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ABSTRACT There is a growing need for stability enhancement in modern electrical networks integrated
with wind energy, particularly due to different oscillation modes disturbances. Power system stabilizers
(PSSs) are used to mitigate oscillations and improve the stability of the power system. This paper presents a
comprehensive analysis of single-band PSS1A and multi-band PSS4C (MB-PSS4C) connected to the ST1A
excitation system. An efficient approach in the selection of the parameters of MB-PSS4C using Particle
Swarm Optimization (PSO) is proposed. A comparative investigation linked to the common Pattern Search
and Simplex Search, from previous work, has been conducted to gauge the efficacy of PSO. The generator’s
transient stability with considerations of relative power angle (power angle differences), speed deviation,
and active power of synchronous generators (SGs) are analyzed. Different wind penetration levels ranging
from 36MW to 108 MW are integrated into the network and are investigated. Results demonstrate that PSO-
MB-PSS4C connected to ST1A stabilizes the system effectively with reduced settling time while mitigating
the peak power angle differences of SGs. Reduced settling time of 1.35 s is observed for wind penetration
of 48 MW, with 43.31◦ peak power angle; while for high wind penetration of 108 MW, the settling time is
around 8 s with peak power angle of 43.9◦.

INDEX TERMS Multi-band PSS4C, power system stabilizer, particle swarm optimization, transient stability,
wind energy.

I. INTRODUCTION
In recent years, environmental aspects, fossil fuel depletion,
and increased energy demands propelled the integration of
renewable energy technologies into power systems [1], [2].
Wind energy is one of the fastest-growing and matured
renewable energy sources across the world [2]–[4]. However,
wind energy relies on wind speed, weather, and terrain. Due
to the unpredictable nature of wind speed, wind turbines
may not consistently generate the same amount of electricity
as conventional sources. Therefore, the integration of wind
energy makes challenges on power system stability [4]–[7]
and creates adverse effects on system stability.

The associate editor coordinating the review of this manuscript and
approving it for publication was Siqi Bu.

System stability is one of the most significant problems
that should be addressed towards increased reliability. It can
be categorized into different classifications, such as small-
disturbance stability, transient stability, and voltage stability.
In this research, transient stability is considered, which is
the ability of a power system to remain synchronized after
a severe disturbance [8], such as three-phase fault (con-
sidered as the most severe fault) [9], loss of transmission
line, or significant increase of load [10]. Disturbances occur
mainly in the form of oscillations, which include three main
oscillation modes. The local mode refers to the swinging of
one generator at the power station against the remains of the
system. Inter-area mode is correlated with the generators’
swinging in one area against generators in other areas [11].
The frequency of local-area mode ranges from 0.7 Hz to

20860
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 10, 2022

https://orcid.org/0000-0002-5201-8179
https://orcid.org/0000-0002-2060-8748
https://orcid.org/0000-0002-4706-8534
https://orcid.org/0000-0001-5400-7708


A. A. Alsakati et al.: Transient Stability Enhancement of Grid Integrated Wind Energy

2.0 Hz, and the frequency of inter-area oscillation is within
the range of 0.1–0.8 Hz [12]. On the other hand, the global
mode is related to the swinging of all machines when the
frequency of oscillation is very low, ranging from 0.01 Hz
to 0.05 Hz [13].

As the effects of these oscillations can be severe, it is
required to mitigate the system’s instability issues for power
system operation and planning purposes. Various forms of
controls may be applied to improve system stability by using
devices such as FACTS [9], STATCOM [14], [15], and Static
Var Compensator (SVC) [14]. However, a Power System
Stabilizer (PSS) is considered as an effective solution for
damping oscillations [13], [16], [17] as it improves the sta-
bility margin and network reliability.

Improved PSS can cope with different oscillation
modes [7], [18]. This requirement led to the development of
MB-PSS with multi-band transfer functions that offer higher
levels of flexibility and reliability compared to Conventional
PSS (CPSS) for the different oscillation modes [7], [18], [19].
MB-PSS4B is developed based on multiple frequency bands
and consists of three bands that are correlated with differ-
ent oscillation modes. Each band comprises gains, filters,
and limiter [20]. Speed deviation and active power of Syn-
chronous Generators (SGs) are used as inputs to MB-PSS
[21], [22].

Additionally, PSS parameters must be defined accurately
to achieve better response under severe disturbances. A fail-
ure in the comprehensive tuning approachmay destabilize the
power system. Studies have been carried out on the different
optimization methods used to tune PSS. Three optimization
algorithms (culture, PSO and co-evolutionary algorithms)
were combined to propose a design for MB-PSS to select
the PSS parameters [19]. The results of the proposed design
showed suppressing the oscillations under loading condi-
tions, compared to the other MB-PSS designs. In [13], the
authors proposed an improved modal performance index as
objective function minimization to tune PSS4B, which is
effective in damping different oscillation modes compared to
that of the conventional PSS1A.

Focusing on enhancing the transient stability of the power
grid, Didier and Leveque (2016) [10] compared different
types of PSS and optimized the placement of Superconduct-
ing Fault Current Limiter (SFCL). The authors demonstrated
the effectiveness of the optimal resistive value of SFCL in
mitigating the angular separation variation of SGs.

Considering system uncertainties, Bhukya and Mahajan
(2019) [4] investigated how static series synchronous com-
pensator and PSS can enhance the stability of wind energy
that is incorporated into the IEEE standard network. The
research examined small-signal and transient stability using
the eigenvalue approach and time-domain simulation, where
speed deviation served as the objective function for PSO. The
study reported enhanced system stability, mitigated oscilla-
tions, and improved damping ratio. In [14], PSO was imple-
mented to select the parameters of PSS, SVC, and STATCOM
by taking into consideration the eigenvalue as the objective

function. The linearization of a nonlinear system was per-
formed to analyze system stability and mitigate oscillations
effectively Huang et al. (2020) [23] applied the MB-PSS to
an interconnection power system with the implementation of
wind energy. The researchers summarized that improved fre-
quency stability together with the local and inter-area modes
damping using MB-PSS.

Static synchronous compensator with Multi-Band Power
Oscillation Damper (MB-POD) was implemented to dampen
the low-frequency oscillations in the multi-machine power
system [15]. The MB- POD was used to control the voltage
through the voltage modulation with tuning the controllers
under different operating conditions using eigenvalue and
damping ratio analysis.

An actual power system was considered with wind energy
to analyze the dynamic responses of the system with the
power system stabilization of the wind turbines [24]. The
work showed a 180◦ phase shift between the oscillations of
the speed of SG and the power of wind turbine causing a
damping effect due to the phase shift. The active power of
wthe ind turbine reduced when the SG speed increased above
the rated power, and vice versa.

In a more recent study, Sharma et al. (2021) [25] evaluated
the performance of CPSS and MB-PSS for the integration
of 9 MW wind farm with a hydro power plant connected
to 200 MVA power grid. The research demonstrated the
superiority of MB-PSS over CPSS in improving the voltage
profile and mitigating the effects of the faults. The results
concluded that MB-PSS generated more active power at the
output compared to CPSS.

In [26], researchers considered a standard IEEE system
to analyze the transient stability with photovoltaic and wind
energy. The results showed improved transient stability with
the implementation of PSS4C but without optimization.
In our previous work [7], an optimized MB-PSS4C was
implemented to enhance the stability of the power system net-
work with wind energy. Pattern search algorithm and simplex
search algorithm were proposed to optimize the gains of the
controller MB-PSS4C, then compared its performance with
PSS1A. The results showed that the oscillation suppression
with the optimized MB-PSS4C. However, the pattern search
and simplex search methods are limited due to the need for
users to define the initial parameters of MB-PSS4C before
optimization. The limitation of these two methods motivated
us to apply PSO, which can optimize the parameters ran-
domly. Then, the parameters are updated for each iteration
until the convergence solution is achieved.

To highlight the research gap, Table 1 summarizes the
methodology and the findings from different research work.
Moreover, it also compares the previous work with the cur-
rent work. In view of the above, there is a considerable
amount of research concerning the eigenvalue analysis and
damping ratio analysis under different operating conditions
to tune PSS parameters [13], [15], [27], [28]. Eigenvalue and
damping ratio analysis are applied to linear power systems
during a small-disturbance stability analysis, and they do
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not reflect the dynamic performance of the power system
accurately. Furthermore, a linearized approach for a large
power system is a challenge to achieve, since the power
systems are nonlinear in nature. The integration of wind
energy into the systemmakes the linearization approachmore
complicated. Moreover, MB-PSS4C supersedes the PSS4B
controller introduced in IEEE Std 421.5TM-2005, and the
time constants of second and third lead-lag filters are not
specified in the IEEE Std 421.5TM-2016 [29]. In this work,
a new method is proposed to tune the parameters of MB-
PSS4C using PSO.

Thus, the importance to suppress different oscillation
modes and the need to select the parameters of PSS4C have
propelled the importance to focus on the optimized MB-
PSS4C. This research presents the implementation of the
two-area system with four machines integrated with wind
energy, and the power system stability is analyzed during the
fault. The key contributions of this paper are summarized as
follow:

1) Proposed an efficient method which is suitable for
nonlinear power systems and applied this method to
optimize the parameters of MB-PSS4C using PSO.

2) Compared the performance of Pattern Search (PS-MB-
PSS4C) and Simplex Search (SS-MB-PSS4C) algo-
rithms (from previous work) with PSO-MB-PSS4C to
assess the efficacy of the proposed algorithm.

3) Verified the results of PSO-MB-PSS4C by comparing
them with the performance of PSS1A, where parame-
ters of PSS1A are chosen from IEEE standard 421.5TM.

4) Investigated the effect of wind energy integrated into
the network, where the SGs are equipped with MB-
PSS4C.

This paper is structured as follows: Section II gives an
overview of the mathematical models and the PSSs, formula-
tion of the optimization method, and the electrical power sys-
tems; Section III describes the results of the method applied
to the standard power system for the evaluation of its perfor-
mance, followed by discussion and conclusion.

II. METHODOLOGY
There are several factors to be considered in the power system
design which affect the spinning motion of the SGs. These
factors include parameters of SGs, excitation systems, and
operating conditions [30]. For instance, the excitation sys-
tem functions to adjust the field current and maintain the
appropriate generated voltage [26]. PSS is integrated with an
excitation system to improve the power system stability, and
it introduces an auxiliary signal to increase the damping of
power system oscillations [10], [17].

Previous studies [7], [32] reported that the exciter ST1A
integrated with PSS yields better performance than DC1A
and IEEE Type 1. Therefore, the ST1A excitation system
is implemented based on IEEE Std 421.5TM-2005. Table 2
shows the data of the ST1A excitation system with a transient
gain reduction [20]. Fig. 1 presents the research methodology

TABLE 1. Comparison of the existing work with the proposed work.

that is implemented to optimize the parameters of PSO-MB-
PSS4C to enhance the transient stability of power systems.
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FIGURE 1. Flowchart of research methodology to optimize
PSO-MB-PSS4C.

A. SYSTEM MODEL
An electrical power system with multi-machine uses a non-
linear differential equation, described in Equation (1) [19]:

ẏ = f (y, x) (1)

TABLE 2. Sample data for ST1A excitation system [20] (IEEE 421.5-2005 -
Adapted and reprinted with permission from IEEE. Copyright IEEE 2005.
All rights reserved).

FIGURE 2. Transient stability limit designed in MATLAB/Simulink [37].

where y denotes the state variables, such as the rotor angle,
speed, and voltage; x is the input control signal, which repre-
sents the PSS signal.

Meanwhile, Equation (2) represents the non-linear
dynamic model for generator i [33], and the latter is used for
the transient stability analysis:

Hi
π f

d2δi
dt2
= Pmech,i − Pe,i (2)

where δi is the power angle of the machine; Pmechi refers
to mechanical input power; Hi denotes the inertia constant
of the SG. The swing equation (2) is often used in transient
stability studies, and it shows that the value of power angle is
a function of the balance between mechanical and electrical
power. If any change happens in the system, the balance is
affected, and the power angle oscillates and moves to other
positions.

Equations (3), (4) [33] and Equation (5) [27] evaluates the
internal transient voltages (E ′q,i, E

′
d,i), and field voltage Efd,i

of SG i:

dE ′q,i
dt
=

1
T ′d0,i

(Efd,i − E ′q,i − id,i(xd,i − x
′
d,i)) (3)

dE ′d,i
dt
=

1
T ′q0,i

(−E ′d,i − iq,i(xq,i − x
′
q,i)) (4)
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FIGURE 3. Diagram of two-area four-machine system integrated wind energy, subjected to a
three-phase fault in Bus8. (parameters of the existing system are found in [34], [37]).
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Efd,i =
1
Ta,i

(−Efd,i + Ka,i(Vref ,i + VPSS,i − Vt,i)) (5)

where xd,i and x ′d,i are d-axis reactance and transient reac-
tance. While, xq,i and x ′q,i are q-axis reactance and transient
reactance. T ′d0,i and T

′

q0,i are the time constant of SG i on d-q
axis.

MATLAB/Simulink is used to model the electrical net-
work, tune PSS parameters, and analyze system stabil-
ity. As part of the proposed method to improve system
stability, PSS1A and MB-PSS4C are modeled and evalu-
ated to assess the stability performance under large distur-
bances. There are several factors to be considered in the
evaluation of transient stability, such as the relative power
angle [7], [10], [28], [30], [32], [34], power angle [9], speed
deviation [32], [35], rotor speed [4], [14], and electrical power
of SGs [14], [28], [36].

Transient stability, as described in the introduction, is the
ability of SGs to maintain synchronism when subjected to
a larger disturbance. Power angle differences and speed
deviation of SGs are used as generator stability indicators.
A decrease in the relative power angle indicates a stable
system. In contrast, when the relative power angle of SG
increases to a large value, the generator loses synchronism
which leads to system instability [7], [30], [34]. The power
angle of SG based on reference generator is represented by
Equation (6) [30]:

δi,ref = δi − δref (6)

where δi is the power angle of a generator; δref is the power
angle of the reference; δi,ref is the power angle differences
between each generator and reference generator in degree.
The system is considered transient stable if all SGs reach
steady-state condition after disturbance. The transient stabil-
ity limit for any synchronous generator is when the relative
power angle (power angle difference) is less than 180◦ (π
radians) [30], [37]. Fig. 2 shows the transient stability limit
designed in MATLAB/Simulink, where the system loses its
stability if the relative power angle exceeds the limit [37].
Wind Energy Model: The wind generator converts the

mechanical power to electrical power as it extracts from
Equation (7) injected into the turbine [38]:

Pwind =
1
2
ρ · A · V 3 (7)

where V is the wind speed; A is the swept area of the turbine;
ρ is the air density.
The electrical output of the generator produced by wind

energy conversion system is presented by Equation (8)
[38]–[40] with the practical limitations of the proven Betz
limit [41].

The power coefficient, CP, is given by Equation (9)
[38], [39], whereCP correlates with the blade angle, tip speed
ratio λ (given by Equation (10)), and speed of wind, V .

Pout =
1
2
ρ · A · CP · V 3 (8)

CP = f (λ, β) (9)

FIGURE 4. Generator parameters include capacity, reactance, and d-q axis
time constants of SGs. Inertia coefficient H = 6.5 s (for G1 and G2), H =

6.175 (for G3 and G4) [34], [37].

λ =
R ∗ wR
V

(10)

B. TWO-AREA FOUR-MACHINE SYSTEM
This work selects a specific system to investigate power
system oscillations in the interconnected power system. This
system comprises two areas connected by 230 kV transmis-
sion network as well as two constant loads connected to Bus7
and Bus9. These two areas are equipped with SGs with a
rating of 900 MVA/20 kV. Fig. 3 presents the structure of the
system used in this research, which is integrated with the PSS
and wind energy, and simulated by the MATLAB/Simulink.
To investigate the effect of wind energy on transient stability,
wind turbines are connected to the existing system on Bus6.
The location of wind energy is selected from the literature [7]
for other optimization methods validations.

The generator parameters are given in Fig. 4, where the
reactances are in per unit, and d-q axis time constants are
in seconds [34], [37]. SGs are integrated with the governor,
excitation system type ST1A, and PSS. The frequency of
the system is 60 Hz. The current work referred to the liter-
ature [34], [37] to determine the parameters of SGs, trans-
formers, lines, and loads. The parameters of transmission line
in per unit are r = 0.0001 pu/km, xL = 0.001 pu/km, and
bC = 0.00175 pu/km. Load are connected to Bus7 & and
Bus9. The load and reactive power supplied by capacitors at
Bus7 are PL = 967 MW, QL = 100 MVAr, and QC = 200
MVAr.While at Bus 9, the load andQC are PL = 1, 767MW,
QL = 100 MVAr, and QC = 350 MVAr.
A three-phase fault occurs at Bus8; the fault then self-

clears in 12 cycles (200 ms). With different wind energy
penetrations, the effects of Double Fed Induction Gener-
ators (DFIGs) on transient stability are analyzed. DFIGs
present a good performance in reducing the relative power
angle of SGs [42]. In particular, with reference to [7], three
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FIGURE 5. Synchronous generator is connected to the network and
equipped with excitation system, governor and different types of PSSs.

FIGURE 6. Diagram of PSS1A with speed deviation input.

wind energy penetration levels, specifically 36 MW (consid-
ered as low penetration wind energy, where the system is
stable), 72MW, and 108MW (considered as high penetration
due to the significant increase in the settling time of relative
power angles), are selected for this research in order to com-
pare the performance of PSO with the simplex search and
pattern search optimization methods.

The input of PSS1A is the speed deviation of SG, while
the inputs of MB-PSS4C are speed deviation and electrical
power of SG. Power system stabilizer produces a signal to
control the excitation system. The speed govern and excita-
tion system adjust the electrical power and terminal voltage
of SG. Fig. 5 illustrates the diagram of the control systems
connected to the synchronous generator, and it also includes
the connection of two types of PSSs to the system.

1) SINGLE-INPUT PSS1A
Fig. 6 illustrates the PSS diagram with single input and its
components. The washout high-pass filter is used to keep the
controller output at zero under steady-state conditions [16]
and to enable the frequency ranges to pass during a transient
period [5]. Meanwhile, the signal is limited from exceeding
specific values by the limiter. PSS input signal serves as the
speed deviation, while its output indicates the input of the
exciter. The parameters of PSS1A, including gain and time
constants, are selected according to the type of excitation
system applied. The sample data of PSS-integrated ST1A is
based on the IEEE standard [29].

2) MULTI-AND PSS4C
In this research, theMB-PSS4C is implemented, which super-
sedes the PSS4B controller introduced in IEEE recommended
practice 2005 [29]. Fig. 7 shows the block diagram for MB-
PSS4C [29]. MB-PSS4C combines the speed deviation of
SG, dw, and electrical power, Pe. Besides that, it consists of
multiple frequency bands. The parameters of MB-PSS4C can
be found in IEEE standard [29].

The need for efficient damping of different electromechan-
ical modes led to the development of MB-PSS4C, which
uses four bands to dampen the power system disturbances
for different frequency modes. Referring to Equations (11–
14) [29], [43], time constants of first lead-lag filters can be
calculated for the high-band mode. Using these equations,
it is possible to derive time constants of first lead-lag filters
for other band modes taking into consideration the following
frequency bands: FVL = 0.01 Hz; FL = 0.07 Hz; FI = 0.6
Hz, and FH = 9 Hz, and R equals to 1.2 [29].

TH2 =
1

2π ∗ FH ∗
√
R

(11)

TH1 =
TH2

R
(12)

TH7 = TH2 (13)

TH8 = R ∗ TH7

TH2 = TH7 =
1

2π ∗ 9 ∗
√
1.2
= 0.01614 sec

TH1 =
0.01614

1.2
= 0.01345 sec

TH8 = 1.2 ∗ 0.0161 = 0.01937 sec (14)

However, the time constants of the second and third lead-
lag filters are zero by default, based on IEEE standard [29].
In this work, the optimization approach is implemented to
tune the gains and time constants of the second and third
lead-lag filters for optimal performance.

C. PARTICLE SWARM OPTIMIZATION (PSO)
A concept of optimization for nonlinear functions was intro-
duced in 1995 [44]. Particle Swarm Optimization (PSO) is
inspired by the behavior of social groups, including fish
schooling and bird flocking. It is a common algorithm that
is used to optimize the PSS controller, where the solutions
are achieved without considering the initial population, and
the balance of the local and global search space are con-
trolled [45]. The population (swarm) is initialized randomly,
and the generations are updated through iterations to find the
optimal solution. PSO uses the local search and global search
optimizationmethods, attempting to balance exploration. The
local search method represents the self-experience, while the
global search represents the neighboring experience [46].

In this work, the method starts by initializing gains and
time constants of the controller, inertia weight, and acceler-
ation factors. The lower and upper bounds (constraints) of
parameters are specified using the trial and error method.
The objective function of the integral time squared error
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FIGURE 7. Diagram of MB-PSS4C modeled in MATLAB [29]. (IEEE 421.5-2016 - Reprinted
and adapted with permission from IEEE. Copyright IEEE 2016. All rights reserved).

minimizes the relative power angle of SG, as in Equation (15).
The particles move to a new position using their velocity,
based on the best experience, local best, P_best (position
of a particle). G_best (global best) is the best value, in the
population achieved by all particles. The velocity and position
of each particle are modified for each iteration using Equation
(16) and Equation (17) [45], [47]. The modification of each
iteration is based on the data of the current position, P_best,
and G_best.

ITSE =
∫
t.δ2.dt (15)

v(iter+1)ia = wupdated ∗ v
(iter)
ia + r1 ∗ c1 ∗ (p_bestia − x

(iter)
ia )

+ r2 ∗ c2 ∗ (g_bestia − x
(iter)
ia ) (16)

x(iter+1)ia = x(iter)ia + v(iter+1)ia (17)

where the number of iterations is iter, the velocity of each
particle v(iter)ia , and the position of particle x(iter)ia at iteration

iter. c1 = 2 and c2 = 2 are the acceleration factors, and r1
and r2 are random values, while w is inertia weight.
The use of linear decrease of the inertia weight shows better

improvement in the applications. Equation (18) calculates the
value of updated inertia weight [48]:

wupdated = wmax −
wmax − wmin

iterationmax

∗ iteration (18)

where iterationmax is the maximum iteration, and iteration is
the current iteration; wmax and wmin are 0.9 and 0.4, respec-
tively.

MB-PSS4C consists of large numbers of parameters with
multiple transfer functions and Equations (11–14) determine
the time constants of the first lead-lag filters. Therefore, the
parameters of the first lead-lag filters are kept similar to the
typical data used in IEEE standard [29]. In this study, the
rest of MB-PSS4C parameters are optimized using the PSO
method. The parameters are tuned using two steps, the first
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FIGURE 8. Convergence performance for power angle minimization to
optimize the gains of MB-PSS4C in step2.

step is to optimize the time constants of second and third
lead-lag filters.While, the optimization of gains is achieved in
the second step. The constraints for each band are defined to
ensure the gain and time constant limitations, as in Equations
(19-29), for very low band.

TVL3(min) ≤ TVL3 ≤ TVL3(max) (19)

TVL4(min) ≤ TVL4 ≤ TVL4(max) (20)

TVL5(min) ≤ TVL5 ≤ TVL5(max) (21)

TVL6(min) ≤ TVL6 ≤ TVL6(max) (22)

TVL9(min) ≤ TVL9 ≤ TVL9(max) (23)

TVL10(min) ≤ TVL10 ≤ TVL10(max) (24)

TVL11(min) ≤ TVL11 ≤ TVL11(max) (25)

TVL12(min) ≤ TVL12 ≤ TVL12(max) (26)

KVL(min) ≤ KVL ≤ KVL(max) (27)

KVL1(min) ≤ KVL1 ≤ KVL1(max) (28)

KVL2(min) ≤ KVL2 ≤ KVL2(max) (29)

This method minimizes the relative power angle of SG
without the need to specify the initial value of the parameters.
Band gains, differential filter gains, and time constants for
second lead-lag and third lead-lag filters are selected to tune
PSO-MB-PSS4C (the filters are illustrated in Fig. 7). Table 3
shows the tuned gains and time constants of PSO-MB-PSS4C
using the PSO method. Integral Time Squared Error is the
objective function used to tune MB-PSS4C’s gains (step2),
as shown in Fig. 8.

III. RESULTS AND DISCUSSION
A. TRANSIENT STABILITY ANALYSIS
In this study, the transient stability of the system is assessed
during a three-phase fault occurring at Bus8. Referring to
Fig. 9, the results illustrate that the power angle differences
of the SGs oscillate. Furthermore, the relative power angle
δ1,4 of Generator1 is found to be higher than the relative
power angle of other generators. Therefore, the following
figures and results focus on the transient stability assessment
of Generator1. Fig. 10 illustrates the speed deviations of SGs,
in which all generators oscillate, whereby the system is found

TABLE 3. Tuned parameters of PSO-MB-PSS4C integrated into the studied
system.

FIGURE 9. Power angle differences of generators based on Generator4
for the studied system without PSS.

to be unstable. As shown in Fig. 11, similar observations
are found through the active power of SGs affected by the
disturbance. Thus, an extra controller is necessary to increase
the stability of the system.

1) TRANSIENT STABILITY ANALYSIS OF THE SYSTEM
EQUIPPED WITH PSS
This subsection discusses the power system stability of the
studied system during the fault. The power angle differences
of SG is selected to evaluate the system stability. Four differ-
ent cases are investigated and compared to identify the suit-
able design of PSS. Accordingly, the gain and time constants
of PSS1A are selected from IEEE standard [29]. Meanwhile,
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FIGURE 10. Speed deviation of generators for the system without PSS.

FIGURE 11. Active power of generators, for the system before adding PSS.

FIGURE 12. Performance of different optimization methods considering
Generator1 δ1,4, The studied system without wind energy.

Pattern Search-MB-PSS4C (PS-MB-PSS4C)’s parameters
are tuned using the pattern search method, whereas Sim-
plex Search-MB-PSS4C (SS-MB-PSS4C) is tuned based on
simplex search. This research selects the parameters of PS-
MB-PSS4C and SS-MB-PSS4C from our previous work [7].
On the other hand, the parameters of PSO-MB-PSS4C are
tuned using PSO method.

Fig. 12 compares the performance of different PSS opti-
mization methods. MB-PSS4C recorded similar results in
terms of peak power angle, where the peak value is recorded
around 43.2◦. In addition, the settling time of PS-MB-PSS4C
is around 7.6 s, which is 60.5% higher than the settling time
recorded by SS-MB-PSS4C at 3 s. However, the implemen-
tation of PSO-MB-PSS4C records the shortest settling time
at 2.79 s.

FIGURE 13. Speed deviation of generators, The studied system equipped
with PSO-MB-PSS4C.

FIGURE 14. Active power of generators, The studied system equipped
with PSO-MB-PSS4C.

FIGURE 15. Power angle differences of generators based on Generator4
where SGs are equipped with PSS1A.

Meanwhile, Fig. 13 shows the speed deviation of SGs
when PSO-MB-PSS4C is utilized. The obtained results reveal
constant speed deviation for all SGs during a shorter period.
Moreover, as shown in Fig. 14, the active power output of
SGs improve after the implementation of PSO-MB-PSS4C,
as compared to the fluctuating power output presented in
Fig. 11. In other words, the active power waveforms remain
constant after the first swing.

Figure 15 to Figure 18 present the power angle differ-
ences (relative power angle) of synchronous generators (G1,
G2, and G3) with respect to the reference generator, G4.
Additionally, a comparison of the performance of different
optimization methods on the transient stability enhancement
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FIGURE 16. Power angle differences of generators based on Generator4
where SGs are equipped with PSO-MB-PSS4C.

FIGURE 17. Power angle differences of generators based on Generator4
where SGs are equipped with SS-MB-PSS4C.

FIGURE 18. Power angle differences of generators based on Generator4
where SGs are equipped with PS-MB-PSS4C.

is presented. Fig. 15 shows the power angle difference of SGs
with respect to G4, where the SGs are equipped with PSS1A.
The settling time for both G1 and G2 is around 5s, while
the power angle of G3 remains constant. The optimized MB-
PSS4C based on PSO (PSO-MB-PSS4C) records the shortest
settling time and the lowest power angle of SGs compared
with simplex search (SS-MB-PSS4C) and pattern search (PS-
MB-PSS4C) optimization methods, as presented in Fig. 16,
Fig. 17 and Fig. 18 respectively. Generator 3 is stable because
the changes in power angle are very small, and the peak value
is less than 10◦.
To verify the performance of PSO-MB-PSS4C, the three-

phase faults are tested individually and applied to different

TABLE 4. Transient stability analysis when fault occurs on different
locations.

locations within the transmission network. Fig. 19 shows
the relative power angle of G1 when the fault occurs at
different buses (Bus 5 - Bus 11), respectively. As observed,
the peak power angle increases when the fault occurs near
an SG. However, the system equipped with PSO-MB-PSS4C
remains stable in all cases. Table 4 compares the results of the
power angle for different fault locations. The fault on Bus8
has a small impact on the system, but the fault on Bus6 has the
highest effect on the system, where the power angle indicates
an increase to126.37◦, then remain to stability after 4.41 s.

2) TRANSIENT STABILITY ANALYSIS OF THE INTEGRATION
OF WIND ENERGY
This subsection analyzes the effects of wind penetration
on the transient stability of the studied system. Various
wind energy penetrations, from 36 MW (low penetration)
to 108 MW (high penetration), are selected from previ-
ous work [7]. The results revealed improved transient sta-
bility with the implementation of PSS1A and MB-PSS4C.
As shown in Fig. 20, it is worth noting that the peak value
of δ1,4., 43.45◦, is almost like the existing system (without
wind energy). Meanwhile, the settling time of δ1,4 is reduced
to 1.36 s with the wind energy capacity that equals to 36MW.
As compared to other methods, PSO-MB-PSS4C presents a
better performance. On the other hand, the settling time of
δ1,4 is extended to more than 7s with high wind penetration,
as illustrated in Fig. 21 and Fig. 22. In other words, wind
energy with a large capacity, affects the power system’s sta-
bility, and increases the settling time of relative power angle.

To validate these results and determine the maximum
wind penetration that could be injected with the lowest set-
tling time, several penetration levels ranging from 36MW
to 108 MW are tested. Table 5 compares the power angle
differences of Generator1 with the integration of different
wind energy penetrations together with other optimization
methods reported from previous work [7] (Simplex Search
and Pattern Search). The results reveal an approximately
constant peak power angle for all penetration levels.

However, the connection of 48 MW wind energy shows
a low value of settling time. The implementation of PSO-
MB-PSS4C and SS-MB-PSS4C recorded the settling time
of 1.35 s and 2.64 s, respectively. With that, these results
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FIGURE 19. Power angle differences of Generator1 based on Generator 4 when faults occur on different busses, SGs are equipped with
PSO-MB-PSS4C.

FIGURE 20. Performance of different optimization methods considering
δ1,4 relative power angle. Studied system with 36 MW based wind energy.

FIGURE 21. Performance of different optimization methods considering
δ1,4 relative power angle. Studied system with 72 MW based wind energy.

conclude that 48 MW wind energy is a good option for the
studied system to reduce the power angle differences and
settling time.

FIGURE 22. Performance of different optimization methods considering
δ1,4 relative power angle. Studied system with 108 MW based wind
energy.

When analyzing wind energy’s contribution towards the
power system stability, it must be kept in mind that the
capacity of wind energy will be a part of the total power
system capacity. Therefore, when the wind energy capacity
is selected accurately, the power of SGs and wind turbines
contribute together to meet the loads.While wind energy with
a larger rating will cause adverse effects on system stability
(108 MW wind energy in this research). The generation is
greater than load, and power angle of SGs increased. Hence,
high wind energy is not recommended in this case.

IV. CONCLUSION
This work systematically evaluates the performance of
PSS1A and MB-PSS4C, and the effect of PSSs on the
transient stability for grid integrated wind energy. Although
MB-PSS4C has many parameters, the PSO is proven to be an
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TABLE 5. Compare the power angle δ1,4 for different optimization methods with the integration of wind energy.

effective method in tuning the controller for improved per-
formance. PSO is implemented to identify the optimal MP-
PSS4C parameters. The findings here prove the effectiveness
of the tuning approach and the efficiency of PSO-MB-PSS4C,
where oscillations are quickly damped out in comparison
with other methods. In particular, the utilization of PSO-MB-
PSS4C shows better performance in reducing settling time,
whereby the settling time reduces from 3s (SS-MB-PSS4C)
to 2.79s (PSO-MB-PSS4C), and the decrease in settling time
is approximately 7%. The settling time reduces from 5.29s
(PSS1A) to 2.79s (PSO-MB-PSS4C), and the decrease in
settling time is around 47%. The integration of 48 MW wind
energy also is an indication of improved stability and reduced
the settling time to 1.35s. However, high wind penetration up
to 108 MW has increased the settling time to around 8s.

In this research, the PSO approach is applied to optimize
the parameters of MB-PSS4C and improve the transient sta-
bility of wind energy integrated power system. However,
this current work does not include the optimization of wind
turbines’ locations.

The use of PSO to optimize MB-PSS4C could be consid-
ered as future work to enhance the transient stability of the
hybrid solar and wind farms integrated power systems.
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