Wiley

International Transactions on Electrical Energy Systems
Volume 2024, Article ID 1074029, 24 pages
https://doi.org/10.1155/2024/1074029

Research Article

WILEY

Investigation of the Impact of SSSC-Based FLC on the Stability of
Power Systems Connected to Wind Farms

Ahmadreza Abdollahi Chirani

Faculty of Engineering, University of Guilan, Rasht, Iran

and A. Karami

Correspondence should be addressed to Ahmadreza Abdollahi Chirani; bahaminabdollahi@gmail.com

Received 22 November 2023; Revised 11 April 2024; Accepted 14 May 2024; Published 22 May 2024

Academic Editor: Murthy Cherukuri

1. Introduction

Copyright © 2024 Ahmadreza Abdollahi Chirani and A. Karami. This is an open access article distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.

The integration of renewable energy sources into power systems has increased significantly in recent years. Among various types
of renewable energy, the use of wind energy is growing rapidly due to its low operating cost, wide distribution worldwide, and no
greenhouse gas emissions. However, power systems integrated with wind energy may face stability and reliability issues due to the
intermittent nature of wind power. Therefore, in power systems connected to wind farms, it is usually required to use some
compensators such as static synchronous series compensator (SSSC) to increase the system performance under abnormal
conditions. On the other hand, for an SSSC to be effective in improving the system performance, it must be equipped with
a suitable controller. In this paper, a fuzzy logic controller (FLC) is used for the SSSC because of its advantages over conventional
controllers. Extensive research has been conducted in power systems with wind turbines in which SSSC or FLC has been used;
however, their simultaneous application in such systems has received less attention. Therefore, this article aims to fill this gap. The
proposed method is implemented on two power systems and the simulation results are analyzed. In both systems, the dynamic
behavior of three different wind farms is examined. In the first and second wind farms, either a squirrel cage induction generator
(SCIG) or doubly-fed induction generator (DFIG) are used, whereas in the third one which is a combined wind farm (CWF), an
equal number of SCIG and DFIG are employed. In wind farms with SCIG or DFIG, an SSSC is also utilized. Furthermore, an FLC
is employed for the SSSC to improve its efficacy. A proportional integral (PI) controller is also considered for the SSSC, and its
results are compared with FLC results. The simulation results confirm the superiority of FLC over PI controller.

problems related to stability and reliability also increase
[6, 7]. This is due to the intermittent nature and uncertainty
in wind power, which can lead to many challenges in power

Due to some issues such as environmental pollution, con-
cerns about the consumption of fossil fuel resources, and the
reduction of energy costs, significant efforts have been made
to develop clean and renewable energy resources such as
wind power over the last three decades [1, 2]. It is expected
that in the future, renewable energies such as wind and sun
will provide a significant amount of electrical energy for the
consumers [3, 4]. As a clean and carbon-free renewable
energy, wind is one of the most important energy sources on
earth. In fact, in addition to lower maintenance and running
costs, wind farms need less installation space [5]. However,
recent studies have shown that as the penetration levels of
wind power plants (WPPs) in power grids increase,

systems including power quality issues, voltage regulation,
and frequency stability [8].

Consequently, it is necessary to develop advanced
control strategies and compensation methods in order to
keep the balance between supply and demand as well as
accommodate unpredictable fluctuations in the WPPs. To
achieve this goal, the use of flexible AC transmission system
(FACTS) devices has attracted the attention of many re-
searchers [9]. Note that FACTS devices can also be used for
other purposes in power systems such as voltage regulation,
power loss reduction, and stability improvement [10]. The
impact of static synchronous compensator (STATCOM)
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and static VAR compensator (SVC) on the voltage stability
at the point of common connection (PCC) of a doubly-fed
induction generator- (DFIG-) based wind farm, for both the
steady-state condition and grid fault condition, has been
compared in [11]. The IEEE 9-bus test system was used to
assess the effect of FACTS devices on the stability of the
network. The WPP was composed of ten individual 5 MW
DFIG-based wind turbines. In comparison to SVC,
STATCOM was able to provide more reactive power and
faster voltage recovery under the same compensation role
and capacity. The SVC required a much higher installation
capacity than the STATCOM to achieve the same effect.

A TCSC together with a STATCOM was used in [12] to
enhance the voltage stability in wind farms. The proposed
method can ensure the continuity of power transfer and
maintain the voltage stability of the system when the fault
occurs. Harmonics in load current were removed with the
use of STATCOM control systems, which were employed to
improve power quality in the electrical grid. However, one of
the main drawbacks of that paper is that it ignores the cost of
simultaneous installation of STATCOM and TCSC. In ad-
dition, it does not consider oscillations in the active and
reactive powers as well. In [13], a wind generator was added
to a standard 5-bus network, and the effect of wind energy
integration on the voltage stability of the system was in-
vestigated. An SVC was also utilized to provide the required
injected reactive power for bus voltage regulation. The
obtained results showed that SVC can have a significant
effect on power flow, voltage regulation, and also power
losses in transmission lines. However, the effectiveness of the
method proposed in [13] has not been investigated under
fault conditions in the power system.

In [14], a STATCOM has been used to effectively control
the stability of a multi-machine power system connected to
a wind farm. A proportional-integral-derivative (PID)
damping controller, a PID with fuzzy logic controller (FLC),
and an adaptive neuro-fuzzy inference system (ANFIS)
controller were employed for the STATCOM to provide
adequate damping for the important modes of the studied
system in different operating conditions. Then, it was shown
that STATCOM with the proposed ANFIS, STATCOM with
PID, as well as STATCOM with both PID and FLC are
equally effective in improving system stability.

The performance of SVC and TCSC controllers for the
enhancement of small signal stability margin of power
systems integrated with intermittent wind power genera-
tions has been compared in [15]. It has been concluded that
a combination of SVC or TCSC, with a power system sta-
bilizer (PSS), can improve damping of the power system
oscillations. It is worth mentioning that PSS increases the
complexity of the governing equations of a power system;
therefore, in order to improve the performance of power
systems with PSS, PSS parameters should be carefully tuned.
It can be a challenging task to determine the optimal pa-
rameters of a PSS. Furthermore, improper tuning of the PSS
parameters may lead to system instability or inadequate
damping for the system oscillations.

The performance of a STATCOM connected to
a DFIG-based wind farm has been examined in [16].
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A proportional-integral (PI) controller and a FLC were used
to improve the effectiveness of the employed STATCOM.
The STATCOM with FLC was shown to be superior in
comparison to STATCOM with PI controller for improving
system stability and power quality. However, it is not clear
whether Mamdani or Sugeno types of fuzzy controller has
been used in [16], since only information regarding the fuzzy
membership functions can be found in that paper. In [17],
the effect of PSS and static synchronous series compensator
(SSSC) on the stability of the IEEE 14-bus test system in-
tegrated with a DFIG-based wind farm, has been discussed.
The obtained results show that a combination of SSSC and
PSS can effectively damp out power system oscillations and
improves both the system transient stability and small-signal
stability.

The impact of an SSSC on the stability of a hybrid wind
farm consisting of a DFIG and a permanent magnet gen-
erator (PMG), has been investigated in [18]. To boost the
performance of the SSSC, an ANFIS controller has been
employed for the SSSC. The proposed ANFIS uses rotor
speed variations of the DFIG and PMG as the inputs, and
provides the required injected voltage of the SSSC at its
output. The results obtained demonstrate that the proposed
controller is able to mitigate power system oscillations. In
[19], transient stability improvement of a network connected
to an SSSC has been presented. An ANFIS controller has
been used for the SSSC to improve its performance. Rotor
speed deviation and rotor acceleration were utilized as the
inputs for the ANFIS controller, and the SSSC-injected
voltage was provided at the output of the ANFIS control-
ler. The obtained simulation results showed that the pro-
posed strategy effectively reduces grid oscillations and
significantly improves the voltage profile in the studied
system. However, the weakness of the proposed method is
that the interpretability of ANFIS models decreases as the
number of inputs increases. As a result, it could be difficult to
understand and explain the behavior of the proposed SSSC
controller for complex scenarios. Furthermore, the useful-
ness of the ANFIS controller depends on the quality and
representativeness of the training data used for this con-
troller. The main problem is that it is difficult to obtain
accurate and comprehensive training data for practical
power system scenarios.

Extensive research has been conducted in power systems
with wind turbines in which SSSC or FLC has been used;
however, their simultaneous application in such systems has
received less attention. Therefore, this paper aims to bridge
this gap in the literature by examining the impact of an
SSSC-based FLC on the stability of grid-connected wind
farms, thereby contributing to the advancement of sus-
tainable and reliable energy infrastructure. In addition, for
the SSSC to be effective in improving the system perfor-
mance, it has been equipped with an FLC in this paper. The
FLC allows to develop intelligent controllers that can re-
spond quickly to the system changes, making it a promising
approach for handling the challenges of wind power
integration.

This article examines the performance of three types of
grid-connected wind farms under different fault conditions.
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The employed wind farms include a squirrel cage induction
generator- (SCIG-) based wind farm, a DFIG-based wind
farm, and a combined wind farm (CWF). The CWF consists
of an equal number of SCIG and DFIG generators. In the
wind farms based on SCIG and DFIG, an SSSC-based FLC
has also been used to enhance the behavior of the systems.
However, no SSSC is used in the CWF. The proposed ap-
proach is implemented on two power systems and the results
obtained are analyzed. The first system is a simple system
that includes a 9 MW wind farm connected to the grid, and
the second system is the IEEE 9-bus test system integrated
with a 45 MW wind farm. All simulations are carried out in
MATLAB/Simulink software.

To evaluate the effectiveness of the proposed approach,
the time variation of wind farms terminal voltage, active
power, and reactive power, as well as a system voltage
stability index (VSI), are monitored in the event of faults in
the studied systems. Furthermore, a PI controller is also used
for the SSSC and the obtained results are compared with the
results from the FLC. The simulation results obtained show
that the proposed method is able to improve the perfor-
mance of the test systems under various fault conditions.

The main contributions of the present paper are as
follows:

(i) The performance of DFIG and SCIG wind farms
equipped with SSSC, and CWF without SSSC has
been investigated in a simple power system and in
the IEEE 9-bus test system.

(ii) Instead of a conventional PI controller, an FLC has
been used for the DC voltage regulator of SSSC to
improve its behavior.

(iii) A comparative analysis of the proposed SSSC-based
FLC and conventional PI controller for different
types of faults has been presented and discussed.

The remainder of the paper is organized as follows.
Section 2 outlines the structure and modeling of both the
SCIG-based wind turbine and the DFIG-based wind turbine.
Section 3 describes briefly the configuration of the SSSC.
Section 4 represents the FLC and the model of SSSC-based
FLC. Section 5 discusses the VSI, which measures the voltage
stability of test systems. The test systems used in this study
are demonstrated in detail in Section 6, along with the
obtained simulation results. The discussion is represented in
Section 7. The findings of this research are presented in
Section 8.

2. Wind Turbines

In this section, the mathematical modeling of the SCIG and
DFIG wind turbines is presented.

2.1. Squirrel Cage Induction Generators. Until recently,
squirrel cage induction generators were the most common
type of generator due to their simplicity of construction,
high efficiency, and low maintenance requirements [20].
Figure 1 shows an SCIG connected to the network. The
SCIGs are directly connected to the system and often operate

at a constant speed; therefore, they are sometimes called
constant speed wind turbines. The SCIG needs to absorb
reactive power from the system and this slows down the
process of voltage restoration when a fault occurs in the
system [21]. As a result, the system may experience some
oscillations in the voltage and rotor speed. Moreover, the
unbalance between mechanical power drawn from the wind
and electrical power transmitted to the network makes the
generator to accelerate during the fault conditions. If the
generator voltage is not restored in the postfault state, the
generator will continue to consume more reactive power
from the system. Voltage and rotor-speed instability could
eventually result from this process, which is highly possible if
the wind turbine is connected to a weak network [22]. The
following equation gives the mechanical power drawn from
the wind by the rotor of the SCIG and the DFIG wind
turbines [23, 24]:

1
Pyina =5 pr°v'C, (B, 1), (1)

where Cp is the performance coefficient of wind turbine
which expresses the rotor efficiency of the turbine (extracted
power/wind power), p is the air density (kg/m?®) r is the
turbine radius (m), V is the wind velocity (m/s), and Pyy;,4 is
the wind power (W). The electromagnetic torque T, can be
written as follows [25, 26]:

Te = Lm(isdirq - isqird)' (2)

The relations between the mechanical torque and an-
gular speed of the rotor can be described as follows [27, 28]:

om m kg,
dt
dwg
- _ 3
2H— K, -T,, (3)
do

dts =wp— (wM - wG)r

where H,, and Hy;, are the inertia constants of wind turbine
rotor and generator rotor, respectively; w,, is wind turbine
speed and wg; is generator speed, K is the stiffness coeflicient
of the axis, and 6, is the rotation angle of the rotor axis [29].

Equation (4) is used for mathematical modeling of the
SCIG [29]:

Vs ro+ pl; 0 Pl 0 i
Vas | _ 0 s+ pl; 0 Pl ige W
0 Pl —@dys 4Pl —wld || iy
0 w. b, Pl wl, i+ pl i,

where r/ and r are the rotor and stator resistances, i;, and i e
are the stator currents transferred to the direct and quad-
rature axes, i, and it'ir are the rotor currents transferred to
the d and g axes, V;, and V  are the stator voltages
transferred to the d and q axes, w, is the rotor shaft me-
chanical speed, I,,; is the stator magnetizing inductance, I, is
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F1GURE 1: Constant speed wind turbine equipped with squirrel cage induction generator (SCIG).

the rotor inductance, [, is the stator inductance, and p is the
time derivative operator.

In order to prevent surpassing the output power limit of
the wind turbine, the stall effect or pitch angle control is used
to restrict the wind input mechanical power. In fact, the
rotor is designed to reduce its aerodynamic efficiency as the
wind speed increases to avoid drawing too much mechanical
power from the wind. The active and reactive powers of the
stator can be calculated as follows [30]:

3

Ps = (E)(VdsIds + Vqslqs)’
3

Qs = (z)(vqslds - Vdqus)'

2.2. Doubly-Fed Induction Generator. Doubly-fed induction
generator (DGIG) wind turbines are based on wound-rotor
induction machines where the rotor circuit is fed through
bidirectional back-to-back voltage source converters [31]. A
schematic model of the DFIG is shown in Figure 2. The
DFIG is the most commonly used wind turbine for wind
power generation, since it provides significant benefits such
as variable speed, high-power output, decoupled control of

Vs e+ pl 0
Vs 0 ro+ plg
V‘;, - plscosB, pl, sind,

!
Yor

The rotor active power and reactive power are calculated
by the following equations [29]:

3
Pr = (E)(Vdrldr + Vquqr)’

s (7)
Qr = (E) (Vqudr - VdrIqr)'

The mechanical power and stator electrical power output
of the DFIG are as follows [37]:

pP,=T,w,,

(8)
PS = Temws’

-pl, sinb, pl, sin0,

active and reactive powers, and power quality improvement
[32, 33]. As shown in Figure 2, the rotor winding of a DFIG
is connected to a converter through slip rings, whereas its
stator winding is directly connected to the network. The
electric power of the converter is about 20 to 30% of the total
electric power of the generator [34].

The back-to-back voltage converter via the DC link
capacitor feeds rotor from the third winding of a three-
winding transformer that connects the DFIG to the network
[33]. Power is transferred from the stator to the network
through two of three windings of the three-winding
transformer. The DFIG allows wind turbines to generate
maximum power and can maintain grid voltage stability by
regulating the reactive power transfer, regardless of the wind
speed. The converter near the rotor is known as the rotor
side converter (RSC), and the converter near the grid is
known as the grid side converter (GSC). The purpose of RSC
is to regulate both the active and reactive powers, and GSC
adjusts the power factor and voltage of the coupling ca-
pacitor [35, 36].

The following equation is used for mathematical mod-
eling of the DFIG [27]:

Plnscos 8, —pl,, sin 6, [ iz

plssin®,  pl, cosO, || iz
.+ ply 0 i (6)

r+ P qr

0 re+ply ILig,

where T, represents the rotor mechanical torque, w, rep-
resents the rotor speed, T, is the electromagnetic torque,
and w, is the synchronous speed.

3. Static Synchronous Series Compensator

The static synchronous series compensator is a voltage
source converter- (VSC-) based FACTS device that was
developed in 1989 for series compensation [38]. The SSSC is
a series FACTS device which can control the flow of power
and is able to reduce power oscillations in the network. The
SSSC has a significant impact on the power distribution, due
to its ability to change the impedance of transmission line
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FIGURE 2: Variable speed wind turbine equipped with doubly-fed induction generator (DFIG).

[39]. In fact, the main objective of an SSSC is to increase the
maximum transferable power of the system by reducing the
reactance of the transmission line. The schematic model of
an SSSC is shown in Figure 3. Here, A and B denote the
sending end and receiving end buses, respectively. At the
receiving bus B, active and reactive powers are calculated as
follows [40]:

P =

V.V
;{Bsin((?A—(?B),
L
V.V ©)
Q:%(l— cos (8, —8g)),
L

where X is the inductive reactance of transmission line, V ,
and V' are, respectively, voltage magnitudes at buses A and
B. Also, 8, and 6 denote phase angles of the voltages at
buses A and B, respectively.

The SSSC is synchronized with the transmission line
current I and injects a series voltage V;,; that is orthogonal

to the current, either lagging or leading. Notice that the VSC
internal losses need to be compensated by a small amount of
active power. The DC capacitor can be kept charged without
an external power source by drawing power from the line
through a minor deviation from the ideal 90° [17, 41]. The
SSSC can be a simple and cost-effective choice for the
regulation of both the active power and reactive power in
long transmission lines. In fact, it can improve the power
transfer capabilities in the transmission line, thereby en-
hancing power system stability. This is crucial for trans-
mitting power from remote wind farms to urban areas with
high power demand, where long transmission lines are often
employed. The grid reliability can also be increased by using
the SSSC. In addition, the SSSC can prevent improper ex-
ploitation of generators and can avoid conditions that may
lead to loss of some loads in the network [10].

In wind farms, especially those located far from the load
centers, voltage oscillations can occur due to variations in
both the wind speed and the wind power. In long trans-
mission lines, the voltage drop is usually high. An SSSC can

help maintain voltage levels within acceptable limits by
regulating the reactive power. In fact, by reducing the series
impedance of the transmission line, an SSSC reduces the
electrical length of transmission line and improves the
system stability. Figure 4 illustrates the control system of an
SSSC. This control system functions as follows [19]:

(i) The output of a phase-locked loop (PLL), which is
the phase angle (6 = wt), generates components of
both the direct-axis voltage and current (V;and I ;)
and the quadrature-axis voltage and current (V,
and 1) of the AC three-phase system.

(ii) The measurement systems compute the quadrature-
axis components of the AC positive-sequence for
the voltages V, and V, as well as for the DC
voltage V4.

(iii) The reference DC voltage (V 4,.s) and the injected
voltage (V. s) are determined by the AC and DC
voltage regulators to generate the voltages of con-

verter (V ., and V).

4. Proposed Method

4.1. SSSC-Based Fuzzy Logic Controller. Fuzzy logic con-
troller (FLC) is known as one of the nonlinear and reliable
control methods, which is based on expert knowledge. In
fact, the FLC does not require an accurate model of the
system under study [42]. A well-designed FLC can perform
more efficiently than a conventional PI controller in the case
of parameters variations, external disturbances, as well as
load variations [16]. The benefits of employing FLC over the
standard PI controller include its universal control design,
simplicity, adaptability, quick response, and insensitivity to
the parameter’s changes. In addition, it can perform ap-
propriately even with imprecise input signals [43]. On the
other hand, parameters tuning of a PI controller is not an
easy task. Instead, an FLC does not require an accurate
model of the system under study, and it is also robust against
system changes. In this paper, the employed fuzzy rules and
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FIGURE 4: The schematic diagram of the SSSC control system.

the required membership functions have been obtained by
using a trial-and-error approach. A general outline of the
design process of SSSC-based FLC is given in the following.

4.2. Inputs and Outputs of FLC. The FLCs have some inputs
and outputs that need to be determined in the first step.
Figure 5 illustrates the proposed fuzzy logic controller-based
voltage regulator used for the SSSC. The first input of the
FLC is error, which is the difference between the reference
DC voltage (V4._,.s) and the actual DC voltage (V)
(Error = Vye_,or = V4.). The second input is the change of
error. The FLC output is the direct component of the
converter voltage (V_,,).

4.3. Defining Fuzzy Sets. In the second step, the linguistic
variables and fuzzy sets must be defined for both inputs and
outputs. Linguistic variables show the linguistic terms used
to explain the system’s behavior. The linguistic variables are
considered as follows: (NB) = Negative Big; (NM) = Negative
Medium; (NS) = Negative Small; (Z) = Zero; (PS) = Positive
Small; (PM) = Positive Medium; (PB) = Positive Big [44, 45].

4.4. Formulation of Fuzzy Rules. The third step is to create
a set of fuzzy rules that can capture the control strategy.
These rules map combinations of input fuzzy sets to ap-
propriate output fuzzy sets. The rule base should reflect both
the control objectives and expert knowledge about the
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system. The employed FLC rules are given in Table 1. Note
that practical experiences are generally taken into consid-
eration for the development of rules. The following three
conditions show how the rule base is developed [46]:

(i) If error is NM and change of error is NS then the
output is NB.

(ii) If error is Z and change of error is PB then the
output is PB.

(iii) If error is PM and change of error is NM then the
output is Z.

4.5. Defining Fuzzy Membership Functions. In the fourth step,
the fuzzy membership functions of the inputs and outputs
variables are determined. The shape and parameters of these
functions determine how input/output values are mapped to
the values of membership functions in the fuzzy set. The FLC
of this paper consists of two inputs each with 7 linguistics
values that generate 49 rules [44, 45]. The inputs and output of
the FLC rule base of the proposed fuzzy control-based DC
voltage regulator are considered as triangular type, due to the
following merits. Triangular membership functions are sym-
metric in shape, with the peak located at the center of the
interval defined by the left and right boundaries. This sym-
metry reduces the design complexity and gives equal im-
portance to both sides of the peak. It also ensures
a symmetrical and balanced system response around the peak
value. Furthermore, triangular membership functions require
less computation than other membership functions with
complex shapes. In addition, the degree of membership for
a given input value can be computed more quickly and with
fewer computations by using a triangle membership function.
The designed membership functions for the error as the
first input, is shown in Figure 6(a). The vertical axis shows
the degree of membership, and it ranges between 0 and 1.
The horizontal axis represents the error which varies in the
range [-1,1]. Figure 6(b) shows the membership functions
designed for change of error as the second input. A scale of
0 to 1 indicates the degree of membership on the vertical
axis. The horizontal axis shows change of error in the range
of [-1,1]. The designed membership functions for V,__,, as
the output signal, is shown in Figure 6(c). The vertical axis
shows the degree of membership and it ranges between 0 and
1. The horizontal axis represents the direct component of the
converter voltage, which varies in the range [-1,1].

TaBLE 1: FLC rules for the proposed controller.

Change of error (CE)

Error (E)

NB NM NS Z PS PM PB
NB NB NB NB NB NM NS Z
NM NB NB NB NM NS Z PS
NS NB NB NM NS Z PS PM
Z NB NM NS Z PS PM PB
PS NM NS Z PS PM PB PB
PM NS Z PS PM PB PB PB
PB PB PB PB PB PB PB PB

4.6. Fuzzy Inference. The fifth step is to apply fuzzy inference
to determine the appropriate output fuzzy sets based on the
input fuzzy sets and the assumed fuzzy rules. The inference
procedure generates a fuzzy output by combining the fuzzy
rules with the membership degrees. Several inference al-
gorithms, such as Mamdani and Sugeno, are available for
deployment. This research employed Mamdani type FLC
instead of Sugeno type FLC due to the following advantages.
The Mamdani FLC uses linguistic variables and fuzzy rules
that can be easily interpreted by humans. It functions sat-
isfactorily in the presence of uncertainty and insufficient
inputs. The inherent uncertainty in real-world systems can
be captured and modeled with the use of fuzzy sets and
linguistic concepts. Its robustness to uncertainty makes
Mamdani FLC suitable for applications in which precise
mathematical models are not available or difficult to obtain.
Moreover, it can be easily implemented for the control of DC
voltage regulator in the SSSC.

4.7. Implementation. In the last step, the PI controller in the
DC voltage regulator of the SSSC is replaced by the designed
FLC. Then, the performance of the proposed FLC is assessed
by performing time-domain simulations. For this purpose,
active and reactive powers as well as voltage at the PCC of
wind farms are analyzed. In addition, the simulation results
obtained from the FLC are compared with the results ob-
tained from a PI controller to verify its effectiveness.

5. Voltage Stability Index

The employed voltage stability index is described in this
section. The risk of voltage instability in the electrical grid is
estimated by using this index. It should be noted that
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stability indices in power systems [47, 48]. The VSI, which — P+Q
was proposed in reference [49], is utilized in the present - ’
work to assess the voltage stability of the power systems I
_—

under study [50]. Consider a transmission line in a multi-
machine power system, as shown in Figure 7, where usual
notations have been adopted. In Figure 7, buses i and j show
the sending bus and receiving bus of the transmission line,
respectively.

Based on the value obtained for VSI, the following
conclusions can be drawn about the system voltage stability:

(i) VSI greater than 1 specifies that the transmission
line is in its power transmission range.

(ii) VSI equal to 1 indicates the maximum power
transfer capability of the transmission line.

FIGURE 7: Schematic representation of a two-bus transmission
system.

(iii) VSI of less than 1 shows violation in maximum
transferable power and thus indicates system volt-
age instability.

The employed VSI is calculated by using the following
equation [49]:

VSI =

|V”2J[@z—uPRf4(Qi—uPX)1(R2+X4) |V, 12[(P; - IIPR)R +(Q; ~IIPX)X]

(10)

2(P,X - QR)’

>

2(P,X - QR)’
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where V; is the voltage at bus i, P; is the load active power at
bus i, Q; is the load reactive power at bus i, I is the
transmission line current. Also, R and X are the resistance
and reactance of transmission line, respectively.

6. Test Systems and Simulation Results

The proposed method is implemented on two power sys-
tems. The first system is a simple system that includes
a 9MW wind farm connected to a grid, and the second
system is the IEEE 9-bus test system integrated with
a 45 MW wind farm. In both systems, three types of wind
farms have been utilized. In the first system, three different
combinations of wind farms have been used. Therefore,
a total of 4 test systems (known here as Systems A, B, C, and
D), were considered. As shown in Figure 8, in System A there
are six 1.5 MW DFIG-based wind turbines with a total
output of 9 MW. System B, which is shown in Figure 9,
consists of six 1.5MW SCIG-based wind turbines with
a total output of 9 MW. The general scheme of System C that
includes a combined wind farm (CWF), is illustrated in
Figure 10. The CWF is composed of three 1.5 MW SCIG
wind turbines and three 1.5 MW DFIG wind turbines for
a total output of 9MW. In system D, which is indeed the
modified IEEE 9-bus system, SCIG wind farm, DFIG wind
farm, as well as CWF are used.

In Systems A and B, the wind farms are represented by
three sets each with two wind turbines. Each set of wind
turbine is connected to a 25kV/575V transformer and is
located at a distance of 1 km from the PCC (i.e., bus B1). In
each set of SCIG wind turbine, a 400 kVAr capacitor bank is
also used. Moreover, a 500 kW load is connected to each set
of DFIG wind turbine. The voltage at bus Bl is equal to
25kV. The wind speed was assumed to be 10 m/s. The wind
farms are connected to a 25kV distribution system and
transmit power to a 120kV grid through a 25km and 25kV
feeder. In both Systems A and B, the wind farms are
equipped with an SSSC near bus B1, as shown in Figures 8
and 9. As can be seen in Figure 10, there is no SSSC con-
nected to System C; however, a 400 kV Ar capacitor bank and
a 500-kW load are connected to the SCIG and DFIG-based
wind turbines, respectively. Again, the wind speed is as-
sumed to be 10 m/s. The parameters of the SCIG, DFIG, and
SSSC of the test systems, are provided in the Appendix.

For Systems A, B, and C, the behavior of the employed
wind farms under both single-phase fault and three-phase
fault conditions was examined. The faults are assumed to
occur at bus B2 at 15 from the start of simulation, and are
cleared at 15.2s (i.e., faults are cleared in 0.2s). The sim-
ulation results obtained for terminal voltage, active power,
and reactive power at the PCC are presented.

In System D, which is widely used for power systems
stability study, the synchronous machines are equipped with
voltage regulators combined with an exciter and compre-
hensive model of steam turbine and governors. All loads are
modeled using three-phase parallel RLC PQ load blocks (Y
grounded configuration). An IEEE type 1 excitation system
is used for all voltage regulators. The data for System D (i.e.,
IEEE-9 bus system) can be found in [51].

In Figure 11, the wind farms are connected to bus B5,
and the faults are also assumed to occur at bus B5. There are
thirty 1.5 MW wind turbines in the DFIG and SCIG wind
farms, which result in a total output of 45 MW. However, the
CWEF is composed of fifteen 1.5 MW SCIG wind turbines
and fifteen 1.5 MW DFIG wind turbines for a total output of
45 MW. Each wind farm is connected to a 25kV/575V
transformer and is located at a distance of 10 km from the
PCC. In the DFIG-based wind turbines and SCIG-based
wind turbines, the wind farms are equipped with an SSSC.
However, there is no SSSC connected to the CWF of System
D, as shown in Figure 11. The performance of the employed
wind farms under both three-phase fault and line-to-line
fault was studied in System D. The simulation results ob-
tained for terminal voltage, active power, and reactive power
at the PCC (i.e., bus B5) are presented. Note that although all
the three wind farms are shown in Figure 11, in each
simulation, it is assumed that only one wind farm, i.e., one of
the SCIG, DGIG, or CWF, is connected to the IEEE 9-bus
system.

6.1. Simulation Results for Single-Phase Fault on Systems A, B,
and C

6.1.1. Active Power Variation. In this section, it is assumed
that a single-phase to ground fault of 0.2 seconds duration
occurs at bus B2 in Systems A, B, and C. As shown in
Figure 12, active power of the DFIG wind farm decreases to
8.1 MW during the faulted period; however, it quickly re-
covers to its prefault value in the postfault state. Never-
theless, it can be seen that with the presence of SSSC in the
DFIG wind farm, the conventional (PI) controller and FLC
have almost the same effect on the active power oscillations.
It can also be seen that in the postfault period, thanks to the
presence of SSSC, oscillations in the active power of the
DFIG wind farm are less than the corresponding oscillations
in the CWF without the SSSC. During the faulted period, the
active power level of the SCIG wind farm, either with
SSSC-based FLC or with SSSC-based PI controller, is higher
than that of DFIG wind farm.

The output power of the SCIG wind farm, which is equal
to 8.95MW in the prefault state, decreases to 8.93 MW
during the faulted period, that is, this wind farm experiences
only a 0.02 MW reduction in its output power. As illustrated
in Figure 12, in the faulted period, CWF- and DFIG-based
wind farm experience, respectively, 0.71 MW and 0.79 MW
reductions in their active powers. Therefore, regarding active
power variation and for the case of single-phase fault, the
SCIG wind farm with an SSSC has shown superior per-
formance, compared to the CWF and DFIG wind farm. This
superiority is due to the fact that in the case of single-phase
to ground faults, the SCIGs are still capable of generating
electrical power during the faulted period.

6.1.2. Terminal Voltage Variation. Figure 13 shows the
terminal voltage variation at the PCC of wind farms for
a 0.2 seconds duration single-phase to ground fault at bus B2
in Systems A, B, and C. As can be seen in Figure 13, terminal
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voltage in all the employed wind farms decreases drastically
during the faulted period. However, voltages of all the wind
farms return back, very quickly and without any oscillations,
to their prefault values in the postfault state. Therefore, we
can conclude that regarding terminal voltage variation and
in the event of single-phase fault, all the employed wind
farms have performed similarly.

% 400 kvar
farm based on SCIG (System B).

6.1.3. Reactive Power Variation. The variation in reactive
power of wind farms for a 0.2 seconds duration single-phase
fault at bus B2 in Systems A, B, and C, is shown in Figure 14.
As can be seen in this figure, all the wind farm experience
only a little variation in their absorbed reactive powers, in
the faulted period. Furthermore, we can observe that the
DFIG farm with the SSSC-based PI controller absorbs the
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least amount of reactive power from the grid. The CWF and
DFIG wind farm with the SSSC-based FLC draw almost the
same amount of reactive power. However, the SCIG wind
farm draws the largest amount of reactive power. This is
because in the case of DFIG-based wind farm, in addition to
the SSSC, the converters used in the DFIGs also contribute to
providing the required reactive power of wind turbines,
whereas there is no converter in the SCIG-based wind farm.

6.2. Simulation Results for Three-Phase Fault on Systems A, B,
and C

6.2.1. Active Power Variation. Figure 15 illustrates active
power variation of the employed wind farms for
a 0.2 seconds duration three-phase fault at bus B2, in Sys-
tems A, B, and C. Note that a three-phase fault is usually the
most severe type of fault in power systems. As shown in
Figure 15, active power of the SCIG wind farm falls to almost
zero during the faulted period, and remains at this value
until the end of simulation. As a result, the SCIG wind power
plant is disconnected from the grid in the postfault state. It

should be noted that basically an SCIG is not a robust
generator, due to its constant speed characteristic and
limited control over its output power. Thus, it may not be
able to maintain its stability in the event of severe faults such
as three-phase short circuit. For the SCIG-based wind farm,
the SSSC was unable to improve the performance of wind
turbine, either with the PI controller or with FLC.

On the other hand, active power of the DFIG wind
turbine with the SSSC, whether equipped with a PI controller
or with a FLC, quickly returns back to its prefault value
(9 MW), in the postfault state. In fact, a DFIG is connected to
the grid through a power electronic converter, and this
makes it to be more flexible and controllable than an SCIG
which is directly connected to the grid. However, the active
power of the DFIG with SSSC-based FLC, experiences less
oscillations in the postfault period compared to the DFIG
with SSSC-based PI controller. As can be seen in Figure 15,
for the DFIG wind farm with SSSC-based FLC, oscillations
in the active power are damped out approximately
0.65 seconds faster than those of the DFIG wind farm with
SSSC-based PI controller. It seems that the FLC improves the
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SSSC performance, which in turn enhances the behavior of
DFIG wind farm.

It can also be seen in Figure 15 that the CWF without
SSSC is able to return back to its prefault steady-state
condition in the postfault period. However, compared to
the DFIG, it takes longer time for the CWF active power to
reach its prefault value. The final conclusion is that, con-
sidering active power variation, the DFIG wind turbine with
SSSC-based FLC, has the best performance under three-
phase fault condition.

In Figure 16, active power variation of the DFIG and
SCIG wind turbines in the CWF, for the assumed three-
phase fault, are plotted separately. As seen in this figure, both
DFIG and SCIG turbines can recover their active powers and
stay connected to the grid, in the postfault period.

To further investigate the performance of SSSC-based
FLC, we slightly changed the active power of the DFIG wind
farm from its nominal value. Then, we re-simulated the
behavior of the DFIG wind farm for the aforementioned
three-phase fault. The obtained simulation results (not
mentioned in this paper), showed that the DFIG wind farm
with SSSC-based FLC can maintain its stability and remain
connected to the grid in the postfault period. Therefore, it
can be concluded that the SSSC-based FLC is able to
maintain the stability of the wind farm even for those op-
erating points that differ from the nominal operating con-
ditions. In contrast, the DFIG wind farm with the SSSC-
based PI controller failed to maintain its stability and dis-
connected from the grid.

Similarly, we investigated the performance of SSSC-
based FLC in the SCIG wind farm, by changing the op-
erating conditions of the SCIG. Again, the simulation
results (not reported in this paper), showed that the SCIG
wind farm with FLC-based SSSC can maintain its stability
and stay connected to the grid in the postfault period. In
contrast, the SCIG wind farm with the SSSC-based PI
controller was unable to maintain its stability and was
disconnected from the grid. Thus, we can conclude that the
FLC is a robust controller against changes in the system
operating conditions.

6.2.2. Terminal Voltage Variation. The terminal voltage
variation at the PCC of wind farms for a three-phase fault of
0.2 seconds duration at bus B2 in Systems A, B, and C, is
shown in Figure 17. As we can see in Figure 17, the terminal
voltage in all the employed wind farms decreases drastically
during the faulted period. However, all generators except the
SCIG, recover their terminal voltages and reach stable states
in the postfault period. After clearing the fault, the SCIG
terminal voltage reaches 0.65 p.u., whereas it was 0.93 p.u. in
the prefault system. Consequently, this generator cannot
maintain its stability and is disconnected from the network.

The CWF can also recover its terminal voltage and its
voltage quickly returns back to the prefault value of 1 p.u., in
the postfault state. However, both the DFIG wind farm with
SSSC-based FLC and the DFIG farm with SSSC-based PI
controller can recover their terminal voltage much faster
than other wind turbines. Furthermore, the DFIG with FLC
has better performance than the DFIG with PI controller. In
fact, the FLC causes the DFIG terminal voltage to experience
less oscillations in the postfault period. Again, this confirms
the superiority of the FLC over the PI controller. It can be
seen in Figure 17 that for the DFIG wind farm, the FLC
damps out the terminal voltage oscillations approximately
0.4 seconds faster than the PI controller.

Table 2 summarizes the results obtained in this sub-
section and in the previous subsection. In this table, the
maximum overshoot in percent and settling time in seconds,
for both active power and terminal voltage of all the studied
wind farms, are given. As can be seen in Table 2, regarding
both active power variation and terminal voltage variation,
the DFIG wind farm with SSSC-based FLC, has the lowest
settling time and can maintain its stability faster than other
wind turbines in the postfault period.

6.2.3. Reactive Power Variation. The reactive power varia-
tion of the studied wind farms for a 0.2 seconds duration
three-phase fault at bus B2 in Systems A, B, and C, is shown
in Figure 18. It can be seen in Figure 18 that all wind turbines
experience large variations in their reactive powers, during
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TaBLE 2: Maximum overshoot and settling time of active power and terminal voltage for three-phase fault.

Active power

Wind turbine/values

Maximum overshoot (%)/settling

Terminal voltage

Maximum overshoot

time (s) (%)/settling time (s)
DFIG with SSSC-FLC 35.07 16.22 18.49 15.26
DFIG with conventional SSSC 8.53 16.91 15.52 15.40
SCIG with SSSC-FLC 3.12 Disconnected 6.52 Unstable
SCIG with conventional SSSC 3.12 Disconnected 6.52 Unstable
CWF without SSSC 0 16.89 13.68 16.63

the faulted period. However, SCIG wind farms, both with
SSSC-based FLC and SSSC-based PI controller, were unable
to recover their reactive powers in the postfault state. As
a matter of fact, due to high voltage drop in the system, the
SCIG wind turbine needs to absorb a large amount of re-
active power from the grid to recover in the postfault period.
It seems that the network was unable to provide the reactive
power required by the SCIG wind turbine, and as a result, it
was disconnected from the grid.

The reactive powers of both the DFIG wind farm and
the CWF reach their steady-state values in the postfault
period. However, compared to the DFIG wind farm, the

CWF needs a longer time to recover its reactive power. As
shown in Figure 18, in the postfault state, the reactive
power of the DFIG wind turbine with SSSC-based FLC
recovers faster than other wind turbines. It can also be seen
that compared to the DFIG with SSSC-based FLC, there are
more oscillations in the reactive power of DFIG with
SSSC-based PI controller. In other words, compared to the
PI controller, the FLC has been able to improve the per-
formance of SSSC more effectively. It can be seen in Fig-
ure 18 that for the DFIG wind farm, the FLC damps out
reactive power oscillations approximately 0.6seconds
faster than the PI controller.
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In Figure 19, reactive power variation of the DFIG and
SCIG wind turbines in the CWEF, for the aforementioned
three-phase fault, are plotted separately. It is seen in this
figure that both the DFIG and SCIG turbines can recover
their reactive powers and stay connected to the network, in
the postfault state. As shown in Figure 19, the SCIG is
drawing reactive power from the grid. In contrast, the DFIG
is injecting reactive power to the grid. In fact, the AC/DC/
AC converter is responsible for generating reactive power in
the case of DFIG.

In Table 3, some values of the VSI for the DFIG-based
wind farm, SCIG-based wind farm as well as CWF, are
presented for the case of single-phase to ground fault. For
the DFIG wind farm, the VST isless than 1 from the initiation
of fault (i.e., t=15seconds) to t=15.05seconds, which
means the voltage is unstable during this time duration.
However, the VSIis greater than 1 after t = 15.15 seconds and
remains greater than 1 until the end of simulation. This
verifies that the transmission line is being used within its
permissible power range in the postfault state. For both the
SCIG wind farm and CWF, similar results were obtained for
the VSI. Therefore, regarding voltage stability and consid-
ering single-phase fault, all the employed wind farms had
almost the same behavior.

Some values of the VSI for the three-phase fault are also
given in Table 3. As can be seen in Table 3, the VSI for the
DFIG wind farm is less than 1 from the initiation of fault (i.e.,
t=15seconds) to t=15.15 seconds, meaning that the voltage
is unstable during this time duration. The VSl is greater than 1
from t=15.25 seconds until the end of simulation, indicating
that in the postfault state, the transmission line is being used
within its permissible power range. The VSI for the SCIG
wind farm is less than 1 until #=15.25seconds. From
t=15.35seconds until the end of simulation time, the VSI is
greater than 1, which indicates the transmission line is being
used within its permissible power range. The VSI for the CWF
is also greater than 1 from t=15.35seconds until the end of
simulation, which again means the transmission line is being
operated within its permissible power range. These results
show that the DFIG wind farm is able to regain its voltage

stability faster than both the SCIG wind farm and CWF. In
fact, the simulation results show that in comparison with the
DFIG, it takes approximately 0.30seconds longer for the
SCIG wind farm and CWF to recover in the postfault period.
In other words, the performance of the DFIG wind farm
equipped with either SSSC-based FLC or SSSC-based PI
controller was better than other wind farms, for three-phase
fault condition.

6.3. Simulation Results for Three-Phase Fault on System D
(IEEE 9-Bus)

6.3.1. Active Power Variation. In this section, it is assumed
that a three-phase fault of 0.2 seconds duration occurs at the
PCC (i.e., bus B5) in System D (IEEE 9-bus system). As
shown in Figure 20, active power of the SCIG wind farm falls
to zero during the faulted period, and remains at this value
until the end of simulation. Consequently, the SCIG wind
power plant is disconnected from the grid in the postfault
state. For the SCIG wind turbine, the SSSC was unable to
improve the performance of SCIG, either with the PI
controller or with the fuzzy logic controller.

On the other hand, oscillation in the active power of
DFIG wind turbine with an SSSC, whether equipped with
a PI controller or with a fuzzy logic controller, quickly decays
after clearing the fault. As mentioned before, a DFIG is
connected to the grid through a power electronic converter,
which makes it to be more flexible and controllable than an
SCIG that is connected to the grid directly. However,
compared to the DFIG with SSSC-based PI controller, the
active power of the DFIG with SSSC-based FLC experiences
less oscillations in the postfault period. As can be seen in
Figure 20, for the DFIG wind farm, the FLC damps out active
power oscillations approximately 0.9 seconds faster than the
PI controller. It can be concluded that the FLC improves the
SSSC performance, which in turn enhances the behavior of
the DFIG wind farm.

It can also be seen in Figure 20 that the CWF without
SSSC stay connected to the grid, in the postfault period.
However, compared to the DFIG wind farm, the CWF needs
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a longer time to recover its active power. Therefore, it can be
concluded that regarding active power variation and for the
three-phase fault conditions, the DFIG wind farm with
SSSC-based FLC, had the best performance among other
wind farms.

6.3.2. Terminal Voltage Variation. The terminal voltage
variation of the wind farms for a three-phase fault of
0.2 seconds duration at bus B5 in the IEEE-9 bus system
(System D) is shown in Figure 21. As we can see in Figure 21,
the terminal voltage in all the employed wind farms de-
creases drastically during the faulted period. However, all
generators except the SCIG, recover their terminal voltages
and reach stable states in the postfault period. After clearing
the fault, the terminal voltage of SCIG reaches 0.77 p.u.,
whereas it was 0.95 p.u. in the prefault system. As a result,
this generator cannot maintain its stability and is discon-
nected from the grid.

The CWF is also able to recover its terminal voltage and
its voltage quickly returns back to the prefault value of 1 p.u.,
in the postfault period. However, both the DFIG wind farm
with SSSC-based FLC and the DFIG farm with SSSC-based
PI controller can recover their terminal voltage much faster
than other wind turbines. Moreover, the DFIG with FLC has
better performance than the DFIG with PI controller. As
a matter of fact, the FLC causes the DFIG terminal voltage to
experience less oscillations in the postfault period. This again
confirms the superiority of the FLC over the PI controller. It
is seen in Figure 21 that for the DFIG wind farm, the FLC
damps out terminal voltage oscillations approximately
0.8 seconds faster than the PI controller.

Table 4 summarizes the results obtained in this sub-
section and in the previous subsection. In this table, the
maximum overshoot in percent, and settling time in sec-
onds, for both active power and terminal voltages of all the
studied wind farms in the IEEE 9-bus system, are given. As
can be seen in Table 4, regarding active power variation and
terminal voltage variation, the CWF without SSSC has the
lowest outshoot. In addition, regarding terminal voltage
variation, the CWF has the lowest settling time and can
maintain its stability faster than other wind turbines in the
postfault state. It can also be seen that considering active
power variation and terminal voltage variation, the DFIG
wind farm with SSSC-based FLC has better performance
than the DFIG wind farm with SSSC-based PI controller.

6.3.3. Reactive Power Variation. The reactive power varia-
tion of the studied wind farms for a three-phase fault of
0.2 seconds duration at bus B5 in System D (IEEE 9-bus
system), is shown in Figure 22. It can be seen in Figure 22
that all the wind turbines experience large variations in their
reactive powers, in the faulted period. However, the SCIG
wind farms, both with SSSC-based FLC and with SSSC-
based PI controller, are unable to recover their reactive
powers in the postfault state. As previously explained, due to
high voltage drop in the postfault system, the SCIG wind
turbine needs to draw a large amount of reactive power from
the grid to recover. The network was unable to provide the
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required reactive power of the SCIG wind turbine; thus, it
was disconnected from the grid.

The reactive powers of both the DFIG wind farm and the
CWEF reach their steady-state values in the postfault period.
However, the reactive power of the CWF recovers faster than
other wind turbines in the postfault state. It can also be seen
that compared to the DFIG with SSSC-based FLC there are
more oscillations in the reactive power of DFIG with SSSC-
based PI controller. This confirms that in comparison with
the PI controller, the FLC has been able to improve the
performance of SSSC more effectively. It is seen in Figure 22
that for the DFIG wind farm, the FLC damps out reactive
power oscillations approximately 1.1 seconds faster than the
PI controller.

6.4. Simulation Results for Line-to-Line Fault on System D
(IEEE 9-Bus)

6.4.1. Active Power Variation. In this section, we assume
that a line-to-line fault of 0.2 seconds duration occurs at the
PCC (ie., bus B5) in System D (IEEE 9-bus system). As
shown Figure 23, all the wind turbines experience large
variations in their active powers in the faulted period. It is
seen in Figure 23 that active power of the SCIG wind farm
with SSSC-based PI controller cannot be recovered; there-
fore, this wind farm is disconnected from the grid in the
postfault state. In contrast, the SCIG wind farm with SSSC-
based FLC recovered its active power and stayed connected
to the grid. In addition, oscillation in the active power of
DFIG wind turbine with the SSSC, whether equipped with
a PI controller or with a FLC, quickly decays after clearing
the fault. However, the active power of the CWF recovered
faster than other wind turbines. Therefore, it can be con-
cluded that regarding active power variation and in the event
of line-to-line fault, the CWF has the best performance
among other wind farms.

6.4.2. Terminal Voltage Variation. The terminal voltage
variation of the wind farms for a line-to-line fault of
0.2 seconds duration at bus B5 in the IEEE-9 bus system
(System D) is shown in Figure 24. We can see in Figure 24
that terminal voltage in all the employed wind farms is
greatly reduced during the faulted period. However, all the
wind generators except the SCIG with SSSC-based PI
controller recovered their terminal voltage and reached
stable states in the postfault period. Furthermore, oscillation
in the terminal voltage of DFIG wind turbine with SSSC,
whether equipped with a PI controller or with a FLC, quickly
decays in the postfault state. Nevertheless, the CWF terminal
voltage recovered faster than other wind turbines. Conse-
quently, we can conclude that regarding terminal voltage
variation and for the case of line-to-line fault, the CWF has
the best performance among other wind farms.

6.4.3. Reactive Power Variation. The reactive power varia-
tion of the wind farms for a line-to-line fault of 0.2 seconds
duration at bus B5 in System D (IEEE 9-bus system), is
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TaBLE 4: Maximum overshoot and settling time of active power and terminal voltage in IEEE 9-bus system.

Active power

Wind turbine/values

Maximum overshoot (%)/settling

Terminal voltage

Maximum overshoot

time (s) (%)/settling time (s)
DFIG with SSSC-FLC 18.84 17.38 13.42 15.57
DFIG with conventional SSSC 18.98 17.73 13.44 15.60
SCIG with SSSC-FLC 9.48 Disconnected 1.52 Unstable
SCIG with conventional SSSC 9.48 Disconnected 1.52 Unstable
CWF without SSSC 8.60 17.94 1.48 15.28
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FIGURE 22: The effect of three-phase fault on the reactive power at PCC of IEEE 9-bus system.

shown in Figure 25. It can be seen in Figure 25 that all the
wind turbines experience large variations in their reactive
powers, in the faulted period. However, the SCIG wind farm
with SSSC-based PI controller was unable to recover its
reactive power and was disconnected from the grid in the
postfault system. It can also be seen in Figure 25 that the FLC
employed for the SSSC in SCIG wind turbine, improved the

behavior of this wind turbine; therefore, the SCIG wind farm
with SSSC-based FLC was able to recover its reactive power
in the postfault state.

The reactive powers of both the DFIG wind farm and the
CWEF reach their steady-state values in the postfault period.
However, the reactive power of the CWF recovered faster
than other wind turbines. In addition, it is seen in Figure 25
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that in comparison to the DFIG with SSSC-based FLC, there
exist more oscillations in the reactive power of DFIG with
SSSC-based PI controller. Therefore, compared to the PI
controller, the FLC has been able to improve the perfor-
mance of SSSC more effectively in the DFIG wind farm.

7. Discussion

The method proposed in this paper was implemented on two
test power systems; however, it can be applied to any other
power system in a similar way. It should be noted that in
both test systems, the wind farms were assumed to be
connected to a transmission system through a short
transmission line (or a radial distribution feeder). In the first
test system, the wind farms are connected through a 25km
distribution feeder to a grid that actually represents an
infinite bus. In the second test system, the wind farms are
connected to a load bus in the IEEE 9-bus system through
a 10 km feeder. However, wind farms can also be utilized in
large distribution systems such as the IEEE 123-bus test
power distribution system [52]. Furthermore, wind farms in
a large distribution system can be connected to a trans-
mission system through a distribution feeder [53]. In such
cases, the wind farms are indeed connected to a hybrid
transmission-distribution power system. In a hybrid system,
a compensator such as the SSSC can also be used in dis-
tribution feeders connecting the wind farms to the trans-
mission system to enhance the dynamic performance of the
system. In addition, to improve the efficacy of the SSSC, it
can be equipped with a fuzzy logic controller. It should be
noted that the design and parameters setting of the fuzzy
logic controller in such a hybrid system could be a difficult
task. In this paper, the faults were assumed to occur at only
one location in the test systems. However, we can make
a better assessment for the performance of the proposed
SSSC by considering different fault locations in the studied
systems. It can be assumed that in addition to the distri-
bution level, faults also occur at the transmission level in the
hybrid system, so that the behavior of both the wind farms
and the synchronous generators could be investigated. It is
also suggested to evaluate the performance of SSSC and its
fuzzy logic controller by changing both the wind energy
penetration level in the distribution system and the output
powers of synchronous generators in the transmission
system. Investigating all these issues could be considered as
future research works.

8. Conclusion

Nowadays, wind energy plays an important and growing role
in the electric power systems and its penetration level is
increasing. However, the integration of wind energy into the
power systems may affect the dynamic performance of
power systems. To improve the performance of power
systems integrated with wind farms, some compensators are
usually employed. In this article, the behavior of power
systems connected to squirrel cage induction generator-
(SCIG-) based wind farm, doubly-fed induction generator-
(DFIG-) based wind farm, and combined wind farm (CWF),
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was examined under short-circuit faults conditions. A CWF
consists of an equal number of both generators, i.e., SCIG
and SCIG. For the wind farms based on the SCIG and DFIG,
a static synchronous series compensator (SSSC) was also
utilized. Furthermore, a fuzzy logic controller (FLC) as well
as a conventional (PI) controller was used for the SSSC in the
studied systems. The method proposed in this paper was
implemented on two test power systems. The first system is
a simple system that includes a 9 MW wind farm connected
to the grid, and the second system is the IEEE 9-bus test
system which is integrated with a 45 MW wind farm. To
evaluate the effectiveness of the proposed approach, the time
variation of wind farms terminal voltage, active power, and
reactive power, along with a voltage stability index (VSI),
were monitored in the event of faults in the studied systems.
All simulations were carried out in MATLAB/Simulink
software. The obtained simulation results are summarized as
follows:

(i) Single-phase to ground fault

In both systems, the performance of the SCIG wind
farm, either with SSSC-based FLC or with SSSC-
based PI controller, was better than the CWF and
DFIG wind farm. Compared with the CWF and
DFIG wind farm, the SCIG wind farm took less time
to recover in the postfault period. Nevertheless, the
SCIG wind farm absorbed more reactive power
from the network to maintain its stability. In ad-
dition, both the CWF and DFIG wind farm were
also able to stay connected to the grid.

(ii) Three-phase fault

The SCIG wind farm was disconnected from the
grid in both systems. For the SCIG wind farm, the
SSSC was unable to improve the performance of
wind turbine, either with the PI controller or with
the FLC. Both the CWF and the DFIG wind turbine
were able to stay connected to the grid in the
postfault period. However, the DFIG wind turbine
with SSSC-based FLC had the best performance in
both systems. The results obtained also indicated
that in the IEEE 9-bus system, the FLC was able to
damp out wind farms terminal voltage oscillations,
active power oscillations and reactive power oscil-
lations by 0.8, 0.9, and 1.1 seconds, respectively,
faster than the PI controller.
(iii) Line-to-Line fault

The line-to-line fault was considered only in the
IEEE 9-bus system. The SCIG wind farm with SSSC-
based PI controller was unable to stay connected to
grid; however, the SCIG wind farm with SSSC-based
FLC was able to maintain its stability. Both the CWF
and the DFIG wind turbine stay connected to the
grid in the postfault state. Nevertheless, the CWF
had the best performance among other wind farms.

The obtained results showed that although an SSSC
together with a PI controller or a FLC can improve the
performance of the SCIG- and DFIG-based wind farms, the
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CWF wind farm also has proper and acceptable dynamic
performance. Therefore, a power system could be integrated
with a CWF without any additional costs and/or using any
compensators. In this article, all noises and measurement
errors have been ignored. Future research can be focused on
considering these errors in the proposed method.

Appendix

This section presents Table 5, which gives the parameters of
SCIG, DFIG, and SSSC in the studied systems.
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