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numerical solution of the electric field integral equation
and for having the distribution of the current stroke along
the lightning channel. Shoory and al. [5] employed the
MoM method in frequency domain for a vertical resistive
wire excited by a lumped current source to analyze the
lightning current while the FDTD method was used by
Baba and Rakov [6]-[7]-[8]-[9] for the specification of
the time-space distribution relative to the lightning current
and its associate electromagnetic fields.
The FDTD method employs a simple way to discretize the
entire
work
space into small cubic or rectangular
parallelepiped
cells
for
the
computation
of
electromagnetic field components and the lightning return
stroke current distribution. This work needs a special
lightning channel representation taking into account the
current wave propagation velocity specification and a
specification of the excitation sources. It is to highlight
that Baba and Rakov have classified, in various works, the
lightning channels into seven types and the excitation
sources into four types [6]-[7]-[8]-[9].
Otherwise, the lightning return stroke current speed
value is not presented in Maxwell’s equations solved by
numerical methods applied in lightning current
electromagnetic models. Thus, in order to have this speed,
researchers were brought to adopt many lightning channel
representations. Among these representations we can
notice the use of an artificial medium with a relative
permittivity higher than the air one. This allows us to have
a lightning current speed slower than the light velocity.
In this regard, we propose in this paper to investigate,
by simulation, the effect of the use of an artificial medium
on the lightning return stroke current and the associated
electromagnetic field components. The study is based on
the implementation of the Taflove formulation in the 3DFDTD method and the uniaxial perfectly matched layer
(UPML) boundary conditions [10] (see the appendix).
Three kinds of lightning channel representations have
been considered having the same value of relative
permittivity and differenced in the size of the area
occupied by the artificial medium or the magnetic
permeability value.
The paper is structured as follows. In the first part
we present the methodology used to specify the three
cases of lightning channel representations adopted in this

Abstract-- This paper presents a synthesis dealing with the
use of an artificial medium in the lightning current and
electromagnetic field computation. Thus, three cases of
lightning channel representations have been considered in
this study. The first one is based on a representation of the
lightning channel by a wire embedded in an artificial
dielectric medium which occupies the entire half space. The
second representation consists of a wire embedded in a
coating small dielectric parallelepiped having the same
values of permittivity and permeability that those of the first
representation. The third representation uses a wire coated
in a fictitious material having high relative permittivity and
permeability in the air above the ground. All results
presented in this work are obtained using the three
dimensions finite differences in time domain method (3DFDTD) based on Taflove formulation to solve Maxwell’s
equations leading to lightning return stroke current and
electromagnetic fields waveforms. These results are
compared to others taken from specialized literature notably
measured data. Against this comparison, it appears that the
proposed approach, yields to reasonably accurate waveforms
of close electromagnetic fields and spatiotemporal lightning
return stroke current.
Index Terms--3D finite difference time domain (3DFDTD) method, lightning, lightning return-stroke model,
artificial medium, lightning electromagnetic fields, Taflove
formulation.

1. INTRODUCTION
In lightning studies notably those relative to the effects
of lightning on power and telecommunication systems we
commonly use different mathematical models of the
lightning return stroke current in order to identify its
characteristics like waveform, amplitude and speed. These
models are classified into four classes namely: gas
dynamic models, electromagnetic models, RLC models,
and “engineering models”. Electromagnetic models are
new and suitable to analyze the lightning current and the
associate electromagnetic field components. This class of
models involves solving of Maxwell’s equations to obtain
the spatiotemporal distribution of the lightning return
stroke using numerical methods such as the moment
method (MoM) in time domain (Van Barcium and
Mailler[1]), the moment method in frequency domain
(MoM) (Harrington [2]) and the finite differences method
in time domain (FDTD) (Yee [3]). The MoM method in
time domain was used by Moini and al. [4] to have a
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synthesis. The second part is devoted to the result’s
presentation. Thus, we firstly present a comparison
between lightning return stroke current waveforms. The
effect of the presence of an artificial medium on the
associated electromagnetic field components is given
secondly. For validation needs, we compare the
electromagnetic field wave shapes to measurements (taken
from literature). Otherwise, to obtain the space-time
distribution of the lightning current and the associated
electromagnetic field components, it was necessary for us
to develop on Matlab environment a 3D computation
code. Finally conclusions are drawn about the relevance of
the proposed study. In the appendix we give a review on
the Taflove formulation in the 3D-FDTD method and on
the UPML boundary conditions [10].

Vertical perfectly
conducting wire
embedded in
a dielectric
medium

ߝ ൌ ͶǤͳʹ

PML

Perfectly conducting ground

(a)

2. LIGHTNING RETURN STROKE CHANNEL

Vertical perfectly
conducting
wire surrounded
by a dielectric
medium of
İr = 4.12

ߝ ൌ ͶǤͳߝ ൌ ͶǤͳʹ
ʹ

Baba and Rakov [6]-[7]-[8]-[9] have classified the
electromagnetic models relative to lightning return stroke
into seven types depending on the lightning return stroke
channel representation. These types are:

PML
PML

1) a perfectly conducting/resistive wire in air above
the ground;
2) a wire loaded by a additional distributed series
inductance in air above the 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 a high relative permeability
in air above the 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 chose the
following models (Fig. 1) :

Perfectly conducting
ground
Perfectly conducting
grounds

(b)

Vertical perfectly
conducting
wire surrounded
by a material
of İr = 4.12 and
µr = 4.12

ߝ ൌ ͶǤͳߝ ൌ ͶǤͳʹ
ʹ
PML

Perfectly conducting
ground
Perfectly conducting
grounds

Model 1: lightning channel considered as a vertical wire
of 0.2 m radius. The latter is surrounded by a dielectric
medium of permittivity ߝ ൌ ͶǤͳʹ (greater than 1)
occupying the entire half space above a flat ground.

(c)
Fig. 1 Three representations of the lightning return stroke
channel above a perfectly conducting ground excited at its
bottom by a current source: (a) Model 1, (b) Model 2 and
(c) Model 3.

Model 2: a vertical wire embedded in a parallelepiped
having a permittivity: ߝ ൌ ͶǤͳʹ.
Model 3: a vertical wire embedded in a parallelepiped
having a permittivity ߝ ൌ ͶǤͳʹ and a permeability:
µr = 4.12.

The speed of the return stroke current wire along the
lightning channel which is represented by a wire loaded
by an additional distributed series inductance is related to
the relative permittivity by the following relation [8]:

ݒൌ

Note that these models have been used by Baba and
Rakov [6]-[7]-[8]-[9] in their 2D and 3D FDTD
computation of the lightning current distribution only,
based on the algorithm of Yee associated to Liao’s and the
perfectly matched layer (PML) boundary conditions. They
have been also used by Moini and al. [4] in their lightning
electromagnetic field calculation based on the
achievement the MoM method in time domain.
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Where:

v : is the velocity of lightning return stroke,
ߝ : is the relative permittivity
c : is the light speed.
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In the electromagnetic models achievement related to
lightning current modeling, it is necessary to represent the
channel base current and to excite at its bottom the
vertical wire modeling the lightning channel before
beginning the electromagnetic field computation.

be noted, however, that these parameters values have been
taken from reference [12] since we compare our results
with those presented in this reference.
݅ሺͲǡ ݐሻ ൌ

Lightning channel excitation methods used in
electromagnetic models can be resumed as follows [9][11]:

భ
బభ ൫௧ൗఛభభ ൯
ି௧
ቁ
 ݁ ݔቀ
௧
ఎభ ଵା൫ ൗఛ ൯ భ
ఛభమ
భభ
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ି௧
ቁ
 ݁ ݔቀ
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ఛమమ
మభ
మ

(2)

Where:
i01, i02 : are the current amplitudes,
߬ଵଵ , ߬ଵଶ : are the front time constants,
߬ଶଵ , ߬ଶଶ : are the decay time constants,
n1, n2 : exponents

1) Closing a charged vertical wire at its bottom with
specified impedance;
2) A lumped voltage source;
3) A lumped current source; and
4) A phased current source array.

ߟଵ ൌ

3. PRESENTATION OF STUDY RESULTS

భ

ఛ

ቈെ ቀ ቁ ቀ݊ଵ Ǥ భమቁ భ 
ఛభమ
ఛభభ
ఛభభ

,

ߟଶ ൌ

భ

ఛ

ቈെ ቀ ቁ ቀ݊ଶ Ǥ మమቁ మ 
ఛమమ
ఛమభ
ఛమభ

TABLE I
PARAMETERS OF THE LIGHTNING CHANNEL BASE CURRENT

A. Principle of simulation
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
three kinds of electromagnetic models (Fig. 1(a)-(b)-(c)).

i01
(kA)

߬ଵଵ
(µs)

߬ଵଶ
(µs)

i02
(kA)

߬ଶଵ
(µs)

߬ଶଶ
(µs)

n1

n1

14.8

0.244

2.77

6.86

4.18

40.66

2

2

The speed of the lightning return stroke current wave is
equal to 1.4752.108 m/s [12] (lower than the light velocity:
3.108 m/s) for this reason we took the artificial medium
permittivity equal toߝ ൌ ͶǤͳʹ. Note that this latter has
been calculated using Eq. (1).

The study is divided into two parts. In the first one we
analyze only the return stroke current space-time
distribution along the lightning channel using three
electromagnetic models, illustrated in Fig. 1. The second
part of this study is reserved to the lightning
electromagnetic field components computation based on
the three electromagnetic models listed before.
The wire representing the lightning channel has a length
of 4 km. This wire is placed in a working volume of 90 m
x 90 m x 4000 m, which is divided into rectangular
parallelepiped cells of 1.5mx 1.5m.10m. In this way a
vertical wire has an equivalent radius of 0.2 m (req = 0.135
x ∆x, according to Taniguchi and al [13]-[14]). We can
notice that the 1.5 m small lateral side length of cells is
chosen for computing fields at 15 m from the source (10
cells) and the vertical space segment length: ∆z= 10m is
used to minimize the 3D-matrix size used in our
computation code in other to decrease the computation
time. Uniaxial perfectly matched layer (UPML) boundary
conditions are set at the top and sides of the working
volume. The time increment was fixed to 2 ns.
Finally, in the second part of this section, we compare our
results, consisting of the lightning electromagnetic field
components, with measurement results presented by Izadi
and al [12].

C. Lightning current waveforms comparison
In Fig. 2 we present a comparison between results,
obtained by the achievement of the 3D-FDTD method and
EM models. These results consist in current waveforms
which are plotted at different lightning channel heights
namely: 0 m, 250 m, 500 m, and 750 m.
According to result presented in Fig.2 (a) the speed of
lightning return stroke obtained using Model 1 is equal to
1.4752.108 m/s, whereas if we use Model 2 this speed is
equal to 2.38. 108 m/s, and the exploitation of Model 3
give a speed of 1.7857.108. It is clearly remarked from this
lightning return stroke speeds values that the use of all
three models can give a speed value lower than the light
velocity (3.108 m/s). However, the speed calculated using
Eq. (1) gives Model 1 more rigour than Models 2 and 3.
As shown in Fig. 2 (a)-(b)-(c), there is a difference in the
rate of attenuation of each waveform; this one is affected
by the size of artificial medium and the values of
permittivity and permeability.

B. Lightning channel current distribution
Each vertical wire shown in Fig. 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
Fig. 2(a)-(b)-(c), at distance of 0 m, is calculated using
Heidler function (Eq. (2)) applied to the subsequent return
stroke and using parameters recorded in Table 1. It should
(a)
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(b)

(b)

Fig.3. Vertical electric field waveforms calculated and measured
at distance 15 m:
(a) Measured field [12], (b) 3D-FTD calculated fields using
electromagnetic Models.

Thus, in Fig. 3(a), the vertical electric field waveforms
measured at the surface of ground and at distance of
15 m from the lightning channel are presented while in
Fig. 3(b), the vertical electromagnetic field waveforms
calculated at the surface of a flat perfectly conducting
ground and at distance of 15 m from the lightning channel
are plotted.
The comparison between simulation and measurement
results shows that the lightning vertical electric field
waveform, calculated using Model 1, is more affected
when the artificial medium occupies the entire half space
of the working volume (or more than the half space). So
for this reason researchers avoid the use of this model in
electromagnetic field analysis. Finally, the waveform
obtained using Model 2 present attenuation if we compare
it to the measured one while the exploitation of Model 3,
in particular as regards the vertical electric field obtaining,
has given a satisfactory agreement between measured and
calculated fields. However, the slight difference observed
between the amplitudes of the two fields waveforms
namely: measured and calculated (using Model 3) fields
can be explained by the following items:

(c)

Fig. 2 Current waveforms calculated at different heights using
the 3D-FDTD method and EM models:
(a) Model 1 (b) Model 2 (c) Model 3

D. Electromagnetic field waveforms comparison
In this section, we compare the electromagnetic field
waveforms, obtained by the achievement of
electromagnetic models for the lightning current and the
3D FDTD method for the computation of the associated
electromagnetic fields, with those obtained using field
measurements taken from reference [12].
Thus in Fig. 3 and 4, we present the calculated
electromagnetic field waveforms. In the same figure, we
present also the measured fields collected from a triggered
lightning experiment in Florida, USA [12].

9 Errors of the measurement device.
9 Errors due to the lightning channel geometry. Indeed
the real lightning channel angle is not necessary
vertical as we have assumed it in our calculation
Errors related to the lightning return stroke speed
variation and to the ground conductivity which have not
been considered in our calculation.

(a)
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with that obtained by the achievement of Model 1 and 3
and produce the same feature of measured field but with
attenuation in magnitude. Furthermore, the return stroke
speed obtained using Model 3 is not much affected by the
relative permeability change and this model has given a
satisfactory agreement with measured result.
Finally, we can say after this survey that the use of the
3D-FDTD method associated to the Taflove formulation
and the UPML boundary conditions has turned out to be a
good way to analyze the lightning return stroke current
distribution along the lightning channel and the
electromagnetic field components. The 3D-FDTD
developed code has been validated and allows us to study
in the future more complex geometries involving lightning
phenomenon.
APPENDIX TAFLOVE FORMULATIONS:
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Fig.4. Calculated and measured magnetic flux densities
waveforms at distance 15 m :
(a) Measured waveform [12], (b) calculated waveforms

Furthermore, we also computed the magnetic flux
density waveforms at distance of 15 m from the lightning
channel using Model 1-2-3 (without additional resistance).
The
obtained
waveforms
are
presented
in
Fig. 4(b) while in Fig. 4(a) the measured waveforms at the
same distance from the lightning channel, taken from
reference [12] are presented for comparison needs.
The analysis of the obtained simulation results shows
that the three used models give the same magnetic flux
density waveforms with small differences in magnitudes.
A good agreement is also observed between measured and
calculated magnetic flux density waveforms.
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4. CONCLUSION
The computation of the lightning current distribution and
the
associated
electromagnetic
fields
using
electromagnetic models involving the use of an artificial
medium was performed by the achievement of the 3DFDTD method in time domain and the implementation of
Taflove formulation and UPML boundary conditions in
this achievement. The influence of parameters (like
permittivity, permeability and size of the artificial medium
relative to each electromagnetic model of the lightning
current) on the lightning current and the associated
electromagnetic fields waveforms has been examined in
order to determine the most interesting electromagnetic
model. Thus, according to the obtained results Model 1has
proved to be a good tool in the analysis of the lightning
current but not for the electromagnetic field computation.
Model 2 gave a big return stroke speed comparatively
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Similar expressions can be derived for the remaining
electric and magnetic fields components along y and z
axes.
With:
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d: The UPML area thickness.
x: A positive integer number corresponding to the
layer’s number (Ͳ ൏  ݔ൏ ݀ሻ.
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[7] Michelson white light interferometer and Brillouin
scattering were studied to detect cracks. The majority of
the fibers are silica fibers that are fragile, which facilitates
the breakdown of real applications, and only small cracks
can be monitored. Therefore, the fragility of the silica
fibers limits application. [7] In order to overcome this
drawback, the coaxial cable, which has a high elongation
rate and functions similarly as an optical fiber, because
they share the same fundamental physics governed by the
same electromagnetic (EM) theory, has been attempted to
monitor the cracks. [8] The coaxial probe method is a
method of microwave measurement that allows the
reflection coefficient at the probe terminal to be measured
deep down the probe terminal to the measured materials in
order to capture the complex microwave permittivity of
the materials. This technique not only has the advantages
of being non-descriptive and non-invasive materials, but
also the ability to measure bandwidth and ease of
sampling. As a result, this method has been widely applied
to measure the permittivity of microwave complexes of
dielectric materials and composites. There are several
applications of open-ended coaxial cable sensors that can
be applied in Non Destructive Testing (NDT),
Characterization of dielectric and composite materials,
fluids. Other applications such as the medical field and
quality control of agri-food products.

Abstract--This paper presents a numerical simulation of an
open-ended coaxial sensor using electromagnetic simulation
software HFSS (High Frequency Structure Simulation) for
surface defects detection of conducting metals. This sensor is
based on near field microwave techniques. The detection is
determinate by the variations induced by cracking resonance
frequency for non-descriptive control (NDT). The simulation
is established for a frequency of 24 GHz. We have
characterized this sensor using Ansoft-HFSS software for 3D
Ansoft Designer structures. The representation of all the
basic elements in the structure is called "MESH". The
software calculates a solution at some positions of the MESH
and then reconstitutes a global solution in matrix form. This
sensor is able to detect defects in the order of ȝm and surface
depths of an aluminum plate used for deferring depth value
and deferring shape, Measuring electromagnetic properties
(Complex permeability, complex permittivity, reflection
coefficients, Etc.) for the evaluation of materials.
Index Terms-- Sensor, microwave, numerical simulation,
non-descriptive control (NDT), Ansoft-HFSS.
2. INTRODUCTION
Due to their various attractive features and excellent
advantages, microwave sensors have attracted attention in
both theoretical research and engineering applications
over the past decades. Microwave sensors are used in an
increasing number of applications such as biomedical and
non-destructive diagnosis and testing. Many new
measurement problems have been solved by various types
of microwave sensors [1]. Those sensors have therefore
become more and more common in the various sectors.
Microwave sensors are used in industrials applications
distance measurement, motion, shape, and particle size,
but the largest group of applications is related to the
properties of the material. [2]
Crack monitoring is essential to ensure the safety of
structures. At present, many approaches have been
developed for the monitoring of cracks, such as ultrasonic
methods [3,4], Acoustic emission [5], infrared
thermography [6], impact-echo large area electronics, etc.
All those techniques mentioned above show a good crack
detection performance, but they present many difficult to
apply in practical engineering due to installation
difficulties and vulnerability in the long-term hard
environment. Recently, optical fiber detection technology,
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2. THEORETICAL STUDIES
2.1. NDT Microwave
The MCND techniques (MNDT) allow measuring the
following parameters: the reflection coefficients, the
coefficients of transmission, dielectric constants, loss
factor, complex permeability as a function of frequency
(microwave) and temperature. These measured parameters
can be related to interesting material parameters (eg
defects, in homogeneities, moisture content, etc.) by
appropriate modeling and calibration. Methods (MNDT)
classified several microwave in two categories:
• Free-space methods operating in the far-field region
using point-focusing antennas.
• Waveguide methods operating in the near-field region
that use open-ended coaxial lines, rectangular waveguides,
micro-ribbon lines, and probe cavity resonators. However,
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in waveguide methods, it is necessary for the composite
material to be in close contact with the probe. So these
methods are not without contact. [2].
2.2. Application of microwaves coaxial cable probes

gravimetric moisture content of rice based on reflection
coefficients measured using a vector network analyzer.
The relationship between the coefficient of reflection and
relative permittivity was also created using a method of
regression and expressed in a polynomial model whose
model coefficients were obtained by adjusting the finite
element simulation data. In addition, Experimental
facilities were shown as well as the rice grain sample
holder designed is unique. The measurement of individual
rice grains in this study is more accurate by ratio to the
measurement in conventional mass rice grains because the
random air gap present in bulk rice grains is excluded.
[12] Then, in Yang, S. H et al (2013) use an open coaxial
line sensor and two microwave frequencies to detect the
surface cracks of film-coated metals. The detection of
superficial cracks is important to ensure the safety of
metal structures. The electromagnetic wave technique can
detect metals coated with surface cracks, so much
research on this method has been conducted. However,
the method for determining the optimal frequency for the
detection of surface cracks has not been introduced.
Detection of surface crack using an open-ended coaxial
voltage detector with frequencies ranging from 14 to 18
GHz. Low frequencies increasing or decreasing the
reflection coefficients have been found. Could be
explained according to the capacity model of microwave
reflection. The sensitivity of the detections was increased
by 32.0-97.7%. Stably detected with 0.37-0.43dB of
reflection coefficient. [13]

In 2007: V. K. Ivanov et al determine the permeability of
the dielectric materials, by a probe in the form of an
open-ended coaxial line isolated from the medium probed
by a thin layer. They developed an integral wave
admittance model adapted for the calculations of this
probe in the form of a series with the number of terms
corresponding to the number of higher modes excited in
its opening. [9] Michael J. Kuhn et al (2010) perform the
Measurements of the open-ended coaxial probe for the
detection of breast cancer. They simulated and
experimentally tested a coaxial probe measurement
system and use to distinguish between normal and
cancerous tissues of breast tissue. The system uses a
probe has available components, including an agilent
8363B network phase (PNA) and a dielectric. Instead of
the agilent software, three-dimensional calibration
technique, they have proposed a calibration of four over a
frequency range of 3-17 GHz for more than robust
measurements of the complex permittivity. Experimental
results on tissues humans and natures non-homogeneous
biological tissues and illuminate the dependence of the
complex permittivity on the temperature. Basing on
differences and observed variation in the complex
permittivity between normal and cancerous breast tissue
in the literature through this frequency, then, they propose
a technique that uses a neuron network where several
measures are taken into account in the decision if the
tested fabric is cancerous yes or not. The simulation
results using Ansoft HFSS are provided here and show
the potential of microwave diagnosis of breast cancer.
[10] Thereafter, in 2011: Linsheng Liuet Yang Ju use a
non-standard evaluation method Effective Destructive
(NDE) to Measure Pipe Wall Refinement (PWT) at a
Distance to using microwave. A vector network analyzer
(VNA) as a line sensor coaxial transmitter-receiver (T &
R), we reemployed in the experiment for generate
microwave signals propagating in the room, whose
frequency has been carried from 14.00 to 14.20 GHz. A
brass tube with an internal diameter of 17.03 mm,
thickness of wall of 1.0 mm, length 2.0 mm, and 6 joints
having a length of 17.0 mm and a pipe refinement from
0% to 60% of the wall thickness were measured. The
waveguide tubular radio waves, after construction
Assessments, evaluation of PWT have been realized.
Comparison of the evaluated results obtained are used a
model with the individual dimensions in the joints, the
evaluation is less than 0.05 mm, which represents less
than 0.294% of what indicates the importance of
assessing the accuracy.[11]
K.YOU and Al (2013) present an experimental study for
the determination of moisture content (mc) in kernels in a
range of (9.5% to 26%), using an open-ended coaxial
probe, the coaxial probe was manufactured by empirical
polynomial models. They are developed to predict the
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A. Defect detection system
The defect detection system includes a network analyzer,
an open-end coaxial cable sensor and an aluminum plate
contains defect with various depth (1 mm, 1.5 mm and 2
mm). The probe (sensor) reflects the permittivity of the
material at the end of the probe, as shown in Figure 1.

Fig.1. Measurement system and detection of defects.
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B. Equivalent circuit of a coaxial probe and
impedance model

• Line faults
Line defects of different depths from 1 mm to 2.5 mm,
the default width and 5 mm, in a dimmable aluminide plate
150 m on 120 m and 4m m depot.

A coaxial probe contains two conductors that conduct
an insulation that forms a capacitance plus a load.

v
Fig.2. Equivalent circuit of a probe. [14]

A number of different models have been proposed to
relate the impedance to the T plane with the dielectric
constant of the material tested.[15] The models most
commonly used are the grouped parameter model, the
slightly enlarged version of the grouped parameter model,
the antenna model, the virtual line model and the rational
function. It has been demonstrated that, given a sample of
At least twice the thickness of the outer diameter of the
probe, the Marcuvitz model is sufficiently accurate. As
shown in figure 2.

Fig.4: Deferential line fault at depth.

3. SIMULATION RESULTS
A. Sensor structure a Vacuum
Sensor dimensions A = 0 B = 3 mm Sensor Width 14.8
mm. The materials used for the sensor configuration,
Copper R = 1 mm and length of 14.8 and R = 2 mm and
length 14.8 mm Teflon R = 1.5 mm and length of 14.8 mm
Copper R = 1 mm and length 14.8 and R = 2 mm and
length 14.8 mm Teflon R = 1.5 mm and length 14.8 mm.
The following figure shows the 3D structure of the sensor
has been studied by the HFFS simulation software.

C. Type of defects
The fault parameters depend on the type of defect
used there are several types the most uses two rectangular
or circular forms, in note work is interested on the
rectangular defect. The following figure shows the two
types of faults. (L) represented the fault length and (w) the
fault width, (D) fault diameter. The defects create in two
304L 304L series stainless steel aluminum plates; two
types of defects were created in these two plates.
• Circular defects
Circular defects of different depths from 1 mm to 2.5
mm, defect section S = 3 ° in a dimming plate of 150 mm
x 120 mm and 4 mm duster.

Fig.5. Sensor structure has been studied in 3D.

Fig.3: Circular defect of deferente to depth.
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B. Contact sensor structure with the Material
The figure below shows the reflection coefficient S11.

B.1 Sensor structure without contact Default

Fig.6. Sensor Structure with contact without defect by 3D
HFFS.

The figure below shows the reflection coefficient S11.
Fig.9. Reflection coefficient S11 with default.

C. Effect of Variaton of Refelection Cofficient (S11) on
Depth of Defects

Fig.7. Reflection coefficient S11 without default.

B.2 Sensor structure with contact Default
Fig.10. Variation of reflection coefficient (S11) depending on
the depth of the defects.

In the following figure, note that in each case the defect
depth increases the frequency increases against the
reflectivity coefficient. The variations of the modulus and
the phase of the reflection coefficient to be measured are
extremely small (variations of the module of the order of
one hundredth of a dB), making it possible to improve the
resolution and the sensitivity of the detection. In the case
of a defect equal to 0mm, a reflection coefficient of the
order of -65 dB of frequency of 9* 10 Hz is obtained. The
defects vary from 1 mm to 2 mm the amplitude of
reflection coefficient increases by -65 dB at 86 dB. The
resonant frequency varies from 9.3* 1010 Hz to 10.5 *
10 Hz.
10

10

Fig.8. Sensor structure with contact with defect by 3D HFFS.
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[14] Zhang, L., Liu, P., Shi, X., You, F., & Dong, X. (2012, May). A
comparative study of a calibration method for measuring the dielectric
properties of biological tissues on electrically small open-ended coaxial
probe. In Biomedical Engineering and Biotechnology (iCBEB), 2012
International Conference on (pp. 658-661). IEEE.

4. CONCLUSION
In this work, we performed a numerical simulation of
an open-ended coaxial sensor using HFFS-3D software.
To simulate the characteristics of a vacuum sensor by
HFFS we begin to schematize the real structure that we
wish to simulate (the choice of materials, dimensioning of
the structure). After that, comes the step of choosing
border conditions. The numerical simulation allowed us to
calculate the reflection coefficients that characterize this
sensor. We then studied the sensitivity of reflection
coefficient to the depth of defects. We have found that
each time the increased defect depth leads to an increase in
reflection coefficient.

[15] Lee, K. Y., Chung, B. K., You, K. Y., Cheng, E. M., & Abbas, Z.
(2014). Study of dual open ended coaxial sensor system for calculation
of phase using two magnitudes. IEEE Sensors Journal, 14(1), 129-134.
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Abstract— This paper proposes patch antenna for wireless

antenna structure with a shifted frequency and also an
increasing of bandwidth of antenna. This structure is realized
in practice and simulated by high frequency structures
simulator (HFSS).
The contributions of this paper can be summarized as follows:
sections II, describes the proposed configuration of split ring
resonator (SRR) unit cell. The fabricated complementary split
ring resonator (CSRR) was etched in a ground plane under the
patch antenna to observe the effects on it. Simulation and
measurement results are presented and compared in section III
and conclusions are given in section VI.

communication systems enhanced by split ring resonator
complementary (CSRR). The objective of this paper is to
determine the effect of different positions of the multi-ring CSRR
on patch antenna design. The patch antenna with CSRR design is
fabricated and simulated. The measured reflection coefficients
and bandwidths were compared with the simulation results using
HFSS, and a frequency multi-band was identified from the
measurements values. The measurement results are almost in
good agreement with simulation data. It has been noticed that the
metamaterial considerably enhances the bandwidth and gain of
the patch antenna.
Keywords— Metamaterial, Complementary
Resonator, Patch antenna, Multi-ring SRR.

II. ANTENNA DESIGN

Split Ring

A. Proposed multi-ring unit cell
The metamaterial structures that are used for
improving patch antenna performance are Split Ring
Resonators (SRR) or the Complementary Split Ring Resonator
(CSRR). To obtain complementary of split ring resonator
structure, replace the copper parts with substrate material and
the substrate material with copper parts [9].
The schematic view of the proposed multi-ring unit cell for the
case of N = 3 is shown in Figure 1 together with the excitation
details where propagation direction is in the direction of xaxis, incident H field is perpendicular to the SRR plane (i.e., in
the direction of z-axis) and the incident E field is
perpendicular to the gap containing edges of the SRR rings
(i.e., in the direction of y-axis) [10].

I. INTRODUCTION
In recent years, great interests have been focused on
microstrip patch antennas in wireless communication field due
to their small volume, low profile and easy fabrication. [1].
Antenna gain is the most important parameter in many
wireless applications. Recently some distinct approaches like,
slot etching on the radiating surface or ground surface [2],
etching CSRR slot in feed line [3] have been suggested in
literature and applied to improve the performances of
conventional microwave devices. More importantly,
metamaterials have considerably enriched the area of
antennas, especially for the antennas with unique behaviors
that conventional ones hardly exhibit, such as enhanced gain
[1] and wider bandwidth. Metamaterial unit cell can be
embedded in the substrate, can be placed as near radiating
patch or can be patterned in the ground plane which is also
known as defected ground plane [4]. These materials were
first introduced by Veselago in 1967 [5], Pendry was the first
one who describe negative permeability medium [6]. Later
Smith implement first left-handed materials consist of periodic
SRRs and long strips [7]. Recently, metamaterial structure is
used to enhance the gain and directivity of patch antenna [8].
The main purpose of this paper is to improved of performance
by combining a patch antenna with a split ring resonator
complementary (CSRR) cells, thus creating a composite patch

ISBN: 978-9938-9937-0-7

The multi-ring SRR resonator has been dimensioned for
resonance in the 1-10 GHz frequency band. This resonator are
designed and simulated on a planar substrate with the relative
permittivity of 4.4 and the loss tangent of 0.001. Each one of
the SRR are composed of only one type of single-ring square
shaped unit cells shown in Figure 1 where the side lengths (L)
of the SRR metal rings are chosen to be 6mm, 5mm and 4mm
for the etch SRR type unit cells, respectively. The same gap
distance g = 0.25mm and the same metal strip width
w = 0.2mm are used in these three different SRR [10].
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All dimensions are shown in table 1 [11].
Parameters

Size (mm)

Length of the patch(L)

11.35

Width of the patch(W)

15.25

Length of the quarter wave
transformer(Lt)
Width of the quarter wave
transformer(Wt)
Length of the 50 Ω line(L)

4.90

Width of the 50Ω line(W)

3.05

Length of the ground plane(Lg)

40

Width of the ground plane(Wg)

40

0.50
6.15

Fig1. Representation of multi-ring SRR cell unit.
TABLE I PARAMETERS OF CONVENTIONAL PATCH ANTENNA.

Figure 2 shows the reflection and transmission spectra as a
function of the frequency of a multi-ring cell unit.

Both the configurations of substrate combinations shown in
Figure 3 (a) and (b) are realized as shown in Figure 5 (a) and
(b) respectively.

Fig 2. Reflection and transmission spectra for the multi-ring SRR [10].

As shown in Figure 2, on the other hand, the three-ring SRR
array has four distinct resonances. Three of them (at 4.1 GHz,
5.05 GHz and 6.53 GHz) are magnetic resonances and the one
at 8.95 GHz is an electric resonance [10].

(a)

B. Enhancement of patch antenna performance by using
CSRR
The patch antenna is fed by a coaxial cable with a
characteristic impedance of 50 Ω, where a low cost glass
epoxy FR4 dielectric material with relative permittivity (εr) of
4.4 with thickness (h) of 1.6mm is chosen and corresponding
to resonance frequency around 6GHz.
The resonant frequency of the microstrip patch
antenna can be calculated as under [12]:

(a)

(1)

(b)
Fig 3. Prototype of proposed patch antenna with CSRR in HFSS:
(a) Top view; (b) Bottom view.

Where,
: width of the patch.
: speed of light.
: value of the dielectric substrate.
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Effect of the metamaterial on the performance of the patch
antenna was investigated by placing CSRR on the ground
plane. The CSRR structure was fabricated to obtain negative
constitutive parameters at 6 GHz. The patch antenna
associated with different CSRR position is represented below:

Comparison
parameters
Optimal frequency
(GHz)
Reflection coefficient
(dB)
Bandwidth (MHz)

HFSS

Measurement

6

5.85

-16.43

-13.61

90

80

TABLE II COMPARISON OF PARAMETER RESULTS OF PROPOSED PATCH
ANTENNA WITHOUT CSRR.

(a)
According to table 2 the reflection coefficient and bandwidth
at 6 GHz are -16.43dB and 90MHz (approximately) for
fabricated patch antenna. This shows that there are very less
variations in practically measured results and simulated results
of proposed antenna.
The measured radiation pattern of the proposed antenna with
CSRR is plotted in Figure 6 in the xz plane (E-plane) and yz
plane (H-plane).
(b)

It can be observed from this graph that a nearly omnidirectional radiation pattern. The cross polarization level is
lower than the co-polarization level.

Fig 4. Image of the fabricated of patch antenna with CSRR:
(a) Top view; (b) Bottom view.

III. RESULTS AND DISCUSSION

Simulated directivity (H plane)
Simulated directivity (E plane)
Simulated radiation pattern (H plane)
Simulated radiation pattern (E plane)

A. Reflection coefficient
For the simulations, we used HFSS. The coaxial feed source is
powered by a wave port. The model area is surrounded by an
absorbent box (radiation). In the following figure 5, we see the
result of the reflection coefficient (simulated and measured)
for the patch antenna without CSRR.

0
30

330

300

60

270

90

240

120

150

210
180

0
-2

Fig 6. Simulated and measured directivity and radiation pattern of patch
antenna without CSRR.

Simulated
Measured

-4
-6

S11 (dB)

-8

In this paper, the results simulated and measured of the patch
antenna with CSRR in term of: reflection coefficient are given
below:

-10
-12
-14
-16
-18
-20
1

2

3

4

5

6

7

Frequency (GHz)

Fig 5. Simulated and measured reflection coefficient of
patch antenna without CSRR.
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0

0
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-2
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-4

-6
-8

S11 (dB)

S11 (dB)

-6
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Simulated
Measured

-16

Simulated
Measured

-12
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-14

-20
-22

-16
1
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7

1

Frequency (GHz)

2
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7

6

5

4

Frequency (GHz)

Fig 10. Simulated and measured reflection coefficient of patch antenna
with SSRR (Position 4).

Fig 7. Simulated and measured reflection coefficient of patch antenna with
CSRR (position 1).

B. Directivity and Radiation pattern
Directivity of an antenna is the maximum value of its directive
gain. It measures the power density the antenna radiations in
the direction of its strong emission [13]. The following figure
below shows the gain pattern of the antenna in the farfield.
The direction of the maximum gain of the antenna is above the
patch (in the direction of theta), while minor lobes are on the
opposite side. The pattern is usually presented in the polar
form with a dB strength scale.

2
0
-2
-4
-6
-8
-10

S11 (dB)

-10

-12
-14
-16
-18
-20
-22
-24

Simulated
Measured

-26
-28

The figure 11, 12, 13 and figure 14 shows the simulated and
measured directivity of the patch antenna with different
positions of the resonator CSRR.

-30
1
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3

4

5

6

7

Frequency (GHz)

Fig 8. Simulated and measured reflection coefficient of patch antenna with
SSRR (Position 2).
Simulated directivity (H plane)
Simulated directivity (E plane)
GSimulated radiation pattern (H plane)
Simulated radiation pattern (E plane)
0
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240
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Fig 11. Simulated and measured directivity and radiation pattern of patch
antenna with CSRR (Position 1).
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Fig 9. Simulated and measured reflection coefficient
of patch antenna with SSRR (Position 3).
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Simulated directivity (H plane)
Simulated directivity (E plane)
Simulated radiation pattern (H plane)
Simulated radiation pattern (E plane)

The Table 3 represents the comparison of parameter in terms
reflection coefficient and bandwidth between the four
positions of multi-ring CSRR etched in ground plane of the
patch antenna.

0
330

30

300

60

270

From the table we notice that the value of reflection
coefficient of the patch antenna is increased in position 2, 3
and 4 by incorporating the single unit of multi-ring CSRR
structure. We notice also a shift in the resonant frequency to
low frequencies for patch antenna with the CSRR (Position 1,
2 and 3) and for patch antenna (Position 1) the resonant
frequency remains the same 6 GHz. According to the table, an
increase in bandwidth is observed if for patch antenna with
CSRR (Position 3 and 4).

90

240

120

150

210
180

Fig 12. Simulated and measured directivity and radiation pattern of patch
antenna with CSRR (Position 2)

From the table above, we can see agreement in results between
simulated and measured results for patch antenna with CSRR
for position 1 and 2. The advantage of using the CSRR
structure below patch antenna can improve a new antenna
band such as: s band and wifi band, we observe also a
frequency shift and a significant improvement in the reflection
coefficients and bandwidth of the patch width CSRR.

Simuleted directivity (H plane)
Simulated directivity (E plane)
Simulated radiation pattern (H plane)
Simulated radiation pattern (E plane)
0
330
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270
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240

IV. CONCLUSION

120

The design suggested for a multiband patch antenna with
CSRR for different wireless communication systems
applications was made and simulated.
In this study,
simulation, fabrication, and measurement are investigated for
patch antenna with CSRR for different position of multi-ring.
The results show that good improvement in the antenna
characteristics in terms of reflection coefficient is achieved.
The bandwidth of the patch antenna with CSRR is increased
from simulation for position 3 and 4. It can be concluded that
patch antenna based on metamaterial exhibits improvement on
the antenna performance in term of reflection coefficient,
bandwidth and gain. Therefore, metamaterials provide
potential application areas to antenna researchers, such as
improvement of the gain or radiation properties of any type of
antenna.

150
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180

Fig 13. Simulated and measured directivity and radiation pattern of patch
antenna with CSRR (Position 3).

Simulated directivity (H plane)
Simulated directivity (E plane)
Simulated radiation pattern (H plane)
Simulated radiation pattern (E plane)
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Comparison
parameters

Patch antenna with CSRR
Position 1

Position 3

Position 2

Position 4

-16.17
70

-11.94

5.66

3.85

-20.75

80

40

5.48

-14.53

Measurement

HFSS

5.75

150

Measurement

-25.61

50

110

5.85

-24.49

40

-20.80

3.1

-13.06

50

5.45

5.94

-21.02

60

4.4

-11.64
20

5.85

-14.14
10

5.29

-14.46
10

4.3

70

-14.82

Bandwidth
(MHz)

6.03

Reflection
coefficient
(dB)

HFSS

Measurement

HFSS

Measurement

HFSS

Optimal frequency (GHz)

TABLE III COMPARISON OF PARAMETER RESULTS OF PATCH ANTENNA WITH CSRR FOR THE FOUR POSITIONS.
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Abstract— The rapid expansion of power systems and diversity of
power generation sources have surfaced the necessity of improving
the current conventional grid to a smarter, more flexible and more
controllable grid. These improvements are ultimately achieved by
the implementation of the concepts of Flexible Alternating Current
Transmission Systems (FACTS) devices and High Voltage Direct
Current (HVDC) technologies. This paper shows the improvement of
transient stability and Power Oscillation Damping (POD) when
FACTS and HVDC are implemented. Three different controllable
components will be studied and designed based on residue method
and Control Layapunov Function (CLF), respectively. The majority
of contemporary power systems lack the aid of FACTS and HVDC
devices due to the relative paucity of conducted research and
obscurity of practical installation. Simulation results of the system
with and without controllable components will be presented and
examined.

The devices and systems will be controlled using a signal
known as Power Oscillation Damping (POD) signal which
will be designed based on residue method and Control
Layapunov Function (CLF). The first control strategy to
improve the damping of power oscillations is to perform
modal analysis and linearize the system using the digital
simulator tool: Simulation of POWer systems (SIMPOW) [9].
The parameters of the POD are then tuned by employing the
residue method discussed in [11]. The second control strategy
which is based on CLF is frequently used to control nonlinear
systems [8]. Many research papers in the field do not combine
the two concepts of FACTS and VSC-HVDC to compare
between them in their level of efficiency to improve the
transient stability and damping of the system.
This paper is organized as follows. Section II is devoted to the
modeling of the controllable devices that will be used in the
simulation, while Section III presents an elaboration of the
different control techniques used along with a brief theoretical
framework about them. Section IV shows the simulation
results and a thorough comparison between the used methods.
Section V and VI involve the conclusion and references,
respectively.

Index Terms— control Layapunov function; FACTS; HVDC;
lead-lag filters; modal analysis; power oscillation damping; residue
method; single-machine-equivalent-method (SIME).

I.!

INTRODUCTION

For many years, the typical power system has served as
the backbone of the process of transmitting power from
generators to consumers. However, the growing number of
distributed (decentralized) power plants and the orientations to
interconnect local and cross-border power systems have led to
more fluctuations in the system. These fluctuations are usually
caused by the electromechanical oscillations of synchronous
generator rotors against each other [7]. Moreover, the system
became more congested and thus more vulnerable to power
outages and less robust towards faults and instabilities. As a
result, the need of having a more dynamic system that has a
greater controllability in which the power-flow can be
monitored effectively and a proper damping of oscillations
can be achieved is essential. This upgrade in the system can
be done by using fast-response controllers. Flexible AC
Transmission system (FACTS) provides a resilient system
where currents and voltages can be swiftly controlled to
ensure a proper power-flow. Furthermore, in Voltage-Source
converter (VSC) based HVDC the system is usually less
expensive since it requires less conductors per area. Also,
VSC-HVDC provides a robust and independent control over
active and reactive power ensuring an increased transmission
flexibility and capability [4]. In this work, we aim to
scrutinize the impact of FACTS devices and VSC-HVDC
systems in achieving the required stability and damping of
electromechanical oscillations.

II.!

MODELING OF CONTROLLABLE DEVICES

Two FACTS devices (TCSC, SVC) and an HVDC (VSC)
system will be used to enhance the damping of the network. A
mathematical modeling for each device is provided in this
section.
A.! Thyristor Controlled Series Compensator (TCSC)
This controllable reactance is sometimes referred to as
thyristor controlled series capacitor and from its name it is
connected in series with the transmission line [4].
Installation of TCSC grants a higher transfer of power with
control over the direction of power-flow [10]. As shown in
Fig.1, A TCSC consists of a conventional fixed capacitor
connected in parallel with a thyristor controlled reactance.
The total reactance of the configuration is controlled by
changing the firing angle of the thyristor.

Fig. 1. Steady-state model of TCSC.
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The power-flow through the lossless transmission line As shown in Fig.3, the SVC is in principle a controlled shunt
susceptance and can be represented by the following equation:
between the two busses depicted in Fig.1 is as follows:
%" %#
)*+ ,"#
&'('
-"# $ . /%" 0 1 . %" %# 23)/,"# 44 5&'(' .. (1)

% $ %C8D E .

!"# $

(2)
(3)

The inverse relationship in (1) indicates that the less the total
reactance (&'(' 4 is, the more the active power (!"# 4 is
transmitted between the two busses. This tight relevance
between line reactances and the active power reveals the
capabilities of TCSCs to damp electromechanical
oscillations. To enhance the damping and make it more
robust, a proper input signal and control laws need to be
applied [8]. The reactance /&<=>= 4 can be automatically
adjusted between a minimum and maximum value by the PI
controller to obtain a specific control mode.
?"7
?AB
&9:;:
@ . &9:;: @ . &9:;:

(5)

Where the negative sign and positive sign represent capacitive
and inductive currents, respectively. %C8D is the reference
voltage magnitude of the SVC bus at K;L: $ M. The amount of
reactive power of the SVC is:
-;L: $ 1N;L: % 0
(6)

where,
&'(' $ &6"78 1 &9:;:
.......................................,"# $ ," 1 ,#

FGHI
JGHI

The shunt admittance (N;L: 4.can be varied between a
minimum and maximum value, absorbing or generating
reactive power to regulate the voltage.
?"7
?AB
N;L:
@ . N;L: @ . N;L:

(7)

Fig.4 shows the dynamic model of SVC for transient
stability and small signal.

(4)

The dynamic model of TCSC for transient stability and
small signal study is depicted in Fig. 2.

!"#$%&$%'()*+",%+-./0%-1%234%

C.! Voltage Source Converter based High Voltage Direct
Current (VSC-HVDC)
!"#$%5$%'()*+",%+-./0%-1%6424$%

HVDC’s main feature is the ability to independently
control the active and reactive power in case of
interconnection between AC networks [5]. Furthermore,
HVDC allows more power to be transferred. VSCs in
principle are based on valves that connect and disconnect
according to a control signal. New voltage magnitudes and
angles can be achieved by using Pulse Width
Modulation(PWM) which is possible to use when high
switching frequency components are present. A simple
VSC-HVDC transmission model in parallel with an AC
transmission line is presented in Fig.5.

B.! Static Var Compensator (SVC)
The voltage in transmission line areas that are relatively
far from generator busses suffers from the line impedance
effect which is usually inductive. This will lead to a
phenomenon known as under-voltage. To overcome this
reduction in voltage, a Static Var Compensator (SVC) is
placed to compensate for reactive loads in the busses that
are at a great distance from the generator busses. As a
result, SVCs have the capability to control the voltage since
they can generate and absorb reactive power. SVCs have no
rotating components, it only consists of a fixed capacitor
bank that is regulated to supply the maximum required
capacitive reactive power [3]. A controlled thyristor is
also attached so that the excessive instantaneous reactive
power is properly consumed.

O:" $ O:" P #QR ...........O:# $ O:# P #QS ......

Where O:" T .O:# T U" T U# are the controllable variables,
magnitude and phase angles of the voltage sources,
respectively.

Fig.3. Simple model of SVC.
Fig. 5. Simple VSC-HVDC transmission model.
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V'" and V'# denotes the reactances of the power transformers. These where A is the state matrix, B and C are the input and output
variables of the SVC can be controlled with respect to the AC supply matrices, respectively. D is the feed-forward matrix. The terms
voltage waveform to supply both active and reactive power to the gV h T ge h .and g\ h represent the change in state, output and
AC system. By assuming that the losses of the converters are input variables, respectively.
constant, the losses then can be represented as a constant load. One The eigenvalues (k) of the system are found using the state matrix
can redraw Fig.5, neglecting the losses of the DC cables as shown in A as the following:
lPh m 1 kn $ M
(14)
Fig.6.
where lPh stands for the determinant of the matrix and 1 is the
unity matrix. These eigenvalues are defined, in modal analysis, as
the modes of the system.
k" $ o" b pq"
(14.A)
where Z is the mode number. From the real and imaginary part of
the eigenvalue, the frequency /d]" 4 and damping ratio /r" 4 of the
system can be obtained as follows:
q"
............................................d]" $
st u
(15)
r" $ 1 R
vR

Fig. 6. Injection model of VSC-HVDC transmission.

As illustrated in [6], the damping of the system has to be positive
in order for it to be stable. However, the modes containing a small
positive value of damping ratio can be reduced until reaching a
negative value in the case of disturbances. These poorly damped
modes which fall under the category of inter-area modes where
the modes of interest, in our case, lie in the frequency range
between 0.1 to 2 Hz. The level of how well a mode is observed is
called the observability (O) of a mode. Thus, the higher the
number of observability is, the clearer the mode is observed in the
output. The derivation of the equation of observability is
introduced in [8] and it is as follows:

The injected active and reactive power into the VSCs is as follows:
!W" $ X'" %" /YZ[," \]" 1 ^_Y," \`" 4
-W" $ X'" a%"0 1 %" ^_Y," \]" b YZ[," \`" c
!W# $ X'# %# /YZ[,# \]# 1 ^_Y,# \`# 4
-W# $ X'# a%#0 1 %# ^_Y,# \]# b YZ[,# \`# c
!W" $ 1!W#

(9)

(10)

Where,
\]" $ O:" ^_YU" .........\`" $ O:" YZ[U"
\]# $ O:# ^_YU# .........\`# $ O:# YZ[U#

w"# $

(11)

From equations 10 & 11, it can be deduced that !W" and -W" can be
controlled by O:" and U" . Similarly, !W# and -W# can be controlled by
O:# and U# . Due to the controllability of the voltage magnitude and
angle, it is possible to implement two integrator controllers in each
converter, one for active power and one for reactive power.
III.!

CONTROL STRATEGIES

A.! Modal Analysis
Modal analysis method depends on linearizing the dynamic of
the power system which is symbolized by a set of nonlinear
Differential-Algebraic Equations (DAE).
V $ d VT eT \
M $ f VT eT \
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={"# $
z"6

JS /xR| 4}
JS

xR|

(17)

is the left eigenvector associated to the i-th mode.

B.! Residue Method
Starting by deriving the transfer function of the LTI system
in (13), the following partial function is acquired:
e Y
...........................~ Y $
$
\ Y

7

/
"

"
4 .............................. / 4
Y 1 k"

where " is the residue of the system at the eigenvalue  and is
shown as:
(19)
" $ =z"C z"6 N

(12)

where VT e and \ are vectors containing the state, algebraic and input
variables of the system, respectively. By linearizing the
aforementioned equation around its equilibrium point, the stability of
the system can be performed using its eigenvalues [6]. The
linearized system is characterized by four matrices symbolizing the
Linear Time-Invariant (LTI) system below.
gV h $ i.gV h b Ng\ h
ge h $ =.gV h b jg\ h

(16)

xRy

:S

Where z"C is the right eigenvector associated to the i-th mode.
Moreover, the level of how well a mode is controlled is called the
controllability (={" ) of a mode and it is defined, from [8], as the
following:

Where

To monitor the preceding devices and hence improve the Power
Oscillations Damping (POD) some control strategies need to be
applied.

:S xRy

The open-loop system in (18) can be closed (Fig.7) by attaching a
feedback transfer function (H) of the form H(s,K) = K H(s),
where K is the gain of the system [2]. Thus, in order to improve
the damping of power oscilaations by designing a POD for
controllable devices, the follwing equation is used:
...................................

(13)
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where,
$

./


4


¡./


4


T..........< $


¢£ ¤

............

(24)

The output signal of the system which will be used to tune the
POD can be a local signal or a global signal, e.g. active power in
a line and the rotor angle speed (q;F¥¦ ) in a SIngle Machine
Equivalent model (SIME).
Fig. 7. Closed-loop system.

The POD signal can be inserted at different positions in the
regulator. The residue method is used to obtain the POD signal by
tuning the lead-lag filters of the linearized system (Fig.8).

SIME method allows easier investigation of power systems by
replacing multi-machine systems by a system that has two distinct
machine groups: critical machines (C) and non-critical machines
(NC). By definition, critical machines are the ones responsible for
the loss of synchronism. The new single machine equivalent rotor
angle (§;F¥¦ ) and rotor speed (q;F¥¦ ) are as follows:
§;F¥¦ $ §: 1 §¨: $

Fig. 8. Regulator of a linear POD.

............q;F¥¦ $ q: 1 q¨: $

According to Fig.8, the POD consists of a washout filter (< ) that
passes only the high signals where oscillations occur. The second
and third blocks are called the lead-lag filters ([D ) and are used as
phase cpmpensators. The last block ( 4 represents the gain that
is modified to keep the signal within allowable limits. The approach
in [11] will be used to find the lead-lag filter parameters. The aim of
the POD is to shift the eigenvalues from right to letf plane without
changes on the imaginary axis (Fig.9). In other words, decreasing the
real part of the eigenvalue and keeping the imaginary part constant,
thus improving the damping. The angle () is set as in (21) assuring
that the result of residual and feedback transfer function are
negative.
.......................................... $ t 1  " ........................................./s4

"ª: ©" §"

1
"ª: ©"
"ª: ©" q"
1
"ª: ©"

#ª¨: ©# §#
#ª¨: ©#
#ª¨: ©# q#
#ª¨: ©#

........../s«4

Where, ©: and ©¨: .are the total inertia of the critical and noncritical machines respectively.
C.

Control Lyapunov Function (CLF)

Another technique to design the POD of FACTS devices is to
use Control Lyapunov Function (CLF) which accomodates the
nonlinear behavior of the power system. Considering the system
in (12), the implicit function theorem can be utilized to get the
following equivalent model [7]:
V $ d VT  V

$ d V T V.¬. ®  7

(26)

According to theorem 2.1 in [15], ¯° the equilibruim point of the
system in (26) is stable if a continuously differentiable scalar
function V(x) is found and does satisfy the following condition:
(i)!
(ii)
(iii)!

?

The number of lead-lag filters depends on the angles () as shown
below:
M   @ M..
.M   @ sM..

987

\" d" /V4 ................./s 4

.........................V $ d VT \ $ d° V b
"

The input signal (u(x)) for the feedback control is shown in (29):

[D $ 
[D $ s

\" V $ 1f¶·l ± ¸ d" V .Z.¬aT ¹c

(22)

987

The parameters (< 1 < ) of the lead-lag filter ([D ) are adjusted so
that a positive contribution to damping is achieved:
< $ <...T......<0 $ < .
< $ < $ .T P[.[D $ 
< $ < .T
< $ <0 T
P[.[D $ s

(29)

Selecting the energy function for a SIME system (30) it is
obvious that (i) and (ii) are always satisfied.

[D $ .
sM   @  M..
YPh... $ 1  " ..T... $  P #
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/sµ4
 MT T ³V.¬.jT V. ´ V°

As a result, if a function V(x) satisfies the preceding conditions it
is called a Control Lyapunov Function and can be approximated
by the following expression:

Fig. 9. Eigenvalue departure direction for a minor change of system parameters.

987

± V° $ M
± V ² MT ³V ¬ jT V ´ V°
± V $ f¶·l ± ¸ d VT \ V



± V $ ©q 0 1 !? § 1 !8?AB 23) § ¸ =° ................/ºM4
0

where the first term in (30) is the kinetic energy and the
remaining terms resemble the potential energy function.
(23)
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Based on (28), the CLF-based control signals for SVC, TCSC and
B.! Modal Analysis
VSC-HVDC are given below:
When running the power-flow of the system in Fig.10
without any controllable device, it is found that bus7 has a
..............>Zf[·{ $ »;L: )*+ §;F¥¦ q;F¥¦ ..../d_¶.>±=4
relatively low voltage (0.941pu) due to its distance from the
..............>Zf[·{ $ » 9:;: )*+ §;F¥¦ q;F¥¦ .../d_¶.<=>=4
generators. After running the linear modal analysis in SIMPOW
.............\] $ »¼] )*+ §;F¥¦ q;F¥¦ ......./d_¶.±>= 1 ±j=4
\` $ 1»¼` )*+ §;F¥¦ q;F¥¦ ....../d_¶.±>= 1 ±j=4 (31) and specifying the inter-area modes (Table.1). Clearly, the mode
of interest is (15/16) since it has a frequency that is of interest
These signals in (31) which are described in detail in [7] and [6] will (0.1Hz - 2Hz). When choosing that mode, the corresponding
be used as input signals of the PODs in this paper. The results of compass plot is acquired (Fig.12). As shown in Fig.11, Gen1 is
oscillating against Gen2 and Gen3, therefore, Gen1 is considered
each signal are shown in the next section.
as a critical generator and the rest are considered as non-critical.
IV. SIMULATION RESULTS
A.! Description of Test System
The single-line diagram of the tested power system is depicted in
Fig.10. It is used to show the impact of the installation of
controllable devices on power oscillation damping. The system
consists of eleven busses, three generators, three loads and two shunt
capacitors. The three devices that will be tested are connected as
follows:
1-! SVC at bus7.
2-! TCSC between bus7A and bus8.
3-! HVDC at bus7 and in series with the line between bus6 and
bus7.
The system without controllable devices will also be tested. The
behavior and response of the system will be tested by subjecting the
system to small and large disturbances, respectively.
•! Small disturbance: Disconnecting (load2) at bus 8 for
100ms.
•! Large disturbance: Injecting a solid 3-phase to ground fault
between bus6 and bus7 and clearing the fault by removing
the line after 50ms.
The simulations are performed using SIMPOW software and the
figures are displayed using MATLAB. The simulation will be
carried out by installing each FACTS and HVDC device separately.

Fig. 11. Compass plot of the chosen inter-area mode.

C.! Gain Selection and Critical Clearing Time
A precise selection of gain is essential in the manner that it
stabilizes the unstable mode while the other modes are unaffected
by that gain. POD parameters and mode characteristics of SVC,
TCSC and VSC-HVDC are shown in tables 1 and 2 below:
TABLE 1: COMPARISON OF POORLY DAMPED MODE
CHARACTERSTICS

%

Device
No
device

POD Input
-

Eigen Value
-0.0121+4.5718i

f (Hz)
0.7276

r?"7
0.0026

No POD
!½¾
q;F¥¦
CLF
No POD
!½¾
q;F¥¦
CLF
No POD
CLF

-0.0363+4.8604i
-0.4011+4.4169i
-1.2387 + 9.3388i
-0.4883 + 4.7861i
-0.0202+4.7638i
-1.1454+9.2093i
-1.1471+9.2054i
-1.1471 + 9.2054i
-0.0346 + 4.4319i
-0.2950 + 4.4117i

0.7736
0.7030
1.4863
0.7617
0.7582
1.4657
1.4651
1.4651
0.7054
0.7021

-0.0075
0.0904
0.1315
0.1015
0.0042
0.1234
0.1237
0.1237
0.0078
0.0667

SVC

TCSC

VSCHVDC

TABLE 2: COMPARISON OF TUNING PARAMETERS
Device

Filter Parameters
<

<0

<

<



!½¾
q;F¥¦
CLF
!½¿¾
q;F¥¦
CLF
!À½

# of
filters
1
1
2
1
2

0.0662
0.375
0.0897
0.2168
0.0978

0.6394
0.1129
0.4912
0.2032
0.5205

1
1
0.0897
1
0.0978

1
1
0.4912
1
0.5205

q;F¥¦
CLF

1
-

0.2419
-

0.2105
-

1
-

1
-

2.86
-100
100
0.39
-9.9
20
33.7
8
-100
100
100

Signal
SVC

TCSC

Fig. 10. Studied power system with the controllable devices attached.
HVDC
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0
The controllability and observability for each controllable device and
signal used are listed in Table 3. The values were acquired using the
-5
method in [1]. The controllability depends on the input matrix (B)
and the i-th mode of the left eigenvector /z"6 4, whereas the
-10
calculation of observability relies on the output signals matrix
-15
(!½¾ T q;F¥¦ ) of the dynamic equivalent which will yield different
output matrices (C). From table 3, it is clear that the observability of
-20
the inter-area mode when the output signal is the active power
-25
between line 7 and 8 is higher for both SVC and TCSC. The reason
is that in a two-area type of systems theses modes have a direct
-30
relationship with the oscillation of the active power flow through the
line.
-35
TABLE 3: CONTROLLABILITY AND OBSERVABILITY

Device
SVC

Output Signal

TCSC
VSC-HVDC

!½¾
q;F¥¦
!½¿¾
q;F¥¦
!À½
q;F¥¦

Controllability
0.2914
0.2914
0.1180
0.1180
-0.4643
-0.4631

NO Control
NO POD
POD = SIME

-40

Observability
0.0553
0.0012
0.0208
0.0011
0.0109
0.0020

-45

POD = Active Power
POD = CLF

-50
0

5

10

15

Time (s)

Fig. 13. Deviations of rotor angle in case of TCSC large disturbance.
0

D. Comparison of different control strategies
-10

-20

sime (deg.)

In this section, the figures for each component containing the
plot of the rotor angle (§;F¥¦ ) of the system with different control
strategies are shown. For each component, four curves will be
shown, where each curve resembles a control strategy. The
disturbance cases stated previously will be applied and also an extra
case will be applied that is right after at the critical clearing time of
the large disturbance case /h ² hÁC"'"ÁA6 4. Before starting the
comparison between the deferent control methods, the calculation of
critical clearing time for large disturbance of the system with and
without controllable devices, and with and without POD is shown in
table 3.

SVC

TCSC

VSC-HVDC

POD Input
No POD
!½¾
q;F¥¦
CLF
No POD
!½¿¾
q;F¥¦
CLF
No POD
!À½
q;F¥¦
CLF

-40

-50

TABLE 4: CRITICAL CLEARING TIMES CALCULATION
Device
No device

-30

NO Control
NO POD
POD = SIME

-60

POD = Active Power
POD = CLF

Critical Clearing Time (s)
0.07
0
0.12
0.12
0.12
0.07
0.20
0.18
0.19
0.05
0
0.08
0.08

-70
0

5

10

15

Time (s)

Fig. 14. Deviations of rotor angle in case of TCSC large disturbance at
t= tcritical+0.01.
15

10

sime (deg.)

5
10

sime (deg.)

5

0

-5
0

No Control
NO POD
POD = SIME

-10

-5

POD = Active Power
POD = CLF

NO Control
NO POD
POD = SIME

-10

-15
0

5

10

Time (s)

POD = Active Power
POD = CLF

Fig. 15. Deviations of rotor angle in case of SVC small disturbance.

-15
0

5

10

15

Time (s)

Fig. 12. Deviations of rotor angle in case of TCSC small disturbance.
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20
No Control
NO POD
POD = SIME

0

10

POD = Active Power
POD = CLF

POD = Active Power
POD = CLF

0

sime (deg.)

-10

sime (deg.)

No Control
NO POD
POD = SIME

-20

-30

-10

-20

-30

-40

-40

-50
0

-50
0

5

10

5

10

15

Time (s)

15

Time (s)

Fig. 19. Deviations of rotor angle in case of HVDC large disturbance

Fig. 16. Deviations of rotor angle in case of SVC large disturbance.
10

20

0

No Control
NO POD
POD = SIME

10

POD = Active Power
POD = CLF2

0

sime (deg.)

sime (deg.)

-10

-20

-30

-10

-20

-30
No Control
NO POD
POD = SIME

-40

-40

POD = Active Power
POD = CLF

-50
0

5

10

-50

15

0

2

4

6

8

Time (s)

10

12

14

16

18

20

Time (s)

Fig. 17. Deviations of rotor angle in case of SVC large disturbance at

Fig. 20. Deviations of rotor angle in case of HVDC large disturbance at
t= tcritical+0.01.%

t= tcritical+0.01.
10
No Control
NO POD
POD = SIME

15

6

POD = Active Power
POD = CLF2

4

sime (deg.)

10

sime (deg.)

8

5

2
0
-2

0
-4
-6

-5

-8

-10

No Control
SVC
TCSC
VSC-HVDC

-10
-12
0

-15
0

5

10

15

Time (s)

4

6

8

10

12

14

16

18

Time (s)

Fig. 21. Comparison of SIME of all assigned devices obtained from POD
of CLF based law in case of small disturbance.

Fig. 18. Deviations of rotor angle in case of HVDC small disturbance.
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0
-5

20

-10

10

sime (deg.)

sime (deg.)

-15
-20
-25

0

-10

-20

-30
-35

-30
No Control
SVC
TCSC
VSC-HVDC

-40
-45
0

2

4

6

8

10

12

14

16

18

No Control
SVC
TCSC
VSC-HVDC

-40

-50

20

0

2

Time (s)
Fig. 12. Comparison of SIME of all assigned devices obtained from POD of CLF
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14

16

18

20
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Fig. 24. N-2 disturbance when !wj $ q;F¥¦ .

based law in case of large disturbance.
30

%
E.! Applying N-2 Criterion

20

The logical number of contingencies depends on many factors.
Among them are the number of components, the depth of the analysis
and the severity of the disturbance [12]. To keep the system in secure
operation, transmission grids have to meet the N-1 criterion which,
if achieved, assures the system continuity of operation even if a
component was suddenly lost. However, the N-2 contingency
standard secures the system even if two components were lost.
The curves in Fig.23, Fig.24 and Fig.25 were drawn after applying
the following two disturbances:

sime (deg.)

10
0
-10
-20
-30

(i)! Injecting a solid 3-phase to ground fault between bus6
and bus7 and clearing the fault by removing the line after
50ms.

No Control
SVC
TCSC
VSC-HVDC

-40
-50
0

(ii)! Disconnecting (load2) at bus 8 after 4ms of the occurrence
of the first fault.

4

6

8

10

12

14

16

18

20

Time (s)

Fig. 25. N-2 disturbance when POD=Active power.

30

V. DISCUSSION

%

20

When looking at Fig.12 and Fig.13, one can notice the
differences in severity between small and large disturbances on
the rotor angle fluctuations. Fig.12 through 20, show the slight
increase in transient and small signal stability when FACTS and
HVDC devices were added. However, The significant
improvement was noticeable when these devices where controlled
by the power oscillation damper signal. Fig.14, Fig.17 and Fig.20
show how the system went unstable in the case of no POD,
whereas stability was maintained when POD signals where
introduced. In other words, the critical clearing time was
elongated thus the reliability of the system has been enhanced.
From the simulation results also, it is deduced in the case of
TCSC and HVDC, that CLF was the best POD signal for all
disturbance cases due to the high gains provided. Whereas in the
case of SVC, both ÂÃÄÅÆ and CLF have a similar performance
and showed a better and faster damping than the active power
signal.

10

sime (deg.)
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0
-10
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-30
No Control
SVC
TCSC
VSC-HVDC
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16

18

20

Time (s)

Fig. 23. N-2 disturbance when POD=CLF.
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Fig.21 and Fig.22 compare the performance of all devices when CLF
method was applied and from the curves it can be seen that TCSC
outperforms the rest of devices. In Fig.23, Fig.24 and Fig.25 another
disturbance was injected and TCSC again managed to have the
fastest damping among other devices. Regarding control signals,
generally speaking, ÂÃÄÅÆ showed the best pattern in damping rotor
angle deviations. However, this comes on the price of the high gain
needed for the lead-lag filters of the global signal as well as the
expenses of installing communication equipment. The lower gain
value required for the active power /!¿: 4 signal is attributed to the
high observability of this local signal. Also, the location of the active
power signal is crucial and it was chosen to be the power through the
line between bus 7 and 8 since this line connects the two regions in
the system. Furthermore, from the power flow, bus 7 has the lowest
voltage and bus 8 has the lowest angle. For the HVDC case, the
active power through the line connecting bus 6 and bus 7 was chosen
to overcome the large-disturbance occuring at that line since the
voltage level is sensitive more to changes on the active power flow.
In theory, it is better to control the active power by the line
connecting two system areas which will eventually provide a more
resillent damping of inter-area oscilations. The main purpose of
choosing a specific regulators and controllers for the POD signal, is
their sensitivity of eigenvalues of the lineraized power system [13].
VI. CONCLUSION
In this paper, the impact of two FACTS devices and one HVDC
system on small-signal and transient stability of a power systems
was analyzed. Three Power Oscillation Damping (POD)
supplementary signals was designed and used to control the devices
and improve the system when subjected to inter-area oscillations.
Two linear PODs were designed based on residue method and one
nonlinear POD was designed using Control Lyapunov Function
(CLF). The performance of the devices was assessed when injecting
different POD signals. The simulation results showed how FACTS
and HVDC outperform when control strategies are applied. The
results also showed an impressive contribution of controlled FACTS
and HVDC devices in protracting system failures by increasing the
system survival time after contingencies. The ability of the
controlled devices to recuperate the system when faults occur was
also demonstrated. In terms of analytical studies and due to
nonlinearity, CLF was expected to provide the best damping,
however, this is not the case in our simulation. The reason is that
when applying the linear PODs /!¿: .Ç.ÂÃÄÅÆ 4, the eigenvalues
location relies on the tuning of the feedback gain which was
calculated using a linearized system model which, most probably, do
not correspond to the optimal gain for the non-linear system model.
In other words, tuning the filter based on a linearized model was the
reason behind the lagging performance of CLF in our results.
However, CLF signal performance was still better than /!¿: 4 A
future work for this paper can be extended to solve the issue of
calculating the POD gains using the residue method which is a rough
linearised model of the non-linear behavior of our system model.
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group. Grace to WiFi standards, it is possible to create
high-speed wireless local area networks. In practice, WiFi
allows to connect laptops, desktops, Personal Digital
Assistants (PDAs), communicating objects or even devices
to a high-speed connection (from 11 Mbit/s theoretical or
6 Mbit/s real in 802.11b at 54 Mbit/s theoretical or about
25 Mbit/s real in 802.11a or 802.11g within a range of
several tens of meters indoors (generally between 20 and
50 meters).

Abstract- The ultra wideband (UWB) systems cause
interference to existing wireless communications systems
such as WiMAX and WLAN. In this work, we propose an
UWB patch antenna of size 30 mm × 35 mm with two bands
rejected 3.4 / 5.5GHz in order to eliminate the phenomena of
interference. This antenna is designed using a microstrip of
FR4 substrate with permittivity of 4.3. The realization and
the simulated results obtained concerning the current
density, the reflection coefficient, VSWR are very interesting.
Index Terms-- UWB; patch antenna; bands rejected;
VWSR; return loss; wireless communication systems.

The Hyperlan/2 is a European standard, operating in 5–
6 GHz band [1]. At the base, it offers a rate of 20Mbits/s,
but the Hiperlan2 version allows reaching 54Mbits/s on a
radius of action identical to that of WiFi. This solution
exploits the frequency range of 5GHz while WiFi uses
2.4GHz. This permits its exploitation for local use, under
certain conditions which concern in particular the power
of the transmitters. It should be noted that this solution
loses on ground to the benefit of WiFi.

1. INTRODUCTION
For the reason that of the rapid increase of wireless
communication systems and the increasing demands for
the limited frequency spectrum, the congestion and the
interference of radio-frequency (RF) are very important.
The wireless technologies, particularly the 802.11
standard, facilitate and reduce the cost of connection for
large networks. With little equipment and a little
organization, large amounts of information can now flow
over several hundred meters, without resorting to a
telephone or wiring company.

Ultra wideband (UWB) communications are different
from other techniques of communication because they use
particularly narrow RF pulses to communicate between
transmitters and receivers. The use of short-term pulses as
a communications module directly produces a very large
bandwidth and offers several advantages, such as high
throughput, security, robustness to interference and
coexistence with usual radio services.

These technologies can be divided into four parts:
-Wireless Personal Area Network (WPAN).
-Wireless Local Area Network (WLAN).

The characteristics of the ultra wideband technique
(UWB) differ widely from those of conventional
techniques. Indeed, this technique transmits and receives
waveforms based on pulses of very short durations (1ns)
whereas conventional techniques send and receive timespreading sinusoidal waveforms having a spectral density
of power much narrower than that of UWB signals.

- Wireless Metropolitan Area Network (WMAN).
Wireless LAN (WLAN) is a data transmission system
designed to provide a link independent of the location of
the informatics peripherals that make up the network and
using radio waves rather than a wired infrastructure. It
allows connecting the terminals present in the coverage
area. What is very interesting is its speed of transfer. There
are different technologies used for WLANs: The WiFi,
HyperLAN2.

Since the Federal Communication Commission (FCC)
released the commercial operation of UWB within the
range 3.1–10.6 GHz, the design of UWB antenna has
attracted large importance in researcher and wireless
industry community. Several narrow band for other

For the WiFi, it is a set of wireless communication
protocols governed by the standards of the IEEE 802.11
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influences the modes that are likely to be excited in the
antenna and therefore the nature of the radiation.

communication systems over the designated frequency
band exist, such as, the WLAN for IEEE 802.11a
operating at 5.15–5.35 GHz and 5.725– 5.825 GHz and
IEEE 802.16 WiMAX system operating at 3.3–3.6 GHz
[2].

In practice, there are essentially rectangles, discs, and
more rarely rings or triangles. Their dimensions are small
(of the order of Ȝ / 2 to Ȝ).

The spectral power mask of the UWB is defined to
allow a very low power spectral density (maximum PSD: 41.3 dBm/MHz) over the entire frequency band of the
UWB. These features have presented a multitude of
challenges to designers in a wide variety of fields
including circuit and RF system design as well as antenna
design. Recently, various UWB antennas have been
proposed [2-7].

Among the forms of the radiating elements, the
rectangle is the easiest to understand for the understanding
of the radiation mechanisms of microstrip antennas.
The width of the patch has a minor effect on the
resonant frequencies and on the antenna radiation pattern.
On the other hand, it plays a role for the input impedance
(on the edge) of the antenna (equation 1) and the
bandwidth at its resonances:

In this paper, a UWB patch antenna of size 30 mm × 35
mm with two bands rejected 3.4 /5.5GHz to eliminate the
phenomena of interference is proposed.

(1)

We investigated the characterization of printed antennas
through the determination of their microwave parameters
(resonance frequency, bandwidth, VSWR and return loss,
etc.).

To achieve good antenna performance, a practical W
width is:

The main contents in this paper are presented as
follows: firstly, we give the antenna design in section 2.
Secondly, results and discussion of the obtained results are
given in section 3. Finally, in section 4, we give a general
conclusion.

(2)
Where: f01 represents the fundamental resonance
frequency of the antenna.
On the other hand, the radiation pattern is slightly
degraded because there are several secondary lobes with: c
the speed of light (c = 3 × 10 8 m/s).

2. ANTENNA DESIGN
The basic structure of a printed antenna is given in
Fig.1. It consists of a metal conductor of arbitrary shape,
deposited on a dielectric substrate above a ground plane.
To increase the power radiated by the antenna, it is
necessary to: Reduce the losses by the joule effect;
improve the antenna bandwidth; the lower face is
completely metalized to achieve a ground plane.

The length of the patch determines the resonant
frequencies of the antenna. We must not forget to subtract
twice the length ǻL which corresponds to the overflow of
the fields.

(3)

The patch must be connected to the rest of the circuit
using a microstrip transmission line.

The length L must be slightly less than the wavelength
in the dielectric. At this operating frequency¸ Ȝ depends on
the effective dielectric constant (İeff).

This line will also make it possible to adapt the
impedance of the antenna to the rest of the circuit to avoid
a phenomenon of reflection.

The overflow effect of the field makes electrically, the
patch seems larger than its physical dimension. There is
therefore an increase of L (Eq.4) on each side of the patch.

(4)
So the actual dimension of the patch will be:
Leff = L + 2 ǻL

Fig. 2 shows the geometry and configuration of a basis
UWB antenna and UWB antenna (proposed antenna).

Fig.1. Presentation of a printed antenna.

L: Length of the patch; T: thickness of the patch.
W: Width of the patch; H: thickness of the substrate.
The shape of the conductive patch can be varied, but it
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The Surface current distribution at radiating patch of
the different strictures of the antenna are given if the Fig.
5.

Fig.2. Geometry of basis and proposed UWB antenna.

The antenna consists of a rectangular patch with a
staircase symmetry on both sides, printed on the top face
of a FR4 substrate with permittivity İr = 4.3, tangent of
losses į= 0.02 and thickness h = 1.6mm. The ground plane
is a partial plane printed on the bottom surface of the
substrate. The patch is fed to the center by a micro ribbon
line.
A prototype model of the three different structures of
ULB patch antennas of size 30 mm ×35 mm proposed are
fabricated and tested. The thickness is 1.6 mm. Its
photographs are presented in Fig. 3.

Fig. 5. Surface current distribution at radiating patch:
(a) Basic antenna, (b) UWB antenna, (c) Antenna with slot U,
(d) Antenna with U and ŀ slots.

According to the Fig. 5 (a), the distribution of the
surface current is concentrated on the corners of the
radiating element and also at the edge of the ground plane.
To extend the bandwidth, the shape of the antenna or
the distribution of the surface current is concentrated. The
selected ultra wideband printed antenna is of modified
square shape fed by a micro ribbon line. The geometry of
this antenna is given (Fig. 5 (b)).

Fig.3. Photograph of three different structures proposed

The frequency band for ULB systems of the band of
[3.1, 10.6GHz] interferes with existing radio
communications systems, such as the HiperLan / 2 of the
band [5, 6 GHz]. However, in order to avoid this
interference, the modifications can be made to the
previous antenna to achieve the stop band function. Thus,
a U-shaped slot is introduced into the radiating element in
order to reject the Hyperplan/ 2 band. The geometry of the
antenna obtained is shown in Fig 5 (c).
Fig.4. Experimental set-up

A modification was made on the radiating element by
creating symmetry of staircase shape on both lower sides
and the addition of a slot on the ground plane to extend the
bandwidth.

3. RESULTS AND DISCUSSION
This section discusses the different strictures of antenna
proposed with variations in its design parameters, and the
outcomes are obtained by simulating it on CST
Microwave Studio Tool. Return loss, VSWR and gain are
measured by use of analyzer Agilent E8363B.
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The simulation results of the ULB return loss, VSWR
and gain are shown in the figures 6, 7 and 8 respectively.
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The normalized radiation patterns at 10 GHz are
plotted in Fig. 9. Fig. 9 (b) plots the H-plane (XOY plane)
and Fig. 9 (c) plot E-plane (Y OZ plane) radiation patterns
at 10 GHz.

Fig. 6. Simulated return loss of three different structures

Fig. 6. Simulated VSWR of three different structures

The results obtained show that the ULB antenna
adapted over the entire studied band; however the antenna
with a U-shaped slot on the radiating element is not
adapted in the band [5, 5.85 GHz] corresponding to
Hyperplane / 2 car (S11> -10dB, or VSWR> 2) such that
the adaptation condition is not satisfied.
The return loss simulation results and VSWR show that
the antenna is not adapted for (S11> -10dB, or VSWR> 2)
in the two rejected bands [3, 3.6 GHz] and [5, 5.85 GHz]
corresponds to the WIMAX and Hyperplan / 2
respectively, which makes it possible to eliminate the
interference to the ULB system of the band [3.1,
10.6GHz].

Fig.8. Radiation pattern at 10GHz: (a) 3D, (b) H-plane, (c) Eplane

Fig. 7. Simulated gain of three different structures

The Fig. 8 represents the gain of the antennas. The gain
in the proposed antenna is negative in the frequencies of
5.5 Ghz and 3.4 Ghz respectively in the rejected bands [3,
3.6GHz] and [5, 5.85 GHz].
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Fig.14. Measured and simulated VSWR of proposed UWB
antenna
Fig.11. Measured and simulated return loss of basis UWB
antenna with slot U

According to the obtained results, a mismatch on the
two frequency bands [3.3-3.6GHz] and [5-5.8GHz] at the
central frequency of 3.4GHz and 5.5GHz wich are the
filtered bands and correspond respectively to the WIMAX
networks and HIPERLAN / 2.
Also, we observe that the simulation results are in
agreement with the results measured with a slight variation
due to the manufacture and the nature of the material,
which verified the theoretical study.
CONCLUSION
A UWB patch antenna of size 30 mm × 35 mm with two
bands rejected 3.4 /5.5GHz to eliminate the phenomena of
interference is proposed. A comparison between the three
antennas: UWB antenna, antenna with slot U and antenna
with U and ŀ slots is investigated.
We have investigated the characterization of printed
antennas through the determination of their microwave
parameters (VSWR, return loss and gain). The obtained
results are very interesting.

Fig.13. Measured and simulated return loss of proposed UWB
antenna
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efficient than the LMS algorithms, notably in terms of
convergence, but at the expense of an increased
computational complexity evaluated at L2. Another
disadvantage of RLS is the sensitivity to local noise
and the presence of near-end speech in this case we
should use an efficient DTD which serves to freeze the
adaptive filter coefficients during the double-talk
scenario and to continue coefficients updating when
the local speech is finished.

Abstract—In this paper we present an acoustic echo
canceller in hands-free communication systems using the
RLS (Recursive Least Squares) algorithm and we
compare it with NLMS (Normalized Least Mean
Squares) algorithm. The use of RLS is due of its
performance, notably its good convergence, but its major
problem beside its computational complexity is its
divergence in the presence of a local speech whence the
use of an effective double-talk detector (DTD) is
recommended. The used DTD shows its effectiveness
with the NLMS but with the RLS it presents some
difficulties that we try to eliminating by varying the
forgetting factor value of RLS on one side, and
recovering the last adaptive filter coefficient ensuring an
acceptable error on another side. The simulation results
are obtained using real signals.

This article is organized as follows: section 2
presents the general structure of an acoustic echo
canceller; section 3 gives the mathematical aspect of
adaptive filtering algorithms; double-talk detectors are
described in section 4 and finally results are discussed
in section 5.
2. ACOUSTIC ECHO CANCELLER

Index Terms—Acoustic echo cancellation, adaptive
filtering, NLMS algorithm, RLS algorithm, DTD, Geigel
algorithm.

The acoustic echo in hands-free communications is
generally due to the absence of an acoustic barrier
between the loudspeaker and the microphone, the farend speaker signal from the loudspeaker x(n) is picked
up by the microphone and retransmitted at its origin,
the far-end speaker hears this as an echo, this
phenomenon is very embarrassing and its cancellation
is necessary. Acoustic echo cancellation is an
application of system identification techniques where
the system to be identified is the echo path, echo
cancellation is accomplished by adaptively identifying
the impulse response h of path and subtracting an
estimate of the echo signal from the microphone
signal.

1. INTRODUCTION
The quality of communication is frequently
degraded in so-called "hands-free communication
systems” by a natural phenomenon called acoustic
echo. This is the signal that appears due to the acoustic
coupling between the loudspeaker and the microphone
and is returned to the far-end speaker. An uncontrolled
echo can be intolerable. Moreover, a specific
treatment must be imperatively implemented in order
to preserve in better conditions the communication
quality. The processing which consists in the echo
cancellation is typical application of adaptive filtering
[1][2].

Figure 1 shows an echo canceller structure:

Acoustic echo cancellers are now an integral part
of hands-free communication systems, such as those
used for teleconferencing and mobile telephony. Many
solutions exist today which allow to obtain clear
improvements guaranteeing a better quality of the
sound and more comfort to the users.

Far-end speaker

Adaptive
filter

There are two main classes of adaptive algorithms.
The LMS algorithms (Least Mean Squares) based on a
method of the stochastic gradient [3], have a
computational complexity of order L, where L is the
length of the finite impulse response FIR filter. The
other class of algorithms is the Recursive Least
Squares (RLS) which minimize the sum of the squares
of the obtained errors [3]. These algorithms are more
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y(n)=d(n)+z(n)
+

Near-end speaker

z(n)

Fig. 1. Acoustic echo canceller structure

x(n) is the speech signal from the far-end speaker
transmitted to the loudspeaker, d(n) is the echo signal
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which is the convolution result between the excitation
signal x(n) and the impulse response h(n) (in the
audioconference case it is the room), whose impulse
response is modeled as a finite impulse response filter
(FIR). To this echo signal is added a local signal p(n),
composed of the ambient noise b(n) and the speech
signal z(n) of the near-end speaker, resulting in the
microphone signal y(n):
d ( n)  p ( n)

The major disadvantage of this algorithm is the
difficulty of choosing a step size which ensures its
convergence and which provides an acceptable
convergence
while
guaranteeing
stability.
Furthermore, this choice must be made to ensure the
filter operating with different input signals. The
NLMS (Normalized LMS) algorithm is a variety of
LMS that overcomes all these disadvantages by using
a variable adaptation step [4].

d ( n)  z ( n)  b( n)

(1)
In our case only the echo cancellation part is
considered.
y ( n)

TABLE II

NLMS algorithm summary
Parameters:

y ( n) d ( n)  z ( n) h X L ( n)  z ( n)
Where:
T
X L (n) >x(n) x(n  1) .......x(n  L  1)@
T

p

filter order

P

step size

Initialization:

h0

0

Computation:

For n

(2)

h [h(0) h(1) ... h( L  1)]T
L : is the order of the room impulse response.
The aim is to remove the undesired echo by
subtracting estimating echo dˆ (n) from microphone

hT X L (n)  z (n)  hˆT X L (n) (3)

h

TABLE III
Parameters:

Initialization:

w0

0

Computation:
Forn 1,2,... compute

r ( n)

P(n  1) x * (n)

g ( n)

1
r ( n)
O  x T ( n) r ( n)

e( n )

wn

0,1,2,...

y (n) hnT x(n)
e( n )

filter order

P(0) G 1 I

filter order

For n

p

O Exponential weighting factor
G Value used to initialize P (0)

LMS algorithm summary

Computation:

(5)

RLS algorithm summary

TABLE I

0

2

With 0  O d 1 is the forgetting factor and e(n) is
obtained from (3) [3] [7].

where e(n) represents error signal and P is step size.

h0

Pe(n) x * (n)
x ( n) x * ( n)

i 0

The basic idea is to update the filter coefficients as
to have a convergence to the optimal coefficients these
are updated after the calculation of the mean squared
error gradient and according to the gradient value; the
coefficients are increased or decreased according to
the equation:
hn1 hn  P'e(n)
(4)

Initialization:

n

n i
¦ O e(i )

J ( n)

LMS is the simplest algorithm based on the filter
coefficient search which gives the minimum of the
mean square error between the desired signal and the
microphone signal. It is a stochastic gradient method
based on the current error [3].

step size

hn 

[h(0) h(1) ... h( L  1)]T

A. LMS algorithms

P

hn 1

which minimizes, at the instant n, the weighted
quadratic error:

3. ADAPTIVE FILTERING ALGORITHMS

p

d ( n)  y ( n)

Consider the design of an adaptive FIR filter and
the search for these coefficients:

Ideally this error signal should be equal to the
near-end speech signal z(n) in double talk scenario
and equal to zero when the local speech is absent.

Parameters:

e( n )

The RLS algorithm is known as the ultimate
adaptive filter that represents the best convergence
behavior compared to LMS algorithm [5] [6].

estimation ĥ . Thereby, we get the error signal:

y (n)  dˆ (n)

hnT x(n)

B. RLS algorithm

signal y(n). dˆ (n) is obtained using an adaptive filter

e( n )

0,1,2,...

y ( n)

P ( n)

d ( n)  y ( n)

T
d (n)  wn
1 x ( n)

wn1  e(n) g (n)
1

O

>p(n  1)  g (n)r

H

( n)

@

hn1 hn  Pe(n) x * (n)
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4. DOUBLE TALK DETECTION

5. RESULTS AND DISCUSSION

It is important to quickly detect the echo path
(change of the room impulse response) but not
confuse with a double talk situation so the echo
canceller must react differently for both phenomena
[8].

Let us consider the echo path depicted in figure 3,
it is an impulse response of length L=128, resulting
from the direct coupling between the speaker and the
microphone, the sampling rate is 8 KHz. This impulse
reponse is used in all the simulations.
0.4
0.3
0.2

Amplitude

0.1
0
-0.1
-0.2
-0.3
-0.4
-0.5

Fig. 2. Acoustic echo canceller with DTD.

-0.6

The role of the DTD is to freeze the updating
process of filter coefficients hn during the presence of
the near-end speech signal z(n) alone or in conjunction
with the far-end speech signal x(n) (double talk) to
avoid the adaptation algorithm divergence. The filter
coefficients adaptation depends on the error signal
e(n). When the near-end signal is present, e(n)
contains not only the prediction error, but also the
near-end signal z(n). In this case, the filter coefficients
must not be updated and the acoustic echo
cancellation must continue to use the old values of
filter coefficients calculated previously in the case of
single talk (far-end speech signal alone) [9].

0

20

40
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80

100
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Fig. 3. Impulse response used in simulations

The far-end (figure 4-a) and the near-end (figure 4b) signals are speech signals of 33000 samples with
the same sampling rate 8KHz.
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Many techniques can be used to design a DTD, i.e.
traditional methods based on cross correlation and
normalized cross correlation [10] [11] and recent
methods: a method based on soft decision [12] and a
method based on the Stockwell transform [13]. The
method used in this article is known as Geigel
technique [11]. This algorithm is a very simple DTD
which has a low computational complexity. It is based
on the assumption that the signal power of the far-end
speech x(n) at the microphone is small relative to the
signal power of the near-end speech z(n). The
algorithm compares the amplitude of the last sample
of the microphone signal y(n) with the absolute
maximum of the N last samples of the far-end signal
x(n). The result is stored in the decision variable ] .

]

max^ xk , xk 1 , xk 2 ,......, xk  L1 `
yk

The decision is taken according to the value of

2
(c)
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Samples
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In the first simulation, we consider a single-talk
scenario, the local speech is absent so it is not
necessary to use DTD. The aim in this case is to
evaluate the ability of RLS algorithm to identify
impulse response of the echo path and to estimate
echo signal. Forgetting factor value in this simulation
is O 0.998 . The obtained result is showed in figure
5.

,

if ]  T the near signal is present so the filter
coefficients must be frozen.
The threshold value T depends on the context in
which the echo canceller is used.
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Fig. 4. (a) Far-end speech signal. (b). Near-end speech signal.
(c). Microphone speech signal. (d) Geigel DTD.
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Fig. 5. (a). Estimated echo compared to real echo. (b). Real
IR compared to identified IR
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In the third experiment, we propose a solution for
the divergence of RLS algorithm in double-talk
scenario; it is to recover the filter coefficients before
the DTD by 400 samples (50 ms). Figure 8 shows the
result:

The obtained result is showed in figure 6.
50

0.5

Here, we can say that the RLS algorithm loses its
convergence when local speech appears regardless the
DTD performance. We can alleviate the effect of the
near-end speech on the convergence by varying the
forgetting factor but to the detriment of the
convergence speed. To make a better choice it is
necessary to make a compromise.

2

2

0

Fig. 7. Convergence of the RLS algorithm (using different
values of the forgetting factor) and NLMS algorithm in a
double-talk scenario.

To confirm the good performances of RLS
algorithm for different values of forgetting factor
compared to NLMS algorithm, the convergence
parameter N is used and calculated as following:

Convergence (dB)
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Fig. 6. Convergence of the RLS algorithm (using different
values of the forgetting factor) and NLMS algorithm in a
single-talk scenario.

0

0.5

1

1.5
Samples

2

2.5

3

It can be noticed that when value of O is close to 1,
the convergence of RLS degrades but stays faster than
NLMS convergence, which confirms the superiority of
RLS performance compared to NLMS (figure 6).

Fig. 8. Convergence of the RLS algorithm (using different
values of the forgetting factor) and NLMS algorithm in a
single-talk scenario with recovering filter coefficients.

In the second experiment, we consider a doubletalk scenario. DTD using Geigel algorithm is
employed (figure 4.d) where several values of the O
forgetting factor are used to see the impact of this
parameter on the filter divergence in the double-talk
scenario. Figure 7 shows the obtained result:

The RLS algorithms are very applied in various
applications due to their fast convergence. In our
application of acoustic echo cancellation, this
algorithm has a major disadvantage, it is the
sensitivity to the presence of the near-end speech , the
RLS diverges quickly once a local speaker signal or an
intense noise is added to the microphone, this problem
can be adjusted using a good DTD but for some
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forgetting factor values, the proposed solution is to
recover filter coefficients before the divergence of the
filter and wait for the disappearance of the local
speech to continue the updating filter coefficient
process. The obtained simulation results with real
signals showed effectiveness of the RLS algorithm in the
application and proposed solution.
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Abstract--The present work outlines the application of
neural networks in the modelling and the Prediction of ionic
PRELOLW\ ȝ  LQ 6)6-N2 gas mixture using experimental data.
At higher pressures the mobility µ measured with
conventional models is inversely proportional to the gas
density (N-1). Experimental data of ionic mobilities for
N2+SF6 have been obtained previously by the use indirect
method, which, consists of measuring the voltage-current
characteristics of corona discharges. The results obtained by
prediction are significantly consistent with those measured
experimentally. The average relative errors on predicted
ionic mobility are found to be less than ±10% for training as
well as for testing. Since the average errors are less than
10%, the proposed ANNs technique is highly recommended
for the prediction of ionic mobilities of corona discharges in
N2+SF6 gas mixtures.
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(1)

d is the point-plane distance; İ permittivity
A and B are two constants which depend only on the
geometry chosen.
R. S. Sigmond [4] considers the Warburg distribution [5],
for a constant mobility, he obtained, the unipolar saturation
formula:
(2)
Is = 2µ H 0V2/d.
As an alternative to empirical prediction models,
Artificial Neural Networks can be used to predict the ionic
mobility. The main feature of the neural networks is the
establishment of complex relationships between data
through a learning process, with no need to previously
propose any model to correlate the desired variables [6],
which, makes this technique very attractive in the
modelling of processes where traditional mathematical
modelling is difficult or impossible.

Index Terms—Ionic mobility, Corona discharge, SF6-N2
gas mixture, dielectrics, sulfur hexafluoride.

.
1. INTRODUCTION
Sulfur Hexafluoride (SF6) has long been used as an
electrical insulator and arc interruption media in high
voltage equipment that transmits and distributes
electricity. SF6, has a long life span and high Global
Warming Potential (GWP) [1-2]. In 1997, the Kyoto
Protocol (Global Warming Treaty) listed SF6 as one of the
six greenhouse gases that should be controlled by reducing
emission or eliminating use. The search of a gas substitute
with little environmental impact is of growing interest. For
the short term, SF6-N2 mixtures with low amount of SF6
are likely to be a good solution mainly due to the
synergetic effect of the nitrogen.
Obviously, the desirable properties that are responsible for
high dielectric strength are those which, result in a
reduction of the electron amplification in the gas under the
effect of electrical stress.
The knowledge of the drift velocity and therefore the
mobility for various species in various gases is of
considerable practical and theoretical importance [3].
In point plane geometry the drift region is located outside
the ionization region, where the ions and electrons drift in
an electric field too low for creation of a new charge. In
this geometry the theoretical determination of the mobility
from the value of the mean electrical current can be
obtained from the following relation:
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The basic procedure is to use a database of
measurements to train an ANN structure and then evaluate
the predictive capacity of the built model on previously
unseen data [6].
The application of neural networks modelling to gas
insulated systems is very scarce. In the current work the
authors seek to use ANN modelling to predict ionic
mobility for any value of pressure and ratio of gas mixture,
which, can be of great help to the engineers of electrical
power industry. The results obtained from the suggested
model are compared to those obtained by existing empirical
models.
Neural Networks Model
The general structure of the neural network model can
take the form presented in (fig. 1).

Hidden
Input
Pressure

Output
Ionic
mobility (µ)

Ratio
of SF6
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Fig. 1. Neural networks model structure.

As expressed in equation (3), the neural network has the
gas pressure and the ratio of N2 in the gas mixture as inputs
and ionic mobility as output.

µ = NN p, r, W

characteristics under high pressures and with highly
inhomogeneous fields. The saturated current (Is) was
established by R. S. Sigmond [4] using equation (2).
The curves shown in figure 3, represent the ionic
mobilities (µ) obtained as a function of the molar fraction
of N2 in the SF6-N2 gas mixture for different values of gas
pressure in negative polarity.

(3)

Where µ: ionic mobility, P: pressure, r: ratio of N2 in the
mixture and W: neural networks weights.
The second layer, known as the hidden layer, is used to
improve the learning capacity of the neural network.
According to the Hecht-Kolmogorov theorem [7-8], which
proposes that the number of neurons in the hidden layer
must be to the double of the neurons in the input layer plus
one? The output layer had just one neuron, which is equal
to the ionic mobility corresponding to the input data. The
training and testing of these neural networks was done
using Matlab software.
In order to perform an accurate learning the output layer is
normalised to have the same order of magnitude of the Fig.3. Ionic mobility as a function of the molar fraction of N2 in
the SF6-N2 gas mixture for different values of gas pressure.
input layer.
The predicted results at the output layer should match the
actual output values; an error check has been done to
evaluate how well the training of the ANN has been
achieved. If unacceptable, the errors determined at the
output layer are propagated back through the hidden layers
towards the input layer to change the weights in order to
improve the performance. This forward and backward
iterative process continues, and ultimately the error is
minimized as shown in fig. 4. The relative error between
the experimental and predicted ionic mobilities is defined
as:

2. EXPERIMENTAL PROCEDURE
Tip-to-plane electrodes were mounted in a stainlesssteel cell equipped with two quartz windows necessary for
light detection as shown in fig. 2. The tip electrodes of few
micrometers were used. The gap between the electrodes
varies between 5 mm to10 mm. A dc source was
connected to the tip electrode through a resistor. The
stainless steel plane electrode with a radius of 12 mm is
connected to an electrometer, which, measures currents
down to some microamperes. The measurements were
made for pressures ranging from 2 to 14 bars.

e=

d-y
d

Where, e is the relative error, d and y are the experimental
and predicted ionic mobilities, respectively.
0
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Fig. 2. Experimental set-up
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3. DISCUSSION AND RESULTS

0

The mobility of the charge carriers has been determined
from the measurements of the current-voltage
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When compared with the experimental data the average
relative errors (fig. 5) on predicted ionic mobilities are
found to be less than 6% for training as well as for testing
in all cases using the proposed ANNs.

1
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Fig. 6. Measured and predicted ionic mobilities using the
proposed ANN model for 4 bars at negative polarity.
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In figure 7, are drawn the curves of the mobility
of SF6 as a function of the gas pressure for different ratios
of SF6 in the mixture. For pure SF6, the measured values
are closer to those calculated values using the Langevin
theory of the mobility, and do somehow agree with the
results found by Schmidt [9]. It is obvious that the ion
SF6- is predominant but at higher pressure clusters are
likely to be formed, this can be the explanation of the
discrepancy between our results, the results of Schmidt
and the calculated values using the Langevin theory [10].
At higher pressures the mobility µ is inversely
proportional to the gas density (N-1). As it can be shown,
there is a net increase of the mobilties with the decrease of
the content of SF6 in the gas mixture. This tendency is in
accordance with the results found be G. Hinojosa and J.
Urquijo [11] and those found by [12].

Fig. 5. Average relative error with respect to iteration number.

Neural Networks Model; Normalization of inputoutput data.
Since the input and output variables of the ANN have
different ranges, the feeding of the original data to the
network, leads to a convergence problem. It is obvious
that the output of the ANN must fall within the interval of
(0-1).
In addition, input signals should be kept small in order to
avoid a saturation effect of the sigmoid function. So, the
input-output patterns are normalized before training the
network. Normalization by maximum value is done by
dividing input-output variables to the maximum value of
the input and output vector components. After the
normalization, the input and output variables will be in the
range of (0 to 1).

0.001
N2
5%SF6
10%SF6
25%SF6
50%SF6
100%SF6
Calculted values
Schmid's values

The normalised values are given by the following
expression:
µ N = a.µ + b

Where

25

Samples

-8
-10

Measured
Predicted using ANN

0.9

0.0001

a = (ȕ-Į  max (µ) - min (µ))
b = ȕ - a.max(µ)
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The predicted ionic mobility’s using the proposed ANN
is found to be in good agreement with the experimental
ionic mobility’s as shown in fig. 6. The errors are always
less than ± 6% for training and testing.

10

26

-3

N(m )

10

27

Fig.7. Negative ions mobilities as a function of gas pressure with
different amounts of SF6 in the SF6-N2 gas mixture

Figures 8, 9 and 10 show a comparison between the
predicted values using neural networks models and the
calculated values determined by the Sigmond
approximation method for mixtures with 5% of SF6, 10%
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Fig.10. Measured and predicted ionic mobilities using the
proposed ANN for 100% SF6 at negative polarity.

of SF6 and 100% of SF6.The results obtained by neural
networks for different rate of concentrations (5%, 10%
and 100%) of SF6 in the SF6-N2 gas mixture show a good
agreement with the calculated values using Sigmond’s
model [4].

4. CONCLUSION
In the present work, artificial neural networks ANN
have been used to predict ionic mobility for any value of
pressure and ratio of gas mixture.
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The results obtained by neural networks show a good
agreement with those calculated by empirical models using
Sigmond’s empirical model. The Artificial Neural
Networks are developed quickly using only real data, and
they show better precision than other empirical modelling
techniques. This technique can be a very useful prediction
modelling tool to high voltage engineers of electrical
power industry.
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Abstract--The Inverters-Induction machines associations
are essential systems in many industrial processes. Therefore
online monitoring of these associations is becoming more and
more important. In this work we are presents a reliable
strategy for detection of open switch in PMW inverter faults
using the fuzzy logic approach. The principle of the
suggested approach strategy is based on the acquisition of
stator currents, for calculate the residuals currents between
the stator currents of reference model system and the stator
current of real system (Inverter- Induction Machine). The
obtained residues will be used as input of the fuzzy logic
block which will provide to its output a new signal
characterizing the decision of the healthy or faulty of
inverter state. The methodology is applied and is validated
under MATLAB/ SIMULINK

The switch faults can be generally classified as shortcircuit faults and open-circuit faults. Inverter typical
protection methods include protection against over current
or short-circuit, but they do not include protection against
open-circuit faults. Then, open-circuit faults can remain
undetected for an extended period of time, leading to
potential secondary faults in the converter [5].
The progress of diagnosis system appears additional
expensive solution in the industrial investment, but it
deadens during the production phase. During the
execution of the diagnosis strategy, the measurable signals
can provide significant information, on the faults
appearance to facilitate the determination of the
supervision parameters, representing the faults signatures,
their degree and persistence from these parameters, the
decisional system can conceive powerful diagnosis
approach [6].
A reliable diagnosis requires a good knowledge of the
faults mechanisms to be supervised, like their
consequences on electromagnetic fields of machine. The
great development that the equipment and the software of
the signal processing knew returned the diagnosis and
monitoring faults in the electrical machines drives
possible and easy [7].
The new monitoring approaches of industrials system
have widely used the condition-based maintenance
strategies to reduce unexpected failures and downtimes.
These approaches have progressed from traditional
methods to artificial intelligence based on fuzzy logic
system inference (FIS), artificial neural network (ANN) or
combined structure techniques (ANFIS). These techniques
have many advantages compared to conventional fault
diagnostic approaches [8- 10].
Therefore, the suggested approach in this paper is based
on the artificial intelligence (fuzzy logic), in the aim to
increase the efficiency and the reliability of the diagnosis
in the supervision field and diagnosis of the inverterinduction machine association. The models based on
artificial intelligence approach as well as the global model
are implemented by using MATLAB®/SIMULINK soft
ware.

Index Terms-- Monitoring, Detection, Induction machine,
Inverter, Fuzzy logic.

1.

INTRODUCTION

In recent years, PWM inverter has become the standard in
industrial applications such as electrical motor drives,
energy conversion system, active power filters, and even
traction of hybrid electric vehicle, due to its advanced
features which include sinusoidal input current with unity
power factor and high-quality of output voltage [1] The
reliability of the power conversion systems have been
always important issue. So, fault diagnostic methods of
the system are required to improve reliability and
guarantee scheduled maintenance [2].
Generally theses system can be presents various natures of
failures (mechanical, electrical, thermal, and environment)
emanating from an early mature, while revealing
breakdowns in the total system[3].These failures cause
considerable economic losses, it is thus of primary
importance to implement monitoring systems in order to
avoid the unexpected shutdown. Nevertheless, through
this work, electrical faults will be well interested,
particularly in the electrical faults in the switches of PWM
inverter [4].
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Association Inverter-IM Modelling

A. Modeling of the inverter
The three-phase PMW inverter induction machine
association is represented by figure 1

+E/2

T R3

TR2

T R1

a

IM

bb
-E/2

T R4

c
TR5

T R6

(3)

(4)

(5)

(6)

(7)

B .Modeling of the induction machine

Fig.1. Inverter-induction machine association

The stator and rotor equations can be expressed by [12]:

It may be, for various reasons, that one of the transistors
(higher or inferior) of the commutation of an arm
constantly remains open (the open circuit type fault). This
type of fault has for principal cause a failure of the order
(thermal fault or feeding failure for example) [11].
According to the localization of the fault in the cell this
one will be visible is on the positive half-wave of the
current (fault on higher transistor). Show the figure. 2.
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Ͳ
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(8)

Voltage rotor equations:

ݎ
Ͳ
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Ͳ
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Fault
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Ͳ
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Ͳ ݅
ௗ
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ௗ௧
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ݎ ݅

(9)

The stator and rotor flux equations can be expressed by:
߮௦
ሾ ܮሿ
ቂ߮
ቃ ൌ  ௦௦ ்
ሾܮ௦௦ ሿ


ሾܮ௦ ሿ ݅௦
൨
൨(10)
ሾܮ ሿ ݅

The inductances matrices are obtained:
-E/2

TRi+3

-E/2

TRi+3
ܮ௦௦

Fig.2. fault on a higher arm transistor TR1 of PWM inverter

ܮ௦

ͳ݂ܴ݅ܶ ܱ݅݊ݏ
ܵ௪ ൌ ൜
(1)
Ͳ݂ܴ݅ܶ ݂݂ܱ݅ݏ
The various analyses of the three-phase PWM inverter
function configurations make it possible to deduce the
algorithm from commutations according to six following
conditions.
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The inverter can be considered as an ideal converter [11].
The logical state "1" represents the conduction mode of
the semi conductor and state "0" that of blocking is:
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The residuals equation is described by:
ᇱ
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With; 

The mutual inductance of the stator tow-phase winding:
ܮ௦ ൌ

ఓబ గ ேೞ ଶ


ቀ ቁ


(15)





(16)

Where;

݅௦ ሺݐሻ: stator current phase (i) of reference model system;
ᇱ
ሺݐሻǣ stator current phase (i) of real system.
݅௦

The mutual inductance of the rotor tow-phase winding:

ܮ ൌ

ఓబ గ ேೝ ଶ

ቀ ቁ

4.

ቀ ቁ ቀ ೝ ቁ(15)

ఓబ గ ேೞ

Where;





Monitoring of the Inverter- Induction machine
A.

The self mutual inductance of the stator and rotor:

ܮ ൌ

ே

fuzzy monitoring systems

The fuzzy logic is used for the monitoring and detection
of open switches circuit faults in association of inverterinduction machine. The diagram block of the suggested
approach is shown in figure 4.



Lls, Llr: respectively the stator and the rotor leakage
inductances;
Ns, Nr: respectively number of the stator and the rotor
turns;
g, P: respectively thickness of the air-gap and poles
number ;
l, r: respectively length and means radius of stator/rotor ;
ȝ0 : air permeability.
The dynamic equation is described by the following law:
ௗπ
ௗ௧

ൌ ሺܶ െ ݂π െ ܶ ሻ
ଵ


Stator Phases

Load

Induction machinePMW

Data Processing
Stator currents of
(Reference model
system)

(17)

Where;

Tem : electromagnetic torque;
f : friction coefficient;
ȍ: rotation speed;
Tr : resistive torque;
J : inertia monument.

i'as(t) i’bs(t) i’cs(t)

ias(t) ibs(t) ics(t)

CalculateResiduals of current
[R_ias(t), R_ibs(t), R_ics (t)]
PMW

Inverter

3.

(18)

Residuals Method

Fuzzy inference system

Condition

Rules
base

In this work we develop a model of generation residues of
stator phases in between the stator current of reference
model system and the stator current of real system, for use
those residues as input in the system fuzzy inference.
The principle of the residuals method is shown in figure3
[13] [14].

Stator currents of
(Reference model
system)
+

ResidualsR_ias(t),

-

R_ibs(t), R_ics (t)

Data base

.QRZOHGJHEDVH

Fig.4. Monitoring system of Inverter state

In this case, linguistic variables, fuzzy subsets and the
membership functions describe of the values magnitude of
the currents residues.
An inference fuzzy system comprising the rules and the
data bases is established to support the fuzzy inference.
The switches inverter state is diagnosed by using a
compositional rule of fuzzy execution[15-17].

Stator current of
(Real system)
Fig.3. principle of generation of Residuals
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Rule (03): If R_ias is N and R_ibs is P and R_ics is P
Then CMI is O_TR4
Rule (04): If R_ias is N and R_ibs is P and R_ics is N
Then CMI is O_TR2
Rule (05): If R_ias is P and R_ibs is N and R_ics is P
Then CMI is O_TR5
Rule (06): If R_ias is N and R_ibs is N and R_ics s P Then
CMI is O_TR3
Rule (07): If R_ias is P and R_ibs is P and R_ics is N
Then CMI is O_TR6

B. Fuzzy System Input and Output Variables
The magnitudes of the stator currents residues (R_ias (t),
R_ibs (t), R_ics (t)) and the monitoring inverter state
(CMI), are respectively selected as input and output
variables of the fuzzy system. All these variables are
defined by using the fuzzy set theory. Figure 5, shows that
CMI interprets the state of the inverter as a linguistic
variable, which could be T (CM) = {O_TR1, O_TR2,
O_TR3, O_TR4, O_TR5, O_TR6, HI}.
Each limit in T (CMI) is characterized by a fuzzy subset.
The dialog system CMI:

5.

{Open_TR1 (O_TR1)}: interpret that the open TR1;
{Open_TR2 (O_TR2)}: interpret that the open TR2;

Simulation and interpretation

During a normal function, currents in the system real and
reference model are identical. Therefore, the outputs of
the comparison functions gives residues (R_ias (t), R_ibs
(t), R_ics (t)) are all zero, the figure the figure 7.a present
the residues of currentsvaluesR_ias (t) =Z, R_ibs (t) =Z,
R_ics (t) =Zcorresponds to the rule number (1)WhichCMI
interpret that healthy inverter (HI).
Figure 7.b indicates the output fuzzy values of inverter
decisions state, this value is included in the universe of
discourse with CMI interval = {Healthy inverter (HI)
[1720]} what correspond to healthy case limits.

{Open_TR3 (O_TR3)}: interpret that the open TR3;
{Open_TR4 (O_TR4)}: interpret that the open TR4;
{Open_TR5 (O_TR5)}: interpret that the open TR5;
{Open_TR6 (O_TR6)}: interpret that the open TR6;
{Healthy inverter (HI)}: interpret that Healthy inverter.

The following testing:
The figure 8.a presents the residues of stator phases R_ias
(t) = P, R_ibs (t) =N, R_ics=N corresponds to the rule
number (2) Which CMI interpret that Open TR1.
Figure 8.b indicates the output fuzzy values of inverter
decisions state, this value is included in the universe of
discourse with CMI interval = {Open_TR1 (O_TR1)
[03]} what correspond to the open fault in TR1 case
limits.

Fig. 5. Membership functions for output variables

The input variables (R_ias (t), R_ibs (t), R_ics (t)) are also
interpreted as linguistic variables, with: t (Q) = {Zero (Z),
Positive (P), Negative (N), as it is showing in figure 6.

The figure 9.a presents the residues of stator phases R_ias
(t) =N, R_ibs (t) =P, R_ics=P corresponds to the rule
number (3) Which CMI interpret that Open TR4.
Figure 9.b indicates the output fuzzy values of inverter
decisions state, this value is included in the universe of
discourse with CMI interval = {Open_TR4 (O_TR4)
[26]} what correspond to the open fault in TR4 case
limits.
The figure 10.a presents the residues of stator phases
R_ias (t) =N, R_ibs (t) =P, R_ics=N corresponds to the
rule number (4) Which CMI interpret that Open TR2.
Figure 10.b indicates the output fuzzy values of inverter
decisions state, this value is included in the universe of
discourse with CMI interval = {Open_TR2 (O_TR2)
[59]} what correspond to the open fault in TR2case limits.

Fig.6. Membership functions for input variables

The figure 11.a presents the residues of stator phases
R_ias (t) =P, R_ibs (t) =N, R_ics=P corresponds to the
rule number (5) Which CMI interpret that Open TR5.
Figure 11.b indicates the output fuzzy values of inverter
decisions state, this value is included in the universe of
discourse with CMI interval = {Open_TR5 (O_TR5)
[812]} what correspond to the open fault in TR5 case
limits.

The fuzzy rules membership functions for the input and
the output. These rules are then defined, as follows:
Rule (01): If R_ias is Z and R_ibs is Z and R_ics is Z
Then CMI is HI
Rule (02): If R_ias is P and R_ibs is N and R_ics is N
Then CMI is O_TR1
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In this study we present only five tests cases of healthy
and open transistor faults (TR1 TR4 TR2 TR5) in arm 1
and 2due to the limited number of pages, but those tests
case can be shown the validation of that the approach is
reliable and exploitable.
6.

Conclusion

The safe function of electrical drives can profit facilities.
It is therefore important to develop monitoring tools to
detect early faults may appear on both the inverter on the
machine. The rapid and accurate diagnosis of any system
employing electrical drive systems remains one of the
current problems. In this work we have presented the
possibility of the monitoring of PMW Inverter stat using
fuzzy logic by supervising the residues of the stator
currents phase.
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In this paper the use of the Clarke transformation and
space vectors for the analytical solution of transients in
symmetrical three-phase circuits is presented. Several
interesting properties and advantages of the space vector
approach will be pointed out. More specifically, the paper
is organized as follows. In Section 2 the space vector
definition and its relationship with the SCT are briefly
recalled. In Section 3 the space-vector state-equation
approach is introduced for general Nth-order three-phase
circuits. Transient analysis of a specific second-order
circuit is shown in Section 4, where the results are
presented in terms of the shape of the space vector on the
complex plane. Such concise and effective representation
of three-phase transients will be explained and discussed.
Concluding remarks are drawn in Section 5.

Abstract--This work is devoted to the general approach for
the analytical solution of transients in three-phase systems.
The proposed approach is based on the well-known space
vector concept, which is derived from the Clarke
transformation. In particular, it is shown that dynamic
circuits in the space vector domain can be handled by
resorting to the conventional state-equation approach
provided that complex-valued variables (i.e., the space
vectors) are considered instead of real-valued variables. The
complete solution of the state equation consists in a
voltage/current space vector whose trajectory on the complex
plane provides a powerful and concise representation of the
transient behavior. The proposed analytical approach allows
a deeper insight into the three-phase transient features when
compared with the standard approach based on commercial
simulation tools.
Index Terms--Three-phase transient analysis, space vector,
Clarke transformation, state equation.

2. SPACE VECTOR UNDER TRANSIENT
STATE CONDITION

1. INTRODUCTION

STEADY-

Space vector is an effective tool for analyzing threephase power systems in time domain under both transient
and steady-state conditions. Definition of space vector is
based on the Clarke transformation [4]-[10]. Let us
consider three phase currents in time domain ia, ib, and ic.
The current space vector is defined as a complex function
of the phase values as:

Circuit analysis of three-phase power systems in steadystate conditions is usually performed by resorting to the
symmetrical components transformation (SCT). In fact, it
is well known that, thanks to the assumption of phase
symmetry, the use of SCT results in three uncoupled singlephase circuits. As far as transient analysis is concerned,
however, such an approach is no longer effective since a
direct time-domain analysis would be more suited [1]-[3].
To this aim, power system engineers usually perform
transient analysis by resorting to numerical methods
through commercial simulation tools like ElectroMagnetic
Transients Program [4]. The numerical approach is
attractive because it can handle even large and complex
power networks. As a general principle, however, a
numerical approach to a problem prevents theoretical and
physical insight into the phenomenon under analysis. For
this reason an analytical tool similar to SCT but working in
the time domain would be very useful in order to provide
analytical solutions to transients in three-phase circuits. To
this aim, the Clarke transformation is a proper candidate
since it works in the time domain and provides uncoupled
modal circuits under the assumption of phase symmetry.
Traditionally, the Clarke transformation and the related
space vector is widespread in the dynamics and control of
rotating electrical machines, and power electronics
engineering. Its use in power system analysis, however, is
still uncommon [4]-[11].
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i=

2
ia + a ib + a 2ic
3

(

where  =

!"#⁄$

)

(1)

. Similarly, the zero component is defined

as i0 = (ia +ib + ic )

3.

The phase variables can be readily recovered from the
space vector and from the zero component &' as
"

&( (*) = , Re(-̅(*)) +
$

0
& (*),
√$ '

"

&2 (*) = , Re34" -̅(*)5 +
$

"

&7 (*) = , Re34-̅(*)5 +
$

0
& (*),
√$ '

0
& (*)
√$ '

(2a)
(2b)
(2c)

Notice that from (2), in case of null zero-sequence
current &' (i.e., a pure three-phase system), the
instantaneous phase currents &( (*), &2 (*), &7 (*) can be
recovered by taking the orthogonal components of the
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obtain the explicit solution of the form given in (5) is to
obtain first the steady-state solution "- ( ) through a simple
phasor analysis (assuming sinusoidal impressed voltage
( )), and second to evaluate in = 0 such steady-state
solution to obtain the constant A (assuming known initial
condition "(0)).
The simple approach shortly outlined above can be
readily applied to space vectors [10]. Let us consider a
three-phase balanced star-connected RL branch with
resistances R, self-inductances Lp, and mutual inductances
Lm (see Fig. 2). A sinusoidal three-phase star-connected
voltage source is applied to the RL branch at = 0 by
closing a three-phase switch. By applying the Clarke
transformation, and by taking into account that for the
space vectors the central point of star connections can be
treated as short circuits [12], the space-vector differential
equation describing the circuit is given by:

Fig. 1. The phase currents ia, ib, and ic can be recovered from the
components of the space vector -̅ on the axes a, b, and c.

space vector -̅(*) on three axes with geometrical phase
displacement 29⁄3 each other (see Fig. 1).

̅ ( ) = !3̅( ) + #

Under steady-state sinusoidal conditions, the space
vector can be put into relation with positive and negative
sequence variables obtained from the symmetrical
components transformation (SCT) [11]-[12]. Let’s consider
the phasors of the sequence variables (i.e., positive,
negative, and zero sequence currents) according to the SCT
(rational form) denoted as Ip, In, and I0. Thus, under steadystate sinusoidal conditions, the relationship between the
space vector (1) and the sequence currents can be written
as [5], [10]:
̅(!) = "# $

%&'

+

"*∗ $ -%&'

̅ ( ) = 64  78% + 69∗  '78%

)

axis r = I p - I n , and inclination angle j = j p - j n 2

78%
3;(
+ <?  '78%
- ) = <> 

(8)

By substituting (7) and (8) into (6) we obtain:

Similar relations to (1)-(3) apply to three-phase voltages.
From here on, the condition i0 = 0 is assumed, so that zero
components are no longer involved.
OF

(7)

Since the forcing term has the form given in (7), it is
expected that also the steady-state solution can be written:

where φp and φn are the angles of Ip and In, respectively [7][8]. Under ideal conditions the negative-sequence current
In is equal to zero and therefore the space vector follows a
circle shape with radius |Ip| on the complex plane.

ANALYSIS

(6)

Clearly, (6) is similar to (4). According to the procedure
outlined above, in order to obtain the solution of (6) the
steady-state solution should be calculated first. The forcing
term ̅ ( ) is formed in general (see (3)), by the sum of two
terms, i.e., the positive and negative (conjugated) sequence
components rotating in positive and negative directions
with angular frequency ω:

where asterisk denotes complex conjugate, and ω=2πf is the
angular frequency. Under general steady-state conditions
the space vector (3) follows an ellipse shape on the complex
plane, with semi-major axis R = I p + I n , semi-minor

3. SPACE VECTOR
TRANSIENTS

3̅( )

where # = #4 − #5 . Notice that (6) is a first-order
equation, whereas the circuit in Fig. 2 is a second order
circuit (two independent inductive meshes). However, due
to system symmetry, the circuit would show one repeated
(i.e., multiple) eigenvalue. The space vector approach is
able to exploit this feature, leading to a state equation with
order one instead of two.

(3)

(

$
$%

<> =

@A
BC78D

,

<? =

∗
@G

B'78D

(9)

According to (5) the complete solution of (6) is given by:

THREE-PHASE

*

3̅( ) = & ', + 3;(
- )

(10)

A. First-Order Circuits
Let us consider first a single-phase RL circuit branch
with impressed total voltage e(t) such that:
( ) = !"( ) + #

$
$%

"( )

(4)

The solution of (4) can be written as:
*

"( ) = & ', + "- ( )

(5)

where . = #⁄! is the time constant of the transient, "- ( )
is the steady-state solution of (4) (depending on the forcing
term ( )), and & = "(0) − "- (0). The best approach to

ISBN: 978-9938-9937-0-7

Fig. 2. Three-phase RL circuit described by (6). The switches
close at t = 0.
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where  = (̅ 0) − $(0).
Notice that in this case (switches
#
closing at % = 0) we have (̅ 0) = 0. Moreover, $(0)
=
#
&' + &* . Thus, from (8)-(10) we obtain the following
expression for the complete solution:
,∗

(̅ %) = - 34/1% − 4−5 6 + 7 34−/1% − 4−5 6
.+/12
.−/12
,

%

%

(11)

Notice that the dynamics of the current appears as
superposition of the transients related to positive and
negative sequences. The same approach is suitable to other
circuit topologies and to first-order RC circuits.
Finally, it should be observed that in case of a four-wire
system the transient involving the zero-sequence
components must be also evaluated to obtain a complete
description of the transient. A conventional approach can
be readily used for zero-sequence transients.

Fig. 3. Three-phase RLC circuit. The switches close at t = 0.

B. Nth-Order Circuits
The approach outlined above for a first-order circuit can
be generalized to the case of an arbitrary number of threephase dynamic components by resorting to the
conventional state-equation approach. In fact, after Clarke
transformation, the Nth-order space vector circuit can be
described in terms of the state equation:
9

9:

$
;< = >;< + ?@

Fig. 4. Space-vector second-order equivalent circuit for the threephase circuit shown in Fig. 3.

4. EXAMPLE
The general approach outlined in Subsection 3.B was
applied to the three-phase circuit shown in Fig. 3. The
circuit presents two dynamic three-phase components, i.e.,
three star-connected coupled inductors and three starconnected capacitors. The space-vector equivalent circuit is
shown in Fig. 4 where it was taken into account that Clarke
transformation results in short-circuit connections between
star centers. The second-order space-vector circuit in Fig. 4
can be modeled through the state equation (12) where:

(12)

where ;< is the N×1 state vector (i.e., the vector consisting
of the N space vectors of independent inductor currents and
capacitor voltages), F is the N×N state matrix, B is the N×M
input matrix (where M is the number of space vector
$ is the M×1 vector of the input space vectors.
sources), and @
Notice that (12) is the generalization of (6) to a Nth-order
space-vector circuit.

− W
̅
X
;< = R T, > = U '
S̅
−
V

It should be stressed that the conventional state-equation
approach leading to (12) can be applied since F and B are
real constant matrices. This fact is a consequence of full
three-phase circuit symmetry. Namely, all the phases have
identical topology and equal value of electrical parameters
(no symmetry is requested for the sources).

Y

(13)

MN :
+ H̅#I (%)
H̅I (%) = ∑O
LP' KIL 4

(14)

'

VZ Y

[, ? = \

0
'

VZ Y

$ = 4̅
], @

(15)

A 50Hz - voltage source was considered consisting of
only the positive sequence component ,^ = 100 a. Thus,
according to (7), the input in (13) consists only of the term
corresponding to B = +/1. Initial values of state variables
are assumed zero. Passive components are given as .' =
10 Ω, .* = 1 Ω, 2^ = 30 fg, 2h = 25 fg (i.e., 2 =
2^ − 2h = 5 fg), and K = 10 fk.

The complete solution of (12) can be written as the sum
of the general solution of the homogeneous form of (12)
(i.e., assuming ? = 0) and the steady-state solution (13).
Thus, for the kth space-vector state variable the complete
solution can be written in the form:
where {QL }O
LP' is the set of the eigenvalues of the state
matrix F (under the assumption of N distinct eigenvalues),
and the set of constants {KIL }O
LP' can be obtained by
imposing initial values ;<(0) − ;< # (0) [13].
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Notice again that the circuit in Fig. 3 when solved by
means of conventional state-equation techniques would
result in a fifth-order circuit. However, due to system
symmetry, the circuit shows two repeated eigenvalues,
resulting in the second-order model (15). The fifth
eigenvalue is related to a capacitor in the zero-sequence
circuit, where, however, due to the open star connections,
the state variable has no time evolution.

$=
The steady-state solution to an input of the form @
Aexp(B%) (where B can denote either +/1 or – /1) can be
$ into (12) and searching a
readily obtained by substituting @
solution of the form ;< = Cexp(B%):
;< # (%) = CD 4 E: = (BF − >)G' ?A4 E:

−

'

Fig. 5 shows the behavior on the complex plane of the
current space vector (̅ %) provided by the complete solution
(14). The steady-state shape is a counterclockwise circle
since the negative sequence component is zero. Fig. 6
shows the time behavior of the three phase currents
according to (2). Figs. 7 and 8 refer to the capacitor voltage
S̅ (%) and the related phase voltages, respectively.
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Fig. 5. Space vector shape for the transient of the current in the
inductor in Fig. 4.

Fig. 7. Space vector shape for the transient of the voltage across
the capacitor in Fig. 4.

Fig. 6. Transients of the inductor phase currents in Fig. 3.

Fig. 8. Transients of the capacitor phase voltages in Fig. 3.

Notice that the transient behavior of each phase variable
can be readily related to the components of the space vector
on the a, b, c axes in Figs. 5 and 7. Therefore, the space
vector approach is well suited to provide a rich and concise
description of three-phase transients.

the components of the maximum space-vector magnitude,
leading to an underestimate of the possible worst case.
Notice that a change in the initial phase (usually unknown)
of the forcing term would result in a simple angular
displacement in the graphs in Figs. 5 and 7. This feature is
a further point showing the space-vector capability to
provide a synthetic representation of three-phase transients.

Moreover, a crucial point can be stressed from the
transients shown in Figs. 6 and 8, i.e., the three phase
transients show asymmetrical time behavior. For example,
the peaks of currents and voltages take different values for
phases a, b and c. Therefore, despite the symmetry of the
three-phase system and of the short circuit, the three phase
variables show asymmetrical behavior. This point prevents
the use of any single-phase equivalent circuit for a proper
analysis of transients even in symmetrical systems.

5. CONCLUSION
Space vector has given evidence to be an effective tool
for describing transients in three-phase dynamic circuits. In
fact, since the state equation was formally the same as in
the conventional analysis of dynamic circuits, the analytical
solution can be readily obtained by using space vectors
instead of real-valued variables. Moreover, the space vector
approach is able to exploit repeated eigenvalues condition
resulting from system symmetry, leading to a dynamic
model with reduced order.

A further key-point highlighting the suitability of the
space-vector approach is related to the straightforward
evaluation of the actual worst-case in terms of maximum
overcurrent/overvoltage. In fact, such worst case is given
by the maximum space-vector magnitude. Since the phase
variables are given by the space-vector components on the
a, b, c axes, the actual worst case can be observed on a
phase variable only in case the maximum space-vector
magnitude is reached exactly at one of the a, b, c axes.
Otherwise, the peaks of the phase variables correspond to
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Geometrical representation of the space vector shape in
the complex plane provides a rich and concise description
of the transient properties. In particular, the space vector
shape describes the asymmetrical behavior of the three
phase variables, and provides the actual worst case in terms
of overcurrent/voltage. Future work will be devoted to
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develop a systematic methodology to derive space-vector
equivalent circuits oriented to the general formulation of
the state equation.
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model for example requires a completely symmetrical
system, and it is just useful for both the machine steady
state and transient analysis [3]; besides, the criticized
winding function theory, which gives doubtful results in
large air gap machines [4]. Whereas, the numerical
methods (finite element) are known as the most precise
approaches because they can consider extra details,
whereas, the inconvenient is the need of a large time. For
that purpose, the magnetic equivalent circuits (MEC)
method appears more convenient in such case, providing
rather reasonably accurate results in both healthy and
faulty machines in a fast simulation time.

Abstract-- This work illustrates the Permanent Magnet
Synchronous Machine (PMSM) modeling with the Magnetic
Equivalent Circuit (MEC), which is based on the Permeance
Network (PN) method, for the purpose of studying the
Permanent Magnet (PM) demagnetization fault effects. First,
it turns around the MEC model building and its advantages
and exhibits the simulation results like the permeance, the
flux and the generated electromotive force (EMF). After that,
the demagnetization of the PM is taken into account and a
comparison between the back EMF in the previous cases is
performed. Then, the identification of the faults is achieved
using the generated EMF Harmonics spectrum. Finally, a
conclusion and the expected work are enlightened.
Index Terms-- Demagnetization, Permanent Magnet
Synchronous Machine (PMSM), Permeance Network (PN),
Magnetic Equivalent Circuit (MEC),

A significant number of research proposals that
consider the MEC method as a reliable modelling
technique for electrical machines with and without faults
are present in the literature. Authors in [6], [16]-[17] have
proposed the MEC for electrical machines modelling,
design and performance optimization. Meanwhile, many
of them have proposed it of for demagnetization study
purpose [8]-[14], rotor eccentrity [15], broken rotor bars
and stator fault [18], and more.

1. INTRODUCTION
With countless electric motors being used in daily life,
from transportation and medical treatment to military
operation and communication, unexpected failures can
lead to the loss of valuable human life or costly damages
in industry. A failure during a machine’s work could lead
to its interruption, subsequently; it will directly affect the
product quality, safety and increase the costs. Therefore,
the detection of a fault in an early stage plays an important
role in fault toleration systems and condition monitoring,
so it can be considered as a way of catastrophes prevention
and safety insurance. Generally, the causes that lead to
failures in electrical machines are a combination of
various stresses such as [7]: - Harsh environment; Improper machine selection and application; - Inadequate
installation; - Mechanical perturbations; - Electrical
problems; - Voltage unbalance; - Inadequate maintenance;

This paper presents the PMSM model using MEC for
the aim of machine’s behaviour study under partial PM
demagnetization. A brief presentation concerning the
basics of the PN forming, and its use in MEC model of the
machine has been done in section 2. After that, the use of
the MEC for whole machine simulation, in addition to
demagnetization fault consideration. Later, simulation
results of both cases is exposed in the section 3. Lastly, the
conclusion and the future work are in the Last section.
2. PMSM WITH EMC MODELING

Faulty electrical machines modelling turned out to be a
big research concern, since it plays an important role in
fault diagnosis systems. Besides, Modeling allows
simulating abnormal conditions and possible design
changes of power systems with a total safety, and avoid
workshops high implementation costs. It also permits to
better understanding the system changes after and before
the fault incidences. Accordingly, The commonly used
models of PMSMs are not very precise and not suitable to
systematically account for magnetic saturation, machine’s
core fissures or brakes, or else inhomogeneous air gap
geometries (ex: rotor eccentricity) [6]. Likewise, dq0
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The MEC technique is mainly based on the permeances
network (PN) creation, which is mainly built basing on a
similarity with the electrical circuits, where the magnetic
permeances P, magnetomotive forces (MMF) and flux (F)
take a place instead of resistances, voltage sources and
currents. Fig.1. shows a basic branch of the MEC.

Fig. 1. Basic branch from the MEC.
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Fi +1 - Fi = F - U

described in (4). The PM is described as known separated
flux sources.

(1)

The magnetic potential between a flux tube sides equal

[P] [U ] = [F]

to;
(2)

U = RF

(4)

According to the previously given information, it is
possible to construct the whole network of the PMSM as it
is shown in Fig.4. In order to study a non-repeated part of
the network, we resort to take a part that covers one pair
pole. The space between the two magnets will be the
reference to determine the air-gap permeances, since the
permeance there is negligible, the space will move (a
function of rotor position) and every single permeance
takes the place of the adjacent one and so on.

Fig. 2. A Flux tube.

Where:
R = P -1 =

µl
S

S = wh

(3)
(4)

Where Fi is the magnetic potential of the node i and
Fi +1 is the one of the next node, F is the source
magnetomotive force , R is the magnetic reluctance, P is
the magnetic permeance, U is the magnetic potential
between the reluctance poles (U = F2 - F1 ) , and F is the
magnetic flux. The permanent magnet (PM) is considered
as a Flux source. S is the cross-sectional area of the flux
tube, l is the length of the flux tube and µ is the relative
permeability of the flux tube material. w is the width of the
portion, and h is the high

Fig. 4. MEC diagram of a PMSM section.

3. SIMULATION RESULTS

The PMSM’s PN consists of two magnetic permeance
types, constant and variable. The constant ones are related
to different parts of the machine whose geometry remains
unchanged like stator teeth [8]. For linear portions, its
definition is based on the parameters mentioned in (3).

A. Healthy Machine:
To show the flux density in the machine before and
after the fault incidence, we plot it with finite element
program FEMM Fig.5.

Fig. 3. Magnetic equivalent circuit with PN.

The variable permeances (air gap permeance here)
description is a rotor motion dependent (the rotor angle
position.). A circular network is defined using sinusoidal
functions to represent the permeances changes [1].
Subsequently, the magnetic flux loop and node potential
equations are established from Kirchhoff’s current and
voltage laws (i.e., KCL and KVL) [2], and can be
extracted as well from Ostovic’s theory [1] as it is
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Fig. 5. Flux density plot (Healthy Machine) using FEMM.

On the other hand, the simulation results bellow shows
three adjacent air-gap Permeances during the rotor
movement, the MEF in one stator phase and the flux with
reference to the mechanical position.
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Fig.6 .Permeances between segmented magnet and a stator tooth.
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The air-gap magnetic flux density is the product of total
MMF and related magnetic permeance. Therefrom, every
change in the PM would directly affect the machine torque
(for motor mode operation), and thus, the global
performance of the machine. Fig. 10. Shows the PM
partial demagnetization effect over the Magnetic flux
density.
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Fig. 10. Flux density plot of PMSM with partial demagnetization
using FEMM.

Fig. 8 .The generated EMF in one phase.

15

B. Faulty Machine
10

In order to study the permanent magnet
demagnetization effects over the machine, we resort to
separate it as a bulk with small segments; each peace
represents a partial magnetic flux source, (see Fig. 2).
Once the fault takes a place, one or several parts of them
will be eliminated, and thus, the air-gap permeances
located across this area will receive a proportional fault
related form flux, as it is presented in Fig.4. Therefore, at
least one stator tooth fronting the magnet-faulted side will
recieve a relatively weak flux, which will
straightforwardly affects the back EMF induced between
the phase poles.
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diagnosis and tolerance control strategies.

The Fig.11 shows the back EMF in healthy (in blue)
and faulty (in red) cases of the machine. We can obviously
notice the decrease of the back EMF across the faulty part
of the PM. A signal analysis will be performed in order to
better see the fault effects over the EMF plot.
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starter. Where, the total rotor resistance is controllable and the
generator speed varies in a limited range. So, type 1 and 2 are
used with fixed speed wind turbines. On the other hand, the
type 3 is a double fed induction generator (DFIG), where its
stator is connected directly to the step-up transformer while the
rotor is connected to the transformer through a power electronic
converter. However, different types of synchronous generators
can be used in type 4, such as permanent magnet or wound
rotor (PMSG or WRSG). Moreover, the wound rotor induction
generator (WRIG) can be used as well. In this type of wind
turbine generators, the generator is connected to the step-up
transformer via a full-scale power converter. So, type 3 and 4
are more suitable to use for variable speed wind turbines.

Abstract: The AC voltage and current harmonic studies are an
essential part (after power flow study) when new wind farms are
installed to an existent AC power network. These studies are
required to meet with the standard power quality requirements.
The harmonics analysis can be done by creating a model to the
real equipment in the wind farm system.
This paper uses the ATP (Alternative Transients Program)
software for modeling the wind farm system under the study.
Based on literature, only the following current harmonics should
be addressed for performing this study. So, the interested current
harmonics are: 5th, 7th, 11th, 13th, 17th, 19th, and 23rd, since the
triplen current harmonics are already eliminated by the Y-∆ or ∆Y connected three-phase power transformer. The study will
discuss the possible solutions for reducing the effects of the
current harmonics onto the studied wind farm system. Where, the
permitted standard value of total harmonic distortion (THD) is
5% of odd harmonics [1]. This standard value is valid at the point
of the common coupling (PCC). More suitable solution of
mitigation of current harmonics into a wind farm system will be
determined based on ATP simulation results of the harmonic
spectrum of the load current.

The current harmonics generated by DFIG converters flow
through the utility system (grid) and cause various power
quality problems. For example, the distorted current flowing
through the transmission line source inductance distorts the
distribution bus voltage. This non-sinusoidal bus voltage may
create a problem on sensitive loads operating on the same bus.

Keywords: Current harmonics, Total harmonic distortion, Wind
turbine generator.

I.

Also, harmonics in the current create additional loading
and losses in line equipment such as: generator, transmission
and distribution lines, transformers, and circuit breakers. In
addition, harmonics give errors in meter reading, protective
relay, and can cause spurious line resonance with distributed
inductance and capacitance parameters [1].

Introduction

Wind farm systems consist of several wind turbine
generators that are connected with each other in parallel to the
bus of the point of the common coupling (PCC) via a threephase power transformer.

II.

Harmonics analysis has two main stages. The first one is
frequency scan for identifying resonance frequencies. The
second is to perform harmonics power flow to calculate
harmonic distortion indices. The frequencies scan method;
which is also called the current source method; is a plot of the
magnitude of the driving point impedance at a certain bus,
versus harmonic order. It is performed by injecting a 1A
sinusoidal current with a certain frequency at this bus and
calculating the corresponding voltage which consequently,
corresponds to the impedance. Resonance Frequencies are
identified from Frequency scan plots as Follows: a high value
of impedance at certain frequency means the network is having
parallel resonance at this frequency. However, a near zero
value of impedance at certain frequency means the network is
having series resonance at this frequency.

When large wind power plants are integrated to an existent
AC power network, more common issue related to power
quality will appear that is harmonics distortion. The harmonics
distortion issue comes from high frequency switching processes
of used power converters into wind farm systems. Our goal is
to have a pure sinusoidal wave form of power generated by the
wind farm before it is delivered to the AC power network, in
order to ensure that the AC network is reliable and stable.
There are four types of the wind turbine generator (WTG)
which are: type 1, type 2, type 3, and type 4.The type 1 is a
squirrel cage induction generator (SCIG) that is connected
directly to a step-up transformer. A soft starter is needed to
achieve smoother grid connection. Also, the type 2 is a wound
rotor induction generator (WRIG) is connected directly to the
step-up transformer with soft
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Harmonics power flow can be performed in the frequency or
the time domain. In either case, harmonic source currents are
injected into the circuit.
Total harmonic distortion (THD) is defined as the summation
of all harmonics order of current compared to the fundamental
frequency current component. The THD is a measurement of
the sum value of the wave form that is distorted and can be
expressed as follows:
!"#

" "
"
!"
" #!$ #!% #&#!'
!(

On the other hand, the high pass filter has a resistor (RHPF)
and an inductor (LHPF) connected in parallel, and the parallel
combined impedance is connected in series with a capacitor
(CHPF). This filter is used here for cleaning up the high
frequencies harmonic. The trial and error method was used to
select the suitable values of the components of this filter, where
these selected values were: Habc = P0PZ^TUV *abc =
QSS]0SXQ[\, and _abc = P0SY]`.
IV.

(1)

The wind farm system consists of several wind turbine
generators (WTGs). Any type of WTGs has two main parts for
modeling which are mechanical and electrical. But, since we
are doing harmonics study then the mechanical part of the wind
turbine generator will not be considered here. So, the WTG can
be modeled as a three-phase voltage source, since we are
interested in doing harmonics power flow study.

Modeling of Tested AC Power System

The tested AC power system to perform the study is a
double fed induction generator (DFIG) Wind turbine connected
to a single machine infinite bus. So, the wind turbine generator
(WTG) is connected to a grid through a step-up power
transformer and two parallel overhead transmission lines.
Moreover, a three-phase balanced load is installed at the
sending-end bus of the system. This load is modeled as
constant impedance. The following figure illustrates the one
line diagram of the tested system.

III.
Solutions of Mitigating Harmonics in Current
A. Capacitor banks:
A three-phase capacitor bank can be as a reactive power
compensator for reducing the effects of harmonics in the
current. This bank might be connected in wye (Y) or delta (∆),
and it is installed at the load bus. The value of the capacitance
(C) of the shunt capacitor bank is selected using the following
equation:
))*+ =

Fig.1: The AC power system under the study[2].

,

(2)

-./0123

This type of filters is used for cleaning up high frequency
harmonics starts from eleventh to twenty-fifth. The capacitor
bank compensates 10.5MVAR of reactive power to the system
and the selected value of its capacitance was 1226.231µF.
B. Passive filters:
Low and high pass filters are needed in order to reduce the
effects of harmonics in the current. The low pass filter is a
series passive filter. It consists of a resistor (RLPF), an inductor
(LLPF), and a capacitor (CLPF), they are connected in series. The
chosen values of the R, L and C of the filter are the key point in
our design. The following equations are used in determining
the appropriate values of the low pass filter:
4/567 =
DE = )

899 "

:; 0<>?@A) B)

(
C; 02>?@A

,

-.F<>?@A 0G>?@A

H/567 = ) I-./
*/567 =
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"
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(3)

(4)
(5)

(6)

Based on the previous design equations, the selected values of
fifth and seventh harmonic filters were as follows: HO =
P0QRSTUV HW = P0SQXTUV *O = QYZY0PYQ[\V *W =
]^]0PSP[\, and _O = X0ZXZT`V _W = Z0PPYT`.
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Also, the parameters of the WTG and the rest of the power
network are given in the following table.
Table 1:The Parameters of the tested power system[2].

Quantity
Rated power
Rated voltage
Power factor
Base frequency
Base power
Base voltage
Line resistance
Line reactance
Load impedance

Value
3.6MW
4.16kV
±0.9
60Hz
3.6MW
34.5kV
0.014pu
0.08pu
(2.6+j1.5)pu

The tested Ac power system has been implemented in ATP
software, where figure 2 shows the implemented system in
ATP environment.
First of all, the tested system will operate at the steady state
condition without including the effects of harmonics in the
current. This can be done by making all switches of the
harmonic current sources (from switch 5 to switch 23) are on
opened state.
In order to study the effects of 5th ,7th ,11th ,13th ,17th ,19th and
23rd current harmonics, those switches will be consequently
closed, starting from time t=0.1s to the instant when t=0.16s.
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Fig.2: Tested AC power system into ATP environment.

V.

ATP Simulation Results

Four simulation cases will be shown in this section. These
cases are as follows:

A. Load current when all harmonics are applied:
Figure 3 shows the wave form of the load current
when the interested harmonics are applied at time t=0.1s.
Load Current

600
[A]
400

Fig.5: The spectrum of applied harmonics.
200

B. Load current with a capacitor bank is
connected:

0

-200

To reduce the effects of the harmonics in the load
current, the first solution is applied, where a Ỵ-connected
capacitor bank; with a value of 1226.231μϜ; is installed at
the load bus (Bus1). Now, the distorted wave form of the
load current improves a little bit due to the existence of the
capacitor bank, this can be seen from figure 6.
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Fig.3: Load current under effects of harmonics.
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If we zoom in, we can see very clear the distorted load
current under the effects of the harmonics in the following
figure:
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Fig.6: Load current when cap. bank is connected.
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Moreover, figure 7 shows the harmonic spectrum of the load
current when the capacitor bank is connected into the
circuit.
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Fig.4: Zoomed load current with harmonics.

In addition, figure 5 shows the harmonics that are existed in
the load current wave form, where the percentage of the
total harmonic distortion (THD) is very high and it equals
71.189%.
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Fig.9: Harmonic spectrum with connection of cap. bank, 5th and 7th
filters.

Fig.7: Harmonic spectrum of load current with cap. bank.

It can be seen from figure 7 that adding shunt capacitors
with the load will eliminate the high frequencies harmonics,
but the low frequency current harmonics are still existed in
the load current.

By looking at figure 9, we can conclude that adding
a series passive filter has nice improvement on low
frequency harmonics, but at the same time this filter has
negative effects on the high frequencies harmonic (such as
11th and 13th), where these high frequency harmonics are
increased in this case.

C. Load current with two low pass filters plus the
capacitor bank:
In order to eliminate the effects of the low
frequency current harmonics, series passive filters are
installed in parallel with the load. These two filters are
designed specifically to clean up the 5th and 7th harmonics.
The selected values of resistance (R), inductance (L), and
capacitance (C) of 5!" #$% 7!" harmonic filters were as
follows: R5=3.434mΩ, L5=0.182mH, and C5=1545.051μϜ,
and R7=4.005mΩ, L7=0.2126 mH, and C7=676.02μϜ
respectively. Where, the improved wave form of the load
current is shown in figure 8 for this case.

D. Load current with high and low pass filters
plus the capacitor bank:
To reduce the increased value of the high frequency
harmonics, a high pass filter is needed. In fact, our high pass
filter is designed specifically to clean up the 11th current
harmonic. The selected values of resistance (R), inductance
(L), and capacitance (C) of this filter were as follows:
R11=0.256Ω, L11=0.047mH, and C11=1226.231μϜ. So, figure
10 gives the best and cleaned wave form of the load current
when all of possible solutions for mitigating the harmonics
are applied.
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Fig.8: Load current with connection of cap. bank and low pass
filters.
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Fig.10: Load current with the existence of cap. bank, low& high
filters.

The harmonic spectrum of the load current when the tuned
low frequency filters are included is given in the following
figure:
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Figure 11 gives the harmonic spectrum of the load current
when the tuned high frequency filter is added to the system
with the existence of the capacitor bank and the low pass
filters.
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farm systems due to the use of the power electronic
converters. The ATP simulation program was used for
modeling the tested AC power system. In addition, the total
harmonic distortion (THD) factor is used as the criteria for
determining the appropriate solution of mitigating
harmonics into the load current. In this study, the lowest
value of the THD factor is obtained by installing both low
and high passive filters with the existence of a capacitor
bank at the load bus of the AC power system under the
study. Where, the best resultant value of THD was 0.917%.
Fig.11: Harmonic spectrum with connection of cap. bank, low &
high filters.
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December, 2014.
[6] S. Badkubi, D. Nazarpour, J. Khazaie, M. Khalilian, and M. Mokhtari,
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in a Wind Power Plant,” IEEE Power and Energy Society, July, 2015, pp.
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Without applying any of the possible solutions of mitigating
the harmonics in the studied AC power system, the THD
value was very high and equaled to 71.189%. However, this
value is reduced to half of it just by installing suitable
capacitor banks at the load bus. For this case, the value of
the THD becomes 35.235.

[8] L. H. Kocewiak, J. Hjerrild, and C. L. Bak, “Harmonic Analysis of
Offshore Wind Farms with Full Converter Wind Turbine,” 8th International
Conference on Large Scale Integration of Wind Power into Power Systems,
2009.

For further improvement of the THD factor, two passive
filters are added with the capacitor bank compensator. The
low passive filter reduces the THD to a reasonable value of
6.793. Also, this value is reduced to 0.917 when the high
passive filter was included as well.
VII.

Conclusion

As mentioned before, the harmonics distortion problem
is very common when new wind power plants are installed
to the existed AC grid. These harmonics generated by
switching process with high frequencies of converters in
type 3 and type 4 wind turbine generators.
Therefore, we need to reduce the distortion in the power
generated by wind turbines before it delivers to the grid.
This paper introduces more appropriate solution to
mitigate current
harmonics that might be existed in the wind
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used to analyze the deflection, structural and electrical
characteristic's behavior of the PSFET device.
2. PSFET Pressure Sensor Structure

Abstract--In this paper, geometry effect of the poly silicon
membrane used as suspended gate of the NMOS in a pressure
sensor field effect transistor (PSFET) has been investigated.
The main purpose of this study is to propose optimal
geometry of the suspended membrane in order to have better
sensitivity than other geometric shapes. It is noted, that these
devices have the same dimensions (cross-section and
thickness), and they are studies in the same pressure range.
Therefore, finite element method analysis, in COMSOL
Multiphysics software, has been used. For, the NMOS about
2 μm CMOS technology, simulation results show that the
PSFET device with circular shape have a high sensitivity
about 18.03 μA /kPa (compared to square membrane 13.98
μA/kPa, and rectangular membrane 11.61 μA /kPa).

Figure 1 shows the 3-D schematics of the square
PSFET pressure sensor. The device is composed of a
polysilicon suspended gate used as pressure sensing
membrane, a sealed evacuated cavity between the
membrane and the silicon substrate and two N+ silicon
diffusions, which form an NMOS. Pressure applied to the
suspended membrane engenders its deflection and reduces
the gap between the channel and the gate. This change
induces drift of the gate capacitance and leads to a change
in the drain current, which can then be used to measure the
applied pressure [3,4].

Index Terms--Pressure sensor, Membrane geometry,
Complementary metal oxide semiconductor (CMOS),
Suspended gate MOSFET.

1. INTRODUCTION
The development of MEMS (Micro Electro Mechanical
Systems) technology allows the fabrication of suspended
structures that bend under pressure variation [1]. The FET
pressure detection is usually used with suspended gate
FET devices. The pressure sensors detection may be based
on the change in drain current of the transistor under
applied pressure due to piezoresistive effect on the
MOSFET [2]. Furthermore, it could be due to the gate
capacitance variation seen in a suspended gate
MOSFET[3]. On the other hand, micro pressure sensors
fabricated by MEMS technology have many advantages
such as: high performance, small size, low cost and easy
mass production. Moreover, pressure sensor field effect
transistor (PSFET) shows some significant advantages
such as the full compatibility with complementary metal
oxide semiconductor (CMOS) technology [4] and the
involvement of less signal processing circuitry for
extracting the sensor's output signal [3]. However, the
different shapes of suspended gate membranes (square,
rectangle, circular) used in the PSFET pressure sensor
have an important role on the characteristics and the
performances of this device.

Fig. 1. 3-D Schematics of the square PSFET pressure sensor

A- Mechanical element: Square , circular and
rectangular membranes
The PSFET pressure sensors designed in this work
consist of square circular and rectangular membranes. The
general differential equation for the steady state
displacement w(x, y) of the diaphragm with clamped edges
caused by a uniform pressure “p” is given as [5,6]:

P
¶ 4 w( x, y) ¶ 4 w( x, y)
¶ 4 w( x, y )
a
2
=
+
+
2
2
2
2
Dh3
¶y
¶x ¶y
¶x

The study reported in this paper look for the most
suitable geometry of the suspended membrane that have a
better sensitivity in the pressure range of 0–100 kPa. The
finite element method (COMSOL Multiphysics) has been
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With a is the coefficient characterizing the anisotropy of
the silicon material, which is defined by:
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a = 1.26 ´10-3 ´12 (1 -n 2 )

e 0 e ox
ì
ïC ox = d
ox
ï
(9)
ï
e0
íC air =
d air
ï
ïd air = d 0 - W ( x, y, r )
ï
î
Where ε0 is the absolute permittivity of free space, εox
is the relative permittivity of the gate oxide , dox is the
thickness of oxide , d0 is the initial air gap, dair is the air
gap.

(2)

and D is the coefficient of rigidity of the material, which is
given by:

D=

E h3
12 (1 - n 2 )

(3)

Where is the membrane thickness, E is Young’s
modulus and υ is Poisson’s ratio.
For a square membrane with side ‘a’ the center deflection
wmax (x, y) is given by [7] :

Wmax = 0.0152 (1 -n 2 )

Pa 4
Eh 3

(4)

For normal rectangular membrane with ratio b/a = 1.5.
The center deflection the center deflection wmax (x, y) is
given by [5]:

wmax = 0.0022

Pa
D

Fig. 2. Equivalent capacitive model of the PSFET pressure
sensor.

2

In the saturation region, the drain current, IDsat, of the
PSFET pressure sensor can be expressed as [10]:

(5)

I Dsat =

Deflection w(r) of a clamped circular membrane under a
uniform applied pressure P is given by [8]:
P (R - r )
= w0
64 D
2

w(r ) =

2 2

é ærö
ê1 - ç ÷
êë è R ø

2

ù
ú
úû

2 Lg

C gate (Vg - VT )

2

(10)

Where Wg represents the channel width of the NMOS, Lg
is the channel length of the NMOS
µn is channel electron mobility, Vg is the gate voltage and
VT is the threshold voltage defined by [11]:

2

(6)

VT = V fb + 2fB +

Where w0 is the central maximum deflection given by:
P A2
w0 = 2
p 64 D

m nWg

qN a 2e s 2fB
C gate

(11)

Where Vfb is the flat band voltage , ΦB is the
potential difference between the intrinsic level and the
Fermi-level, Na and εs are substrate doping concentration
and silicon relative permittivity, respectively.

(7)

With r the point radius value, A the membrane area.
3. Modeling in COMSOL Multiphysics
B- Electrical transduction: suspended gate MOSFET

COMSOL Multiphysics is a powerful interactive
environment for modeling and solving all kinds of
scientific and engineering problems based on partial
differential equations (PDEs), and its use does not require
a deep knowledge of mathematics or numerical analysis,
but the models are built on the basis of adequate physical
characteristics equations [12].
For a PSFET pressure sensor analyzed in this work the
sensor is modeled by coupling two physical ElectroMechanics module and Semiconductor module. The
Electro-Mechanics is used to determine the membrane
deflection, the capacitance change between the gate and
the channel and the effective oxide thickness (EOT) as a
function of applied pressure. With this EOT the currentvoltage characteristic of PSFET is examined using
Semiconductor module in COMSOL.

As shown in Figure 2, the NMOS dielectric consists of
the oxide layer and air gap. The structure can be taken as a
series of tow capacitors and the total gate capacitance per
unit area Cgate, is given by [3,9]:
1
1
1
(8)
=
+
C gate C ox C air
Where Cox and Cair are the oxide and air gap
capacitance per unit area respectively:
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The effective oxide thickness EOT of the dual insulator
used in the NMOS is defined by [13]:

æe ö
EOT = d 0 x + çç ox ÷÷d air
è e air ø

4. Results and Discussions
We analyze the deflection performance, Circular,
square and rectangular membranes of PSFET pressure
sensor simulated. Figure 4 shows the 3D visualization of
the total displacement of the membranes under 100 kPa
pressure loads. The deflection is maximum in the center of
the membrane and minimum at the edges. The NMOS
always placed under center of the membrane for obtaining
an optimal performance of the sensor.

(12)

Sensor Design:
The membrane shapes that used in these simulation
studies shown in fig. 3. The dimensions of the diaphragm
are such that the area is same in all the three cases. The
membrane thickness (h) is estimated as 2 μm. The gap
between the membrane and the substrate is 250 nm. The
materials of the membrane is poly silicon (Young’s
modulus of 160 GPa, Poisson’s ratio of 0.22 and mass
density of 2320 kg/m3) [14]. The boundary condition is
that the membrane edge is fixed, and the load is a uniform
pressure applied to the membrane.

(a)

Fig. 3. Circular, square and rectangular membranes and their
relative dimensions used in simulations

The following table shows the dimensions of various
membranes used for simulations.
TABLE I

Dimensions of various membranes in the sensor design
Membrane type

Dimensions (µm)

Square

100 (side)

Circular

56 (radius)

Rectangular

122×81 (length × width)

(b)

The NMOS has been designed using standard 2
µm CMOS technology with the parameters in Table 2 and
lower substrate doping of Na= 1´1015 cm-3 would be
better suited of PSFET sensors [15,16].
TABLE II

NMOS design parameters.
Design

NMOS

Parameter [Unit]

Value

Oxide thickness [nm]

40

Channel length [µm]

2

Channel width [µm]

20
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Fig. 4. Displacement total (a) square , (b) Circular, (c)
rectangular membrane under 100 KPa of applied pressure
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The displacements of the different shapes of membranes
are shown in Fig.5. According to the Fig. 5 when the
applied pressure is increased on diaphragms, the
diaphragm deflection is increased, too and circular
membrane displaced higher than the other membranes
under same pressure.

pressure range can be analytically defined as the slope of a
straight line obtained by the least square linear curve
fitting over its ID – P characteristics plot. Based on this
straight line, non-linearity, NL, in percentage could be
defined as [17]:

NL =

DI D + + DI D -

2(I D max - I D min )

´100

(13)

160

where ΔID+ and ΔID- are the maximum and minimum
deviation from the straight line characteristics
respectively, IDmax and IDmin are the maximum and
minimum drain current in the operation range.

Displacement Wmax [nm]

140

Circular
Square
Rectangular

120
100

Table 3 shows the sensitivities and non-linearity obtained
for the different shapes of membranes

80
60
40

TABLE III

20

sensitivities and non-linearity

0
0

20

40

60

80

Membrane type

Circular

Square

Rectangular

Sensibility (µA / kPa)

9,03

5.71

3.67

Non-linearity, NL %

11.83

8.74

6.06

100

Applied Pressure [kPa]

Fig. 5. Displacement vs. pressure for different shapes of
membranes

From the table, it is clear that the circular
membrane gives a higher sensitivity of 9.03 µA / kPa.
Square membrane also gives relatively higher sensitivity
of 5.71 µA / kPa . This type of pressure sensor has an even
more nonlinear response.

Figure 6 represents the variation of the sensor response
as a function of the applied pressure for different shapes of
membranes. From the figure, it can be observed that the
circular membrane provides the better output current
compared to the other membranes varied from 356 to 1291
µA. Square membrane is next to circular membrane varied
from 356 to 937 µA. Rectangular diaphragm doest show
the amount of output current as the other two varied from
376 to 746 µA, but provides better linearity compared to
the other two membranes.

Polynomial fit between output current IDsat and pressure P
is obtained by employing Polynomial Regression method
and the relationship obtained are:

Lg=2 [mm] ;Wg=20[mm]; Vd=5[V];Vg=5[V]

Circular

I Dsat ( P) = I D0 + 1.42P + 0.077 P 2

Square

I Dsat ( P) = I D0 + 2.05P + 0.037 P 2

Rectangular

I Dsat ( P) = I D0 + 1.99P + 0.017 P 2

1350

Output current IDsat [mA]

1200

Circular
Square
Rectangular

1050
900

The sensitivity of the capacitive pressure sensor
limited by the geometric parameters of the membrane and
the cavity. The benefits of PSFET pressure sensors are
also the augmentation of the sensitivity by another
parameter independent from the various CMOS
technologies, which is the channel width. Figure 6
represents the variation of the sensor response as a
function of the applied pressure for different shapes of
membranes and the channel width equivalent to the
dimensions of the membrane. It is obvious that the output
current amplified and the circular membrane keep
provides the best output current varied from 390 to 2813
µA with higher sensitivity of 18.03 µA / kPa.

750
600
450
300
0

20

40

60

80

100

Applied Pressure [kPa]

Fig. 6. Output current vs. pressure of square, rectangular and
circular diaphragm

Such as in a capacitive pressure sensor structure,
Sensitivity of a PSFET pressure sensor in its operating
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obtained for the different shapes of membranes.
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In this paper, we have designed, simulated and
analyzed the pressure sensor field effect transistor
(PSFET). We have investigated several polysilicon gate
suspended membrane (i.e. circular, rectangle and square).
An analytical model describing the behavior of the sensor
has also been described. A simulation model by the finite
element method has been carried out. Our results show
that the circular suspended membranes are the most ideally
suitable for this type of pressure sensor (PSFET).
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unknown nonlinear functions of the power system
dynamics model by adaptive fuzzy type-2 system and to
synthesize the control law using the SMC approach.
Nevertheless, before the system gets in the sliding mode,
the dynamic performance may be degraded because it is
not well sensitive against the wide domain of variations of
the operating condition, the system parameters and
disturbances size. This means, the invariance property is
not guaranteed during transient phase of creating a
situation known as reaching phase.

Abstract-- In this paper, an optimal robust adaptive type-2
fuzzy power system stabilizer based on sliding mode control
methodology is proposed to handle with the large
uncertainties introduced by variations of system parameters
as well as changes of operating conditions and severe types of
disturbances. The proposed approach is developed to make
the system dynamics insensitive to uncertainties and
disturbances such that power system states start, move and
stay on the switching surface toward the equilibrium point
that guarantees convergence in small time and eliminates the
reaching phase. The type-2 fuzzy logic system is used to
approximate the unknown system dynamics. Lyapunov
stability theory, the adaptation laws are developed to make
the controller adaptive to take care of the changes due to the
different operating conditions occurring in the power system
and guarantees stability converge. Simulation results
demonstrate the effectiveness and robustness of the proposed
stabilizer compared with a conventional (CPSS) and with an
adaptive type-2 Fuzzy (AFPSS).

In this research work, an optimal robust adaptive type-2
fuzzy power system stabilizer based on sliding mode
control methodology is proposed for damping inter-area
oscillations of interconnected multi-machine power
systems. The main contributions of this research work are
the following: (i) The improvement of the robustness and
the transient performance by removal of transient phase
that guarantees convergence in small time, eliminates the
reaching phase and the chattering phenomenon, (ii) The
parameters of the controller are tuned using Particle
Swarm Optimization (PSO) approach to get a good
damping characteristics, (iii) The robustness and the
stability properties of the resulting closed-loop system is
proved in the sense of Lyapunov.

Index Terms-- PI sliding mode control; type-2 fuzzy logic
system; indirect adaptive control; power system stabilizer.

1. INTRODUCTION
Power systems are highly nonlinear systems, complex
characteristic with configurations and parameters
changing with the time, which generates displacements of
the point of operation. The stability of a power system is a
momentous problem that needs to be addressed to ensure a
reliable and secure supply of electricity. Power System
Stabilizers (PSSs) have been widely used to damp
electromechanical oscillations and to enhance dynamic
stability in power system. The Conventional Power
System Stabilizer (CPSS) depends on fixed parameters
Lag-Lead compensators and other controllers have been
synthesized using a linearized power system model for a
specific operating point. These controllers may not always
guarantee stability especially when changes in operating
conditions or system topology and parameters all cause
degradation in the performance.

2. MULTI-MACHINE POWER SYSTEM MODEL
In the design of the power system controller proposed
in this paper, let x 1 = ∆ω = the speed deviation and

x 2 = ∆P = Pm − Pe the accelerating power. It is possible
to represent the i-th machine of a multi-machine power
system in the following nonlinear state-space equations:
x1 = ax 2
ax 2 = f ( x 1 , x 2 ) + g ( x 1 , x 2 )u ,

Where, a = 1 / 2H

In order to address the above mentioned issues, the
advent of artificial intelligence and evolutionary
techniques has been applied to the design the nonlinear
adaptive stabilizing controllers [1-5]. This technique does
not guarantee performance and robustness since
cancellation is practically imperfect. Nowadays, some
researchers have attracted the attention to guarantee
robustness in adaptive intelligent techniques [6-8]. The
main idea behind this control scheme is to approximate
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and

(1)

y = x1
T

x = [x 1 , x 2 ] ∈ R

2

is a

measurable state vector, H is the per unit machine inertia
constant PSS output u represents the supplementary
control signal to be designed and y = ∆ω is the
considered output while f ( x ) and g ( x ) ≠ 0 are
nonlinear system functions which are assumed to be
unknown. Equation (1) represents the machine during a
transient period after a major disturbance has occurred in
the system.
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3. SLIDING MODE CONTROL DESIGN

track a given bounded desired trajectory y d , under the

However, f ( x , t ) and g ( x , t ) are not known, we thus
replace by the type-2 fuzzy logic system approximates
fˆ ( x | θ f ) , gˆ ( x | θ g ) which are in the form [10-11].

constraint that all variables involved must be bounded.
i.e., The tracing error, must converge towards zero.

fˆ ( x | θ f ) =

The control objective is to force y in the system (1) to

In the following, a brief introduction to SMC design
method will be discussed. The process of SMC can be
divided into two phases, they are the approaching phase
with s ( x , t ) ≠ 0 and the sliding phase with s ( x , t ) = 0 .

s (e ) = ke + e = k e

[ ]

Where, e = y − y d = e , e

gains. (11) can be rewritten as
T

pˆ ( h | θ p ) = θ p ψ ( h )

the coefficients of the Hurwitz polynomial h (λ ) = λ + k

T

θ p = ª¬k p , k i º¼ ∈ R

The resulting sliding-mode control law consists of the
*

following two parts: u = u eq − u sw
*

u =g

−1

u eq = g

( x ) [− k 1e − f ( x ) − η sgn(s ) + yd ]

−1

u sw = g

(5)

2

is a regressive vector.

°̄η sgn(s ) if |s | ≥ĭ

where is ĭ the thickness of the boundary layer.
Hence, the control law becomes:
ª
1
2§ 1 ·
u =
« − ke−fˆ ( x |θ f )+ ¨
¸(e (0))
π
© 1+t 2 ¹
ˆ
g (x | θ g ) ¬

(13)

(14)

− pˆ ( h |θ p )+ yd º¼
Using the control law in (14), then (7) becomes:
2§ 1 ·
s = ke + f ( x ) + g ( x )u + ¨
(e (0)) − yd .
2 ¸
(15)
π ©1+ t ¹
= f ( x ) − fˆ ( x | θ f ) + ( g ( x ) − gˆ ( x | θ g ))u − pˆ ( h | θ p )
The next task is to replace f ˆ and ĝ by type-2 fuzzy
logic systems represented in (9)-(10), p̂ is given by (12)
and to develop adequate adaptation laws for adjusting the
parameters vector while seeking a zero tracking error.
Theorem 1. Consider the control problem of the
nonlinear system (1). If the control (14) is used, the
functions f ˆ , ĝ and p̂ are estimated by (9), (10) and
(12). The closed-loop system signals will be bounded and
the tracking error will converge to zero asymptotically if
the type-2 fuzzy adaptive laws are chosen as:
(16)
θfl = γ 1s ξ fl ( x )

In this design approach, we added to sliding surface in
Equation (2) the term defined in [9] to make that the
system is insensitive during transient phase. Then the
sliding surface becomes in the following:

(6)

(7)

If f and g are known, then we could easily construct the
following control law:
1 ª
º
2§ 1 ·
*
(e (0))−η sgn(s )+ yd » (8)
u =
« − ke−f ( x ) + ¨
2¸
π
© 1+t ¹
¼
g (x ) ¬
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]

°θ T ψ ( h ) if |s | <ĭ
p

4. PROPOSED INDIRECT ADAPTIVE TYPE-2 FUZZY PI
SLIDING MODE CONTROL DESIGN APPROACH

The time derivative of Eq. (15) can be rewritten as
2§ 1 ·
S = ke + f ( x ) + g ( x )u + ¨
s (e (0)) − yd
2 ¸
π ©1+ t ¹

is an adjustable parameter vector,

uˆP = ®

However, power system parameters for nonlinear
functions are not well known and imprecise; therefore it is
difficult to implement the control law (3) for unknown
nonlinear system model. Not only f and g are unknown
but the switching-type control term will cause chattering,
in addition, the system dynamics during transient phase is
sensible to the large uncertainties introduced by variations
of system parameters as well as changes of operating and
disturbances size and the choosing of the value k to
improve system performance. The objective of the
approach that we propose in this paper is to resolve the
above-mentioned problems.

º
− atan(t ) s (e (0))
«
»¼
π ¬2

2

Therefore around the sliding surface, control law is
introduced as.

(3)

( x ) [η sgn(s )]

2 ªπ

(12)

and ψ ( h ) = h1 , h2 ∈ R

(4)

S = s (e ) −

[

T

( x ) [− k 1e − f ( x ) + yd ]

−1

(11)

Where h1 = s , h 2 = ³ sdt , k p and k i are PI control

T

∈ R and k = [ k ,1] are
2

(9)

)

(

u p = k p h1 + k i h 2

(2)
T

)

T
1 T
(10)
θ gl ξ l ( x )+θ Tgr ξ r ( x ) =θ g ξ g ( x )
2
In order to avoid the chattering problem, we append a
proportional integral PI control term to suppress the
chattering action. The inputs and output are defined as

gˆ ( x | θ g )=

In traditional SMC, a switching surface representing
the desired system dynamics is constructed as
T

(

T
T
1 T
θ ξ ( x ) + θ fr ξ r ( x ) = θ f ξ f ( x )
2 fl l
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θfr = γ 2 s ξ fr ( x )

(17)

θgl = γ 3s ξ gl ( x )u

(18)

θgr = γ 4s ξ gr ( x )u

(19)

θp = γ 5 sψ ( h )

(20)
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Proof. Define the optimal parameters vector

and PSS. Under normal conditions, the Area 1 transmits
413 MW active power to the Area 2.

§
·
*
θ f = arg min ¨ sup fˆ ( x | θ f ) − f ( x , t ) ¸
n
θ ∈Ω

(21)

© x ∈R
¹
§
·
*
θ g = arg min ¨ sup gˆ ( x | θ g ) − g ( x , t ) ¸
θ g ∈Ωg x ∈R n
©
¹
§
·
*
θ p = arg min ¨ sup pˆ ( h | θ p ) − u sw ¸
θ p ∈Ωp h ∈R n
©
¹
f

f

(22)

(23)

Where Ω f , Ω g and Ω p are constraint sets for θ f , θ g

Fig. 1. Two area four machine test power system.

The proposed controller and the controllers used for
purpose of comparison employs the Particle Swarm
approximation error:
Optimization technique (PSO) [4], [13] to search for the
*
*
w = f ( x , t ) − fˆ ( x | θ f ) + ( g ( x , t ) − gˆ ( x | θ g ))u
(24) optimal parameter settings of the given controllers. The
performance of the proposed approach indirect AFSMPSS
So, (24) can be written as
have been evaluated and compared to those obtained using
T
1 T
1 T
s = θ fl ξ l ( x ) + θ fr ξ r ( x ) + θ gl ξ l ( x )+θ Tgr ξ r ( x ) u
a conventional (CPSS), using an adaptive type-2 fuzzy
2
2
(25) power system stabilizer (AFPSS). To assess the
*
T
+ φ p ψ ( h ) − pˆ ( h | θ p ) + w
effectiveness and the robustness of the proposed stabilizer,
nonlinear simulations of the test power system are carried
*
*
*
Where φ f = θ f − θ f , φ g = θ g − θ g , φ p = θ p − θ p .
out for different faults under two different configurations
Now let us consider the Lyapunov function candidate of system, namely configurations A and B.
1 2
1 T
1 T
1 T
V = s +
φ fl φ fl +
φ fr φ fr +
φ φ
2
4γ 1
4γ 2
4γ 3 gl gl
(26)
1 T
1 T
φ φ +
φ φ
+
4γ 4 gr gr 2γ 5 p p

and θ p , respectively. Now we can define the minimum

(

) (

)

The time derivative of V along the error trajectory is:
1 T
1 T
V ≤
φfl (γ 1s ξ fl ( x ) + φfl ) +
φfr (γ 2s ξ fr ( x ) + φfr )
2γ 1
2γ 2
+
+

1
2γ 3
1

γ5

1

T

φ gl (γ 3s ξ gl ( x )u + φgl ) +

2γ 4

T

φ gr (γ 4 s ξ gr ( x )u + φgr )

(27)

T

φ p (sψ ( h ) + φ p ) − sη sgn(s ) + sw

Where

φ fr = −θ fr ,

φ gl = −θ gl and

φ fl = −θ fl ,

φ gr = −θ gr ,

(a)

φ p = −θ p . Substitute (16)-(20) into

(27), then we have
V ≤ sw − s η ≤ 0

(28)

Since w is being the minimum approximation error,
(28) is the best we can obtain. Therefore all signals in the
system are bounded and the system is stable and the error
will asymptotically converge to zero.

5. CASE STUDY AND SIMULATION RESULTS
In this study, the two-area four-machine test power
system model [12] shown in Fig. 1 is selected for testing
the performance of the proposed PSS. This model consists
of two fully symmetrical areas linked together by two
transmission lines of 220 km length. Each area contains
two identical synchronous generators rated 20 kV/900
MVA. All generators are connected through transformers
to the 230 kV transmission line and equipped with
identical speed governors and turbines, exciters, AVR,
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(b)
Fig. 2. (a) Gen. 1 swing against Gen. 3 at scenario 1, fault
location at the area 1. (b) Power transfer from area 1 to
area 2 in scenario 1, fault location at the area 1.
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A. Scenario1: Configurations A
In this scenario, the system configuration has two
transmission lines, the performance of the proposed
controller under transient conditions is verified by
applying a large disturbance of a three-phase fault to
ground at three different locations of the tie-line. Location
“Bus 8” is at the middle of the tie-line while locations
“Bus 7” and “Bus 9” are at locations areas “1” and “2”,
respectively. The fault is cleared after 10 cycles by
opening the breakers at the ends of the faulty tie-line to
disconnect it. The speed difference between generators in
area 1 and area 2, with the power transfer from area 1 to
area 2 are depicted in Figs. 2–4 respectively. From these
figures, it can be clearly seen in all the cases that the
system response with the proposed indirect AFT2SMPSS
effectively exhibits and confirms superior damping
performance of inter-area oscillations in terms of
overshooting and settling time compared to the AFT2PSS
and CPSS.

(a)

(b)
Fig. 4. (a) Gen. 1 swing against Gen. 3 at scenario 1,
fault location at the area 2. (b) Power transfer from area 1
to area 2 in scenario 1, fault location at the area 2.

(a)

one of the tie-line is disconnected from the system as a
contingency. The resulting system can be considered a
post-contingency system, with a new configuration which
operates at a new operating point. The post-contingency
system is subjected to severe disturbance of a 10-cycle
three-phase fault to ground at area 1 “Bus 7” of one tie
transmission line between buses 7 and 8, cleared by
opening the breakers at the ends of the tie-line to isolate it.
The system continues to operate with one transmission
lines. The system response under this scenario is
demonstrated in Fig. 5. It is evident from these results,
that the CPSS fails to damp the developed oscillation and
to stabilize the system. In both stabilizers AFT2PSS and
AFT2SMPSS damp the low frequency oscillations and
maintain stability. However, the proposed AFT2SMPSS
in the transient response is more robust and provides
significantly better damping enhancement in the system
oscillations and the oscillations on the power transfer.
Note that this superiority in performance is preserved
under two different configurations.

(b)
Fig. 3. (a) Gen. 1 swing against Gen. 3 at scenario 1, fault
location at the middle of the tie-line. (b) Power transfer
from area 1 to area 2 in scenario 1, fault location at the
middle of the tie-line.
B. Scenario 2: Configurations B
In this scenario, the system configuration has only one
line in between the two buses 8 and 9 is considered i.e.
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Abstract-- This paper presents a control scheme for
simultaneous control of the speed of switched reluctance
motor (SRM) employed as a prime mover in electric/hybrid
vehicles and minimizing the torque ripple employing a
heuristic approach of ant colony algorithm. The proposed
control algorithm comprised optimized PI controller for
speed error, optimized hysteresis controller for current error
regulation loops of the SRM drive control system. This study
investigates the use of Field-Programmable Gate Array
(FPGA) to control the power converter used for
Electric/hybrid vehicles. The proposed control algorithm also
optimizes the commutation angles turn-on, turn-off and
demagnetizing angle of switched reluctance motor according
to minimum torque ripple. Here, the minimization of the
Integral Squared Error (ISE) value of speed and current
serves as the objective functions. This Ant Colony
Optimization (ACO) based controllers are simulated in
MATLAB/SIMULINK and Xilinx System Generator
software for in three phases, 6/4 SRM. The advantages of the
proposed method are robust performance and a high level
reliability in solving more complex problems.

range of speed and torque, high power density, high
Torque Density and acceptable cost. Research has shown
that SRMs are capable of delivering these performance
requirements [5-6]. The salient features of switched
reluctance motor such as the lack of a coil or a permanent
magnet on the rotor, a simple structure and high reliability
makes it a suitable candidate for operation in harsh or
sensitive applications [7].In the SRMs the torque is
produced by the tendency of the rotor to move to a
position where the inductance of the excited winding is
maximized. The inductance of each phase is maximum at
its aligned position because the magnetic reluctance is the
lowest at that position [8].Consequently the highest torque
oscillations are obtained during the commutation from a
phase to the next one during the torque production.
However, the drawback associated with SRM is high
torque ripple leading to acoustic noise and vibration which
seems to be more and more severe than those of other
traditional motors. The causes of the torque ripple include
the geometric structure including double saliency,
excitation winding concentrated around the stator poles,
the working mode which are necessary for magnetic
saturation in order to maximize the torque per mass ration
and pulsed magnetic field obtained by feeding
successively the different stator windings. The phase
current commutation is also the main cause of the torque
ripple. As a matter of fact, different techniques have been
developed to minimize the torque ripples and speed
oscillation for Switched Reluctance Motor (SRM).
Methods, such as current profiling, overlapping
conduction of different phases and linearized feedback
control were used. Methods that use current profiling may
produce high current peaks at law regions. Also, most
methods are highly dependent upon the rotor position.
Any errors in the rotor position can lead to failure of the
control. Furthermore, most methods are limited to lowspeed operation. Hence, the torque ripple can be
minimized through magnetic circuit design in motor
design stage or by using torque control techniques.

Index Terms²SRM; Speed control; PI controller; Ant
colony optimization; FPGA

1. INTRODUCTION
Considerable efforts are under way around the world to
develop
environmental
friendly
transportation.
Development of electric and hybrid vehicles is a key
element of this overall effort [1-4]. In order to ensure the
commercialization of electric or hybrid vehicles, their cost
must be reduced while maintaining their high
performance. An interesting method would be to reduce
the cost of electrical machines. An essential way to
achieve this is to try to reduce or eliminate the use of rareearth materials that are experiencing significant price
increases / fluctuations. However, the SRM drive has
received renewed interest due to recent scarcity of rare
earth supply Magnet Materials. To ensure good
performance of the electric vehicle (EV) and hybrid
electric vehicle (HEV) Propulsion system, the electrical
machine must have a high level efficiency for a wide

By suitably controlling the torque of the SRM, low
1
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Fig.1.After generating the VHDL code and the synthesis,
we can generate the bitstream file. Then we can move this
configuration file to program the FPGA [20].

torque ripple, noise reduction or even efficiency increase
can be achieved. There are many different types of control
strategy from simple methods to complicated methods.
In general the minimization of torque ripples can be
implemented using both classical and intelligent
controllers. The classical controllers require the exact
mathematical model of the systems which are very
sensitive to parameter variations and proper tuning
methodologies.
Recently the tuning of PI control parameters has been
treated as optimization problems to obtain optimum
performance [9-10]. There are many optimization
algorithms adopted in power system problems such as
Genetic algorithm (GA), Particle Swarm Optimization
(PSO), Bacteria Foraging Optimization (BFO), Imperialist
Competitive Algorithm (ICA), and Ant Colony
Optimization (ACO) which will be within the scope of the
enquiry of this work.

.
Fig.1. Xilinx System Generator design flow

In order to improve the SRM performance, optimal
tracking of speed and current is also to be carried out
along with minimization of torque ripple. Hence the
problem of determining the optimal control parameters of
SRM can be considered to be multi-objective problem.
Hence, the major contribution of this work is to utilize
ACO to find optimal values for proportional (Kp), integral
(Ki) for speed controller, bandwidth for hysteresis current
FRQWUROOHU ǻ, DORQJZLWKWKHWXUQ-RQDQJOH ࣄRQ WXUQRII  ࣄRII  DQG GHPDJQHWL]LQJ DQJOH ࣄG  LHWKH DQJOH
where the phase current decays to zero when negative
voltage is applied directly after turning-off) by minimizing
the Integral Squared Error (ISE) of speed and torque
ripple. This way minimizes the settling time, rise time,
steady -state error and maximum overshoot. The objective
of this work is to implement the control system scheme of
switched reluctance motor on the FPGA in order to take
advantage of these performances in the field of digital
control of electrical machines in real times.

3. SYSTEM DESCRIPTION
A 3 phase, 6/4 SRM is modeled using a
Matlab/Simulink environment shown in figure 4. All
simulations are completely documented by their block
diagram, corresponding to special Matlab functions and
parameters shown in appendix. It is fed by a three- phase
asymmetrical power converter having three legs, each of
which consists of two IGBTs and two free-wheeling
diodes. During conduction periods, the active IGBTs
apply positive source voltage to the stator winding to drive
positive currents into the phase windings. During free
wheeling periods, negative voltage is applied to the
windings and the stored energy is returned to the power
DC source through the diodes. The fall time of the
currents in motor windings can thus be reduced. By using
a position sensor attached to the rotor, the turn-on and
turn-off angles of the motor phases can be accurately
imposed. These switching angle can be used to control the
developed torque waveforms. The phase currents are
independently controlled by three hysteresis controllers
which generate the IGBTs drive signals by comparing the
measured currents with the references generated by
proportional integral. The IGBTs switching frequency is
mainly determined by the hysteresis band.

During the last few years several researchers use the
hardware implementation on the FPGA for controlling
electrical system [11-17]. Most of them use the VHDL
(VHSIC hardware description language). In this study, the
Xilinx System Generator (XSG) is used to automatically
generate the VHDL code. The advantages of this method
are the rapid time to market, real time, and portability.
2. CONTRIBUTIONS OF XILINX SYSTEM GENERATOR

The switched reluctance machine has strong similarity
to series-excited dc and synchronous remotely connected
to these machines and therefore analogous control
development is not possible. The inductance of a phase
winding is a non linear function of current (i) and rotor
SRVLWLRQ ࣄ 7KHLQGXFtance pattern of a phase repeats for
every 90° for 6/4 SRM. In one rotor rotation, an SRM
with NS stator poles and NR rotor poles makes a certain
number of angular steps. An angular step is defined as
equal to the difference between the rotor pole pitch and
the stator pole pitch [21]. Because of its mode of
operation, the angular period is equal to the rotor pitch;
and one period contains a number of steps equal to the

The XSG is a modeling tool developed by the Xilinx to
design implemented systems on the FPGA. It has a library
of varied blocks, which can be automatically compiled
into an FPGA [18]. In this work, the (XSG) is used to
implement the control systems architecture for switched
reluctance motor based on proportional-Integral and
hysteresis controller on FPGA. In the first step, we begin
by implementing the proposed architecture using the XSG
blocks available on the simulink library. Once the design
of the system is completed and gives the desired
simulation results, the VHDL code can be generated by
the XSG tool [19]. The design flow of the XSG is given in
2

ISBN: 978-9938-9937-0-7

76

Editors: Tarek Bouktir & Rafik Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2017
machine number of phases.

with ACO based controllers.

Following these geometric definitions, the relationship
between the number of stator/rotor poles (NS /NR), for 3
phase SRM can be written as :

In fig. 2, the proposed torque Ripple Minimization
system is presented with three major parts of control
actions.

NR

2
NS
3

They are speed loop, current loop and commutation
controller. These are the control tools used in the proposed
torque ripple minimization system of the SRM drive. Each
control tool has its own distinct parameters to perform a
specific task. Hence, the major contribution of this work is
to utilize ACO to find optimal values for proportional
(Kp) and integral gains (Ki) for speed controller, the size
RI WKH K\VWHUHVLV EDQG ǻ,  IRU FXUUHQW FRQWUROOHU DORQJ
with the turn-RQ DQJOH ࣄRQ   WXUQ -RII  ࣄRII  DQG
GHPDJQHWL]LQJ DQJOH ࣄG  ,Q WKH SURSRVHG VSHHG FRQWURO
mechanism torque ripple of SRM is minimized by
controlling the current profile and by suitable selection of
turn on and turn off angles.

(1)

This expression (1) shows that the number of stator
pole NS is a multiple of three, in this particular case.
Three phase SRM configurations are recommended for
EV and HEV applications in order to reduce the inverter
cost.
4. TORQUE RIPPLE MINIMIZATION OF SRM DRIVE
Because the saliency of the stator and rotor, the torque
ripple is produced when the former phase is being excited
opposite voltage and the latter phase has been excited. The
point of intersection between the two excited phases must
be advanced to a higher value to minimize the torque
ripple.

Measurement of torque ripple Tripple can be done by
computing the torque ripple coefficient given by Eq. (2)

The torque and flux linkage inductance are extremely
coupled in nonlinear way while changing rotor position
and phase current.

ܶ ൌ

-

PI Speed
Controller

+
-

KP_Speed Ki_speed

(2)

்ೌ

Where Tmax , Tmin and Tmean represent the
maximum, minimum and average values of the total
torque.

Thus by controlling the current profile and proper
selection of turn on, turn off and demagnetizing angles of
switched reluctance motor lead to the minimization of the
torque ripple in the SRM drives [22]-[23]. In this paper, a
new methodology is proposed which includes speed
control, current control along with turn on, turn off and
demagnetizing angles using Ant colony optimization
(ACO) algorithm to obtain speed control with torque
ripple reduction. Fig. 1 shows the block diagram of SRM

+

்ೌೣ ି்

Integral squared error of speed (ISE_speed) and Integral
squared error of current (ISE_current) are calculated
using Eqs. (3) and (4) respectively as given below.
̴ܧܵܫ௦ௗ ൌ ሺݓି ݓ ሻଶ ݀ݐ

(3)
ଶ

ିܧܵܫ௨௧ ൌ ሺܫି ܫ௦ ሻ ݀ݐ

Hysteresis Current
Controller

ǻ,BK\VWHUHVLV band

Converter

(4)

SRM

Commutation Angle
Control

ACO Algorithm

Fig.2 .Block diagram of SRM with ACO based controllers

3
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5. Objective functions
Start

The multi-objective optimization problem statement is
mentioned by the problem of computing the optimum
combination of six operating parameters which include the
proportional gain, integral gain of speed controller, size
band of hysteresis for current controller, turn-on angle ,
turn -off and demagnetizing angle with respect to
obtaining Integral Square Error of speed and torque ripple.
In this work minimization of Integral Squared Error (ISE)
of speed and torque ripple can be considered as objectives
and Integral Squared Error (ISE) of current which is in the
inner loop is considered as a constraint.

InitializeȂno
±noof
ofants,
ants,pheromone,
pheromone, probability
Initialize
probability
Generatefirst
first node
node randomly:
randomly: ant
Generate
anttour
tour

Runthe
the process
process model
Run
model

The two objectives are stated as follows.

Evaluate the
the cost
cost function
Evaluate
function

The minimization of Integral Squared Error of speed as:
Updatepheromone
pheromone and
Update
and probability
probability

ଵ ൌ ሺ ̴ୱ୮ୣୣୢ ሻ

(5)

ଶ ൌ ሺ ̴୲୭୰୯୳ୣ ሻ

(6)

Calculate optimum Controllers parameters

The minimization of torque ripple coefficient as:

No
Max iteration is
reached

The constraint is stated as:

ሺ ̴ౙ౫౨౨౪ ሻ  ɂ

(7)
Yes
End

6. THE DESIGN AND IMPLEMENTATION OF ACO BASED
CONTROLLERS

6.1 brief description of ACO

Fig.3. Flow chart for optimization Procedure of
Controllers based on ACO technique

The main idea of ACO is to set the problem while
searching for a minimum cost path in a graph on which
that base the evolutionary meta-heuristic algorithm. The
behavior of artificial ants is inspired by from real ants.
They lay pheromone trails and choose their path using
transition probability. Ants prefer to move to nodes which
are connected by short edges with a high among of
pheromone. The algorithm has solved traveling salesman
problem (TSP), quadratic assignment problem (QAP) and
job-shop scheduling problem (JSSP) and so on [24]. The
problem must be mapped into a weighted graph, so that
the ants can cover the problem to find a solution. The ants
are driven by a probability rule to choose their solution to
the problem (called a tour). The probability rule (called
Pseudo-Random-Proportional Action Choice Rule)
between two nodes i and j is defined as:


ሺݐሻ ൌ

ഀ

ൣఛೕ ሺ௧ሻ൧ ൣఎೕሺ௧ሻ൧
ഀ

ഁ

ൣఛ ሺ௧ሻ൧ ൣఎೕ ሺ௧ሻ൧
ೕചೖ ೕ

σ

ഁ

݅ ǡ ݆߳ܶ 

Ants make the next elections according to this
possibility equation. A round or iteration is completed
after all the nodes at the problem are visited. At this point,
amount of pheromone trace is updated according to the
following equation:
߬ ሺ ݐ ͳሻ ൌ  ሺͳ െ ߩሻ߬ ሺݐሻ  ߩ߬

(9)

After all ants are attracted to the shortest path which has
the strongest pheromone, the best solution of the objective
function is obtained.
Global updating is performed after all ants have
completed their tours. The pheromone level is updated by
applying the following equation:

(8)

߬ ሺ ݐ ͳሻ ൌ  ሺͳ െ ߙሻ߬ ሺݐሻ  ߙȟ߬ ሺݐሻ

(10)

,Q DERYH IRUPXOD ǻĲLM LV WKH VWUHQJWK RI SKHURPRQH
ZKLFK LV LQIRUPHG E\ µ.¶ LV YLVLWV RQ WKH SDWK FLW\ µL¶ WR
FLW\µM¶DWWLPHµW¶WRµW¶

Where:
Ĳi j : the pheromone trial deposited between node i and j by ant k.
Șij : the visibility and it equals to the inverse of the distance
Șij=1/dij ).
Tk : the path effectuated by the ant k at a given time.

A flowchart for this optimization process based on
ACO technique is shown in Figure (3). From this chart
one can deduce that the stopping process of the algorithm
is related to the maximum number of iterations, once
4
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output, thereby allowing the error to be zero after a load
FKDQJH7KHLQWHJUDOIHDWXUHHIIHFWLYHO\SURYLGHVDµUHVHW¶
of the zero error output after the load change occurs.

reached, the algorithm will stop running. The initialization
step is considered to be one of the major steps in this
algorithm. The initial values of ACO such as the number
of ants, the number of nodes, the number of iterations, the
pheromone quantity and the number of variables will be
specified in this step. These values must be well selected
(according to experience) to give good results. In our
study, these parameters are shown in appendix.

In speed loop, the PI controller is used to determine the
reference currents for three phases of the SRM drive speed
error. Here, the two parameters, namely, proportional Kp,
integral Ki are called as the gains that help to process the
speed error and to determine the reference currents.

6.2 Design stages for the FPGA based Controllers

The transfer function of PI speed controller in S-domain
can be written as:

The proposed method of speed control consists of two
controller loops. The inner loop is Hysteresis current
controller in addition to the turn on, turn off and
demagnetizing angle control whereas the outer loop is the
PI speed controller for the mentioned 3-phase SRM. The
problem statement for the multi-faceted optimization
problem is formulated while searching for the values of
the proportional gain, the integral gain for speed
controller, the band size of hysteresis for current controller
along with turn-on , turn -off and demagnetizing angle
with a goal minimizing the combined Integral Squared
Error of speed and current along with torque ripple as
objective.

ܶ௦ௗ ሺݏሻ ൌ  ܭ̴௦ௗ 

̴ೞ
ௌ

(11)

Kp_speed and KI_speed are the proportional gain and
integral gain respectively of PI speed controller. For
optimum performance Kp and Ki are tuned using ACO
algorithm by minimizing the performance measures
including ISE of speed.

The controlled structure of SRM is shown in figure 4.
The speed is compared with the reference speed to
generate the speed error. The speed error is then fed to the
controller which generates the reference current signal
[25,26].The block diagram of PI controller using Xilinx
blocks is shown in figure 5.

Fig.4.General block diagram view of the controllers design

Fig.5.Block diagram of digital PI controller using Xilinx blocks
in Simulink environment

The model of the system, under examination, has been
developed in MATLAB/SIMULINK and Xilinx System
Generator software environment and the ACO program
has been written in (mfile).The general view of the
complete controllers design is given in figure 4, and the
sub-blocks of the design can be described as follows:

6.2.2 Current Controller
Each phase current control loop has identical controller
structure which consists of Hysteresis current controller.
This control technique requires defining upper hysteresis
band limit and lower hysteresis band limit. The only
FRQWUROSDUDPHWHULVWKHK\VWHUHVLVEDQGǻ,,QWKHFDVHRI
an analog implementation, this parameter ensures that the
LQVWDQWDQHRXVFXUUHQWLVERXQGEHWZHHQL ǻLZKHUHL 
is the desired current. In this case, the current ripple is
eqXDO WR ǻL DQG WKH FXUUHQW FRQWUROOHU RXWSXW WDNHV RQO\
distinct values ±Vdc. The modeling is as follows: the
current command will be compared to the motor phase
current, ia.

-Proportional Integral (PI) Controller
-Hysteresis Controller
6.2.1 Speed Controller
Speed controller designed for this work is a standard PI
controller. Proportional-Integral controller mode results
from the combination of the proportional and the integral
modes. Certain advantages of both control actions can be
obtained from this mode. This mode is also called the
proportional plus reset action controller. The proportional
gain, by design, also changes the net integration mode
gain, but the integration gain can be independently
adjusted. It is understood that the proportional offset
occurs when a load change requires a new nominal
controller output, and this cannot be provided except by a
fixed error from the set point. In the present mode, the
integral function provides the required new controller

In the current loop, hysteresis controller is used for
processing the current errors and generating the gate pulse
sequence for the voltage to be applied to the phase
windings. Here, the size of the hysteresis current band is
adjusted to process current error
The switching logic of the hysteresis controller is
summarized as :
5
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If (i*a ±LD ǻLWKHQYD YGF

and Integral Square Error of speed. Ideal turn off time is
not possible in SRM as such drive have significant
If (i*a ±LD ǻLDQGL D!WKHQYD 
inductance. Turn off time is near the maximum inductance
position. The maximum aligned position is the position
If (i*a ±LD -ǻLDQGL DWKHQYD -vdc
related to the complete alignment of stator and rotor poles.
:KHUH ǻL LV WKH K\VWHUHVLV ZLQGRZ DQG YGF LV WKH OLQN
The inductance encountered at this position is maximum
voltage.
inductance position reached.
)RU RSWLPXP SHUIRUPDQFH ǻL LV WXQHG XVLQJ $&2 E\
considering ISE of current as a constraint.
The structure of hysteresis current controller bloc is
shown in figure 6.

Fig. 7. Per phase inductance profile of SRM for ¼
rotation.
Fig.6. Hysteresis control block (inside view of HCC) from XSG

6.2.3 turn-on , turn -off and demagnetizing angle
control
Turn on and turn off angle controller determines the
position of rotor with respect to stator, during which the
current pulse has to be applied to each stator phase of
SRM. Here the positive torque region starts at 9.7 ° (0.169
rad) and ends at 10.2° (0.178 rad) as shown in Figure (7).
Optimum controller gives the optimum value of turn On
and turn Off value in the rising and falling inductance
profile of the SRM. In motoring operation, the turn-on
angle is selected such that the phase current acquires its
reference value on an angle , that the stator and rotor poles
start to overlap and the inductance rises. The
demagnetization in a SRM takes significantly longer time
than magnetization. The choice of turn-on angle is less
important than the turn-off angle. The optimum value of
turn-off angle depends on the turn-on angle. The mode of
operation, generating or motoring is selected by the
control switch. If turn on value in motoring mode, is less
than optimum, copper loss increases. However, if it is
greater than optimum, the average torque is reduced
because thee switching period to reach the actual phase
current magnitude is insufficient. When turn off value is
less than optimum, average torque is reduced; but if it is
greater than optimum (falling slope), negative torque will
be produced and the total torque value will be reduced. If
turn on value, while operating in generating mode, is less
than optimum, the charging period decreases.
Consequently, the decrease in conduction period and flux
linkage will lead to the reduction of torque per phase and
output power.

Fig.8. Commutation Computation sub-block in Figure 6

6.3 Implementation of ACO based controllers
By providing very good results colonies prove to be good
tools to solve this kind of problems. The sharing of data on
pheromones is the strong point of this technique which can be
compared to distributed artificial intelligence where each agent
enriches the collective knowledge. The tuning of the parameters
remains the most delicate point as it is easy not to converge or
explode the time of convergence. When we solve a
combinatorial optimization problem with a heuristic approach,
we tend to look for a good compromise between two relative
dual. On the one hand, it is a matter of intensifying research
around the fields which include the most promising research
projects and lead to the best possible Solutions. On the other
hand, it is a question of diversifying research and encouraging
exploration In order to discover new and, if possible, better areas
of research.
The behavior of the ants with respect to this duality of
intensification and diversification can be influenced by
modifying the values of the parameters.
The ant are created and randomly initialized over search space
governing by lower bounds, upper bounds of PI speed controller,
hysteresis current controller and lower and upper bounds for turn

Thus the need for optimization of turn on, turn off and
demagnetizing angle is required to minimize torque ripple
6
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TABLE II

on, turn off and demagnetizing angle. The range defined for the
gain of proportional and integral controller used for speed
controller, size band of hysteresis current controller are
demonstrated in Table I. The lower and upper bounds of turn on,
turn off and demagnetizing angle are taken in consideration from
the profile of single phase inductance with respect to its rotor
position as shown in figure (7), so as to avoid the operation of
SRM during saturated condition

Optimum parameters of PI,Hysteresis controllers, turn-on , turn off and demagnetizing angle
Best optimal parameters

Value

Kp

0.516

Ki

17.3

ǻ,

0.19

Table I.

ࣄRQ

11.62 deg

Lower and upper limit for the proportional gain and integral
gain of speed controller, size band of hysteresis current
controller and turn on, turn off and demagnetizing angle.

ࣄRII

43.65 deg

ࣄG

64.63 deg

Design criteria for
controller

Lower limit

Upper limit

Kp_speed

0.3

0.7

Ki_speed

11

20

ǻ,BK\VWHUHVLV

0.1

0.2

Turn on angle

0

14*pi/180

Turn off angle

30*pi/180

45*pi/180

demagnetizing
angle

31*pi/180

90*pi/180

Fig.10. Inductance profile for 3 phase SRM

7.

SIMULATION RESULTS AND ANALYSIS

The overall simulated system is shown in figure 9. The
optimum values of the ACO based controllers, which are
required for the optimization, are shown in Table 2. The
simulations of the proposed methodology are performed in
0.3 seconds.
However, highly specified responses require the time
scale variation. The rotor position and speed response is
considered for 0.3seconds. For the sake of clarity of the
response, the time scale variation for inductance, phase
currents and total torque ranges from 0.25 to 0.3 seconds.
The inductance profile of all three phases and the rotor
position of SRM drives are given in Figures (10) and (11)
respectively. The inductance is repeated at every 90° and
each phase is separated by 30°. The rotor position is
defined continuously and modulated for a complete
mechanical rotation (360° or 6.2831 rad) as shown in
figures 11a and 11b.

Fig.11. Rotor position of SRM

This paper suggests a method with which the SRM
controlling performance can be enhanced. For the sake of
visualization, the response of 3 phase currents, total torque
and speed of the optimal parameters (reported in table2)
corresponds to the minimum combined objective value
using ACO algorithm are shown in figures 12,13 and 14
respectively. The speed, the current and torque of the
SRM are the parameters that are taken into account in the
multi-objective function. By the optimal selection of
proportional and integral for speed, size band for
hysteresis current controller and turn on, turn off and
demagnetizing angles, the disturbances between the two
phases decrease as in figure 12. The torque ripple is
lessened and the torque dip between two phases is well
reduced in figure 13 as compared with the graphical
results reported in [27,28]. Figure 14 shows that the speed
controlling ability of the SRM has not been enhanced with
the proposed method that the settling time increase is
small (0.00833second). The steady state error (0.43 rad/s)
is lower than other prevailing results of the techniques
reported in [27,28].

Fig.9. Matlab/Simulink for SRM drive system

7
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(a) SRM Parameters:
Phase number 3 ; Number of stator poles 6 ; 30° pole
arc ; Number of rotor pole 4 ; pole arc 30°; Maximum
inductance 60 mH(unsaturated); Minimum inductance
P+ 3KDVH UHVLVWDQFH 5   0RPHQW RI LQHUWLD
J=0.0013 Kg/m2 ; Friction F=0.0183 Nm/s; Inverter
Voltage V=150 v.

(b) ACO parameters :

Fig.12. Three phase current of the SRM using the proposed
controller

Number of nodes n=10; number of ants m=5; maximum
LWHUDWLRQ WPD[  PD[LPXP GLVWDQFH IRU HDFK DQW¶V WRXU
dmax= 49; Parameter, which determines the relative
LPSRUWDQFH RI SKHURPRQH YHUVXV GLVWDQFH ȕ 
KHXULVWLFDOO\GHILQHGFRHIILFLHQWȡ 0.6; Pheromone decay
SDUDPHWHUĮ  3DUDPHWHURIWKHDOJRULWKPTD 
,QLWLDOSKHURPRQHOHYHOĲ 
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Abstract-- In this paper, a small electric vehicle (EV) was
used as a model to test a permanent magnet synchronous
motor (PMSM) studied and dimensioned in previous work by
the LETI laboratory .Thus, a vehicle dimensions and the
technical features were set. A dynamic study of the vehicle
was conducted to describe its movement characteristic and
illustrate the forces applied to it. First, the rates of torque
and power which the vehicle needs were computed. Then, the
torque and the power of the PMSM were calculated. In a
second step, the vehicle was tested on two different types
cycles, one is an urban drive cycle and the other is a highway
drive cycle. The purpose of this study is to see the behavior of
the electric motor used and to know for which type of road a
small electric vehicle with a medium power engine is more
adapted.

types of vehicles (conventional, electric, hybrid and fuelcell vehicles). Moreover, it modulates the vehicle using
basic physics calculations and components’ performance.
ADVISOR also permits to optimize the drivetrain
component sizes, to calculate a given vehicle’s ability to
follow a speed trace, and to measure the amount of electric
energy required in a mission, the efficiency and power of
its drivetrain as well as the speeds and torque that the
motor delivers. Additionally, it permits to gauge the
impact of changes in components of the vehicle (battery,
motor, mass…) [2]-[3].
The present paper is thusly organized as follows: the
second part is to be devoted to an explanation of the basic
ADVISOR operation with an overview of the backward
and forward simulation combinatory approach it utilizes.
The third part outlines the intended vehicle’s parameters
and design, how the different powertrain components are
fixed and how multiple tests such as the gradeability and
acceleration tests were run to set vehicle performance.
Then, ADVISOR takes the EV over two drive cycles, to
wit urban and highway, to observe how it performs under
these two different conditions. Finally, the results are
illustrated and discussed.

Index Terms—small electric vehicle; PMSM; urban drive
cycle; highway drive cycle.

1. INTRODUCTION
Conventional vehicles are at the origin of many
environmental problems. Among other things, they cause
noise and air pollution. This latter in particular is due in
large measure to the burning of fossil fuels which leads to
the emission of exhaust gases laden with toxic substances
such as carbon dioxide (CO2), carbon monoxide (CO),
Nitrous oxides (NOx), hydrocarbon particles (HC) and
particulate matter (PM). Those environmental hazards,
chief amongst which is the carbon footprint, damage both
nature and human health. In this regard, clean
transportation becomes all the more urgent. Electric cars
have the potential to offer a more salubrious future for all
of us [1]-[2].

2. VEHICLE DYNAMICS AND SIMULATION APPROACH
ADVISOR uses as its approach a unique combination of
backward and forward simulations. Firstly, it performs the
backward simulation with the opposite direction to the
current power flow in order to provide the speed and
torque required by the model vehicle. Secondly, the model
vehicle transmits the requested powertrain channel (wheel
and axle, main gearbox, transmission gearbox, etc) until
the request is transmitted to the power supply module and
the resulting power can be deduced. Forward simulation is
then continued: step by step, a calculation will be
performed on the real power flow direction till the actual
speed of the vehicle is computed [3]-[4].

The National Renewable Energy Laboratory (NREL)
and the U.S. Department of Energy (DOE) have developed
an Advanced Vehicle Simulator (ADVISOR) which is an
advanced systems analysis tool, written with MATLAB
and Simulink software environment. It provides answers to
several questions concerning vehicle components and
performance.

Fig. 1 shows the block diagram of an EV system.

ADVISOR is exploited to simulate and analyze several
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Fig. 1. EV block diagram.

A. Vehicle dynamics
(3)

All vehicle modeling is deduced from the Newton's
second law of motion (fundamental principle of dynamics)
as given in (1) [2].

(4)
(5)

(1)
Equation (2) is derived by replacing the expressions of
the specific forces acting on the vehicles by their
respective expressions [5].

Where F is the vehicle propulsion force, Rwh the wheel
radius and V the vehicle required speed.
It is worth noting that, while depending on wheel radius
Rwh and reduction ratio k, both the electric motor’s torque
Tm (6) and its angular speed Wm (7) further depend on its
propulsion force F and speed V, respectively. Then, the
input power required by the motor P m is given in (8) [7][8].

(2)
Where m is the vehicle mass, V the vehicle speed, g the
gravity acceleration, Crr the rolling resistance coefficient,
CD the aerodynamic drag coefficient, ρ the air density , θ
the slope angle, Af the surface of the vehicle’s frontal area
and a the vehicle acceleration.

(6)

This equation is precise enough despite the use of
approximations for each term, and it is the base of most
vehicle simulation tools. At every time interval, the
desired vehicle speed is given by a normalized driving
cycle. According to the parameters of the vehicle like drag
coefficient, mass, rolling resistance, and frontal area, the
force required at the wheels can be determined, which
permits to compute the power required for the vehicle to
move, the required torque, and the required angular speed
of the wheels (all three are expressed in (3), (4) and (5),
respectively [6]).

Driving
cycle

(7)

(8)
Fig. 2 gives a simplified diagram to explain backward
simulation approach to EV.

F
V

Vehicle

Twh
Wwh

Wheel

Wm
Tm

Motor/
contoller

Pm

Energy
storage

Fig. 2. A simplified diagram of backward simulation approach of EV.
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B. Approach used to study vehicle performance

step is the prescription of a drive cycle that the vehicle
must follow. When the vehicle is running, making sure it
meets the cycle to the best of its ability and at the same
time measuring just about every speed, torque, power,
current, and voltage passed from one component to
another.

Fig. 3 explains the approach to the study of EV
performance. As a first step, it consists in defining a
vehicle model using estimated or measured component
and overall vehicle data to consequently predict
acceleration and gradeability performance. The second

Analyzing and simulating
vehicle performance along a drive cycle

Auto-size

Defining
variables of
EV drivetrain
components

Gradeability
test
Acceleration
test

Components
size: battery
and motor
parameters
adjusted at
minimum

Successful
gradeability
test

Vehicle fixed
parameters

Drive
cycle

·
·
·
·

50
40
speed (km/h)

Input scripts

30
20
10
0

Successful
acceleration
test

0

100

200

300
t(s)

400

500

600

Vehicle speed
Motor power
Emissions
Gasoline equivalent
…..

.

Fig. 3. Approach to the study of vehicle performances.

3. COMPONENTS AND PARAMETERS OF THE SMALL EV
POWERTRAIN

The first part in vehicle design is to fix the following
parameters: type and structure of the vehicle, maximum
speed and vehicle acceleration and gradeability [9]. The
established model vehicle is an electric vehicle (EV). Fig.
4 depicts the structure of an EV powertrain. It is worth
mentioning that every component of the EV drivetrain can
be modified in the M-file or directly in the graphical user
interface (GUI).

Coefficient of aerodynamic
drag

CD

0.335

--

Vehicle frontal area

Af

2

m2

Wheel radius

Rwh

0.282

m

Grade

Ɵ

5

%

Maximum vehicle speed

Vmax

80

Km/h

Rated vehicle speed

V

30

Km/h

Reduction ratio

k

6

--

A. The electric motor

Wheel

Battery

Motor

Permanent magnet synchronous motors (PMSM) are
increasingly used in electrical propulsion due to their high
efficiency, torque density, small size, and reliability. The
electric motor used in this work is a PMSM which is
studied and optimized by the finite element method in
previous works [7]-[8]. In order to test this PMSM we
have implemented the parameters of this electric motor on
ADVISOR. in order to test this PMSM we have
implemented the parameters of this electric motor on
ADVISOR.This phase requires a lot of calculation but in
this work we are not interested to show it. So we take the
curve of the torque as a function of the speed of the
studied PMSM. Fig. 5 and Fig. 6 present a cross section
and the torque characteristic of this PMSM, respectively
[7].

Differential

Fig. 4. EV powertrain.

Equally important, the characteristics of the vehicle and
the motor must be known so that simulation studies of the
EV can be undertaken.
TABLE I present the vehicle parameters and performance

According to the previous equations and with the main
vehicle parameters reported in TABLE I, a calculation is
undertaken to deduce the specification of the PMSM as
shown in TABLE II below. Fig.6 demonstrates that the EV
begins from a null speed until it attains its average speed.
During this phase, the motor applies a constant torque.
From the average speed up to the maximum vehicle speed,
the motor torque decreases in proportion to the speed (area
of constant power) [8]-[11].

criteria.
TABLE I

Vehicle parameters and performance criteria [10]
Parameter

Symbol

Value

Unit

Vehicle gravity

g

9.81

m/s2

Vehicle air density

ρ

1.2

kg/m3

Vehicle mass

m

1000

kg

ISBN: 978-9938-9937-0-7

86

Editors: Tarek Bouktir & Rafik Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2017
TABLE III

Battery cell specifications
Symbol

Motor/Inverter Efficiency and Continuous Torque Capability Mannesmann Sachs 25 kW (continuous), permanent magnet motor/controller

140

120

Nominal Capacity

IC

6

Ah

Nominal voltage (41°C, SOC 80%)

V0

3,761

V

Resistance (41°C, SOC 80%)

Rint

0,006

Ω

Weight

mcell

0,37824

Kg

100

80

20

0

500

1000

1500

2000 2500 3000
Motor Speed (rpm)

3500

4000

4500

Accel Constraints

60

5000

Fig. 6. Torque characteristic of the PMSM.
TABLE II

Value

Tm

120.79

Nm

Average speed

Wm

1693.13

RPM

Average power

Pm

21.44

kW

Wm,max

4515.03

RPM

1.5

2
2.5
Design Iteration

25

3

22.6%

20

B. Energy storage system
The number of modules of Energy Storage Systems
(ESS) must be adjusted to a minimum because it affects
the vehicle mass.

15
10
5
0

The auto-size function in ADVISOR adjusts the size of
the components and reevaluates the performance criteria
until all specifications are met: gradeability and
acceleration testing [2]. Hence, with the auto-size function
and without using mathematical calculation, the number of
ESS modules is sized with successive tests until it meets
gradeability and acceleration constraints, based on the
performance criteria specified in TABLE I. The EV’s
energy storage unit size was fixed to 169 Li-ion battery
modules with every module composed of 3 cells the
capacity of each being 6Ah. This storage unit is
characterized in TABLE III below.
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Unit

Average Torque

Maximum speed

0-30 km/h (s)
30-80 km/h (s)
0-80 km/h (s)

5

0

Grade Constraint

Symbole

11.1s
10

3.3s

Electric motor specification
Parameter

14.3s

15

Grade Constraint

Motor Torque (Nm)

Unit

The performance targets are: maintaining at least a 5%
grade at 30 Km/h and requiring acceleration time of less
than 4 seconds for 0-30 Km/h, 12 seconds for 30-80 km/h,
and 16 seconds for 0-80 km/h. The gradeability test
determines the maximum grade that the vehicle is able to
maintain at 30 km/h. If the vehicle is not able to maintain
any grade, the result will be zero. The maximum grade
returned equals 22.5%. Fig. 7 shows the gradeability and
acceleration tests’ results. Hence, both tests are deemed
successful.

Fig. 5. Cross section of the traction motor.

40

Value

1

1.5

2
2.5
Design Iteration

3

Fig. 7. Gradeability and acceleration tests’ results

4. RESULTS OF VEHICLE PERFORMANCE ALONG DRIVE
CYCLES
To analyze and simulate the performance of the above
defined EV powertrain, the simulations will be presented
based on two driving cycles: the New York City Cycle
(NYCC) illustrated in Fig. 8(a) and the Highway Fuel
Economy Test cycle (HWFET) represented in Fig. 8 (b).
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the dynamic performance simulation results.

The NYCC stands for an urban driving cycle with
frequent-stop characteristics and low-speed profile. On the
other hand, the HWFET refers to a highway driving cycle
with a sustained high-speed profile used to determine the
fuel economy rating of light vehicles. The rationale behind
this choice of driving cycles is to distinguish vehicle
performance under different driving conditions and to test
the PMSM model which has already been studied in [7]
for an EV. The characteristics’ values for these cycles are
reported in TABLE IV.

TABLE V

The dynamic performance simulation results
Parameters

NYCC

40
30
20

Units

HWFET

Gasoline equivalent

2.1

2.4

l

Maximum speed

83

83

km/h

Time in 0.4 km

23.1

23.2

s

Distance in 5 s

32.1

32.1

m

Max. acceleration

2.7

2.7

m/s2

0-30 km/h accelerating time

3.3

3.3

s

30-80 km/h accelerating time

11.1

11.1

s

0-80 km/h accelerating time

14.3

14.3

s

Gradeability at 30 km/h

22.6

22.6

%

50

speed (km/h)

Values of cycle

10
0

0

100

200

300
t(s)

400

500

Fig. 9 shows the simulation results of vehicle speed
following the two drive cycles. The solid line is the
requested cycle speed while the dashed line is the actual
speed achieved by the vehicle. According to Fig. 9, it can
be remarked that the small EV used in the present work
has been able to travel the whole NYCC urban driving
cycle successfully. Yet, the vehicle has failed to attain the
required speed for the highway driving cycle HWFET,
clearly so when the speed of the cycle is greater than the
maximum speed of the car.

600

(a)
100

speed (km/h)

80
60
40

50
cycle speed
veh speed

20
0

0

100

200

300

400
t(s)

500

600

700

speed (km/h)

40
800

(b)
Fig. 8. Driving cycles (a) NYCC, (b) HWFET.
TABLE IV

30
20
10

NYCC and HWFET cycle characteristics
0

Parameters

Values of cycle

Units

0

100

200

300
t(s)

400

500

600

(a)
NYCC

HWFET
100

Time

598

765

s

Distance

1.89

16.51

km

Maximum speed

44.6

96.4

km/h

Average speed

11.4

77.58

km/h

Max. acceleration

2.68

1.43

m/s2

speed (km/h)

80

60

40

2

Max. deceleration

-2.64

-1.48

m/s

Number of stops

18

1

--

Idle time

210

6

s

cycle speed
Veh speed

20

0

0

100

200

300

400
t(s)

500

600

700

(b)

The simulation results of acceleration and climbing
performance meet the design target. TABLE V presents
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Fig. 9. Requested and achieved vehicle speeds: (a) for NYCC,
(b) for HWFET as a function of time.
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the NYCC cycle, the maximum torque obtained overlaps
with the calculated motor value and the motor torque
increases during the phases of vehicle speed increase.

The range of the EV is depicted in Fig. 10. In addition,
the value of the battery state of charge (SOC) can be
preserved at about 97.57% for NYCC and 76% for
HWFET; both percentages are safe battery levels (Fig.
11).
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Fig. 10. The range of the EV (a) for NYCC, (b) for HWFET as a
function of time.

Fig. 12. The motor torque (a) for NYCC, (b) for HWFET as a
function of time.
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Fig. 13. The motor power (a) for NYCC, (b) for HWFET as a
function of time.

The maximum torque and power of the PMSM are
computed by using (6) and (8), respectively. The torque
and power graphs of the electric motor during cycle vary
depending on the time and are given in Figs. 12 and 13,
respectively. Negative values of the power in the graph are
based on the power which is not needed by the EV during
decelerations. Regenerative energy is produced that is
used to charge the battery. However, this energy is not
factored in in the present study. It is considered that the
battery completely provides the energy necessary for the
car movement with this charge energy support [5]. During
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1

-2

Fig. 11. The battery SOC (a) for NYCC, (b) for HWFET as a
function of time.

x 10

Fig. 14 points out the actual operating points of motor
torque as a function of speed for the tests of both cycles.
Obviously, the PMSM drive operating points for the
NYCC urban driving cycle are found to be more in the
region where vehicle torque is maximal. On the other
hand, for the HWFET driving cycle, characterized by high
speeds, the PMSM drive operating points are located in
the region where the couple is low, which explains the
torque traces in Fig. 12(b). As a result, the EV used in the
study seems to perform better in urban zones.
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Fig. 14. Actual operating points of PMSM torque (a) for
NYCC, (b) for HWFET as a function of speed.

5. CONCLUSIONS
In this work, an EV model was composed and solved
by employing the vehicular characteristics of an electric
motor using the Advanced Vehicle Simulator program.
Thanks to this latter, the EV performance was computed
and the harmony of the vehicle powertrain component
assessed. In addition, it was possible to test different cycle
types before the production of the vehicle. Specifically,
the simulation results that were extracted include vehicle
speed, both motor torque and power, and battery SOC for
two different types of driving cycles, namely urban and
highway. All in all, a small EV seems to have better
performance in an urban zone.
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Based on mathematical and traditional computation
approaches, various models of Short Term Load Forecasting
(STLF) have been proposed. Some STLF models are
considered as a non-weather sensitive approach and are
presented by the time series approach [3]. Nevertheless,
such a technique proves to be numerically unstable and time
consuming [4]. The Regression-Based Method is the linear
relationship between temperature and load which is well
used in short term forecasting [5, 15]. This technique
involves the effect of the weather variables but does not
include the effect of the historical load data. The ARMA
model [6] is also used in short term forecasting and is based
on the correlation between the present load and the load in
previous times but it is a non-weather sensitive model.
The Artificial Neural Network (ANN) based models are the
most popular technique for load forecasting applications.
The advantage of the ANN over statistical models lies in its
ability to approximate any continuous function of arbitrary
accuracy and to model a multivariate scheme without
making complex assumptions among the input variables
[7,8,9,10,11].Furthermore, the ANN extracts the implicit
non-linear relationship among the input variables by
learning from data training[16].
In this article, the ANN forecasting models based on the
non-linear load is proposed to solve the short-term
forecasting problem through the use of recent load data to
predict a load pattern with a sufficient accuracy based on the
need for weather information. The ANN’s structures which
are implemented and illustrated are:

Abstract—Load forecasting is a technique used by
power or energy-providing companies to predict the
power/energy needed to meet the demand and supply
equilibrium. Most forecasting methods use numerical
techniques or AI algorithms such as recession, neural
networks and indistinct logic. Load forecasting can be
short-term (a few hours), medium-term (a few weeks up
to a year) or long-term (over a year). This article
presents the emphasis on an Artificial Neural Network
(ANN) for Short Term Load Forecast (STLF) up to 24
hours ahead of the electrical power demand for the
central area of Saudi Arabia. The main objective is to
compare the performance of the ANN and the Multiple
Linear Regression (MLR) methods which are currently
used for forecasting techniques. In this respective, the
input patterns of the ANN are two years of hourly
temperature and electrical load data for the central
area of Saudi Arabia. They are used for training and
validation. Noticeably, the ANNs work better than the
MLR. In other words, when the ANNs are used, the
load error is less than 4% of the load magnitudes up to
24 hours ahead the forecasts. Yet, when using the MRL
and applying the forecasting technique to the same
data, the load error is 7% for 24 hours ahead the
forecasts.
Keywords—unit commitment; lagrange relaxation;
genetic algorithm; lagrange multiplier

1.

INTRODUCTION

9
9
9
9

Electrical Load Forecasting is a very useful tool for the
economic and secure operation of the power systems. It is
required in many operating functions. That is to say, it is not
only needed for unit commitment [1], interchange energy
scheduling and load dispatch, but it is also employed as
inputs to contingency analysis, load flow study and load
management program. More importantly, short-term
forecasting is primarily used for the voltage control
generation dispatch, feeder reconfiguration, capacitor
switching, and Automatic Generation Control (AGC) [2].

9
9
9

The multi-layer perceptron (MLP)
The adaptive learning rate backpropagation (BP)
The Gaussian encoding (GE) BP
The Random Activation Weight Networks
(RAWNs)
The Radial Basis Function Networks (RBFNs)
The real-time recurrent networks
The AR recurrent networks.

The proposed neural network models are used to identify the
load model that reflects the stochastic behavior of 24hour
load demand of the next day of the central area in the
Kingdom of Saudi Arabia. The obtained results are
compared to those of the MLR. These results are more
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likely to provide useful comparative conclusions and
observations for the described method.

2.

B. Weather correlation
The weather variables have significant impacts on the
electricity load demand, but temperature is the most
important variable since it controls and affects the other
weather variables [12].
The balance point temperature is the electricity load demand
which becomes minimal.
The load demand grows up due to cooling and heating
requirements when the temperature decreases or increases
from the balance point.
In COA, the average balance point temperature is calculated
for each month from 2014 to 2016 and the results are given
in Table 1.Generally speaking, the value of the balance
point temperature varies from one region to another due to
geographical configurations.
For example, in January 2014and January 2016, the balance
point temperature varied from 16°C to 18°C and the average
value of the balance point is calculated to be 17°C. The
average balance point temperature will be used as inputs for
the forecasting models.

ELECTRICITY DEMAND AND VARIABLE
CORRELATION

A. Load characteristics
Figure 1 shows the Central Operating Area (COA) of Saudi
Electricity Company covers very important cities with
special features; For instance, it covers the economic, the
capital city – Riyadh, and other towns like Qassim and Hail.

Table 1. Average balance point temperature.
Average balance
2014 2015 2016
point temperature
(°C)
January
17
16
18
17
Fig.1. The main electricity network map of COA
Figure 2 shows the load demand in this area is considered as
a complex nonlinear function. It depends on a number of
complex factors such as weather, regional economic growth
[5], working days, non-working days, school hours, prayer
times, seasons, and religious events such as the month of
Ramadan and Hajj.
The hourly electricity load demand data is recorded by the
Saudi Electricity Company (SEC).
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In order to measure the strength of the relationship between
the electricity load demand and temperature, the chosen
technique for this study is the Pearson's linear correlation
technique. This technique, which is the most widespread and
commonly employed [13], is given by equation (1).
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Fig. 2. Hourly electricity load demand of COA recorded
from 2015 to 2016.

ݎ௫௬ ൌ

To establish the parameters of the forecast model, we use
the data recorded in 2015-2016 except for the last week of
forecasting. Figure 2 presents the behavior of the electricity
demand. It shows how the electricity load demand grows
every year.
For example, the maximum demand reached between July
and August and the minimum demand in January.

 σ ௫௬ିσ ௫ σ ௬
ඥሾ σ ௫ మ ିሺσ ௫ሻమ ሿሾ σ ௬ మ ିሺσ ௬ሻమ ሿ

¾
¾

(1)

୶୷ is the correlation index between the variables
is the total number of the data points

Pearson's correlation is defined to estimate the degree of
correlation between two quantitative variables. The
correlation coefficients range between −1.00 and +1.00:
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¾
¾
¾
¾
¾
¾
¾
¾

 ൌ ͳ represents a perfect positive linear
correlation.
Ͳ ൏ ȁȁ ൏ ͲǤͳ represents no correlation.
ͲǤͳ  ȁȁ ൏ ͲǤʹͷrepresents a small linear
correlation.
ͲǤʹͷ  ȁȁ ൏ ͲǤͷ represents a medium linear
correlation.
ͲǤͷ  ȁȁ ൏ ͳ represents a strong linear
correlation.
 ൌ Ͳ indicates that both variables are not linearly
related.
െͳ ൏ ȁȁ ൏ Ͳ represents a negative linear
correlation.
 ൌ െͳ represents a perfect negative linear
correlation.

most common ANN model is the MLP which is aimed to
create a model that correctly maps the output to the input
using historical data in order to produce the output data
when the desired output variables are unknown.
Figure 3 shows the block diagram of one hidden layer
multiplayer perceptron. The input is connected to the input
layer and then multiplied by the interconnection weights.
Thereafter, it is summed and processed by a nonlinear
function.
Finally, the data is processed for the last time by the output
layer to produce the neural network output.
According to figure 3, this equation will take place:
ܱ ൌ σ
ୀଵ ݔ ݓ  ܾ
The neural output will be:
ݕ ൌ ݂ሺܱ ሻ

4.

There is a seasonal correlation coefficient between the
weather variables and the electrical power consumption.

0.924°C
0.901°C

It can be deduced from table 2 that the season can strongly
influence the correlation coefficient and the correlation for
the average temperature in spring and autumn but not in
summer and winter. This can be easily explained because in
winter and summer the temperature is always perceived by
humans as “cold” and “hot” respectively, and the behavior
related to temperature is normally fixed between those two
conditions.

3.

(3)

ARTIFICIAL NEURAL NETWORK
CONFIGURATION

A multilayer perceptron has been used for short-term
load forecasting. The24-output neural network model to
perform the short-term load forecasting is given bythe block
diagram presented by figure 4 and the following predictors
are as input:

Table 2. Average temperature.
Average temperature
2015
2016

(2)

day

¾ 24 hour-loads for the previous day
¾ 24 hour-temperature for the previous

¾
next day
¾
¾
¾
¾
¾

The Artificial Neural Networks

24 hour-forecast temperature for the
Month index (1, 2,…,12)
Day index (1, 2,…,5)
Valid time
Average balance point temperature
Special Events

An Artificial Neural Network (ANN) is a powerful data
modeling which is more liable to represent both linear and
non-linear input/output relationships.
The ANN architecture consists of three or more layers:
The input layer, the hidden layer and the output layer.
Among the several network architectures are used in
engineering, only one model of ANN is selected as shown in
figure 3.

Fig. 4. Input / Output block diagram for forecasting based
on ANN.
The output pattern consists of 48 half hourly forecasted
loads a day. The given forecast day values are compared
with the historical loads value for the same day and the
network will be trained until the error reaches the minimum
value. For this, several tests have been performed to

Fig. 3. Neuron model
The two most popular ANN architectures which are the
Multi-Layer Perceptron (MLP), and the Radial Basis
Function (RBF) are utilized for the regression purpose. The
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Finally, this neural network can be an important tool for
short term load forecasting.

determine the optimum number of the hidden neurons. The
number of layers hidden neuron is found by trial.
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Figure 5 compares the 24-hourly actual and forecast load for
each day during the whole week and gives more detailed
picture of the relative performance of the methods. It can be
concluded that the ANN STLF is mostly close to the real
load. It also indicates that the error between the real load
and the ANN method used in this article is the lowest.

7.

CONCLUSION

This article describes an improved method for the short-term
load forecasting to better forecast the daily electrical load
profiles of the central area of Saudi Arabia. The model
consists of a Multi-Layer Perceptron (MLP) with only one
hidden layer taking the load and the weather data as inputs.
The forecasting reliabilities are evaluated by computing the
mean absolute error between the exact and the predicted
values. The results suggest that the ANN model with the
developed structure can perform a good prediction with the
least error.
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Abstract—One of the most important part in power system
studies is assuring the continuity
inuity of the service, which means
mea
repairing any fault that occurs as fast as possible, for th
this reason
correctly locating the faults helps greatly in reducing the repair
time. This paper present two methods for locating faults in MV
distribution networks. These methods are TAKAGI and
ANKAMMA.. A comparison of these two methods is done. In
addition, the influence of the fault distance,
distance the fault resistance
and the neutral regime is reviewed for a single-phase
single
fault and
two-phases ground fault. simulations are done
one using MATLAB /
Simulink software.

Samir Seghir
Samira

seghirsamira3@gmail.com

2. METHODS
These methods are based on the use of measurements of the
fundamental component of currents and voltages signals at the
beginning of the line (place of the relay).
relay)
A. TAKAGI method
Fig. 1 represents the model of a faulty distribution lin
line (of
impedance ZL), where RF is the fault resistance at the distance
‘x’ (location of the fault) from the bus bar ‘S’ (place of the
relay).

Index Terms--neutral
neutral regime, fault location, MV distribution
networks, TAKAGI method, ANKAMMA method.

1. INTRODUCTION
Electric power systems have developed rapidly in re
recent
years, and these systems have become
come important in all
branches of the modern economy. With the growth of world
population, and development in all areas, the demand
deman for
electric power is growing rapidly, therefore the el
electro-energy
system is growing in size and complexity, and it has
ha become
very complex and difficult to control.

Fig. 1. Faulted distribution line.

oltage electrical power distribution lines are an
Medium-Voltage
essential part of an electrical power grid that must ensure the
continuity of power supply to Medium Voltage
oltage (MV) and Low
Voltage (LV) consumers. That is not
ot always the case, These
lines experience faults which are caused by storms, lightning,
snow, freezing rain, insulation breakdown and, shor
short circuits
caused by birds and other external objects. In most cases,
electrical faults manifest in mechanical damage,
damag which must
be repaired before returning the line to service. T
The restoration
can be expedited if the location of the fault is ei
either known or
can be estimated with reasonable accuracy [1].

From Fig. 1 we can write the following equation:
equation
ܸ௦ ൌ ܼ כ ݔ ܫ כ௦  ܴ ܫ כ

The value of the measured impedance Zf (the impedance of
the faulty loop) can be determined by dividing (1) by the
measured current IS.
ܼ ൌ


Let:

Fault locators provide estimates for both sustained and
transient
sient faults. Generally, transient faults cause minor
min
damage that
at is not easily visible on inspection.
inspection Fault locators
help to identify those locations for early repairs to prevent
preve
recurrence and consequent major damages [1].

ೞ
ூೞ

ூ

ൌ ܼ כ ݔ  ܴ  כ
ூೞ

ܫ ൌ
Where:

The numerical fault locators use algorithms injected into
int the
digital protection relays. In the literature, we find basic
methods such as the derivative, the integral method
method, the three
samples...etc... [2,3]. Many researcherss have developed and
improved several other methods such as Takagi,
Tak
Novosel,
Ankamma, Girgis, etc... [4-8]. In this paper we will present
two methods, namely TAKAGI and ANKAMMA method.

οூೞ
ௗೞ

οܫ௦ ൌ ܫ௦ െ ܫ
ୱ :
:

(3)

(4)

Current at source S before fault.
݀ௌ ൌ 
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ሺʹሻ

Current at source S after fault.

ο
οூಸ
ூ

ൌ ȁ݀ௌ ȁ݁ ఉ
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Where:

Where:

ο ୋ : Difference between the source current and the load
current.
݀௦ : Current distribution factor.

οூೞ

ೄ ȁ

ೕഁ

With:

(6)

൫ೞ כοூೞ כ כ ೕഁ ൯
כ



൫ಽכூೞ כοூೞ כ ೕഁ ൯

ሺೞ כοூೞ  כሻ
ಽ כூೞ כοூೞ

כ


For single-phase fault at phase ‘a’:

ሻ

ܫ௦ ൌ  ܫ௦   ܭ ܫ כ

 ୢ ,  ϐ୧ , and   : are the positive, negative and zero
weighting coefficients. Their values are given by TABLE 2.

ሺሻ

TABLE 1
COEFFICIENTS FOR DETERMINING SIGNALS OF EQUATIONS (14) AND (15)


 
 
 
ǡ ǡǡ 
ǡ 
ǡ 

ሺͺሻ

(9)



Where:
ܫ௦ : Current at source S after fault in phase ‘a’.


AG
BG
CG
AB
BC
CA
ABG
BCG
CAG
ABC,ABCG

ܫ : Residual current, which is equal to the sum of the
currents of the three phases.


ܫ ൌ ܫ௦  ܫ௦  ܫ௦ 

(10)

 ǣ Earth coefficient.


ܭ ൌ

ሺబಽ ିభಽ ሻ
ଷൈభಽ



(11)

For two-phases fault to ground at phases ‘a-b-g’:




(16)

ଵ ,  ଶ , and ଷ  : are coefficients where they can be
determined from TABLE1.

If the system is homogeneous, the angle of the current
distribution factor (Ⱦ) is almost zero, so the distance of the
fault is:

 ݔൌ ሺ

ܫ ൌ ܽௗ ܫ כௗ  ܽ ܫ כ  ܽ ܫ כ

(15)

Vd, Vi and V0 are respectively the positive, negative and
zero sequence voltage.

By multiplying equation (6) by ( ο ୱ  כ כ୨ஒ ), and by
employing only the imaginary part, we obtain: (*: conjugal
value).

ݔൌ

ሺͳͶሻ

And:

Equation (5) is replaced in (3) and (3) in (1), we find:
ܸ௦ ൌ ܼ כ ݔ ܫ כ௦  ܴ  כȁௗ

ܸ௦ ൌ ܽଵ ܸ כௗ  ܽଶ ܸ כ  ܽଷ ܸ כ

ܫ௦ ൌ ܽଵ ܫ כௗ  ܽଶ ܫ כ  ܽଷ ܫ כ

ܫ௦ ൌ  ܫ௦ െ ܫ௦

(12)

ୱ ൌ  ୱୟ െ ୱୠ 

(13)

ܽଵ 
ͳ
;
ܽ
ͳ െ ;
; െ 
 െ ͳ

ܽଶ 
ͳ
ܽ
;
ͳ െ 
ܽ െ ;
; െ ͳ

ܽ ൌ ݁ ݔቀ

݆ʹߨൗ
͵ቁ

ܽଷ 
ͳ
ͳ
ͳ
Ͳ
Ͳ
Ͳ

TABLE2
WEIGHTING COEFFICIENTS

 ୢ
Ͳ
Ͳ
Ͳ
Ͳ
Ͳ
Ͳ

ͳǤͷ  ͲܬǤͷξ͵
െܬξ͵
ͳǤͷ െ ͲܬǤͷξ͵
ͳǤͷ  ͲܬǤͷξ͵

 ϐ୧
͵
െͳǤͷ  ͳܬǤͷξ͵
െͳǤͷ െ ͳܬǤͷξ͵
ͳǤͷ െ ͳܬǤͷξ͵
ܬξ͵
െͳǤͷ െ ͳܬǤͷξ͵
ͳǤͷ െ ͳܬǤͷξ͵
ܬξ͵
ͳǤͷ  ͲܬǤͷξ͵
ͳǤͷ െ ͲܬǤͷξ͵

 
Ͳ
Ͳ
Ͳ
Ͳ
Ͳ
Ͳ
Ͳ
Ͳ
Ͳ
Ͳ

We have:
B. ANKAMMA method
This method is based on symmetric components.

ܫௗ ൌ

To begin with, we follow the same steps as the method of
TAKAGI. From Fig.1we can write equation (1).

ܫ ൌ
ܫ ൌ

οூೞ

(17)

ூೞ

(18)

ூೞ

(19)

ௗೞ

ௗೞ

ௗೞబ
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We replace the equations (17), (18),
), and (19) in the equation
(16) and we find:
ܫ ൌ ܽௗ כ

οூೞ

 ܽ כ

ௗೞ

ூೞ

ௗೞ

 ܽ
 כ

ூೞ

The line parameters are as follows:
Positive sequence resistance: Rd= 0.2236 ȍ/km.

(20)

ௗೞబ

Zero sequence resistance: Ro=
Ro 0.368 ȍ/km.
Positive sequence inductance:
nductance: Ld=1.11e
Ld=1.11e-3 H/km.

According to TABLE 2,, we notice that whatever the fault
type the coefficient ܽ ൌ Ͳ, so equation (20
20) is written:

Zero sequence inductance: Lo=5.05e-3
Lo
H/km.
Positive sequence capacitance:
apacitance: Cd= 11.13e-9
11.13e F/km.

οூೞ

ூೞ

ܫ ൌ ܽௗ  כௗ  ܽ  כௗ
ೞ

(21)

ೞ

Zero sequence capacitance: Co=5e-9
Co
F/km.

We replace the equations (21)) in the equation (1) and we
find:
ܸ௦ ൌ ܼ כ ݔ ܫ כ௦  ܴ  כቀܽௗ כ

οூೞ

ௗೞ

 ܽ כ

ூೞ

ௗೞ

ቁ

The line is divided into 5 parts of 5 km each, at the end of
each part, we have a load.
All loads have an active power of 500 kW and a reactive
power of 200 kVAR.

(22)

dering that for the fault current distribution fact
factors for
Considering
positive- and negative-sequence,
sequence, with respect to their
magnitude and angle, we have:



4. SIMULATION AND RESULT

ȁ݀ௌ ȁ ൌ ȁ݀ௌௗ ȁ ൌ ȁ݀ௌ ȁ

(23)

ߚ ൌ ݈ܽ݊݃݁ሺ݀ௌௗ ሻ ൌ ݈ܽ݊݃݁ሺሺ݀ௌ ሻ

(24)

So equation (22) will be:
ܸ௦ ൌ ܼ כ ݔ ܫ כ௦  ȁௗ

ோ

ೄ ȁ

ೕഁ

 כ൫ܽௗ  כοܫ
ο ௦  ܽ ܫ כ௦ ൯

Fig.3 represent the fault location computed using both
methods according to the fault resistance RF for single-phase
to ground fault scenario.

(25)

By multiplying equation (25) by ൫൫݁ ఉ  כ൫ܽௗ  כοܫ௦  ܽ כ
ܫ௦ ሻ כ൯ and by employing only the imaginary part we obtain:

ݔൌ

A. fault location
As test scenarios, two types of faults have been simulated; a
single phase and two-phases
phases ground fault. The fault resistance
and distance were varied for each type of fault in order to see
their influence
ence on the computed fault location using TAKAGI
and ANKAMMA methods. The neutral is connected directly
to the ground.

כ

ቀೞ כ൫ כοூೞ ା כூೞ ൯ כ ೕഁ ቁ
כ

ቀಽ כூೞ כ൫ כοூೞ ା כூ
 כೞ ൯ כ ೕഁ ቁ

ሺʹሻ

3. POWER SYSTEM MODEL
Fig.2 shows the block Simulink of our25
25 kV network under
the software MATLAB.

Fig. 3. Comparison between the TAKAGI and ANKAMMA methods for
single
single-phase
fault.

The fault resistance has a negative influence on the
computed location (the error is proportional to the fault
resistance). It is also affected by the distance because of the
charges distributed in the feeder,
feeder which is the major problem
in MV distribution networks [9].
Figure. 2. Power system model
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The neutral directly connected to the ground allows to
locate the fault very accurately, the location computed is
slightly influenced for a neutral connected to the ground with a
resistance of 10 ȍ and for a compensated neutral the accuracy
of the fault location is greatly affected.

It is noted that the ANKAMMA method is less influenced
by the fault resistance variation than the TAKAGI method and
gives more precise locations.
Fig.4 represent the fault location computed using both
methods according to the fault resistance RF for the twophases to ground fault scenario.

Although the compensated neutral ensures the service
continuity in the presence of the fault [10,11] but it greatly
disturbs its location.
5. CONCLUSION
In this paper two methods used for locating the faults are
reviewed and compared; the TAKAGI and ANKAMMA
methods. The two methods are accurate but the ANKAMMA
has shown its superiority compared to the TAKAGI method,
which is more influenced by the nature of the fault.
We have also studied the effect of different factors on the
fault location, the distance has a minor influence compared to
the fault resistance variation as it can be seen that the error
increases with the fault resistance value, especially using
TAKAGI method.
The neutral regime has an effect on the location, a neutral
connected directly to the ground allows a very good fault
location, on the other hand a compensated neutral disturbs
greatly the location even though it's useful for the continuation
of the service.

Fig. 4. Comparison between the TAKAGI and ANKAMMA methods for
two-phases ground fault.

For this scenario it can be seen that the location is still
influenced by the resistance and the distance, the two methods
are equally accurate though.
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Fig.5 represent the influence of the neutral regime on the
fault location as a function of the resistance of the fault RF.



Fig. 5. Neutral regime influence on location
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A Rapid Method for the Enhancement of a MV Network Performance
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Abstract-- This paper deals with a rapid method for
allocation and sizing of a distributed generation inside a
power network, considering as constraints voltage stability as
well as minimization of power losses. The LQP voltage
stability index and the exact loss formula are explored. In
fact, DG unit is located to reinforce the area operating closed
to voltage instability and is sized to achieve the highest
reduction of power losses. Detailed simulations are
performed on typical 33-bus IEEE test system. Compared to
GA/PSO combined method, it has been found that suggested
method leads to: a consequent gain of calculation time, a
better voltage profile and a supplement decrease of 8% on
network power losses.
Index Terms—Distributed Generation (DG); Optimum
location; Optimum sizing; Voltage stability; Power losses
reduction.

1. NOMENCLATURE

Vi Ðd i

: complex voltage at the ith bus ;

rij + jxij = Z ij

: ijth element of [Zbus] impedance
matrix;

Pi , P j

: active power injections at ith and jth
buses;

Qi , Q j

: reactive power injections at ith and jth
buses;

N

: number of buses;

PG , QG

: active and reactive power of the
generator at the slack bus;

PDG , QDG

: active and reactive power of the DG;

PDi , QDi

: active and reactive power demand at
bus i;

PL , QL

: total active and reactive power losses.

2. INTRODUCTION
The increasing size and complexity of networks due to
the development of interconnections, the improvement of
energy quality required by industrial and commercial
customers, and the trend to operate power generations
closer to their permissible limits, by cause of the growth in
the electricity demand, have created a need to support
power system with new energy sources [1]. Given the
negative environmental impacts as well as the high
construction and transmission costs, traditional power
generation means cannot be employed to reinforce power

ISBN: 978-9938-9937-0-7

system. Consequently, small generating means, devoted to
be installed closer to consumers, i.e. intended to be
transported on short or on medium distances, are
addressed. These new devices are called distributed
generation (DG) and are usually integrated in distribution
networks [2]. Such a supplying way has the potential to
allow better infrastructure security and grid reinforcement
through power losses reduction, voltage profile
enhancement and stability improvement [3]. However,
inappropriate DG penetration may lead to opposite effects
to the aforementioned benefits.
The optimal placement and sizing of these resources
has attracted the interest of several research works. Indeed,
some of them are based on analytical approaches. For
example, in [1], presented approach to fix the optimum
bus for installing a DG was based on generations, loads
and lines power system data. Besides, in [4], the optimal
size of the DG was calculated analytically while the
optimal location was identified in such a way that total
losses were reduced. Moreover, a simple algorithm was
also proposed in [5] for an optimum DG sizing and
allocation aimed to reduce cost and system losses.
Similarly, in [6] an analytical approach was developed
with a main objective to minimize total losses based on the
DG active and reactive branch currents. As it is known,
the analytical methods are very rapid but not applicable in
multi-objective problem. To overcome such inconvenient,
metaheuristic methods were used to determine the optimal
DG allocation considering different objectives as the
minimization of investment and losses cost as presented in
[7], or the reduction of power system loss and the
improvement of voltage regulation as presented in [8] and
[9]. Furthermore, in [10] and [11], authors combined two
optimization algorithms (GA/PSO and PSO/GSA) to
achieve best accuracy on sitting and sizing DG unit. It is
true that such methods lead to optimal solutions, but they
are also complex and need high computing time. In
addition, presented studies have been conducted to
allocate the DG inside a power system without giving
enough attention to voltage stability.
The present paper is a contribution that proposes a
simple and a rapid method for DG allocation and sizing
leading to reinforce the most affected area by voltage
instability, using the LQP voltage stability index.
Contrarily to several indices presented in literature, our
work employs an index sensitive to both active and

105

Editors: Tarek Bouktir & Rafik Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2017
TABLE I

reactive power evolution, allowing so better accuracy. In
addition, considered index is easier to determine and to
implement, since it was deduced from load-flow results
and don’t need supplementary calculations such as in other
processes as sine, cosine, difference between angles, …
etc. The DG unit size is determined with a main objective
to minimize the power losses leading so to a significant
cost gain and a best reliability of the system.

Voltage stability indices formulas

To do so, firstly, the LQP voltage stability index used
to identify the best DG location is introduced. Then,
adopted method to select a convenient DG size for
minimizing power losses is presented, considering the 33bus IEEE as a test system. Finally, obtained results are
presented, discussed and compared with GA/PSO
combined method ones.

Index

Formulation

Critical value

4Z²Q r
Vs ² X
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4Qr X
[Vs sin(q - d )]²
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4 Pr R
[Vs cos(q - d )]²

1

LVSI

æ X öæ X
ö
÷÷çç
Pi ² + Q j ÷÷
4çç
è Vs ² øè Vs ²
ø

1

LQP

3. DG PLACEMENT
In modern power system, operating distribution
networks closed to their voltage stability boundaries
become a necessity [12]. Therefore, it is very important to
take this issue into consideration with the DG integration
in distribution system. In fact, the main cause of voltage
instability is the system inability to provide power
requested [2]. However, penetrating a source of power in
closer proximity to the consumer could significantly
reinforce system capacity of supplying the demanded
power, which allows an improvement in the voltage
stability. From an economic point of view, it is impossible
to support every bus in the system. So, to achieve the
maximum benefits, the DG should be placed in the most
critical bus that can cause voltage collapse.
Voltage Stability Index (VSI) has been identified as
one of the useful tool to determine the closer line to the
voltage instability [13] [14], leading so to the location of
the weakest bus in the system. The VSIs that are currently
used by system planners and operators are [15]: fast
voltage stability index (FVSI) [16], line stability index
(Lmn) [17], on line stability index (LVSI) [18] and line
stability factor (LQP) [19]. The VSIs formulas, as shown
in TABLE I, are derived from power flow equations based
on Fig.1 that indicates the sending and receiving buses as
Bus S and Bus R respectively.
Among these indices, only LQP has a direct
relationship with both active and reactive powers on a
receiving bus. Hence, it is considered as the most sensitive
index to voltage instability and is also likely going to be
better than the others [14] [15]. Consequently, the LQP
index is adopted in our work to integrate voltage stability
criteria when choosing the DG location.
Bus S

Bus R

S j , Pj , Q j

S i , Pi , Qi
Z = R + jX

Vs Ð d s

Z Ðq

S s , Ps , Qs

Vr Ð d r

4. DG SIZING
The penetration of the DG units in a distribution system
can increase or decrease power losses. Therefore, the main
objective in determining the DG size will be to minimize
total system active power losses, considering electrical and
technical constraints in the network.
A. Active power loss formula
In this work, the “exact loss formula” is employed
[20]:
N N

PL = åå [a ij ( Pi Pj + Qi Q j ) + b ij (Qi Pj - Pi Q j )]
Where

a ij =

rij
ViV j

cos(d i - d j ) ; b ij =

rij
ViV j

sin(d i - d j )

B. Constraints
The above mentioned main objective is subjected to
the following constraints.
1- Voltage level constraint: Maintaining voltages at all
buses within the allowed range may guarantee the
reliability and the security of the system. Based on ANSI
C84.1 standard, in distribution systems, the optimal
utilization voltage range (Range A) is within the [90%105%] of the nominal voltage, and the acceptable
utilization voltage range (Range B) is within the [86.7%105.8%] of the nominal voltage. In this article, the
objective is to restrain the voltage at each bus within the
range A.

0.9 £ Vi £ 1.05

(2)

2- Power balance constraint: The maintain of balance
between power generation and consumption should be
established:
N

PG + PDG =

S r , Pr , Qr

åP

Di

+ PL

i =1

Fig. 1. 2-bus model representation
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N

QG + QDG =

åQ

Di

+ QL

(4)

i =1

3- DG size constraint: Assuming that the DG is available
in every size and should not exceed the system load.
N

0 £ PDG £ å PDi

(5)

i =1

5. PROPOSED ALGORITHM
As described in Fig.2, the suggested algorithm is based
on two main parts which are the specification of the best
DG location and the calculation of the optimum DG size.
The first part consists of the identification of the most
affected bus by voltage instability. For this purpose,
Newton Raphson method is exploited to accomplish load

flow studies. Thus the LOP value is calculated for each
branch and the DG is installed at the receiving bus of the
branch having the highest LQP value. Once the DG is
located, the second part takes start. This part is based on
an iteration algorithm. The major objective of this
algorithm is to determine the DG size giving the minimum
power losses, considering constraints given in (2), (3), (4)
and (5). Initially, active losses are calculated for the base
case ( PDG = 0 ) using (1). Then, the DG size is changed
linearly in small step. For each case, the load flow is
launched and the loss value is updated. This process is
iterated until the active power loss reaches a higher value
than the previous one. The DG size obtained before the
power loss increase again is considered as the optimal DG
size.

DG ALLOCATION

Start

Read system data

Execute power flow program

Calculate and store LQP values

Install the DG at the receiving bus of the branch having the maximum
LQP value
Calculate power losses PL 0 ( PDG = 0)

PDG (0) = 0, PL (0) = PL 0 , C = 1

DG SIZING

PDG (C) = PDG (C-1) + step

Execute power flow program and calculate power losses PL (C)

PL (C) < PL (C-1)
&
Constraints checked

C=C+1

True

False
Optimum size = PL (C-1)

End
Fig. 2. Flow chart of the proposed algorithm
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6. CASE STUDY

B. Results and discussion

A. Presentation of the test system

To find the best bus for DG installation, load flow
program is executed and the LQP value is calculated for
each branch. As shown in Fig.4, the 5th branch connecting
bus 5 and bus 6 has the highest LQP value. Hence the
optimal location for DG placement is 6th bus. Placing the
DG at this bus and increasing its size with step of 0.2MW,
the variation of the total active losses with the DG size
follow a parabolic curve (Fig.5). From where, it could be
observed that the total active losses reach its minimum
with a DG of 2.4MW.

To validate the effectiveness of the proposed algorithm,
simulations are effectuated in a 33-bus IEEE distribution
system. As shown in Fig.3, the system has 32 branches, 32
PQ buses with total load of 3.715MW, 2.3MVar and a
slack bus (bus1) with voltage magnitude of 1.0 Ð 0.0°pu.
The network base voltage is 12.66 kV and the base
apparent power is 10 MVA. Corresponding system data is
provided in Appendix.

1- Comparaison with the base case: From the summary
of results represented in TABLE II, it can be observed that
with installation of DG the reduction in active and reactive
power loss is 69.46% and 64.44%, respectively. And the
lowest voltage in the system (bus18) is improved from
0.9131 pu to 0.9654 pu.

Fig. 3. 33-bus IEEE network

Fig.4 illustrates the LQP values of different lines before
and after DG installation. It is clearly visible that, using
the proposed algorithm, the values of the voltage stability
index are significantly decreased in all lines, which means
that the voltage stability is improved. Consequently, more
power can be transmitted, allowing the addition of
supplementary loads to the network.

Fig. 4. LQP value for each line with and without DG

Fig. 5. Total power losses variation with DG size
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Fig. 6. Voltage profile of different cases

TABLE II

Comparison of results
DG allocation

DG size (MW)

Minimum bus
voltage (pu)

Real power losses
(MW)

Reactive power losses
(MVar)

Base case

_

_

0.9131

0.203

0.135

Proposed method

6

2.4

0.9654

0.062

0.048

GA/PSO method

32

1.2

0.9414

0.079

0.059

To verify the influence of DG unit integration on
voltage profile, voltage variation with and without DG is
presented in Fig.6. The obtained results demonstrate that
the overall voltage profile is improved and the voltages at
different buses are retained within the permissible
operating range, which results in an enhancement in
voltage security.

buses (29, 30, 31, 32 and33). Such a result could be
argued by the fact that the DG was placed at the 32nd bus
in the case of the GA/PSO approach. However it is
located at in the 6th one in our work. Besides, it is known
that the integration of a DG unit supports highly the
voltage of the bus where it is connected and ones of closer
buses.

2- Comparaison with GA/PSO combined method: The
results achieved, using the suggested method, are
compared with GA/PSO combined method [10]. This has
been effectuated to validate the reliability of the suggested
method in DG allocation and sizing, enhancement in
voltage profile and reduction in total power losses. The
comparison of results is illustrated in TABLE II

Moreover, TABLE II shows that the power loss
reduction using the proposed method and GA/PSO
combined method is almost the same. In fact, the proposed
algorithm gives 8% less power loss than GA/PSO
combined method.

From TABLE II, it can be observed that the minimum
voltage using GA/PSO combined method is found to be
0.9414pu. However, using the suggested method the
lowest voltage is 0.9654pu. Furthermore, Fig.6 shows that
the proposed method gives much better voltage profile
compared to the GA/PSO method, except the five final
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Thereby, it can be concluded that in terms of voltage
profile, the proposed method is better than GA/PSO
combined method.
7. CONCLUSION
This paper deals with a rapid method for allocation and
sizing of a DG unit inside a power system. Retained DG
location corresponds to the area that is most affected by
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voltage instability. Such area is identified using an index
highly sensitive to both active and reactive power changes
and easy to implement. On the other hand, the optimum
DG size was determined, considering as major constraint
the minimization of the network power losses. A software
tool was developed and simulations were conducted on a
33-bus IEEE network. Obtained results proved the
efficiency of the proposed method from the point of view
of voltage profile enhancement, power losses reduction
and also voltage stability. Indeed, after DG integration,
active and reactive power losses were, respectively,
reduced by 69.46% and 64.44%. In addition, the lowest
voltage was improved from 0.91pu to 0,97pu and voltage
stability was considerably enhanced. Finally, compared to
GA/PSO combined method, suggested method led to a
better voltage profile and a supplement decrease of 8% on
network power losses.
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Abstract-- Due the need of the accuracy and the difficulty
of accessing the real system of an induction machine (IM),
which used in Electrical vehicle (EV), Finite element (FE)
model established and validated. This 2D model achieved, was
developed using Lua script algorithm and FEMM Software,
will be use for optimization and evaluation of an IM. The aim
of this paper is to apply numerical model using finite element
method and to estimate IM parameters, such as rotor time
constant, magnetic dispersion coefficient and stator and rotor
inductance and mutual inductance, to evaluate the magnetic
stability of the IM.
Index Terms—FE Model, Induction machine, estimation
Parameters of IM,

1. INTRODUCTION
Nowadays, many researches focus on the electrical vehicle
in order to improve performance at the most reasonable
cost. EV is a great way to contribute towards a healthy and
stable environment. But, EVs have some drawbacks such
as cost, high recharge time and the autonomy, which need
to ameliorate by choosing the best electrical machine, that
respect factors performance and price. IM is the most
attractive due to the simple structure; low cost and robust
geometry. IM have experienced in EVs such as Tesla cars
and improvement in their performance. Rotor losses is the
most part need to reduce and also starting behavior. First,
due to the problem of accessing real system, second,
analytics models are very complex and not accuracy and
also depends every stator winding and every rotor bar
winding independent model winding. According to these
factors, A model for the machine has been built using
finite element method. This method for calculating the
motor parameters is FE field solution is not new but it
might be useful alternative to the existing numerical and
experimental method, because it eliminate some of their
drawbacks. Modeling of electrical motors has experienced
remarkable improvement in recent decades through the
employ of FEM. To design a FE model of asynchronous
motor, FEMM 2D software has been used, which based in
a magnetic potential and field distribution. Also to draw
geometric in MATLAB platform, Lua script algorithm has
been used.
A library of seven parameters models of IM has been
constructed such as rotor time constant, magnetic
dispersion coefficient and stator and rotor inductance and
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mutual inductance, to evaluate the magnetic stability of the
IM[1] [2][3].
2. 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.
An important feature of the stator is the shape of the slot.
The slots in the engine are semi open type as presents in
Figure1[4].
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.
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Fig. 1. Semi open type of slot

Fig. 2. Stator winding configuration
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method for the simulation of electrical machines like
shown in figure 4.

Fig. 3. Squirrel rotor winding configuration
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)

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].

(2)
(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
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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
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problem. The 2d model of the Induction Machine has
field linking with the stator phases or the rotor loops
can be calculated from the vector magnetic potential as
presented in figure 6 and 7.

parameters can be used in the advanced control
synthesis of the induction machine [13].
To calculate the stator induction, the model solved with
the simulation were achieved for wide range rotor
speeds while different stator current figure 8 present
the stator inductance parameter for rotor speeds equal
2, 5, 12 and 25 rd/s.
Ls(is) wr=2:Red 80:Magenta 158:Green 236:Cyan 314:Blue
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

0

10

20

30

40

50

60

Fig. 8. Stator inductance
Fig. 6. FE model with materials identification

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 9 displays.
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Fig. 7. FE model with flux distribution

0.0094

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 [12].
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
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Fig. 9. Rotor inductance

Figure 10 and 11 shows respectively rotor time
constant and magnetic dispersion coefficient, the
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).
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Fig. 10. Rotor time constant
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Fig. 13. Mutual inductance rotor to stator
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Fig. 11. Magnetic dispersion coefficient
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Figure 12, 13 and 14 represent respectively the stator
to rotor effect mutual inductance, the rotor to stator
mutual inductance and mutual inductance for wide
range rotor speed 2, 80, 158, 236 and 314rd/s and
with varying stator current up reach high values 0 to
50 A.
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Finally, Fig. 15 shown the stator field and the
magnetic flux amplitude along the depth of a rotor bar
is presented in Fig. 16. The skin effect is clearly
present in this case. The amplitude of the current
density is much greater at the high value of of the
rotor speed.
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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 [14].
Indeed, other parameters may also be present using
FEM calculation, such as stator and rotor resistance,
losses of stator and rotor and electromagnetic torque
can be computed with significantly good accuracy.
CONCLUSION
In this paper, FE model has been created, which
performed using FEMM to estimate IM parameters to
improve efficiency of squirrel cage IM. The next steps
are use this model for optimization and also reduce
losses in rotor winding of IM, because EVs need high
performance of electrical machine.
ACKNOWLEDGMENT
University of Sfax

[10] Adem Dalcalia, Mehmet Akbabab, “Comparison of 2D and 3D
magnetic field analysis of single-phase shaded pole induction
motors”, Elsevier, Engineering Science and Technology, an
International Journal, Volume 19, Issue 1, March 2016.

ANNEX
Table 1: Motor Dimensions
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

ISBN: 978-9938-9937-0-7

Value
81.8/2 mm
36
24
46
65/71mm
12N.m
15 Kg
4.1A
77 %
0.85

[11] Hanafy Hassan Hanafy, Tamer Mamdouh Abdo, , Amr Amin Adly,
"2D finite element analysis and force calculations for induction
motors with broken bars” Elsevier, Ain Shams Engineering Journal
Volume 5, Issue 2, June 2014.
[12] Z. Haisen, W. Yilong, Z. Yang, X. Guorui and L. Xiaofang, "Loss
and air-gap force analysis of cage induction motors with nonskewed asymmetrical rotor bars based on FEM," 2016 IEEE
Conference on Electromagnetic Field Computation (CEFC),
Miami, FL, 2016, pp. 1-1.
[13] M. Tumbek, Y. Oner and S. Kesler, "Optimal design of induction
motor with multi-parameter by FEM method," 2015 9th
International Conference on Electrical and Electronics Engineering
(ELECO), Bursa, 2015, pp. 1053-1056.
[14] Konstantinos N. Gyftakis, Ioannis Katsantonis and Joya Kappatou
“Optimization of the Electromagnetic Characteristics of a 3-Phase
Squirrel-Cage Induction Motor Using FEM” Journal of Materials
Science and Engineering A 4 (3) (2014) 65-72.

116

Editors: Tarek Bouktir & Rafik Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2017

A Novel Neutral Point Balance Strategy for Three-level NPC Inverter
Based on Improved Space Vector Pulse Width Modulation
M. Ali

A. Talha

E. Berkouk

Laboratory of Instrumentation, Faculty of
Electronics and Computer, University of
Sciences and Technology, Bab Ezzouar,
Algiers, Algeria

Laboratory of Instrumentation, Faculty of
Electronics and Computer, University of
Sciences and Technology, Bab Ezzouar,
Algiers, Algeria

Laboratory of Control Process, ENP,
Algiers, Algeria

Abstract-- Over the past few decades, the fast development of
high switching frequency power electronics drives towards
wider application of voltage source inverters in AL power
generation. The unbalance of the neutral point voltage is an
inherent problem of three-level neutral-point-clamped (NPC)
inverter. This paper proposes An analyze of the potential
variation of middle point for three-level inverter and based
on redundant small vectors compensation ,we have proposed
the action time correction methods for the basic voltage
vectors and the original fundamental voltage vector ,
to do this , an efficient SVPWM algorithm with low
computational overhead based on voltage-second balance
principle was needed, This algorithm can not only effectively
simplify the calculation and reduce calculation time greatly,
but also the neutral point voltage control implemented
readily. This study, afford a contribution to the problem of
neutral-point voltage balancing in three-level NPC converter
based on a improved SVPWM, In the control system, the
dwelling time of synthesis voltage vectors for SVPWM is
varied to solve the problem of the unbalance of the neutral
point voltage and the three-level neutral point potential
fluctuations can be suppressed effectively by the middle point
potential compensation algorithm. MATLAB was used to
build a simulation model for analysis.
Index Terms--Three-level inverter; Middle point; potential;
Control method). Space vector pulse with modulation
(SVPWM).

1. INTRODUCTION
The Multilevel converters (MLCs) have recently been
considered for medium- and high-voltage applications.
The traditional solution to withstand high voltages
involves connecting semiconductors in series; nonetheless,
this solution requires rapid switching to avoid unequal
voltage sharing among devices, and the process can induce
a breakdown. MLCs can clamp voltages as an advantage,
thus preventing the need for fast switching, and also
generate a smoother output voltage than traditional twolevel converters do. MLCs are suitable for application to
wind turbines given their increasing power ratings. The
neutral point-clamped (NPC) three-level converter is the
most popular MLC and is the subject of the present
research. A challenge of this converter is the high control
complexity; considerable research has been conducted on
the topology of this converter, and numerous control
methods have been presented in literature. Recent studies
focus on solving the voltage fluctuation between two
capacitors, and most works aimed to improve the direct
current (DC)–bus balance to address the imbalance in the
continuous sources of multilevel inverters. A few methods

ISBN: 978-9938-9937-0-7

are based on the addition of sequences to zero voltage or
on continuous offsets at the output vector [1- 2] The
method applied by [3,4] incorporates power electronic
circuits into an inverter to redistribute electrical charges.
An approach was also proposed in [5] based on the
minimization of a quadratic function depending on the
voltages across capacitors. This quadratic function is
positive definite and reaches zero when the voltages across
various capacitors are equal. Other techniques apply the
theories of automatic control by fuzzy logic, by neural
networks, and by sliding mode [8-9-10-11-12-13-14].
Different methods exhibit various disadvantages, such as
high manufacturing cost, installation complexity, or the
implementation of settings in open loops only. The
utilization of the space-vector pulse-width modulation
algorithm automatically induces voltage fluctuations in the
middle point and augments the output of low-order
harmonics. As a result, switch Voltage stress increases.
The fluctuating voltage in the midpoint of a three-level
inverter restricts the developments of this inverter
significantly; thus, the effective control of these
fluctuations considerably enhances the applicability of
three-level inverters. The current study analyzes the
fluctuations in the middle-point potential of a three-level
inverter and then proposes action-time correction methods
for basic voltage vectors and for the original fundamental
voltage vector.
2. MODELING OF THREE LEVEL INVERTER
Inverters are static converters which convert electrical
power from a continuous form into an alternating power.
The output voltage of an inverter has a periodic waveform
which is not sinusoidal but can be very close to the desired
waveform with a desired frequency.
The DC / AC converter presented above consists of three
switching circuits which are supplied by a direct current
source. This voltage is obtained from a diode rectifier or
from a photovoltaic generator.
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Fig. 1 .Diagram of three-stage DC / AC converter.

H
Among all topologies, three-phase three-level neutralpoint clamped (NPC) PWM inverter is the most widely
used and investigated topology at present. Fig.1 presents
the schematic scheme of three-level NPC inverter. Each
leg of the inverter consists of four power switches (IGBT),
four freewheeling diodes and two clamping diodes that
limit the voltage excursions across each device to half the
input dc-bus voltage.
For three-level NPC inverter, each bridge leg has three
different switching states. For example, the switching state
of phase A is shown in Table I. considering three-phase,
the total switching states consist of 33=27 different states.
According to the magnitude value, these 27 switching
states of the three level inverter indicating each state with
the combination of P, N and O states are classified by four
voltage vectors: one zero vector , six small vector whose
length is V dc , six middle vector whose length

19

001
V5
H2
0

H2
1

V17

5

V6 101
0-

H1
1

3

V dc

3

, and six large vector whose length is

2Vdc

3

H2

V11 101

3

1-11
V18

PPN

Sector
I

,
4
PPO
OON

1
Vref

Switching states of three-level inverter

P
O
N

E
0
-E

PON

3

TABLE I.

Output leg
voltage

V12

Fig.2 .Space voltage vector with their switching states for
Three-level inverter

as shown in Fig.2. The zero vector has three switching
states (PPP, OOO, NNN). Each of the six small vectors
has two switching states and each of the middle
Vectors and the large vectors has one state respectively.

state

2

PPP

PNN

Switch Sequence
OOO
VT1
ON
OFF
OFF
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Fig.3. Vector approach for desired vector in sector I
The space vector diagram is divided into six triangle
sections By six large voltage vectors. If we start from the
large voltage vector PNN, the whole region can be defined
as sectors I, II…
and VI every 60 degrees. And each sector is divided into
four sub triangles as shown in Fig.3. Sector I is usually
analyzed firstly. Then the result of the whole 360 degree
region can be achieved according to its symmetry
characteristic.
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t AP , t BP and t CP can be solved by Combining Eq. (7)
with Eq. (8) and Eq. (9), and the results are:

3. IMPROVED SVPWM ALGORITHM
A. Fundamental of Improved SVPWM algorithm

Ua

Actually, the core of SVPWM is voltage-second
balance principle, that is, the target reference vector is
formed by different standard vectors. The same result can
be achieved if the line voltage of load is formed directly.
Anticipated three phase voltage is shown in Fig.4, which
follow the following rules: The amplitude of the three
reference phase voltage take turns as the biggest one for
120 degrees. In each 120 degrees, the smaller two phase
voltages take turns as the smallest one for 60 degrees.
Sorting the three reference phase voltage by the amplitude
of phase voltage, we can getP33 = 3! = 6 different kind of
statuses. And these 6 different statuses are corresponding
to 6 different sectors into which the reference vector may
fall. Actually, comparing the amplitude of phase voltage is
equivalent to identifying into which sector the reference
vector falls. For convenience of discussion, the range of
wt is set within 90°~150° in order to illustrate the

E

-E
Ub

E

-E
Uc

E

-E
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O
N

O
O
N

P
P
N

P
O
N

O
O
N

Ts
Ua

(a) Five segments

E

-E
Ub

E

-E

Fig.4 Three-phase reference voltage

Uc

Fundamental of improved SVPWM. As shown is Fig.4, if
three phase voltage is sorted, we can get
U A ñU B ñU C while wt ranging between 90°~150°. At the

E

-E
O
O
N

same time, the reference vector falls into Sector I. Because
U c is the smallest one, we can make leg C to be N in

P
O
N

P
P
O

P
P
N

P
P
N

P
O
N

O
O
N

Ts

the whole sample period Ts . Leg A and leg

(b) Seven segments

P and O or O and
N . Assuming that they are both made of P and O ,
and P is arranged to be in the middle of Ts for purpose
B can be made of whether status

of harmonic cancellation, as shown in Fig5 (a). According
to the symmetry of leg A and leg B, switching state can be
settled on condition that they can be figured out, and thus,
SVPWM is realized. Express P duration of three legs
by t AP , t BP and t CP respectively, the following three
equations should be met based on line voltage second
balance:

U abTs = E(t AP - t BP )
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10

11

t AP =

U a -U c
Ts - Ts
E

t BP =

U b -U c
Ts - T
E

t CP = -Ts =

U c -U c
Ts - Ts
E

Where t AP ñ t BP ñ t CP , and t CP = Ts means that
status of leg C is N in the whole sample period Ts .
For better inverter performance, switching state
can be separated into seven segments as shown in Fig.5
(b). That is duration of OON is divided into two parts PPO
and OON:
12

7

U bcTs = E(t s - t BP )+ 2 Et BP

U ca Ts = E (t s - t AP )+ ( -2 E) t AP ,Where E = U

Fig.5. Switch state of UA >UB >UC

8
dc

2
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t 'AP = t AP + k( Ts - T AP )

There référence
phase voltage

13

t 'BP = t BP + k( Ts - T AP )

14

'
t CP
= t CP + k( Ts - T AP )

15

'
(0, 1) and t AP

t 'BP

Calculating t ip

'
t CP

Where k
represent P
duration of three legs respectively.
The line voltage second balance is still satisfying due
to the fact that PPO and OON have the same effect on line
voltage. However, PPO and OON affect neutral point
voltage oppositely. So neutral point voltage can be
adjusted conveniently by changing k in equation (13) ~
(15).In order to restrict the du/dt across IGBT, O should

Calculating

t' ip
Make N duration to be

be arranged in the middle of T s when the state is made of
O and N, and P in the middle when it is made of P and O.

t 'ip

'
ñ0 , it means that P duration is equal to t iP
,

duration to be

MakeP duration
to be

á0 , it means that N duration is equal to t' ip , and

O duration is equal to

and O

posi
tive

'
and O duration is equal to tio = Ts - tip
Correspondingly,

'
if t iP

t' ip

'
tio = Ts + tip

whether positive or negative with different modulation
'

Nég
ativ
e

Sign of

'
t iP
( i = A, B , C ) ranges from - T s to T s , it might be

index. If t iP

Amplitude
comparing

t' ip

andO

Impulsator

duration to be
'
tio = Ts - tip

tio = Ts - t'ip = Ts + t'iP

B. Realization of Improved SVPWM algorithm
Detect neutral point
voltage and ajust K

The amplitude of three phase voltage may change over
time and switching state can be resolved at any given
moment in the same way. Fig. 6 illustrates the flow chart
of improved SVPWM algorithm, and the procedure is as
follows:
- Importing three reference phase voltage.
- Compare the amplitude of three phase voltage,
find out the largest one U , the middle one U ,
L

Judge the sign of t' ip , make

tio

and

O

'
= Ts - tip
when

duration to be

t' ip

Fig.6. Algorithm flow chart of SVPWM

P duration to

duration
positive,
and

or

to
make

N

O duration to be

- Produce 12 pulses in one sample period.
- Distribute pluses according to the amplitude of
phase voltage.
t ip =

U i -U s
- Ts
E
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4. NEUTRAL POINT BALANCE CONTROL BASED
ON DSVPWM
A. Problem of Neutral point voltage imbalance

be

tio = Ts + tip' when negative.

- Calculate

AC
load

)) . Where

ip
S
ip
k is chosen to be 0.5 at beginning. After that, k is
decided by neutral point voltage.

be t' ip

Three- level
NPC inverter

M

and the smallest one U .
S
- Calculate t' ip = t + k( T - max( t

-

DC
sourc
e

Pulse
distribu
tor

There are main two reasons why the two capacitors are
unbalanced
· The first is caused by the disagreement of the switches
parameters;
· the second is made by the structure of TL converter
itself. Both reasons are impersonal existence and
solved only by control algorithm
B. Solving a problem for the variation in the midpoint
potential
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In Figure 7, the two redundant switch combinations
are exchanged through closed-loop control via the
variation in the midpoint of the frustrated vector, the
opposite effects of a mutually redundant small vector can
be considered to offset the deflection and variation of
midpoint potential.[16-19-20] depicts the diagram of the
compensation algorithm for redundant small vectors.

U dc 2

T3

Sc2

T1

T4

0c

Lc1

S c1

Fig. 8 Modified fundamental voltage vector sets

U c1

tå s 2

M c1

T2

Dt

Time
adjuste
r

-

Lc 2

TABLE II

ta

-

tå s 2

+

tb

Action-time corrections and influential or effective timecorrection in Sector 1

N3V
vector
Generat
ion

Modul
e

Switchi
ng
signal

Section

c

t2
2

t1
2

t3
2

t1
2

t2
×t
4
t3
×t
4
t1
×t
4
t1
×t
4
t1
×t
4

Middle point potential can be controlled effectively by
applying the modified basic voltage vector sets shown in
Eq. (7).

t2
2
t3
2

t1
2
t2
2
t3
2
t3
2

t2
2
t2
2

(7)

If the basic voltage vector sets cannot be modified to
compensate redundant small vectors, then the active time
of each basic voltage vectors can be altered. The
amendment in Sector I is expressed as follows.
The meaning of s in Table 2 is indicated in Eq. (8).

Section

d

t3
× (1 - t )
2
t2
× (1 - t )
2
t3
× (1 - t )
2
t1
× (1 - t )
2

U
ì 1
> ; u c1 < dc
ï
t
ï
2
t = b =í 2
U dc
t ås ï 1
£
;
³
(t å s = t1 , t 2 ort3 )
u
c
1
ïî 2
2
.(8)
When the reference voltage vector is located within the
triangle T1 in each sector, that is, the modulation factor
MI < 0.4534, only small vectors affect midpoint potential
throughout the entire active time period. When the
modulation factor MI > 0.4534, [15]
The reference voltage vector is combined with small and
medium vectors. Hence, the effects of a medium vector
can also be compensated by modified small vectors.
19,22
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Fig7 Diagram of the compensation algorithm for redundant
small vectors
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5. SIMULATION AND DISCUSSIONS
600

A detailed implementation and analysis is done
concerning the application of the improved SVPWM
control strategy on the three-level voltage inverter
presented using MATLAB/SIMULINK. This aimed on the
one hand to prove the effectiveness of the DSVPWM and
somewhere at the contribution on the neutral-point
balancing problem
In order to verify the proposed compensation algorithms,
a simulation model of NPC was built on MATLAB /
Simulink. The voltage of DC supply was 600
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shows the sector and Fig. 11 shows the wave of tiP . Fig12
shows capacitor voltage waveforms using neutral point
strategy we note that the positive alternation is different
from the negative alternation, which gives birth to a
continuous component. After the DC bus balancing
algorithm has been applied it will be noted that the two
alternations of this form of voltage will become equal , the
instantaneous voltage and of the capacitors and under
different modulation factor MI and different load
conditions are shown as follows:

400

500

U c1

and

U c2

with the middle

point potential compensation algorithm while MI = 0.628,
R = 2W

Fig. 12. Capacitor voltage waveforms using neutral
point control strategy
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6. CONCLUSION
In this paper, a neutral point voltage balance control
strategy based on improved SVPWM for three level
inverters is presented ,first an improved SVPWM
algorithm for NPC type three-level inverter was proposed,
the proposed algorithm is simple to implement and does
not need to perform sine and cosine calculations. and also
the neutral point voltage control implemented readily at
the same time, second an analyzed the reason of middle
point potential (variation) , we proposed an algorithm on
redundant small vectors compensation with modified basic
( fundamental.) voltage vector sets or modified active time
of original basic voltage sets. The major advantage of
modulation is the self-balancing of the DC bus, Because
the improved SVPWM is also based on voltage second
balance principle, In this work a simulation module was
built based on MATLAB/ Simulink and which was
verified through simulation and experimental results. The
Analysis of simulation results proved that using the middle
point variation compensation algorithm with an improved
SVPWM can effectively control (supervision) the middle
point potential variation Owing to low computational
overhead of improved SVPWM, the sampling period can
be shortening and can be used to improve the controlling
effect of three-level inverter considerably simplifying the
use in complex applications

[7]
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1. INTRODUCTION
Wind energy is one of the most important and
promising sources of renewable energy worldwide
because of its non-polluting and economic viability
properties. Consequently, the rapid development of related
wind turbine technology has been observed [1].
The ideal wind-powered GVV system must be
composed of a minimum number of elements that can
optimize the energy transfer of the energy present in the
wind. Fig. 1 shows the studied energy conversion system.
[2]
The first option is the choice of most wind turbine In
the last option, the double stator feeding machine with
cage rotor consists of a cage rotor and two independent
three-phase windings in the stator. One of the stator
windings, called power coil (BP), is connected directly to
the network, whereas, the other is called a control coil
(BC), powered by a bi-directional converter. Control of
the electromagnetic state of the machine is ensured by the
control coil which results in the generation of a voltage at
the nominal frequency as well as the amplitude of the
network in the power coil even when the rotor moves
away from synchronized speed [3].
This article aims to conduct the first exploration of the
BDFM at variable speed applications. Three aspects in the
development of BDFM, including modeling, operational
analysis [5], and control, were studied. Approximate
equations were developed to establish the general
functions of the BDFM. These approximated equations
can be useful in determining the modes of excitation of
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the machine as well as the values of the inductances to
obtain excellent operation performance [10]

Fig. 1. Structure of brushless doubly-fed wind power generation
system

2. WIND TURBINE MODEL
Wind energy is extracted through wind turbine blades and
then transferred through a gearbox and the rotor hub to the
mechanical energy in shaft. The shaft drives the generator
to convert the mechanical energy to electrical. The turbine
model is based on the output power characteristics,
expressed as [2].
1
Pm = C p (l, b). r.S.vw3 = C p (l, b).Pw
2
l=

x 10

Active power [W]

Abstract-- This article aims to study the doubly brushless Fed
Induction generator (BDFG) in variable speed applications.
Three aspects were addressed, including the development of
such a system, modeling, functional analysis, and control.
The BDFM model represents an original contribution to the
study of BDFM. This model is a powerful tool for control
development. The scalar model is used in this work to
analyze the control possibilities of the BDFM. BDFM can
have a synchronous operating mode, which guarantees exact
frequency coupling between the two windings of the stator.
Synchronization is achieved through a special feeding
procedure during machine start-up. Once the machine is
synchronized, one can follow the desired control strategy.
Varying the feeding frequency of the BC to reach the desired
rotor speed can regulate BDFM speed. Therefore, a scalar
speed control is possible by using the static performances of
the machine, which have been tested using the MatlabSimulink software.
Index Terms--scalar control, Wind Turbine, Doubly
brushless Fed Induction generator (BDFG).

(1)

Rblade.W T
vw

(2)
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Fig.2. wind turbine power for different wind speed

3. MATHEMATICAL MODEL OF DOUBLY
FED INDUCTION GENERATOR (BDFIG)

BRUSHLESS

A. Modeling the Machine: Three-phase modeling
This system of equations can be interpreted as two
three-phase machines with different numbers of poles. The
cross coupling in the rotor current is shared by the voltage
equations of the two coils of the stator [4]. Fig.3 shows the
windings of the three rotor phases of the two stators,
which were assumed as an equivalent winding for the
rotor cage in space. The rotor phases are short-circuited on
themselves. Fig.3 shows a schematic of a brushless dual-
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power asynchronous machine. Direct coupling vanishes
completely because the distributions of the conductors in
the windings of the stator are assumed to be sinusoidal. In
a real machine, several small terms of direct coupling may
appear because of the coincidence of spatial harmonics of
the two windings of the stator.

For the generator operation, reversibility causes Cr and Ce
to change its signs and qualities, the first of which is the
engine torque supplied by the wind turbine and the second
one becoming the resistive torque that increases with the
flow rate in a load.
The potential static performances of the BDFM are
analyzed using the steady-state model. The obtained
quantities (current, voltage, power, torque) in the two
windings of the stator are calculated at different rotor
speeds in a synchronous operating mode. Reactive power
analysis is required to achieve a given operating
performance.
E. Equivalent pattern of the BDFM

Fig. 3.Schematic of a brushless dual-power asynchronous
machine

B. All-current BDFM model
i
i r1
ö
æ
= L1-1 ç v1 - R1i1 - M 1 r - jw1 (i1 + M 1ir ) ÷
(3)
t
t
ø
è
i
ir 2
ö
æ
= L-21ç v1 - R2i2 - M 2 r - j ( w1 - ( p1 + p2 ) wr )(i2 + M 2ir ) ÷ (4)
t
t
ø
è
i
i
i
æ
ö
(5) r = L-r 1ç vr - Rr ir - M1 1 - M 2 2 - j (w1 - p1wr )(ir + M1i1 + M 2i2 ) ÷
t
t
t
è
ø
In the equation of Cem2, the terms for the application of the
conjugate operation are exchanged. The torque equations
of each stator winding provide the impression of
independence, but a relationship between pairs Ce1 and Ce2
will be formed because currents is1 and is2 are connected
through the rotor current.

C. Couple relationship
The electromagnetic torque of the BDFM can be
expressed using the following expressions:

C e = C e1 + C e 2
3
M p Á( is 1
2 1 1
3
Ce 2 =
M p Á( is 2*
2 2 2
C e1 =

.
ir *)
ir )

(8)

The motion equation of the rotor is given by
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Fig.5 shows the steady-state equivalent scheme of the
BDFM, which supplies the two stators. The equivalent
scheme is referred to as the first stator. The equivalent
scheme obtained is of interest in understanding the
functions of the BDFM.

(7)

D. Mechanical equation

w
Ce - Cr
t

Fig. 4. Equivalent diagram of the BDFM with a single supply in
the stator

(6)

In the equation of Cem2, the terms for the application of the
conjugate operation are exchanged. The torque equations
of each stator winding provide the impression of
independence, but a relationship between pairs Ce1 and Ce2
will be formed because currents is1 and is2 are connected
through the rotor current.

j

The power supply is created at the level of two stators.
However, carrying out the tests with a single feed for the
characterization of the machine is an interesting step.
Fig.4 shows the conventional steady state diagram of the
machine with a single supply in the first stator. [11]-[12][13]

(9)

Fig. 5. Equivalent scheme for the BDFM referred to the winding
of the Stator 1

From the above, a conclusion can be drawn that the
equivalent scheme of BDFM is very similar to that of the
asynchronous ring machine. In the case of BDFM, an
additional mesh is necessary because of the use of a
magnetic coupling (first stator-rotor-second stator).
Although the BDFM model is more complicated, the
mode of operation is identical to that of the asynchronous
ring machine. Thus, instead of feeding the windings of the
rotor, in the case of BDFM, an additional winding of the
stator is affixed to the cage rotor[6].
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3. ANALYSIS OF THE BDFM MODEL
The potential static performance of BDFM is analyzed
using the steady-state model. The obtained quantities
(current, voltage, power, torque) in a synchronous
operating mode are calculated in the two windings of the
stator with different rotor speeds. Reactive power analysis
is required to achieve a given operating performance.
The operating points of the machine are derived directly
from the calculations with steady-state model. The three
quantities are considered as inputs to solve this system.
Typically, two inputs of the system are the rotor speed and
voltage of the control winding; hence, a variable will be
selected depending on the characteristics of the machine
to be studied [7] .The systems are not linear because of the
effects of rotor speed. The steady-state model of BDFM is
simplified to obtain linear equations. Thus, the
approximate relations obtained are not entirely accurate;
however, they will be useful for understanding the general
function of the BDFM[8][9].
A. Simplified relationships for the analysis of the behavior
of BDFM

Fig.6. Vector diagram of power coil currents and control (K2>1).

A linear amplification effect can be observed between the
currents of the power and control coils. Shows the two
current components of the power coil; one from its own
power supply I1i and the other is caused by the crosscoupling with the control coil I1a. | I1a | is proportional to
I2. The vectors of I1a and I2 placed symmetrically across
axis d are from the conjugate of in (16). By performing
the aforementioned approximations
w2
(17)
V2 = jw2Le1I1 L V
w1 e2 1
Le1 =

The simplifying approach to consider is

Rr = s1w pLr

(10)

This condition is not valid for g1 values close to zero. If
p1<p2 (case of our study) is selected, then the operating
point g1 = 0 will be far from the normal operating range of
the machine, and relation (28) will be valid for the entire
range of rotor speeds (0 <wr<2*wrn). Considering
condition (28), expression (17) is transformed into a linear
and stationary relation for the entire operating range
1
(11)
Ir »
(M1I1 + M2I2 )
Lr
Using the approximate in (29) and ignoring resistive
losses of the two-stator windings, the various complex
factors are transformed into constant simple quantities. By
doing this, we obtain
k1 »

M1M2
L1Lr + M12

(12)

Le 2 =

Iq2 = -

I1a = -

1
I k2 q1

Lr
V1
M1M 2 w1

G1M2
I = k2I2
A1 + G1M1 2
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(16)

(19)

w1
L V
w2 e2 1

(20)

Vq2 = w2Le1Id1

(21)

By analyzing the previous expressions and by considering
the constant values for the current of the BP, the module
of the BC voltage increases linearly as a function of the
deviation of rotor speed from its synchronous natural
value. Hence, the relation (V2/f2) remains constant. The
expressions of the powers whose active components are
stated in the following equations based on the equations of
the simplified voltages and currents:
w2
w
3
3
P = VI
P » VI
= P 2 (22)
2

Q1 = -

(15)

L2Lr - M22
M1M2

Vd 2 = w2Le1Iq1 -

(13)

If the Park transform of the variables of the machine, and
fixing the axis d in phase with the voltage of the network
(V1) are considered, we have
1
(14)
Id 2 =
I
k2 d1

(18)

By calculating its components (d,q) we obtain the
following:

1

Lr
k2 » jk2 » - j
L1Lr + M12

L1L2Lr - L1M22 - L2M12
M1M2

1 d1

3
VI
2 1 q1

2

2

1 d1

w1

1

w1

Q2 » Q21 + Q22 + Q23

(23)

The active power of the control coil is proportional to that
of the power coil and depends on the ratio between the
supply frequencies of each winding. In (23) shows that the
approximate expression of the reactive power of the BC
can be divided into three terms. The first term is linearly
dependent on the current of the BP squared, whereas, the
second term is proportional to the BP squared flow, which
remains constant for any load condition (V1 has a fixed
value). The last term establishes a linear relation between
the reactive power of the BP and that of the BC. This
relationship is proportional to the ratio between the supply
frequencies of the stator windings.
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Q22 =

2
3
wc I
2 21 1

V2
3
w2c2 12
2
w1

Q23 = - c3Q1

w2
w1

c1 =

Le2
k2
Lr
M1M2

(25)

2Lr
+1
M1M2

(26)

c2 = Le 2
c3 = Le1

(24)

Fig.8 shows the variations in speed below the synchronous
natural speed. A soft ramp was selected for the speed set
points, which minimized the speed and torque oscillations.
Fig.9 shows that the same results can be observed for
speeds above the synchronous natural speed.
Torque (rad/s)

Q21 =

The apparent power of the control winding increases
linearly when the speed of the rotor moves away from its
synchronous natural value. This characteristic is important
because limiting the range of variation of the operating
speed can also limit the dimensioning of the frequency
converter (advantage of the double feeding). The
electromagnetic torque produced by each winding of the
stator is calculated based on the power of the air gap.
Equation (29) shows that the total electromagnetic
torque of the machine depends linearly on the d
component of the BP current. This feature allows simple
torque control. By relating the two torque components, we
can obtain the following:
(27)
p1
p2
3
3 2
Pa1 = V2Id1 I R1
2
2 1
Cem =

3 p1
3 p1 2
VI I R
2 w1 1 d1 2 w1 1 1

C em2 = - Pa2

w2

w
3
Pa2 » V1Id1 2
2
w1
Cem2 »

The rotor speed (rad/s)

w1

3 p2
VI
2 w1 1 d1

2
3 p1 + p2
3 p1
3 p1
Cem =
V1Id1 I R1 I R
2 w1
2 w1 1
2 w1 1 1

(28)
t(s)

(29)
Fig. 8. The rotor speed and torque of BDFM w2<0.

(30)
Speed (rad/s)

C em1 = - Pa1

t(s)

Thus, the number of pairs of poles of each winding
establishes the torque distribution between the two
windings of the machine.
4. BDFM SCALAR CONTROL

t(s)

Torque (rad/s)

Fig. 7 shows the rotor speed control diagram feeding the
two stator windings of the BDFM. The BC power supply
follows a constant V/f law voltage variation generated in
the form of a ramp, which limits oscillations in the
machine variables as well as the oscillations in the
magnitudes of the machine. The operation is similar to
that of an asynchronous machine with a V/f control. In the
following, the dynamic behavior of the BDFM is
simulated with consequent changes in the rotor speed. The
simulated parameters are V1=240V (50Hz), V2/w2 = 0.1,
D = 0.1Kgm2/s, J = 0.01Kg.m2.

t(s)

Fig. 9. The speed and torque of BDFM w2>0.

Fig. 7. Scalar control principle | v2 | of the BDFM
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5. SIMULATION AND INTERPRETATION OF RESULTS
Simulation of the mechanical part of the wind turbine is
presented. Simulations are performed in the MATLAB /
SIMULINK environment. These results are based on the
structure presented above. The speed ratio must be set to
the value λCpmax that corresponds to the maximum of the
power factor (Cpmax) to extract the maximum of the power
generated.The aforementioned approximate and simplified
relations presented are useful for understanding the
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i1, i2 (A)

Coefficient of Power

operation of the machine and establishing the principles of
the control

t(s)

Ir (A)

Speed ratio

wr(t/min)

t(s)

The behavior of the machine (simplified relations) was
simulated at different rotor speeds by considering a
constant value for the current of the BP power winding.
The BP variables (V1 and I1) were considered as inputs,
and the electrical variables of the BC and the
electromagnetic torque were calculated. A range of speeds
ranging from 335 rpm(t/min) to 1250 rpm (t/min)
[synchronous natural speed is wrn = 750 rpm(t/min)] was
considered. The values considered in this simulation are
V1 = 240V, P1 = 1080 w et, and Q1 = 288 VAR.
In the case of Fig.11, the value of K1 = 0.40 and K2 =
3.51, that is, the BC current, will be larger than that of the
BP. Equations (32) and (33) can be expressed numerically
by disengaging the current components of the BP (the
current and voltage values are expressed in effective
values to obtain an approximate form of the current at the
BP:
Id1 = 0.40Id 2
(31)

Iq1 = - 0.40Id 2 - 3.51

v1
= - 0.40Id 2 - 2.7 (32)
w1

In (31) indicates that Id2 controls the current component
of the BP that produces the active power in the winding.
The power input corresponding to the asynchronous
operation (voltage supply V1) was neglected
The machine with the open circuit BC has a fixed reactive
power level that corresponds to the asynchronous
operation. This reactive power value can be modified by
the current Iq2 of the BC.
If the inductive power of the BP must be decreased, then
the current Iq2 must be high. Thus, for example, for the
unit power factor, the required current Iq2 is equal to
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wr(t/min)

Fig. 10. Stator and rotor currents
- 2.7
= 6.75 . Therefore, V1 modifies only the reactive
0.4

power of the BP based on the analysis of Equation (32).
vd1
v
= - 0.11I - 0.81 1 = - 0.11I - 0.61 (33)
d1

w2

v q2
w2

w1

d1

(34)

= 0.11I d 1

Voltage level V2 depends directly on w2. Relations
(33 ) and (34) can be expressed as a function of the slope
v2 w2, which characterizes the voltage level of the BC for
given supply conditions. (20) Shows that if the absolute
value of Id1 increases the absolute value corresponding to
Vq2 also increases. (33) Shows that if Iq1 = 0, the ratio (
v d 2 ) has a positive value. If the current Iq1 takes negative
w2
values, then reducing the value of the voltage slope is
possible.
Fig .11 shows that when we move away from Wrn,
the powers of the BC increase almost linearly. The power
Equations (37) and (38) consider the following numerical
values (c1 = 0.03, c2 = 7.00 and c3 = 2.98):
(35)
p1
p2 =

w1

Q2 = w2(0.453 I1

2

w2

+ 10.8

v12
Q
- 3.10 1 )
w12
w1

(36)

Considering the value V1, Equation (36) can be expressed
only as a function of the powers of the BP.
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(37) P = 3 V I
1
1 d1
2

Q1 = -

3
VI
2 1 q1

precaution. The control mode is the most valuable option
for variable speed applications.

w2
w
3
VI
= P1 2
w1
2 1 d1 w1

Q2 » Q21 + Q22 + Q23
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Fig. 11. The voltage (v2) of the BC and the torque
electromagnetic

6.CONCLUSION
The BDFM works similar to an asynchronous ring
machine. The rotor speed can be varying without requiring
the use of static converters by modifying a three-phase
resistor connected to the BC. The electronic variation of
the rotor speed can be accomplished easily by supplying
the BC through a rotor speed, a frequency converter, and a
V/f law. This mode of operation presents problems of
dynamic instability at rotor speeds above its synchronous
natural speed. Consequently, a risk of not supplying the
sufficient excitation current to the BC to guarantee the
synchronous operation in static mode is observed. The
scalar regulation of the module | Ic | easily guarantees
synchronous operation in static mode while this current
regulation significantly reduces the problems of dynamic
instabilities. Avoiding control dynamics that move too
rapidly in a closed loop is necessary to ensure that the
system is stable to zero. This control diagram allows the
robust regulation of the rotor speed throughout its
operating range by considering the aforementioned
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Abstract-- Distance relay is the main protection of power
transmission lines and make an important role in power
system stabilization if it operates selective and instantaneous.
The distance relay measures impedance between relay and the
fault point. As the impedance is proportional to the distance
between the fault point and relay so the relay is directly
indicates the distance of the fault location. A fault resistance
during ground faults can depreciate the reliability of
standard-distance protection algorithms. DFT algorithm is
used to measure phasor quantities to obtain apparent
impedance.
Distance
relays
having
quadrilateral
characteristics are most suitable for EHV transmission lines
for different types of faults. In this paper, quadrilateral
distance characteristic of the relay Micom Alstom P442 is
implemented for the protection of 220 kV Algerian
transmission lines network using Matlab/Simulink. A study of
the fault resistance effect on the performance of distance
protection is done. The results are presented in graphical form
using an R-X diagram.

Index Terms-- Distance protection, fault, fault resistance,
transmission lines, zone protection, quadrilateral characteristic,
Micom Alstom P442 relay.

1.

INTRODUCTION

A digital distance relay uses sampled voltage and current
data from the relaying point for measuring the apparent
impedance and then uses an appropriate characteristic to
make proper decisions to disconnect a faulted line. Because
different network conditions correspond to different
remote-end in feed/out feed behavior and since this is not
measurable at the relaying point, the traditional distance
relays have faced severe static under-reach and overreach
problems. In general, the first zone reach of a non-pilot
distance relay is set to cover 80-90% of the line length to
the nearest remote terminal to avoid relay overreach under
all operating conditions. The relay, however, may not even
extend beyond the tee point in some under-reaching cases
[1].
The distance protection uses, to locate a fault, a distance
protection measurement between the latter and the point
where it is installed. This distance is determined by
measuring the impedance of the line, if the line becomes
weak, it gives to the breaker the command to open to turn
off the default line. A default line this protection is based
on digital distance relays.

ISBN: 978-9938-9937-0-7

The principle of distance protection is that the post-fault
impedance estimate is proportional to the fault distance [2–
4]. All discrete distance protection algorithms calculate this
impedance accurately if the input voltages and currents of
the protection relay are purely sinusoidal.
2. DISTANCE PROTECTION PRINCIPLE
Distance protection determines the fault impedance from
the short-circuit voltage and current at the location where
the relay is installed (Fig. 1).

Fig. 1. Distance protection principle, measurement of fault
impendence

The measured fault impedance is compared with the known
line impedance. If the measured fault impedance is smaller
than the set line impedance, a fault is detected and a trip
signal sent to the circuit-breaker. This means that the
distance protection in its simplest form operates by
measuring the voltage and current at the relay location. No
additional information is required for this basic distance
protection, and the protection does not have to depend on
any additional equipment or transmission signal. Because
of inaccuracies in distance measurement, which are the
result of measurement errors, transformation (CT, PT)
errors and inaccuracies in line impedance, in practice it is
impossible to set the protection to 100% of the line length.
A security limit (10 % to 15 %) from the end of the line
must be determined for the so-called under-reaching zone
(1st zone) in order to ensure protection selectivity due to
internal and external faults, which can be seen in Fig. 2.
The rest of the line is covered by an over-reaching zone
(2nd zone) which, in order to ensure selectivity, must have
a time delay with respect to the protection of the
neighboring line. In the case of an electro-mechanical
protection, this difference in time is 400-500 ms, and 250300 ms in the case of analog static and numerical
protection. This time delay includes the operating time of
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the circuit breaker, delay of the distance measuring
elements as well as the security limit.
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n = 1: Fundamental harmonic (at f = 50 Hz)
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Equation (1) becomes:
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Fig. 2. Protection zones of distance relay.

In contrast to differential protection which is completely
selective (its protection zone is entirely defined by the
location of the current transformers at both line ends), the
distance protection in its simplest form (without
telecommunication supplements) does not provide absolute
selectivity. Selective tripping must be ensured by time
delay relative to the neighboring protection. However,
distance protection has the possibility of reserve protection
for the neighboring lines. The second stage (over-reaching
stage) is used for this purpose. It reaches the neighboring
bus bars and a part of neighboring lines. The next, 3rd stage
is usually used for protecting the entire length of the
neighboring lines (Fig. 2). The arrangement of the stages
and time settings is obtained with a time-length diagram [5,
6].
Performance of the conventional ground distance relaying
scheme is adversely affected by different types of ground
faults, such as single line to ground, double line to ground.
This effect is more pronounced due to the considerable
value of fault resistance [7-9]. The work presented in this
paper addresses the aforementioned problems encountered
by the conventional distance relaying scheme when
protecting doubly fed transmission lines.

3.
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Let: N be the number of samples per period T:
T = N*¨t
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We do the same for the current and we find:
(1)

T: period (T = 20ms)
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The signal of the voltage V (t) can be written:
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A. Phasor estimation : Discrete Fourier Transform
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Impedance calculation

The fault impedance is calculated by (Fig 1):

 כሺ  כ  כሻ ݀ݐ
(3)

132

ܼி ൌ

಼
ூ಼

ൌ  ܴ  ݆ܺ 

(14)

Editors: Tarek Bouktir & Rafik Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2017
For single-phase fault at phase ‘a’:
ܫ ൌ  ܫ   ܭ ܫ כ
ܷ ൌ  ܸ

(15)
(16)

Where:
ܫ௦ : Current at source K after fault in phase ‘a’.
ܫ : Residual current, which is equal to the sum of the
currents of the three phases.

ܫ ൌ ܫ  ܫ  ܫ 
(17)
  ǣ Earth coefficient.



ܭ ൌ

ሺబಽ ିಽ ሻ

ଷൈಽ

(18)

ܼ and ܼௗ are zero and positive impedance line
respectively.
For double-phase fault to ground at phases ‘a-b-g’:
ܫ ൌ  ܫ െ ܫ




ܷ ൌ  ܸ െ ܸ 
4.

(19)
(20)

The «Matlab-Simulink» software is used to regenerate
voltages and currents signals at node T (relay position).
Regarding that distance relay is an impedance element it
needs sampling current and voltage to calculate impedance
using these values. This current and voltage sampling was
done via CT (current transformer) and PT (voltage
transformer). These equipments have certain accuracy class
and in the fault moment this sampling may be disturbed by
problems CT saturation or CVT transient fault (capacitor
voltage transformer) and it will influence distance relay
performance [10].
The currents and voltages signals are filtered using the
antialiasing filter (Butterworth low-pass) and are sampled
at 1 kHz.
Fig.5. shows the original and filtered signal of the faulty
voltage. The filtered currents and voltages signals are used
for fault location. The current and voltage waves are
sinusoidal after the fault. The applicate methods can be
used for network with complexes loads and unbalanced
cases.
Fig.6 and Fig.7 show filtered signal voltages and current for a
single and double phase to ground fault, respectively.

SIMULATION AND RESULTS

Signal (Volt)

Signal (Volt)

A. Study network
The study network is the west Algerian network as
indicated in Fig.3. The protected transmission line is of 100
km assumed between node T (Tiaret) and node S (Saida)
with a voltage of 220 kV (Fig.4).

2
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Original signal
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0
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0.2

Fig.5: Signal voltage: original and filtered signals
Fig. 3: Study network, the west Algerian network
Voltage (V)

2

Current (A)

The transmission line is supposed with distributed
parameters.
Positive sequence resistance line :RdL = 0.01273 /km
Positive sequence inductance line : LdL = 0.9337 mH/km
Positive sequence capacitance line : CdL = 12.74 nF/km
Zero sequence resistance line : RoL= 0.3864
/km
Zero sequence inductance line : LoL=4.1264 mH/km
Zero sequence capacitance line : CoL=7.751 nF/km

Single-phase fault

5

1
0
-1
-2
0

Fig. 4: Transmission line to protect: Tiaret-Saida.
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Fig.6: Signal voltages and currents for single phase fault see by
the relay T
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Figure 9 shows the fault impedance for double phase fault
see by the relay for different fault resistances Rf.

Double-phase to ground fault

5

0.05

0.1

0.15
Times (s)

0.2

0.25

Rf = 5Ω

0.3

50

4

1
0.5
0
-0.5
-1
0

Reactance (Ω)

Voltage (V)

2

0.05

0.1

0.15
Times (s)

0.2

0.25

0.3

Rf = 0Ω

40

Zone 3
Zone 2

30
20

Zone 1

10
0
-10
-20

Fig.7: Signal voltages and currents for double phase to ground
fault see by the relay T
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For the calculation of the currents and voltages at the relay,
the Fourier transform method was used and impedance
fault ZF is calculated.

Fig. 9 Fault impedance for double phase fault see by the relay for
different fault resistances Rf.

The reference impedance for each zone is defined as:
Z1 = ZL* 80% = 1.016 + j 23.4 .

C.
Results interpretation
In this section, the distance protection was studied as a
function of the fault resistance RF in order to see its
influence on the zones of the protection. We took the
quadrilateral characteristic of Micom Alstom P442 relay.
It is noted that for all fault types the increase of the fault
resistance causes a localization error which explains the
presence of the fault impedances outside the desired zone
and the zone is not detected correctly.

ref

Z2 = ZL*120% = 1.5276 + j 35.1818 .
ref

Z3 = ZL*150% = 1.9095 + j 43.9772 .
ref

B.

Results

The following figures give the values of the resistances RK
and reactances XK of the loop of the faulty line as a function
of the actual fault location for several fault resistance Rf in
order to determine the tripping zone of the circuit breaker
with quadrilateral characteristic of Micom Alstom P442
relay.
Figure 8 shows the fault impedance for single phase fault
see by the relay for different fault resistances Rf.
Single phase fault
70
Line characteristic

60

Reactance (Ω)

50

Rf = 5Ω
Rf = 0Ω

40

5.

Zone 2

20

Zone 1

10
0
-10
-20
-30
-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80

Resistance (Ω)

Fig. 8 Fault impedance for single phase fault see by the relay for
different fault resistances Rf.
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To improve this protection, it is necessary to play on the
tripping time of each zone by estimating the fault resistance
RF by another algorithm. If the estimated resistance is low
(RF < 10ȍ) the trip time of each zone is maintained, if it is
high (RF > 10ȍ), a setting is proposed in the tripping times.

Rf = 10Ω
Zone 3

30

For example, for a RF= 10 ȍ fault in zone 1, it is seen by
the relay as a fault in zone 2. The same for a fault in zone
2, it is seen by the relay as a fault in zone 3. These errors
are due to the algorithm used by the relay, the type of fault
and the resistance of the fault.

CONCLUSION

Distance protection is based on the principle of the three
zones, the impedance calculation is constantly compared
with reference impedance values in order to detect the
faulty zone and thereafter to know the tripping time of the
circuit breaker. A quadrilateral distance characteristic of
the relay Micom Alstom P442 was implemented for the
protection of 220 kV Algerian. The performance of
quadrilateral characteristics is evaluated for different fault
location with different fault resistance for single and double
phase faults. The variation in fault resistance affects the
performance of the distance relay. Satisfactory results have
been obtained for low fault resistances. For high fault
resistances, the results are not satisfactory, it was necessary
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to propose a technique of estimating the fault resistance to
adjust the tripping times of the circuit breaker.
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of these induction generators tend to fluctuate and may
deteriorate power quality. Therefore stabilizing control
methods using energy storage systems have been studied.
When we talk about wind turbine in isolated mode, we find
also other concerns such as the management of energy
according to the energy curves, the storage, the start-up
procedure etc. In this paper, we are mainly interested in this
last point. At the first, a study for the determination of the DC
bus voltage is made, then a modeling of the battery and the
chopper is detailed, after this, we present an open-loop and
closed loop study of the prototype. At the end, the study of the
complete system (Chopper, battery, DFIG) is exposed with the
interpretation of simulation results. The simulation tool used is
the PSIM software.

I. INTRODUCTION

II. THE COMPLETE SYSTEM TO BE STUDIED

It is established that the renewable wind energy like being
a means ecological and economical resources to produce the
electricity [1-2]. Actually, electric energy production from this
natural and renewable energy knows an important
development all over the world since it is supported by very
mature technologies, such as the wind turbine technology [35]. Total installed capacity of wind energy, since the
beginning of 2004, all over the world reached 39 GW with an
annual

In this work, we must ensure the start-up of the wind
system in order to assure a well determined voltage value at
the DC bus, so we appeal to use a battery bank and an
intermediate circuit how presents which is provided by a
bidirectional chopper to provide charging and discharging of
the battery.

Abstract--Wind power is one of the cleanest and safest of all
the renewable commercial methods of generating electricity.
However, wind energy is difficult to use due to its stochastic
variability. Energy storage can overcome the main drawback
.This article consists on studying a wind starting system based on
DFIG and operating in isolated mode. This system is formed by a
bank of batteries and a bidirectional DC/DC converter charging
a DC bus voltage as well as these batteries. The control of this
system required a cascade control such control needs two loops;
the inside loop to control the inductive current and the outside
one for continuous voltage bus. The theoretical study of this
command has been validated using PSIM software.

Growth rate of about 30% [1]. Some prediction studies
give that 12% of the total world electricity demands will be
supplied from wind energy by 2020 [2]. In the wind power
generation systems, the input power may be considerably
varied with wind speed variation. Generally, a maximum
power point tracker (MPPT) adjusts a system quantity to track
the highest turbine power output [6-9]. Kid of generator
functioning directly at the variable speed drive is more
adaptive for these particular applications, such as double fed
induction machine. But such machine presents an ambivalent
character of the synchronous and asynchronous machines and
its control is done from a nonlinear model which is not easy
and requires a particular attention. Since the stator frequency
may be fixed to its desired rated value, the main advantage of
the double fed induction generator (DFIG) is that the rotor
may be controlled by ac voltage where its rotor frequency is
directly linked to the rotor speed varying with the wind speed.
Other particularity of the DFIG is that the rotor may be
controlled from a reduced power converter. However, outputs
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Fig. 1. Starting an isolated wind power system

In this work, we must ensure the start-up of the wind
system in order to assure a well determined voltage value at
the DC bus, so we appeal to use a battery bank and an
intermediate circuit how presents which is provided by a
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bidirectional chopper to provide charging and discharging of
the battery.

The final battery voltage is expressed as follows [15]:

Q

Vbat (t ) = V0 - Ri I b - K .

t

Q - ò I b dt

t

+ A exp(- B ò I b dt )

(1)

0

0

The voltage source tested is as follows [15]:

Q

Vc = V0 - K .

t

Q - ò I b dt

t

+ A exp(- B ò I b dt )

(2)

0

0

Then, the terminal voltage can be written as follows [15]:

Fig. 2. Starting an isolated wind power system

Vbat (t ) = Vc - Ri Ib

III. MODELING OF THE BATTERY:
In this case, an AGM –type battery was chosen since this
type is designed for start-up applications. In fact, a starter
battery is designed to produce a large current for a very short
time. A battery is made up of a series of cells, connected in
series in order to obtain the desired output voltage. The output
for a lead acid cell is approximately 2V so for a 12V battery
there are 6 cells connected in series.

With:
V0: The idle voltage (V)
Ri: Internal resistance of an accumulator (ohm)
Ib: Current of the accumulator (A)
K: Polarization Voltage factor (V)
Q: Nominal capacity of accumulator (Ah)

A. The model used:
The model chosen is that of shepherd and the working
environment is the PSIM software. The accumulator is
modeled by a controlled voltage source, in series with a
resistor. The potential drop in the resistor is due to the
different over voltages is a linear function of the current
density. This model allows the discharge curves of a large
number of electrochemical couples to be reproduced with a
fairly good accuracy. The calculation of the parameters can be
done on a small number of measurement points. However, this
model does not take into account the temperature, the linear
variation of the equilibrium potential as a function of the state
of charge [10]

t

ò I dt
b

0

: Current charging of the battery (Ah)

A: Voltage factor (V)
1
B : Load factor (Ah)

The battery has a capacity of 12 Ah and a nominal voltage
of 12 V, the discharge curve given by the manufacturer for a 2
V accumulator is shown in the figures below with the different
discharge rates (0.6CA, 1CA, 2CA…) corresponding
respectively to the currents (7.2A, 12A, 24A…) .

The battery is modeled by a voltage controlled current
source with a series resistor as shown in the figure below:

Fig. 4. Battery discharge curve [17]

Fig. 3. Battery type equivalent circuit [10]
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active materials, which also marks an increase in the internal
resistance of the accumulator.

A discharge rate equal to 0.6CA has been taken and it is
desired to discharge the battery within one hour, according to
the technical data sheet the discharge current is equal to 7.2A.

B. Dimensioning of inductance:
In our case, Vdc must be equal to 240V, Vbat=120V, so
we need 10 batteries of 12V in series. The battery voltage
varies between 10.8V and 13.6V so the duty cycle will be
calculated as follows:

The selected points are:
P1(V1=2.19,Q1=0.012), P2(V2=2.03,Q2=0.12),
P3(V3=2.02,Q3=0.96), P4(V4=2.01,Q4=1.2).
After any calculation, we find B= 5.44Ah-1, A=0.37V,
K=0.03V, Ri = 16mΩ.

Vdc max - Vbat min 240 - 10.8 *10
=
= 0.55
Vdc max
240

(4)

Vdc min - Vbat max 240 - 13.6 *10
=
= 0.433
Vdc min
240

(5)

a max =

The model of the simulated PSIM battery in the figure
below:

a min =

The application of the starter system envisages using the
4KW machine (characteristic given in appendix 1) for this
DFIG and taking into account the rotor side converter control,
the current does not exceed 20A, so if:
ILmax= 20A
∆IL= 10% ILmax= 2A
Fig. 5. Battery model

If we take a switching frequency of 20 KHz we find:

The discharge curve of the battery is given in the following
figure for 1S equivalent to 1h.

L=

a maxVbat max 0.55 *13.6 *10
=
= 1.87mH
20 *103 * 2
F DI L

(6)

The minimum value of the inductor is 1.87 mH, an
inductance of 2mH is taken.
For a prototype of maximum voltage 13.2V at input, a duty
cycle of 0.55 and a resistive load of 9Ω, the value of the
inductance is:
Fig. 6. Voltage of 2V element during discharge

L=

a maxVbat max 0.55 *13.6
=
= 0.74mH
F DI L
20 *103 * 0.5

(7)

We choose an inductance of 2 mH.
IV. THE CONVERTER CONTROL SYSTEM:
In order to be able to control the chopper, it is necessary to
have a precise idea of the dynamic behavior of the chopper
with respect to other parameters such as the input voltage, the
cyclic ratio or the sudden variation of the load. The
experiments allow only a very approximate approach of the
different transfer functions.

Fig. 7. Discharge current

During the discharge process, three phenomena can be
distinguished as shown in figures 4 and 5. At the beginning of
the discharge the voltage drops instantly due to the internal
resistance of the accumulator which is weak at the beginning it
is the exponential curve. This fall is followed by a nominal
voltage area which the influence of the internal resistance
remains almost constant. Finally, a sudden drop in nominal
voltage marks the end of the redox reaction, ie there are fewer

ISBN: 978-9938-9937-0-7

It is therefore necessary to be able to model the chopper.
The method consists in studying the behavior of the mean
value of the different electrical quantities over a period.
In order to fix a constant steady-state point X0(Vdc0, IL0,
Vbat0, α0) associated with the equilibrium point, we must
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The control algorithms for synthesizing a corrector are
numerous, such as Proportional Integral (PI), hysteresis and
sliding modes which are generally applied to power
converters.

simulate the following assembly on PSIM, the IGBT transistor
used is controlled by a PWM signal with a fixed duty cycle of
0.5, an input voltage Vbat=12V, a capacitance C=1100uF and
an inductance equal to L= 2mH.

The type of control chosen is the PI regulator; it is very
common in the industry and falls within the class of linear
commands which are based on a linear model of the system to
synthesize the controller.
So we will do a cascade control since it has the advantage
of controlling the voltage and current. It therefore seems
perfectly adapted to our application.
The figure below shows the principle of regulation:
Fig. 8. Schematic of chopper simulator on PSIM.

V. THE RESULTS OF SIMULATION WITH PSIM:
The evolution of the current in the inductance as a function
of time is presented in the figure below:

Fig. 11. Principle of regulation

With:
Vdc_réf : The reference voltage.

Fig. 9. Evolution of current IL as a function of time

It should be noted that the undulation of the current is less
than 10%, which validates the dimensioning of the inductance.

H1 ( p) : Processor

DiL ( p)
Da ( p)

H 2 ( p ) : Processor

DVdc ( p)
DiL ( p)

VII. SIMULATION RESULTS:
The output voltage to be controlled is compared to a
reference value by means of an error value. The error signal is
then corrected, and a reference current will be given by the
first corrector will be compared with the measured current,
which gives an error signal at the second controller input
which will provide a reference duty cycle compared to a saw
tooth signal to elaborate the control signal.

The curve below shows the variation of voltage Vdc .

The figure below shows the principle of regulation under
PSIM:

Fig. 10. Evolution of the voltage Vdc as a function of time

VI. CONTROL OF CHOPPER:
The main objective of the control is to control the
evolution of one or more physical quantities from one or more
control variables and this in a disturbed environment. These
disturbances are of an external nature (disturbance of the
measure, disturbance of the control …) or internal to the
system (model error, parametric uncertainty) and generally not
measurable.
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Fig. 12. Diagram of the regulation under PSIM
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less than 11 to 10.8V. The circuit must be opened as shown in
the figure above:

Fig. 13. Closed loop simulation curves
Fig. 16. Diagram of the control by checking the voltage of the battery

It is observed that for a constant input voltage the voltage
of the capacitive bus is regulated at 24 volts. The operation is
at constant power the value of the current in the self is the
lower the input voltage. The duty cycle is around 0.5 for an
input of 12V so the simulation is well consistent with the
theoretical calculation.

The results of the simulation are given in the following
figure:

Now, the model of the battery is integrated on the chopper
as indicated in the figure above.

Fig. 17. Results of the simulation by monitoring the battery

It is noted that if the voltage of the battery less than 10.8V
the discharge stops.

Fig. 14. Integration of the battery with the chopper

VIII. DETERMINATION OF DC BUS VOLTAGE:

The results of the simulation are given in the figure below:

The DC bus voltage Vdc is expressed as a function of the
fundamental rotor voltage at rotor level as follows:

Vdc =

P
U AB
6.m

(8)

With m: The modulation index of the inverter varies
between 0 and 1 for an MLI command.
For m=0.7 we have Vdc=238.18V (minimum), so for a
cyclic ratio of converter equal to 0.5, we get an input voltage
equal to 120V then we need 10 batteries of 12V to ensure
system startup.

Fig. 15. Simulation results by integrating the battery

It is noted that the control system reacts as required;
indeed the capacitive bus voltage is regulated to 24V as well
as the inductive current is regulated to 5.5A.
The voltage of the battery must not exceed a certain
minimum value it is the voltage below which one must never
descent, otherwise the battery well be damaged irreversibly:
1.6 to 1.9V per element. For a 12V block, if the voltage Vbat is
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Fig. 18. Simulation diagram under PSIM

The voltage at the DC bus level is shown in the figure
below:

Fig. 19. DC bus voltage
Fig. 22. Procedure for starting a DFIG based wind system

As shown in the appendix, the DC bus voltage is 240V.

The results of the simulation are given in the figure below:

The voltage at the rotor level of the DFIG is shown in the
figure below:

Fig. 20. DFIG rotor level voltage

One passes to the analysis FFT to see the amplitude of the
fundamental harmonic.

Fig. 23. Wind system response at strat-up

Fig. 21. Fundamental harmonic analysis
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At the end of this paper, we are interesting in starting a
DFIG based wind system in isolated mode via a DC/DC
converter and a battery bank. Regulation the DC bus voltage
and the inductive current is required to keep a constant voltage
by controlling the current.
We presented the various stages constituting the study
system as well as their dimensioning and modeling.
The control strategy adopted is based on the use of a PI
controller to control the evolution of the state variable. The
simulation results obtained showed that the developed control
makes it possible to start the system in question.

Fig. 24. Zoom on both Vdc1 and Vdc buses

The figure 21 shows the control of the DC bus during the
three start-up phases (Figure 22 is a zoom of the DC bus
voltage):
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Abstract—Direct Torque Control (DTC) is one of the most
excellent strategies of control for AC machine drives. It aims to
provide a decoupled control of torque and flux by the selection of
optimum inverter switching tables, there is no need for any
complex transformation of current or voltage. This paper present
of a design of DTC strategy for dual-star induction motor (DSIM)
drives which is fed by six-phase inverter. The dual-star induction
machine has two sets of stator three-phase windings spatially
shifted by 30 electrical degrees. The development of control
design in thispaper is based on an asymmetrical model. This
modelling uses a Vector Space Decomposition (VSD) approach to
transforms a sixdimensional system into a set of three twodimensional mutually orthogonal subspaces, flux and torque
producing components (α, β), and the loss-producing (x, y) and
zero-sequence (o1, o2) components. While the control of α–β
currents is crucial for flux and torque regulation, the control of
(x, y) currents is important for machine/converter asymmetry and
dead-time effect compensation. In this paper, direct torque
control strategy is parented for ual-star induction machine based
on asymmetrical modeling. The effectiveness of the control
algorithm is verified by simulation results obtained by
Matlab/Simulink software.
Keywords— Dual star induction motor, Asymmetrical model,
Six-Phase Two-Level Inverter, Direct torque control. Switching
table.

three-phase counterpart. In addition, the redundancy of the
phase number can be exploited in case of failures [4].
Among the different multiphase drive solutions, one of the
most interesting and extensively discussed in the literature is
the dual three-phase IM having two sets of three-phase
windings spatially shifted by 30 electrical degrees (so-called
quasi-six-phase machine) while the rotor winding is of squirrel
cage type and is the same as for a three-phase machine [5]. The
schematic of stator windings of a quasi-six-phase machine is
shown in Fig.1. Neutral points of the two windings can be
isolated or connected [6]. This configuration is referred to in
literature using different names, for example six phase
induction machine (6PIM), dual three-phase IM (DTPIM) [1],
double-star IM (DSIM) [7], dual-stator IM (DSIM) [8]. The
major reason for selecting the asymmetrical six-phase winding
instead of the true six-phase winding (60° displacement
between any two consecutive phases) was the elimination of
the sixth harmonic from the torque, which is important in sixphase IM drives using voltage source inverter (VSI) with sixstep operation (Fig.2).

I. INTRODUCTION
The main advantage of multi-phase drives is the possibility
to divide the controlled power on more inverter legs. That will
reduce the current stress of each switch, compared with a
three-phase converter. For this reason, multi-phase drives are
convenient in high-power and/or high-current applications
such as ship propulsion, aerospace applications, and
electric/hybrid vehicles. Other potential advantages of
multiphase drives over the three-phase ones are [1-4]: (1)
lower torque pulsations at high frequency, (2) reduced rotor
harmonic currents for induction motor drives, (3) higher power
per rms ampere ratio for the same machine volume, and (4)
reduced harmonic content of the DC link current in case of
VSI fed drives. Other potential advantages concern a higher
reliability at system level, since a multi-phase induction
machine can operate with an asymmetric winding structure in
case of loss of one or more inverter legs/machine phases.
In such applications, like electrical vehicles, often the low
available DC link voltage imposes high phase currents for a
three-phase drive. In this case, the dual-three phase induction
machine could be an interesting alternative to the conventional
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Fig.1 Dual-three phase induction machine.

A number of papers have discussed the method of
controlling the six-phase induction machine (6PIM).
Generally, the speed control of 6PIM is similar to the threephase induction motor (IM) [6]. The V/Hz control solutions for
dual-three phase induction motor drives [9] have limited
performance. For this reason, a Rotor Field Oriented Control
(RFOC) solution has been proposed in [10] in order to get
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decoupled control of the flux and torque. The RFOC scheme
must use current control loops to impose the flux and torque
producing stator current components. An alternative solution is
the use of DTC strategies [3;11-12]
To simplify the control scheme and to improve the dynamic
performance by eliminating the current control loops, this
paper presents a direct torque control solution for dual-three
phase induction motor which is fed by six phase VSI, this
control strategy is investigated by numerical simulation using
Matlab/Simulink software

A. Machine model in (α, β) subspace
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II.ASYMMETRICAL SIX-PHASE INDUCTION MOTOR MODEL
To model the six-phase induction machine, the powerful
Vector Space Decomposition (VSD) approach has been used
under some assumptions, they can be found in details in [3].
According to the VSD, the original six-dimensional system of
the machine can be decomposed into three orthogonal
subspaces (α, β), (x, y) and (o1, o2) introducing a 6×6
transformation matrix [T6] having the following properties:
·

The fundamental components of the machine variables
and the harmonics of order k =12 n ±1, (n=1,2, 3...) are
mapped in the (α, β) subspace. These components
contribute to the air-gap flux.
· The harmonics of order k = 6 n ±1, (n=1, 3, 5...) are
transformed in the (x, y) subspace. These harmonics (the
5th, 7th, 17th, 19th …) do not contribute to the air-gap
flux since the (α, β) and (x, y) subspaces are orthogonal.
· The zero-sequence components are mapped in the
(o1,o2) subspace.
Hence, from the point of view of flux and torque
production, the analysis and control of the machine using the
vector space decomposition approach is greatly simplified,
since the machine model in the (α,β) subspace is identical to
the model of a three-phase machine.
In order to obtain a simplified model to control this
machine, the decoupling transformation matrix T6 proposed in
[3,6], is used:
é1 -1/ 2 -1/ 2
3/2 - 3/2 0 ù
ê
ú
-1ú
3/2 - 3/2
1/ 2
1/ 2
ê0
ê
ú
1 1 -1/ 2 -1/ 2 - 3 / 2
3/2 0 ú
(1)
éëT6 ùû = ê
3 ê 0 -1/ 2 -1/ 2
- 3/2
3/2 0 ú
ê
ú
1
1
0
0
0 ú
ê 1
ê 0
0
0
1
1
1 úû
ë
The Transformation matrix for asymmetrical multiphase
machines with multiple three-phase windings is most easily
formed using the vector space decomposition (VSD) approach,
detailed in [1].
By Applying this transformation to the voltage equations,
the original six-dimensional stator system can be decomposed
into three two-dimensional decoupled Subsystems: (α, β), (x, y)
and (o1, o2).

ISBN: 978-9938-9937-0-7

$ :;

$

052 64 subspace

<=<>

0782 794 subspace

Fig.2 Per-phase equivalent circuit of the dual star machine.

The (α, β) machine model is similar to the three-phase machine
model in the stationary reference frame.
ì v s = v s a + jv s b
ì v s = R s i s + sy s
ï
ï
ïi s = i s a + ji s b
ï 0 = R r i r + sy r - j wry r
ï
ï
(2) í i r = i ra + ji r b
(3)
í y s = Ls i s + M sr i r
ïy = M i +L i
ï
sr s
r r
ï r
ï y s = y s a + jy r b
ïîTe = p (y s a i s b -y s b i s a )
ï y = y + jy
ra
rb
î r
Where p is the number of pole pairs.
B. Machine model in (x-y) subspace
é vso1 ù é Rs + sLs
êv ú = ê 0
ë so 2 û ë

0 ù é iso1 ù
Rs + sLs úû êëiso 2 úû

(4)

C. General remarks
It is observed from the above equations that all the
electromechanical energy conversion related variable
components are mapped into the (α, β) subspace, and the Nonelectromechanical energy conversion related variable
components are transformed to the (x, y) and (o1, o2)
subspaces. The currents components in the (x, y) and (o1, o2)
subspaces do not contribute to the air-gap flux and are limited
only by the stator resistance and leakage inductance, which is
usually small. These currents will only produce losses and
consequently should be controlled to be as small as possible.
Therefore, the dynamic equations of the machine are totally
decoupled, and as result, the analysis and control of the
machine can be greatly simplified [3].
III.SIX-PHASE TWO-LEVEL INVERTER
Two three-phase two level Voltage Source Inverters (VSIs)
with common dc source are used to realize a six-phase VSI.
Each inverter leg can be in one of the two switching states,
depending on whether the upper or the lower switch is on (S =
1 or 0, respectively) [15].
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A two-level hysteresis comparator is used for flux
regulation, it allows to dropping easily the flux vector
extremity within the limits of the two concentric circles with
close radius as shown in Fig.4. The choice of the hysteresis
bandwidth hy s depends on the switching frequency of the
inverter.

Fig.4 Two level hystersis comparator for flux control.

Fig.3 Windings of the Double-star induction machine (DSIM).

For a six-phase inverter, there are 26 = 64 possible switching
combinations. Each switching combination is defined by a
binary value of Vi = Sa Sb Sc Sd Se Sf, where Sx (x= a, b, c, d, e,
f) is the switching function of the corresponding leg and Vi is
the voltage vector formed by the ith switching combination.
Every vector generated by the six-phase VSI has particular
projections in the dq and xy subspaces, which can be obtained
using [7] (a = exp(jπ/6)):

The stator flux error is defined by the difference between the
references values of flux and the actual estimated values:
Dy s = y s* - y s

The torque regulation can be realized using threelevel hysteresis comparator (Fig.5), it allows to control the
motor in both rotation senses.

A combinatorial analysis of the inverter switch state shows
64 switching modes. So, 64 different voltage vectors can be
applied to the machine.

1
V ab =V a + jV b = (V a + aV b + a 4V c + a5V d + a8V e + a 9V f )
3
(5)
1
V xy =V x + jV y = (V a + a5V b + a8V c + aV d + a 4V e + a 9V f )
3
(6)
By using the transformation matrix, the 64 voltage vectors
are projected on the three subspaces (d, q), (x, y) and (o1, o2).
It can be shown that, because the neutrals of the two windings
sets are isolated, the (o1, o2) voltage vectors are all equal to
zero. So, the aim of the control strategy is to generate
maximum (α, β) voltages and minimum (x, y) voltages [6], [7].
IV.DIRECT TORQUE CONTROL OF DOUBLE-STAR INDUCTION
MOTOR
Direct Torque Control (DTC) was introduced as an
alternative to the field oriented control (FOC) technique more
than three decades ago in order to give a fast and good
dynamic torque response [13] [16]. This method presents the
advantage of a very simple control scheme of stator flux and
torque by using two separated hysteresis controllers, which
give the input voltage of the motor by selecting the appropriate
voltage vectors of the inverter through a lookup switching
table. The application of this principle allows to achieve a
decoupled control of flux and torque without the need of
coordinate transformations, PWM pulse generators and current
regulators [14].
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Fig.5 Three level hystersis comparator for torque control.

The torque error is defined by the difference between the
references values torque and the actual estimated values:

DTe = Te* - Te

(7)
In DTC strategy, the proper voltage vector should be
applied is based on the stator flux and torque errors with
respect to their reference values [8], [9]. However, the choice
of voltage vector is not only depending on the output of
hysteresis controllers, but on the position of stator flux vector
also. Thus, the circular stator flux vector trajectory will be
divided into six symmetrical sectors.
If the zero vectors V0 and V7 are selected, the stator flux will
stop moving and its magnitude will not change, the
electromagnetic torque will decrease, but not as much as when
the active voltage vectors are selected [16].
The resulting look-up table for DTC which proposed by
Takahashi is presented in Table.I
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TABLE I. Switching Table
Sector

!

!

!

Error
"#$ = 1

"#$ = 0

"%& = 1

!2

!3

!4

!5

!6

!1

"%& = 0
"%& = '1
"%& = 1
"%& = 0
"%& = '1

!7
!6
!3
!0
!5

!0
!1
!4
!7
!6

!7
!2
!5
!0
!1

!0
!3
!6
!7
!2

!7
!4
!1
!0
!3

!0
!5
!2
!7
!4
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The estimation of the stator flux usually is done by
the integration of the back-emf (Electromotive force). The
stator flux components can be expressed using stator voltages
and currents in the stationary reference frame (α, β) by:
t
ì
ïy sa = ò0 (Vsa - Rs isa ) dt
(8)
í
t
ïy = (V - R i ) dt
s sb
î sb ò0 sb
The stator flux magnitude and flux angle can be computed as:

y s = y 2 +y 2
sa

show the perfromance analysis of DTC controlled dual three
phase induction machine based on asymmetrical model.
Different operation condtions have been done, such as, starting
up and steady state, load application and speed serse reversing.

(9)

sb
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V.STATOR FLUX ESTIMATION
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VI.SPEED REGULATION

-150
0

The used speed controller is PI anti-windup for reference
torque generation and to obtain high performance speed
control of induction motor by cancel the of integrator windup
due to saturation (so-called windup phenomenon) [11], [12].
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Fig.8 Rotor speed during starting up followed by load application and sense
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Fig.7 shows the global control diagramme of direct torque
control for asymmetrical dual three phase IM based on
switching table.
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Fig.9 Electromagnetic Torque with load application and sense reversing [N.m]
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To overcome this phenomenon the strategy consist on the
correction of integral action based on the difference between
the control signal and the saturation limit Fig.4, the difference
value passed through a gain block (tracking time constant %( )
before arriving as feedback to the integrator.
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Fig.10 Stator flux components (ψsα, ψsβ) [A].
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Fig.7 Direct torque control of DSIM basic scheme based on switching table.

VII.SIMULATION RESULTS

0.8

0.6

0.4

0.2

The global DTC control algorithm has been simulated by
using Matlab/Simulink software. The characteristics of the
dual three phases squirrel-cage induction motor which used in
simulation are given in the appendix. The following figures
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Fig.14 Stator current components (isα, isβ) [A].
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As expected, the DTC control scheme provides fast torque
and responses according to speed reference of 120 (rad/s), in
Fig.8, the rotor speed resepnse followed by load introduction at
t=0.5s is presented, it provides an acurate refernce tracking,
good diturbance rejection and quick responding during the
sense reversing. Next, Fig.9 illustarates the torque response at
the same previous condition, it shows a fast respnse to load
introdction and while reversing with accetptible ripples level.
Then, the estimated stator flux is shwon in Fig.10-12, the stator
flux componatns, magnitude and trajectory, the componatns
show good wavefrom and acceptible ripples level, the flux
magnitude is featured also by good tracking and fast response,
the flux trajectory in Fig.10 is prefectly ciculair.
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Fig.13 exhibt the six phase stator voltages provided by the
VSI which fed the DSIM. Then Fig.14 presnted the stator
current componants in (α, β) subspace. These currents are the
actives currents in the control scheme, they are reponsible for
torque and flux producing. From the figures (isα, isβ) show
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good sinsiod wavefrom in spite of harmonics, this refect an
acceptble performance of DTC strategy. Figs.15-16 present the
the stator current componants in (x, y) subspace. These
currents can be considered as a non-actives currents in the
control scheme, they are reponsible for losses and harmonics
producing. From the figures, they show a rated amplitude
which can influence the phase currents. Finally, in Fig.17 the
stator phase current is presented during load application. It can
be noticed that the phase currents are distorted due to the
considerable amplitude of currents harmonics in the subspace
(x,y), as much these compontans are reduced the phase current
waveforme can be enhanced.
VIII.CONCLUSION
In this paper, Direct Torque Control (DTC) scheme for
double-star induction motor bases on asymetrical model has
been presented. The controlled machine is fed through a sixleg inverter which can provide 64 possible voltage vectors, this
gives more accuracy to the control of the stator flux and
torque. The inverter switching states are generated by a look
up switching table. The simulation results are presented to
verify the feasibility of DTC scheme for double-star induction
motor. This strategy achived a good flux and torque
decoupling and fast reponse. The harmonic currents on the (x,
y) subpace show a rated amplitude which effect on the
distortion of phase currents. The main objective of this paper is
to design DTC scheme of DSIM using
the modifed
asymetrical model. In order to minimize the harmonics, an
alternatif improved DTC strategies are proposed, like using
extended swichting tables or constant swiching frequency
modulation. This topic will be the subject of future work.
APPENDIX
The parameters of the three-phase Induction motor,
employed for simulation, in SI units are:
1.1kW, 50 Hz, p=2, Rs=1.9 Ω, Rr=2. 1Ω, Ls=Lr= 0.1782 H,
Msr= 0.1650 H, f=0.002 SI, J=0.02 kg.m²
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Abstract — This paper presents an improved Direct Torque
Control (DTC) method for dual star induction machine (DSIM).
Since the main drawback of the conventional DTC are the high
torque and flux ripples, the proposed soluation in this paper inserts
the space vector modulation (SVM) in order to preserve a constant
switching frequency and reduce the ripples. Besides, the fuzzy logic
controllers will replace the conventional proportional-integral (PI)
controllers for stator flux and torque regulation to ensure an
accurate reference tracking, robustness against external
disturbance and less sensitivity to the machine parameters. The
development of control design use an asymmetrical model of
DSIM. This modelling uses a Vector Space Decomposition (VSD)
approach to transforms a six-dimensional system into a set of three
two-dimensional mutually orthogonal subspaces, flux and torque
producing components (α, β), and the loss-producing (x, y) and
zero-sequence (o1, o2) components. In this paper, direct torque
control strategy is parented for six phase induction machine based
on fuzzy logic controlle using asymmetrical modeling. The
effectiveness of the control algorithm is verified by simulation
results obtained by Matlab/Simulink software.
Keywords— Dual-three phase induction motor, Space vector
modulation (SVM), Fuzzy logic controllers (FLCs), Direct torque
control (DTC), Asymmetrical model.

I.INTRODUCTION
The main advantage of multi-phase drives is the possibility
to divide the controlled power on more inverter legs. That will
reduce the current stress of each switch, compared with a threephase converter. For this reason, multi-phase drives are
convenient in high-power and/or high-current applications such
as ship propulsion, aerospace applications, and electric/hybrid
vehicles[2].
Among the different multiphase drive solutions, one of the
most interesting and extensively discussed in the literature is the
dual three-phase IM having two sets of three-phase windings
spatially shifted by 30 electrical degrees (so-called quasi-sixphase machine) while the rotor winding is of squirrel cage type
and is the same as for a three-phase machine [3.4].
The Direct Torque Control was proposed as an alternative to
the field oriented control (FOC) in order to ensure high
efficiency decoupled control of stator flux and electromagnetic
torque. DTC has offered simpler scheme, faster response and
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less dependence on machine parameters than FOC. Moreover, it
does not require coordinate transformation or current regulation
loop [1]. However, the main problems of this method are the
high level of torque and flux ripples and the variable switching
frequency due to use of hysteresis comparators and switching
table for voltage vector selection [3].
The space vector modulation (SVM) strategy has been
discussed in literature. It replaces the switching table by voltage
modulator for the voltage vector selection. By maintaining a
constant switching frequency, it can reduce considerably the
flux and torque ripples[1]. On this context, the SFOC based
SVM-DTC will take our interest in this paper [4]. However, the
use of PI controllers requires the knowledgof the exact model of
the controlled system. Besides, the selection of controller gains
is not easy task especially in practice.
Several control strategies have been presented to overcome
these drawbacks, such as fuzzy logic controllers. The fuzzy
logic controllers (FLC) has been incorporated with DTC
strategy in several works[5], [6]. they can offer good response
and accurate tracking without the knowledge of the control
system model. For SVM-DTC scheme, they can provide fast
dynamic response and better performance for low speed
regions.Therefore, they will be used in this work instead of the
conventional PI controllers for flux and torque regulation.
To simplify the control scheme and to improve the dynamic
performance by eliminating the current control loops, this paper
presents a direct torque control solution with SVM for dualthree phase induction motor using fuzzy logic controllers, this
control strategy is investigated by numerical simulation using
Matlab/Simulink software
II.ASYMMETRICAL DAUL THREE PHASE INDUCTION MOTOR
MODEL
To model the daul three phase induction machine, the
powerful Vector Space Decomposition (VSD) approach has
been used under some assumptions, they can be found in details
in [4]. According to the VSD, the original six-dimensional
system of the machine can be decomposed into three orthogonal
subspaces (α, β), (x, y) and (o1, o2) introducing a 6×6
transformation matrix [T6] having the following properties:
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The fundamental components of the machine variables and
the harmonics of order k =12 n ±1, (n=1,2, 3...) are
mapped in the (α, β) subspace. These components
contribute to the air-gap flux.
The harmonics of order k = 6 n ±1, (n=1, 3, 5...) are
transformed in the (x, y) subspace. These harmonics (the
5th, 7th, 17th, 19th …) do not contribute to the air-gap flux
since the (α, β) and (x, y) subspaces are orthogonal.
The zero-sequence components are mapped in the
(o1,o2) subspace.

The (α, β) machine model is similar to the three-phase machine
model in the stationary reference frame.
ì v s = v s a + jv s b
ì v s = R s i s + sy s
ï
ï
ïi s = i s a + ji s b
ï 0 = R r i r + sy r - j wry r
ï
ï
(2) í i r = i ra + ji r b
(3)
í y s = Ls i s + M sr i r
ïy = M i +L i
ï
sr s
r r
ï r
ï y s = y s a + jy r b
ïîTe = p (y s a i s b -y s b i s a )
ï y = y + jy
ra
rb
î r
Where p is the number of pole pairs.

Hence, from the point of view of flux and torque production,
the analysis and control of the machine using the vector space
decomposition approach is greatly simplified, since the machine
model in the (α,β) subspace is identical to the model of a threephase machine.
In order to obtain a simplified model to control this machine,
the decoupling transformation matrix T6 proposed in [2,4], is
used:
é1 -1/ 2 -1/ 2
3/2 - 3/2 0 ù
ê
ú
3/2 - 3/2
1/ 2
1/ 2
-1ú
ê0
ê
ú
1 1 -1/ 2 -1/ 2 - 3 / 2
3/2 0 ú
(1)
éëT6 ùû = ê
3 ê 0 -1/ 2 -1/ 2
3/2 0 ú
- 3/2
ê
ú
1
1
0
0
0 ú
ê 1
ê 0
0
0
1
1
1 úû
ë
The Transformation matrix for asymmetrical multiphase
machines with multiple three-phase windings is most easily
formed using the vector space decomposition (VSD) approach,
detailed in [1].
By Applying this transformation to the voltage equations,
the original six-dimensional stator system can be decomposed
into three two-dimensional decoupled Subsystems: (α, β), (x, y)
and (o1, o2).
A. Machine model in (α, β) subspace
,. -# . /#%&

!
' %&
((((((()
$

"#

+#

( , $)
012
34 subspace
pa
%#
"#

$ :;
052 64 subspace

$

ù éis x ù
ê ú
Rs + sLs úû ëêis y ûú
0

<= !

0782 794 subspace

(4)

C. General remarks
It is observed from the above equations that all the
electromechanical energy conversion related variable
components are mapped into the (α, β) subspace, and the Nonelectromechanical energy conversion related variable
components are transformed to the (x, y) and (o1, o2) subspaces.
The currents components in the (x, y) and (o1, o2) subspaces do
not contribute to the air-gap flux and are limited only by the
stator resistance and leakage inductance, which is usually small.
These currents will only produce losses and consequently
should be controlled to be as small as possible. Therefore, the
dynamic equations of the machine are totally decoupled, and as
result, the analysis and control of the machine can be greatly
simplified [1, 4].
III.SVM-BASED FUZZY DIRECT TORQUE CONTROL
A. SFOC control strategy
The SVM-DTC control strategy is expressed in stator-flux
oriented coordinates (SFOC). The orientation makes a
decoupling between flux and torque where the stator flux vector
becomes aligned with the d-axis. It is well known that the q-axis
is the magnetizing axis and the q-axis is the torque axis [10].
The model in synchronous frame can be expressed as follows:
(5)

The voltage model can be written as follows:

ì
ïvsd = Rs isd +y s
í
ï
îvsq = Rs isq +y s

(6)

The electromagnetic torque is as follows:

%#

Fig.1 Per-phase equivalent circuit of the dual star machine.
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B. Machine model in (x-y) subspace

Te = py s isq
(7)
The voltage model expresses that the stator flux and torque
are related with d-q components; Eq. (5) can be written as
follows:
RT
Vsq = s e + wsy s
(8)
py s
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B. Space Vector Modulation
The produced reference voltages by the control law will be
coordinate transformed; after that, the SVM unit modulates
them to generate the inverter’s command states. The switching
frequency of the space vector modulation is constant; as a result,
it can reduce considerably the torque and flux ripples.
The principle of SVM method is to predict the voltage vector
and calculate it based on each of the three adjacent vectors in
each sector. The application time for each vector can be
obtained by vector calculations, and the rest of the time period
will be spent by applying the null vector [8, 12]. The space
vector for a two-level inverter is shown in Fig. 2.

The factors Ke and Kce are the normalizing factors, which
map the input variables, and Ku is defined to map the
normalized output signal to the actual output range. There are
seven variables for the input variables, defined in the fuzzy sets:
PB, PM, PS, Z, NS, NM, and NB. Moreover, extra variables are
added in the fuzzy sets for the output variables (PMB, PMS,
NMB, NMS) to improve the dynamic performance and obtain
more refined output. The asymmetric triangles are selected as
the membership function in inputs in order to obtain a fast
response and high accuracy for steady state, which is different
from the conventional design [14].
Figs. 3 and 4 show the membership functions of the inputs and
the outputs, respectively.
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In this section, a separated fuzzy logic controllers (FLCs)
replace the conventional PI controllers to achieve decoupled
flux and torque control and generate the reference’s voltages in
the synchronous frame.
The fuzzy logic control can handle complicated nonlinear
systems, which have a degree of uncertainty. It does not require
exact system modeling and parameters identification. This
makes FLC very suitable for motor drive control [5].
The use of FLCs in SVM-DTC drive improves its
performance and guarantees a desired operation during the
steady state, while keeping the same original advantages of the
DTC method such as fast dynamic [11, 15]. The diagram of the
used FLC for flux and torque is illustrated in Fig.3:

Table I shows the inference rule used in this paper, which is
the key part of the FLC.
TABLE. I Fuzzy Rules Base
e
ce
NB
NM
NS
ZE
PS
PM
PB

NB

NM

NS

ZE

PS

PM

PB

NB
NB
NBM
NM
NMS
NS
ZE

NB
NBM
NM
NMS
NS
ZE
PS

NBM
NM
NMS
NS
ZE
PS
PMS

NM
NMS
NS
ZE
PS
PMS
PM

NMS
NS
ZE
PS
PMS
PM
PBM

NS
ZE
PS
PMS
PM
PBM
PB

ZE
PS
PMS
PM
PBM
PB
PB

The global control scheme of SFO SVM-DTC with fuzzy
logic controllers for dual three phase IM is presented in Fig.6

Fig.3 Diagram of the FLC.

Generally, FLC is composed from three basic sections:
Fuzzification process, linguistic rule base and defuzzification
process. The error between the desired, the actual values, and its
time derivative are considered as the input variables.
The flux magnitude and torque errors are defined by:
ìe = T * - T
e
e
ï Te
(9)
í
*
ïîey s = y s - y s
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IV.SIMULATION RESULTS
The global control algorithm has been simulated by using
Matlab/Simulink software. The characteristics of the dual threephase squirrel-cage induction motor which used in simulation
are given in the appendix. The following figures show the
a

comparative evaluation between the proposed SVM-DTC using
fuzzy logic controllers and the conventional direct torque
control with switching table. The operated test is a reversal
maneuver of (120 rad/s) of rotor speed with 15 N.m of load. The
figures are specified by (a) for classical DTC and (b) for the
fuzzy logic SVM-DTC.
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Fig. 14 Electromagnetic Torque with load application and sense reversing [N.m]

Firstly, Figs.7-9 illustrate the evolution of stator flux for the dual
three induction motor in cases of conventional DTC and
proposed SVM-DTC with fuzzy logic controllers (FLC)s, the
stator flux magnitude, componatns and trajectory, the
componatns show good wavefrom, the flux magnitude is
featured also by good tracking and fast response, the flux
trajectory in Fig.10 is prefectly ciculair. It can be observed that
the combination of SVM and FLCs has reduce the high ripples
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in the stator flux. Next, in Fig.10 (a-b), the stator courant (α, β)
components, the figure shows that the fuzzy SVM-DTC in
Fig.10(b) provides smoother current waveform and lower
harmonics level than the transitional method in Fig.10(a) due to
the constant switching frequency of SVM. After that, Figs.1112 exhibit the stator current componants in (x, y) subspace.
These currents can be considered as a non-actives currents in the
control scheme, they are reponsible for losses and harmonics
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producing. In addition, they influence the phase currents. From
figures we deduce that the application of space vector
modulation has reduced the amplitude of these currents. By
consquence, the wavefrom of phase current has been greatly
improved in Fig.12. Finally, Fig.13(a-b) presents the
comparaison of the eletromagentic torque, the SVM has
minimized the torque ripples as shwon in Fig.13(b) compared to
Fig.13(a) Moreover, the fuzzy logic contoller has reduced the
overshoot which presented by the traditional controllers
V. CONCLUSION
This paper presents an improved SVM-Direct torque control
scheme based on fuzzy logic controllers of DSIM using the
modifed asymetrical model. The controlled machine is fed
through a six-leg inverter which can provide 64 possible voltage
vectors, this gives more accuracy to the control of the stator flux
and torque.
The reference voltages direct and quadrature components
have been generated based on decoupled FLCs controllers for
stator flux and electromagnetic torque control. This combined
algorithm has been designed to overcome different drawbacks
belonging to DTC control scheme. The use of space vector
modulation has many advantages, where they have been verified
by simulation using Matlab/Simulink, such as: reduced torque
and flux ripples and good response, low harmonics and good
waveform of stator phase current, and constant switching
frequency. In order to gain more optimized performances, the
FLCs which don’t require the knowledge of the exact
mathematical model have replaced the conventional PI
controllers. They have a faster dynamic, accurate tracking and
robustness against parameters variation and external load
disturbance. SVM-DTC is a good solution to improve the
classical DTC performances, the insertion of intelligent
controllers can get more high performances for induction motor
electrical drives.
APPENDIX
The parameters of the three-phase Induction motor,
employed for simulation, in SI units are:
4 kW, 50 Hz, p=2, Rs=1.9 Ω, Rr=2. 1Ω, Ls=Lr= 0.1782 H, Msr=
0.1650 H, f=0.002 SI, J=0.02 kg.m²
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Abstract-- Vibration-based energy harvesting has been
investigated by several researchers over the last decade. The
goal in this research field is to power small electronic
components by converting the waste vibration energy
available in their environment into electrical energy. This
paper proposes a bond graph approach capable of modeling
piezoelectric energy harvesters. The model is parameterized
enabling simple introduction of relevant physical parameters.
The bond graph model is verified by comparison to examples
for which analytical and experimental solutions has been
published. The bond graph model is valid close to the
analyzed mode center frequency and delivers results within
0.5% compared to experimental and analytical data. The
here presented model enables efficient analysis of harvester
design and changes of harvesting conditions.
Index Terms--Energy Harvesting, Piezoelectric, Vibration,
Energy generation, Bond Graph

2. INTRODUCTION
Vibration-based energy harvesting has been investigated
by numerous researchers, starting with the early work of
Williams and Yates [1] in 1996. They described the basic
transduction mechanisms that can be used for this purpose
and provided a lumped-parameter base excitation model to
simulate the electrical power output for electromagnetic
energy harvesting. As stated by Williams and Yates [1],
the three basic vibration-to-electric energy conversion
mechanisms are the electromagnetic [2]-[4], electrostatic
[5], [6] and piezoelectric [7], [8] transductions.
Piezoelectric power generators can harvest electrical
energy from mechanical vibrations based on the direct
piezoelectric effect. These generators have been
extensively studied as allow-cost and efficient alternative
for low-level energy harvesting. Researchers have
proposed
various
models
to
represent
the
electromechanical behavior of piezoelectric energy
harvesters, which range from lumped parameter models
[9]-[12] to Rayleigh–Ritz type approximate distributed
parameter rmodels [10], [11], [13] as well as analytical
distributed parameter solution at tempts [14], [15].
Recently, certain issues observed in some of these lumped
parameter and distributed parameter piezoelectric energy
harvester models have been clarified in the literature [16].
More recently, the analytical distributed parameter
solutions for unimorph [17] and bimorph [18]
piezoelectric energy harvester configurations with closed-
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form expressions have been presented. Convergence of the
Rayleigh–Ritz type electromechanical solution [10], [11]
to the analytical solution given by Erturk and Inman [17]
was observed by Elvin and Elvin [19] when sufficient
number of admissible functions were used. The lumped
parameter solution [13] have been found useful for a
fundamental understanding of the problem and to
investigate the optimization of system parameters for
better electrical outputs [20], [21]. However, accurate
prediction of the electromechanical behavior of
piezoelectric energy harvesters requires using distributed
parameter solutions.
Experimental verifications and validations were also
reported for the approximate [10], [11] and analytical
[12],
[18]
(beam-type)
distributed
parameter
electromechanical solutions.
The proposed bond graph model enables modeling
including non-ideal components and electromechanical
couplings for a cantilever harvester, with or without a tip
mass. According to different mechanical conditions, the
system parameters used in the equivalent circuit model are
determined by bond graph theoretical analysis.
3. BOND GRAPH APPROACH
Bond graph were created by Henry Paynter at MIT
during the fifties [22]. Paynter noted that distinct domains,
such as electrical, mechanical and fluid systems, were
modelled by equations of the same form. These systems
are nowadays commonly called analogous. The bond
graph method is a graphical modelling tool based on the
energy transfer rate within the system. The constitutive
elements are interconnected by bonds that specify the
power transfer between them [23].
Therefore, power between the distinct components is
the main concept supporting the description of physical
systems. Since then, the bond graph theory has been
developed by many researchers [24]-[27] that extended the
technique to power hydraulics, mechatronics, thermodynamics and, more recently, ton on-physical systems like
micro-economy [28]-[29] and architecture [30]- [32].
The main key points of the bond graph methodology
are: A model containing the energetic junction structure, i.
e., the system architecture; different energy domains are
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covered and the coupling of subsystems is allowed; the
cause to effect relations of each element are obtained
graphically; and the state variables have a physical
meaning [33].
4. MODELING OF PIEZOELECTRIC HARVESTERS
In our case, the piezoelectric harvesting is of special
interest, so this transducer mechanism will be investigated
in detail in the following.

the energy stored on the piezoelectric capacitance and the
energy absorbed by the electrical load. The latter energy is
the part which is actually being harvested.
B. Equivalent electrical system
A piezoelectric harvester can be described with an
equivalent electrical system, as depicted in Figure (2).

A. Mechanical model of kinetic harvesters
Inertial based kinetic energy harvesters are modeled as
second-order spring-mass-damper systems. The general
model of kinetic energy harvesters was first developed by
Williams and Yates [1]. Figure (1) shows the general
model of a kinetic energy harvester composed of lumped
elements with a transducer connected to an electrical
interface circuit. The framer presents the harvester which
consists of a seismic mass m suspended on a spring with
the stiffness kS, generating are sonant spring-mass system.

Fig. 2. Equivalent circuit of piezoelectric bimorph cantilever
harvester.

Fig. 1. Model of a kinetic energy harvester structure composed
of lumped elements with connected electrical harvesting circuit

Since the time constant of the mechanical cantilever
system and internal piezoelectric inertia are far apart, a
simple model of the piezoelectric element is sufficient for
this analysis. More detailed models of piezoelectric
transducers are available and could be of interest in future
work [34]. This enables the piezoelectric layer to be
modeled as a simple current source, an internal
capacitance and an internal resistance. The electrode and
substructure of the harvester create a capacitor Cp with the
piezoelectric material as a dielectric. The internal
resistance of the dielectric is expressed by Rp. The
internal capacitance and resistance for each layer can be
obtained by:

The spring mass damper system shown in figure (1) can
be modeled by the differential equations:



ma  mz   dz   kz  Vp
I  z  ! C pVp

"

(1)

The energy balance of the vibration harvester system
can be derived by multiplying equation (1) with the mass
velocity z  #t $ and integrating over the time variable t:

1

1

%t  m #z $  & d #z $ %t  kz
&1444maz
2 424443 14444244443 {
2
4244443 144
total

 & Vp z %t
14444244443

2

kinetic

2

damping

2

elastic

(2)

&

(3)

Expression (1) states that the energy injected into the
system is composed of the kinetic energy, the mechanical
damping losses, the elastic energy and the energy
converted into electrical energy. According to (2), the
energy converted into electrical energy is separated into
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S 33bL
hp

, Rp  Qp

hp

(4)

Lb

The current generated by the piezoelectric layer, ip(t),
depends on the derivative of the modal mechanical
function as

ip #t $  k1

%

1

#t $

(5)

%t

Where the coupling term k1 from the mechanical to
electrical system is described by (6)

k1 

electric

1
Vp z %t  C pVp2  & Vp I %t
2

Cp 

e31 #hp  hs $b %!1 #t $
.
2
%x

(6)
x L

C. Maximum output power
The main figure of merit of interface circuits for any
kind of generator is the power which they are able to
extract. Therefore, it is helpful to know the absolute
maximum power which can be extracted from the
harvester. Although this is only a theoretical value which
cannot be achieved in real applications, it is never the less
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a means for classifying the actual extracted power.
Basically, a generator with internal impedance Z
outputs a maximum power if it is terminated by a load

dissipated at the load resistor represents the maximum
extractable power, and it can be calculated as:
'
(
** 0.5V mc ))
))
**
**+
2 )),

Rmc

2

impedance equal to its conjugate complex impedance Z .
Using the simplified model from figure (3), the internal
impedance of a piezoelectric harvester is given as:

1

Z
j "C p 
Rmc

(7)

1
1

 j "Lmc
j "C mc

Rmc

(8)

1
1
!
! j "Lmc
j "C mc

Thus, in order to get an electrical equivalent circuit
representing Z , each capacitor within Z has to be
substituted by an inductor and vice versa, leading to the
equivalent circuit shown in figure (4). The conjugate
pair

C p ! Lp

(10)

Where VP,mc indicates the root mean square voltage at the

and Rmc  d 2 as


given in equations (8) and (10) can be finally expressed as

' ()
**ma )
*+ ,)

8dmc

2

Plim

(11)

D. Bond graph model

Fig. 3. Piezoelectric model with conjugate complex load

complex

Rmc

voltage source Vmc. For V mc  ma

1
!j "C p 

Vp2,rms

load resistor, and V mc denotes the amplitude of the

By substituting the imaginary j by −j, the conjugate
complex impedance can be written as:

Z

Plim 

represents

infinitely

Bond graph is widely used in industry to simulate and
verify multidisciplinary systems. To help the development
of energy harvesting transducers and circuits it is highly
desirable to create a model for piezoelectric vibration
harvesters in bond graph. To be able to implement a model
in bond graph a number of simplifications has to be made.
The point of observation on the mechanical system has to
be reduced to only one point, e.g. the tip movement of the
cantilever. In the models current state, only one mode can
be simulate data time, therefore we selected the first mode
due to its dominating part of the output and the model only
considers transverse base excitation.

high

impedance, and the other pairs C ! L and L ! C create a
zero impedance, if the values of the load impedance
components are set as follows:
Lp 

1
2

" Cp

, Lmc 

1
2

" C mc

, C mc 

1
2

" Lmc

(9)
Fig. 5. Bond graph model of a piezoelectric bimorph cantilever
harvester

Fig. 4. Simplified piezoelectric model with conjugate complex
load

In this case, the circuit from figure (3) reduces to the
circuit depicted in figure (4), which represents a simple
resistive voltage divider. The root mean square power
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The model takes the displacement of the base as an
input, where volt represents meter. The motion of the base
has been reduced to transverse displacement (see figure
(5)). The input displacement is derived in two steps to
obtain the velocity and acceleration of the base. The
gyrator GY converts the acceleration of the base to a
force.
The piezoelectric layer can be modeled as a current
source, internal capacitance and an internal resistance. The
internal capacitance Cp and internal resistance Rp in the
equivalent electrical circuit is represented by R2, R3, C1
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and C2 in the bond graph model.
4. SIMULATION RESULTS
Figures 6, 7 and 8 show how the resonance frequency
of the harvester changes with different electrical loads. By
changing the load from 1k to 470k, the center frequency
changes from 45.7 Hz to 48.2 Hz, respectively. This result
indicates that the electrical load must be considered when
tuning the harvester to its application frequency.
Otherwise, the harvester might not be working at its
optimum, and its power output would be reduced.

Fig. 9. Maximum power output with linear resistive loads

Figure (10) shows at what frequency the maximum
power output in figure (9) was achieved. The center
frequency of the harvester depends on the electrical load,
where the relationship between the center frequency and
load resistance can be observed in figure (10).

Fig. 6. Voltage output with 1k load resistor

Fig. 10. Excitation frequency at which maximum power can be
extracted

Figure (10) shows that the center frequency of the
mechanical system varies more than 5% depending on the
resistive load.
Fig. 7. Voltage output with 33k load resistor

Fig. 11. Tip displacement with a 1mm step on the base of the
harvester.
Fig. 8. Voltage output with 470k load resistor

Figure (9) shows a summary of the maximum power
output that can be extracted from the harvester at
frequencies close to w1 in the AC simulations.
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By exciting the base of the harvester with a step
function, the response of the system can be observed in the
time domain, as shown in figure (11). Three electrical
loads (1k, 33k and 470k) yield three different step
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[14] N. E. du Toit, B. L. Wardle, S. -G. Kim, Design considerations for
MEMS-scale piezoelectric mechanical vibration energy harvesters,
Integrated Ferroelectrics 71 (2005) 121–160.

responses.
3. CONCLUSION
Piezoelectric energy harvesting is a promising
technique for powering small-scale standalone electronic
devices. The work presented in this paper discussed the
using of simple and reliable approach (bond graph) in
order to optimize piezoelectric energy harvesting by
focusing on modeling and circuit topology design.
The bond graph model presented in this paper can take
the physical dimensions and properties of a piezoelectric
vibration harvester and model the behavior of it. This
enables to simulate the harvester in conjunction with its
harvesting circuitry and how eventual changes to the
harvester affect the system.
The model also enables simulations with non-ideal
electrical components, which can be used to provide a
more accurate representation of a real system. The bond
graph model can be used to optimize both the harvester
and the harvesting circuit to fit its operating conditions.
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Abstract-- This paper provides a comparative study of some
unconstrained optimization methods to model single diode
model. This modeling approach focuses on iterative
techniques which attempt to minimize a cost function, and
then find the optimum solution. Several methods are using in
this work, like: Newton-Raphson’s method, Golden Section
method and Secant method. These different techniques are
applied to a single diode model and compared with data
experiments.
Index Terms-- Single diode model, Newton-Raphson’s
method, Golden Section method, Secant method.

1. INTRODUCTION
Transformation of the solar source to electrical energy is
named as photovoltaic (PV) power conversion. This kind
of power does not cause any form of pollution or another
noise. The basic element of a PV scheme is a solar cell,
and a set of these cells connected in parallel and series
constitute the PV system or commonly named PV module.
The main objective in the PV system’s study is to obtain
the typical curves (I-V) and (P-V), but these lasts are very
difficult to achieve due to their nonlinear aspects [1].
Several researchers have tried to find optimal model that
characterizes the exact behavior of the PV module. In [2]
authors proposed a new explicit mathematical expression
based on the three characteristic points of the I-V curve. The
additional diode shows the influence of the recombination
between carrier and leakage current.
A new method based on a Spice model of a photovoltaic
cell is used to verify impact of different topologies and
control techniques on the performance of different types of
PV system in [3].
The two diode model is the better detailed model, which
has seven undefined parameters, but it is difficult to solve
using numerical methods. However, the easily model of
the PV cell is the single diode model which has four (or
five when using resistance shunt) parameters and it is
sufficient to describe the current-voltage correlation [4].
This simplified model has been tried to be solved by
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several methods in which the shunt resistance is
considered infinite. In [5] three methods are proposed to
estimate the different parameters: a slope technique which
calculates the derivative at the open circuit voltage point
for computing the series resistance, the second method is
based on an approximate equality between the
photocurrent and the short circuit current and finally the
third technique consists on an iterative method to compute
both the voltage and the current at the maximal power’s
point. Some authors proposed in [6] a study on the
modeling, parameters estimation and some concepts of
three main photovoltaic (PV) cells.
.
In the present paper a comparative study of three iterative
optimization methods to give the (I-V) characteristic of a
single diode model.
The numerical results are compared with experimentally
measured data from the solar module SM110. Section 2
describes the single diode model with its different
equations. In section 3, a description of the three iterative
resolution methods is given. Simulations and discussed
results are shown in section 4. Finally, we finish with a
conclusion in section 5.
2. SINGLE DIODE MODEL
The most model used in literature and describing the
solar cell’s electrical feature is the one (or single) diode
model [7]. Its circuit is showed in (Fig.1).
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By introducing the Kirchoff’s law on the currents sum,
we can write the general equation of the output current
like:
I = I ph - I d - I Rp
(1)

A. Newton-Raphson method
The Newton-Raphson's method is based on the idea of
constructing a sequence (xn) which converges to the
solution with a quadratic procedure. The method starts
with an arbitrary initial condition x0 and after a certain
number of iterations it converges towards an approximate
solution of Eq. (3). The iterative formula to the method is
given by this equation:

We replace the currents Id and IRp by their relations, we
obtain:

æ
æ q(V + IRs ) ö ö
I = I ph - I 0 çç exp ç
÷ - 1÷÷
è AkT ø ø
è
V + IRs
Rp

xk +1 = xk -

(2)

3. UNCONSTRAINED OPTIMIZATION
Optimization theory is a term that means operations
research, it includes many aspects like linear
programming, calculus of variations, decision theory and
others. Several disciplines use the optimization theory to
solve difficult problems like engineering, social sciences,
economics …etc [8].
Because the most problems to be solved are nonlinear,
we focus on the nonlinear optimization problems which
can be classified into two categories:
Ø Unconstrained problems: where there is no inequality
or equality constraint.
Ø Constrained problems: involving at least on
inequality or equality constraint.
In our work we study the first category and use some
specific algorithms used in the unconstrained problems.
The general form of an unconstrained problem is:
xÎ Rn

When the derivative function f ¢ is expensive or heavy
to calculate, one can use secant's method to approximate
this derivative. The derivation of this method comes by
replacing first derivative in the Newton’s method by its
approximation
(finite
differentiation),
i.e

f ¢(xk ) =

f (xk ) - f (xk -1 )
xk - xk -1

Then the iterative formula becomes:

xk +1 = xk -

xk - xk -1
f (xk )
f (xk ) - f (xk -1 )

(5)

C. Bisection method
In bisection method we don’t need to compute the
derivative of the function f. The method begins with an
interval [a, b] where the minimum is located in. After this

é
ë

we divide the interval in two halves, i.e. ê a,

a + bù
and
2 úû

éa + b ù
ê 2 , b ú . A next search interval is chosen by
û
ë
comparing and finding which one includes the minimum.
This is done by evaluating the sign of the
product

f (a ) f (c ) with c =

a+b
.
2

4. APPLICATION TO MODELING SINGLE DIODE MODEL
The basic idea is to consider the PV cell’s modeling like
an unconstrained problem. Thus, from Eq. (2) can be
reformulated as:

(3)

With f is a nonlinear function.
Thus the problem is to find the optimum x* such
equation (3) be satisfied.
Methods used to resolve nonlinear optimization
problems are, in general, iterative routines which are able
to find an approximate solution after a finite number of
computations.
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(4)

B. Secant method

With:
Iph and I0 are, respectively, the photo circuit and the
saturation currents.
Rp and Rs are, respectively, the parallel and the series
resistances.
Q is the electron‘s charge: 1.6x10-19 C.
k is the Boltzmann constant: 1.38x10-23 J/K
T is the ambient temperature in Kelvin and A is the diode
ideality factor
Some simplifications of the above model have been
proposed like reducing the number of parameters by
considering an infinite value of Rp, but to conserve the
entire dynamic of the model we keep the totality of the
diode‘s parameters.

minimize f(x)

f (xk )
f ¢(xk )

æ
æ q(V + IR s ) ö ö
I = f (I ) = I ph - I 0 çç exp ç
÷ - 1÷÷
è AkT ø ø
è
V + IR s
Rp

(6 )

or by rewriting the last equation:

g (I ) = f (I ) - I = I ph - I
æ
æ q(V + IR s ) ö ö V + IR s
- I 0 çç exp ç
=0
÷ - 1÷÷ Rp
è AkT ø ø
è
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5. SIMULATIONS AND RESULTS

()

Therefore, the problem consists to solve g I = 0 or at
least to minimize g(I) by the different optimization
methods cited above.
A. Modeling with the Newton-Raphson method
By using Eq.(4) and (7), we can write the iterative
formula of the Newton method like:

I k +1 = I k So

I k +1 = I k -

g (I k )
g ¢(I k )

Rated power PMAX
Rated current IMPP
Rated voltage VMPP
Short circuit current ISC
Open circuit voltage VSC

(8)

Num(I k )
Den(I k )

(9)

ö ö
÷÷ - 1÷
÷
ø ø

VT =

110
3.15
35
3.45
43.5

3
2.5

ö Rs
÷÷ ø Rp

Current (A)

æ V + I k Rs
I R
Den(I k ) = -1 - 0 s exp çç
Vt
è Vt

[W]
[A]
[V]
[A]
[V]

The obtained results with the different methods are
compared with data experiment of the module SM110
under temperature T = 24o C and irradiance G = 856 W/m2

With:

æ
æ V + I k Rs
Num(I k ) = I ph - I k - I 0 çç exp çç
è Vt
è
V + I k Rs
Rp

In order to applied the diverse methods cited above, we
have done simulations on the solar module SIEMENS
(SM)110 which has 72 cells connected in series. The
electrical parameters at the standard test conditions of the
module are shown in this table:
Table 1. Electrical parameters of the SM1110

AKT
q

2
1.5
1
0.5

B. Modeling with the Secant method
0
0

From Eq.(5) we consider the following iterative
procedure:

I k +1 = I k Ik -

with
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Fig.2.. I-V characteristic
o Experimental data
¾ Newton-Raphson method

(10)

3

g (I k ) is given by Eq. (7).

2.5

Current (A)

C. Modeling with the Bisection method
In this method, we attempt to minimize the function

æ
æ q(V + IR s ) ö ö
g (I ) = I ph - I - I 0 çç exp ç
÷ - 1÷÷
è AkT ø ø
è
V + IR s
=0
Rp

2
1.5
1
0.5
0
0

in the interval [a, b]. Since the current values are between
“0” and “Isc” (short circuit current), we take [a, b] like [0,
Isc].
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Fig.3.. I-V characteristic
o Experimental data
¾ Secant method
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Fig.4.. I-V characteristic
o Experimental data
¾ Bisection method
The three graphs obtained with the three methods seem
the same, but in order to distinguish between them we use
another criterion which is the mean squared error (MSE).
The following table shows the computed MSE for the
three methods and the required number of iterations.

[6]

[7]
Table 2. Obtained MSE for the different methods
Method

MSE

Newton-Raphson
Secant
Bisection

0.0112
0.0036
0.0114

Iterations
number
05
03
08

[8]
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5. CONCLUSION
We have exposed in our paper three different methods
of unconstrained optimization to model the behavior of a
single diode model. According to the results we can
assume that the Secant method is more useful of the three
methods studied in our work. This conclusion is obtained
to the fact that the Secant’s method needs the computation
of a single function contrarily to the Newton-Raphson
method which requests the derivative function’s calculus.
In the same way we found that Bisection method’s
convergence is assured but in a slow way.
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Abstract-- In this study, an adaptive neural networks
internal model control (NNIMC) is designed for a permanent
magnet synchronous motor (PMSM). Firstly, particle swarm
optimization (PSO) algorithm is applied in feedforward
neural network to optimize model's and internal controller’s
parameters. Then, gradient descent method is used for the
adaptation of the learning algorithm to improve the
robustness of learning and operating of the neural networks.
The robustness and effectiveness of the proposed PMSM
sensorless drive scheme is confirmed by simulation tests in
the MATLAB/SIMULINK.
Index Terms-- PMSM; Particle swarm optimization;
Internal model control; Neural network.

1. INTRODUCTION
Among the various types of AC motors available,
permanent magnet synchronous motor (PMSM) servo
drives are widely adopted in high performance industrial
applications due to the advantageous merits of cost,
reliability, and performances [1]. Unfortunately, several
electromechanical parameters variations and external load
disturbances in practical applications lead to degradation
of the drive performance [2]. Some control techniques
such as nonlinear control [3,4], sliding mode control [5]
and intelligent control [6,7] have been developed to
overcome these problems for speed control of the PMSM
drive.
Internal model control (IMC), introduced by Garcia and
Morari [8], provides an effective framework for the
analysis of control PMSM system performance, especially
for the stability and robustness issues. In [9], an IMC
method is applied to the current control of AC motors. In
[10], an adaptive IMC method which is obtained by using
Lyapunov stability theory, is proposed to control the speed
of PMSM system. In [11], the paper presents an
application of an IMC structure for direct drive with
PMSM. A neural inverse model trained online, for the
PMSM with variable parameters, has been implemented.
Recently, various methods have been proposed to
improve the performance of the IMC scheme. Gu and Li
have proposed a modified IMC for the speed loop of
PMSM speed regulation system under the vector control
framework where a feedback control term is added to
form a composite control structure [12]. In [13], a new
control strategy to drive a PMSM is presented. By
introducing the support vector machine generalized

inverse systems into the original PMSM system, a new
pseudo-linear system is developed. And based on the
characteristics of the pseudo-linear system, the IMC
theory is utilized to design extra controllers to improve the
robustness of the whole system.
For the implementation of IMC method, neural network
(NN) strategy, as powerful computational tools, is widely
used to improve the IMC performance. However, while
the NN suffers from the problems in over-learning local
minima or slow learning speed, particle swarm
optimization (PSO) algorithm will be chosen and applied
in feedforward neural network to enhance the learning
process in terms of convergence rate. To ensure the
adaptation ability of closed loop system, the control
parameters can be intelligently changed by using the
gradient descent method to optimize the weights of
networks.
This paper is organized as follows. The PMSM model is
described in section 2. Section 3 presents the NNIMC
structure where the optimization approach of NN
parametres using PSO algorithm and gradient descent
method is explained. The simulation results are presented
in Section 4 and the conclusion is presented in Section 5.
2. MATHEMATICAL MODELING OF THE PMSM
The dynamic model of the PMSM written in the (d-q)
reference frame can be described by the system (1) of
nonlinear differential equations [14]:

dI d
- wr pLq I q
dt
dI q
+ wr pLd I d + wrj p
Vq = Rs I q + Lq
dt
Vd = Rs I d + Ld

(1)
where Vd and Vq are d-q axis stator voltages, Id and Iq are
d-q axis stator currents, Ld and Lq are d-q axis stator
inductances, ωr is the electrical rotor speed and j is the
flux linkage.
The mechanical equation is:
J

d wr
= Te - TL - f wr
dt

The electromagnetic torque is given by:
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Te =

(

)

3 é
p Ld - Lq I d I q + j I q ù
û
2 ë

(2)

Fig. 3 respectively. A feedforward neural network is used
to learn the systems where the error signal will be used by
PSO algorithm to train the network weights.

J is moment of inertia. Te, TL are electromagnetic and
load torques, f is friction coefficient and p is number of
pole pairs.
J dwr f
+ wr = Te - TL
(3)
p dt
p
Assume that Ld=Lq in a non-salient pole machine (surface
mounted) PMSM, the model will be even simpler as
indicated by the following equations:

w (k + 1)

iqr (k )

PMSM

+
å

NN Model of
PMSM

wm (k + 1)

-

PSO
Rs
1
ì dI d
ï dt = - L I d + pwr I q + L Vd
q
q
ï
ï dI q
R
j
1
ï
pwr + Vq
= - s I q - pwr I d ï
Lq
Lq
Lq
í dt
ï
ï d wr = 3 p j I - 1 T - f w
q
L
r
ï dt
J
J
2J
ï
ï
îTe = 1.5 pj I q

Fig. 2. The on-line NN model training.

TDL
TDL

(4)

wref (k + 1)

NN speed
controller

iqr (k )

According to the system in (4), the speed control is
achieved by controlling the current of two axes (Id and Iq)
by a simple PI controller, with current predefined idref and
iqref.
3. INTERNAL
STRUCTURE

MODEL

SPEED

CONTROL

The IMC strategy can be a challenge for the PMSM
drive, as reported in [16]. Fig.1 depicts the bloc diagram
of the proposed closed-loop control scheme. The reference
input signal is ωref. A NN model is used to determine an
approximate current non linear model of the unknown
motor dynamics. The NN speed controller is used to
produce an adaptive control so that the motor speed can
accurately track the reference ωref.

+

Gradient
descent

wref

+-

Filter

NN speed
controller

iqref

PMSM

NN Model

NN Model of
PMSM

wm (k + 1)

+

PSO

Fig. 3. The on-line NN speed controller training.

The function of PSO in NN is to get the best set of
weights (particle position) where several particles are
trying to move to get the best solution. The dimension of
the search space is the total number of weights and biases.
Through following the personal best solution of each
particle and the global best amount of the entire swarm,
the algorithm finishes the optimization [15,17]. Instead of
using evolutionary operators to manipulate the
individuals, each individual in PSO flies in the search
space with a velocity which is dynamically adjusted
according to its own flying experience and its
companions’ flying experience.
When the population is composed of m particles and
each particle will search the optimal solution on D
dimension space. The location of particle i is denoted
Xi=(xi1,xi2,…,xiD), the velocity is denoted by
Vi=(vi1,vi2,…,viD), 1≤ i ≤ m, 1≤ d ≤ D , the location of
optimal solution is denoted by Pi=(pi1,pi2,…,piD) and the
location of global optimal solution is denoted by
Pg=(pg1,pg2,…,pgD).

w

wm +
-

Fig. 1. The adaptive NNIMC structure.

The update location and velocity for each particle during
the evolutionary process is as follows [18]:

A low-pass filter in the IMC structure is employed to
introduce robustness into the controller to deal with plant
uncertainty.

vid (t + 1) = wvid (t ) + C1 r1 ( pid (t ) - xid (t ) ) + C2 r2 pgd (t ) - xid (t )

A. PSO for feedforward neural networks training
The training system of the NN model and the NN
speed controller is determined as described in Fig. 2 and

(

xid (t + 1) = xid (t ) + vid (t + 1)

)

1£ d £ D
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w is called the inertia factor. It reduces during a run from
1 to near 0 in each generation which facilitates a balance
in the exploration and exploitation of the search space, it
is determined as follows:
w = wmax -

wmax - wmin
´ iter
itermax

(7)

In each sampling period, to adapt varying parameters in
the control system all weights characterized the NN
controller are updated according to the errors of closed
loop system. As the hidden and output neuron functions
were defined by the logistic sigmoid function, the
quantities in (10) and (11) are respectively calculated by
the expressions (12) and (13).
¶E ¶E ¶w ¶iqr
=
¶wij ¶w ¶iqr ¶wij

where itermax, is the maximum number of iterations, and
iter is the current number of iteration.
The PSO algorithm can be summarized as follows:
Step 1: Initialize position and velocity of all the particles
randomly in the dimension space.
Step 2: Evaluate the fitness value of each particle, and
update the global optimum position.
Step 3: Determine the individual best fitness value.
Compare the Pi of every individual with its current fitness
value. If the current fitness value is better, assign the
current fitness value to Pi .
Step 4: Determine the current best fitness value in the
entire population. If the current best fitness value is better
than the Pg, assign the current best fitness value to Pg.
Step5: For each particle, update particle velocity and
particle position.
Step 6: Repeat Step2 - 6 until a stop criterion is satisfied
or a predefined number of iterations are completed.
During the training phase, the mean squared error
(MSE) is used to calculate the fitness value.

MSE =

1
N

N

å

(8)

ei

i =1

where ei is the error between desired and obtained outputs
after presenting the ith datum to the network, and N is the
number of data in the training dataset.
B. Neural network controller parameters adjustment
In order to improve the system robustness, it is
necessary to tune online the controller parameters when
the plant model parameters are changed. The gradient
descent method can be used to minimize the system error
between the output of the PMSM and the desired output.
Objective function is defined as follows:
2
1
(9)
E (k ) = wref (k + 1) - w (k + 1)
2
where ω is the actual output and ω* is the desired output.
The weights updating is calculated using the gradient
method , the expressions (10) and (11) define the formula.

(

)

wij (k + 1) = wij (k ) - h

¶E (k )
¶wij

(10)

w j (k + 1) = w j (k ) - h

¶E (k )
¶w j

(11)

where h is the learning rate and wij is the weight from the
input layer to the hidden layer and wj is the weight from
the hidden layer to the output layer.

¶w
= -E
iqr (1 - iqr ) w j O j (1 - O j )Oi
¶iqr

¶E
¶E ¶w ¶iqr
=
¶w j ¶w ¶iqr ¶w j
¶w
iqr (1 - iqr )O j
= -E
¶iqr

(13)

Oj is the output of jth neuron in the hidden layer.
¶w
The value of the partial derivative
is calculated using
¶iqr
the NN model:
¶wm
= wm (1 - wm )
¶u

åW

m m
m
m
j O j (1 - O j )W1 j

(14)

j

ωm is the output of the NN model, Omj is the output of jth
neuron in the hidden layer, W1mj and W jm are the weights
from the input neurons to intermediate layer, and from the
intermediate layer to the output.
4. SIMULATION RESULTS
To verify the effectiveness of the proposed high speed
PMSM control algorithm, a digital simulation based on
the Matlab/Simulink software package has been carried
out. The PMSM characteristics are: the direct and the
quadrature inductance Ld=Lq=6.6mH, the stator
resistance, Rs=1.4Ω, the permanent magnet flux
Φ=0.1546Wb, f=0.00388Nm.s/rad, the inertia coefficient
J =0.00176Nm.s2/rad, the pole number p=3.
The NN Model and NN Speed Controller are trained
using the training system described in section 3. The
dimension of each particle is the total number of weights
and biases. During the process of weights optimization by
PSO, numbers of populations is specified as 21, and
iteration number is specified as 50. The NN Model input
vector is constituted by iqr(k) and ωm(k) while the model
output is the future value of the machine speed ωm(k+1).
For the speed controller, the neural network is constructed
with an input vector composed by ωref(k+1) and iqr(k) and
the output ωm(k+1).
In order to prove the superiority of the proposed IMC
method, a comparison is made with the response of
conventional NN speed controller placed in cascade with
the PMSM.
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In terms of the rotor speed control trajectories shown
in Fig. 4, two different controllers have a similar
performance in term of fast tracking of the desired speed.
However, the proposed controller has the ability to keep
good control performance in the entire process where the
settling time is faster, the overshoot is eliminated and then
tracks the reference speed closely.
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Fig. 6. Responses of the PMSM with variation 100% in the
moment of inertia(dotted) setpoint; (solid) with adaptive
NNIMC; (dashed) with the conventional NN controller).

100

50

0

5

10

15

Time (sec)

Fig. 4. Speed tracking responses. ((dotted) setpoint; (solid) with
adaptive NNIMC; (dashed) with the conventional NN
controller).

The performance of both system NN speed controller is
also tested on the effect of nominal load disturbance. Fig.
5 gives the speed responses when a 5Nm load torque is
suddenly added at time 6s. As it is shown, the proposed
speed controller produce significant improvement control
performance compare to the conventional NN controller
such as reduce settling time and rise time speed response.

For high performance applications the proposed
controller scheme should be robust to parameter
variations. A change in the moment of inertia is
investigated through simulation tests. Fig. 6 shows the
motor responses of proposed controller and conventional
NN controller when the moment of inertia is increased by
100% of its original value. As it can be seen that the
increment of the moment of inertia does not impose any
significant effect on the performance controller technique
but only affects the rise time.
5. CONCLUSION

100

This paper presents an adaptive NNIMC, based on PSO
and gradient descent method, designed for PMSM. In
order to investigate effectiveness of the proposed
controller, some reference speed model was tested. The
simulation results have been tested via MATLAB
software. Simulation results show that the proposed
method has shown better performance response of
variable speed and sudden load when compared with the
results obtained using conventional NN controller.
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Abstract-- This paper focused on the main concept of the
solar-powered car to solve the air pollution and fuel
consumption.
In the present work, a complete
implementation model of supplying the asynchronous
machine
with
the
photovoltaic
panel
using
MATLAB/Simulink is presented. The energy management
between the source and the load is carried out through Leadacid battery from Simulink SimPowerSystems tool. As a
means of adjustment, we use a DC-DC converter to step up
the input voltage to a required output voltage. After the
complete analysis of Charging/Discharging cycle Battery and
the dynamic behavior response of our motor, suitable
parameters of the battery are chosen. Charging/Discharging
cycle based on three step with three level of battery SOC to
validate the continuous of supplying normally an induction
motor.
Index Terms—Asynchronous machine, photovoltaic panel,
Lead-acid Battery, Charging/Discharging, DC-DC converter.

1. INTRODUCTION
In the last years, the spread of environmental pollution
has become more and more harm and damage to nature
and having a negative effect on human, animal, and plants.
Its levels have only been increasing until now. Pollution
caused by transport can mainly attribute to fossil fuels and
the traffic is increasing every day when using cars, trains,
and airplanes. For this purpose, electric vehicles are a
good means to solve the environmental problems and to
have an efficient system in nature, as mentioned in the
International Energy Agency research [1]; China, USA,
and Europe accounted for more than 90% of electric
vehicle sales last year; when the single biggest market is
with China. The use of electricity from renewable energy
sources is becoming dominant, which include wind,
marine and ocean flows, geothermal energy and solar
energy. The photovoltaic sector is the largest and most
dynamic employer of renewable energy worldwide with
the growing need for innovative and creative research. It
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comes from the sun and respects nature and environment.
Photovoltaic electricity is obtained by directly
transforming sunlight into electricity, using photovoltaic
cells. Solar powered cars are more and more popular
nowadays because they are really economical and ecofriendly system for the environment. The use of electric
vehicles EVs supplying with solar energy date back to the
late 1970s and early 1980[2]. The most well-known solar
car is the Stella Vie; it is considered by the students as ‘the
car of the future’. This solar-powered vehicle can reach
speed up to 130 km/h (80 mph). In addition, it has new
smart technology such as a parking navigation system that
takes into account the position of the sun when parking (so
it can keep charging) [3]. The Ford C-MAX Solar Energi
Concept is the first solar vehicle in the world to offer the
best of a plug-in hybrid without relying on the electric grid
for fuel [4]. C-MAX Solar Energi Concept with a solar
panel roof draws power from a special solar concentrator
lens similar to a magnifying glass. By using renewable
power, Ford C-MAX Solar Energi Concept is estimated to
reduce the annual greenhouse gas emissions.
In [5], the solar panel is used as an additional power
source for an EVs or HEVs to reduce the energy
consumption. The system consisted of electric vehicle
charging by plug into parking equipped with solar
photovoltaic. The motivation of this work is to maximize
the use of photovoltaic energy while minimizing energy
from the grid. Otherwise, R.Mkahl, in [6], carried out a
new study based on modeling, sizing, and control of a
photovoltaic stand-alone application. It consists of
charging batteries of electric vehicles using the grid (G2V
for the home to the vehicle) or renewable energies in a
stand-alone application (H2V for Home to Vehicle). This
kind of recharging vehicle makes it possible to pose the
problem of battery autonomy with long distance. Farid
Arafat AZIDIN, in [7], utilizes the renewable energy
technologies as a second energy source to his electric
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vehicle by the combination of multiple ones such as solar
cell, battery, proton exchange membrane (PEM) fuel cell
(FC) and supercapacitors (SCs). This kind of technology
improves the vehicle efficiency, minimizes the use of
energy with less polluting emissions. In contrast, this
method can maximize the vehicle weight with less
generated power.
For this reason and to maximize the vehicle efficiency
with fewer components, our main focus is based on the
insertion of puck battery and PV panel in the vehicle roof
for supplying his motorization when it is driven. When it
is stopped, the puck battery is in charging mode from the
PV panel. In this paper, we will present the modeling of all
the components using MATLAB / Simulink followed by
the study of Charging/Discharging cycle battery behavior.
2.

very high power density but a very low energy density.
While the batteries have a low power density and high
energy density. The supercapacitors will supply power to
the system in case of power surges or bursts. In contrast,
the batteries can supply more energy since they can store
and provide more energy over a longer period of time. In
our case, we need the energy storage source to supply an
electric motor with very long autonomy. That is why we
are chosen Battery for storing electrical energy provided
by the photovoltaic panel in chemical form. For the most
renewable energy systems, the most important battery is
the Lead-Acid battery because it is the least expensive
storage batteries for any application. Lead acid batteries
typically have columbic efficiencies of 85% and energy
efficiencies in the order of 70% [9].

STRUCTURE OF SOLAR VEHICLE

In this work, our simulation is based on two main
components that are an electric motor (vehicle) turning by
photovoltaic generator. It takes as inputs the
environmental condition (temperature and irradiation).
Stator/Rotor current, motor speed, and the electromagnetic
couple are the outputs, as shown in Fig. 1.

Fig. 2. Specific energy and specific power of energy storage
technologies (Ragon diagram)

Solar Energy

3. Modeling of the system components

Temperature,Irradiation

Photovoltaic
Generator

Stator/Rotor Current, Motor speed,
Electromagnetic couple

In this section, we focus on the modeling of the main
components of our PV motorization. In this case, we
present the PV and the lead acid battery models and DCDC converters topologies for generating the required
voltage.

Fig. 1. Driving an electric vehicle by a photovoltaic generator

A. Modeling of Solar Cell
The electric architecture of PV-electrical motor is
composed of four PV modules connected in series, sharing
the same voltage. Each of the PV module consists of 128
“SPR-455J-WHT-D” cells SunPower in series [8]. Each
module can supply 455 Wc in peak power conditions. The
PV panels charge the suitable energy storage sources
through DC-DC converters by extracting the maximum
possible power by integrating an MPPT algorithm.
The energy storage system includes different storage
technologies, are electrochemical technology such as
battery, electrical technology (supercapacitor), and
mechanical technology (flywheel). As indicated in the
figure below, there are two main parameters that make it
possible to differentiate between the different types of
energy storage; which are energy density and power
density. As indicated in Fig2, The supercapacitors have a

ISBN: 978-9938-9937-0-7

The output from the PV panel source is a variable DC
voltage. The PV panel is developed by connecting many
solar cells in series and parallel. The latter circuit is based
on an ideal current source, which models the photocurrent
Iph, associated in parallel with diode represents the PN
junction, to determine the voltage source. Two resistances
Rs and Rp is added to represent the losses of the cell as
appears in fig 3. One PV module generates 455 Wc at the
varying voltage range of 70-95V and the Simulink model
is shown in Fig.4.
The set of equations for a photovoltaic cell is given by:
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TABLE I

(3)

Electric characteristic of SPR-455J-WHT-D of SunPower
Manufacturer

(4)

(5)

Symbol

Parameters

Value

Vco

the voltage at open
circuit
the current at short
circuit
Peak Power at STC
(manufacturer)

90.5V

Isc
ΔT)

(6)
Pnom

where Isc is the short-circuit current, Vd, Id are the
diode voltage and current, respectively, Rp, Rs are the cell
parallel and series resistances, respectively, and Ipv is the
output current from PV.

T_coef

450
400

Power(W)

350

Id
+

300
T=10°C

250

T=25°C

200
150

T=40°C

100

T=55°C

50

T=70°C

0

V

Rp

3.5 mA/°C
3.6
2.16m²

500

Rs

Iph

455Wc

Temperature Coefficient
at Isc
Total surface of the
module(gross surface)

Sm

Here, Ki is the coefficient temperature of short circuit
current (A/K), G is the input irradiance of PV module
(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.
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Fig.5. P-V characteristic of an isolated “SPR-455J-WHT-D”
module
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Fig. 3. Solar cell circuit model

Current(A)

6
5

T=10°C

4

T=25°C

3

T=40°C

2

T=55°C

1

T=70°C

0

0

10

20

30

40

50
Voltage(V)

60

70

80

90

100

Fig.6. I-V characteristic of an isolated “SPR-455J-WHT-D”
module

Fig. 4. Subsystem implementation of PV panel

A is the diode ideality factor or the quality factor or
sometimes emission coefficient. It depends on the
fabrication process and semiconductor material.

The two previous figures below, Fig.5 and Fig.6, indicate
the influence of temperature in power generation of our
module. As indicated in our previous research, [8], the
increase of temperature heat up the PV cells, then the PV
power generation decreases with decrease of open circuit
voltage with a short current system almost constant
throughout the change.
B. DC-DC Boost Converter
To boost the varying voltage from the photovoltaic
panel, a DC-DC boost converter is used to step-up the
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input voltage to a required output voltage. It consists
essentially of two types of elements as illustrated in fig 7:
- Passive components (capacitor and inductor)
which ensure the storage of energy as well as the
filtering of the voltage and current waves.
- Semiconductor components acting as a switch to
control the transfer of power between the
generator and the receiver.
Fig.8 illustrates the basic circuit of our Boost converter.
However, in this manipulation, the switching transistor is a
power IGBT. The choice being determined by the current,
voltage, switching speed and cost considerations. The rest
of the components are a diode, boost inductor and output
capacitor.
The conversion gain for continuous conduction mode is
given by eq 7:
(7)
Where V_0 is the output voltage of the converter, V_in
is the input voltage of the converter and D is the duty
cycle
of
operation.

Fig.9. Battery voltage vs capacity battery for various current
value

- As described in Eq 8, the terminal voltage model of
battery is based on an open source voltage, Ebat
subtracted by battery current, Ibat, flowing into the
internal resistor, Rint:
(8)
One our goals in this paper is to determine the relationship
between battery voltage and his SOC during cycle of
charging and discharging. The state of charge, SOC, of
battery is defined by:

(9)
Fig. 7. Schematic diagram of DC-DC converter

The depth of discharge, DOD, is calculated as the inverse
of SOC:
(10)
D. Perturb and Observe simulation

Fig. 8. Subsystem implementation of DC-DC converter.

C. Lead-acid Battery Modeling
A battery is a device that transforms chemical energy
into electric energy. According to the state of the battery,
the charging is done, to avoid overcharging and deep
discharge. Thanks to the experimental validation of the
dynamic battery model of MATLAB / Simulink
SimPowerSystems tool, demonstrated by O.Tremblay
[10], we use this model of battery in our simulation. Fig 9
shows a typical behavior of discharge state, for a lead-acid
battery of nominal voltage equal to 48V, which represent
accurately the voltage dynamics when the current varies as
a function of battery capacity.

ISBN: 978-9938-9937-0-7

To maximize a photovoltaic (PV) system's output
power, continuously tracking the maximum power point
(MPP) of the system is necessary. We need to add an
algorithm for extracting the maximum power under a
given irradiance conditions and panel’s temperature. An
MPPT algorithm will select the best point of the I-V curve
and the optimum solar power will be delivered to the load
from P-V characteristic. An MPPT can determine the
suitable power of solar array even in changes the weather
condition of temperature and irradiance. These algorithms
can be realized in many different forms of hardware and
software. According to the literature [11], perturb and
observe is the simplest and the easiest one for
implementation in MATLAB Simulink. It consists of
perturbing in the operating voltage of DC link between the
PV panel and the power converter to vary the power of PV
panel.
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Figure 10 A complete description model of our studied system

Fig. 11. Complete model of MAS and PV based battery charging system

E. Motor Modeling
With the development of control techniques for motor
AC, electric vehicle makes the use of AC motor as a
suitable type of motorization. By taking into account of
the feasibility and the facility of use, we choose the
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induction motor to our PV-MOTOR model
less expensive than another one. It is
SimPowerSystems toolbox of Simulink. As
Fig. 11, our complete model is based

173

because it is
taken from
given in the
on just the

Editors: Tarek Bouktir & Rafik Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2017

Asynchronous machine as the main component of our
Electric Vehicle equipped with the photovoltaic panel.
3.

SIMULATION MODEL

the decreasing of SOC then the battery’s voltage starting
of rated voltage up to 48.7V and the battery’s current
increase
to
a
positive
value
up
to
500A.

As shown in Fig 11, the simulation model is composed
of Asynchronous machine MAS and PV based battery
charging system. The simulation of the proposed model,
implemented in MATLAB/ SIMULINK, is based on
mathematical equations given in the section above.
The configuration of our model, given in the Fig. 10, is
as follows:
i.

PV PANEL (1.7 kW, 80V) and the modeling
is performed by using the two my previous
works [8] [9].

ii.

Lead-acid battery (48V, 100 Ah) that is
taken from SimPowerSystems toolbox of
Simulink.

iii.

3 DC/DC converter with MPPT and MLI
control.

iv.

Vehicle load is represented by an electric
motor drive with 4 kW, 400V, 50 Hz and
was modeled by PWM VSI induction the
toolbox of SimPowerSystems in Simulink.

Fig 12. Battery’s SOC variation

Fig 13. Battery’s voltage variation

The PV system model consists of three main blocks:
PV panel model, DC-DC converter models, and Lead-acid
battery model. The model is used for energy management
from a photovoltaic panel to deliver to the motor; based on
the solar irradiance and atmospheric temperature. The PV
module model requires the parameters included in typical
manufacture’s datasheets (see Tab I).
In order to analyze the influence of battery
Charging/Discharging, we need to manipulate our
simulation in three steps with three levels of battery state
of charge (SOC) as followes: high SOC (80%-60%),
medium SOC (41%-60%), and low SOC (<40%). In each
step, we distinguish the main behavior of motor response,
as a speed and torque, during the cycle of charging and
discharging.
1st Step: high SOC (80%-60%)
An interesting feature of this paper is the validation of
the battery’s dynamic behavior with respect to battery’s
current, voltage and SOC to supply normally an induction
motor.

Fig 14. Battery’s current variation

Fig 15 and Fig 16 indicate the good response of motor
dynamic as a function of battery parameters value. Motor
speed reaches its rated speed up to 156tr/s after 1s and
continuing rotating at this level until the end of the
simulation. As well as, the resistive torque suitably follows
the engine torque to take as a value of rated torque up to
30 Nm in an interval [30-60s].
During discharging of the battery, stator current
increases until reaching to 80A while the rotor current
equal to 10A. We observe some deviation in the value of
rotor and stator current when applying maximum torque of
our motor. We conclude from this by indicating the ability
of battery 48V to supply normally our induction motor.

Fig. 12, Fig 13 and Fig 14 show the simulation result of
battery’s SOC, current, and voltage with taken high initial
SOC up to 80%. In the case of no sunlight with large cloud
cover the sky, the motor is powered by DC battery. We
need to convert dc battery voltage to AC three phases into
400V by an inverter. The discharging of the battery makes
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Fig 18 Battery’s voltage variation
Fig 15. electromagnetic & motor Torque variation

Fig 19. Battery’s current variation

3rd Step: low SOC (<40)
Fig. 20, Fig 21, and Fig 22 show the simulation result
of battery’s SOC, current, and voltage when taking the
initial
SOC
up
to
40%.

Fig 16. Motor speed & stator-rotor current variation

2nd Step: medium SOC (65-41)
Fig. 18 and Fig 19 show the simulation result of the
battery’s SOC and voltage with taken initial SOC up to
62.2%. With the same result of the battery’s dynamic as
high SOC, our battery is in the discharge state. This
implies the good evolution of the current and the voltage
whatever the level of discharge.
For more security of the battery and to avoid the over
discharging and overcharging, we need to add an
algorithm for testing the battery SOC to impose a margin
of SOC operation equal to [40-80].

Fig 20. Battery’s SOC variation

Fig 21. Battery’s voltage variation
Fig 17. Battery’s SOC variation
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solar powered electric vehicle charging station for workplaces".
Applied Energy, 168, 434-443.

[6]

R. Mkahl, A. Nait-Sidi-Moh, & M. Wack, (2015). "Modeling and
simulation of standalone photovoltaic charging stations for electric
vehicles". World Academy of Science, Engineering and
Technology, International Journal of Electrical, Computer,
Energetic, Electronic and Communication Engineering, 9(1), 7280. 1

[7]

F. A. Azidin, M. A. Hannan, & A. Mohamed, (2013). "Renewable
energy technologies and hybrid electric vehicle challenges".
PRZEGLAD ELEKTROTECHNICZNY, (Electrical Review),
89(8), 150-156. 1

[8]

S. Guesmi, M. Ghariani, M. Ayadi, and R. Neji, "Model of standalone photovoltaic module", Proceedings of the International 1

[9]

S. Guesmi, M. Ghariani, M. Ayadi, and R. Neji, "Complete
modeling of photovoltaic module with electrical parameters",
J.Automation @ Systems Engineering, 2017, vol. 11, no. 2, p. 163172.

Fig 22. Battery’s current variation

In this level, the battery reaches the security value as
40%. When the simulation starts, this makes the
increasing of SOC then the battery’s voltage with starting
of minimal voltage up to 47.2V as a function of 15s of
simulation and the battery’s current takes a negative value
up to -26A. All of the energy delivered by our
photovoltaic panel contributes only on charging batteries
with disconnecting the induction motor.

[10] TREMBLAY, Olivier et DESSAINT, Louis-A. "Experimental
validation of a battery dynamic model for EV applications". World
Electric Vehicle Journal, 2009, vol. 3, no 1, p. 1-10.
[11] O. Wasynczuk, "Dynamic behavior of a class of photovoltaic
power systems", IEEE Transactions on Power Applications
System, 1983; 3031-3037.

Because of limitation of the vehicle roof surface and
the number of the installed photovoltaic modules, the
source serves only the recharging battery with total
disconnecting of the load (induction motor) until fully
charged level.

Conclusion
This present paper presents the Charging/Discharging
behavior simulation of a lead-acid battery of our solar
vehicle prototype. The efficiency of our PV-MAS model
simulation is indicated in the suitable result of torque and
speed response of the asynchronous motor. The
photovoltaic panel is considered as the main component of
our model because it used to power the motor through a
battery charged in the charging cycle. This type of car
does not create any pollution so it also has a lot of positive
points toward nature. Only the manufacturing cost is high
but maintenance cost is almost zero. Hence this car is
economical and environmentally friendly.
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Abstract-- The propagation of femtosecond pulse in photonic
crystal fiber (PCF) is described by the generalized nonlinear
Schrödinger equation where the high order dispersion and
nonlinear effects like SPM, self steepening and Raman
scattering are included. The analytical solution of the
GNLSE remains inaccessible. We use in our implementation
the fourth-order Range-Kutta interaction picture (RK4IP),
which is efficient and stable, to determine the numerical
solution. In this paper, we present our numerical simulating
results relating to the influence of the high order dispersion
and nonlinear effects on the soliton self-frequency shift
(SSFS). For this purpose, we compute the numerical solutions
of an initial hyperbolic secant pulse for some lengths z of a
PCF by using linear and nonlinear characteristics of a PCF
found in the literature. Thus, we calculate the corresponding
SSFS, where only the GVD and Raman or GVD, TOD and
Raman effects act simultaneously. We show that our
numerical results agree well with the theoretical results
found in the literature.
Index Terms-- Generalized nonlinear Schrödinger
equation, fourth-order Range-Kutta interaction picture
(RK4IP), soliton self-frequency shift.

1. INTRODUCTION
The photonic crystal fibers (PCFs) are used actually in a
great number of application areas like telecommunication,
biology and sensors. The PCFs allow the control of
dispersion and nonlinear effects during the engineering
and a fabrication process. Several designs for the nearly
zero ultra-flattened chromatic dispersion photonic crystal
fiber have been proposed [1]-[5], and some highly
nonlinear glasses such as chalcogenide have been
introduced in the realization of PCF in order to obtain
large nonlinearities and excellent transmission at the
infrared wavelengths [6]-[8]. The chalcogenide nonlinear
Kerr effect can be as much as ~ 900 x that in silica [9],
[10].
The propagation of femtosecond pulses in PCFs is
described by the generalized nonlinear Schrödinger
equation (GNLSE) where linear and nonlinear effects are
considered. This equation contains the high order
dispersions (HOD), SPM, self steepening (SS) and Raman
scattering effects which make impossible to resolve it
analytically. We use in our implementation the fourthorder Range-Kutta interaction picture (RK4IP) method to
calculate numerical solutions of the GNLSE [11]-[15]. In
this paper, we present our numerical simulating results
relating to the influence of the high order dispersion and
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nonlinear effects on the soliton self-frequency shift
(SSFS).
For this purpose, we compute the numerical solutions of
an initial hyperbolic secant pulse for some lengths z of a
PCF by using the measured linear and nonlinear
characteristics of a PCF found in the references [16]-[18].
Thus, we calculate the corresponding SSFS where only the
GVD and Raman or GVD, TOD and Raman effects are
considered simultaneously. Our numerical results have
been compared to the theoretical result given by Gordon
using a perturbation theory of solitons [19], and
Santhanam et al. and Arteaga-Sierra et al. using the
moment method [20], [21]. Therefore, the theoretical
SSFS ∆Ω obtained from these references is given by the
following equation

DW = -

8TR b 2 z

(1)

15Tk 4
1

æ gP T 2 ö 2
T0
and N = ç 0 0 ÷
Where, Tk =
ç b2 ÷
2 N + 1 - 2k
è
ø
In section 2 we describe theoretically the PCF GNLSE
model. In section 3 we present the RK4IP algorithm used
in our implementation to calculate the numerical solutions
[22]. We present in section 5 our numerical results. We
show that the numerical results agree well with the
theoretical results. Finally, we give our conclusions for
this work.
2. PCF GNLSE MODEL
Ultrashort pulse propagation in PCF is described
theoretically by the generalized nonlinear Schrödinger
equation (GNLSE). This equation given by the equation
(1) contains attenuation, high order dispersion (HOD) and
nonlinear effects including the self phase modulation
(SPM), self steepening and Raman scattering.
jmax
¶a( z , t )
(i ) j
a
¶j
2
b j j a( z , t ) + ig a( z ,t ) a( z , t )
= - a( z , t ) + i å
2
¶z
¶t
j = 2 j!
2

-

¶ a( z , t )
g ¶
2
a( z , t )
( a( z , t ) a( z , t )) - ig TR
w 0 ¶t
¶t

(2)
Where a( z , t ) is the amplitude of the variable field, bj is
the jth-order dispersion coefficient at the pump
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frequency w 0 , a is the attenuation coefficient and g is the

4. NUMERICAL RESULTS

nonlinear coefficient of the SPM due to optical Kerr
effect. TR is the Raman time constant estimated from the
slope of the Raman gain spectrum. The quantity
t = t '- z vg is the retarded time where z is the position

In our simulation, we consider a propagation of an
initially T0 = 100 fs hyperbolic secant (sech) pulse at
1550-nm wavelength along a PCF with dispersion
coefficients b 2 = -11.2 ps2/km, b 3 = -0.0044 ps3/km,

along the fiber,

b 4 = +1.06 ps4/km, b 5 = -6.3 ps5/km, b 6 = -1.09 ps6/km,
t ' is the physical time and v g is the group and with nonlinear coefficient g = 0,002m-1W-1 and T =
R

velocity at the center wavelength λ0.
This equation can be written as

¶a( z ,t )
= ( D̂ + N̂ )a( z ,t )
¶z

(3)

With a linear operator D̂ and a nonlinear operator
defined as
D̂ = -

a
2

+i

N̂

(i )j
¶j
bj j
¶t
j = 2 j!

jmax

å

2

N̂ ( a( z , t )) = ig a( z , t ) -

5.4fs. The initial pulse with a peak power P 0 = 2,5kW and
some simulated output pulses where only GVD ( b 2 ) and
Raman effect (TR) terms are simultaneously considered
and after a propagation distance of z = 0.8m, 1m, 2m and
3m for h = 10-6m are depicted in Fig.1. In Fig. 2, we have
plotted output pulses where the (GVD, Raman) and (GVD,
TOD ( b 3 ) and Raman) are respectively considered for z =
2 and 4 m. We show that the effect of the TOD term on the
SSFS becomes more significant for z = 4 m .
6

)

(

¶ a( z , t )
1
¶
g
2
a( z , t ) a( z , t ) - ig TR
w 0 a( z , t ) ¶t
¶t

8

2
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3. RK4IP SOLUTION OF THE GNLSE
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Fig. 1. Intensities of the input pulse and some output pulses for
z = 0.8, 1, 2 and 3 m, where only GVD ( b 2 ) and Raman effect
(TR) terms are simultaneously considered.
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As the analytical solution of the formal equation is
difficult to realize, several approaches have been
developed to determine the numerical solution of that
equation. We use in our implementation the fourth order
Range Kutta interaction picture (RK4IP) method. In this
method the global propagation distance z is subdivided
into steps of length h. The time partial derivatives are
calculated in the spectral domain by using the Fourier
transform and the spatial derivatives are calculated in the
time domain. The RK4IP method is given by the following
algorithm:

é I k1 k 2 k 3 ù k 4
êa n + 6 + 3 + 3 ú + 6
ë
û

Input pulse (sech)
Output pulse z = 0,8 m
Output pulse z = 1 m
Output pulse z = 2 m
Output pulse z = 3 m
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Fig. 2. Intensities of the input pulse and some output pulses for
z = 2 and 4 m, where the (GVD, Raman) and (GVD, TOD and
Raman) are respectively considered simultaneously.
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Eggleton, "Soliton self-frequency shift performance in As2S3
waveguides," Optics Express, vol. 18 (14), pp.14960-14968, Jul.
2010.
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Shurgalin, "Third order nonlinearities in Ge-As-Se-based glasses
for telecommunications applications," J. Appl. Phys. 96, pp. 69316933, Nov. 2004.
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[11] G. P. Agrawal, Nonlinear Fiber Optics, 4th ed. Academic Press,
San Diego, 2007.
[12] D. T. Thuy, N. T. Vinh, B. D. Thun, and C. L. Van, "Influence of
Self-steepening and Higher Dispersion Effects on the Propagation
Characteristics of Solitons in Optical Fibers," Computational
Methods in Science and technology, vol. 22 (4), pp. 239-243, Dec.
2016.
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Fig. 3. Numerical and theoretical soliton self-frequency shift for
some lengths z of the fiber.

We show in Fig. 3 that our numerical results agree well
with the theoretical results given bellow (1).
5. CONCLUSION
In this work, we studied the propagation of
femtosecond pulses in the photonic crystal fiber (PCF) and
specifically the influence of GVD, TOD and the Raman
effect terms on the soliton self-frequency shift (SSFS). We
calculated the numerical solutions of the GNLSE using the
RK4IP method where (GVD, Raman) and then (GVD,
TOD, Raman) are respectively considered simultaneously.
We noted that the TOD effect becomes more significant
for long lengths and we also showed that our experimental
simulation results are consistent with theoretical results of
the literature.
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reliability) are generally reserved for the simple systems
(series and parallel systems) or for the components [6],
[7], [8]. The safety and dependability analysis is
conventionally modeled and analyzed using techniques
such as Fault Tree Analysis (FTA) and Reliability Block
Diagrams (RBD), consider for example the method of
reliability block diagram, is primarily directed towards
success analysis and does not deal effectively with
complex repair and maintenance strategies or general
availability analysis, is in general limited to nonrepairable systems [7].

Abstract-- Safety is a basic requirement in all sorts of
mechatronics systems. The objective of this paper is to show
how can use the canonical proof tree of linear logic for
deriving minimal feared scenario to the safety evaluation.
The size of proof trees is proportional to the number of
firing transitions of Petri net model in the sequent provable,
a central term when using the canonical proof tree of linear
logic is the causality, which means the relation between
cause and effect. In this work the minimal feared scenarios
are found by developing an algorithm based on the concept
of minimal cutsets of fault tree method for constructing the
canonical proof trees of linear logic and optimizing the
search of failure used in the proposed qualitative analysis to
the safety evaluation of mechatronics systems. The goal is to
extract all minimal feared scenarios that lead a system in a
failure state and reducing the size of the proof trees of linear
logic.

Fault tree analysis is one of the most important logic
and probabilistic techniques used in system reliability and
safety assessment [6], [8], [9]. FTA can be simply
described as an analytical technique, whereby an
undesired state of the system is specified (usually a state
that is critical from a safety or reliability standpoint), and
the system is then analyzed in the context of its
environment and operation to find all realistic ways in
which the undesired event (top event) can occur. FTA has
limitations with respect to reconfiguration or state
dependent behaviour of systems, so we can not represent
reconfiguration [6], [8], [9]. Finally, it is not possible to
take into account transient failures [6], [7], [8], [9]. Petri
nets (PN) are well suited to model discrete event systems
with concurrent and synchronised activities [9], and has
advanced techniques to alleviate the combinatory
explosion of the number of states based on Linear Logic
(LL) [10], as new representation (using the causality
relations) of the Petri net model, the hybrid aspect of MS
(both continuous and discrete features) leads us to choose
a model that associates PN and Differential Predicate
Transition (DPT) [9]. In paper [11], we develop a
qualitative approach for deriving feared scenarios from
PN model and proof tree of LL using the causality
relations of proof tree. The results allows to determine a
partial order of transition firings and thus, to extract
feared scenarios from proof tree (but not minimal) [11].

Index Terms--Mechatronics systems; Safety; minimality;
cutsets; linear logic; proof tree.
1. INTRODUCTION
A Mechatronic System (MS) is the synergistic
integration of physical systems, sensors, actuators,
electronics, controls, and computers through the design
process, from the very start of the design process, thus
enabling complex decision making[1]. It requires a
complex combination of multiple disciplines such as
mechanical, electrical, hydraulic and control to
accomplish the entire requisite functionality [2].
Examples are found in robotics, machine tools or
machining centers [3].
The dependability analysis of MS is a very important
engineering issue, in order to guarantee their functional
behavior. Most of the critical failures are generated by
the interactions between the sub-systems, implemented in
different technologies, e.g. mechanics, electronics, and
software. Therefore the analysis of the system as a whole
is not enough and it is necessary to study all the
interactions in order to evaluate the system safety [4], [5],
[6], [7].

In paper [12] used the definition of minimal scenario
in Petri net model by restricted precedence graph
concerns the case where the context is completely know
(the initial and final markings are fixed). Within our

In the most current papers, the evaluation of
dependability methods (evaluation of safety and
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developed approach for determine MFS to evaluate
qualitative safety and dependability of MS, based on the
concept of minimal cutsets the goal is for reduce the size
of proof tree of LL, the context of sequent is only
partially known, we don’t know the initial marking, and
about the final marking we only know a part that contains
the partial feared state. We don’t know which transitions
have to be fired. The problem is to write the right sequent
that will initiate the desired search. It is necessary to
write the list of the transitions that have to be considered,
without knowing how many times exactly they will be
fired. The proposed qualitative analysis to safety
evaluation of MS, is based on the canonical proof tree
constructed by a new developed algorithm. A central
term when using the canonical proof tree of LL is the
causality, which means the relation between cause and
effect. So based on the causality relations of proof tree of
LL we added the concept of minimal cusets in the
developed algorithm in order to simplify the steps of the
proposed qualitative approach for deriving only Minimal
Feared Scenario (MFS). This allows simplifying the
qualitative safety analysis of MS, and reducing the size of
the proof tree of linear logic (restricted proof tree) and
generating only minimal feared scenarios.

denoted P1 Ä P2 Ä ... Ä Pk , where Pi are place names: if
any place Pk contains several tokens (n, for example), n
instances of the proposition Pk appear. A transition is a
formula
M1 –o M2 where M1 and M2 are markings (in
fact, Pre and Post functions of the transition). This
expression represents the transition firing: it will appear
in a sequent as many times as this transition is fired. A
sequent is associated to a scenario: the initial marking
and the considered multiset of transition firings are the
premises; the final marking is the conclusion. This
sequent is then proved by applying the rules of the
sequent calculus. In our approach we only use a part of
the MILL (Multiplicative Intuitionist Linear Logic)
Fragment [9],[10], [11], its provability is equivalent to
the reachability of the final marking from the initial one,
and the multiset of transition firings exhibits which
transitions are fired.
The sequent (1), represents a scenario with s = tl,.…,tn
is the non ordered list of the different firing instances of
the concerned transitions whereas M and Mf are
respectively the initial and final markings.
(1)

M,s -M f

As usually within the sequent calculus framework,
the proof is materialized by a tree which is read from
bottom to up: the sequent to prove is written at the
bottom of the tree. The proof stops when all the leaves of

2. QUALITATIVE APPROACH FOR DERIVING MFS
A. Minimal Cutsets associated to the feared state
We call feared scenario a set of events verifying a
partial order and leading from one partial state
corresponding to normal behaviour to another one that
represents a dangerous situation of the system. A partial
state is the conjunction of a subset of the system
components states [9].

the tree are identity sequent ( P - P , for example). An
example of translation of a PN model in LL is given in
Fig. 2.
Initial marking: M = P1
Final marking final: M f = P2
Transition:
t1 : P1 - o P2 ; t 2 : P2 - o P3 ;

Minimal cut sets (or prime implicants: minimal
combinations of basic event conditions leading to system
failure)
are
important
information
for
dependability/safety analysis and design. As an example,
consider the fault tree shown in Fig.1.

t3 : P3 - o P4 ; t 4 : P4 - o P2 .

P1

T1
t1

T3
t2

1

d3=1

P3
T4

T2
t3

t
M, s |− Mf : M ¾¾®
M f : P1 ,t1 ,t 2 ,t 3 ,t 4 - P2

d1=1

P2

d4=1
t4

d2=1

P4

Fig. 2. Translation of PN model in LL.

C. An algorithm for deriving minimal critical scenarios
in proof tree
In this work we develop an algorithm [13], for
deriving all MFS in proof tree of linear logic by adding
the concept of minimal cutsets as indicated in section A.
Our qualitative developed approach starts by a
backward reasoning from the feared state in order to
identify the causal chain of actions leading to that feared
state based on the proposed algorithm. A forward
reasoning follows it in order to obtain all the possible
evolutions from this partial nominal state, the bifurcation
between the nominal behaviour and the feared one is
identified and corresponds to a transition conflict in the
PN is based on the same proposed algorithm.
So the proposed algorithm is the same for both
backward and forward reasoning’s.

Fig.1. Concept of minimal cutsets.

B. Petri Nets and Linear Logic proof tree
The translation of a PN in LL has been presented in
[9], [10], [11]. A logic formula is associated to every
marking and to every transition firing instance. A
marking
M
is
a
monomial
in Ä ,
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In the proof tree of Fig. 3, we note that the sequent
P2 , P3 ,G1 ,t 3 , ! T - M f after the firing of the sequence l = (t2, t3,
t4) we arrive at the same sequent in the proof tree (if we
continue the proof). By application of the previous
algorithm of section C and the concept of minimal cutsets
we stopped the proof and we deduce the following global
scenario:
(2)
SC1 : P1 ,t1 - P2 ; P2 ,t2 - P3 ; P3 ,t3 - P4 ; P4 ,t4 - P2 .

APPLY the rule Ä L, as many times as necessary to
transform the out marking of a list of atoms separated
by","
WHILE -oL rule applies (that is to say, if the input
marking of one or more formulas of transitions is
included in the list of the current step atoms) DO
- Apply -o L rule, to the formula implicative
candidate smallest lexicographical order,
- Complete the proof of the left sequent (sc) generated
using, if necessary, Ä R rule,
- Apply, if necessary, Ä L rule, to the marking
product in the right sequent.
If the sequent M i ,! T - M f is provable

SC1 represents a complete and minimal set of scenarios
SC1 between the initial and final markings (M0 = P1 and
Mf =P2).
If we continue the proof in Fig. 3, by firing the
transition t2 we arrive at the following scenario:

If the left sequent found is identical to
that of previous left sequent then
Stops the process of building the proof
Remove sci sequent
end if
end if
END WHILE

SC2 : P1 ,t1 - P2 ; P2 ,t 2 - P3 ; P3 ,t3 - P4 ; P4 ,t 4 - P2 , P2 ,t 2 - P3 . (3)
We can see in equation (3), this succession SC2 not
minimal. Indeed, the scenario SC2 is not minimal because
a minimum cutsets is a section containing no other cut
(see the sequent P2 ,t 2 - P3 . ). So the minimal scenario in

D. Minimal scenarios using proof tree

Fig. 3 is defined by SC1 between the initial M0 and final
markings Mf.

The definition of minimal scenario associated to a
minimum cutest is related to the notion of restricted proof
tree. So we will define a restricted proof tree to some of
its elements see Fig. 3. The restriction consists on
deleting some events of the proof tree and completing it
by the precedence relation induced by transitivity by the
deleted elements (rules of the MILL fragment (sequent
identity) as indicated in section C).
From the figure above (Fig. 2), we construct the
canonical proof tree using the previous algorithm (see
section C) for deriving MFS in proof tree. The
translations of the PN model of Fig. 2 for the backward
reasoning are now expressed as follows:
! T = t1 ,t 2 ,t 3 ,t 4 , M i º P1 Ä G1 , M f º P2 Ä P3 Ä G4 .

Now that we have presented the notion of minimality,
as well as the developed algorithm for deriving minimal
feared scenario (MFS), we will present below the steps of
our proposed approach for deriving MFS in an unknown
context.
2. A NEW APPROACH TO SAFETY EVALUTATION OF MS
The aim of a qualitative analysis is to point out the
sequence of actions that leads to the feared states and to
analyse more precisely what makes the system leave the
normal behaviour and reach the feared state. Our
developed approach starts by a backward reasoning from
the feared state in order to identify the causal chain of
actions leading to that feared state based on LL. The
backward reasoning is stopped when a nominal state is
reached. A forward reasoning follows it in order to obtain
all the possible evolutions from this partial nominal state,
the bifurcation between the nominal behaviour and the
feared one is identified and corresponds to a transition
conflict in the PN model [9].

The canonical proof tree for the backward reasoning
in an unknown context is given in Fig. 3:
We stopped here

P4 - P4

id

P2 , P3 , G2 , ( P2 - o P3 ),!T - M f
id

P3 - P3 P4 , P2 , G1 , ( P4 - o P2 ),!T - M f

P2 - P2

P3 Ä P4 Ä G1 , t3 !T - M f

P2 , P3 , G1 , ( P2 - o P3 ), !T - M f

P1 - P1

id

P2 Ä P3 Ä G1 , t2 , !T - M f

P1 , P2 , G1 , ( P1 - o P2 ),!T - M f

P1 Ä ( P2 Ä G1 ) , ( P1 - o P2 ),!T - M f
P1 Ä G1 , t1 ,!T - M f

P1 Ä G !T - M

- o L ( t4 )

If Md represents the partial feared state, the sequent (4),
that initiates the backward reasoning will be:

- o L ( t3 )

P3 , P4 , G1 , t 4 , !T - M f
id

- o L (t 2 )

M ,! t1 ,....,! tn - M d ÃG

ÄLÄL

Where G is a context that must be produced
simultaneously with Md; and t1,….,tn represent all the
transitions of the PN. The formula (5), can be used in the
same way for the forward reasoning.

-o L (t 2 )

ÄLÄL

- o L ( t1 )

M n Ä G ,! t1 ,....,! tn - M

Ä L , ÄL

(5)

A. The steps of qualitative proposed approach analysis

t1

This method uses LL for both backward and forward
reasoning as described previously. The steps of our
proposed approach are the following:

!L
f

Fig. 3. Restricted proof tree.
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1) Build the Petri net model of the system studied;
2) Determination the normal states in PN model;

Calculor

3) Determination of the target states (partial feared
states or states to be analysed)in PN model;

Pump1

Fluid
supply P
Relay

4) Backward reasoning starting from the target state
(may be a feared state or any other partial state):
• Translates the PN model into a LL formula,
• Determination of the sequent that will provok the
good research of the scenarios,
• Construction the proof trees of LL using
algorithm of section C,
• Determination the minimal feared scenarios,
• Determination the conditioning states to start
the forward reasoning.
5) Forward reasoning starting from the conditioning
states (highlight the conflicts: bifurcation between the
nominal states and the feared states):
• Translate the PN model into a linear logic
formula,
• Determination of the sequent that will provok
the good research of the scenarios,
• Construction the proof trees of LL using the
previous algorithm (see section C),
• Determination the minimal feared scenarios;
6) Concatenation the deduced MFS found by the two
previous reasoning(step 4 and 5)based on the concept of
minimal cutsets for deriving only all minimal scenario.

Energy
supply

ET

V1min

P

V2L
Detection V2max

Sensors

high
level

Tank2

Tank1
To the user

high
level

Energy
supply

V2min

EV3

To the user
Tank of draining
V1min<V1max<V1L<V1S

Fig. 4. Case study

B. Stochastic Differential Predicate Transition (SDPT)
Petri Net Model
Place P1 of the PN in Fig. 7, represents the decreasing of
the volume, place P2 represents the increasing of the
volume. Place P4 corresponds to a state where the EV1
works. Transition t1 represents the closing command of
the EV 1 when the volume oversteps V1max. Transition t2
represents the opening command of the same EV when
the volume becomes lower than V1min. Transitions t4 and
t5 represent the fact that the EV can stay blocked in an
open state (t4), and can be repaired (t5). Tank2 is modeled
in the same way. When the volume in the tank 1
oversteps the high security limit (V1L), and the backup
EV is available (place P6 is marked) then t7 becomes
fireable and the draining process of tank 1 can start via
the backup EV by marking place P8. The backup EV is
no longer available for use to drain tank 2, this
corresponds to the place P6 empty. Then, the EV 3 is
released (place P6 is newly marked), and a conjunction
phase is started again (place P2 is marked) by firing
transition t8. The EV 3 can have a failure (modeled by
transition t6). In that case, place P7 is marked and the EV
is set out of order. The models of occurrence of the
feared events (overflow of tank 1 or tank 2) are
represented by red lines in PN model, when the volume
in the tank (1 or 2) over crosses V1S (or V2S). In that case,
transition t3 (or t11) is fired and place P3 (or P11) is
marked.

B. Case study
The case study is based on a volume regulation
system of two tanks as presented in Fig. (4). The volume
of each tank (i) must be kept inside a given interval
[Vimin, Vimax]. The volume is controlled by the computer,
which decides, according to the values given by the
volume sensors, to full (or not) the concerned tank by
opening (or not) the concerned electrovalve (EV). The
control law of the computer is such that the EV is closed
when the volume of the controlled tank over crosses the
high limit Vimax. In the other hand, the computer
commands the opening of the EV each time the value of
the volume in the controlled tank is lower than the limit
Vimin. This system supplies the user and must ovoid the
overflow of the tanks. A relief electrovalve is added to
the system in order to drain the tanks in case of overflow.
This third EV is viewed as a shared resource between the
two main tanks, and it can be used to drain an only one
tank at a time. When the volume of one tank over crosses
the high security limit (ViL), the computer commands the
opening of the relief EV until the volume becomes lower
than Vimin. As we focus our study on critical scenarios,
and in order to simplify the problem we consider that
only the EVs can have failures. A typical failure of the
EVs 1 and 2 (EV 1 and 2) corresponds to a blocked open
state in which the EV does not react to a closure
command of the computer. These two EVs can be
repaired after a failure occurrence. When the EV3 has a
failure it is considered to be definitely out of service
(HS).

Fig. 5. SDPT Petri net model of the case study.

C. Application of the proposed approach analysis
In order to simplify the steps of the proposed
approach for deriving minimal feared scenarios, we apply
the previous algorithm directly when constructing the
proof trees of LL for both backward and forward
reasoning. For sake of simplicity, we dont give the details
Editors: Tarek Bouktir & Rafik Neji
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of the application of LL rules (the detail application of
rules LL to construct the canonical proof tree is presented
in paper [11]) and just explain the results in terms of
transition firing in the PN using the concept of minimal
cusets.

We stopped here
P4 - P4
id

P3 , P4 , G1 , t 4 , !T - M f

P2 - P2

P1 - P1

P1 Ä G1 , t1 ,!T - M f

P1 Ä G !T - M

M i , t 3 , !T
M i , !T

-

ÃL

-

id

- o L ( t3 )

P3 Ã G 2

ÃR

P3 Ã G 2

ÄLÄL

- o L ( t1 )

Ä L , ÄL

t1

!L
f

the draining of tank 1 with the use of the relief
electrovalve EV3 (when EV3 is available).
It becomes necessary to analyse the firing conditions
are the marking of P2 and P4 for t1, and P2 and P6 for t7.
So the analysis is to show how P4 and/or P6 are marked.
When analysing the conflicts of t3 with t1 or t7, we
consider thresholds values continuous variables,
associated to the transitions.
During the proof building (tree of Fig.7), we obtain the
two following sequent: P6 ,t6 - P7 , P6 Ä P10 , t14 - P14 .

!L

Fig. 6. Proof tree of sequent (Mi, t3, !T - P3 Ã G 2 ).

- Forward reasoning: thanks to the backward reasoning
we have identified a scenario leading to the marking of
place P3. It represents the reachability of this marking
from the marking P2, so the initial sequent
is: P2 Ä G1 ,! T - M f . The place P2 represents a conditioning

After analysing the results we can conclude that there
are two minimal feared scenarios:

state from which the system can either evolve to the
feared state P3. We can see that the transitions t1, t3, t7 are
in conflict. This step gives three possible behaviours,
each one corresponding to the firing of t3, t1 or t7:
The feared scenario previously found:

-o L (t 2 )

In Fig. 7, we can see that the initial sequent
P2 , P4 , G 2 , ! T - M f of the proof tree, and the sequent
obtained after the application of the -oL rule, are the
same. We stop the process of building the proof and put
M f = P2 Ä P4 and G2 º 1 .
The firing of transition t7 from the marking of P2 and P6.
This firing lead to the marking of place P8
( P2 Ä P6 , t7 - P8 ), this scenario corresponds to the start of

G1 , !T - G2

M i , ( P2 - o P3 ),!T - P3 , G 2

ÄLÄL

Fig. 7. Proof tree of the sequent ( P2 Ä G1 ,! T - M f )

reachability of the partial feared state P3 from the
marking of place P2 (the conditioning state), by firing
once transition t3. After one firing of t3, the backward
reasoning is stopped (Fig. 6).

P3 - P3

P2 Ä P3 Ä G1 , t2 , !T - M f

P1 Ä ( P2 Ä G1 ) , ( P1 - o P2 ),!T - M f

produced on place P2. This place corresponds to a
nominal state, so the backward reasoning is stopped ( see
Fig. 6). The obtained sequent: P2 ,t 3 - P3 represents the

M i , !T -P2 , G2

id

- o L( t 4 )

- o L ( t3 )

P3 Ä P4 Ä G1 , t3 !T - M f

P1 , P2 , G1 , ( P1 - o P2 ),!T - M f

The initial sequent expressing the reachability of the
marking of P3 is: M 1 ,! T - P3 ÃM 2 . A token is then

P2ÃG1 , !T - P2 , G2

id

P2 , P3 , G1 , ( P2 - o P3 ), !T - M f

-Backward reasoning from the target state (P3): at this
stage, we use the reversed PN in which all the arcs are
reversed [11].

id

P2 , P3 , G2 , ( P2 - o P3 ),!T - M f

P3 - P3 P4 , P2 , G 1 , ( P4 - o P2 ), ! T - M f

We are interested in this paper to the overflow of
tank1. So the target state will be the partial feared state
corresponding to the marking of place P3. And the
nominal states are the place represented in the PN model
(Fig 5) of complete system.

P2 - P2

id

First feared scenario (6):

P4 , t4 - P5 ; P2 , t3 - P3 ; P6 , t6 - P7 ,

P2 ,t 3 - P3

(6)

Second feared scenario (7):

corresponding to the firing of t3.

P4 , t 4 - P5 ; P2 , t 3 - P3 ; P6 , t 6 - P7 ; P6 Ä P10 , t14 - P14 .

The firing of t1 from the initial marking (a token in
place P2 and P4) leading to the marking of P1 and P4 (Fig.
7).

(7)

Based on the concept of minimal cutsets and the
concatenation of the two feared scenarios deduced from
the qualitative analysis, we deduce the following minimal
feared scenario (8):

P4 , t 4 - P5 ; P2 , t 3 - P3 ; P6 , t 6 - P7 ; P6 Ä P10 , t14 - P14 .

(8)

The feared scenario (8) express that: EV 1 and 3 out of
order (it expresses the EV 1 and 3 are in failure states
(EV1_HS and EV3_HS) or EV 1 and 2 out of order
Editors: Tarek Bouktir & Rafik Neji
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(EV1_HS and EV2_HS) and EV 3 used to drain tank 2
(EV3 used).
D. Discussion
Our objective is to identify all the minimal scenarios
leading to marking containing place P3. We started from
a sequent expressing the reachability of marking of P 3,
from an unknown initial marking. By applying a
backward reasoning on this sequent and then a forward
reasoning, we obtain the final sequent P2 Ä G1 , !T - M f that
contains all the possible scenarios leading to the marking
of place P3. From the restricted proof tree we deduce two
results:

[3]

F. Gianni, M. GianAntonio, R. Paolo, ‘’Virtual prototyping of
mechatronic systems,’’ Annual Reviews in Control 28 (2004), pp.
193–206. 2004 Elsevier Ltd.

[4]

R. Isermann, ‘’Mechatronic systems - innovative products with
embedded control,’’ Control Engineering Practice, pp. 10-16,
2007.
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A. Merlo, et al. ‘’Active Vibration Control of Precision Machine
Tools through a Modular Adaptronic Device,’’ ICMC 2010,
Mechatronics for Machine Tool, Sustainable Production for
Resource Efficiency and EcoMobility, pp. 639–654, 2010.

[6]

A. Demri, ‘’Contribution à l'évaluation de la fiabilité d'un système
mécatronique par modélisation fonctionnelle et dysfonctionnelle,
‘’Thèse de Doctorat, Université d'Angers, 26 mars 2010.
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Worlds in Automotive Safety-Critical Systems,’’ 21st Annual
INCOSE International Symposium, 2011.

[8]

M. Batteux, ‘’Développement d’une chaîne de conception outillée
d’un système de diagnostic appliquée aux systèmes
technologiques pilotés,’’ thèse de doctorat, Université Paris-Sud
11, 2011.
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for deriving critical scenarios from mechatronic systems,’’ Journal
European of the Automated Systems, vol. 36-n° 7, 2002.

EV 1 and 3 out of order, Or EV 1 and 2 out of order
and EV 3 used to drain tank 2 (EV3 used).

3. CONCLUSION
In this paper, we wanted to show the value of our
proposed approach for analysing the safety of
mechatronic system. We begin with a definition of
minimal feared scenario in proof tree of linear logic, and
then we develop an algorithm for deriving automatically
the minimal feared scenario in proof tree of linear logic
of Petri net model in unknown context. Indeed, a scenario
can leads to the feared state without being minimal (i.e. it
contains events which are not strictly necessary to reach
the final feared state in proof tree) [11].

[10] J.Y. Girard, ‘’Linear Logic, ‘’theoretical Computer Science, 50,
pp. 1-102, 1987.
[11] L. Boucerredj, N/E. Debbache, ‘’Modelling of a hybrid system
through differential predicate transition Petri nets model and proof
tree’’, International Journal of Aircraft Engineering and Aerospace
Technology, Vol. 79, Issue (3), 2007, pp. 261-267.
[12] N. Sadou, H. Demmou, ‘’Minimality of critical scenarios in Petri
net model, ‘’IEEE International Conference on Systems Man and
Cybernetcs, Taipei (Taiwan), pp.8, 8-11 October 2006.

The proposed qualitative analysis to safety evaluation
of mechatronic system is based on a backward and a
forward reasoning based on the same algorithm to build
the canonical proof tree of linear logic. It derives
automatically the minimal feared scenarios as causal
relationships between normal states and the feared one.
The Petri net model of the system takes into account
normal behaviour, failures and reconfiguration
mechanisms. A central term when using the canonical
proof tree of LL is the causality, which means the relation
between cause and effect.

[13] B. Pradin-Chézalviel, R. Valette, ‘’Réseaux de Petri et Logique
Linéaire,’’ Chapitre 6 de l'ouvrage : Vérification et mise en oeuvre
des réseaux de Petri (sous la direction de Michel Diaz) Editions
Hermès, ISBN 2-7462-0445-2, 2003, p.209-229.

We added the concept of minimal cusets in the
developed algorithm in order to simplify the steps of the
proposed qualitative approach; this allows simplifying
the qualitative safety analysis of mechatronic system, and
reducing the size of the proof tree of linear logic
(restricted proof tree) and generating only minimal feared
scenarios. The next objective is to complement our
proposed approach by a quantitative analysis to estimate
the occurrence probability of feared scenarios given by
the qualitative analysis to evaluate the safety and
dependability of mechatronics systems.
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Abstract-- The simulation of a III±V compound dualjunction solar cell is presented .We have modeled the dual
junction InGaP/GaAs solar cell with a single back surface
field (BSF) to extract the main influence of the BSF and the
tunnel junction on the I-V characteristics. This InGaP/GaAs
cell is composed of an InAlAsP BSF for the InGaP cell,
AlGaAs BSF for the GaAs cell and an InGaP/InGaP tunnel
junction with the same doping concentration for both the
emitter and the base. In a first stage, we have simulated the
InGaP\GaAs cell without both BSFs. We noticed an
HIILFLHQF\ %. In a second stage we have maintained
both BSFs and the tunnel junction. We have obtained an
InGaP/GaAs cell I-V curve with a greater conversion
HIILFLHQF\  , an open-circuit voltage (VOC) and a
short circuit current density (JSC) of 2.62V and
14.49mA/cm2, respectively. The results are obtained under
AM1.5G illumination.
Index Terms-- Dual junction; Solar cell; BSF; Efficiency;
TCAD Silvaco.

1. INTRODUCTION
The development of renewable energy is one of the
challenges in the 21st century. Photovoltaic (PV) is one of
the most popular renewable energy technologies. It is one
of the fastest growing of all the renewable energy
technologies [1].
Much research has been carried out to improve the
efficiency of III±V compound multi-junction solar cells.
The InGaP/GaAs semi conductor structure will continue
to be the focus of attention in the photovoltaic works
owing to its absorption of the large part of the solar
spectrum.
Tandem solar cells have been studied by Wolf 1960.
Fan et al. (1982) conducted research of tandem cells based
on computer analysis [2], [3].
Recently, InGaP/GaAs dual-junction solar cells have
attracted several researches because of their high
conversion efficiencies. An efficiency of 29.83 % has
been achieved in a multijunction InGaP/GaAs solar cell
using an InGaP BSF. This cell exhibited a Jsc = 13.87
mA, Voc = 2.397 V and FF= 89.74 % [4].
Other researchers [5] optimized a cell structure with an
InAlGaP BSF exhibited a maximum conversion efficiency
   -VF 16.10mA/cm2, Voc = 2.392 V and
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FF= 87.52% under AM1.5 illumination.
In this paper, we propose the design of InGaP/GaAs
GXDO MXQFWLRQ VRODU FHOO ZLWK D VLQJOH ,Q*D3 FHOO¶V
BSF(InAlAsP) for InGaP cell, in comparison with the
previously reported results by varying the doping level
and thickness of each layer in both cells using TCAD
Silvaco[4],[5]. The conversion efficiency and the fill
factor are close to those found in literature under AM1.5
and 25°C. We additionally aim to study the effect of a
back surface field on the electrical parameters (Voc, Jsc,
))DQGȘ 
2. MODELLING PROCESS
A. Device structure
The numerical simulation of InGaP/GaAs dual junction
solar cell is compared with the very similar characteristics
obtained from the experimentally reported device
structure [6] and those simulated previously [7-10] .Then,
the structure is optimized to improve the conversion
efficiency. Figure 1 shows the schematic diagram of
In0.5Ga0.5P/GaAs dual junction solar cell structure used in
this design. It displays detailed layers with all parameters
including doping concentration. The solar cell structure
consists of an InGaP top cell and a GaAs bottom cell. The
InGaP top cell of a gap energy 1.86±1.9eV [11] absorbs
the short part of the solar spectrum. This cell is remaining
transparent to the light of longer wave length. This light is
absorbed more effectively by the GaAs bottom cell of gap
energy (1.42±1.435eV) [1], [7], [11]. The two layers are
joined together with an InGaP/InGaP tunnel junction. The
two cells are provided with a window layer InAlAsP for
the top InGaP cell and InGaP for the bottom GaAs cell.
Window layer prevents surface recombination and smooth
out the lattice change by introducing a gradient between
the materials [12]. The band gap of materials is selected to
be higher than that of the cells below it. The thickness of
the window is selected in a manner to not affect the
photon efficiency greatly. The window junction solves the
problem of lattice mismatch [12], but that of connecting
different cells with one another is solved by creating a
tunnel junction.
The different parameters of In0.5Ga0.5P/GaAs cell
structure are assumed as follows in figure 1:
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Namely bulk and back surface. SRH recombination model
takes into account the electrons being emitted or captured
by donor and acceptor like traps in the device [13]
The SRH is modelled as follows:
ܴௌோு ൌ ሺ െ ଶ ୧ୣ ሻȀሺ߬ ሾ݊  ݊ ሺ୲୰ୟ୮ Ȁ ሻሿ  ߬ ሾ݊ 

݊ ሺെ୲୰ୟ୮ Ȁ )]

(1)

߬ ൌ ߬ Ȁሺሺͳ  ܰሻ Τ ܰௌோுே ሻ

߬ ൌ ߬ Ȁሺሺͳ  ܰሻ Τ ܰௌோு ሻ

Figure1. Schematic diagram of an InGaP/GaAs dual junction
cell structure.

The spectrum of the used AM1.5G is shown in Fig.2

(2)
(3)

Where ୲୰ୟ୮ is the difference between the trap energy
level and the intrinsic Fermi level, ܶ is the lattice
temperature in Kelvin and ߬ and ߬ are the electron and
hole lifetimes. N is the total impurity concentration.
ܰௌோு is a constant which determines the concentration
from which the electron and hole lifetimes start to
deteriorate.ܰௌோுே , ܰௌோு are constants which specify the
srh concentration parameter for electrons and holes. Each
material has different default value [14].
4. MODEL SIMULATION
Building a solar cell and testing it is too expensive and
time consuming. Especially this process may have to be
repeated numerous times until a solar cell is built and
provides the desired results.
In this paper, TCAD Silvaco is used extensively to
simulate the dual junction InGaP/GaAs solar cell with a
single BSF and input the parameters accordingly to
maximize the output efficiency. TCAD Silvaco is used to
model the solar cell with the physical parameters of
materials, their compositions, thicknesses, and doping
concentrations.

Fig. 2. An AM1.5 spectrum used to illuminate the model.

3. PHYSICAL MODELS
To describe the structure and the suitable phenomena as
near to reality as possible, TCAD Silvaco provides models
in five categories: carrier statistics, mobility,
recombination, impact ionization, tunnelling, and carrier
injection.
A numerous mechanisms of generation-recombination
are used to simulate a solar cell among them ShockleyHall-Read theory which is the most useful.
The models used in this work are the following: srh,
fermi, conmob, optr, auger, and bgn (Shockley-Read-Hall
recombination with fixed carrier lifetimes and Fermi Dirac
statistics models should be used). The Shockley-ReadHall model provides the best results which are close to the
experimental results [14], [15].

A. Material Properties for different Layers
Table 1 presents different material parameters which
are used to buid the considered structure. These
parameters have been produced by literature research and
calculations. To produce an optical transparency and
maximum current conductivity between the top and the
bottom cells in multi-junction devices, all layers must
have similar crystal, or lattice structures. It is extremely
desirable to match the lattice constants of the various
layers [1], [11], [14].
TABLE 1

Parameters For InGaP And GaAs Materials [1], [11], [14]

A. Recombination Model
In this simulation, Shockley-Read-Hall recombination
(SRH) model is used to analyse the recombination effects
occur inside the various part of the device surface.
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Material

InGaP

GaAs

InAlAsP

AlGaAs

Proceedings of the International Conference
on Recent Advances
in Electrical Systems,
Tunisia, 2017
Band gap Eg (eV) at 300 K
1.42
1.90
2.30
1.80
Lattice constant Į  
3HUPLWWLYLW\ǡsǡo
$IILQLW\̕ H9 
eದ mobility MUN (cm2/vs)

5.65

5.65

5.65

5.64

13.10

11.60

11.70

11.00

4.07

4.16

4.20

4.100

8800

1945

2150

2000

h+ mobility MUP (cm2/vs)

400

141

141

138

Lifetime (e) (s)

1.1009

1.1009

1.1007

1.1009

2.1008

1.1009

1.1007

2*1008

0

1.5*10-10

1.5*10-10

1.8*10-10

0

5*10-30

8.3*10-32

5*10-30

0

1*10-31

1.8*10-31

Lifetime (h) (s)
3

1

Radiative recombination rate Copt (cm s- )
6

1

Electron Auger coefficient Augn ( Cn-cm s- )
6

1

Hole Auger coefficient Augp ( Cn-cm s- )

5. Results
An effective BSF layer is an important element used to
achieve a high efficiency in a solar cell. These layers
apply to III-V single junction or tandem solar cells. The
key feature of the BSF layer is to contribute confinement
for the photo generated carriers; and retain them within
the extent of the p/n junction without increasing the series
resistance of the device [16], [17].

1*10-31

7KHQ ZH KDYH UHPRYHG ERWK ,Q*D3 DQG *D$V FHOO¶V
BSF. This elimination of a layer (BSF) on the back face of
InGaP/GaAs cell made a remarkable decrease of the shortcircuit current (Icc =13.49mA/cm2), in open circuit
YROWDJH9RFDQGRXWSXWȘZKLFKUHDFKHG9DQG
% respectively because the BSF layers act as a reflector of
the minority carriers. The result of simulation is
represented as follow:

,Q D ILUVW VWDJH ZH KDYH HOLPLQDWHG WKH ,Q*D3 FHOO¶V
BSF. Figure 3 represents the I-V characteristics of the
structure. This simulation gives an efficiency of 18.01%

Fig. 5. I-V curve for InGaP/GaAs heterojunction solar
cell (without both BSFs).

Fig.3. I-V curve for an InGaP/GaAs heterojunction
solar cell (without the 1st BSF).

Then, we have simulated each cell lonely by
maintaining the BSF layer. Figures 6 and figure 7 show
the I-V curves of the top InGaP cell and the bottom GaAs
cell respectively.

In a second stage, the considered structure is simulated
ZLWK WKH ILUVW FHOO¶V %6) ,Q*D3  DQG ZLWKRXW WKH VHFRQG
FHOO¶V%6) GaAs). I-V characteristics are shown in Figure
4.

Fig. 6. I-V characteristics of the InGaP cell.

Fig.4. I-V curve for an InGaP/GaAs heterojunction
solar cell (without the 2nd BSF).
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Fig.7. I-V characteristics of the GaAs cell.

Fig. 10. I-V curve of InGaP/GaAs cell model with a
single BSF

In a last stage, a full InGaP/InGaP solar cell with both a
WXQQHO MXQFWLRQ DQG ERWK FHOOV¶ %6)V LV VLPXODWHG )URP
The results of an InGaP cell, GaAs cell and full
the above graphs the proposed InGaP/GaAs solar cell InGaP/GaAs cells efficiency, short circuit current, open
structure was implemented in TCAD silvaco to obtain the circuit voltage, and fill factor obtained by simulation are
given in Table.2 and fig 11:
main parameters namely Voc, Jsc, FF and efficiency.
TABLE 2

The full structure, the doping profile and the I-V
FKDUDFWHULVWLFVRI,Q*D3*D$VFHOO¶VGHVLJQDre illustrated
in figures 8, 9, and 10 respectively:

INGAP/GAAS SOLAR CELL PERFORMANCE, AM1.5

Voc(Volts)

Jsc(mA/cm2)

FF(%)

 

GAINP CELL

1.63

14.02

91.23

20.87

GaAs Cell

1.00

28.64

88.11

25.25

InGaP/GaAs
DJ Cell

2.62

14.49

90.68

34.44

Fig.8. Model of the InGaP/GaAs dual junction cell.

Fig.11.
BSF.

InGaP/GaAs Cell I-V Curve with a Single

The corresponding conversion efficiencies are marked
in the table 2. InGaP cell has the lowest conversion
HIILFLHQF\   DQG LWV RSHQ-circuit voltage is
1.63V. GaAs Cell has a better performance than InGaP
FHOO   EXW LWV RSHQ-circuit voltage is lower
Voc=1 V.
Fig.9. Doping profile of the model.
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Overlaying these graphs create an InGaP/GaAs cell
ZLWKDJUHDWHVWFRQYHUVLRQHIILFLHQF\ an opencircuit voltage (VOC) and a short circuit current density
(JSC) of 2.62V and 14.49mA/cm2, respectively.
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[9] Khomdram Jolson Singh·Subir Kumar Sarkar, ³+LJKO\

6.CONCLUSION
A simulation of a dual junction solar is done based on a
modeling of a dual-junction solar cell including BSF and a
tunnel junction and its I-ܸ characterization. In this paper,
we focused on the extract of parameters (Voc and Isc)
using TCAD Silvaco. Simulations are carried on dual
junction III±V solar cells (InGaP/GaAs) including a single
BSF for each cell and an InGaP/InGaP tunnel junction.
The results are exploited to extract the effect of BSF on
the electrical performance of InGaP/GaAs dual junction.
The optimal fill factor and the conversion efficiency that
are obtained are 90.68 % and 34.44 % respectively.
:HQRWLFHWKDW,Q*D3FHOO¶V%6)KDVDQLPSRUWDQWUROH
in increasing the efficiency of InGaP/GaAs dual junction
cell. Indeed; the back surface field (BSF) introduces
another junction into the cell structure, creating n-p-p+
combination. The BSF layer, or p-p+ junction, makes two
contributions to the cell structure. First, the built-in
electric field in the p-p+ junction reflects the minority
carriers, thereby decreasing the recombination velocity
and consequently increasing the short circuit voltage of
the solar cell. Second, the addition of the BSF layer shares
the applied voltage between the n-p and p-p+ junction,
which decreases the dark current in the cell [5], [18-20].
Finally, in order to improve the solar cell
performances, especially the conversion efficiency, we
plan in future works, the use of multi layers (three and
four) owing to their high conversion efficiency and wide
future applications.

efficient ARC less InGaP/GaAs DJ solar cell numerical
PRGHOLQJXVLQJRSWLPL]HG,Q$O*D3%6)OD\HUV´'HSDUWPHQW
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Abstract--This paper presents a Multi-Objective dragon
fly (MODA) algorithm for the multi-objective optimal power
flow (MOOPF) problem. The objective of this paper is to
minimize multiple objectives functions such as the total fuel
cost of generation, total real power loss, total emission and
voltage deviation. Multi objective Dragonfly Algorithm is a
new population based meta-heuristic algorithm mimic the
swarm behavior of dragonflies. The performance of multiobjective algorithms has been tested on different sizes of
power systems IEEE 30-bus and IEEE 57-bus systems to
demonstrate the versatility of the algorithms when applied
to large systems. The obtained results using MODA
algorithm are compared with other multi-objective method
such as MOMICA and illustrate that this algorithm tends to
find very accurate approximations of Pareto optimal
solutions with high uniform distribution for multi-objective
problems.
Index Terms--Multi-objective optimal power flow problem,
Multi-Objective Dragon Fly optimizer, fuel cost, power
losses, emission, voltage deviation.

1. NOMENCLATURE
MODA: Multi-Objective dragonfly algorithm.
MOOPF: Multi-objective optimal power flow problem.
MOMICA:
Multi-objective
modified
imperialist
competitive algorithm.

ܲ  : Generated active power at bus i.


ߙ ǡ ߚ ǡ ߛ : Fuel cost coefficients.
ܽ ,ܾ ,ܿ ,݀ and ݁ : Emission coefficients.
  : Generated reactive power at bus i.
୧ : Generated magnitude voltage.

 : Tap transformer.
୧ : Voltage magnitude for load buses.
୧ : Power flow of transmission lines.
ܨሺݔԦሻ: Objective function.
݃ ሺݔԦሻ: Equality constraints.
݄ ሺݔԦሻ: Equality constraints.
ݔ: Vector of control variables.
οܺ௧ାଵ : Step vector.
ܺ ା : Position of the food source.
ܺ ି : Position of the enemy.
ܺ : Current individual position.
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2. INTRODUCTION
Optimal power flow problem (OPF) is one of the most
widely studied subjects in the power system community
[1], OPF was first defined and discussed by Carpentier in
1962[2]. This problem is a static non-linear, non-convex,
large-scale and static programming problem which
optimizes a certain objectives functions as total thermal
unit fuel cost, total gas emission, total real power loss,
voltage stability enhancement, and voltage profile
improvement, while satisfying a set of physical and
technical constraints imposed by the network.
Environmental constraint is considered as a part of
electric system planning. In this study, the total emission
can be reduced by minimizing the nitrogen oxide (NOx)
gas. So in the MOOPF problem, the total emission will
be considered in the objective function [3].
Multi objective Dragonfly Algorithm is a novel swarm
intelligence optimization technique implemented by
Seyedali Mirjalili in 2016 [4], it has been inspired Static
and Dynamic swarming behaviors of dragonfly in nature.
The main objective of MODA algorithm is to solving a
multi-objective problem using a meta-heuristic require
special considerations. In order to solve multi-objective
problems using MODA, an archive is usually used in the
literature to maintain the Pareto optimal solutions during
optimization.
The proposed MODA is examined and tested on the
well known IEEE 30-bus and the IEEE 57-bus power
systems for different cases of multi-objective optimal
power flow problems for smooth and non-smooth
functions of fuel cost, total gas emission, total active
losses and voltage deviation as objectives functions. The
simulation results are compared with other multiobjectives methods such as MOMICA algorithm [5]. This
paper is organized as follows: section 2 describes the
problem formulation. In section 3, the details of the
proposed MODA method are discussed. Section 4
represent the application of MODA into multi objective
optimal power flow. The experimental results are
presented in section 5 while the conclusion is outlined in
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section 6.

Voltage deviation at the load buses is expressed by the
following equation:
ே௨௦

3. PROBLEM FORMULATION
Multi-objective optimization problem consist to find the
solutions for problems with more than one objective [6].
This problem can be formulated as follow:
 ݁ݖ݅݉݅݊݅ܯ
ܨሺݔԦሻ ൌ  ൛݂ଵ ሺݔԦሻǡ ݂ଶ ሺݔԦሻǡ ݂ଷ ሺݔԦሻǡ ǥ ǡ ݂ ሺݔԦሻൟ
ܵݐݐ݆ܾܿ݁ݑ
݃ ሺݔԦሻ  Ͳǡ݅ ൌ ͳǡ ʹǡ ͵ǡ ǥ ǡ ݉
݄ ሺݔԦሻ ൌ Ͳǡ݅ ൌ ͳǡ ʹǡ ͵ǡ ǥ ǡ 
ܮ  ݔ  ܷ ǡ݅ ൌ ͳǡ ʹǡ ͵ǡ ǥ ǡ ݊

ே

ܲ െ ܲௗ ൌ ܸ  ܸ ሺ݃  ߜ  ݖ  ߜ ሻ

(3.2)
(3.3)
(3.4)

(3.5)

A . Objectives functions
In this paper MOOPF is formulated as minimizes
simultaneously four objective functions as minimization
of total fuel cost, total gas emission, power losses and
magnitude voltage deviation.
Total fuel cost and gas emission of production of the
real power are given by the equations (3.6) and (3.7) as a
follow [7-9].

ୀଵ


Where: οܸ is the voltage magnitude deviation of the
power system.

Equality constraints presented by the active and reactive
power equations .

 ݔൌ ൣܲ ǡ ܳ ǡ ܸ ǡ ܶ ǥ ൧

ܨሺݔሻ ൌ ൫ߙ  ߚ ܲ 

(3.9)

ୀଵ

B. Equality constraint

(3.1)

Where:
݂ଵ ሺݔԦሻǡ ݂ଶ ሺݔԦሻǡ ݂ଷ ሺݔԦሻǡ ǥ ݂ ሺݔԦሻ are the
objectives functions to be optimized, ݃ and ݄ are the set
of equality and inequality constraints, n is the number of
variables and  ݔpresent the the vector of control variables.



οܸ ൌ   ȁܸெ ሺ݅ሻ െ ͳȁ

ଶ
ߛ ܲ
൯

(3.6)

ଶ
ܧሺݔሻ ൌ ሺ ܽ  ܾ ܲ ܿ ܲ
 ݀ ሺ݁ ܲ ሻሻ

(3.7)

ୀଵ

ୀଵ
ே

ܳ െ ܳௗ ൌ ܸ  ܸ ሺ݃  ߜ  ݖ  ߜ ሻ

(3.10)

ୀଵ

C . Enequality constraint
Inequality constraints include: generators limits; tap
transformer limits; voltage magnitude for load buses and
power flow of transmission lines limits; as follow:
 ୫୧୬     ୫ୟ୶ 

  ୫୧୬       ୫ୟ୶
୧

୫୧୬

 ୧  ୧

୫ୟ୶

(3.11)






୫୧୬
୧
 ୧  ୧ ୫ୟ୶
୫୧୬
୫ୟ୶
୧
 ୧  ୧

୫୧୬

୫ୟ୶

4. MULTI-OBJECTIVE
(MODA)

(3.12)
(3.13)
(3.14)
DRAGONFLY

ALGORITHM

Dragonfly algorithm a new nature inspired algorithm
implemented by Seyedali Mirjalili in 2015 [4] for solving
single, discrete and multi-objective problems. It was
inspired by static and dynamic swarming behaviors of
dragonfly in nature (Fig. 1).

Where:  ܨis the total fuel cost function and  ܧis the total
emissions function.
The active power losses in transmission network is
given by:


ܲ௦௦ ൌ  ሺܩ ൫ܸଶ  ܸଶ െ ʹܸ ܸ ܿߜݏ ൯ሻ
ୀଵ

(3.8)

Where: ܲ௦௦  present the real power losses function, ݊ is
number of branch on the network,  ܭis a branch with

conductance ܩconnecting the ith bus to the jth bus.
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Fig. 1. Model of the dynamic and static dragonfly swarms

For simulating the swarming behavior of dragonflies,
five principles concepts are used: separation, alignment,
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cohesion [10], attraction to food source and distraction
from enemies ( Fig. 2) [4].
Separation

Alignement

To solve optimization problems tow vector are used: the
first one is the step vector (equation (4.6)) and the second
is the position vector.
οܺ௧ାଵ ൌ ሺܵݏ  ܽܣ  ܿܥ  ݂ܨ  ݈ܧ ሻ  ݓοܺ௧

Cohesion

(4.6)

Where: s, a, c, f, l represents the separation weigh,
alignment weigh, cohesion weigh, food and enemy factor
respectively. w is the inertia weigh.
Attraction to food

Multi-objective DA called MODA, has been proposed
to solve multi-objective problems. MODA uses an archive
to store and retrieve the best approximations of the true
Pareto optimal front during optimization. The details of
MODA approach are represented in the Pseudo code as a
follow:

Distraction from enemy

Pseudo code of MODA [4]
Initialize the dragonflies population ܺ ሺ݅ ൌ ͳǡʹǡ ǥ ǡ ݊ሻ

Fig. 2. Dragonfly algorithm principles

Separation refers to the static collision avoidance of
between individuals (ܺƬܺ ሻ in the neighborhood.
Mathematically we can be expressed as follow:
ே

ܵ ൌ െ  ܺ െ ܺ
ୀଵ

(4.1)

Alignment indicates velocity matching of individuals to
that of other individuals in neighborhoods. This behavior
is calculated as follows equation (4.2)
ே

ͳ
ܣ ൌ ቌ ܺ ቍ
ܰ
ୀଵ

(4.2)

Cohesion refers to the tendency of individuals towards
the center of mass. The mathematic model of this
behavior is calculated as:
ܥ ൌ

ே

ͳ
ቌ ܺ ቍ െ ܺ
ܰ
ୀଵ

(4.3)

Attraction to food source and Distraction from enemies
are calculated by the equations (4.4) and (4.5)
ܨ ൌ ܺ ା െ ܺ
ܧ ൌ ܺ ି  ܺ

(4.4)
(4.5)

Where,ܺ ା , ܺ ି correspond the position of the food source
and enemy respectively and ܺ is the current individual
position.
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Initialize step vectors οܺ ሺ݅ ൌ ͳǡʹǡ ǥ ǡ ݊ሻ
Define the maximum number of hyper spheres (segments)
Define the archive size
while the end condition is not satisfied
Calculate the objective values of all dragonflies
Find the non-dominated solutions
Update the archive with respect to the obtained nondominated solutions
if the archive is full
Run the archive maintenance mechanism to omit one
of the current archive members
Add the new solution to the archive
end if
if any of the new added solutions to the archive is located
outside the hyper spheres
Update and re-position all of the hyper spheres to cover
the new solution (s)
end if
Select a food source from archive: ܺ ା = SelectFood(archive)
Select an enemy from archive:ܺ ି = SelectEnemy(archive)
Update step vectors
Update position vectors
Check and correct the new positions based on the
boundaries of variables
end while

5. MODA FOR MULTI-OBJECTIVE OPTIMAL POWER
FLOW (MOOPF)
The following steps explain the solution of MOOPF
problems using MODA technique.
Step 1: generate the initial population randomly. In this
step the vector of control variables is set as a candidate
solution (equation 3.5).
Step 2: Apply the steps of the MODA pseudo code.
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6. APPLICATION STUDY
In this study, we discussed six cases to demonstrate the
eơectiveness of the proposed method for multi-objective
OPF problem:

T28-27
Qc10
Qc12
Qc15
Qc17
Qc20
Qc21
Qc23
Qc24
Qc29

Case 1: Total fuel cost.
Case 2: Total fuel cost + Total gas emission.
Case 3: Total fuel cost + real power losses.
Case 4: Total fuel cost + voltage magnitude deviation
Fuel
Case 5: Total fuel cost + Total gas emission + real power cost
($/h)
losses.
EmmiCase 6: Total fuel cost + Total gas emission + real power sion
(ton/h)
losses + Voltage magnitude deviation.
Ploss

In all simulation, maximum iteration is 100, archive max
size is 100 and the population size is also 100.
IEEE 30-bus test system

A.

The IEEE 30-bus test system [11] [12], comprises of 6
generators, 41 transmission line, 4 transformers with offnominal tap ratio and 9 capacitor banks as given in [13].
Total load demand is (2.834+j 1.262) p.u at 100 MVA
base. Boundaries of voltage buses and transformer tap
setting are between 0.9 & 1.1 pu.
The vector of control variables is included the generated
active powers ܲ , generated magnitude voltages ܸ ,
transformer tap settings ܶ and the capacitor banks ܳ .

Table 1 represent the best result of simulation (BCS)
obtained from the MODA of all cases, In Table 2, a
comparison between the proposed MODA and MOMICA
method is cited [5]

(MW)

DV
(pu)

Pg1
Pg2
Pg5
Pg8
Pg11
Pg13
Vg1
Vg2
Vg5
Vg8
Vg11
Vg13
T6-9
T6-10
T4-12

ISBN: 978-9938-9937-0-7

0.9655
0.4977
1.0741
4.4614
0.2641
3.5270
4.4343
2.8962
1.6115
0.6189

1.0757
3.5585
2.8693
4.0432
1.6693
3.8600
1.3150
1.8302
3.7010
2.8479

1.0068
2.7894
3.0337
0.7743
2.4480
4.0189
2.5289
1.4803
1.1794
1.3894

802.3169

838.6037

849.3526

807.2807

867.9070

828.4912

-

0.2536

-

-

0.2350

0.2648

-

-

4.8143

-

4.5342

5.9119

-

-

-

0.0227

-

0.0585

TABLE 2

Comparison of the BCS for case 6 of IEEE 30-bus power
system.

Case
4
185.040
42.2719
17.8796
20.0056
11.0727
17.7222
1.0912
1.0618
1.0820
1.0245
1.0653
1.0775
1.0126
1.0800
1.1000

Case
5
97.980
65.8223
39.8046
31.8498
22.4971
30.8854
1.1000
1.1000
1.0815
1.0815
1.0945
1.0520
1.0365
1.1000
1.0700

Cost
Emission
Ploss
VD
($/h)
(ton/h)
(MW)
(pu)
Case
MOMICA
830.1884
0.2523
5.5851
0.2978
6
828.4912
0.2648
5.9119
0.0585
129.240 MODA
52.2416
825
31.7661
MODA (Case 1)
26.1740
820
29.1932
21.5411
815
1.0904
810
1.0795
1.0408
805
1.0710
800
1.0436
0
20
40
60
80
100
1.0795
Generation
1.0115
1.0409
Fig. 3. Convergence of MODA algorithm for IEEE 30-bus system
1.0333
Fuel cost ($/h)

Cases

Case
3
108.530
56.2862
35.1353
32.8922
27.0646
29.2600
1.1000
1.1000
1.0859
1.1000
1.1000
1.0508
1.0522
1.1000
1.0338

1.0361
3.6798
1.5902
2.5826
3.6383
3.7916
0.9946
1.6714
4.1496
2.6294

The best results (BCS) of fuel cost, emission, power
losses and voltage magnitude deviation calculated by
MODA method are compared to the results obtained by
MOMICA algorithm (Table 2). In this Table, the results
obtained by MODA in case 6 are better than the other
method ((828.4912 $/h, 0.2648 ton/h, 5.9119 MW and
0.0585 pu) compared with (830.1884 $/h, 0.2523 ton/h,
5.5851 MW and 0.2978 pu)

Best results of multi-objective OPF problem for six cases of
IEEE 30-bus power system using MODA algorithm.
Case
2
116.310
68.7706
33.5162
30.4189
24.6570
16.1695
1.1000
1.1000
1.0996
1.0994
1.0749
1.1000
1.0734
1.0844
1.1000

1.0469
1.2714
1.7732
2.8698
3.4826
1.7945
2.9058
1.5647
3.7231
1.3772

In this simulation the best result obtained from the
algorithms is a set of dominant points Fig 4. This proves
that the proposed MODA can efficiently explore the end
Pareto-optimal solutions in all cases except case 1 for
multi-objective OPF problem. Figure 3 shows the typical
convergence characteristics for the BCS result. It can be
seen that the convergence is very fast.

TABLE I

Case
1
169.410
46.1325
21.2805
26.6958
16.9177
12.3170
1.0981
1.1000
1.0851
1.1000
1.0640
1.0241
1.1000
1.1000
1.1000

1.1000
4.6315
2.8194
4.7442
0.3628
1.1067
2.8731
1.5047
1.2057
4.7839

in case 1
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10
MODA (case 3)
Power losses (MW)

0.4
Emission (ton/h)

MODA (case2)
0.35
0.3
0.25
0.2
800

820

840

860
880
Fuel cost ($/h)

900

920

8
6
4
2
800

940

820

840

860
880
Fuel cost ($/h)

900

920

940

4
Power losses (MW)

2
1

10

MODA (case5)

5

0
0.4
0.3

0
800

Power losses (MW)

820

840
Fuel cost ($/h)

860

880

10
5
0
0.4
0.3

Emission (ton/h)

0.2

900

850
800

0.2

Emission (ton/h)

Power losses (MW)

Voltage magnitude
deviation (pu)

MODA (case 4)
3

800

950

10
5
0
5

Emission (ton/h)

Fuel cost ($/h)

900
850
Fuel cost ($/h)

0

850
800

900

Fuel cost ($/h)

Emission (ton/h)

Emission (ton/h)

DK;ĐĂƐĞϲͿ
0.4
0.3
0.2
5

Voltage magnitude
deviation (pu)

0

850
800

900

0.4
0.3
0.2
10
5

Power losses 'MW)

Fuel cost ($/h)

0

0

6
4
2
Voltage magnitude
deviation (pu)

Fig. 4. Pareto-optimal solutions obtained for case (2,3,4,5 & 6) for solution best of IEEE 30-bus power system.
B.

TABLE 3

IEEE 57-bus test system

IEEE 57-bus test system constitute of 7 generators, 80
transmission line, 17 transformers and three capacitor
banks as given in [14]. Active load demand is MW.
Upper and lower Boundaries of voltage buses and
transformer tap setting are between 0.9 & 1.1 pu.

Best results of multi-objective OPF problem for six cases of
IEEE 57-bus power system using MODA algorithm.

The vector of control variables is similar to the IEEE
30-bus case.
The BCS results of MODA-MOOPF for all cases is
presented in table 3, a comparison also is given in table 4.
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Cases
Pg1
Pg2
Pg3
Pg6
Pg8
Pg9
Pg12
Vg1
Vg2
Vg3
Vg6
Vg8
Vg9

Case
1
150.720
50.565
66.483
84.715
503.251
90.590
327.169
1.1000
1.1000
1.1000
1.1000
1.1000
1.1000

Case
2
237.450
82.459
14.619
77.224
369.684
94.298
391.580
1.0680
1.0510
1.0405
1.0395
1.0541
1.0594

Case
3
121.600
79.094
44.335
64.171
465.146
86.208
408.780
1.1000
1.1000
1.1000
1.1000
1.1000
1.1000

Case
4
162.940
80.810
65.872
35.855
508.758
26.486
390.014
1.0659
1.0527
1.0750
1.0602
1.0924
1.0711

Case
5
226.780
96.329
86.634
78.872
395.083
38.515
347.771
1.0541
1.0490
1.0748
1.0757
1.0855
1.0758
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Case
6
201.610
36.313
121.714
44.716
386.844
87.267
387.914
1.0282
1.0341
1.0673
1.0685
1.0484
1.0907
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1.0498
1.0722
1.0934
1.0373
0.9634
1.0452
1.0887
1.0846
1.0814
1.0501
1.0594
1.0065
1.0688
1.0460
0.9866
1.0611
1.0228
1.0252
10.368
2.9488
16.418

1.0602
1.1000
1.0627
0.9912
1.0606
1.1000
1.1000
1.1000
1.1000
1.1000
1.0882
1.0575
1.0826
1.1000
1.1000
1.1000
1.1000
1.0718
3.283
4.870
3.142

1.0654
1.0598
1.0091
1.0352
0.9660
0.9801
1.0632
0.9361
1.0155
0.9567
0.9944
1.0488
1.0721
1.0816
0.9890
1.0025
0.9331
1.0150
10.647
10.348
6.395

1.0867
1.0329
0.9951
1.0194
0.9979
1.0476
1.1000
1.0053
1.0253
1.0480
1.0117
1.0436
0.9826
1.0305
1.0803
1.0512
1.0169
1.0929
0.696
16.131
16.143

1.0989
0.9920
1.0610
0.9733
0.9389
1.0204
1.0467
1.0313
1.0025
1.0158
0.9851
1.0500
1.0626
1.0315
0.9510
1.0088
0.9236
1.0419
4.423
10.547
10.350

4 .1966

4.2997

4.1903

4.2101

4.3021

4.3897

4.4
MODA (case1)
Fuel cost ($/h)

1.1000
1.1000
1.1000
1.1000
1.1000
1.1000
1.1000
1.1000
1.1000
1.1000
1.1000
1.0964
1.1000
1.1000
1.1000
1.1000
1.1000
1.0964
11.688
1.8647
12.326

4.35
4.3
4.25
4.2
0

20

40
60
Generation

80

100

Fig. 5. Convergence of MODA algorithm for
IEEE 57-bus system in case 1
2.2

-

1.6233

-

-

-

-

-

-

1.5028

1.6312

-

18.1103

16.7039

0.0131

-

0.0040

16.2646
-

MODA (case2)
Emission (ton/h)

Vg12
T4-18
T4-18
T21-20
T24-25
T24-25
T24-26
T7-29
T34-32
T11-41
T15-45
T14-46
T10-51
T13-49
T11-43
T40-56
T39-57
T9-55
Qc18
Qc25
Qc53
Fuel
cost
($/h)
*
1000
Emission
(ton/h)
Ploss
(MW)
DV
(pu)

2
1.8
1.6
1.4
4.2

On the other hand, MODA a is converging fastly (fig.
5), figure 6 shows the pareto-optimal solutions for case
(2,3,4,5 and 6), it show that MODA gives the best setting
of control variables and converge to the near-optimal
solution with the large-scale test system, which confirm
the effectiveness of proposed algorithm.

4.6
Fuel cost ($/h)

4.8

200
Power losses (MW)

Tables 4 illustrate a comparison between MODA and
MOMICA methods in case 2, This comparison can be
seen clearly that the results obtained by MODA-MOOPF
for larger systems are good and acceptable ((43897 $/h,
1.6312 ton/h, 16.7039) compared with (41886.7982 $/h,
1.4784 ton/h).

4.4

MODA (case3)
150
100
50
0
4.1

4.2

4.3
4.4
Fuel cost ($/h)

4.5

4.6

0.08
MODA (case 4)
Voltage magnitude
deviation (pu)

TABLE 4

Comparison of the BCS for case 2 of IEEE 57-bus power
system.

Cases

Fuel cost ($/h)

Emission (ton/h)

MODA

42997.0000

1.6233

MOMICA

41886.7982

1.4784
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0.06
0.04
0.02
0
4.205
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4.21
Fuel cost ($/h)
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4.215

5

MODA (case 5)

400

Power losses (MW)

Power losses (MW)
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200

0
3

Emission (ton/h)

100

0
3

5

2
4

6

2

4.5
1

MODA (case 6)

200

Emission (ton/h)

Fuel cost ($/h)

5
1

4

Fuel cost ($/h)

Fig. 5.

Pareto-optimal solutions obtained for case (2,3,4,5 & 6)
for solution best of IEEE 57-bus power system.

7. CONCLUSION
In this paper, a multi-objective economic emission
dispatch problem solution has been solved for IEEE 30bus and IEEE 57-bus systems by multi-objective
dragonfly method. Four multi-objective functions have
been solved simultaneously using the proposed MODA
technique. Non-dominated sorting approach is used to
maintain a diverse in Pareto optimal fronts. The
simulation results show the MODA optimizer is
successful and gives well distributed Pareto optimal
solutions than MOMICA method for MOOPF problem of
base and contingency cases with different objectives.
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Abstract--Generalized Frequency Division Multiplexing
(GFDM) concept and implementation aspects for the
prototype using hardware platforms are now available. The
flexible nature of GFDM makes such waveform a suitable
candidate for future 5G networks. It removes the
detrimental effects of multipath fading channel into flat
narrow band channels since the Bit Error Rate (BER) is the
target to be satisfied with any kind of wireless
communication systems. In this paper, the new suggested
idea is to concatenate two kinds of codes for channel coding
which are Turbo Code (TC) and Low Density Parity Check
Code (LDPC) through multipath fading channels. The TC
and LDPC are implemented in series respectively at the
transmitter with their inverse order at the receiver. This idea
is applied to the fifth generation (5G) of mobile network for
different kind of fading channels. Consequently, the BER is
considerably reduced through using the TC and LDPC codes
which strengthen the obtained simulation results.
Index Terms—5G, BER, GFDM, LDPC, SNR, TC.

1. INTRODUCTION
GFDM [1] is a promising solution for the 5G PHY
layer [2] because its flexibility can address the different
needs. For real-time applications, the signal length must
be reduced to fulfill certain latency requirements. Because
GFDM is confined in a block structure of K×M samples,
where K subcarriers carry M subsymbols each, it is
possible to design the time frequency structure to match
the time constraints of low latency applications. Different
filter impulse responses can be used to filter the
subcarriers. This choice affects the out-of-band (OOB) [3]
emissions and the BER performance [4]. As it will be
shown, GFDM allows engineering signals in their
frequency and time characteristics. Thus, the scheme
retains all main benefits of Orthogonal Frequency
Division Multiplexing (OFDM) [5] at the cost of some
additional implementation complexity.
Turbo Code [6] is used practically in the third
generation communication systems as an error correct
code due to its perfect error correcting capability. But it
has error floor at high Signal-to-Noise Ratio (SNR). This
may be a significant drawback of Turbo Code.

ISBN: 978-9938-9937-0-7

Low-density parity-check (LDPC) [7] code is
a linear error correcting code, a method of transmitting a
message over a noisy transmission channel. It can
approach to Shannon limit closer than turbo code with
block length of 106 and code rate of 1/2. LDPC code uses
sum-product algorithm which uses only sum and product
operation. So the decoding complexity is very low as
compared to turbo codes MAP (maximum a posteriori)
algorithm. And LDPC code needs no inter leaver when it
is used as a component code in concatenated scheme.
The subject of error-correcting coding to enhance the
performance of wireless communication systems is well
documented. The most popular codes are the Turbo Code
(TC) and the Lower Density Parity Check (LDPC) code
which produced better results once they are used in the
channel coding of any kind of communication systems. In
this paper a new idea of channel coding is proposed, based
on concatenation of TC and LDPC codes. This is applied
to the fifth generation (5G) of GFDM transmission system
in the presence of multipath fading channels such as
Gaussian [8], Rayleigh [9] and Rician [10] ones.
Simulation results show that implementing the TC and
LDPC codes respectively in series at the transmitter and
their inverse order at the receiver will reduce the bit error
rate (BER) significantly compared to TC and LDPC codes
used individually.
High-quality and high-speed multimedia solutions are
required within the next era mobile conversation systems.
Nonetheless it is difficult to fulfill these solutions with just
turbo code because of error floor. The LDPC-turbo
concatenated scheme is definitely an option to solve this
issue, because it can combine the performances of turbo
code at low SNR and LDPC code at high SNR.
The rest of the paper is organized as follows. Section II
provides mathematical development of GFDM system.
Section III deals with the TC codes. In Section VI reviews
the existing work on the design of LDPC codes for
AWGN channel. Obtained results are presented and
discussed in Section V. The paper is concluded with some
remarks in section VI.
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2. MATHEMATICAL DEVELOPMENT OF GFDM
SYSTEM
Consider the block diagram depicted in Fig. 1. A data
source provides the binary data vectorܾሬԦ, which is encoded
ሬሬሬሬԦ . A mapper, e.g. Quadrature Amplitude
to obtainܾ
Modulation (QAM), maps the encoded bits to symbols
from a 2ȝ valued complex constellation where ȝ is the
modulation order. The resulting vector ݀Ԧdenotes a data
block that contains N elements, which can be decomposed
into K subcarriers, with M, sub symbols each according to
்
்
்
் ሬሬሬሬԦ
்
்
ሬሬሬሬሬሬሬሬԦ
ሬሬሬሬሬሬሬሬԦ
ሬሬሬሬሬሬሬሬሬሬሬሬሬԦ
ሬሬሬሬԦ
ሬሬሬሬሬሬሬሬሬሬԦ
ሬሬሬሬሬԦ
݀Ԧ ൌ ቀ݀
 ǡ ݀ଵ ǡ ǥ ǡ ݀ெିଵ ቁand ݀ ൌ ቀ݀ǡ ǡ ݀ଵǡ ǡ ǥ ǡ ݀ିଵǡ ቁ

்

The total number of symbols follows as N = KM. The
details of the GFDM modulator are shown in Fig.1. Each
dk,m is transmitted with the corresponding pulse shape.

ݔԦ ൌ ܣǤ ݀Ԧ

(3)

 ܣൌ ൫݃
ሬሬሬሬሬሬሬԦ
ሬሬሬሬሬሬሬሬሬሬሬሬԦ݃
ሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬԦ൯
ǡ ǥ݃
ିଵǡ ሬሬሬሬሬሬሬԦǥ݃
ǡଵ
ିଵǡெିଵ

(4)

෪ ݔԦ  ߴԦ
ݕԦ ൌ ܪǤ

(5)

Where A is a KM ൈKM transmitter matrix [9] with a
structure according to

Transmission through a wireless channel is modeled by
෩ denotes
And ݕԦ is the received counterpart of ݔԦ . Here, ܪ
the channel matrix which is a ܰ by ܰ (ܰ ൌ  ܭൈ ܯሻ
convolution matrix with band-diagonal structure based on
a channel impulse response. Lastly, ߴԦ denotes Additive
White Gaussian Noise (AWGN).
At the receiver, time and frequency synchronization is
performed; yielding ሬሬሬԦ
ݕ௦ .Then the cyclic prefix is removed.

Fig. 1. Details of the GFDM modulator.

݃ǡ ሾ݊ሿ ൌ ݃ሾሺ݊ െ ݉ܭሻ݉ܰ݀ሿǤ ሺെ݆ʹߨ

݇
݊ሻ
ܯ

(1)

Where n denotes the sampling index. Each ݃ǡ ሾ݊ሿ is a
time and frequency shifted version of a prototype
filter݃ሾ݊ሿ.
The transmit samples ݔԦ ൌ ሺݔሾ݊ሿሻ் are
obtained by superposition of all transmit symbols
ିଵ ୀெିଵ

ݔሾ݊ሿ ൌ   ݃ǡ ሾ݊ሿǤ ݀ǡ ǡ݊ ൌ Ͳǡ ǥ ǡ ܰ െ ͳ
ୀ

ୀ

(2)

Collecting the filter samples in a vector ሬሬሬሬሬሬሬሬԦ
݃ǡ ൌ
்

Under the assumption of perfect synchronization,
ሬሬሬሬሬԦ
෦௦ ൌ ݕԦ, the cyclic prefix can be used to simplify the
i.e.ݕ
model of the wireless channel as
(6)

݀Ԧመ ൌ ܤǤ ሬሬሬሬԦ
ݔ

(7)

The overall transceiver equation can be written as ݕԦ ൌ
ݔ ൌ ି ܪଵ Ǥ ݕԦ ൌ ି ܪଵ Ǥ ܪǤ ܣǤ ݀Ԧ 
ܪǤ ܣǤ ݀Ԧ  ߴԦ. Introducing ሬሬሬሬԦ
ି ܪଵ Ǥ ߴԦ as the received signal after channel equalization,
linear demodulation of the signal can be expressed as

൫݃ǡ ሾ݊ሿ൯ allows to formulate (2) as
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ݕԦ ൌ ܪǤ ݔԦ  ߴԦ
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Where B is a  ܭൈ  ܯreceiver matrix. Several standard
receiver options for the GFDM demodulator are readily
available in literature: The Matched Filter (MF)
receiverܤெி ൌ ܣு , the Zero-Forcing (ZF) receiverܤி ൌ
ିܣଵ , the linear Minimum Mean Square Error (MMSE)
ିଵ
receiver ܤெெௌா ൌ ൫ܴణ ଶ  ܣு Ǥ ܪு Ǥ ܪǤ ܣ൯ Ǥ ܣு Ǥ  ܪு makes
a trade-off between self-interference, and noise
enhancement. Here, ܴణ ଶ denotes the covariance matrix of
the noise. Finally, the received symbols ݀Ԧመ are demapped
ܾ at the receiver, which are
to produce a sequence of bits ሬሬሬԦ


then passed to a decoder to obtain ܾሬԦ.

B. Decoding Turbo Code
Signal transmission over an AWGN channel, A wellknown hard-decision rule, known as Maximum
Likelihood (ML), is to choose the data dk = +1 or dk = -1
associated with the larger of the two intercept values. For
each data bit at time k, this is tantamount to deciding that
dk = +1 if xk falls on the right side of the decision line,
otherwise deciding that dk = -1.
A similar decision rule, known as Maximum A
Posteriori (MAP), which can be shown to be a minimum
probability of error rule, takes into account the A Priori
Probabilities of the data. The general expression for the
MAP rule in terms of APPs is as follows:

Transmitter
Binary
Source

Cyclic
Prefix
(CP)

GFDM
Modulator

Encoder

HPA

GFDM
Demodulator

Decoder

Remove
(CP)

Receiver
Fig. 2. Block diagram of the transceiver.

(9)

ܲሺݔȁ݀ ൌ ͳሻܲሺ݀ ൌ ͳሻ ͳܪ
ͳش
ܲሺݔȁ݀ ൌ െͳሻܲሺ݀ ൌ െͳሻ
ʹܪ

A. Encoding scheme
The Turbo Code is constituted by parallel concatenated
convolutional codes in which the information bits are first
encoded by a Recursive Systematic Convolutional (RSC)
code and then, after passing the information bits through
an inter leaver, are encoded by a second RSC code (see
Figure3).

ܮሺ݀ȁݔሻ ൌ ݃ܮ

Multiplexing Output
And
Puncturing

ܮሺ݀ȁݔሻ ൌ ݃ܮ

RSC
R=1/2

ܲሺ݀ ൌ ͳȁݔሻ
ܲሺ݀ ൌ െͳȁݔሻ

ܲሺݔȁ݀ ൌ ͳሻ ܲሺ݀ ൌ ͳሻ

ܲሺݔȁ݀ ൌ െͳሻ ܲሺ݀ ൌ െͳሻ

ܮሺ݀ȁݔሻ ൌ ܮሺݔȁ݀ሻ  ܮሺ݀ሻ

Fig.3. Turbo coder system
Input

(10)

By taking the logarithm of the likelihood ratio, we
obtain a useful metric called the log-likelihood ratio
(LLR). It is a real number representing a soft decision
output of a detector, designated as follows

RSC
R=1/2
Interleaver

ͳܪ
ܲሺݔȁ݀ ൌ ͳሻܲሺ݀ ൌ ͳሻ ܲ شሺݔȁ݀ ൌ െͳሻܲሺ݀
ʹܪ
ൌ െͳሻ

Equation (9) is generally expressed in terms of a ratio,
yielding the so-called likelihood ratio test, as follows

3. OVERVIEW OF BLOCK TURBO CODES

Input

(8)

Equation (8) states that you should choose the
hypothesis H1, (d = +1), if the APP ܲሺ݀ ൌ ͳȁݔሻ, is
greater than the APP ܲሺ݀ ൌ െͳȁݔሻ. Otherwise, you
should choose hypothesis H2, (d= -1). Using the Bayes’
theorem, the APPs in Equation (1) can be replaced by
their equivalent expressions, yielding the following

Channel

Binary
receiver

ͳܪ
ܲሺ݀ ൌ ͳȁݔሻ ܲ شሺ݀ ൌ െͳȁݔሻ
ʹܪ

(11)

(12)
(13)

To simplify the notation, Equation (13) is rewritten as
follows
Z-1

Fig. 3. Recursive Systematic Convolutional Encoder rate R = ½ and
generators G = [7 5]
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ܮԢ൫݀መ ൯ ൌ ܮ ሺݔሻ  ܮሺ݀ሻ

Z-1

(14)

Where the notation Lc(x) emphasizes that this LLR term
is the result of a channel measurement made at the
receiver. The equations above were developed with only a
data detector in mind. Next, the introduction of a decoder
will typically yield decision-making benefits. For a
systematic code, it can be shown that the LLR (soft
output) L (d) out of the decoder is equal to Equation (15)
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ܮ൫݀መ ൯ ൌ ܮԢ൫݀መ ൯  ܮ ൫݀መ ൯

Where L(d) is the LLR of a data bit out of the
demodulator (input to the decoder), and Le(d) is called the
extrinsic LLR, represents extra knowledge gleaned from
the decoding process. The output sequence of a systematic
decoder is made up of values representing data bits and
parity bits. From Equations (14) and (15), the output LLR
L (d) of the decoder is now written as follows:
ܮሺ݀ሻ ൌ ܮሺ݀ሻ  ܮ ሺ݀ሻ  ܮ ሺ݀ሻ

(16)
The sign of ܮሺ݀ሻ denotes the hard decision; that is,
decide that d = +1 for positive values of ܮሺ݀ሻ, decide that
d = -1 for negative values ofܮሺ݀ሻ. The magnitude denotes
the reliability of that decision.
ܮ ሺ݀ሻ) ܮ ሺ݀ሻ
Decoder
RSC 1
ܮ ሺ݀ሻ
ܮ ሺ݀ሻ

De-multiplexer

Interleav

ܮ ሺ݀ሻ
ܮ ሺ݀ሻ
Decoder
RSC 2
ܮ ሺ݀ሻ
ܮ ሺ݀ሻ

De-interleaver

Input

A. Decoding LDPC Code using sum-product Algorithm
[13]
First, we describe the notations of the sum-product
algorithm in Fig.5 (b). ܯሺ݈ሻdenotes the set of check
nodes that are connected to the bit node 1, i.e., positions of
“1”s in the lth column of the parity-check matrix. ࣦሺ݉ሻ
denotes the set of bits that participates in the mth paritycheck equation, i.e., the positions of “1”s in the mth row of
the parity-check matrix.
ܯሺ݈ሻȀ݉ represents the set ܯሺ݈ሻ with the mth check
excluded and ࣦሺ݉ሻȀ݈ represents the set ࣦሺ݉ሻ with the ݈ th
bite excluded.

ݍ՜
, where i = 0. 1, denotes the probability information
that the bit node ݈ sends to the check node ݉, indicating
ܲሺݔ ൌ ݅ሻ.

ݎ՜
, denotes the probability information that the݉ th
check node gathers for the ݈ th bit being i.
In the case of equiprobable inputs on a memoryless
AWGN channel with QAM,
ܮሺ ሻ ൌ ݃ܮ

4. LDPC CODE
LDPC codes and their iterative decoding algorithm
were proposed by Gallager in 1962 [11], [12]. LDPC
codes have been almost forgotten for about thirty years, in
spite of their excellent properties.
LDPC codes are defined as codes using a sparse paritycheck matrix with the number of l’s per column (column
weight) and the number of l’s per row (row weight), both
of which are very small compared to the block length.
LDPC codes are classified into two groups, regular LDPC
codes and irregular LDPC codes. Regular LDPC codes
have a uniform column weight and row weight, and
irregular LDPC codes have a non-uniform column weight.
We describe an LDPC code defined by  ܯൈ ܰparitycheck matrix  ܪas ሺܰǡ ܯሻ LDPC, where  ܭൌ ܰ െ  ܯand
the code rate is ܴ ൌ ܭȀܰ.
Bit Nodes

Fig. 5. (a) Factor graph and (b) notation of the sum-product algorithm

A.1 Initialization

Fig.4. decoder block schemes

݊ଵ

b

(15)

݊ଷ

݊ଶ

݊ସ

݊ହ

݊

݊

ܲሺݕ ȁݔ ൌ ͳሻ
ʹ
ൌ ଶ ݕ
ȁݔ
ܲሺݕ  ൌ െͳሻ ߪ

(17)

Whereݔ , ݕ represent the transmitted bit and received
bit, respectively, and ߪ ଶ is the noise variance. For every
position ሺ݉ǡ ݈ሻ such that ܪǡ ൌ ͳ, where ܪǡ represents
the element of the mth row and the ݈ th column in the parity

൯ and ܮ൫ݎ՜
൯ are initialized as
check matrix ܪ, ܮ൫ݍ՜

ܮ൫ݍ՜
൯ ൌ ܮሺ ሻ

ܮ൫ݎ՜ ൯ ൌ Ͳ

(18)

A.2 Checks to bits

Each check node m gathers all the incoming

information ܮ൫ݍ՜
൯ and updates the belief on the bit 1
based on the information from all other bits connected to
the check node m.

ܮ൫ݎ՜
൯ ൌ ʹି݄݊ܽݐଵ ቌ ෑ

଼݊

ᇲ ࣦאሺሻȀ

ሺܮ൫ݍᇲ ՜ ൯Ȁʹሻቍ

(19)

A.3 Bits to checks

݉ଵ

Check Nodes

Check node index m

ࣦሺͳሻ

ͳ
ቌͲ
ͳ
Ͳ

Ͳ
ͳ
Ͳ
ͳ

a

݉ଶ

݉ଷ

݉ସ

Each bit node l propagates its probability to all the check
nodes that connect to it.

ܮ൫ݍ՜
൯ ൌ ܮሺ ሻ 

A.4 Check stop criterion
Bit node index l

Ͳ
ͳ
ͳ
Ͳ

ͳ
Ͳ
Ͳ
ͳ

ܯሺͳሻ ܯሺ͵ሻ/1
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ͳ
ͳ
Ͳ
Ͳ

Ͳ
Ͳ
ͳ
ͳ

Ͳ
ͳ
Ͳ
ͳ

ࣦሺͶሻȀͳ

ͳ
Ͳቍ
ͳ
Ͳ



אெሺሻȀ


ܮ൫ݎ
ᇲ ՜ ൯

(20)

The decoder obtains the total A Posteriori Probability
for the bit I by summing the information from all the
check nodes that connect to the bit l.
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.


ܮ൫ݍ ൯ ൌ ܮሺ ሻ   ܮ൫ݎ՜
൯

(21)

אெሺሻ

Hard decision is made on theܮ൫ݍ ൯, and the resulting
decoded input ܠො is checked against the parity-check matrix
H vector. If۶Ǥ ܠො ൌ , the decoder normally stops and
ෝ, and the steps A2-A4 are repeated. The sumoutputsܠ
product algorithm models the maximum quantity of
iterations (max iteration). If the real amount of iterations
turns into the maximum quantity of iterations, the decoder
stops and outputs.
If LDPC code is connected to Turbo Code serially
without inter leaver like Fig. 5, high coding gain can be
expected with low decoding complexity. LDPC code is
used as an outer code in this scheme, since LDPC decoder
can receive reliable decoded bits from turbo decoder even
at low SNR. Input bits are encoded by LDPC and turbo
encoder in sequence, and the encoded bits are transmitted
to channel and decoded in turbo and LDPC decoder.
Iterative decoding is used in each LDPC and turbo
decoder.
When LDPC code rate is R1 and Turbo Code rate is R2,
the total code rate is R1R2. The selection of each code
rate is also important. Various rates of LDPC code can be
made easily, since LDPC code rate is determined by the
size of parity check matrix.

Figure. 6. Transmission and reception of GFDM system
concatenated of TC and LDPC Codes

Performances of LDPC and Turbo Code are compared
with the same 1024 input bits and code rate of TC is RTC=
1/3, LDPC is RLDPC= 7/24 and TC-LDPC is RTC-LDPC=
(1/3) × (7/8) =7/24. LDPC code is made by 21600x21600
parity check matrix. And Turbo Code is composed of the
convolutional code with the generator polynomial of
(7, 5)8. The number of iterations in Turbo Code is set to 5,
because the performance improvement is almost saturated
after 5 iterations, and the maximum number of LDPC
codes iterations is set to 50 to make decoding delay time
as short as possible. Actually, only several iterations are
needed to get the BER of 10-6 in our simulation, and
AWGN (white Gaussian noise channel) channel is
assumed.
The simulation result is shown in Fig.7. Turbo Code
outperforms LDPC code up to about 1 (dB). For example,
Turbo Code shows BER of 10-5 at 11 (dB), but LDPC
code shows BER of 10-3 at the same SNR. However, less
performance improvement is observed at high SNR due to
error floor. So the BER of Turbo Code is higher than that
of LDPC code over 1 (dB).
In contrast to Turbo Code, LDPC code shows relatively
high BER at low SNR. But its BER curve falls steeply and
outperforms Turbo Code as SNR is increased. So,
reduction of error floor can be expected when LDPC code
is concatenated to Turbo Code.

with

5. RESULTS AND DISCUSSION
The simulations carried out on the GFDM transmission
system shown in Fig 5. The simulation parameters are
shown in Table 1.
TABLE I

5G-GFDM design parameter
Parameters

Values

Mapping

16-QAM

Transmit Filter

Raised Cosine (RC)

Roll-off (Į)

0.1

Number of subcarriers (K)

64

Number of subsymbols (M)

9

The size of the parity check matrix of
LDPC code

21600x21600

The parameters of the Turbo Code (TC)

RSC1=RSC2= (7,5)8
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Figure.7. Performance comparison of different encodings for a Gaussian
channel

Figure 7 shows BER versus SNR for a Gaussian
channel, we note that in the GFDM without channel
coding the SNR for BER= 10-8 was about 21 (dB),
whereas when we use TC and LDPC separated the results
at BER= 10-8 were 14 (dB) and 13 (dB) respectively. The
best value of SNR was 9 (dB) when we use TC and LDPC
together.
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doesn't need inter leaver when it is utilized in a
concatenated scheme. Therefore, the concatenation of
LDPC and Turbo Code without inter leaver is a great
combination to get top quality multimedia solutions. The
concatenated scheme did not show error floor in our
simulation, and it outperforms LDPC code of the same
code rate when external LDPC code rate is selected
properly.

Figure.8. Comparison between the performances of different encodings
for Rayleigh channel.

Figure 8 provides information about BER versus SNR
for a Rayleigh channel, as we can see in the GFDM
without channel coding the SNR for BER= 10-6 was 40
(dB), whereas when we use TC and LDPC separated the
results at BER= 10-6 was 21 (dB) for both TC and LDPC.
The best value of SNR was 13 (dB) when we use TC and
LDPC together.

Therefore the LDPC-turbo concatenated code is usually
expected to be appropriate to the near future mobile
communication systems which need low BER with low
decoding complexity and also high throughput efficiency.
However when the code rate of LDPC code is definitely
relatively high, the efficiency degradation is noticed.
Thus, the extensive research on the more suitable LDPC
code rate should be done and is under investigation.
[1]

[2]

[3]

[4]

[5]

Figure.9. Comparison between the performances of different encodings
for the Rician channel.

Figure 9 illustrates BER versus SNR for a Rician
channel, concatenated scheme shows lower BER than
Turbo Code and LDPC code. The concatenated scheme
needs 14 dB to get BER of 10-6, but Turbo Code and
LDPC need around 21 dB. This difference in performance
is increased as SNR is increased further. This performance
improvement may be due to LDPC decoder which
receives more reliable decoded bits from turbo decoder.
6.

CONCLUSION

[7]

[8]

The concatenation of LDPC and Turbo Code is
proposed to enhance the error performance at high SNR
for
the
next
generation
multimedia
cellular
communications and the performance is analyzed in this
paper. Turbo code displays poor overall performance at
high SNR because of error floor. But LDPC code displays
no error flooring and outperforms Turbo Code at high
SNR, and the decoding algorithm is simple when
compared with Turbo Code. Furthermore, LDPC code
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[6]

[9]

203

REFERENCES
J. T. Dias and R. C. de Lamare, “Unique-Word
GFDM Transmission Systems,” IEEE Wirel.
Commun. Lett., vol. PP, no. 99, pp. 1–1, 2017.
M. Mukherjee, P. Kumar, and R. Matam, “A PHYlayer framework of multirate transmission for ultradense networks in 5G,” in 2015 International
Conference on Communications, Signal Processing,
and their Applications (ICCSPA), 2015, pp. 1–6.
A. Ali, N. Gonzalez-Prelcic, and R. Heath,
“Millimeter Wave Beam-Selection Using Out-ofBand Spatial Information,” IEEE Trans. Wirel.
Commun., vol. PP, no. 99, pp. 1–1, 2017.
Z. Wang, L. Mei, X. Wang, and N. Zhang, “Bit
error rate analysis of generalised frequency division
multiplexing with weighted-type fractional Fourier
transform precoding,” IET Commun., vol. 11, no. 6,
pp. 916–924, 2017.
M. Noschese, F. Babich, M. Comisso, C. Marshall,
and M. Driusso, “A low-complexity approach for
time of arrival estimation in OFDM systems,” in
2017 International Symposium on Wireless
Communication Systems (ISWCS), 2017, pp. 128–
133.
K. Q. T. Zhang, “Turbo Codes and Turbo
Principle,” in Wireless Communications:Principles,
Theory and Methodology, Wiley Telecom, 2015, p.
448-.
V. S. Jadhav and P. Sawant, “Performance scrutiny
and optimization of LDPC coded MIMO OFDM
systems,” in 2016 International Conference on
Inventive Computation Technologies (ICICT), 2016,
vol. 2, pp. 1–4.
O. Ordentlich and Y. Polyanskiy, “Low complexity
schemes for the random access Gaussian channel,”
in 2017 IEEE International Symposium on
Information Theory (ISIT), 2017, pp. 2528–2532.
S. E. Makhtari, M. Moussaoui, and H. Samadi, “On
Soft Combined Turbo Codes performance over
Rayleigh fading channel,” in 2016 5th International
Conference on Multimedia Computing and Systems
(ICMCS), 2016, pp. 528–532.

Editors: Tarek Bouktir & Rafik Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2017
[10] A. Karrila, N. R. Väisänen, D. Karpuk, and C.
Hollanti, “Lattice coding for Rician fading channels
from Hadamard rotations,” in 2017 IEEE
International Symposium on Information Theory
(ISIT), 2017, pp. 3110–3114.
[11] H. Futaki and T. Ohtsuki, “Low-density paritycheck (LDPC) coded OFDM systems,” in IEEE
54th Vehicular Technology Conference. VTC Fall
2001. Proceedings (Cat. No.01CH37211), 2001,
vol. 1, pp. 82–86 vol.1.
[12] W. E. Ryan, An introduction to LDPC codes. CRC
Press, 2004.
[13] X.-Y. Hu, E. Eleftheriou, D. M. Arnold, and A.
Dholakia, “Efficient implementations of the sumproduct algorithm for decoding LDPC codes,” in
IEEE Global Telecommunications Conference,
2001. GLOBECOM ’01, 2001, vol. 2, pp. 10361036E vol.2.

ISBN: 978-9938-9937-0-7

204

Editors: Tarek Bouktir & Rafik Neji

Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2017

Modeling and Control of Grid connected Wind
Turbine using Simulink
Aroua Slimen1, Hatem Tlijani2, Mehdi Dhaoui3 and Rached B.Younes4
(1,2,4)

Research Unit of Physical, Computer Science and Mathematics, (3) Research Unit of Photovoltaic, Wind and
Geothermal Energy, (1,3) National Engineering School of Gabes, (2) National Engineering School of Tunis
(4)
Faculty of Science of Gafsa, (2,4)University of Gafsa
(1,3)
University of Gabes
TUNISIA
Slimen.aroua@yahoo.com, hatemtlijaniissat@gmail.com, dhaouim@yahoo.fr, Rached.benyounes@fsgf.rnu.tn

To do this, this paper was divided as follows:

Abstract The aim of this paper is to model and simulate a
wind turbine controlled permanent magnet synchronous
generator. We have developed a wind turbine conversion chain
model consisting of a turbine coupled directly to the generator
connected to the power grid in order to improve the quality of
the energy produced by the system. The generator model is
established in the synchronous frame of reference dq. A
MatLab/Simulink simulation was developed using a 3.5KW
turbine and a 3.8KW permanent magnet synchronous
generator. In this paper, the maximum power point tracking
for the variable speed wind turbine is proposed with pitch
angle control to control the speed of the turbine rotor. In order
to control a wind turbine with PMSG, a set of voltage
converters is connected via a DC link capacitor. The capacitor
cuts both converters, allowing separate commands to be
applied to each converter to simplify. The control systems are
separated in the controller on the machine side and the
controller on the network side. In this arrangement, the
generator-side converter controls the operation of the
generator and the mains-side converter controls the voltage of
the DC link by exporting the active power to the network. In
addition, the proportional integral (PI) controller is used to
control the pitch angle of the wind turbine and the other
controls of the two converters. The complete system is modeled
and simulated using Matlab Simulink environment.
Keywords Wind, PMSG, MPPT, Pitch Angle Control, Grid.
1.

- A first part will contain the modeling of the wind
energy generator;
- A second part will show the association of the two
converters, the rectifier and an inverter via a DC bus DC;
- Finally, with a complete model of wind chains
connected to the electricity grid.

Figure 1.

2. Mathematical of Generator
Turbine
2.1.
Model of wind turbine

Introduction

The objective of the network interface system is to
control the transformation of energy at the generator level
and to transport the transformed power to the network. In
this work, the connection system requires two transistor
voltage converters, to which the generator-side converter is
in rectifier mode and the other network side is an inverter.
The control structure of considered conversion chain is
shown in figure 1. In order to allow simulation and set up
controls, suitable models of static converters must be
established.

Wind

The mechanical power of the wind turbine is expressed by
[1]:

Ptur =

1
.r.S.V 3 .Cp ( l, b )
2

Where,
Cp : power factor ;
V: Wind speed;

The modeling of this conversion chain was carried out to
understand the principle of operation and especially to
dimension optimally the main elements of the chain.
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General shematic control

: air density;
! : pitch angle;
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S : surface swept by the blades of the turbine.

ì
ï
ï
í
ï
ïî

Moreover, the power coefficient (Cp) can be determined by
the relation between the ratio of the speed of the turbine
and the pitch angle, given by the function [1]:

æ 21 ö
-ç ÷
æ 116
ö l
C ( l , b ) = 0,5176 çç -0,4.b -5 ÷÷ e è i ø + 0, 0068.l
p
è li
ø

Vds , Vqs and ids , iqs are , respectively, the stator voltages
and the stator currents in the reference frame d-q; Rs is the
resistance stator winding phase, w is the basic electrical
angular frequency of the generator, Ls is the inductance
cyclic of the stator, j is the magnetic flux and p is the

(2)

Where

1

li

=

1
0,035
l + 0,08.b 1+ b 3

(3)

f

pairs of poles [1, 2] .

The ratio between the speed of the turbine and the wind
speed is expressed by:

l =

R t .W tur
V

di
+ Ls . ds - p.w.Ls .iqs
ds
ds
dt
(6)
diqs
+ p.w.Ls .i + p.wj
vqs = R s .iqs + Ls .
ds
f
dt
= R s .i

v

The electromagnetic torque:
P

Tem = 1,5. .jf .iqs = k.iqs
2

(4)

Where, !tur and Rt are the angular velocity and the radius
of the blades of the turbine, respectively[1, 2].

(7)

P

k = 1,5. .jf
2

Where,

The mechanical model can be:

Tem - Tr = J m .

dW
dt

+ f .w

(8)

3. Control strategies for wind power
generation system
In a context of optimizing the energy conversion chains
of wind energy, a conventional control of the PI type is used
for the regulators and the vector control of the machine is
presented. To control our system well, we propose the
method of finding the maximum power (Maximum Power
Point Tracking: MPPT) and a second one that is used for
strong winds called pitch control.

Figure 2. Curve of the Cp (l,b)
Fig. 2. figured the variation of the power coefficient Cp as a
function of the peak speed ratio and the pitch angle. For
"opt=0° and l = 8.1 the power coefficient gets its maximum.

The MPPT command is a technique whose principle
consists in following the maximum power point of an
electric generator for a variable wind speed, generating the
reference speed control which will extract the power
maximum wind energy available with the optimum rotation
speed of the wind turbine rotor [3-6].
The optimum rotation speed of the turbine rotor can be
estimated as follows for a given wind speed where the
velocity ratio (#) is maintained at its optimal value (#opt) [4].

Using the turbine power and the angular velocity of the
blades of turbine, we can obtain the mechanical torque of
the turbine [1]:
P
(5)
Tm = tur
Wtur

2.2.

Model of the PMSG

We can describe the synchronous generator with
permanent magnets of the wind system by these dynamic
equations of the stator currents, neglecting the homopolar
component and considering the flux in the air-gap of the
machine [1, 2] :
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W

tur -opt

=

V ×l opt

(9)

R

The maximum mechanical power is obtained as a function
of its optimum rotational speed and the coefficient of power
is at its maximum value CP max = CP lopt by:

(
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opt
P
tur

æ
ö
W
×R
= 0.5.CP max ( l ) ´ r ´ S ´ çç tur -opt ÷÷
ç lopt
÷
è
ø

role to convert the DC voltage output from the DC bus into
AC voltage to the gate and to regulate the DC bus voltage
and control the amount of power reactive and active
substances delivered to grid. After, internal control loops
are used by the PI controllers to regulate the direct current
and quadrature components at the outputs of the current
regulator due to the output filter in the synchronous rotation
reference frame, the voltages of decoupling are added to
compensate for the coupling effect.

3

The pitch angle control system proposed in this work plays
an essential role in regulating the power produced by the
wind system. Its principle is to protect the machine before
overloading at higher wind speeds by changing the angle of
the blades to the maximum speed of the generator at
revolutions so to maintain the speed of the wind turbine
rotor at its nominal value in the winds higher (greater than
25m / s).

3.1.Vector control
The PMSG side converter is used as a rectifier which
serves to convert the AC generator alternating voltage and
functions as a pilot to control the generator working to
capture the maximum power of the available wind power
[9-12]. On the other hand, according to equations (9) and
(10), it can be deduced that the electromagnetic torque Te
can be controlled by regulating the stator current
components of the q-axis (isqr) simply by assuming that the
current of the axis d (isdr) is equal to zero. Furthermore, Vsqr
is obtained by the error of isqr and iqr where iqr is the
reference current, this error is transmitted to a PI controller.
In order to reduce the loss of copper, the current component
of axis d: idr is set to zero and Vsdr is obtained in the same
way as Vsdr.Where phif the inductor flux and Temref is the
electromagnetic torque [1], [16].

Figure 4 Convertor Grid-Side Control
The schematic diagram of the controller of the inverter
connected to the network is shown in figure 4.
This control strategy is based on active and reactive power
control. The reference of the active power Pref is
determined by the power maximization method and by
choosing the reactive power at zero (Qref = 0). It can be
seen that the control of the inverter has two controllers PI iq
and id are DC components in the reference frame (dq)
because of the coordinate transformations, by adding an
LCL type filter output from the inverter, is used to limit the
harmonics of currents injected into the grid. The voltages
Vdref and Vdref in the reference frame (dq) are obtained by
decoupling in order to control the inverter by MLI [13]. In
order to connect the wind system to the network, we must
ensure the synchronization. This synchronization is
achieved by a phase control loop known by the name PLL
(Phase Locked Loop). An ideal PLL can provide accurate
and fast synchronization information [14-15].

Figure 3. Vector Control
Finally, we use control by hysteresis to produce the control
signal to implement the DC bus command by the fuzzy
controller.

4. Simulation Results and Discussion
The simulation of the system under the MatLab/Simulink
environment with the variation of the wind speed, which
has an average value of 10 m/s, allowed us to obtain the
following results. The wind energy system parameters used
are given in results. The wind energy system parameters
used are given in Table 1.

3.2.Control of the active and reactive powers
injected into the network
The control of this converter on the grid side is similar to
that of the generator side converter. It is used to deliver
energy from the PMSG to the gate, it is an inverter has a
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Table 1. Wind turbine and generator parameters

Inductance stator
Flux
Number of pole
Reference voltage
continuous bus

of

the

Pt
R
Cp
Pgen
Rs
Lds
,Lqs
jf
np

3500 W
2.04m
0.49
3800 W
0.94 W
8.3 mH
8.3 mH
0.12 Wb
2

VDCref

650V

600
500
Vdc(V)

Parameters
Power of the turbine
Radius of the turbine
Power Coefficient
Power of the generator
Stator of the resistor

dc

Vdcref

300
200
100
0
0

2

Figure 7

6

8

10

Result of monitoring the DC bus voltage

The result of the control of the DC bus voltage is shown in
figure 7, where the measured voltage is identical to that of
the reference. The relationship between the voltage and the
speed of a synchronous machine is a proportional relation,
but we can see that the variations of the speed of rotation of
the generator, figure 6did not affect the voltage of the DC
bus, figure 7, we can conclude that the structure of the
chosen conversion chain and the proposed control strategy
favour the decoupling between these two quantities. The
interest of this decoupling and not to have additional
electrical disturbances on the DC bus that comes from the
turbine part.

16

14

0.2
0.15

b(°)

12
0.1

0.05

10

0
0

8
0
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2
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5

6
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8

9

10

Figure 8 Angle of blade pitch

10

Figure 5 Wind profile

The pitch angle of the blades must vary to limit the power
extracted from the wind, which aims to protect the whole of
the overload chain. In the case where the wind speed does
not exceed the value of 10 m / s, this zone is defined for the
values of the pitch angle of the blades set to zero. But when
the wind is greater than 10 m / s, the pitch angle of the
blades varies. These operating areas are distinguishable in
figure 8.

200
w
wref

190
180
170
160
150
0

3

Time(s)

Time(s)

w(rd/s)

4
Time(s)

To validate the elaborate commands and the model of the
conversion chain of wind energy in the MatLab Simulink
environment, we used variable wind speed, the mean value
of the wind speed in this period is 11.5 m / s with variations
of ± 15%, Figure 5.

Wind speed(m/s)

V

400

0.49

2

4

6

8

0.485

10

Time(s)
C

p

Figure 6 Result of the speed control

0.475

The result of the mechanical speed control of the MSAP is
shown in Figure 6. This curve shows that the proposed
control strategy is satisfactory, ie the measured speed is
identical to the reference obtained by the MPPT.
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The converter of the network coast must ensure the
synchronism with the electrical network with the voltage
injected by the wind turbine. We find that the voltage and
current injected into the phase grid by the results of the
currents and voltages between the inverter and the grid, is
confirmed by Figure 12 and figure 11.

In the case where the wind speed does not exceed the value
of 10 m / s, the aerodynamic coefficient, figure 9 is set at its
optimum value of 0.48, this translates into a machine
operation in MPPT we can see that operation on the power
curve, figure 10. But when the wind is greater than 10 m /
s, the aerodynamic coefficient is variable but still less than
0.48 and the power of the turbine is set at its nominal value
of 3.8KW.
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Abstract—Nowadays, the electric power quality becomes a
topic of interest for researchers. But, in the electric
equipment, many factors, as the harmonics, appear and
disrupt it. In this paper, we proposed a solution to mitigate
these perturbations for the electric vehicle powertrain. An
active power filter circuit APF, based on cascaded multilevel
inverter, is modeled to suppress harmonic currents and
rectify the power factor. Furthermore, the APF control
system is created by carrying out three main tasks; to
determine the harmonic component, to extract a
synchronized reference and to apply a closed loop control. A
MATLAB/SIMULINK simulation checks the made work
performance.
Index Terms— parallel active power filtering, multilevel
inverter, cascaded inverter, non-linear load, electric vehicle
powertrain, identification strategies, modulation techniques,
total harmonic distortion, power factor correction

1.NOMENCLATURE
THD : Total Harmonic Distortion
PCC: Point of Common Coupling
Ih : the harmonic currents
I1 : the fundamental current
n : the number of cells of the multilevel inverter
i : the number of phase indicator
j : the number of cell indicator
Vi : the phase voltage of the multilevel inverter
Vri : the phase voltage at the PCC
Ii: the phase current of the converter
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Fig.1. Electric vehicle powertrain

This field is used to transfer and control the electric
power between different systems. However, it is also
based on static converters which provide many power
quality problems. This type of converters (rectifier,
cycloconverter, dimmer …), which is considered as a nonlinear load, absorbs a non-sinusoidal current that has led to
an increase level of harmonic distortion of the network.
Also, these harmonic currents can be the cause of
harmonic voltages during their passage in the electric
network impedances. Thus, the network consumers have
been infected.
Among the harmful effects of the static inverters on the
system, we notice [2]:
§ The overheating due to the increase of the joule effect
losses, which reduce the efficiency and the
lifetime of electric system such as motors,
transformers…

2. INTRODUCTION
Nowadays, the power electronics field application is
increasingly developed in electrical vehicle equipment as
shown in fig.1 [1].

§ The resonance: the harmonics can be amplified due
to the presence of network inductors and
capacitors having resonance frequencies close to
that of harmonics. That it can lead to overvoltages
and overcurrents damaging the cables and the
protective equipment.
Thus, harmonic limits have been established by
international standards organization to protect the
electric equipment. Among the principle organizations
in this field, we point out the International
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Electrotechnical Commission (IEC) and the Institute of
Electrical and Electronics Engineers (IEEE). The table
1 presents the current distortion limits for systems
rated 120 V through 96 kV following the IEEE
standard 519-2014 [3].

B. The model of the APF
The Fig. 2 shows the cascaded multilevel inverter model
used for the parallel filter.

TABLE I

Current distortion limits for systems rated 120 V through 69 kV
Maximum harmonic current distortion in percent of IL
Individual harmonic order (odd harmonic)a,b
Isc /IL

3≤h≤11

11≤h≤17

17≤h≤23

23≤h≤35

35≤h≤50

THD

< 20

4.0

2.0

1.5

0.6

0.3

5.0

20<50

7.0

3.5

2.5

1.0

0.5

8.0

50<100

10.0

4.5

4.0

1.5

0.7

12.0

100<1000

12.0

5.5

5.0

2.0

1.0

15.0

>1000

15.0

7.0

6.0

2.5

1.4

20.0

Fig. 2. Parallel active filter based on cascaded multilevel inverter
with output passive filter (Rf, Lf).

The current total harmonic distortion (THD) is
calculated by the following expression:
50

THD =

Ih

åI
2

(1)

This work is based on a five-level multilevel inverter
which consists of two serial H-bridge cells in each phase.
Each cell is a single-phase inverter controlled by four
switches with antiparallel diodes as shown in Fig.3.

1

So, In order to not exceed these limits, a popular
solution for harmonic compensation in the electric vehicle
is to reduce the harmonic currents at the Point of Common
Coupling (PCC) by using either active or passive methods.
In this paper, we choose the use of the active method (the
active parallel filter) due to its high efficiency. The work is
planned as follows. In the section 3 we introduce the
different choices for the active power filtering and present
the selected model. A control strategy is described in the
fourth section. Then simulation model and its results are
shown in the section 5. We finish by giving some
concluding remarks in the sixth section.

Fig. 3. H-Bridge cell of the multilevel inverter

Different combinations of switches positions determine
the cell output voltage Vcell as depicted in the table 2 [3].
TABLE 2
The switching pattern for an H-bridge cell

3. THE ACTIVE PARALLEL FILTER MODEL
A. the choice of the active power filter structure
Various topologies of the Active Parallel Filter (APF)
are created to obtain the best efficiency and reliability.
Recently, the APF based on multilevel inverter has been
given more attention thanks to its attractive option. This is
the ability to assemble the rising demand of power rating
and power quality associated with lower electromagnetic
interference EMI and reduced harmonic distortion [11].
Among the well-known multilevel structures used for
filtering, we mention the cascaded multilevel inverter, the
Flying Capacitor (FC) Inverter and the Neutral Point
Clamped (NPC) inverter. In this paper we choose the use
of the cascaded multilevel inverter owing to different
reasons. The most important ones are the simplicity and
the modularity of the structure, the use of a minimum
number of components without the requirement of
auxiliary elements (the clamped diodes using in the NPC
structure, the balance capacitors using in the FC structure).
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Thus, for n cells per phase, the phase APF voltage is
given by:
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n

n

Vi = å Vij = å S (i, j )E
j =1

j =1

(2)

S (i, j ) = S1 (i, j ) + S 2 (i, j ) - 1

(3)
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In our case, with a five-level cascaded inverter, we
obtain an output voltage waveform with five levels (2E, E,
0, -E, -2E).
For the APF output current, it will be determined by the
control system which is presented in the next section.

PDPWM method thanks to its best harmonic spectrum of
the multilevel inverter output voltage relative to the one of
the PSPWM method. Using this approach, the reference
signal for each phase is compared with 2*n carriers having
the same amplitude and which are in phase as depicted in
fig. 4.

The (Rf, Lf) values are fixed by using the following
expression:

d
1
Ii =
(Vi - Vri - R f I i )
dt
Lf

(4)

4. THE APF CONTROL SYSTEM
The APF efficiency depends on the choice of the
control system as well as the selection of the power
topology.
Thus, to ensure the best harmonic mitigation, the APF
control system must contained three circuits which are the
harmonic currents detector, the regulation block and the
control signals generator.
A. the harmonic currents identification circuit

Fig. 4. The carriers disposition for the PDPWM method using to
control a five-level cascaded inverter

5. THE SIMULATION
To check the efficiency of the selected APF for electric
vehicle application, a MATLAB/SIMULNIK model is
realized and its results are presented in this section.
A. the simulation model

The identification strategy is based on the harmonic
current detection, which can be from the source current or
the non-linear load current or the voltage source. In this
paper, we interest in the second method (the identification
from the load current detection). Among the most popular
strategies of this method, we notice:

The simulation model consists of the APF connected
between the electric motor and a non-linear load (AC/DC
converter) by a passive filter (Rf, Lf) as shown in the fig. 5.

§ The synchronous reference frame theory which
ensure the simplicity of the calculation and the
efficiency in the steady and the transient states.
§ The meth1od of instantaneous active and reactive
power which is characterized by the good
compromise obtained between the dynamic and
the static performance.
For this work, the selected method is the synchronous
reference frame theory.
B. the regulation block

Fig. 5. The simulation model

This block consists of a proportional integral PI regulator
to generate the reference signals from the identified
harmonic currents. The regulator output will be used to
create the switching pattern.
C. the control signals generator
The control block is based on the modulation technique.
For multilevel inverters, many control methods are created
to improve its performance. One of these methods is the
multicarrier pulse width modulation (PWM) strategies
which are based on a comparison between the reference
signal generated by the PI regulator and triangular carriers.
According to the carriers disposition, different strategies
are defined. Among these methods, the phase-shifted
PWM strategy (PSPWM) and the phase-disposition PWM
strategy (PDPWM) are the most common for the cascaded
multilevel inverter. In this paper, we choose the use of the
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(b) the APF based on a five-level cascaded multilevel inverter

Fig.7. the waveform and the harmonic spectrum of the motor
voltage

(c) identification block based on synchronous reference frame theory

Fig. 8. The waveform and the harmonic spectrum of the motor
current

Fig. 9. The power factor of the asynchronous motor

(d) regulation and control block

Fig.6. the different blocks composed the simulation model

The fig.6 presents the different blocks composed the
simulation model. The model of the electric vehicle motor
is depicted in the fig.6. (a). It is based on an asynchronous
motor with vector control. The identification technique,
shown in fig.6. (c), consist of a phase-locked loop (PLL)
to detect the motor voltages phase. The PLL output is
used in the park transformation of the load currents (i ch1,
ich2 ich3) to (id, iq). Then, these new currents are filtering by
mean of a low pass filter to attenuate the fundamental
components ( id , iq ) and draw only the harmonic

~ ~

components ( id , iq ). The reference currents (iref1, iref2,
iref3) are obtained by the inverse park transformation of the
output filter. The fig.6. (d) presents the regulation and the
control block.
B. The simulation results
In order to verified of the cascaded multilevel filter, a
comparison between the waveforms of the motor currents
and voltages before and after filtering.

The Fig.7 and Fig.8 show respectively the waveform
and the harmonic spectrum of the motor voltage and
current. The THD value of the voltage motor is low with
0.27%. But, for the current motor, The THD value
(29.86%) far exceed the IEEE 519-2014 standard limits
(5%). Other parameter is important to verify the power
quality next to the THD value. It is the power factor which
is presented in the Fig.9. Its expression for the non-linear
loads is given by:
fp =

cosj
1 + THD

(5)
2
i

With
j the phase between the fundamental of the voltage and
the current motor
Thus, before the filtering, the power factor is
approximately 0.94.
§ After filtering
The efficiency of the selected topology and the control
technique are verified by the harmonic spectrum of the
voltage motor shown in fig.10.

§ Before filtering
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5. CONCLUSION

Fig. 10. The waveform and the harmonic spectrum of the voltage
motor

The THD value (0.27%) is the same of the motor
voltage before filtering. The addition of the cascaded
inverter to the system not affect the motor voltage
waveform which verify that the output voltage of this
multilevel inverter has a low voltage harmonic spectrum.

This paper presents the model of the power and the control
systems of an active power filter which is applied on electric
vehicle equipment. The validation of the selected model in
harmonics mitigation is verified by using MATLAB/SIMULINK
simulation. The results, presented by the harmonic spectrum for
the first fifty frequencies, indicate the efficiency of the system in
the non-linear currents mitigation. Thus, the current THD value
decreases from 29.86% to 4.21% in accordance with the norms.
Also, the power factor is corrected to obtain after the filtering a
value equal to 0.99.
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proceeding to the prototyping stage. As a result, most design
errors will be detected during the test phase. Moreover, it
also makes it possible to envisage immeasurable scenarios
on real components without destroying them.
Currently, the simulators available for power electronics are
divided into two types: either from analytical models based
on the semiconductor component equations (PACTE,
PSpice, SABER) or with a finite element simulator (DESSIS
, MEDICI).
The study of semiconductor power components is a
discipline in its own right. Our goal in this article is not to
deal with the details of semiconductor physics or their
manufacturing technology. We will stick to the minimum
necessary to present in a simple way elements of physics of
semiconductors. This will serve us to explain the main static
and dynamic characteristics studied in our project, for the
PiN power diode and the IGBT.
Generally, the modeling of a semiconductor power
component can be done either from analytical models based
on semiconductor equations in circuit simulators (PACTE,
PSpice, SABER), or with a simulator of finite element type
(DESSIS, MEDICI).
In fact, modeling work on a semiconductor component is
largely influenced by the classical models implemented in
the SPICE simulator, which use an equivalent electrical
scheme to represent the behavior of the component.
In the other case, the basic idea was the direct resolution of
the semiconductor equations in a more or less simplified
form, with a finite difference or finite element method.
Obviously, this way allows us to study more finely the
physics and the behavior of a component.
The paper was organized as follows: In Section 3
description model are represented .In Section 4, the basics of
the model were summarized and the model equations were
reviewed. In Section 5, the different simulations are
represented. The model was validated against some case
studies using measurements, and manufactory results, DCDC converter are developed in Section 6. Finally, Section 7
was devoted to the paper conclusions.

Abstract: the purpose of this paper is to define a macro
model of IGBT and diode with a reasonable number of
parameters.
The IGBT transistor would then be represented by a set
of controlled sources of different nature depending on
the mechanisms appearing inside the element (internal
channel, junction, etc.). A model of this type makes it
possible to precisely and quickly study switching
waveforms using circuit-type simulation software. An
improved model of power diode has been developed. The
main local physical effects were taken into consideration.
The diode was implemented in the Pspice circuit
simulation platform using Pspice standard components
and analog behavior modeling (ABM) blocks. The
suggested model is able to trace the electrical effects.
Thes models were confirmed through a comparison with
other models having close characteristics for different
circuits (DC-DC converter, turn-on and turn-off).
Keywords: IGBT model, Diode model DC-DC converter,
PSpice
1.

NOMENCLATURE
IRRM: reverse recovery current
Qrr: reverse recovery charge
VFP:the voltage peak
Rb: resistance of the n-epitaxy layer
Cgc :gate-collector capacity
Cge : gate-emitter capacity
Cce :collector-emitter capacity

2.

INTRODUCTION

Simulation is experimentation on a model. It is a
procedure of scientific research which consists in carrying
out an artificial reproduction (model) of the phenomenon
which one wishes to study, to observe the behavior of this
reproduction when one makes experimentally vary the
actions that one can exert on this, and to induce what would
happen in reality under the influence of analogous actions
[1].
Applied to power electronics, simulation is becoming
more and more essential to the design of electronic and
electrical systems. It allows the functionality of a design to
be verified and to detect errors related to the design itself,
marginal operations or component tolerances before
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MODEL DESCRIPTION:

2.1. Power diodes
Basic structure and i-v characteristics
The basic structure of the power diode is the simplest
form of all semiconductors and the fundamental building
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block for all semiconductor devices. The cross-section of a
power diode is illustrated in Figure 1.a and it is realized by
epitaxial growth of a lightly doped n- layer on top a heavily
doped n+ layer. The thickness of the n layer, also referred to
as the drift region, is dependent on the desired breakdown
voltage. To form the pn junction, a heavily doped p+ region
is diffused into the drift region.

tri, the depletion layer has reached its thermal equilibrium
level. At the start of the second phase, tfr, the pn-junction is
now forward biased and injection of minority carriers
commences and the excess-carrier distribution grows
towards the steady-state value supported by the current I0.
The great voltage overshoot, built up during tri, is due to the
ohmic resistance in the drift region, where the conductivity
modulation not yet is fully developed, in addition with the
voltage contributed by stray inductances in the wafer and
bonding wires. When the current has reached its maximum
value, I0, di/dt approaches zero, hence, the voltage caused by
stray inductances reduces along with the voltage drop over
the drift region, which is shorted out by the vast amount of
excess carriers. Nevertheless, the peak voltage during this
period may reach several tens of volts and can affect the
performance of the circuit.
Turn-off transient
The turn-off sequence is basically the reverse of the turnon sequence. Starting at tfi, the excess charge is removed
from the drift region and this carrier sweep out is continued
by the negative diode current during trr1, in addition with the
recombination process. When all the excess charge at the
ends of the drift region is swept out, the junctions can
become reversed biased (trr2) and the depletion regions
expand into the drift region from both junctions. The excess
carriers are now too few to sustain the current required by
the inductive circuit and the negative diode current decays
towards the off-state leakage level.
The interval during which the diode current is negative is
called reverse recovery. This is an important characteristic
and is always stated in data sheets in terms of the recovery
time, trr , the negative peak of the diode current, Irr , and the
reverse recovery charge, Qrr .

Figure 1: a) Cross section of power diode and b) circuit
symbol
The feature that distinguishes the power diode from the
signal level diode is the drift region, which is specific to all
power semiconductors, and enables the depletion layer to
grow into the drift region at reverse blocking voltages.
Devices with high breakdown voltages, hence, thick drift
regions, would logically have a high resistivity on account of
its thick, lightly doped layer. The typical i-v-characteristic of
a power diode is shown in Figure 2. It resembles the
characteristic of a signal level diode with the difference of
an ohmic curvature, instead of an exponential, in forward
bias. This is due to the ohmic resistance of the drift region
appearing at the high current levels applied to power diodes.
At reverse bias only a low leakage current is allowed to flow
until the breakdown voltage, BVBD, is reached and
avalanche breakdown occurs with device failure as a
possible consequence.

Figure 2: The i-v characteristic of the power diode

Figure 3: Switching trajectories for the power diode

Switching characteristics
Losses during the switching period depend both upon the
switching times as well as the curvature of the voltage and
current during that time. Furthermore, these factors are
affected by both the intrinsic properties of the device as well
as the interaction with the surrounding circuit [2].
In Figure.3 the switching period can be divided into five
different time intervals, where tri and tfr represent the turn-on
transient and tfi and trr the turn-off transient [4].
Turn-on transient
During tri, the space charge within the depletion region,
upheld by the high reverse bias, is removed and at the end of

2.1. Insulated Gate Bipolar Transistors (IGBTs)
The IGBT was developed to take advantage of the short
switching times and low switching losses of the MOSFET
and the high breakdown voltage and low conduction losses
of the BJT. The difference from the MOSFET is the
additional, heavily doped p+ layer at the drain end of the
IGBT, which forms a pn-junction (junction J1) and
facilitates the minority carrier injection into the drain region
[3].
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identical to that of the MOSFET.
Turn-on transient
Similar to the MOSFET transient with a difference in
interval tfv2, where the gate-drain capacitance increases to its
higher value and the MOSFET has reached its ohmic region.
However, the BJT part of the IGBT has not reached hard
saturation yet and the conductivity modulation is therefore
not fully developed. This conductivity modulation lag causes
a slower voltage drop of the drain-source voltage and the
increased switching losses is referred to as forward recovery.
Turn-off transient
The sequence differs from that of the MOSFET in
interval tfi1, where the drain current experiences a long “tail”
current. During the first interval, tfi1, the drain current drops
rapidly in agreement with the MOSFET transient. In the next
interval, the MOSFET channel is turned off and the only
way for the stored charge in the drift region to reduce is by
recombination. Short lifetime of the excess carriers gives
shorter tailing time, however, will also lead to higher
conduction losses during on-state.

Figure 4: a) Vertical cross section of the IGBT and b)c)
circuit symbols
The IGBT illustrated in Figure 4.a, is of a punchthrough type, PT-IGBT, because of the way the depletion
region reaches entirely through the drift region at high
blocking voltages. If the IGBT lacks the n+ buffer layer, it is
referred to as a non-punch-through (NPT) IGBT, and the
width of the drift region must be approximately twice as
thick as for a PT-IGBT for the same blocking voltage.
The parasitic thyristor is due to the injecting layer and to
avoid turn-on, the geometry of the junctions J2 and J3 is in
reality a bit more complex than in Figure 4.a.
Two different circuit symbols are shown in Figure 4 b and c,
since there still is some disagreement about the standard
symbol, however, the symbol in Figure 4.c is the most
common seen and is basically viewed as a BJT with a
MOSFET gate input.
The i-v characteristics of an n-channel IGBT are very
similar to the one for the MOSFET. In the forward direction,
the junction labeled J2 in Figure 4.a, blocks the forward
voltage and the junction J1 the reverse voltage. However, in
IGBTs, the doping densities of the surrounding layers are
sufficiently high to lower the reverse blocking capability to
only a few tens of volts, which in most power applications
can be considered as a negligible capability.
On-state operation
As in a MOSFET, a channel is created underneath the
gate when the applied gate voltage exceeds the threshold
voltage. The electrons flowing through this inversion layer
attract holes from the drain and the holes flow towards the
body region by both drift and diffusion, where they
recombine with electrons from the source. The junction J2
acts like a collector of a pnp BJT, collecting the diffusing
holes, and the IGBT can therefore be described by a
Darlington circuit, Figure 4.a. The ohmic drift region is
modeled by a resistance, Rdrift, and most of the drain
current is carried by the MOSFET.

Figure 6:Switching transient of the IGBT
4.

PSPICE IMPLEMENTATION

2.1. Diode model
The equivalent electrical model of the diode is shown in
Figure 5 Rbin is a tow state resistance Rbin = Rmin when
the diode is on and Rbin = Rmax when the diode is blocked.
The connected current source K * vL represents a non-linear
capacitance whose value depends on the state of Rbin. Our
model was inspired from that of C.Batard [6]. In PSPICE,
we model this capacitance by a voltage-controlled current
source as shown in Figure 5.

Figure 5 : Circuit of IGBT
Figure 7: Diode model
Switching characteristics
Most of the transient operation, illustrated in Figure 6, is
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@= : Ions doping charge in N- zone;
./! 8.0 : Rate of current rise;
#B : equal to Vf (in our case);
It can be written in the form
./! D

#9: = C9: . ?

.0

A + #B

(7)

Referring to the manufacturer’s data it can be deduced that
the value of is 0.667, then form Vfp can be expressed as
follows.
./! 0,667

#9: = C9: . ?

Figure 8: Diode model (developed)

.0

A

+ #E

(8)

2.1. IGBT model
The diode model parameters were deduced from the
static and dynamic characteristics provided by the
manufacturer.
The nonlinear capacitance Cf generates a current If in the
form:

There are models that take into account the parasitic
transistor n+, p, n-, which can lock IGBT in saturation; but
this transistor, already known in the MOS structure is
currently reduced to a diode, by shorting its emitter base
junction (p, n-) by metallization of the source (p); this
inadvertent locking no longer appears in the new
components. We will adopt the modeling of Figure 9 [8]:

(1)
! = ". #$%
L and RL must verify the following relation- Inductance L
should not introduce any influence:
2
% & $'(
. )!
The G coefficient is given by:
$'( *)!
"=
(2)
%
The coefficient G value should be adjusted so that the
energy of Cf diffusion capacity and that the controlled
source is equal, thus:
%. " 2 + ,

%

$'(

+ $'( . )! - . " +

$'( .)!
$%

=0

Figure 9 :IGBT model

(3)

The reverse recovery current I RRM modeling
When switching, the quantity of charges Qr must be
removed by the reverse current. The non-linear capacitance
cf equivalent to an inductance L, a coefficient G and resistor
R1 which models the inverse current then the modeling of
the current IRRM is introduced in cf.
./! (0)
.0

1". %. 21 + 3

+0

%.,14$ +"%

5 + 06 + /!0 = 0

(4)

In our case the increase of the reverse recovery current in the
diode is given by the following relation:
+0

/ = /$$7 . 3 % 8$ %

Figure 10: IGBT model (developed)

(5)
Rb: resistance of the n-epitaxy layer: this is the region
where the current propagates by diffusion and by
conduction. We see in Figure 10 the potential for confusion
of terminology when using IGBT. Indeed, the emitter of the
internal transistor is the collector of the IGBT; likewise the
collector of the internal transistor is the transmitter of the
IGBT: in the remainder of the work, we will speak only
about the transmitter and the collector of IGBT.
The MOS is of type n with horizontal channel and vertical
current; when applying a positive voltage between the gate
and the emitter, the MOS part (n +, p, n-) supplies the base
(n-) of the bipolar transistor (p, n-, p +) and allows quickly

At the moment t = tIRRM, the If current is equal to IRRM.
By [7] the voltage peak VFP is proportional to the square root
of di/dt, expressed by the following relation:
./! 8.0 2

#9: = 2. ;(0 . Ȉ0 . <1 + =>. ?

@=

A + #B

(6)

;(0 : electrons transit time;
Ȉ0 : Df/µn;
b : Mobility ratio of electrons and holes;
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train the carriers needed for conduction.
The circulation of the current is thus ensured by the
conduction in the internal MOS (electrons) and by the
diffusion in the internal transistor (holes and electrons) [9].

C

ge

C

g ei

C C
oxd

=

for Vec >Vgc -Vth

gej

(13)

(C oxd + C gej)

A e
W
ge

=

(14)

R

g ej

W

g ej

=

2 e (V eg -V TD)
qN
R

(15)

B

Where, Cgej is the gate-emitter overlap capacitance, Coxd
is the gate-emitter depletion capacitance and Wgei, according
to [17].
Figure 11: Flow of current

The drift region resistance Rb is determined according to

If one symbolizes the parasitic capacities of the IGBT by
three capacities Cgc, Cge, Cce, one can define the capacities
seen of the entry and the exit [16]:
-The capacity of entry in common source: Ciss = Cgc + Cge,
- Transfer capacity or Miller: Cres = Cgc,
- The output capacity in common source: Coes = Cgc + Cce
Cge and Cce depend only on the geometry of the
component, Cgc is a dynamic capacity which depends on the
voltage Vce, its value is:
- High when the transistor is on,
- Weak when the transistor is blocked.

R

B

=

W
qm E N B A

where

W = WB - Wecj

(16)

Here, A is the chip area, wp is the width of the low doped
drift region and Wasj is the drain-source depletion width.
5.

SIMULATION RESULTS

Electrical simulations of diode:
A fast rectifier diode (BYT 12P-1000 (12 A/1000 V)) is
used to present the simulation results and to compare them
with the manufacturer data. The following figures show
distinctly the turn-off and the turn-on switching. The
following figure display the Vfp peak of the forward voltage
during the turn-on of the diode.

Figure 12 : IGBT in high frequency
The collector-emitter capacitance is related to the PNjunction and space-charge region which reaches into the drift
region and is represented according to:

C

eci

=

A e where Aec = A
W
ec

R

-

A

ge

(9)

ecj

W

cej

=

2 e (V ec -V BI )
qN
R

Figure 13: V_Diode turn-on
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During the transition from the blocked state to the on state,
the carriers ensuring the current are injected and begin to
diffuse into the component. The resistivity of the material
thus decreases as the intensity becomes established. This
results in a current setting delay (tfp), associated with an
overvoltage across the diode (Vfp). This phenomenon,
referred to as direct overlap, is illustrated in Figure.9.

(11)

Here, Aec is the emitter body area and Age is the gateemitter overlap area NA and NB are the two doping levels.
The gate-emitter capacitance, Cge is split into two parts,
depending on collector-emitter voltage, gate-collector
voltage and the gate-emitter overlap depletion threshold
voltage Vth. The gate-emitter capacitance Cge is ex-pressed
by
(12)
for Vec ≤ Vgc -Vth
C =C
ge

oxd
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t(us)

Figure 14: I_diode turn-on

Figure 17:The control voltage and Vge voltage

Figure 13 illustrate the current of the diode in the conduction
phase

Figure 16 and Figure 17 illustrates the current ig of the igbt,
the control voltage and voltage Vge.
The IGBT has a control equivalent to the MOS transistor,
but its internal conduction mechanism makes it slower than
the MOS. Thus, his command does not have to fully exploit
the speed of the input MOS stage and can be simpler; it then
consumes a lower control current.

Vce(V)

The transition from the conduction to the blocking state takes
a finite amount of time. This is known as the reverse recovery
time (trr) of the diode. This can further be divided into the
time, ta, taken to remove the carriers before it can block the
voltage, and the time, tb, during which the diode voltage goes
negative with a rate of change dVR/dt. Increased injection, to
reduce the forward voltage drop, implies more charge that
needs to be removed from the intrinsic region before the
diode will be able to block voltage. This will, therefore,
adversely affect the reverse recovery time. Fast recovery
rectifier manufacturers normally try to find an optimum
trade-off for these two requirements.

t(us)

ta

ic(A)

Figure 18 :The Vce voltoge

tb

Figure 15 :V_Diode turn-off
Electrical simulations of IGBT:

t(us)

Parameters of simulation are deduced from datasheets and
from systems of equations establish in preceding paragraphs.
The model is integrated in an environment of a switching
basis circuit. The simulation results of the different
switching phases are presented in figures 16 and 19. These
results show the dynamic magnitude evolution of Ig, Vge
and IC, VCE versus time.

Figure 19: Ic current

Ig(A)

The closing of the IGBT is comparable to that of a
MOSFET.
The switching speed depends on the load speed of the input
capacitance (Cies), therefore the output impedance of the
circuit control.
-the grid voltage rises and reaches the threshold VTh
- The current increases in the IGBT (linear mode).
The current decreases (with the same slope) in the freewheeling diode which continues to drive to Irm.
- The VCE voltage decreases rapidly at the beginning of the
"plateau" of the grid voltage, then decreases slowly because
of the increase in Cgc capacity (Miller effect)
- The IGBT is in conduction.
The blocking of the IGBT is first done following the same
process as in the case of the MOSFET:
- The VCE voltage rises slowly at the beginning then faster

t (us)

Figure 16: Current in the gate ig
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(miller effect).
The current starts to decrease when the voltage VCE reaches
the voltage Vcesat
- The current decreases sharply (section Ade the curve), the
MOS opens and most of the current is cut off. The base of
the PNP transistor is open. Minority carriers are not
evacuated. A "tail" current persists until complete
recombination (exponential decay).

used to match I-V, turn on and turn off, as seen in Figure 16
through Figure 19.
TABLE 1: IMPORTANT IGBT MODEL PARAMETERS
Parameters IGBT

Collector Current (IC)

Collector-Cuttoff Current (ICES)

6.

SIMULATION RESULTS AND VALIDATION

A PiN power diode model was developed and
implemented as a SPICE sub circuit. The starting point of
the model is an equivalent circuit representation of the
epilayer.
The proposed model takes into account the emitter
recombination in the highly doped end regions, the
conductivity modulation in the epilayer, the carrier-carrier
scattering and the moving boundaries effect during reverse
recovery, showing good convergence properties and fast
simulation times. Comparisons between SPICE model the
results and manufacturer were presented, in order to validate
the proposed model.

Gate Leakage Current (IGES)

Gate Leakage Current (IGES)

Gate-Emitter Threshold Voltage (VGE(th))

The characteristics give the collector current Ic as a function
of the emitter-source Vce voltage for various values of the
gate-emitter voltage Vge.
Figure 1.13 shows a shape of static characteristics of the
IGBT by comparing it with experimental static
characteristics realized in [10].

Figure 20: Low frequency power losses versus average
current
Figure 22 :Experimental [10] and simulation static
characteristic of the IGBT obtained for different gate-tocollector voltage values
When Vge is lower than the threshold voltage Vth, the
transistor is blocked and the characteristic Ic (Vce) is
substantially merged with the voltage axis, provided that the
voltage Vce remains lower than the avalanche voltage VBR of
the junction J1 which supports the applied voltage.
When Vge exceeds Vth, creating the channel allows the
transistor to drive. But carriers must cross the NP + junction
collector side. It is therefore only for Vce values higher than
volt that we observe a rapid growth of Ic with Vce. When Vce
has exceeded this value, the Ic (Vce) characteristics have a
much higher slope than those of the MOSFET because of the
strong decrease of the resistance of the N- zone thanks to the
plasma zone.
A dc/dc boost converter was chosen as the converter
topology to validate the Synopsys PSpice device circuit
model because of its relatively simple design, and its
presence in numerous applications like hybrid electric
vehicles (HEVs), battery regulatory systems, and more [1112]. The boost converter also allows distinct isolation of the
switching transistor, which is critical for analyzing the

dif/dt(A/us)

Figure 21 :Peak forward voltage versus dif/dt
In comparison, the IGBT tool in PSpice is more developed
and includes additional parameters and customization. These
models are capable of predicting the device behavior and
including switching speeds. Similar parameters to the
MOSFET were found to be key in modeling IGBTs and are
expressed in Table 1 [15]. The same overall technique used
for modeling the MOSFET was used for the IGBT.
Preliminary datasheet information was recorded, followed
by the tracing of datasheet specific curves. Because the
IGBT is a generally more complex device with additional
internal semiconductor layers, additional details were added
to the model to include specifically the tail current of the
device. Figure 11 shows the general PSpice model that was
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switching frequency based thermal and electrical effects.
This paragraph will discuss the fundamentals of a dc/dc
boost converter, how the specific converter components
were chosen for our test circuit, the results of Synopsys
PSpice simulations of the converter, and the associated gate
drive circuit design.
DC/DC boost converters are simple switched-mode
converters that are capable of amplifying an input dc voltage
to a higher dc output voltage [13-14]. Depending on the
desired rating of the converter, IGBT and diode devices are
commonly utilized. The relative simplicity of the circuit
offers a unique opportunity to observe the thermal and
electrical effects on the switching transistor. Figure 23
displays the designed converter parameters with the IGBT
and diode models in PSpice.

well suited for applications in analog electronics, does not
satisfy power applications. While our diode model took into
account the main local physical effects and satisfied in
power applications.
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actuating force (typically a few hundreds of N).

Abstract-A piezoelectric actuator is applied in a micro forging system
which was designed specially by maximizing its structural
rigidity to study size effects in micro forming. To generate
accurate movement in micrometer/nanometer scale, a
dynamical model of the piezoelectric actuator is in need. A
bond graph approach which considers the effect of multi degree-of-freedom loading structures on the dynamics of the
actuators is proposed in this paper.
We try to fuse the new model with the bond graph control
techniques, where the unknown parameters in the model are
not needed to be identified. The control algorithm guarantees
the stability of system. The challenges associated with the
control problem are also discussed.
Index Terms—Piezoelectric Inertia Friction Actuator,
Modeling, Control, Bond Graph

1. INTRODUCTION
High accuracy of micro/nano meter scale manufacturing
is required in the miniaturization of various applications
such
as
high
precision
optical
systems,
micrometer/nanometer valves, high accuracy positioning
etc. A micro-forging system was designed, fabricated and
assembled to generate high load output and high
dimensional accuracy and this setup is the optimal one
which can achieve the best performance of the actuator. In
this design, a piezoelectric actuator is employed to provide
accurate movement and large force to actuate the system.
Given the rapid development of nanotechnology, nanopositioning is becoming increasingly important in devices
such as aerospace positioning systems and scanning probe
microscopes [1]-[3]. One generic requirement with these
devices is the realization of an accurate long-range motion
(accuracy: nanometers) or accurate motion along the full
length of the range that the mechanical system permits.
Piezoelectric actuators (PEAs) and PEA-driven
positioning systems have been widely used in the fields of
micro and nano-positioning such as atomic force
microscopes [4-6], adaptive optics [7], computer
components [8], machine tools [9], aviation [10], internal
combustion engines [11], micromanipulators [12], and
synchrotron-based imaging systems [13] due to their high
displacement resolution (sub nanometer) and large
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The models for the PIFAs were used for the
optimization of PIFA performance. For example, in the
work of Darby and Pellegrino [14], the model was used to
optimize the input voltage wave form. In the work of Ha
[15] and Jiang [16], the models were used for the
optimization of the design of the whole PIFA system,
including the structure of the components and the input
wave form. Additionally, the model was used to test the
feasibility of new PIFA designs in Lambert [17]. In
addition to the optimization of PIFA systems, a partial
PIFA model (e.g.,model of the PAalone) was used to
develop a feed-forward controller or compensator for
PIFAs. For instance, in the work of Ha [15], the PA model
was used to compensate for the PA hysteresis in PIFAs.
In this paper, the critical challenges are first identified
in modeling and control of PIFAs. Second, a general
architecture of PIFAs is proposed to facilitate the analysis
and classification of the literature regarding modeling and
control of PIFAs. This general architecture covers all
types of PIFAs (e.g., FDAs, IDMs) and thus serves as a
general conceptual model of PIFAs.
2. BOND GRAPH APPROACH
Block diagrams represent signal flows and their
processing. In contrast, bond graph modelling starts from
the intuitive and physical approach that a dynamic system
is composed of subsystems, components, or basic elements
that interact by exchanging energy [18]. From this basic
description, a first (preliminary) definition of a bond graph
can be derived and some important conclusions can be
drawn which show that bond graph modelling
fundamentally differs from block diagram modelling.
Bond graphs consist of elements and bonds. There are
several types of elements, each of which performs
analogous roles across energy domains. The first type C,
I, and R elements are passive one-port elements that
contain no sources of power, and represent capacitors,
inductors, and resistors (in the electrical domain) [19].
The second type, Se and Sf, are active one-port elements
that are sources of power, and that represent effort sources
and flow sources, respectively (for example, sources of
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voltage or current, respectively, in the electrical domain).
The third type, TF and GY, are two-port elements, and
represent transformers and gyrators, respectively. Power
is conserved in these elements. A fourth type, denoted as
0 and 1 on Bond Graph, represents junctions, which are
two-port elements. They serve to interconnect other
elements into subsystem or system models.
Bond graphs have three embedded strengths for design
applications the wide scope of systems that can be created
because of the multi and inter-domain nature of Bond
Graph, the efficiency of evaluation of design alternatives,
and the natural combinatorial features of bond and node
components for generating of design alternatives. First,
multi-domain systems (electrical, mechanical, hydraulic,
pneumatic, thermal) can be modeled using a common
notation, which is especially important for design of power
electronics systems.
Second, this representation of
dynamic systems is also efficient for computational
implementation [20]-[22].
3. DESCRIPTION OF PIEZOELECTRIC INERTIA–FRICTION
ACTUATORS
The common elements in FDAs and IDMs are the
coupling of the frictional and inertial effects. In fact, the
general architecture of such an actuation, namely
piezoelectric inertia–friction actuation (PIFA), is
illustrated in figure (1). The PIFA system consists of four
objects: A, B, C and D. The connectivity among the four
objects is such that one connection is present between A
and C, which is a PA in this case, and the other connection
is present between A and B, which is a frictional contact.
To prove the generality of this architecture, FDAs and
IDMs, as discussed before, are revisited. In the FDA, A is
the stage, B is the end effector, C is the ground (which is
at rest with respect to the other components D), and D is
the PA which connects to the ground object C at one end
and to the stage A at the other. In the IDM, A is the main
object; B is the ground; C is the mass block or inertial
mass; and D is the PA which connects the main object at
one end and to the mass block at the other end.

on the dynamics of both the PA and those of the friction al
contact. Therefore, a dynamic model of the whole system
must capture the dynamics of the PA and the friction al
contact (see Figure (1)).
PEAs utilize the converse piezoelectric effect of
piezoelectric materials to generate displacement and force,
i.e. a piece of piezoelectric material will be mechanically
strained if subject to an electric field (by placing it into the
electric field or applying voltages to its surfaces) [23].
This property is resulted from the microscopic structure
of piezoelectric materials as explained in the following.
Most piezoelectric materials used in PEAs, e.g. lead
zir-conate titanate, undergo a structural phase transition as
its temperature drops through the so-called Curie
temperature, during which their structurally and
electrically symmetric cubic unit cells deform into
structurally and electrically asymmetric tetragonal unit
cells, resulting in spontaneous strain and polarization [24].
Groups of adjoining unit cells with uniformly oriented
spontaneous polarization are called Weiss [23] or
ferroelectric [24] domains.
A. Piezoelectric relation
The piezoelectric relation is where a voltage is applied
to the two ends of a piezoelectric material and the voltage
generates an internal force within the piezoelectric
material, causing the material to deform. Both the
hysteresis and creep effect occur during this process.
Ideally, the PA model should cover these two effects.
However, in the existing literature, the creep effect is
mostly ignored (because the PA works with high
frequency in the PIFA systems and the creep effect is very
small). In the present paper we take into account the creep
effect.

Fig. 2. Hysteresis and creep bond graph model of a PEA

B. Mechanical relation

Fig. 1. General architecture of the PIFA system, A, B, C, D
(PA): the objects in the system. mA, mB, mC: the masses of the
objects. Ff: the frictional force between object A and object B.
PA: piezoelectric actuator.

The mechanical relation is where a force is applied to
the piezoelectric material to cause a change in the length
of the material along the force or voltage direction.
Usually, in the modeling of PIFAs, the model for the (F-y)
relation uses a lumped model. Figure (3) shows a springmass-damping (lump) system.

4. MODELING OF PIFA SYSTEMS
The dynamics of the whole system of a PIFA depend
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The model further assumes that all of the bristles on
the two contact surfaces are the same in terms of their
bending stiffness. The expression for the model is as
follows:

Fig. 3. The spring-mass-damping system

The spring mass damper system shown in figure (3) can
be modeled by the differential equations:

ïïì Fp = my ¢¢+ cy ¢+ ky
ïï
ïï k = ks + kPA
í
ïï c = cs + cPA
ïï
ïïî m = m s

ìï
ïï F = d z + d ¶ z + d v
0
1
2
ïï
¶t
ïí
v
ïï ¶ z
= vz
ïï
g (v )
ïïî ¶ t

(2)

Where F is the friction force, d0 is the average stiffness
of the bristles, d1 is the damping coefficient, d2 is the

(1)

viscous coefficient, z is the average deflection of the
bristles, v is the relative velocity between the two surfaces,
and g(v) is a function corresponding to the Stribeck effect.
5. CONTROL OF PIFA SYSTEMS
Over the years, a number of control schemes have been
reported for positioning control of PIFA system. Due to
the detrimental effects of the nonlinearities (especially
hysteresis) of PIFA on positioning control performances in
terms of positioning error and stability, the compensation
or rejection of such nonlinear effects has been a major
consideration in all of these control schemes.

Fig. 4. Bond graph model of spring-mass-damping system

Where, y represents the displacement of A (stage/mass
block), k represents the stiffness of the PIFA system, c
represents the damping of the PIFA system, m represents
the mass of the PIFA system, ms represents the mass of A
(stage/mass block), cs represents the damping coefficient
of A (stage/mass block), ks represents the stiffness of
(stage/mass block), cPA represents the PA damping
coefficient, kPA represents the stiffness of A (stage/mass
block), and FP represents the drive force generated by the
PA.

Feedback control schemes as shown in figure (6) lead
to strong suppression of the unknown effects including
model errors, external loads, and changes in the dynamics
of the PIFA on the position control performances, hence
they are widely used.
In static or low frequency operations, classical control
techniques such as PID control or using multiple
integrators for tracking desired displacement profiles are
widely used because of their simplicity and capability of
eliminating steady state errors in such applications.

C. Modeling of friction
There are six main models of friction used in modeling
the friction in the PIFA system: the Coulomb model, the
reset-integrator model, the LuGre model, the elasto-plastic
model, the Leuven model, and the Dahl model. In this
work we present the bond graph model.
Fig.6. Position feedback control with frequency of input voltage

F
ig.5. Bond graph model of friction
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4. SIMULATION RESULTS
The strain (deformation or displacement)-electric field
(voltage) hysteresis, which is usually also the input output
hysteresis relationship, of a typical PEA is shown in figure
(8). It can be seen in figure (8) that the hysteresis
trajectory of a PEA can be treated as being composed of
three types of components: the major loop which is the
hysteresis loop that spans the whole input (voltage) range,
2) the minor loops which are the hysteresis loops that only
span portions of the input range, and the initial ascending
curve which is the input output trajectory traversed
whenever the magnitude of the input applied to the PEA
exceeds the maximum magnitude in the input history.

the first few kilohertz. Significant distortion and
appearance of harmonics is observed beyond 5 kHz.
Figure (10) shows the magnitude and phase of the
fundamental frequency component. The data represented
correspond to a sinusoidal input describing function. A
nonlinear gain characteristic is clear in this representation.

Fig. 8. Hysteresis of a PEA subject to a 30 V step input
Creep is the slow variation in the PEA displacement
that occurs without any accompanying change in the input
voltage as shown in figure (9).
Fig. 10. Sinusoidal input response
Figure (11) shows a set of simulation hysteresis loops.
A 60 V triangular voltage at several frequencies was
applied to the actuator electrodes. As discussed next,
phase lag due to linear dynamics is embedded in the loops,
but the presence of rate-independent hysteresis makes the
effect nonlinear as a whole.

Fig.9. Creep of a PEA subject to a 30 V step input
It is caused by the same piezoelectric material
properties as PEA hysteresis. Being a slow and a small
effect (on the order of 1% of the last displacement per
time decade), creep is sometimes neglected in closed loop
and high frequency operations. However, for slow and
open-loop operations of PEAs, creep must be considered
to avoid large positioning error.
A set of responses corresponding to sinusoidal inputs of
several amplitudes and frequencies was recorded. The
input frequency is observed to dominate the response up to
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3. CONCLUSION
Though possessing fine resolution, high actuating
forces, and fast responses, the nonlinear effects make
modeling and control of PEAs for the use in micro and
nano positioning challenging. Researches for solving such
problems are abundant, and the resulting typical methods
developed are reviewed in this paper, from which some
major conclusions can be drawn:
· The decoupled structure PIFA models have the
advantages of being more accurate and flexible as
compared to the undecoupled ones.
· Among the existing hysteresis sub-models, for a
tractable among of computation efforts, a contradiction
between the capability of representing all hysteresis
phenomena and maintaining model accuracy remains to be
solved;
· The bond graph control is among the most promising
ones as applied to PIFA positioning since when designed
based on the decoupled structure PIFA models, it can
completely reject the hysteresis and creep effects in theory
Bond graph control laws are usually simple and of a
proportional type. The dynamic model is used mostly for
the purpose of compensation, especially compensating for
the hysteresis of the PA material. Such a bond graph
control is not quite robust and does not adequately address
the highly uncertain dynamics of PIFAs.
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Abstract— Over the last few decades, permanent magnet
synchronous machine fault diagnosis has been a crucial
topic in research. In particular, with the exponential
increase in use of permanent magnets, permanent magnet
synchronous machines have extensively been used for
traction motors of electric vehicles, which has led to the
development of numerous fault diagnosis techniques. A
plethora of published studies have dealt with the problem
of fault diagnosis on electrical machines. In the present
paper, we focused on the methods of fault diagnosis that
have of late been applied to permanent magnet
synchronous motors and Signal-Based Fault Diagnosis
Method has been chosen as the most simple and efficient
method to be used in the future work. An example of short
circuit simulation result was carried, showing the
effectiveness of FFT method.

2. INTRODUCTION
Thanks to the combined advantage of its high efficiency,
small size, high torque density and reliability [1], the
Permanent Magnet Synchronous Motor (PMSM) has
become a more and more attractive and viable option.
PMSMs are hence growingly the motors of choice for
traction motors of Electric Vehicles (EVs).

Index Terms--Permanent Magnet Synchronous
Machine, Diagnosis Methods, Fault Diagnosis, Finite
Element Analysis.

1. NOMENCLATURE
ANN: Artificial Neural Network
AWT: Analytical Wavelet Transform
CWT: Continuous Wavelet Transform
DTFT: Discret Time Fourier Transform
EMD: Empirical Mode Decomposition
FDD: Fault Detection and Diagnosis
FEMM: Finite Element Method Magnetics
FFT: Fast Fourier Transformation
FRM: Field Reconstruction Method
HHT: Hilbert Huang Transform
HOSA: Higher Order Spectral Analysis
MCSA: Motor Current Signature Analysis
NN: Neural Network
PSO: Particle Swarm Optimisation
PWM HF: Pulse-width Modulation High Frequency
SVM: Support Vector Machine
SOM: Self Organization Map
SPWVD: Smoothed Pseudo Winger-Ville Distribution
TSAAR: Transient Signal Analysis-based Angular
Resampling
WPT: Wavelet Packet Transform
WT: Wavelet Transform
WVD: Winger Ville Distribution
ZAM: Zhao Atlas Marks
ZSVC: Zero Sequence Voltage Component
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This brightly promising side notwithstanding, a PMSM
is likely to go into faulty conditions owing to its limited
material lifespan, intermittent operations, and/or
manufacturing defects. These faults represent a big
challenge to PMSMs. As a matter of course, condition
monitoring and detection systems have become
indispensable for PMSM developing industries to enhance
the motors’ availability, to decrease their maintenance
costs and to shorten both the downtime and the
maintenance time of the detected process. In order to
determine the behavior of PMSM under fault conditions,
the Finite Element Analysis (FEA) has been proposed by
many researchers for the simulation of electrical machines
under fault.
This paper is organized as follows: in Section 3, the
concept of diagnosis procedure is introduced and different
groups of FDD methods are outlined and a mapping of the
common faults is attempted. Then, the faults’ causes are
explained and their influence(s) on PMSM is/are discussed
in section 4. To end this section, the FDD methods are
categorized based on the source signal and the fault type.
Section 5 includes a presentation of the FFT method [12]
via a comparison of the healthy cases to the faulty ones as
well as the use of FEA. The conclusion is presented in the
sixth and last Section of the paper.
3. Fault detection and diagnosis methods
Failure in PMSMs means any incident giving rise to
abnormal behavior by the motor which might lead to its
short- or long-term damage. To remedy these defects, a
good diagnosis tool is required to avoid the harmful,
sometimes devastating, consequences of these defects.
Many research endeavors have been undertaken to achieve
adequate PMSM fault detection and diagnosis [2]. The
good functioning of the FDD system is paramount to good
decision making.
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A.

Diagnosis procedure

Diagnosis is an action consisting of identifying the
probable cause(s) of the failure(s) or the evolution of one
or more significant degradation parameters using a
reasoning logic based on a determinate set of information
pieces. If the mode of operation identified is a faulty mode,
the diagnostic system should locate the cause of the
defective performance. The diagnosis allows to confirm the
cause of the failure(s) and to specify the necessary
corrective maintenance operations. In the diagnostic
procedure, three main steps have to be undertaken:
detection, localization and identification. Fault detection is
the first decision to be made by a surveillance system.
Detection means choosing between two hypotheses; the
first corresponds to normal operation and the second
corresponds to faulty operation. In order to detect system
defects, it is therefore necessary to be able to classify the
observable situations as normal or abnormal.
Once a fault is detected, the next step in the diagnosis
process is the identification of its exact location and degree
of severity. Fault isolation is the step that should be as
quickly as possible. Localization is more difficult in the
case of multiple simultaneous defects where several
malfunctions can occur at the same time. The last step,
identification or estimation (Fault evaluation), is designed
to estimate the size and the nature of the fault. Different
FDD steps are shown in Figure 1 below.



analytical redundancy. Hardware redundancy uses
multiplication of physical devices and an extra equipment
to detect the fault and it location in the faulty system .The
principal problem of this approach is the significant cost for
the added equipment [77].Instead, analytical redundancy
uses redundant functional relationships between variables
of the system that does not need for extra equipment.
In the rest of this work, this paper reviews fault
diagnosis methods based on analytical redundancy.
Analytical redundancy also can be divided into two stages:
The first stage is named Qualitative Method that includes
Artificial Intelligence and the second one is Quantitate
Method including model-based methods and signal-based
methods.
Qualitative Methods: Artificial Intelligence Techniques
seek to imitate and acquire human-like reasoning capacities
in different ways. In general, we find the following models
that are used in the context of diagnosis: Artificial Neural
Networks, Fuzzy Logic, Particle Swarm Optimization and
so on.
Quantitative Methods:
Model-Based Fault Diagnosis: The central issue in modelbased fault diagnosis is residual generation. Each residual
generation method has associated a specific technique of
computing the residual vector such as Parity Space
Approach, Observer-Based Method and Parameter
Estimation Technique.
Signal-Based Fault Diagnosis: Based on the nature of the
signal processing method. The first step in this approach
consists in the modeling of signals by characterizing them
in the frequency domain, determining their spectral content,
their variance, etc. and obtained from stator currents, torque
signals and the like. We consider four types of the most
popular methods to complete this task, which are
Frequency Domain Analysis such as FFT; Time Frequency
Analysis such as WT, STFT, HHT; Analysis Based on
Analytical Design; and Analysis Based on Modelling
Design such as FRM, Search Coil Design Based Analysis,
Inverter Embedded Technique and Permeance Network
Approach.
4. Fault detection and diagnosis in PMSM

Fig.1. Basic steps diagnosis.
A proper detection procedure must register the necessary
minimum measurements from the process in question, as
well as make a diagnosis giving a clear indication of the
failure modes by analyzing the data in the shortest time
possible.
B. Diagnosis methods classification
There are broadly two directions for developing fault
diagnosis system: using hardware redundancy or using
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Electric motors are subject to different kinds of faults.
These faults can be classified into electrical, magnetic and
mechanical faults. Electrical faults include stator electrical
faults such as stator winding open or short circuit.
Mechanical faults are classified primarily in bearing faults,
such as damage in rolling element bearing and stator/rotor
assembly faults such as static and dynamic eccentricities.
Magnetic faults are a characteristic of permanent magnet
synchronous machines, and in particular refer to the
demagnetization of the rotor magnets. According to the
reliability studies conducted in recent years, PMSM faults
could be classified as bearing (69%), rotor bar (7%), stator
windings (21%) and rotor/stator assembly (3%) [5].
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frequent impact of mechanical and electromagnetic
forces. Such an open circuit phenomenon can influence
the performance of the PMSM. It can result in PMSM
difficult or even failed starts [4].

A. Electrical faults
The recurring faults shown in Figure 2, located at the
stator, can be defined as follows: insulation fault, short
circuit(s) between turns, short circuit(s) between phases,
short circuit(s) between phase and ground.

Stator Inter-turn Short circuit Faults (ISFs): A short
circuit between turns of the same phase is a rather frequent
fault. This defect originates from one or more insulation
faults in the winding concerned. It causes an increase in
the stator currents in the affected phase, a slight variation
in the amplitude on the neighboring phases, modifies the
power factor, and amplifies the current in the rotor circuit.
This results in an increase of the temperature at the
winding and, consequently, a degradation of the stator
inter-turn.
Stator inter-turn short circuit can fail due to several
reasons. The more frequent causes are the winding’s high
temperature, the development and/or presence of
pernicious chemical environments (hydrocarbons,
humidity, dirtiness, …), short circuits, starting currents,
electrical discharges and insidious leaks in the cooling
devices [6]. In the following, Table I presents different
FDD methods concerning electrical faults.

Fig.2. Representation of the various possible stator
defects.
Open-phase failures: An open circuit can be caused by
incorrect operation for maintenance, overheating,

TABLE I
Classification of FDD methods concerning electrical faults
FDD Methods
Qualitative Methods
Model-Based Fault
Diagnosis

ANN
PSO
SOM NN

Reference
[23] ; [24]
[23] ; [74]
[73]

Parameter estimation technique

[29];[30];[70];[40];[41]

Frequency
Domain Analysis

Quantitave
Methods

Signal- Based
Fault Diagnosis

Time Frequency
Analysis

Analysis based
on modelling
design.
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FFT
HOSA
MCSA
WT
CWT
ZSVC
AWT
WPT
WVD
PWM HF currents
Positive sequence
voltage component
SPWVD
HHT
EMD
ZAM
Search coil design
based analysis

[11];[12];[13];[26];[32];
[34];[38]
[17]
[13]
[16];[17][68]
[36]
[26]
[67]
[71]
[67]
[14]
[32]
[65]
[31]
[65]
[65]
[27];[37];[38]
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A. Mechanical faults:
Bearing faults: A bearing is a mechanical component
composed of two rings and a set of balls rolling between
them and it has been listed as one of the leading causes for
electric machine failure [3]. Bearing faults usually result
from, among others, metal fatigue and corrosion, incorrect
assembly, unbalanced stress, bad lubrication, and
overloading. It may produce vibration, noise, flaking and
increase in wear [5]. In Table III, we summarize different
FDD methods in relation to bearing faults.
Stator/Rotor assembly faults: An oft-cited instance of this
category is Rotor Eccentricity Fault (REF) whose origin
might be linked to mechanical stresses due to bad
positioning of the bearing during motor assembly, worn-out
bearing, bent rotor shaft or operation under a critical speed
creating rotor whirls [5]. The REF is a condition of nonuniform air gap between the rotor and the stator. Such a gap
is likely to cause a non-homogenous distribution of the
currents in the rotor, an imbalance of the stator currents, a
non-constant global torque, and can, in the worst-case
scenario, lead to a rotor-to-stator rub. REFs are generally
classified into three types: Static (SE), Dynamic (DE), and
Mixed Eccentricity (ME).
SE is distinguished by the fact that both centers of the rotor
and the stator do not coincide. Static eccentricity can be
caused by stator ovality or by the incorrect positioning of
either the rotor or the stator at the commissioning stage.
Since the rotor is not centered within the stator bore, the



field distribution in the air gap is no longer symmetrical.
The non-uniform air gap gives rise to a radial force of
electromagnetic origin, called Unbalanced Magnetic Pull
(UMP).
DE occurs when the center of the rotor rotates around the
center of the stator. This malfunction may be caused by
several factors such as a bent rotor shaft, bearing wear or
misalignment, mechanical resonance at critical speed [7].
The third type, namely ME, is said to be the case when the
axis of the rotor rotates about an axis different from that of
the stator. It is thusly the combination of Static and
Dynamic eccentricities. Figure 3 represents the different
types of eccentricity faults.

Fig .3. Static, Dynamic and Mixed Eccentricity.
In reality, SE and DE tend to coexist. Even in a healthy
state, the machine still has a certain degree of residual SE
due to inevitable manufacturing errors. In Table II we
summarize different FDD methods in relation with
mechanical faults.

TABLE II
Classification of FDD methods concerning mechanical faults
Faults

Bearing Fault

FDD Methods
Frequency
Domain Analysis
Signal- Based
Fault Diagnosis

Time Frequency
Analysis

Mechanical
Faults

Eccentricity Fault

Signal- Based
Fault Diagnosis

A. Magnetic faults
Rotor faults: Rotor PM Demagnetization Fault (DMF):
For PMSM rotors, the main failure mode is magnet
demagnetization, which produces a torque reduction. The
DMF is defined as the decrease of the residual flux density
of the PM [8]. Demagnetization can be total that is, all over
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Frequency
Domain Analysis
Time Frequency
Analysis
Analysis based on
modelling design.

Reference
FFT

[42]

WT
CWT
DWT
ZSVC
TSAAR

[62];[63];[64]
[72]
[72];[42]
[76]
[61]

FFT

[42]

WT
DWT

[62]
[42];[61]

FRM

[56]

the pole, or partial, on a certain region of the pole. The PM
demagnetization is largely due to high levels of
temperature, to stator magnetic field or even to the
appearance of cracks during manufacturing. In Table III,
we summarize different FDD methods concerning
demagnetization faults.
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TABLE III
Classification of FDD methods concerning magnetic faults
FDD Category
Model-Based
Least square method
Fault Diagnosis
Frequency Domain
Analysis

Quantitave
Methods

Time Frequency
Analysis
Signal- Based
Fault Diagnosis
Analysis based on
modelling design.

Reference
[53]

FFT
DTFT
CWT
DWT
HHT
ZSVC
FRM
Search coil
design based
analysis
Permeance
network
approach

[44];[48];[49];[50];[54];[5
6]
[75]
[44];[43];[75]
[44];[46];[43]
[46];[45];[47];[48]
[57];[55];[58]
[52];[56]
[37]

[69]

Because of its characteristic simplicity and efficiency, the
signal approach is widely used nowadays in diagnostics.
This approach is based on the knowledge of a system’s
healthy behavior signatures which could be determined
from such parameters as stator current and torque signal. It
is then compared with the measured signals so as not to
need a specific model. Moreover, with the development of
variable speed applications, these methods are useful under
non-stationary conditions. In future investigations, it
would be interesting and rewarding to use Signal-Based
Fault Diagnosis methods for fault detection and diagnosis.
5. PMSM ANALYSIS UNDER SHORT-CIRCUIT
FAULT
A. Model of the PMSM under healthy condition
Finite Element Analysis (FEA) is a powerful, accurate
analytical tool for both electric machine’s model and
parameter identification . A crucial step towards testing the
validity of this fault detection method is the modelling of
the electrical machine under both healthy and faulty
conditions. In our case, a finite element study of a PMSM
whose it output power is 60 Kw and it speed is 4307 rpm is
made.
According to analytical study, we determine all the
dimensions defining the motor. A 2D model of the PMSM
under healthy condition using FEMM has been designed.
and presented in Figure 4 .
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Fig.4. PMSM structure under healthy conditions.
A. Exemple of simulation results under short-circuit
defaut
M. Fitouri studied short-circuit fault by analyzing the stator
current harmonics using the well-known Fast Fourier
Transform (FFT) [12]. The characteristics of the PMSM
used are given in Table VI.
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TABLE VI
PMSM characteristics
Parameter
Number of poles
power Output
rated voltage
Speed
Frequency
Rotor inner diameter
Length of Rotor
Stator outer diameter
Stator inner diameter
Length of Stator Core

Value
4
0.55Kw
127V
1500 rpm
50Hz
40mm
101 mm
180mm
91mm
101mm

FIG.7. FFT of a 75% short-circuit faulty machine of
phase A current.

The electromagnetic torque and the stator currents are
studied for two different cases of fault (50% and 75% shortcircuit) in the PM motor with inter-turn fault.
Concerning the stator current, Figures 5, 6, and 7 obtained
by Matlab/Simulink represent the stator current harmonic
content for a healthy machine, for inter-turn fault machine
with 50% and 75% short-circuit faults, respectively.

When the stator of the PMSM witnesses an inter-turn fault,
the fundamental wave amplitude of the phase A current
falls significantly as opposed to the stator’s normal
condition. Consequently, we can clearly observe that the
THD (Total Harmonic Distortion) value of a faulty
machine is much higher than the THD of a healthy one as
pointed out in Table V below.
TABLE V
THD of different machine cases
Phase A fundamental current
healthy machine

18.91%

50% short-circuit

27.48%

75% short-circuit

28.75%

6. CONCLUSION

Fig.5. FFT of a healthy machine of phase A current

Fig.6. FFT of a 50% short-circuit faulty machine of phase
A current.

A review of the various faults that may occur in PMSMs
and a study of the different methods of fault diagnosis were
reviewed in the present paper. In particular, we explored
recent methods which evinced a higher degree of simplicity
and efficiency when applied to PMSMs. We elected to
focus Signal-Based Fault diagnosis as the simplest, most
popular and efficient FDD method. More importantly, the
FFT method was scrutinized in the last section of this study
by comparing healthy to faulty machine cases via FEA use
[12]. In future investigations, it would be interesting and
rewarding to study the faults mentioned above and SignalBased Fault Diagnosis methods. Simulation results would
hence be driven by both FEA and FEMM.
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Abstract--This paper represents a review of the principal
characteristics of wind turbine conversion chains. It analyzes
different wind turbine types listing their multiple advantages
as well as drawbacks in order to gather the best
qualifications needed for an efficient wind turbine chain.
Moreover, it compares the different generators'
performances to explain and warrant the final preference for
the permanent magnet synchronous generator as the most
favorable pick of the bunch.

On a more technical aspect, obtaining an ideal chain
conversion remains a complex problem fraught with
difficulty. Hence, it goes without saying the importance
and necessity of constantly reviewing the literature
published on the issue to remain acquainted with the latest
developments and alert to the possibilities of
enhancement. In this light, we intend to review the most
recent studies dealing with the topic, especially those
publications with a special focus on the different
characteristics of wind turbines.

Index Terms--wind turbine conversion chain, types of
wind turbine, variable speed generators, permanent magnet
synchronous generator.

In this paper, the first part briefly describes the Aeolian
situation in Tunisia. Then in the second part, an analysis
of the wind conversion mechanism is made. Thus, the
description of the different types of wind turbines makes it
possible to focus on the new Cross Axis Wind Turbine
model studied today as perspectives for the wind turbines
future. In the third part was a summary about the power of
a wind turbine in general. Finally, the comparative study
between the different wind generators shows that the
synchronous generators with permanent magnets are the
most efficient more precisely that having the V shape.

1. NOMENCLATURE
λ: tip-speed ratio (rad).
Cp: aerodynamic conversion factor.
R: blade radius (m).
V: wind speed (m/s).
ρ: air density (kg/m).

3. WIND POWER IN TUNISIA

P: wind turbine converted power (W).

Tunisia has great potential in the field of wind energy.
Statistical reports confirm that it is ranked 3rd in the Arab
world and occupies the 5th place in Africa and the middle
east in wind energy production. Between 2014 and 2015,
the installed capacity of energy in Tunisia is about 245
MW which represents 6% of the total electricity
production. According to information provided by the
Tunisian electricity and gas company (abbreviated to
STEG), the first wind farm was that of Sidi Daoud at Cap
Bon which was realized in 2000. It alone is equipped with
53.6 MW approximately 2% of the wind production total.
In the national electricity system framework evolutions ,
ideas of construction of the parks especially in Thala
Gasserine are taken in account. In this way, according to a
study by STEG dating from 2014, Tunisia can have a
wind power potential of 8000 MW, more than 32 times of
the current capacity [3].

W: rotor rational speed (rad/s).
2. INTRODUCTION
Renewable energies are considered as the most
promising solution to resolve the vexing dilemma of the
current state on imbalance between the ever increasing
demand for cheap electrical power and the dwindling
supplies of fossil fuels due to the conundrum of their
worsening shortage in nature and their growing scarcities
in regions traditionally considered rich in natural
resources [1].
Wind energy is one of the most important sources of
renewable energy. It has the greatest short-term
development potential. Aeolian power is widely regarded
as one of the most eco-friendly energy harvesting
technologies. The benefits of wind energy are not only
environmental, but they are also economic and social.
From all these considerations combined stems a genuine,
worldwide interest in further harnessing wind power as a
wellspring of green, affordable and permanent energy [2].

4. WIND TURBINE GENERALITIES
A. Wind Turbine Conversion Chain
A wind generation system represents two main steps
for wind conversion.
1
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The first step is a kinetic-mechanical conversion. In
fact, the wind turbine picks up the kinetic energy of the
wind and converts it into torque that turns the rotor blades.
The second step is a mechanical-electrical conversion.
The rotational energy is then transferred to a generator.
There are two methods of relating the wind sensing
component to the generator, namely directly or indirectly
(using a gearbox). A comparative study between geareddrive and direct-drive systems is recapitulated in Table I
below [2].
TABLE I

Geared-Drive System vs. Direct-Drive System
Fig. 1. Difference between HAWT (a) and VAWT (b).

With GEARBOX

Direct-Drive

- 89% of wind users utilize
systems fitted with a gearbox.
- The generator has a greater
speed and smaller dimensions.
- System with gearbox reflects
better energetic efficiency when
the winds are strong.
- Geared-drive systems’ cost is
high and they return an excessive
demand for maintenance.

- A mere 11% of wind users
utilize direct-drive systems.
- The generator has low speed and
large dimensions.
- Direct-drive systems guarantee
better energy efficiency when the
winds are weak.
- This type of energy conversion
presents an inexpensive and
simple structure with a low
weight

C. Comparative Study between HAWT and VAWT
Chronologically speaking, VAWTs are the first
turbines dedicated to the exploitation of the kinetic energy
of wind. Yet, owing to their expensive design and heavy
weight, VAWTs have lost their appeal and are still
relatively unknown to most wind energy users in the field
of Aeolian electrical energy production. As a result,
HAWTs have become the main focus of research in
relation to the exploitation of wind energy. They are the
most widely used thanks to their practical design and easy
construction [7].
To begin with HAWTs, they provide the most efficient
solution in such zones where wind flow is laminar as the
coastal regions and/or offshore areas. In fact, they must be
positioned perpendicular to the fluid flow in order to
extract the maximum of energy. It is moreover essential
that HAWTs be mounted on high towers to achieve the
wind speed level necessary for a turbine to revolve
properly and maximize energy generation efficiency [3].

Electrical energy generated is transformed into DC
energy stored in batteries or transformed into alternative
energy possible to be injected into the grid. Indeed, a wind
turbine operates with an either variable or fixed speed.
Contrary to those with fixed speed, turbines with variable
speed needs a power electronic interface [4].
The presence of the power electronics system requires
complicated controls and a lot of maintenance which
causes an overcharge but the surplus of energy production
is a sufficient advantage for the variable speed operation
[5].

However, VAWTs are more efficient in turbulent flow
localities. They are easy to erect and do not constrain the
direction of wind. In practical terms, they are most
suitable for regions with irregular wind blow [8].
Moreover, VAWTs begin to give out energy at a lower
wind speed than HAWTs. That is why they do not require
to be mounted on higher ground to guarantee a fairly rapid
wind flow, which is necessary for the wind turbine
operation. This is the major feature that enables VAWTs
to be placed in densely populated regions and cities, for
instance on top of buildings [9]. VAWTs' small heights
and their relative proximity to the ground facilitate both
the installation and the maintenance of the turbines.
Nevertheless, this characteristic in particular causes the
risk of cyclic variations in power at each rotor revolution
[1].

B. Types of Wind Turbines
Depending on the value of the power produced, there
are three categories of wind turbines. Small wind turbines
provide power outputs which range between 20KW and
50KW; medium power turbines generate from 50 to a few
hundred KW; and high power wind turbines produce
power in the upwards of 1MW [6].
On the other hand, wind turbines can be classified into
two major groups according to the design. These are
Horizontal Axis Wind Turbines (or HAWTs) and Vertical
Axis Wind Turbines (VAWTs for short). These are, in
turn, represented in either of two models: the DARRIEUS
and the SAVONIUS wind turbines. Although both models
bring forth power through the taming of wind kinetic
energy, they differ according to the orientation of the rotor
axis as shown in Figure 1 below [1].

As far as the ecosystem is concerned, VAWTs are
quieter, more space-saving and aesthetically acceptable
than their HAWT counterparts. Their main drawback is
that they yield less power, which characterizes them as
less efficient. But unlike VAWTs, the HAWT model is
more productive, usually with a higher and steadier
output. This more reliable energy production capacity
qualifies HAWTs for the position of the model of choice
2
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Aeodynamic Conversion Factor
Cp

in wind farms and leads to their wider adoption and use
around the globe. In short, VAWTs are ideal for
applications that do not require a lot of power but provide
just enough power for load demand [1]-[3].
D. Cross-Axis Wind Turbine
Both types of wind turbines have different benefits and
drawbacks as mentioned above. Additionally, there is no
denying their common disadvantage that incurs when
wind blows in a direction that is opposite to that of the
turbine’s rotor’s as shown in Figure 2.

Tip Speed Ratio λ

Fig. 3. Variation of the aerodynamic conversion factor Cp
according to the tip speed ratio λ.

The wind kinetic energy is not recovered at a 100%
rate. In fact, the conversion is limited by Betz limit, wind
speed range, rotor mechanical and generator electrical
efficiencies.
With Betz limit, the wind turbine can recover 59% of
the energy to which it is exposed, which defines an ideal
aerodynamic conversion factor Cpmax= 0.593. A detailed
description of the aerodynamic efficiency curves for
different turbines types can be consulted in figure 4 [13].

Fig. 2. Opposite wind direction for VAWT and HAWT.

Aerodynamic Conversion Factor Cp

For this reason, in-depth studies focus on a new wind
turbine prototype called Cross-axis Wind Turbine
(abbreviated to CAWT) which combines the advantages
of both HAWT and VAWT models while effectively
overcoming their snags. The new turbine design renders it
possible to adapt to the uncontrollable nature of the wind
direction, it extracts wind energy from either a horizontal
or a vertical direction [10].
5. WIND TURBINE SYSTEM MODELING
The choice of a wind turbine is based on its energetic
performance, which is highlighted by the aerodynamic
conversion factor Cp [11]. The value of Cp indicates the
percentage of wind that the turbine can recover as
expressed in equation (1). It is a function of the tip speed
ratio λ as given in (2) [12].
= !0.212"#$ + 0.0856"#% + 0.2539"&
#=

'.(
)

Tip Speed Ratio λ

(1)
(2)

Fig. 4. Wind turbines aerodynamic conversion factor.

Figure 3 shows Cp characteristic with a maximal
reduced speed of 0.78.

A real wind turbine reaps less than 59% of the wind.
Savonius Rotor and Dutch Windmill are the slowest wind
turbines with the lowest in efficiency. Horizontal axis
wind turbines are the fastest and the best in terms of
mechanical performance and energetic yield. This
explains the strong preference for HAWTs to equip wind
farms.
The wind power results from the wind speed and the
wind turbine mechanical shaft rotation speed. As shown in
fig 5, the power curve varies according to the rotation
speed for different values of wind speed [14].
3
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with fixed or variable speeds.

Wind Power (w)

The decision is difficult to make as to which generator
to use in a wind energy conversion chain. Such a decision
is based on several such criteria as performance, cost,
convertor topology as well as the environmental
challenges posed by the turbine installation.
A. Squirrel-Cage Induction Generators
Among the first machines used has been the squirrelcage induction generator (SCIG) which operates at a fixed
speed [15].
The schematic diagram of wind turbine chain using a
SCIG is illustrated in the figure 7 [16]. This chain uses a
gearbox without electronic power interface.

Rotor Speed (rad/s)
Fig. 5. Wind power curve as function of the rotor speed for
different wind speed.

The curve which connects the vertices of wind power
curves family as function of rotation speed for the
different value of wind speed varies according to a cubic
function of the rotation speed. By following this curve the
wind power is always maximum.
The converted turbine power is given in equation (3).
!

= # $% # & # ' # (" # ) *
"

(3)
Fig. 7. Wind chain with SCGI.

The characteristic power curve of a given wind turbine
is given by wind turbine manufacturers according to a
typical power curve having approximately the following
appearance (see Figure 6 below):

The SGICs' characteristics are listed in Table II.
TABLE II

Characteristics of SCGIs
Advantages

Drawbacks

- Simplified electrical system
[17] [18].
-without electronic system.
-Cheaper.
- Less maintenance .

- Actually rarely used for wind
turbine application (because of
their fixed speed) [2].
- Have low efficiency (the energy
captured is not necessarily
optimal) [17].
- Coupled with a Gearbox, which
increases the system mass [17].
-Generator electrical power
cannot be regulated quickly [17].

Fig. 6. Typical power turbine curve.

The wind turbine power curve related to wind speed
comprises 4 parts. First the turbine does not produce
power because the wind is too slow enough to cause its
revolution. From a minimum wind speed called cut-in
speed, the system starts to produce energy following the
path given by equation (3). If the wind speed exceeds a
certain value called rated speed, the turbine is limited to
produce a constant power rating. The turbine stops when
the wind goes beyond the maximum speed value.

The fixed-speed concept is limited because it is not
favored at the varied wind speed application. In order to
eliminate this defect, the manufacturers have tried using
variable speed machines for wind energy like double-fed
induction generators and permanent magnet synchronous
generators [16] [18].
B. Doubly-Fed Induction Generators
The schematic diagram of a wind turbine chain using
double-fed induction generator (DFIG) is illustrated in the
figure 8 [16]. This chain uses a gearbox and an electronic
power interface.

6. WIND TURBINE CONVERSION CHAIN GENERATORS
Nowadays, there are different machines that act as
generators in a wind turbine system. The most used
machines are synchronous and asynchronous machines
4
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TABLE IV

Characteristics of PMSGS
Advantages
- Have a simple rotor design using
permanent magnets, which ensures
self-excitation[[2].

Different DFIGs' characteristics are summarized in
Table III.

- Simple construction without brush
ring and multiplier.

Characteristics of DFIGs

- represents an important
innovation compared to SCGIs
[18].

-High costs of magnets used.

- Joule losses are dissipated
effectively

TABLE III

- More than 70% of wind turbines
use DFIG [2].

- Risk of demagnetization.

- Have higher power density and
efficiency [21]

Fig. 8. Wind chain with DFIG.

Advantages

Drawbacks

- Incur less maintenance costs

Drawbacks
-complicate conception Using
the bushing system and the
gearbox[18].

The performances in mass powers and the efficiency of
the PMSGs are better than that of the asynchronous
generators as mentioned in figure 10 [21].

-Over charge [5].

- Have excellent performance
thanks to the use of variable
speed [18].

New concepts are developed for the wind energy
conversion chain that will eliminate the major
disadvantage of the mechanical parts of the DFIG to
ensure a reduction in system volume and cost and
guarantee in part the benefits of variable speed operation.
We will be interested in the Permanent Magnet
Synchronous Generators.
C. Permanent Magnet Synchronous Generators

Fig. 10. Efficiency of PMSG vs. asynchronous generators.

The schematic diagram of wind turbine chain using a
permanent magnet synchronous generator is illustrated in
the figure 9 [19]. This chain represents a directly system
with electronic power interface.

Actually, the current and future trend is towards the use
of synchronous machines with permanent magnets thanks
to the numerous advantages they proffer.
There are four classifications of PMSGs according to
the permanent magnets placement as mentioned in Figure
11:

Fig. 9. Wind chain with PMSG.

The table IV under mentioned represents PMSGs'
specifications.

5
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7. CONCLUSION:
This paper represents a review of the principal parts of a
wind conversion chain. A painstakingly careful analysis of
the many characteristics and architectures of chains
represents the first step towards choosing the most
appropriate wind chain based on the combined and
favorable effect of its different features. In the end of the
analysis, we submit that the horizontal axis wind turbine
directly connected to a permanent magnet synchronous
machine with magnets having the V shape with variable
speed is the most suitable prototype for future research in
wind farm in Tunisia.
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Abstract— A new power system stabilizer is developed
based on robust fuzzy synergetic control techniques. A full
nonlinear model of a single machine infinite bus power is
considered in an adaptive fuzzy scheme relying on type-I
fuzzy Takagi-Sugeno systems and their universal
approximation properties to estimate unknown nonlinear
functions that describe a power system without having to
rely on usual model linearization and simplifications. As a
robust control technique synergetic control unlike sliding
mode control makes use of a continuous control law
therefore avoids detrimental chattering. Lyapunov synthesis
is used to demonstrate stability and simulation of severe
operating conditions is carried out to corroborate the
superior performance gained by the proposed approach.
Index Terms— power system stabilizer PSS; synchronous
machine; synergetic; fuzzy; Lyapunov; direct adaptive
control

1. INTRODUCTION
Power Systems are one of the most complex and
nonlinear systems. Their configurations and parameters
fluctuate with time, that which require a fully nonlinear
model and an adaptive control scheme for a practical
operating environment. Therefore, for planning and
operating the power system, it is very important to
improve the solution to the stability problem. Power
System Stabilizer (PSS) has been developed to suppress
the low frequency oscillation and enhance the system
dynamic stability. The PSS is used to generate
supplementary control signals for the excitation system in
order to damp low-frequency oscillations during
disturbances [1-4]. The parameters of conventional PSS
are determined based on the linearized model of the power
system [5-8] around a given operating point. To provide
good damping over a wide operating range, the PSS
parameters need to be fine tuned in response to these
power flow hindering oscillations. Since power systems
are highly nonlinear systems, with configurations and
which change with time, the CPSS parameters design
cannot guarantee its performance in a practical operating
environment. Thus, an adaptive PSS which considers the
nonlinear nature of the plant and adapts its parameters to
changes in the environment is required. This inadequacy
is somewhat countered by the use of fuzzy logic in the
power system modeling. Fuzzy logic power system
stabilizer is a technique incorporating the expert
knowledge in designing of a controller. Past research of
universal approximation theorem shown that any
nonlinear function over a compact set with arbitrary
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accuracy can be approximated by a fuzzy system. There
have been significant research efforts on adaptive fuzzy
control for nonlinear system [9-11].
The new nonlinear approach based on synergetic
control theory [12] is presented to overcome the above
mentioned problems of the linear controls by explicitly
using a nonlinear model of the power system for control
synthesis. Synergetic control theory has been successfully
applied in the area of power electronics control. For
example, it has been applied to the control of a single
boost converter in [13], and simulation as well as
hardware characteristics have been covered extensively in
[14-17]. Furthermore, synergetic control theory was
satisfactorily applied in a practical battery charging
system [17]. In the following approach, a nonlinear PSS
based on adaptive fuzzy synergetic is designed in this
paper. The synergetic control law is obtained by the
Lyapunov synthesis approach, using fuzzy logic rules the
adaptation laws are developed to make the controller
adaptive to change in the different operating conditions
occurring in the power system. The nonlinear simulation
for a one machine-infinite bus system shown that the
performs of adaptive fuzzy synergetic are better than the
conventional (CPSS).
2. BASICS IN SYNERGETIC CONTROL DESIGN
The synergetic control design procedure can be
summarized as follows [12-13] [18]. We consider an norder nonlinear dynamic system described by the
following equation:
x f ( x, u, t )
(1)
Where x is the state vector, u is the control input vector
and f a non linear function.
Synthesis of a synergetic controller begins by defining a
macro-variable, which is a function of the system state
variables.

\ \ x ,t

(2)

The control objective is to force the system to operate on
the manifold \ 0 . The designer can select the
characteristics of this macro-variable according to the
control specifications (e.g. limitation in the control output,
and so on).
The desired dynamic evolution of the macro-variable can
be designer chosen as:
T \  \ 0 , T ! 0
(3)
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Where T is the designer chosen speed convergence to the
desired manifold. Upon differentiating the macro-variable
(2) along (1) we obtain:

d\
x
dx

\

(4)

y (x ) T T [ (x )

(9)

>T 1...T M @

T

and [ ( x )

ª¬[ 1 ( x )...[ M ( x ) º¼

T

.

The fuzzy basis functions are defined as:
n

0

P

(5)

[l x

Solving for the control law, leads to (6):

g x ,\ x , t ,T , t

u

[ ( x ) , (8) can be

rewritten as:
Where T l

Combining equations (1), (3) and (4), we thus obtain

d\
T
f x ,u , t \
dx

concept of fuzzy basis function vector

(6)

Thus the control law depends on designer chosen macrovariable \ and constant T imposing therefore desired
dynamics to the system. In this process, system control
elaboration needs no model linearization but rather relies
on the complete non linear system. The new constraint as
in sliding mode techniques reduces system order by one
while enabling control designer to achieve global stability
and parameter insensitivity on the chosen manifold.
Adequate selection of the macro-variable ensures the
stability sought [12]. During this control procedure,
complete knowledge of the system dynamics has been
assumed which is seldom the case, mainly due to ever
present uncertainties in non linear system model.

i 1

Fil

xi

(10)

§ n
·
¦
¨  P Fil xi ¸
l 1© i 1
¹
M

4. NONLINEAR ADAPTIVE FUZZY SYNERGETIC
CONTROL.
In this section, the design of a nonlinear adaptive
fuzzy synergetic controller is addressed. To assess the
validity of the approach, we will use it as a new type of
robust power system stabilizer. The power system
consisting of a synchronous machine connected to an
infinite bus through a double transmission line circuit is
simulated.
A schematic diagram of the system is shown in
figure. 2.

3. FUZZY BASIS FUNCTIONS
The basic configuration of the fuzzy logic systems
consists of a collection of fuzzy IF-THEN rules [19-20]:

R (1) :
IF x1 is F1l and... and xn is Fnl THEN y is Gl
The fuzzy logic system performs
from U U 1 u ... uU n  R n to R .
Where

x

x 1 ,..., x n

T

U and

a

y R

(7)
mapping
represent

input and output of the fuzzy logic system, respectively,

Fi l and G l are labels of fuzzy sets in U i and R ,
respectively, where l 1, 2,..., M . Each fuzzy IFTHEN rule of (7) defines a fuzzy implication,
F1l u ... u Fnl o G l , which is a fuzzy set defined in the
product space U u R . Using singleton fuzzification,
product inference, and centre-average defuzzification, the
output of the fuzzy system is obtained as: [19-21].
n
·
l §
y
¦
¨  PFil x i ¸
l 1
©i 1
¹
M
§ n
·
¦
¨  PFil x i ¸
l 1© i 1
¹

Fig.2. Single machine infinite bus power system
A single machine power system, using the speed
variation x 1 and the accelerating power x 2 as the
controlled variables, is modeled by a nonlinear
representation as in [1-2]. It is possible to represent the
system with the following nonlinear equations [22-24]:

x1 D x2
x2 f ( x1 , x2 )  u

M

y x

Where P F l x i

Where D

(8)

is the membership function of the

i

linguistic variable x i , and y

PG

l

l

is the point in R at which

(11)

1/ 2H and H is the per unit machine

inertia constant. x

> x1 , x2 @

system state vector.

f x is nonlinear functions and

T

 R 2 is a measurable

u represents the necessary control signal to be designed,
i.e. the PSS output.

achieves its maximum value. By introducing the
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The synergetic synthesis of the power system
stabilizer begins by defining a macro-variable given in
(14).
\ k1 x1  x2
(12)

\

K T x  f ( x1 , x2 )  u

Letting : I

\

T  Tˆ

. Therefore we may rewrite (25) as:

H  I T [ x  u\

(24)

Now consider the Lyapounov function candidate:

1§ 2 1 T ·
(25)
¨\  I I ¸
Without
loss
of
generality,
let
2©
r
¹
T
[0 D k1 ] in which k1 is a designer chosen Where r is positive constant that will be used as learning
choose K
constant. Combining Eq. (13) and (5) yields
rate in the adaptation procedure, the time derivative of V
is
obtained as:
1
(14)
f ( x1 , x2 )  u  \  K T x
1
T
V \ \  I T I
The synergetic control law is then obtained and is
r
given as:
1
(26)
\ H  I T .[ x  u\  I T I
1 ·
§
T
r
u ¨  K x  f ( x1 , x2 )  \ ¸
(15)
T ¹
©
1
\ H  I T r \ [ x  I T \ u\
Letting:
r
uc
 f ( x1 , x2 )  K T x
(16)
Where I T .
1
Substituting T and (17) nto (23), leads to
\
(17)
u\
T
1
(27)
V d \ H  \
Therefore we may rewrite (15) as:
T
(18)
u uc  u\
Based on the universal approximation theorem, and
Here we have:
thus we have: V d 0 .
A. u\ given in (19) as a function of T and k1 which can
(13)

V
us

be optimized by PSO algorithm [24].
B. In the more realistic case where f is unknown, the
control law (16) is replaced by its fuzzy estimates given
by:
T
u c ( x / T ) T [ x

(19)

4.1 Theorem: Consider the control problem of the

nonlinear system (11). If the control action u c ( x / T ) is

used and the parameter vector
law where

T

T

adjusted by the adaptive

 r \ [ x , the closed loop system

signals will be bounded and the tracking error will
converge to zero asymptotically.
Proof: Define the optimal parameters of fuzzy systems

Tˆ arg min ª« sup u c x / T  uc x º»
T Z ¬ xR
¼

5. SIMULATION RESULTS

The performance of the proposed controller was
evaluated by applying a large disturbance caused by a
three-phase fault to ground on the transmission line. A
simplified schematic diagram of the model is shown in
Fig. 2. A set of nonlinear differential equations consisting
of fore state variables has been used to simulate the
synchronous machine. A simplified model of IEEE type
STlA excitation system has been used [1].
A conventional (CPSS) controller structure Lead-lag
network with gain K, washout time constant Tw, lead and
lag time constants T1 , T3 , T2 and T4 respectively, is
used for comparison. The stabilizer transfer function is
given by:

U PSS

(20)

n

Where Z constraint set for
approximation error.

H

T.

Define the minimum

u c x / T  u c ( x )

(21)

Then, we have

\

H  T T  Tˆ T .[ x  u\
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For the plant without any PSS and the plant with the
tow PSSs, i.e. CPSS and AFSPSS, the system responses
for three different conditions were obtained using
nonlinear simulations:

P0

(22)

Using (16) and (19) and some manipulations, we have:

\

(30)

Operating point-I :

K T x  f ( x1 , x2 )  u c x / T  uc x
 u  u c x / T  uc x

sK (1  sT1 )(1  sT3 )
(1  sTw )(1  sT2 )(1  sT4 )

(23)

0.9 pu ,Q 0

0.3 pu and x e

0.2 pu

Figures 3 and 4 respectively, show system response
under a three-phase short-circuit fault occurring at
t 0.2sec with a duration of 0.06sec . The simulation
of the system response for CPSS and adaptive fuzzy
synergetic PSS are presented. The proposed adaptive PSS
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seems to indicate the best response showing rapid
oscillations suppression which indicates adequate
damping.

Fig.5. Speed deviation response for OP- II

Operating point-II:

Fig.3. Speed deviation response for OP- I
Heavy

P0

reactive

0.8 pu ,Q 0

load

and

weak

0.8 pu and x e

connection,

0.45 pu .Here

the system response in the absence of PSS presents
dangerous oscillations that would definitely end up in loss
of synchronism oscillations. CPSS responses speed
deviation in figure.5 and electrical power in fig.6 are
hardly damped for this operating point whereas responses
obtained with nonlinear adaptive FSPSS show the rapid
elimination of the unwanted oscillations thus enabling
better power flow.

Fig.4. Electrical power response for OP-I
Operating point-III:

P0

0.8 pu ,Q 0

0.3 pu and x e

0.1 pu .

In

this case, the synchronous machine is absorbing the
reactive power and here again we can see a slight
improvement over CPSS in the speed deviation response
in fig.7. Seemingly comparable results are obtained for
electrical power as illustrated in fig.8.
Fig.6. Electrical power response for OP-II
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[7].
Simoes
Costa,
A.J.A.
Freitas,F.D.and
Pena,H.E.“Power system stabilizer design via structurally
constrained optimal control, ” Electric Power Systems
Research,vol.33,pp. 33- 40,1995.
[8]. Rajeev Gupta, Bandyopadhyay and Kulkarni, B.
A.M.“Design of power system stabilizer for single
machine system using robust fast output sampling
feedback technique, ” Electric Power Systems
Research,vol. 65 ,pp. 247-257,2003.

Fig.7. Speed deviation response for OP- III

6. CONCLUSION

A new adaptive power system stabilizer based on
synergetic control and on the approximator aspect of
fuzzy systems, has been developed and stability thereof
proven using Lyapunov synthesis. A single machine
infinite bus power system has been used to assess the
validity of the proposed approach. Simulation results for
three-phase to ground short-circuit for three different
operating conditions confirm the soundness of the
nonlinear adaptive fuzzy synergetic approach without
chattering in the control law as in adaptive fuzzy sliding
controllers.
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Abstract--The internet-of-things describes the evergrowing number of intelligent objects, that are being
connected to the Internet, and each other, these systems are
infiltrating the heart of our critical infrastructure and are
forming the basis of current and future smart services,
smartphones tablets, wearable technology, and smart home
devices, are now being adopted into our everyday lives and
they're starting to appear on enterprise networks. As we
continue to embed these interconnected objects and a wider
variety
of
wireless
devices infiltrate
enterprise
infrastructures, the security risks posed by the Internet of
Things is becoming more complex, and may have serious
consequences. Some of these risks is DDoS Attacks which is
one of knows attack on internet on general and also in IoT,
in this paper, we are going to classify the possible IoT attacks
by layers, and in term of security requirement such as
authenticity, confidentiality, integrity and availability, we
focused more on DDoS attacks, we give almost all DDoS
attack types, and various detection and mitigation methods.
Index Terms--Internet of Things; Denial of Service;
distributed denial of service.

1. INTRODUCTION
Imagine a global where vast amounts of objects may
sense, share and communicate information, all
interconnected over general public or personal Internet
Process (IP) networks. These interconnected items have
data frequently collected, analyzed and utilized to initiate
actions, providing an abundance of cleverness for
planning, decision and management making. This is
actually the globe of the web of Points (IOT) [1].
As the IoT turn into a key
Internet and using the web
partially mission- critical
necessity to address trust
adequately [2]

component into the future
of Points for large-scale,
systems produces the
and protection functions

Denial of Support attacks certainly are a main threat to
the present day digital society. Distributed Denial of
Services (DDoS) attack can be an assault that efforts to
create a victim deny the solutions by flooding a big
malicious traffic [3]. The attacker launches an assault
against the availability. This assault is frequently done

through the use of multiple systems flooding
prospective system with large amount of traffic [4].

the

This paper is presented in the following order, Section I
we gave a brief introduction with some of IoT
characteristics and applications, Section II a brief
description about existing routing protocols on IoT has
been discussed, Section III we present security on IoT in
term of term of security requirement such as authenticity,
confidentiality, integrity and availability, DDoS attacks
types has been presented in section IV, and before
conclusion, in section V almost all existing methods of
detection and mitigation of DDoS attack have been
presented.
A. IoT Characteristics
The Internet of Things is about connecting many
different devices together and to the Internet, there
are a number of characteristics that are in common
between Internet of Things devices and networks of
devices, Its characteristics vary from one domain to
another, Some of the general and key characteristics are
as follows:
A.1. Intelligence: IoT includes the mix of algorithms and
computation, software and equipment that means it is
smart. Ambient cleverness in IoT enhances its features
which facilitate the items to respond within an
intelligent method to a specific situation and facilitates
them in undertaking specific tasks. Regardless of all the
recognition of smart systems, cleverness in IoT is
concerned as method of conversation between devices,
while consumer and device conversation is attained by
standard input strategies and graphical interface [5].
A.2.Connectivity:
Connectivity
allows
network
accessibility and compatibility. Accessibility gets on a
network while compatibility supplies the common
capability to consume and produce data [2].
A.3. Heterogeneous: Is one of those characteristics, IoT
devices can communicate on different types of networks
and with other devices.
A.4. Unobtrusive: Often embedded systems and devices
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will be completely transparent to an individual, Internet
of Things devices also respond to changes in the
system or the environment instead of direct user input.
A.5. Economical: Is another feature of these devices, a
number of these products use alternative power sources,
because they may not be linked to the primary power
grid, so solar powered energy and body heat certainly are
a handful of the energy sources that are accustomed to
obtain power efficiently.
A.6. Flexibility: Internet of Things devices must meet
the needs of users and those of the systems that it
communicates with.
A.7. Reliability: Now the unit are often situated in
remote areas, and go very long spans between servicing,
just like the sensors about an essential oil rig for instance,
they have to have the ability to function with small to
simply no maintenance, in addition they have to have a
minimal failure rate, because these kinds of devices tend to
be found in highly crucial applications.

3. SECURITY
The primary challenge that's prevalent in IoT and should
be solved is coping with security attacks. In the IoT, every
'thing' is usually connected which outcomes in significant
protection threats, such as for example threats towards
confidentiality, integrity and authenticity of both data and
services [8]. A critical example of security requirements is
the need to integrate different security policies and
techniques related to the variety of devices and user
networks in the IoT. The attacks on IoT network in the
different layer is presented and focused mainly on
network layer attack, especially Denial of Service (DoS)
attack.
A. Attacks in IoT
According to [9], the attacks done on different layers like
jamming, flooding, etc. Among which attack in network
layers produces severe problem. Table I, Shows the attacks
done on different IoT layers.
TABLE I. SECURITY ATTACKS ON DIFFERENT LAYERS OF
PROTOCOL STACK

A.8. Security: IoT products are naturally susceptible to
security threats. As we gain efficiencies, novel
encounters, and other advantages from the IoT, it might
be a blunder to just forget about protection concerns
connected with it. There exists a higher level of
transparency and personal privacy problems with IoT. It is
necessary to protect the endpoints, the systems, and the
info that's transferred across everything means creating a
protection paradigm [5].

Layer

Examples of Attacks

Application Layer

Repudiation, Data corruption, Viruses,
Worms, Malicious codes

Transport Layer

Session hijacking, SYN flooding

Network Layer

DoS Attack, Sybil attack, Sinkhole attack, Black
hole attack, Gray hole attack, Wormhole attack,
Spoofing, Flooding, Location disclosure, Route
table overflow, Route table poisoning, Route
cache poisoning

Data-link Layer

Traffic monitoring and analysis, Disruption MAC
(802.11), WEP weakness

Physical Layer

Jamming, Interception, Eavesdropping

B. Applications of IoT
IoT has huge potentialities for developing new
intelligent applications in just about any field. That is
mainly because of its double capability to perform
located sensing (enabling instance to get information
about organic phenomena, medical parameters, or user
practices), also to present them tailored solutions.
Irrespective of the application form field, such
applications goal at improving the standard of every-day
life, and can possess a profound effect on the overall
economy and society. They'll also cover different
facets: personal, interpersonal, societal, medical,
environmental, logistics to cite a few. The many
applications could be grouped in three main domains: (A)
commercial domain, (B) wise town domain, and (C)
health well-becoming domain. Each domain isn't isolated
from others but it is usually partially overlapped since
some applications are shared [6].
2. ROUTING PROTOCOLS
With the dynamic architecture, applications, and
challenges, experts after immense function have proposed
an array of routing protocols for IoT as in [7]. These
protocols all mainly try to increase throughput while
reducing packet reduction and managing overhead. The
routing protocols are grouped in various categories
predicated on their routing policies.
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B. Security requirements
Any network must satisfy the following requirements
for efficient and reliable communication to achieve its
motive correctly. The requirements are:
B.1.Authenticity: Making certain only authorized
individuals get access to assets. To guarantee the
identification of a consumer, ie to ensure to each one of
the correspondents that his partner may be the one he
believes to become. An gain access to control makes it
possible for (for instance through a password that must
definitely be encrypted) usage of resources and then
authorized persons.
B.2. Integrity: Verifying the integrity of the data
involves determining whether the data has been altered
during the communication.
B.3 Confidentiality: The confidentiality means that no
unauthorized gain of information can be done.
Requirements concerning confidentiality are software
specific in IoT.
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B.4. Availability: It is an important requirement since
handles the fault-free support in the network. If all of the
above requirements accomplished and availability is
usually lacking after that everything goes waste materials.
Figure 1 shows the threats and attacks in IoT.

difficulties and a feasible roadmap for addressing them.
Miorandi et al. [14] offering a holistic perspective on the
Internet-of-Things idea and development, including a
crucial revision of software fields, enabling systems and
research problems. Cviti´c et al. [15] consider IoT
architectural layers and assess dangers for every of them.

Figure. 1. IoT Threats and Attacks

4. DDOS ATTACK
A Distributed Denial of Support attack is often
characterized as a meeting when a legitimate consumer or
business is deprived of particular services, like internet,
network or email connectivity, that they might normally
have a much. DDoS is actually a source overloading
problem. The resource could be bandwidth, memory
space, CPU cycles, document descriptors, buffers etc [10].
The attackers bombard scare resource either by flood of
packets or an individual logic packet that may activate a
number of processes to exhaust the small resource [11].
Figure 2 shows the components of Distributed
Denial of Service Attack

Figure. 2. Components of Distributed Denial of Service Attack.

A. DDoS Attacks and IoT
Security issues regarding IoT are often devoted to
privacy, integrity, and gain access to control issues. Right
here, the focus is usually on availability, DDoS attacks
particularly, which were actively discussed [12]. El
Mouaatamid, Lahmer, and Belkasmi [9] present a survey
describing feasible attacks about layers that form IoT
infrastructure. Auteurs in [13] explain IoT security
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Pa et al. [16] created an IoT honeypot for capturing
malware. On the precise subject of DDoS over IoT, the
debate can be prolific. Yichuan et al. [17] propose a novel
video game theory model to spell it out the situation. In
the model, they consider that, both attacker and defender
are rational, and their strategies are powerful. Pacheco et
al. [18] also evaluated the result of a DDoS assault over a
radio Sensor Network (WSN) over Zigbee and 6lowPAN
utilizing a network simulation environment.
B. Types of DDoS attack
B.1. Denial of sleep attack: One particular threat may be
the denial-of-sleep assault, which really is a particular
kind of denial-of-support (DoS) strike that targets a
battery-powered device’s power in order to exhaust this
constrained source. The impacts of denial-of-sleep
episodes on WSN MAC protocols possess not been
completely addressed. The just previous research that
centered on denial-of-rest in WSN is usually [19], which
versions the network life time under routine visitors
patterns for a representative group of MAC protocols and
the effect of a denial of- rest broadcast assault on these
protocols on the Tmote Sky [20] WSN platform [21].
B.2. UDP flood attack: User datagram process (UDP) is
a deceptive protocol because info packets or demand might
arrive out of purchase, can happen to end up being
duplicate or could be delayed. Therefore the UDP enables
the info and demand to be delivered to a server without
needing a reply or acknowledgement that the demand
was received [21]. In a DDoS flood assault the zombies
flood the victim program with IP visitors. The large level
of packets delivered by the zombies to the victim
program slows it down, crashes the machine or saturates
the network bandwidth. This prevents genuine users
from accessing the victim. In a DDoS UDP Flood strike,
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the UDP packets are delivered to either random or
specified ports on the victim program [22].

5. RELATED WORKS FOR DDOS DETECTION
AND MITIGATION

B.3. ICMP (Ping) flood: Internet Control Message
Process (ICMP) is comparable to UDP. ICMP Ping
request constantly sends packets as quickly as possible
without expecting any replies. In order that both incoming
and the outgoing bandwidth will become increased
resulting in assault on the queue size of the ports [23].

There are three DDoS detection approaches are mainly
considered (Signature Based, Anomaly Based, and
Entropy Based Approach). In the following, DDoS
detection and mitigation techniques will be reviewed.

B.4. Ping Of Death (POD): Ping of Death, in general
known as ping of death. This attack can be defined as every
data packet contains ICMP header which sends ECHO
REQUEST and ECHO REPLY. If the ICMP data header
exceeds 65,536 bytes crashes the entire system [24].
B.5. Reflected Attack or Amplification: A reflected denial
of support assault involves sending forged requests of
some kind to an extremely large numbers of computers
that may answer the requests. Using Internet process
spoofing, the foundation address is defined compared to
that of the targeted victim, this means all of the replies will
head to (and flood) the prospective. ICMP Echo Demand
episodes can be viewed as one type of reflected strike,
as the flooding sponsor(s) send out Echo Requests to the
broadcast addresses of mis-configured networks,
therefore enticing a lot of hosts to send out Echo Reply
packets to the victim [10].
B.6. TCP SYN Attack: Right here the attacker tries to send
out packets constantly to the server to be able to avoid
the connection being closed. Through the connection
period additional systems will never be able to gain access
to the server that is one kind of DDos assault [25]. In a
spoofed SYN flood the attacker attempts to send plenty of
TCP SYN packets with a fake Ip [26]. One apparent
issue in the TCP SYN strike situation is that the
preliminary conversation occurs before authentication,
therefore the server cannot inform a legitimate demand
from a false one [10].
Figure 3 shows the DDoS attacks classification, in our paper
we focused on flood attacks and protocol exploit attacks.

A. Detection methods
The majority of DDoS assault detection technique is
using static threshold method of detect the episodes
[27], where in fact the detection precision is less. A few
of the function in DDoS strike detection takes even
more computation time making the detection program
highly complex [28].
A.1 Detection using Fast Entropy approach: Entropybased approaches possess significant benefits in DDoS
recognition. When the monitored network works in
normal method, the entropy ideals are relatively easy.
Otherwise, the entropy value of 1 or even more features
would switch significantly [29]. The usage of entropy
can raise the sensitivity of recognition to discover
anomalous incidents. Despite the fact that using Entropy
offers several advantages, it still requirements a
competent algorithm to lessen computational period and
memory utilization in a higher speed network. In the task of
No et al. [30] created fast entropy method of reduce
computation period. Right here fast entropy of packet
count is usually calculated [28].
A.2. Detection using Naïve Bayesian classification
method: Naïve Bayesian classifier is usually a
straightforward probabilistic classifier which functions by
applying the Baye’s theorem along with naïve
assumptions about feature independence. It assumes
worth of any feature is usually independent of ideals of
additional features. This assumption is also called
Conditional Independence. Regardless of the naïve
assumption and over simplification, Naïve Bayesian
classifiers possess became quite useful in complicated real
life conditions [4].

Fig. 3. DDoS attack classification
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A.3. Detection using TCP Congestion Window
Analysis: A detection way of SYN flooding was
proposed by Wang [8]. It really is centered on the standard
behavior of TCP process (i.e. handshaking procedure and
FIN or RST) and the sequential change stage detection.
The sequential change point recognition is usually a
statistical solution to look for a switch in a data [31]. To
help make the technique simple to use and even more
general, a non-parametric cumulative sum (CUSUM)
technique was used. The technique compares the ratio of
SYN packets to the FIN or RST to locate a change.
Among the drawbacks of the technique is usually that the
attacker could send out the FIN or RST combined with
the SYN packet in order to avoid the detection [32].
B. Mitigation methods
B.1. Intrusion detection system: IDSs could be classified
while Network-based IDS (NIDS) and Host-based IDS
(HIDS). Network-centered IDS (NIDS) connects to 1
or even more network segments and monitors network
visitors for malicious actions. Host structured IDS
(HIDS) is usually mounted on a computer gadget and
monitors malicious actions happening within the
machine. Unlike NIDS, the HIDS analyzes not merely
network visitors but also program calls, running
procedures, file-system adjustments, inter process
conversation, and software logs. IDS methods can also
be categorized as signature-based, anomaly-centered or
specification based [33].
B.2. A game theoretic approach: this method is founded
on using the digital signatures to use verification of
legitimate packets. If any packet will not move this
verification procedure it'll be dropped and called a poor
packet. Furthermore, bad packets occasionally get away
from the verification procedure as the forwarder will not
verify the packet. There exists a penalty to the forwarders of
poor packets. By verifying packets it could help discover
any malicious episodes and drop the packets. Gleam
reward program to the forwarders that verify packets
which is usually obtained as a credit. An accounting system
gets the responsibility to determine these benefits and keep
an eye on them continuously. This system is definitely such
a casino game where forwarders confirm packets that
they receive [34]. It succeeds in mitigating DoS attacks
in MANETs considerably [35].
B.3. Allowing connections only to trusted clients: That
is clearly the most conservative method of
communication and therefore it gets the highest amount of
averting security threats. Such a remedy is usually
justifiable for deployment just in shut and special-purpose
(e.g. military) environments. It really is inherently
inapplicable and incompatible to an open up
communication system like the Internet. A known issue
with closed conditions is usually that outside intrusions
are both not really expected and generally not
anticipated. Therefore, the amount of preparedness for a
protection breach, should it ever happen, is quite low and
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the harm grows proportionally high [10].
B.4. Mitigating DoS using Access Control Lists (ACL):
Gain access to Control Lists will be the set of guidelines
that are put on a machine to be able to control
permissions. This task is aimed at applying Gain access
to Control lists on the Cisco routers to be able to stop
particular group of IP packets. Such a list provides safety
to a network since it settings the traffic relocating and
out of this point [36]. For example, when an ACL is applied
on a router, the incoming IP packets are checked if
indeed they fulfill the ACL desk before entering.
Whenever a packet conforms to a preexisting rule within a
router, numerous choices like deny, acknowledge, reject
etc could possibly be performed. According to [37],
today’s internet backbone is prone to millions of
network vulnerabilities which demands more complex
ACL rules. Thus the ACL table grows in its size, degrading
the network performance thus also making it harder to
manage.
B.5. Securing all computers on a network: Achieving
that could render the presence of zombies difficult and
therefore an attacker will be decreased to having the ability
to mount just an uni-source assault. In addition, IP trace
back again schemes would result in the attacker’s
weapon machine directly, which would both decrease the
administration overhead in the post-mortem tracing
procedure and serve as a disincentive for the attacker to
start out to begin with [10].
B.6. Filtering: Filtering is another strategy to end
unfaltering packets by place router to detect them.
Nevertheless, this technique can't be considered
dependable, as occasionally the packets is able to
overwhelm the router and result in a DoS assault [38].
6. CONCLUSION
In this paper, after reviewing almost all the aspects of
IoT such as routing protocols, application and
characteristics we identify all the security leaks in IoT and
their impact. Classified the attacks based on protocol
layers and security requirements. Finally, almost all
detection and mitigation methods for handling DDoS
attacks are reviewed briefly along with their limitations.
This paper grouped almost all DDoS attacks types,
detection and mitigation methods, we believe that this paper
will help researchers working on DDoS attacks problem.
As future research, we will simulate and compare all
existing detection methods, and try to propose a new
method.
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Abstract-- In the power system, the most important thing
is to maintain the balance between demand and supply;
electric power industry engage in a delicate balancing act,
day in and day out, to balance energy demand and energy
supply. As we have more and more renewable energy
integrated into the system such as wind and solar are able to
generate significant amounts of power, the imperative of grid
stability makes it challenging to integrate renewables into the
power mix. To mitigate against the uncertainty of a sudden
increase or decrease in wind energy, electric power industry
rely heavily on backups. Significant body of work in the
literature indicates that operating reserves could be procured
from demand response[1], instead of from backup generation
capacity, other studies propose a methodology for integrating
demand response into optimal dispatch algorithm[2][3],
taking into account the impact of load shifting to later time
periods. An alternative solution, in which supply-following
loads adjust their power consumption to match the available
renewable energy supply[4]. Authors in [5] explore the
problem of scheduling the workload to align with the timevarying available wind power based on traditional DBMS
architectures. In this paper we investigate that supplyfollowing algorithm modified attempts to align power
consumption with the amount of wind power available, while
minimizing the amount time by which jobs exceed their
deadlines. The modified algorithm in the sense of access to
data (wind trace, workload) by the integration of a new
architecture that manages the database because the level of
integration of renewable energy strongly depends on the
workload and the accuracy of the predictor, the speediness of
the scheduler.
Index Terms-- renewable energy, job scheduler,
computing cluster, energy consumption, big data, integration.

1. INTRODUCTION
Developing renewable resources presents a new set of
technological challenges not previously faced by the grid:
the location of renewable resources far from population
centers, and the variability of renewable generation.
Although small penetrations of renewable generation on
the grid can be smoothly integrated, accommodating more
electricity generation from these renewable sources will
require new approaches to extending and operating the
grid. The variability of renewable resources, due to
characteristic weather fluctuations, introduces uncertainty
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in generation output on the scale of seconds, hours and
days. These uncertainties, affect up to 70% of daytime
solar capacity due to passing clouds and 100% of wind
capacity on calm days for individual generation assets.
Although aggregation over large areas mitigates the
variability of individual assets, there remain uncertainties
in renewable generation that are greater than the relatively
predictable uncertainties of a few percent in demand that
the grid deals with regularly. The variability of renewable
energy is easily accommodated when demand and
renewable supply are matched both rising and falling
together. However when demand and renewable supply
move in opposite directions, the cost of accommodation
can rise significantly. For example, if the wind blows
strongly overnight when demand is low (as is often the
case), the renewable generation can be used only if
conventional base-load generation such as coal or nuclear
is curtailed, an expensive and inefficient option that may
cause significant reliability issues. Alternatively, on calm
days when there is no wind power, the late-afternoon peak
demand must be met entirely by conventional generation
resources, requiring reserves that effectively duplicate the
renewable capacity. Reducing the cost of dealing with
these two cases is a major challenge facing renewable
integration, a load following power plant[6] is a power
plant that can adjust the amount of electricity it generates
to match the changing demand throughout the day. Load
following power plants are usually in between base load
power plant and peaking power plant in terms of
construction cost, cost of the electricity it generates,
efficiency, and capacity. However, the current grid
paradigm of load-following supplies is unable to utilize
these sources without impractical deployments of backup
generation and grid scale energy storage. Thus, it will be
crucial to have electric loads that can dynamically adapt
their energy consumption. Data centers are prime
candidates [7][8] for becoming energy agile because they
are large energy consumers[10] and often have workloads
that can be shaped to vary their power consumption. In
[5], authors implement a cluster using current hardware,
running common batch and interactive workloads that can
adjust its power consumption. They then use simulation,
driven by real-world computing workloads and wind farm
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traces, to explore several general policies for scheduling
demand to enable using more intermittent renewable
energy on the electric grid. There results show that we can
reduce dependence on traditional generation sources by
over 60%. In this paper we explore this supply-following
algorithm with our meter data management system based
on hybrid architecture repository 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 just-time feeds, a platform to support
mixed, unpredictable workloads and a scalable path
forward as data needs grow. The supply-following
scheduler modified significantly out performs supplyfollowing scheduler based on conventional database
management.
2. BACKGROUND
A. Use of Renewable Energy in Datacenters
Interest in renewables is driven by two key requirements:
environmental sustainability and energy savings. Power
consumption within a data center environment is
substantial, accounting for almost half of total operating
expenses. When one factors in escalating and
unpredictable energy costs, along with fees associated with
pending carbon emission legislation, it is understandable
that operators are increasingly focused on the role
renewables can play in reducing and/or stabilizing energy
costs. Hyper-scale data centers have stood at the forefront
in renewable energy initiatives, as pioneers exploring their
inherent business, environmental and social value.
Data centers based on a number of factors related to
reliable service delivery, in locations that may not offer
the best potential for renewable power. As a result, it is
using renewable energy in the form of wind and solar, an
approach that encourages the development of renewables
on the part of utility providers. Facebook, Microsoft,
Apple, Verizon Communications invest in renewable
energy[9]. Power management technologies are key to the
successful integration of renewables, and many generation
solutions aimed initially at the plant or utility provider
may be adapted to suit the data center environment.
Combining various resources for redundancy purposes can
help to leverage and extend the role of renewables in the
data center. The choice of resources depends on a number
of variables, including climate, local utility provider fees
and available access to renewable resources.
B. Leveraged Sources
One of the barriers to using on-site wind and solar to
power data centers is that locations with the best potential
for these sources are not always also the best locations for
data centers to reliable serve their users. Furthermore, data
centers operate 24/7 while wind and solar do not. Wind
energy is so unpredictable, that at best, it is used typically
as a complement for powering a data center rather than a
replacement. Regardless of the power source, industry
experts agree that the number one goal for data centers is
to continue reducing power consumption through the use
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of a holistic approach that includes energy-efficient
design, cooling systems and by scheduling the workload of
the data center, which is comprised of a set of independent
tasks with due dates. Its goal is to simultaneously
minimize the energy consumption budget of the data
center.
C. Supply-following scheduling
Today’s growing demand the energy consumed by
datacenters that require high energy utilization to maintain
data storage and processing, various types of services and
users’ computing applications. Data and computation
intensive scheduling problems have been considered in a
significant volume of the research work [11][12].
However, they are usually addressed separately as
different instances of a general grid scheduling problem.
The main aim is to develop a scalable unified
scheduling model, which can combine in the intelligent
way two major system management and resource
allocation mechanisms, namely computational-intensive
and data-intensive models.

Fig. 1 Unified Scheduling Model

Fig 1 illustrates the correlation between those two models.
3. PROBLEM FORMULATION
At submission time, users can specify the priority,
submission time, deadline time and run units of time for
their jobs. In contrast, scheduler may delay some of the
jobs by a bounded amount of time. These behaviors reflect
our performance goals: high-priority jobs should complete
as quickly, whereas low-priority ones must complete
within their time bounds. We differentiate between
scheduling mechanism, and policy.
A. Scheduling Mechanism
For power consumption to be planned by scheduling
work, the mechanism must guarantee that the load’s power
consumption strictly tracks the rate of underlying work. A
load which is efficient over its entire operating range Fig2
is power proportional[13].
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Fig. 4 Energy Policy Architecture System
Fig. 2 Operating Range:
High energy-efficiency and low response times.

Though, many loads are inefficient at low levels of
utilization. This inefficiency in scaling down is often an
artifact of the engineering design process, which focuses
on efficiency at high levels of utilization. Computers,
especially high-performance servers are generally not
power proportional loads. It is possible to construct power
proportional aggregate load out of non-power proportional
components. How a load scales or shifts its demand profile
is particular to that load. In computing, interactive loads
can expose slack by reducing quality of service (reducing
the completeness of search results or removing page
elements). These techniques are already used for managing
meeting SLAs[14], dealing with partial failures, and
providing differentiated services. In batch computing, jobs
often have deadlines; the temporal slack is correlated with
how distant and how flexible the deadline is. The
mechanism designer determines how much of the tradeoff
between service degradation or delay and energy agility to
expose, or it can be exposed by expressing the
performance penalty as a function of slack.

With the increase of data volume, the heterogeneity of
workloads and resources, together with the dynamicity of
massive user requests, the uncertainties and complexity of
resource scheduling and service provisioning increase
dramatically with conventional database management. In
this paper we first introduce an update (fig 5) for prior
energy policy architecture system with the Unified
Scheduling Model based on our new repository
architecture (Fig 6)for characterizing the resource and
workload patterns and tracing performance bottlenecks in
a massive-scale distributed computing environment and
making prompt scheduling decisions at such a fast rate.

Fig. 5 Energy Policy Architecture System
based On new hybrid Repository Architecture
Fig. 3 Managing Energy Agility in both Batch/Interactive
Computing

B. Scheduling Strategy
Two possible energy strategies, because the strategy
depends on the nature of slack that is exposed by the load
(Fig3), we must design it with the mechanism in mind. The
first strategy uses price as a signal to control an energy
agile web services cluster, its main aim is to minimize cost
without increasing response latency or degrading the
quality of responses by more than 50%. The second policy
seeks to find a good tradeoff between throughput,
response time, and running jobs only when renewable
energy is available.
Authors in [5] designed and implemented a set of
mechanisms and policies both an interactive web service
cluster and a batch processing cluster. Fig 4 shows the
architecture of their system.
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Fig. 6 New MDM/Repository Architecture

C. Scheduling System Components
In this section, we define the components of our
scheduling system.
Nodes and managers: A node is a place where tasks are
executed. It is the finest unit of scheduling visible to the
supply-following scheduler. A node could be a single
processor, an SMP system, or even a cluster of
workstations. Within a node, a local scheduler makes
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decisions about when processes are scheduled, or in the
case of an SMP node, which processors run which jobs.
Tasks frequently need more resource than any single node
can provide, and so we group a set of nodes into a cluster
controlled by a manager. We treat a cluster of nodes as a
single entity. Manager nodes can be organized based on a
variety of criteria.
Slot: A slot is the fundamental unit of resource allocation
in our system. The duration of all slots are integer
multiples of a fundamental slot. A fundamental slot is a
system wide parameter that represents the finest unit of
temporal scheduling employed on the grid.
Schedule: A calendar is a data structure to store
information about allocation of nodes. A manager
maintains a calendar about the individual resources it
manages and knows when to run each task, and
information about the predicted resource requirements of
each task. Managers use their schedules to determine the
slot allocations.
Tasks: Tasks can be one of two types. They can be
independent tasks that do not require synchronization with
other tasks. Or, they can be groups of tasks that
communicate with other tasks on different nodes. We have
to co-schedule tasks from the same task.
4. APPROACH ANATOMY
A. Definition
The evaluation of our energy policy architecture
system design relies on both modeling and simulation. We
start with an evaluation our model energy agile load, and
then modeling its interaction with large-scale wind farms
and the broader electric grid using simulation. The model
evaluation focuses specifically power consumption
shaping mechanisms, the simulation explores scheduling
policies. We drive both the model and the simulation using
real-world traces; both for the load and the supply. For the
interactive load, we use traces from a real-world multitiered web application. For the batch load, we use traces
from two real large-scale scientific computing clusters.
The first is a month-long trace from a 112 node. The
second is a month-long trace from the 9572 node. Thus,
we also implemented an energy agile version of TORQUE
[15], a widely used, open source resource manager
providing control over queues of batch jobs and
distributed compute nodes for inelastic applications. We
use wind speed and power data from the National
Renewable Energy Laboratory (NREL)Wind Integration
Dataset [16]. The dataset contains time series data in 10
minute intervals from wind farms located across the US.

Fig. 7 Wind power over 48 hours[16]

Wind power varies drastically, changing by up to
11MW in 20 minutes, the coefficient of variation changes
significantly throughout the year and at different locations.
We examine how energy consumption can be further
optimized by taking into account the different power
requirements of the nodes in the cluster; another important
requirement is the ability to adjust energy consumption in
proportion to the given workload. As mentioned
in[17][18], server systems consume a substantial amount
of energy even in idle mode (over 50% of the peak),
although it could be ideally zero. Thus, a datacenter
cluster still needs to consume a great deal of energy even
under a very low load (at midnight), since the cluster
nodes require substantial power even when no real work
done. Our scheduling system is relevant to this research, as
jobs scheduling and performance optimization remain
common challenges. Scheduling frameworks have a dual
purpose, storing system data on its nodes and secondly, to
process this data via parallel tasks using the same nodes. A
common optimization is applied, namely ‘virtual data
locality’, where a scheduler attempts to schedule tasks
near (data fast access) the data blocks required to provide
a way to actually scale and shift work with the appropriate
tradeoff between agility and performance by using
techniques for reducing the amount of work required to
service a request to boost performance at a slight cost to
quality in the interactive case, and using deadlines and run
time monitoring for the batch case.
B. Scheduling System Roadmap
The organogram of the scheduling system algorithm
(Fig 8) submits that’s maintains two job (simple/multiple)
queues: Run and Wait. The Run and Wait queue are
implemented by the Terascale Open-source Resource and
QUEue Manager TORQUE [15][19]. Jobs submitted with
high priority are sent straight to the Run queue in FCFS
order, whereas others initially go to the Wait queue also in
FCFS order.
At each start period, it assigns internal “latest-start
deadlines” to any waiting jobs that were queued in the
previous period, that specifies the latest period in which
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the job needs to start, so that it is expected to complete
within the system’s desired completion time bound. After
this, system calculates the number of active servers to use
in each period during the scheduling horizon and the
dynamic energy required by the jobs currently in the
system by multiplying the estimates average dynamic
energy per job by the number of waiting jobs and adding
the leftover dynamic energy required by the running jobs.
In assigning the remaining energy to jobs, system first
assigns the renewable energy, then the brown energy.
Next, system selects some waiting jobs that will soon be
moved to the Run queue if (1) it is about to violate its
latest-start deadline, (2) all the data it needs is on active or
declassed servers, or (3) an active server is under-utilized
and the job requires the fewest down servers to be brought
up for its data. Finally, system manages the servers’ states
and the data availability. It considers sending declassed
servers to the down state. A declassed server cannot go
down if it has executed a task of still-running jobs.
In the opposite direction, when servers need to be
transitioned from declassed to active, scheduler system
divides the declassed servers into two groups (a) those that
have executed tasks of still-running jobs, and (b) those that
have not. Then, it sorts each group in decreasing order of
the amount of data stored at the server that is required by
the jobs in the Run queue. It starts activating the declassed
servers in group (a) and then moves to group (b), stopping
if the target number is reached. If more active servers are
needed, system activates the servers in down state that
store the most data required by jobs in the run queue.

where server is a 4-core Intel Xeon E5-2609 machine with
16GB RAM and a 7200-rpm SAS disk with 500×3 GB in
RAID 1(Redundant Array of Inexpensive Disks). The
servers are inter-connected by a Gigabit Ethernet switch
however authors in [5] uses the Intel Atom 330 board
which is inexpensive and was the only Atom system
available at the time of construction, these systems were
near best in energy efficiency[21] (Fig 9)

Fig. 9 Atom 330 vs Xeon E5-2609 Energy
Consumption[20]

5. EVALUATION RESULTS
This section presents our experimental results. First, we
considered a range of scaling factors, such that the total
available wind energy ranges from 0.1 to 10 times the total
energy required by the cluster over the month long trace.
Fig 10 shows variations energy use that comes from wind
for the supply-following and supply-following modified
algorithms and a measure of the maximum usable wind
energy given the fixed size of our cluster. The supplyfollowing modified scheduler significantly surpasses the
supply-following algorithm for all scale factors. The more
wind available, the larger the performance gap.

Fig. 8 Scheduling System Algorithm
Fig. 10 Wind power usage

C. Evaluation Hardware
We evaluate the scheduling system using server-cluster,
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the new architecture data access, Fig 11 shows the percent
of grid energy required versus the battery storage capacity
measured in minutes of running the cluster. The results are
averaged over all months of all wind traces. Using storage
improves wind energy use for both supply-following
modified and supply-following algorithms. But over 230
minutes of storage capacity is required for the supplyfollowing system to match the performance of the supplyfollowing modified system without storage.

relative transitioning time is a significant factor in
determining the feasibility of supply-following modified
scheduling which provides better energy efficiency and
response time characteristics than supply-following
beyond 3TB.

Fig. 13 Both schedulers performance in increase data
volume

CONCLUSION

Fig. 11 Impact of fast scheduling on Grid dependence

Third, to quantify how frequently the supply-following
modified scheduling may cause jobs to exceed their
deadlines, Fig 12 shows the percentage of all jobs that
exceeded their deadlines, quantified at different wind
scaling factors of wind trace, the percentage is very low
and decreasing as the wind scaling factor increases.

Continuous and expanded growth of the share of
renewables in centralized and decentralized grids requires
an effective new approach to grid management where
loads on the electric grid that provide mechanisms for
controlling when they consume power or how much power
they consume according to some policy. Total power used
by information technology equipment in data centers
represented about 0.5% of world electricity consumption
[22]. When cooling and auxiliary infrastructure are
included, that figure is about 1%. This work addresses the
problem of controlling power consumption in data centers
considering both traditional and renewable energy sources.
This scheduling problem consists of simultaneously
scheduling the states of the servers and the cooling devices
of the data center, and the scheduling of tasks to be
executed in the data center. New data access architecture
is proposed for this problem, the results confirm the
effectiveness of the proposed approach and the usefulness
of considering renewable energy sources for data center
infrastructures.
CONTRIBUTIONS AND FUTURE WORKS

Fig. 12 Delayed job rate

Finally, we compare the energy consumption and
response time of both schedulers as we increase the
amount of data to be schedule with created benchmark
based on dataset [16]. As the results in Fig 13 show, the
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We introduce the supply-following modified job
scheduling and data management techniques that are aware
of renewable energy, decrease dependence to conventional
energy with fast and performance jobs scheduling which
increase proportionally compared with data volume and
inversely proportional to delayed jobs rate. The benefits of
this new data access architecture are significant in terms of
energy savings, renewable energy integration and response
time performance.
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In the near future, we plan to improve and extend our
work in several ways. Predominantly, we will extend our
scheduler system with elastic resource management system
such as SGE(Oracle Grid Engine)[26][27], MAUI[23][25]
and SLURM(Simple Linux Utility for Resource
Management)[24]
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Abstract--—this paper presents the concepts that must be
understood to use Multi-Agent Systems for the control of
distributed energy systems incorporating renewable energy
sources. The objective of this paper is to show the way that
photovoltaic converter topologies has made from centralized
converter to distributed power system. In this paper,
different photovoltaic converter topologies are analyzed, the
purpose of Solution PV is to design and optimize
architectures of the energy conversion chain, monitoring, and
control strategies from the PV module to the utility-grid in
order to increase reliability of installations pointing out the
advantages and drawbacks for each of them. Moreover, we
will focused in the converter optimizer structures, analyzing
their electrical structure solution that are present in the
scientific literature. We finish with the studies of existing
solutions to improve efficiencies and life-time. We simulated
and compared the different conversion configurations in
order to find the best one in terms of efficiency and energy
produced.
Index Terms--—Distributed power systems, MAS MultiAgent Systems, Photovoltaic Generator, Converter optimizer,
Inverter.

1. NOMENCLATURE
A nomenclature list, if needed, should precede the
Introduction.
2. INTRODUCTION
In order to handle inherent uncertainties of renewable
sources, it is necessary to design controllers able to
implement the interface between the grid and the
renewable energy systems. The controller must be capable
of
intelligent and
suitable responses to changing
environments. In the next generation of grid connected
renewable energy systems, the inverters will be the core
enabling technologies for the growth of large-scale energy
systems. These more intelligent inverters with advanced
control features will improve the performance and
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controllability of future renewable energy systems. The
inverter is the intelligent device of the energy conversion
system. It has the capability of sensing and storing a wide
variety of environmental conditions. By reacting to these
changing conditions, the inverter will improve the system's
health. Furthermore, the inverter can be used in a
distributed control system by taking advantage of the
implemented intelligent algorithms and the communication
ability of the inverter. This feature will increase the
penetration of renewable energy systems by facilitating
their connection to the conventional electrical grid. The
use of intelligent inverters will increase the reliability of
renewable energy systems by improving the quality of the
power transferred to the grid. Among the functionalities
that inverters are capable of, we find: reactive power
control, phase balancing, harmonic cancellation. In
renewable energy distributed energy systems, the
inverters enable renewable energy systems to ride
through grid disturbances, operate in islanded or micro
grid modes [1]. Due to environmental awareness,
renewable energy penetration in power generation and
distribution is continuously increasing. This causes many
problems when the distributed renewable systems are
connected to the main conventional grid. Many researches
had been conducted on distributed energy systems. The
scientific community addressed many issues including
technical, environmental, and economic issues. They
generally represent an important part of the size, weight,
and cost of the equipment and can reduce its global
lifetime [2]. The architecture of the power converter is
important in a PV system. This structure determines the
main characteristics of the photovoltaic installation, as the
amount the PV modules need for the PV system and its
type of connection. The effect of the partial shadowing or
mismatch between PV modules in the energy production
will also depends on the type of the architecture.
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Nevertheless, the price and cost of the PV also depends
on the choice of the architecture. In resume, the choice
will involve a bigger or smaller energy production and
efficiency as well as an importance difference in the cost.
For this reason, it is important to know different types of
architecture in order to choose the correct PV architecture
for each PV installation [3]. Centralized control systems
may be able to solve a given problem using powerful
computational tools. However, as the complexity of the
energy
systems
increases,
computational
and
communications overheads become a significant problem.
To get ride through these issues, decentralized control is
an ideal solution, because data are locally processed and
only the results are transferred, computation time and
communications are considerably reduced.
This work studies the use of the multi-agent technology
For the control of distributed energy systems and power
electronics interfaces. The multi-agent concept is well
suited for the control of distributed energy resources to
achieve higher reliability, higher power quality, and more
efficient power generation and distribution.

that are specialized at solving a specific problem aspect
[7]. According to Wooldridge's definition, agents must
have the ability to communicate with each other. A multiagent system is a combination of several agents working in
collaboration to achieve the overall assigned goal of the
system.
4. MAS IN POWER SYSTEMS
Power system control is currently performed by a
central SCADA (Supervisory Control and Data
Acquisition System) system in combination with smaller
local SCADA systems.
The control methods based on
SCADA technology are no longer efficient as power
systems are increasing in complexity, requiring large
amounts of data transfers and computations. However,
there is actually a growing trend towards the application
of MAS for the control of power systems. The
justification of the use of MAS is their ability to be
flexible, extensible and fault tolerant [8]. Mc Arthur stated
that the MAS systems have been used in two ways. First,
as a method to building flexible and extensible power
systems. Second, as a modeling method. Furthermore,
four main applications of MAS have been identified [8]:

3. MULTI-AGENT SYSTEMS (MAS)

* Monitoring and diagnostics.

Agent-based systems technology has generated lots of
interest in recent years because of its promise as a new
paradigm
for conceptualizing, designing, and
implementing power control systems. This is particularly
attractive for power systems that operate in open and
distributed environments. In order to explore the potential
benefits of MAS to power generation and distribution
systems, the concepts associated with multi-agent
technology need to be described.

* Protection.

First, the concept of agent needs to be described.
Second, some critical notions in MAS are presented
below.
A. Definition of an Agent
The agent concept was defined first from computer
engineering. The computer science researchers have
proposed several definitions of what an agent is [4-5].
Agents are typically defined to have the following traits:
* Autonomy (they operate without human intervention).
* Cooperation (they interact with other agents).
* Reactivity (they perceive and react to their
environment).
* Pro-activeness (they have goal-oriented behavior).
In this paper, the adopted definition of the agent
paradigm is as proposed by Wooldridge [6]:”software (or
hardware) entity that is situated in some environment and
is able to
autonomously react to changes in that
environment”. While
similar to objects, agents are
distinguished from existing
software and hardware,
thanks to their cooperation and pro- activeness properties.
B. Definition of a Multi-Agent System (MAS)
If a problem is particularly large or complex, then the
best way it can be handled is to use a number of agents
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* Modelling and simulation.
* Distributed control.
This paper focuses on distributed and autonomous of
control systems needed for the control of distributed
power systems.
5. DISTRIBUTED POWER SYSTEMS
Alternative energy production using distributed energy
resources attracts growing interest due to their potential
benefits to provide reliable, efficient, environmentally
friendly, and sustainable energy from renewable sources.
However, as the degree of penetration increases, the
interconnection of distributed energy resources with the
main grid involves many problems.
The main issues that
can affect the quality of supply include:
* Equipment and public safety
* Stability
* Synchronism
* Reactive power compensation
* Harmonic injection
* Central control
* Market organization
To address the different issues, the research community
has conducted many research works. It is clear that the
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distributed nature of this energy production system
requires a distributed and autonomous control system [1].
The next section will present a review of topologies used
in grid-connected installations. They will later be
compared and using the proposed evaluation criteria.

6. REVIEW OF GRID-CONNECTED PV SYSTEM
TOPOLOGIES
Accompanying the expansion of grid-connected
installations different arrangements of PV modules with
their associated power converters have been developed to
increase power production and reliability of the solar
generators [9]. The following system topologies that have
been identified in scientific literature will be presented
beginning with the centralized layouts and ending with the
distributed ones.

7.ARCHITECTURES GRID-TIED PHOTOVOLTAIC
SYSTEMS
Historically, the first grid connected photovoltaic
installations where built using the topology (fig. 1) [10].
This structure connects a large number of PV modules to
the grid through only a high power inverter. In this type of
installation, the photovoltaic modules are first connected
in series building strings, in order to reach high voltage
levels (normally 400V). The interest is to avoid a voltage
amplification stage in the power inverter, and simplify
the power conversion structure in this way. The strings are
connected in parallel to increase the input current, and
therefore the power. These installations could have from
several kW to some MW peak of power.
These structures are characterized by its high
robustness and reliability and they have been widely used
in spatial applications, to supply electricity to isolated
villages or house and in big photovoltaic farms for
electrical generation plants.

A. The centralized inverters
The biggest drawback of this type of topology resides
in the MPPT centralization. As only one power-processing
unit is charge to process all the PV modules, and
therefore, there is a unique MPPT control, the mismatch
losses between the PV modules and partial shadowing
have a huge effect in the power system efficiency.
Another drawback for this kind of installations is the halt
of all the energy production in case of the breakdown of
the power inverter, as all the PV power is passed though
the alone inverter.
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Fig.1. Photovoltaic system based in centralized architecture.

The centralized inverters are being considering the past of
earth photovoltaic system applications. Although they are still
used in big photovoltaic farms, other PV structures begin to be
used in order to exploit the PV energy in more distributed way
and harvest bigger efficiency. First, the string and multi-string
topologies have took the place of centralized inverters, which
divide the PV arrays into strings. Later, a bigger division is
taking place, and the PV group is directly divided in individual
PV modules connected to a unique power converter.

B. String level energy management solution
A string is a group of PV panels connected in series. In
the multi-string [11] and string Architectures [84] (fig. 2.
a; and fig. 2.b), the PV array is divided into PV strings. In
multi- String topology, each string is connected to a DCDC converter. The outputs of the DC-DC converters are
connected to the centralized grid-tied inverter. The
difference for the string topology is that each string is
directly connected to the grid by an inverter. In both
topologies, each string benefits of the MPPT control and
the maximum power point tracking is carried out in more
distributed way than the centralized architecture. Thus, a
partial shadowing in one of the string does not affect to the
energy production of other strings and the PV power
production is improved.
As each converter is connected to fewer panels than in
centralized architecture, the initial investment can be
smaller, being the user who determines the size of the
installation depending in the number of installed inverters.
So on, for particular and domestic users, the investment is
easier. Nevertheless, the problem of the decrease of
efficiency due to mismatch losses between PV panels is
not really solved with these topologies, as a partial
shadow in a PV panel follow affecting to all the PV string.
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amplification, the MPPT control and the inversion and the
adaptation to grid connection. They are also been known
as AC module structures. This kind of structure presents
many advantages. The most important is the distribution of
the MPPT control in each PV panel, avoiding the
problems due to the mismatching of them. In this way, the
system can extract the maximum power of the PV panel.
Moreover, these kinds of installations ask for a small
initial investment, as we can install the PV modules one by
one. As well as the facility of enlarging of the PV
installation, due to the parallel operation capability in
the AC side.

Fig.2. String level energy management photovoltaic
architectures: a) string topology and b) multi-string topology.

8. MODULE LEVEL POWER MANAGEMENT
(MLPM) PHOTOVOLTAIC SOLUTIONS
The latest PV system topologies tend towards the
distribution of the power processing system. In order to
increase the efficiency of PV systems, Module Level
Power Management (MLPM) solutions are fast growing.
It is expected to be almost the 40% of the residential PV
Installations for 2014 [12]. The MLPM systems consist
on micro-inverters and DC power optimizers, which
manages the energy of PV modules individually. The
fig.3. Shows the micro inverter, optimizer and total
MLPM system installation forecast for until 2014 [13].
Micro-inverters convert direct PV current (DC) from a
single PV module to alternating current (AC), whereas
optimizers use DC-to-DC converter technology to take full
advantage of the power harvest from the PV systems.

Fig.4. Distributed PV architectures: a) AC module and b) DC
optimizer connected to DC bus and Grid-tied inverter

A. Control systems for inverters
Most distributed energy resources are not suitable for
direct power transfer to the electrical grid due to the
characteristics of the energy produced. Therefore, power
electronic interfaces (inverter or converter) and their
control systems are required for interfacing the distributed
energy resources with the electric grid. The importance of
the inverter is increased because its role has two important
aspects. First, it extracts and manages the maximum power
from the source. Second, it conditions the input power in
order to deliver clean and compliant power to the grid.
In this work, the MAS is intended to be used to build a
flexible and extensible control system based on control
units interconnected with inverters serving as power
interfaces. Fig. 5 illustrates the concept of the control
method to be used in this work.
In these partially autonomous systems, specific loads
have a secured power supply provided by beforehand
charging, using the PV array or the network grid, of the
energy storage. However, the design of energy storage
equipped grid-interactive installations must not permit the
energy storage system feed the grid during discharge [14].

Fig.3. Micro-inverter, DC-optimizer and MLPM PV system
installation forecast [13].

Micro-inverters consist on AC-DC power structures that
manage the power of a unique PV module and integrating
module dedicated MPPT control (fig.4.a). They are
designed to be connected to an electrical network.
Therefore, they include in their structure the voltage
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Fig.5. Schematic diagram of distributed control for distributed
energy systems.

The electrical schemes of these installations are
presented on Figure 6.

The evaluation of degraded mode management
consists in determining how the topologies perform in
case of faulty operation of the power electronics
equipment. Indeed, electrical systems can operate in
three distinct operation modes: correct operation, safe
improper operation and dangerous improper operation.
In the case of a PV system, the correct operation
mode has been taken into account in the previous
paragraph when studying the system that functions
properly. However, field experience has shown that PV
systems can reach between 20 and 41 failures per
hundred systems with a 5% per year decrease of the
failure rate as shown on Figure I.10. The least reliable
component was the inverter accounting for 66% of the
reported failures [15].
A reliability evaluation of the
topology can use indicators such as Mean operating
Time between Failure (MTBF), Mean Time To Failure
(MTTF), or Mean Up Time (MUT). In order to take
into account the necessary time to repair a faulty
inverter the Mean Time to Repair (MTTR) or Mean
Down Time (MDT) may also be considered [16]. The
capacity of a topology to rapidly detect the type of
failure and its location, thanks to its associated
monitoring system, is advantageous and should be
considered while conducting a comparison of plant
topologies.

Fig 7. Failures by main component reported by owner under the
German 1000 roofs program [15].

Fig .6. Electrical schemes of (a) grid-interactive, (b) secure gridinteractive (c) total grid-feeding, and (d) secure total gridfeeding PV systems [14].

B. Degraded mode management
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Finally, when the PV system operates in degraded
mode it does not necessarily mean that no energy is fed to
the grid. The configurations that can continue to produce
energy while having lost certain system components have
higher continuity of service levels. The continuity of
service should be taken into account in an extensive
evaluation.
C. Investment costs

A decisive element to consider when planning building
a PV system is the investment cost. At present, the cost of
Editors: Tarek Bouktir & Rafik Neji
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a residential PV installation is principally driven by PV
modules (55%), followed by installation materials (16%)
and the power conversion units (13%) as shown on
Figure 8. Since power conversion units are expensive, the
quantity of converters in the plant will highly affect the
initial investment costs of the complete system.
Nevertheless, the possible earnings, in the case of grid
feed-in tariffs [17], made by supplementary energy
produced with additional converters may reduce
investment return rates.

Fig.9. Simulation results of central grid connected
photovoltaic.

B .Simulation of a string grid connected photovoltaic
1/ the grid connected are connected in series
Fig 8. Distribution of PV system costs for residential
applications [18]

Pin= 598 w, Pout = 516 w, Ș= 0.86

The end of life cost of the entire system should also be
included in this criterion.
Topologies containing
numerous components will not be advantaged in both
nitial and recycling costs, yet conducting a specific case
study per installation to minimize investment costs can
ead to the determination of the optimal number of
converters to be used in the installation.

9. SIMULATION RESULTANTS AND DISCUSSION
The simulations were done using PSIM software for
electrical circuits
A. Simulation of a central grid connected photovoltaic
Fig. 10. Simulation results of grid connected in series.

Pin =1627 w , Pout = 1606 w, Ș = 0.98
2 / The grid connected are connected in parallel
Pin = 592, Pout = 588 .32, Ș= 0.99
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