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Abstract

Renewable power generation is a suitable technology used to deliver energy locally to customers
especially in remote regions. Wind energy based on induction generator situates in a foreground
position in the total energy produced using renewable sources. In the last few decades, a new self-
excitation generator was based on multi-stator induction strongly emerges. This article presents a
systematic modelling, a detailed analysis and the performance analysis of self-excitation dual sta-
tor winding induction generator (SE-DSWIG). The modelling of the SE-DSWIG was done with taking
in account the common mutual leakage inductance between stators and the magnetizing induc-
tance, which played a principal role in the stabilization of the output voltage in the steady state.
The generator feeds the end user emulated by an inductive-resistive load. In order to simulate the
weather conditions’ variation, a step change of the prime mover speed was applied on the SE-
DSWIG. A passive series and shunt compensator was used to mitigate the voltage sag and swell
appeared in the power system due to wind variation and the lack of reactive power consumed by
the inductive load.
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1. Introduction

Nowadays, distributed generation systems (DGs) impose themselves as an attractive research area. According to
a study done by the Electric Power Research Institute (EPRI), the distributed generation systems participated
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with 25% in the energy production by the end of 2010 [1]. DGs can be defined as small-scale power generation
systems below 50 MW, installed near to the domestic and the industrial customers [2]. This approach gives the
possibility to electrify the end users without investing money to enlarge the interconnection network or to im-
plement new big power plants, particularly in remote areas. Eventually, wind, solar, hydro and others kind of
renewable energy sources are potential candidates that can play the role of the main energy feeder [3]. This pa-
per is devoted to the wind power generation, which occupies a forefront position in the total energy delivered,
especially with the power electronics converters emerging and power management algorithms development [4]
[5]. Power generation constitutes of a prime mover (wind turbine), generator, power electronic converter and a
coupling transformer [6]. Among generators used in wind power, the self-excitation induction generator is
widely used in large scale due to its advantages such as the robustness and low cost of maintenance [7]-[9].

In the last century, a new generation of self-excitation induction machine strongly emerged in AC applica-
tions. It constitutes of multi-stators topology. A self-excitation dual stator windings induction generator (SE-
DSWIG) belongs to this category and it brings a lot of advantages compared to the traditional three-phase in-
duction generator such as the minimization of rotor losses and torque ripples, the reduction of harmonic, reduc-
ing current without increasing voltage in each phase and the power segmentation [10]. There are two types of
SE-DSWIG. The first one is the aim of this work. It contains two identical sets of three-phase windings. Each
set represents a stator. This machine allows building several topologies. In the first topology, it could be con-
nected to the grid through a stator and the second one fed a load. In the second topology, both of stators are
connected to the grid or fed loads. Another topology consists of a “power stator” and a “control stator”. The first
one supplies the end users and the second stator is used to control the reactive power and to maintain the output
voltage of the power stator at an acceptable level [11]. These features give the SE-DSWIG the property of uni-
fying the reactive power in both of stators, which participate in the improvement of the delivered power’s qual-
ity [12].

The main drawback of the self-excitation induction generator in distributed generation energy systems is the
terminal voltage poor stability [10]. A compensator installed at the Point of common coupling (PCC) is neces-
sary to maintain the voltage at an acceptable level. Generally, the compensator could be the capacity bank that
should be designed depending on the prime mover speed and the load size [12]. A static compensator is more
suitable for this case but a passive filter has to be inserted between the compensator and grid to protect the end
users against harmonics [13].

In this sense, due to its topologies, the self-excitation dual stator windings induction generator can play both
of the roles of power generation and maintain the PCC voltage at an optimal level. The first stator produces
voltage and the second connected to a compensator that can inject the reactive power necessary to maintain the
output voltage of the first stator. The harmonics generated by the second stator cannot propagate to the first one
because there is no physical link between both of stators.

A literature survey on the SE-DSWIG utilisation leads to conclude that it is still in the first steps for the wind
power generation. However, it is remarkable that it made important strides in the high-speed AC-application for
the airborne, ships and vehicles that need self-power support. In [14], authors propose a new algorithm to ana-
lyse the performance of the SE-DSWIG in term of its characteristics such as prime mover speed, excitation ca-
pacitance and so on. In [15], authors investigated the possibility of supplying several insensitive loads to the
frequency variation in airborne. They propose a control technique based on an improved instantaneous slip fre-
quency control strategy that allows feeding inductive and capacitive loads at the same time. In [16] [17], authors
cited the improvement brings from the use of the SE-DSWIG comparing to the conventional three-phase induc-
tion generator. In [18] [19], authors study the possibility of using SE-DSWIG in the high-speed application for
offshore energy production in ships.

It is remarkable in former works, that the SE-DSWIG performance was explored in high and enough constant
speed to generate power that means it was not exposed to the critical condition in term of speed and power is-
sues. While in speed variation applications such as wind power, it is necessary to use several topologies of in-
verters and compensators to sustain the power quality and to mitigate issues that appear in variable speed AC
application such as voltage collapse, sag, and swell.

This article deals with voltage collapse, sag, and swell issues. For that, a systematic modeling, a detailed
analysis and the performance study of SE-DSWIG in stand-alone operating mode are presented. The end user is
modeled by an inductive-resistive load. A step variation of the prime mover speed is applied to the generator to
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emulate the wind speed variation in order to illustrate its influence on SE-DSWIG behavior. A passive compen-
sator is used to mitigate the voltage sag and swell caused by the insertion of the inductive load and due to the
prime mover speed variation. The article starts by an introduction that contains the state of the art on the
SE-DSWIG, then in section two, the passive shunt and series compensator operation mode are discussed. In the
third section, the mathematical modeling of the SE-DSWIG is presented, in addition to the equating of self-
excitation capacity bank systems connected in shunt to the generator terminals to get the reactive power neces-
sary for starting. The fourth section contains also the mathematical modeling of the end user represented by an
inductive-resistive load with the modeling of passive shunt compensator connected in series and in parallel. In
the fifth section, numerical are performed and results are displayed for the SE-DSWIG operation in different
operating modes. Then, a conclusion summarises our work and presents the unforeseen challenges.

2. Passive Compensator

The passive compensator is a mature technique that been used since the beginning of the use of electricity [20]
[21]. It based on the lossless reactive components such as inductances and capacitances and they are inserted in
the grid to solve different power issues related to the voltage and current, such as flickers, losses and harmonics
[21]. In addition, they enhance the capacity of energy transfer and power evolution in transient and steady states.
The passive compensator could be connected to the grid in series or in parallel. For the parallel passive com-
pensator, its main function based on the exchange of reactive power with the grid through a reactive current to
control voltage and power factor at the point of common coupling [22]. While the series passive compensator
intervention based on the exchange of a reactive power with the grid through the generation of a series voltage
in the same frequency of AC mains [22]. In this work, the passive compensator was designed and connected in
series in the first case and in parallel in the second case between the SE-DSWIG terminals and the inductive load
(Figure 1). The main function of the passive compensator is to sustain the generator output voltage at an accept-
able level and to compensate the reactive power consumed by the load. Figure 2 presents the phasor diagram of
the voltage regulation at the point of common coupling (PCC) for the series and the parallel compensator [22]. It
illustrates that the series compensator adjusts the injected voltage V., until getting almost the equality between
the voltage terminal of the SE-DSWIG V,, and the voltage terminal of load V ,.While in the case of parallel
compensator its intervention happens by adjusting reactive current 1., until reaching the desired response.
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Figure 1. Single phase of the generator feeding the inductive load at the presence of passive compensator. (a) Series com-
pensator; (b) Parallel compensator.

Figure 2. Phasor diagram of the voltage regulation at the point of common coupling. (a) Series compensator; (b) Parallel

compensator.
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3. Mathematical Modelling of SE-DSWIG

Figure 3 illustrates the SE-DSWIG schema. It contains a dual three phase windings sets and a squirrel cage ro-
tor (r,r,,r;). The first three phase windings set referred (¢, or,, r;) and noted stator | while the second three
phase windings set denoted ( 5,, 5,, ;) and called stator Il. Both of stators are shifted between each other by an
angle @=230". The rotor is budged by ¢, against the first stator and by @, against the second one [23]. All
stators and rotor windings are scattered uniformly and every identical three windings set are shifted between

them by 120°.
The direct-quadratic synchronous referential frame representation of the dual stator windings induction

generator is proposed in Figure 4 [23].

3.1. SE-DSWIG Modelling

The schema shown in Figure 4 can be represented in the equation form by the following voltage expressions [23]

[24]:
. d
Visg = _Rslllsd + E¢lsd - a)sqolsq (1)
. d
vlsq = _Rslllsq + a¢1sq + a)s¢1sq (2)
0, %Sémor II
TR i \\\‘
p SR el 1 0‘1
¢ 3 Stator I

q - Axis

Figure 4. SE-DSWIG representation in dg-synchronous referential frame [23].
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Vosg = R Ilsd +E¢st — WPy (3)
R i d 4
V25q == sZIZSq dt ¢7qu + o, ¢25q ( )
d
errd =P — (ws — @, )(/)rq (5)
dt
. d
Vig = Ry + pm — P +(a) -, )gord (6)
The flux linkage of both stators and rotor in (dq)-axis are given by the following equations [16]:
2 _Lllilsd - I-Im (ilsd + ist ) qu|2$q + L ( 1sd I2$d + ird) (7)
(plsq L|1 1sq ( 1sq + iZSq ) + L Ist + L ( 1sq iqu + irq) (8)
[ _L|2i25d - le (ilsd + ist ) + qullsq + L ( 1sd I25(:1 + ird) (9)
(pZSq I‘I2 2sq L|m ( 1sq + IZSq) L I15d + L ( 1sq i25q + irq) (10)
wr Llrlrd + L ( 1sd Ist + ird) (11)
(/)rq I‘Ir rq + L ( 1sq I25q + irq) : (12)
Lngs Lig: @re respectively the direct and quadratic magnetizing inductances and given by the following
equations [24]
i
Lpg = Ly + Ly, 13)
mq
im
Lng = Ly + 7 Ly - (14)
md
Ly, Is the inter saturation cyclic inductance defined by the following equation [24]:
iq i
B (W) 5)
i, dli, i,
L is the dynamic inductance.
dlen,
L=—t= (16)
dli,
L,, isthe magnetizing inductance.
P
L, ="—= a7
Im
And it defined by the following nonlinear expression [16]
L, = 0.1406 + 0.0014i_, —0.0012i2 + 0.00005i® . (18)
i, is the magnetizing current. i.,,i,, are respectively the direct and the quadratic componensts of the

magnetizing current.
The magnetizing current is calculated by the next expression [24]:

In = \/(_Ilsd gy Ty )2 + (_Ilsq - Iqu + Irq) (19)
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The electromagnetic torque is estimated by the afterward expression [10]:

Cem - %Tp[ Lm L+m L|r J{(ilsq + izsq )wrd B (ilsd + iZSd )¢rq} (20)

3.2. DSWIG Self-Excitation Capacity Bank System Modelling

The SE-DSWIG belongs to the self-excitation machines category. It needs a capacity bank connected at the sta-
tor terminals to get the necessary reactive power to start working.

At the presence of the residual magnetism and a sufficient rotating speed, the SE-DSWIG engenders enough
current that stimulates the self-excitation capacity bank to generate reactive power into the windings. This op-
eration will be repeated until arrivingat an equality between the SE-DSWIG output voltage and capacity bank
terminal voltage. This will be the DSWIG operating point.

The following equation represents the excitation capacity bank modeled by the voltage and current relation-
ship equations at the machine’s terminals [24].

d 1.
av(l,z)sd = C Yo2psa T DsVin2)sq

12

’ 21
d 1. 1)
Ev(l,z)sq = C le2)sq ~ DsVi12)sa

12

3.3. Modelling of Loads

The nd user is modeled by an inductive load in order to evaluate its influence on the main power supplier
performance which is the SE-DSWIG. The end user is represented by the following system of equations:

d 1

avlsd = C_[ilsd - i1d|oadl] + wsvlsq (22)
1
d 1r. .
avlsq = E[Ilsq - I1q|odl:| — WV (23)
1
d 1. .
avzw = C_['zm - I2d|0d2] A (24)
2
d 1r. .
EVZSq = C_|:|qu - I2q|0d2:| AL (25)
2
The direct and quadratic load currents for both of stators are:
d. . .
alldlodl = L_[vlsd - Rlodllldlodl] + Oglygioq (26)
lod1
d. 1 . .
a I1q|0q1 = L_|:Vlsq - Rlodlllqlodl] = Oglygi091 (27)
lod1
d. 1 . .
at Latod2 = L_[VZSd = Rid21 241002 ] + Olygi0q2 (28)
lod 2
d. 1 . .
a I2q|0q2 = L_[VZSq - RI0d2|2qlod2:| — Oghgiog, (29)
lod 2

with L4 RioabieasRid, are the inductance and the resistance of the end user connected respectively to the first
and the second stator.

4. Modelling and Design of the Passive Compensator

The wind speed variation and the presence of loads connected across the stators terminalsprovoke voltage
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disturbance, especially with poor voltage regulation feature that characterises induction generator. This situation
requires the use of a compensator to fix the trouble.

In this work, we deal with a parallel passive compensator represented by a capacity bankconnected in parallel
with SE-DSWIG terminals and a series passive compensator connected in series with SE-DSWIG terminals.
Both of case are used to sustain the power quality and to mitigate issues that appear in the power system.

4.1. Power System Equations at the Presence of the Series Passive Compensator

The current and voltage equations of the power system in DQ-frame at the presence of the series passive
compensator are given as following:
* First stator

d 1 .. .
avlsd = (C_)[Ilsd - Ildlodl] + OV (30)
1
EV 4= M + .V (31)
scols S " scol
dt (Cscol) !
d. 1 . .
gt diod1 = m[vlsd ~Vecors ~ Riogthiatoa ] + @sligioas (32)
d 1 r. .
avlsq = @[Ilsq - I1q|0d1:| — Vg (33)
d i
Evscolq = ((1;::11) — ONgeh14 (34)
d. . .
a Ildloql = m[vlsq - Vscolq - Rlodlllloq1:| - wsllqlodl' (35)
* Second stator
d 1 .. .
EVZSd = (C ) [IZSd - IZdIodZ] + wsVZSq (36)
2
d iZdIOd 2
—V =24V, 37
dt sco2d (Cscoz) s 'sco2q ( )
d. 1 . .
gt 2ed2 = (sz)[vzw ~Vacozg ~ Riogzlzaiosz ] + @ulzgioa (38)
d 1 r. .
EVZSq = @[Inq - I2q|od2:| - a)sVZSd (39)
d i
avscom = ((2;1::22) ALY (40)
d. 1 . .
a I2d|oq2 = m[vzm - Vsc02q - Rlod2|2I0q2j| - ws'ZqudZ . (41)

Voorg » V. and V,q, V. are the dg-frame representation produced by the series passive compensator

at the SE-DSWIG terminals. (1), (2): denote respectively stator | and stator Il of the generator.

scolq sco2q

4.2. Power System Equations at the Presence of the Parallel Passive Compensator

The current and voltage equations of the power system in dg-frame at the presence of the series passive

compensator are given as following:
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e First stator

d 1 . .
avlsd = m['m - Ildlodl] T OV (42)
d 1 . .
Pt m[llsq ~ligost |~ OVreg (43)
d. 1 . .
at hdlodr = L'_[Vlsd - Rlodllldlodl] + Oslyg001 (44)
od1
d. 1 . .
a Ilqloql = m[vlsq - Rlodlllqlod1j| — Oghgio91 - (45)
¢ Second stator
d 1 . .
—V,y =—— |,y — 1 + oV 46
dt 2sd (CZ + C|C02) [ 2sd 2d|0d2] s '2sq ( )
d 1 . .
EVZSq = m[IZSq - I2q|odz:| AT (47)
d. 1 . .
at Ldiod2 = E[std = Riga 2201002 ] + Olyq1092 (48)
d. . .
e I2q|0q2 = _[VZSq - RIodZIquodZ :| — Oslygiq - (49)
dt I-Iod 2

ioa1 s bglogrr AN ygieg2 s Taqoaz TEPresente the current absorbed by the inductive-resistive load in dg-frame.

bigia.q) ~lgaqpoar @A Togqq) ~ g quoao €CUAlities represent the dg-frame representation of the reactive current

1s(d.q
injected by the parallel passive compensator to adjust the voltage at the point of common coupling. Figure 5
shows the proposed power system represented by an SE-DSWIG feeds loads through both of stators. A passive
compensator was inserted in series in the first scenario and in parallel in the second scenario between the gene-
rator and loads to sustain the power quality. The series passive compensator intervention happens by inducing a
series voltage in the grid. The parallel one injects a reactive current into the grid to compensate the trouble ac-
curs in the grid as displayed in Figure 2.

5. Numerical Results Analysis

In this section, we present the performance of SE-DSWIG in different situation such as prime mover speed
variation, custom load variation, etc. The simulation of this work has been built up in Matlab®/Sim Power Sys-
tems. Note that, the simulation of SE-DSWIG is very difficult due to the complexity of its equations. These are

PCC
Load
Passive
Compensator

(Load

Figure 5. Proposed power system.
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constituted of ten differential equations with periodic and variable coefficients and took into account the magne-
tizing inductance. The passive compensator performance was evaluated. The parameters used in this simulation
study are presented in Table 1 and Table 2. The simulation results are detailed below.

5.1. SE-DSWIG Features at No-Load Operation

Figure 6 illustrates that the magnetizing current evolves exponentially with time until reaching the saturation
state value that equals to 6.7A at t = 2.5 s. Figure 7 shows that magnetizing inductance value decreases versus
the augmentation of the magnetizing current following the polynomial equation defined in (18). Figure 8 and
Figure 9 display that both of stators develop a current and voltage that increase exponentially with time then
they stabilise at the steady state value that equal 2.85 A for the current and 225 V for terminal voltage att = 2.5 s.
Figure 10 shows that the output current and voltage spread with the same frequency but not on the same phase.
The current is ahead by 90°. From Figure 11, we observe that the rotor current is less than the stator current. It
evolves exponentially during the transient regime then it stabilises in the steady state at least than 0.2 A.

Magnetizing current

0 1 2 Times(s)3 4 5
Figure 6. Magnetizing current evolution.

Table 1. Investigated system parameters.

Parameters
Symbol
Entity Quantity Unity
R, R, A stator per-phase resistance 1.9 Q
R A rotor per-phase resistance 21 Q
Lo, Stator per-phase leakage inductance 0.0132 H
l, Rotorper-phase leakage inductance 0.0132 H
I, Mutual leakage inductance 0.011 H
A Nominal speed 1500 tr/min
C, Excitation capacity 40 uF
Cin Parallel passive compensator capacity 10 n
Cou Series passive compensator capacity 35 n3
Rz Load resistance 200 Q
Loaiz Load inductance 0.05 H
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Table 2. Nomenclature.

Symbol
DGs
EPRI

SE-DSWIG

PCC

(r.r.r)
()
(BB B)
(Vi Vi)
(Ve Vo)
(Ve Vo)
(i)
(U
(o1 )
(P00
(P21020)

(24:24)

( Llodl’ Rlodl)

Definition
Distributed generation systems

Electric Power Research Institute

Self-excitation dual stator windings induction generator

Point of common coupling
Series passive compensator engendered voltage
Stator | terminal voltage
Load terminal voltage
Parallel compensator injected current
Rotor three phase windings sets
Stator | three phase windings sets
Stator |l three phase windings sets
Stator | voltage in dg-frame
Stator Il voltage in dg-frame
Rotor voltage in dg-frame
Stator | current in dg-frame
Stator Il current in dg-frame
Rotor current in dg-frame
The flux linkage of stator |
The flux linkage of stator 11
The flux linkage of rotor
The frequency
The rotating speed
Direct and quadratic magnetizing inductances
Dynamic inductance
The inter saturation cyclic inductance
The magnetizing inductance

The inductance and resistance of load
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Magnetizing current versus magnetizing inductance
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Figure 7. Magnetizing current versus the magnetizing inductance current evolution.
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Figure 8. Stator | terminals voltage and current evolution.
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Figure 9. Stator Il terminals voltage and current evolution.

5.2. SE-DSWIG Features with Inductive-Resistive Load

In this case, inductive-resistive loads are connected with the terminals of stators | and Il at t = 3 s. The presence
of these loads decreases the output current and voltage of stators due to the lack of reactive power consumed by
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Terminal voltage and current of stator |
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Figure 10. Stator terminals voltage and current in zoom.
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Figure 11. Rotor current evolution.

the loads (Figures 12-20). At t = 4 s, a passive compensator is connected in series in the first test and in parallel
in the second test the passive compensator consists of a capacity bank switched on between the generator and
the loads. The compensator either in series or parallel rectifies the trouble, which is translated by augmentation
of the current and voltage at the terminals of stators | and Il until reaching the ideal values. The series passive
compensator intervention was done by engendering an alternative voltage into the SE-DSWIG terminals as il-
lustrated in Figure 16 without affecting the current values as shown in Figure 13 and Figure 15. Whereas the
parallel passive compensator intervention happens by introducing a quadratic current at the terminals that
provoke an augmentation in current values after compensation as shown in Figure 18 and Figure 20. This is due
to the transfer of reactive power from capacity bank to the power system as a reactive current that justifies the
augmentation of current after parallel compensation.

5.3. SE-DSWIG Features with Variation of Speed at the Start-Up

In this case, several speed values are applied to investigate their influence on the SE-DSWIG operation. Fig-
ure 21 and Figure 22 show that the current and the voltage evolution are proportional with the augmentation

of speed value.
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Three phase voltage of stator |
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Figure 12. Stator | three-phase voltage.
4 Three phase current of stator |
3
: i 1l
~ u Ul
$ i
—
Th T
o |
- |
51 | Jl
-3 |
-4 -
0 1 2 Time(s) 3 4 5

Figure 13. Stator | three-phase current.
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Figure 15. Stator |l three-phase current.
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Figure 16. Series compensator engendered voltage.
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Figure 17. Stator | three-phase voltage.



Figure 18. Stator | three-phase current
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5.4. SE-DSWIG Features with Variation of Speed in Steady State

In this case, we applied a speed step variation on the prime mover emulating the variation of wind speed in real
condition. At t = 3 s, the speed decreases from 314.5 rad/s to 310 rad/s. Figure 23 and Figure 24 illustrate that
the diminution of speed provokes a voltage sag but the intervention of passive compensator in series or in paral-
lel at t = 4 s rectifies the trouble and the voltage magnitude backs to the desired value.

In the other case, the prime mover speed changes from 314.5 rad/s to 320 rad/s. This speed variation provokes
a voltage swell as shown in Figure 25 and Figure 26. The presence of the compensator at t = 4 s mitigates the
voltage.

Voltage sag and swell phenomena are the most influential issue on distributed generation system, especially
with wind turbine systems.

6. Conclusion

Wind energy based distribution generation systems occupy forefront position in total energy production using
renewable sources. Induction generator based wind systems are widely used because of their advantages. A new
self-excitation induction generator consisting of two stators was presented in this work. We started by the
mathematical modeling of the SE-DSWIG with taking into account the common mutual leakage inductance be-
tween stators and also magnetizing inductance which plays a principal role in the stabilization of the output
voltage in the steady state. The SE-DSWIG was studied at no-load and connected to the end user, modeled by an
inductive-resistive load. A step variation of the prime mover speed was applied at the SE-DSWIG start-up and
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after reaching saturation. A passive shunt compensator was connected in series in firstly and in parallel secondly
between the generator and the end user in order to mitigate the voltage disturbance caused by the presence of
load or due to the prime mover speed variation. The SE-DSWIG shows a good performance in different operat-
ing modes and gives the opportunity to build several topologies such as feeding two different end users or a sta-
tor connected to the grid utility and the other one feeding a particular customer. The compensator supervised
perfectly the power system stability and it intervened to mitigate the voltage sag and swell. Nevertheless, the
passive compensator needs to be adapted for every intervention, depending on the prime mover speed and the
load size. The drawback of this technique is its slowness comparing with the rapidity variation of both of loads
size and weather conditions, so new technique is needed to allow better adapting with these requirements. Cus-
tomer power devices (CPD) and flexible AC transmission system (FACTS) connected in series or in parallel
such as D-STATCOM, DVR or hybrid such as UPFC, UPQC are proposed to meet the demands in term of
rapidity and efficiency. In addition, the use of an advanced control algorithm is necessary to supervise the func-
tion of the active compensators (DVR, D-STATCOM, etc.) that participate in the improvement of the power
flow and the mitigation of power quality issues that happen in AC applications.
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