increases due to the fact
that the air absorbs light. If there is not a brighter or
more attractive firefly than a particular one, it will then
move rando mly.
3) The brightness or light intensity of a firefly is
determined by the value of the objective function of a
given problem. For maximizat ion problems, the light
intensity is proportional to the value of the objective
function.
A. Attractiveness
In the firefly algorith m, the form of attractiveness
function of a firefly is the following monotonically
decreasing function:

 r   0  exp rijm  , with m  1

Where, r is the distance between any two fireflies, β0
is the initial attractiveness at r = 0, and γ is an
absorption coefficient which controls the decrease of the
light intensity.
B. Distance
The distance between any two fireflies i and j, at
positions xi and xj , respectively, can be defined as a
Cartesian or Euclidean distance as follows :

(4)

 x
d

The Distributed Generat ion DG is simply modeled as
a constant active (P) power generating source. The
specified values of this DG model are real (PDG ) power
output of the DG. The DG can be modeled as negative
power load model. The load at bus i with DG unit is to
be modified as:

PLi  PLoad ,i  PDG,i

(5)

The power loss of any line branch connecting bus i
and i+1 can be computed as:



P 2  Qi2
Ploss i, i  1  Ri,i 1 i
2
V



(8)

(6)

rij  x i  x j 

i,k

 x j ,k

2

(9)

k 1

Where xi , k is the kth component of the spatial coordinate
xi of the ith firefly and d is the number of dimensions we
have, for d = 2, we have :



 



rij  xi  x j 2  yi  y j 2

(10)

However, the calculation of d istance r can also be
defined using other distance metrics, based on the
nature of the problem, such as Manhattan distance or
Mahalanobis distance.

i

The total power loss in all feeders, PT, Loss may then
be determined by summing up the losses of all line
sections of the feeder, which is given as:
n 1

PT ,loss 

P





loss i, i  1

(7)

i 1
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C. Movement
The movement of a firefly i wh ich is attracted by a
more attractive (brighter) firefly j is given by the
following equation:

 



1

xi  xi   0  exp  rij2  x j  xi     rand   (11)
2
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4. RESULTS AND DISCUSSION
The proposed method has been tested on the radial
distribution system IEEE 33-bus as shown in Figure 3
[12, 13], has 32 branches. The total loads for this test
system are 3.72 MW and 2.3 M VAr. The substation
voltage is 12.66 kV and the base of power is
10.00M VA. The test data of 33-bus Distribution system
is available in papers [9] and [10] respectively. The
results of FA are compared with those obtained by the
method Shuffled Frog Leap ing Algorith m (SFLA ) [12].

after installing DGs. The co mparison studies of these
four cases are tabulated in table 1.
1
Without DG
With one DG
With two DGs
With three DGs

0.99

0.98

0.97

Voltage (pu)

Where the first term is the current position of a
firefly, the second term is used for considering a
firefly’s attractiveness to light intensity seen by adjacent
fireflies, and the third term is used for the random
movement of a firefly in case there are not any brighter
ones. The coefficient α is a randomization parameter
determined by the problem of interest, while rand is a
random number generator uniformly distributed in the
space [0, 1]. As we will see in this imp lementation of
the algorithm, we will use  0 =1.0,   [0, 1] and the
attractiveness or absorption coefficient  =1.0, which
guarantees a quick convergence of the algorithm to the
optimal solution [4].

0.96

0.95

0.94

0.93

0.92

0.91

0

5

10

15

20

25

30

35

Bus number

Fig. 4. Bus voltage before and after DGs Installation.

Fro m the table 1, it can be seen that the result of
location DG is similar with the Optimal Placement of
DG in Radial Distribution Networks Using Shuffled
Frog Leaping Algorith m (SFLA ). For case two where
the location for installing the DG is at bus 30, for case
three the optimal placements are at bus 9 and 30 and for
case four the optimal placements are at bus 14, 30 and
6 respectively. The total line power losses obtained by
FA are lo wer than obtained by Shuffled Frog Leaping
Algorith m (SFLA) [12].
TABLE I

Comparison Results Of The 33-Bus Network Between Firefly
Algorithm And Shuffled Frog Leaping Algorithm For Four
Cases
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Placement

The following four cases to study the impact of DGs
installation on the system performance are considered:
Case 1: Calcu late the distribution network losses and
minimu m voltage without DGs (Base case).
Case 2: Calcu late the distribution network losses and
minimu m voltage with the one DG included once its
optimal sizing and placement is determined.
Case 3: Calcu late the distribution network losses and
minimu m voltage with the two DGs included once its
optimal sizing’s and placements are determined.
Case 4: Calcu late the distribution network losses and
minimu m voltage with the three DGs included once its
optimal sizing’s and placements are determined.
For FA parameters, population size is 20. The
maximu m iteration for FA algorith m is 30. M inimu m
value of beta (attractiveness) is 0.2. The scaling
parameter is 0.25. Gamma (absorption coefficient) is 1
[11]. The Figure 4. shows the bus voltages before and

Sizing (MW)

Without
DGs
FA
SFLA

0.2019

18

0.9134

-

-

0.1179
0.1182

18
18

0.9324
0.9384

FA

0.0857

18

0.9587

SFLA

0.0920

18

0.9617

FA

0.0761

33

0.9719

SFLA

0.0774

33

0.9700

1.1922
1.1999
1.0822
1.0131
1.1623
1.0311
0.6270
0.7770
1.1170
0.6022
0.7500
1.0981

30
30
09
30
09
30
14
30
06
14
30
06

Case 3

Fig.3.The schematic of a 33-bus radial distribution network.

Optimal sizing
and placement

voltage
(pu)

Case 2

Bus number

Real power
losses
(MW)

Case 1

Minimum bus
voltage

Case 4

In this paper firstly without installing any DGs, the
uncertainty in variation of loads (µ) are changed linearly
fro m 50% to 150% of base case with 1% steps. When
the load is increased by 50%, Pup and Qup are
increased by 50%. Also, when the load is decreased by
50%, Pup and Qup are decreased by 50%. In addition,
second case, third case and ford case consider one DG,
two DGs and three DGs , respectively.
A. Without installing DGs
As mentioned before, the feeder loads are linearly
changed fro m 50% to 150% in 1% steps. The simu lation
results of variation in losses, upstream power and
minimu m value of voltage for three d ifferent loading
levels: base load value, increased by 50% and decreased
by 50% is shown in table 2. Figure.5 shows the voltage
profile under different load levels. As it can be seen in
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this figure, load increase has a negative effect on the
voltage profile. The worst voltage profile is experienced
by 50% increase. In this situation, the min imu m voltage
level is at bus 18, which is equal to 0.8642 pu. On the
other hand, as the load is decreased, the voltage profile
is enhanced. Therefore, the best voltage profile has
happened for the case of 50% decrease in the load. Here
again, the minimu m magnitude of the voltage is at bus
18, which is equal to 0.9583 pu. The active and reactive
power losses under different loading levels are shows in
Figure. 6. By curve fitting technique, the amount of
power losses can be approximated, as follows:
Ploss(MW )  0.27216 2  0.09844  0.02817 (12)

Qloss (MVAr )  0.18236  0.06686  0.01914 (13)

TABLE II

Results Of Load Uncertainty (Without Using DGs)
Loads
decreased by
50 %

Base case

Loads
increased
by 50 %

Pup (MW)

1.8600

3.7200

5.5800

Qup (MVAr)

1.1500

2.3000

3.4500

P loss (MW)

0.0470

0.2019

0.4929

Qloss (MVAr)

0.0313

0.1346

0.3291

Vmin (pu)@Bus

0.9583@18

0.9134@18

0.8642@18

Vmax (pu)@Bus

1.0000@1

1.0000@1

1.0000@1

IEEE 33 bus

2

1

Once the load is decreased, the slope of the loss
reduction curve is reduced, as well. For examp le, when
the load is increased about 50% of its base value, the
active and reactive power losses are increased by
144.13% and 144.50%, respectively. Nevertheless, as
the load is decreased by 50%, the active and reactive
power losses are reduced by 76.72% and 76.74%,
respectively. Figure.7 shows the active and reactive
powers (Pup and Qup) supplied by the upstream
network, respectively.
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Fig.5. Bus voltage in 33-bus system with uncertainty in the
variation of loads without installing DG.
0.5
Ploss
Qloss

0.45
0.4

Loss (MW or MVAr)

0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
0.5

0.6

0.7

0.8

0.9

1
1.1
Uncertainty in the load

1.2

1.3

1.4

1.5

Fig. 6. Losses variations in 33-bus system with uncertainty in
the variation of loads without installing DG.

Pup(MW )  3.7200
(14)
Qup(MVAr )  2.3000

(15)

6

Ploss(MW )  0.13619 2  0.02537  0.00709

(17)

5

4.5
1

4
0.98

3.5
3

0.96

2.5

Voltage (pu)

Upstream power (MW or MVAr)

(16)

Qloss (MVAr )  0.094188 2  0.018187  0.0050854

Pup
Qup

5.5

B. With one DG
The load flow analysis shows that the percentage of
loss reduction. In TABLE III, the proposed method
results for three states of loads (decreased by 50%,
increased by 50% and the base case) are summarized.
Figure. 8 shows the voltage profile under different
loading levels. By co mparing the results of Figure. 5
with that of Figure. 8, it can be said that utilization of
DG in the system has improved the voltage profile
effectively. In the case of the load growth, the minimu m
voltage magnitude has occurred at bus 18, wh ich is
0.8960 pu. For 50% load increase. On the other hand,
as the load is decreased, the minimu m voltage
magnitude is 0.9670 pu at bus 18 for a 50% decrease.
Figure. 9 shows the active and reactive power losses
under different loading levels after installation of one
DG. By curve fitting technique, the optimal losses can
be written as follows:
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Fig.7. Upstream power variation in 33-bus system with
uncertainty in the variation of loads without installing DG.

0.88

0

5

10

15

20

25

30

35

Bus number

Fig. 8. Bus voltage in 33-bus system with uncertainty in the
variation of loads after installation of one DG.
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Qloss (MVAr )  0.063191 2  0.0067187  0.0018321
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Fig. 9. Losses variations in 33-bus system with uncertainty in
the variation of loads after installation of one DG.

Figure.10 shows the active and reactive powers (Pup
and Qup) supplied by the upstream network,
respectively.
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Fig. 11. Bus voltage in 33-bus system with uncertainty in the
variation of loads after installation of two DGs.
0.2
Ploss
Qloss

0.18

Pup(MW )  2.5278

(18)

0.16

Qup(MVAr )  2.3000

Loss (MW or MVAr)

0.14

(19)

0.12
0.1
0.08

4
Pup
Qup

0.06
0.04

3.5

Upstream power (MW or MVAr)

0.02
3

0
0.5

2

1.5

1
0.5

0.6

0.7

0.8

0.9

1
1.1
Uncertainty in the load

1.2

1.3

1.4

1.5

Fig.12. Losses variations in 33-bus system with uncertainty in
the variation of loads after installation of two DGs.
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Figure 10. Upstream power variation in 33-bus system with
uncertainty in the variation of loads after installation of one
DG.

Figure.13 shows the active and reactive powers (Pup
and Qup) supplied by the upstream network,
respectively.
Pup(MW )  1.6247
(22)
(23)
Qup(MVAr )  2.3000

TABLE III
3.5

Results Of Load Uncertainty (With One DG)

Pup
Qup

Base case

Loads
increased
by 50 %

Pup (MW)

1.2639

2.5278

3.7917

Qup (MVAr)

1.1500

2.3000

3.4500

P loss (MW)

0.0284

0.1179

0.2754

Qloss (MVAr)

0.0195

0.0811

0.1897

0.9670@18

0.9324@18

0.8960@18

IEEE 33 bus

Vmin (pu)@Bus
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Fig. 13. Upstream power variation in 33-bus system with
uncertainty in the variation of loads after installation of two
DGs.
TABLE IV

Results Of Load Uncertainty (With Two DGs)
Vmax (pu)@Bus

1.0000@1

1.0000@1

1.0000@1

C. With two DGs
The load flo w analysis shows that the loss
reduction. Figure.11 shows the voltage profile under
different loading levels. By comparing the results of
Figures.5, Figure. 8, Figure. 11, it can be said that the
installation of two DGs has a remarkable influence on
the voltage profile among of one DG unit. Figure. 12
illustrates the real and reactive power losses under
different loading levels at the presence of two DGs. By
curve fitting, the fo llo wing equations can be written:
Ploss (MW )  0.0925522 2  0.0093554  0.002457
(20)
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Loads
decreased by
50 %

Base case

Loads
increased
by 50 %

Pup (MW)

0.8123

1.6247

2.4370

Qup (MVAr)

1.1500

2.3000

3.4500

P loss (MW)

0.0210

0.0857

0.1967

Qloss (MVAr)

0.0143

0.0583

0.1339

Vmin (pu)@Bus

0.9795@18

0.9587@18

0.9378@18

Vmax (pu)@Bus

1.0000@1

1.0000@1

1.0000@1

IEEE 33 bus
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D. With three DGs
The load flow analysis Figure. 14 shows the voltage
profile under different loading levels. By comparing the
results of Figure. 5, Figure. 8, Figure. 11, Figure. 14, it
can be said that the installation of the three DG has a
remarkable influence on the voltage profile among all
number of DGs unit. Figure. 15 illustrates the real and
reactive power losses under different loading levels at
the presence of three DGs. By curve fitting, the
following equations can be written:
Ploss (MW )  0.0808608 2  0.006557  0.0017607
(24)

TABLE V

Results Of Load Uncertainty (With Three DGs)
Loads
decreased by
50 %

Base case

Loads
increased
by 50 %

Pup (MW)

0.5995

1.1990

1.7985

Qup (MVAr)

1.1500

2.3000

3.4500

P loss (MW)

0.0187

0.0761

0.1738

Qloss (MVAr)

0.0130

0.0528

0.1208

IEEE 33 bus

Qloss (MVAr )  0.0563516 2  0.004819  0.0012963

Vmin (pu)@Bus

0.9855@33

0.9719@33

0.9592@33

(25)

Vmax (pu)@Bus

1.0000@1

1.0000@1

1.0000@1

1
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5. CONCLUSION
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Fig. 14. Bus voltage in 33-bus system with uncertainty in the
variation of loads after installation of three DGs.
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Fig. 15. Losses variations in 33-bus system with uncertainty in
the variation of loads after installation of three DGs.

Figure.16 shows the active and reactive powers (Pup
and Qup) supplied by the upstream network,
respectively.
Pup(MW )  1.1990
(26)
(27)
Qup(MVAr )  2.3000
3.5

In this paper, a firefly algorithm (FA) for optimal
sizing and placement of multip le DGs is efficiently
minimizing the total active and reactive power losses
effectively when the voltage profile of the system has
been also improved. The proposed method was tested
on IEEE 33-bus distribution system with four cases,
without DG, with one DG, two DGs and three DGs
included in the system. The performance of FA is good
for solving the optimal sizing and placement problem in
the distribution system. The results show that
incorporating the multip le DGs in the distribution
system can reduce the total line power losses and
improve the voltage profile. The total losses of the
system in case with three DGs integrated in the system
are better than the case without, with one and two DGs.
The comparison with Shuffled Frog Leaping Algorithm
(SFLA ) also has been conducted to see the performance
of FA in solving the optimal sizing and placement of
mu ltip le DGs problems. The uncertainty in variation of
loads is linearly changed fro m 50% to 150% o f its
nominal value in 1% steps of four cases.
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Abstract--The reconfiguration of the distribution system is
used to minimize total power loss by providing good voltage
profile. It is performed based on a metaheuristic optimization
method, called firefly algorithm (FA). First, the algorithm
was applied to the IEEE33- bus test system to find a new
optimum configuration of the network by opening and
closing the normally open switch and normally closed
switches, keeping its radial structure and ensuring the supply
of all connected loads. The application of the FA algorithm
has achieved a good compromise efficiency and success rate
compared to other highly recognized algorithms. Second, the
algorithm was applied to a real distribution network of 112bus with the aim to achieve optimal configuration and
minimize the total power loss ensuring good voltage profile.
Index Terms-- Distribution Network; Firefly Algorithm;
Reconfiguration.

1. INTRODUCTION
Two types of switches are generally known in the
electrical system for the protection and network
configuration. The first are normally closed switches
(sectionalizing switches) and the second normally open
(tie switches). By changing the state of these switches, the
configuration of the distribution system is changed and the
loads are transferred between the lines, so that the radial
power configuration is maintained. This implementation is
known as the reconfiguration of the power supply system
[1].
In general, the process of reconfiguring a power
distribution network is associated with the search for a
new topology, allowing the distribution of power in the
most efficient possible manner [2]. This topological search
is achieved by optimizing the network under the objective
of minimizing total losses of active power system and
improving the voltage profile.
Some benefits are related to the reconfiguration [3] [4]:
-The ability to reduce the losses of active power;
-Increasing
the
capacity
of
the
system;
-Ensuring the continuity of service for maintenance or
system faults.

University of Setif 1

method, called fireflies algorithm, applied firstly to the test
system IEEE -33 bus to confirm the effectiveness of the
algorithm and secondly on a real distribution network of
112-bus.
2. OPENING AND CLOSING OF THE SWITCHES
The main aim of an optimal reconfiguration (opening
and closing of the switches) is to minimize active power
loss. Therefore, the objective function of this study is:
2
Minimise {Plosses  lni | I i | Ri }
(1)
where:
i = Number of lines in the system.
Ii = Line real active current.
Ri = Line resistance.
By providing [4]:
- Holding the radial structure of the network.
- The maximum and minimum amplitudes and phase
angles of the voltages of the bus.
- The maintenance of the balance of power across the bus.
- The power supply of all loads connected to the network.
The closure of all switches in the network of radial
distribution will create loops in the network determining
the possible elements that must be opened. So the radial
structure of the distribution system is maintained by the
identification of these loops, ensuring that only one line
segment is always switched open, which allows the
generation of eligible topologies delimiting the search
space to evaluate the configuration process.
Then each identified loop determines, among all its
elements, the element to disconnect to form a radial
network. Figure 1 represents a network consisting of three
loops where the components of each of them are
determined as follows: [2]
Loop 1= [L2 L4 L5]
Loop 2= [L1 L3 L4]
Loop 3= [L5 L6 L7]

In this paper, the reconfiguration technique of distribution
network
is used to search the possible optimum
configuration by the application of a metaheuristic
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L1

1

2

L2

3

d

rij  xi  x j 

Loop 2
L3
L4

Loop 1
L5

2

(4)

Where xi,k is the kth component of the spatial
coordinate xi of the ith firefly and d is the number of
dimensions, for d = 2, we have:

L6

L7

rij 

xi  x j 2  yi  y j 2

(5)

However, the calculation of distance r can also be
defined using other distance metrics, based on the nature
of the problem, such as Manhattan distance or
Mahalanobis distance.

5

Fig. 1. Network consists of three loops.

Therefore, to design a feasible radial topology, items
that will be disconnected are to be elected from the set of
vectors, without common elements of basic loops.
Combinatorial that can be obtained from these vectors
provide all possible configurations of the system.
To get the best possible configuration respecting all
constraints, a metaheuristic optimization method, called
algorithm fireflies is applied, where the principle and its
parameters are shown below.
3. FIREFLY ALGORITHM
The firefly algorithm has three particular idealized rules
which are based on some of the major flashing
characteristics of real fireflies. These rules are the
following [5]:
- All fireflies are unisex, and they move towards more
attractive and brighter ones regardless their sex.
- The degree of attractiveness of a firefly is proportional
to its brightness which decreases as the distance from the
other firefly increases due to the fact that the air absorbs
light. If there is not a brighter or more attractive firefly
than a particular one, it will then move randomly.
- The brightness or light intensity of a firefly is
determined by the value of the objective function of a
given problem. For maximization problems, the light
intensity is proportional to the value of the objective
function.
A. Attractivenes
In the firefly algorithm, the form of attractiveness
function of a firefly is the following monotonically
decreasing function:
with
m
≥1
 r   0  exp  rijm  ,
(3)
Where, r is the distance between any two fireflies, β0 is
the initial attractiveness at r = 0, and γ is an absorption
coefficient which controls the decrease of the light
intensity.
B. Distance
The distance between any two fireflies i and j, at
positions xi and xj , respectively, can be defined as a
Cartesian or Euclidean distance as follows :
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i ,k  x j ,k

k 1

Loop 3
3
4

 x

C. Movement
The movement of a firefly i which is attracted by a more
attractive (brighter) firefly j is given by the following
equation:

 



1

xi  xi  0  exp  rij2  x j  xi     rand   (6)
2

Where the first term is the current position of a firefly,
the second term is used for considering a firefly’s
attractiveness to light intensity seen by adjacent fireflies,
and the third term is used for the random movement of a
firefly in case there are no brighter ones.
The coefficient α is a randomization parameter
determined by the problem of interest, while rand is a
random number generator uniformly distributed in the
space [0,1]. As we will see in this implementation of the
algorithm, we will use  0 =1.0,   [0, 1] and the



attractiveness or absorption coefficient =1.0, which
guarantees a quick convergence of the algorithm to the
optimal solution [5].
4. OPTIMAL RECONFIGURATION BY THE APPLICATION
OF FA
The problem of optimal reconfiguration to minimize
active power losses has been addressed using
metaheuristic firefly algorithm (FA). It works by first
generating random solutions from space research imposed
by the loops formed by closing all existing switches and
evaluate them.
Finally, it consists in determining a new optimal
topology of the distribution network through the
application of this algorithm in finding the normally open
switches to close, and branches with switches normally
closed to open, corresponding to the best possible
solution. The operation is done according to the flowchart
in Figure 2.
The state vector corresponding to the reconfiguration of
the network is given as follows:

X  [ S1S 2 ....S NB ](1xNB)

(6)
S1, S2, ... .SNB: are switches selected to be open for a
new configuration.
NB is the number of vectors or loops formed by the
closing of the switches.
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The application parameters of FA to solve the
problem of the optimal configuration of the distribution
network are given as follows: [6] [7] [8] [9]:
- Number of fireflies: 30;
- Maximum number of iterations: 30;
- Parameter distribution (α): 0.25;
- The minimum value of attractiveness (β): 0.2;
- Absorption coefficient (γ): 1.

A. IEEE 33-bus
In addition to the 32 branches, the network comprises
five normally open switches (tie-switches) selected to be
closed to insert new branches.

Reading data from the distribution
network
Identification of network loop formed
by the closing of the switches

Generate an initial population of
fireflies xi (i = 1, ..., n) making the
search space imposed by the formed
loops
k=1

Insert variables xi (i = 1, ..., n) to obtain a
new configuration

Fig. 3. IEEE33-bus with normally open switches (tie-switches)

Results and Discussion:
Table 1 shows the voltage at each bus for the optimal
network configuration. Figure 4 represents the voltage
profile before and after the reconfiguration of the network.
The minimum voltage of 0.9134 pu with the initial
configuration, where the switches 33, 34, 35, 36, 37 are
open, is obtained at the bus 18. After completing the
program, an optimal network topology is obtained with
new branches open 7, 9, 14, 32, 37. A new voltage
profile is obtained with a minimum value of 0.94237 pu at
the bus 32 (Figure 4).

Calculate the power flow for each state
variable
Evaluate new solutions
k=k+1
Sort fireflies based on their brightness

Find the best Firefly according to
objective function

Move all the fireflies to the best locations

No

Maximum
iterations
Yes
Results

Fig. 2. Flowchart of the determination of the optimal topology
of the distribution network

The problem is programmed in MATLAB and applied
firstly on the network test IEEE 33-bus [10] shown in the
figure 3 and secondly on the real distribution network 112bus [11] shown in the figure 6.
Fig. 4. Level voltage of each bus of the distribution IEEE33-bus
before and after reconfiguration
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TABLE I

Voltages before and after reconfiguration of the distribution
system IEEE 33-bus
V(pu)
Bus number
Initial configuration
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

1.0000
0.9970
0.9830
0.9755
0.9682
0.9498
0.9463
0.9415
0.9352
0.9294
0.9286
0.9271
0.9210
0.9187
0.9173
0.9160
0.9140
0.9134
0.9965
0.9929
0.9922
0.9916
0.9794
0.9727
0.9694
0.9479
0.9453
0.9339
0.9257
0.9222
0.9180
0.9171
0.9168

Optimal configuration
1.0000
0.9971
0.9870
0.9825
0.9782
0.9717
0.9711
0.9634
0.9600
0.9643
0.9644
0.9647
0.9626
0.9620
0.9539
0.9522
0.9493
0.9482
0.9952
0.9788
0.9743
0.9711
0.9835
0.9768
0.9735
0.9700
0.9676
0.9571
0.9496
0.9465
0.9430
0.9424
0.9479

Table 2 shows the summary of the results before and
after reconfiguration IEEE33-bus network by applying the
FA algorithm. For the optimal configuration, the total
losses are reduced from 201.89 kW to 136.14 kW with a
reduction rate of 32.57%, which clearly reflects the impact
of the optimal network reconfiguration on reducing total
active power losses. Figure 5 gives the new optimal
configuration obtained by applying the algorithm FA
where the solid lines indicate the branches in service, and
the broken lines indicate the branches out of service. The
network is always radial and all connected loads are
supplied.

Fig. 5. IEEE33-bus network with the new optimal configuration
obtained by FA

Table 3 shows a comparison between the results
obtained by the FA algorithms (Fireflies Algorithm), ABC
(Artificial Bees Algorithm), GA (Genetic Algorithm) [12]
and TS (Tabu Search Algorithm) [13] made before and
after reconfiguration.
TABLE III

Results obtained by FA compared to ABC, GA and TS
Total losses
(kW)

Reduction of
losses (%)

Algorithm

Operational switch

Initial
configuration

33, 34, 35,36,37

201.89

-

ABC

8, 14, 28, 32, 33

139.52

30.90

GA

9, 28, 33, 34, 36

140.61

30.36

TS

6,11,14, 28, 31

136,47

32.40

FA

7, 9, 14, 32, 37

136,14

32.57

TABLE II

Result of reconfiguration IEEE 33-bus network by FA
Initial
configuration
Operational switches

33,34,35,36,37

FA configuration
7,9,14,32,37

Power losses (kW)

201.89

136.14

Minimum voltage (pu)

0.9134

0.9423

Bus minimum voltage

18

32
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After reconfiguration of the network, we find that the
value 136.14 kW of total loss of active power obtained by
FA is less than those obtained by applying the algorithms
GA (140.6 kW), ABC (139.5 kW) and TS (136.47 kW).
These results reflect the effectiveness of the FA algorithm
compared to GA, ABC and TS.
B. Real distribution network of 112- bus
In addition to the 111 branches, the network comprises
seven normally open switches (tie-switches) selected to be
closed to insert new branches.

Fig. 7. Level voltage of each bus of the distribution real network
112-bus before and after reconfiguration

113

114

Table 6 shows the summary of the results before and
after reconfiguration of real netowrk 112-bus by applying
the FA algorithm. For the optimal configuration, the total
losses are reduced from 309.84 kW to 224.48 kW with a
reduction rate of 27.54%, which clearly reflects the impact
of the optimal network reconfiguration on reducing total
active power losses.

115

TABLE VI

116

Result before and after reconfiguration of real network 112-bus
by FA
Initial
configuration

117

118

119

configuration

Operational switches

113,114,115,116

42,49,70,78

117,118,119

88,94,101

Power losses (kW)

309.84

224.48

Reactive losses (KvaR)

288.88

162.04

Minimum voltage (pu)

0.9114

0.9304

Bus minimum voltage

102

66

5. CONCLUSION

Fig. 6. Real distribution network 112-bus with normally open
switches (tie-switches).
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The optimization method, based on the algorithm of the
Fireflies FA, was used to find the most appropriate
network topology distribution IEEE33-bus and real
distribution network 112 -bus with the objective to have
the minimum power loss with an eligible voltage profile.
The optimal obtained configuration meets the
requirements; keep the radial structure of the network, and
ensure the supply of all loads connected to the network.
The results have proven the effectiveness of the algorithm
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used FA compared with those obtained by the algorithms
GA, ABC and TS.
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