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ABSTRACT An additional controller in an electric power system is currently required to increase the system
stability, especially when a disturbance occurs. The stability of the multimachine system can be increased
by installing a Static Var Compensator (SVC) and Power System Stabilizer (PSS). However, SVC and PSS
equipment require precise coordination to determine the optimal location and parameters. This study presents
an optimal analysis of SVC coordination with single-band PSS1A and multi-band PSS2B (MB-PSS2B) in
the South, Southeast and West Sulawesi (Sulselrabar) electrical systems. An artificial intelligence method
based on the Mayfly Optimization Algorithm (MOA) is proposed to optimize the location and parameters of
the SVC and PSS. A comparative investigation related to controller parameter optimization from a previous
work was used to measure the effectiveness of the MOA based on the Firefly Algorithm (FA) and Particle
Swarm Optimization (PSO). Performance analysis using the time-domain simulation method to review the
speed deviation response, field voltage response, and rotor angle response for each generator, as well as
eigenvalue analysis for each control scheme when there is a change in the load disturbance on generators
1 and 13. The results show an increase in bus voltage from critical to marginal conditions and a decrease in
network losses after installing SVC on bus 31 of 40 MW capacity. The application of MB-PSS2B based on
the MOA provided an increased damping ratio, optimal speed response, rotor angle, field voltage generator,
and eigenvalue system after installing 14 PSS.

INDEX TERMS Stability, SVC, multi-band PSS2B, mayfly optimization algorithm, eigenvalue.

I. INTRODUCTION
The inappropriate utilization of additional equipment in an
electric power system for system stabilization can lead to var-
ious problems. These problems often arise owing to errors in
the equipment, such as incorrect reference signal acquisition
or suboptimal equipment parameter values. Modifications
aimed at enhancing the speed of an electric power systemmay
result in increased oscillation. If an electric power system has
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more than one machine or is a multimachine system, the issue
becomes more complex [1].

Disturbances in the electric power system can occur as
either temporary network outages or dynamic changes in
the load. These disturbances can result in system instability,
which may manifest as speed, rotor angle, or voltage instabil-
ity. In general, instability is affected by the initial conditions
andmagnitude of disturbance [2]. These disturbances directly
affect the electrical power. Changes in electrical power have
an impact on mechanical power. One of the problems leading
to instability is the disparity in the response speed between
the rapid electrical power response and comparatively slower
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mechanical power response. As a result of these differences,
the system experiences oscillations [3], [4].

An electric power system requires voltage stability;
however, changes in load conditions can lead to voltage insta-
bility, resulting in both undervoltage and overvoltage condi-
tions. Reactive power compensation is required to maintain
stability. Under undervoltage and overvoltage conditions, the
power is regulated using Static Var Compensators (SVC) [5].
The SVC component consists of a Thyristor-Controlled Reac-
tor (TCR) and capacitor components. To mitigate distur-
bances in the form of electric power oscillations, additional
equipment such as a conventional Power System Stabilizer
(PSS) is commonly employed [6], [7], [8]. The PSS compo-
nent improves stability limits by reducing generator oscilla-
tions [9], [10]. PSS damping refers to the capability of the
PSS to produce an electric torque component that aligns with
the speed variations [11]. The parameters of the voltage lim-
its, SVC working range, and load variations are crucial and
carefully considered, making the problem highly complex.
To address this problem, a calculation method was employed
to determine the optimal placement of the SVC equipment
within the system to ensure maximum performance. Similar
to SVC, in PSS, optimal parameter tuning plays a crucial role
in effectively utilizing PSS for system stabilization.

Owing to the severe impact of these oscillations, miti-
gating the system instability is essential for power system
planning and operation. Various forms of control can be
applied to enhance system stability by utilizing tools such
as Flexible AC Transmission Systems (FACTS) [12], [13],
Static Synchronous Compensator (STATCOM) [14], [15],
SVC [16], [17], [18], and PSS [19], [20]. The enhancement
provided by the PSS can effectively mitigate various oscilla-
tion modes [14], [21]. The development of a multi-band PSS
(MB-PSS) with dual inputs offers a higher level of flexibility
and reliability compared to a conventional PSS for different
oscillation modes [22], [23]. The MB-PSS was developed
based onmultiple frequency bands and comprises three corre-
lated bands, each of which targets different oscillation modes.
Each band consists of a gain, filter, and limiter [24]. Speed
changes and generator active power were used as inputs to
the MB-PSS2B [25], [26].

In multimachine systems, the application of SVC signifi-
cantly affects voltage profiles. Using SVC in multimachine
systems increases the voltage stability in 140-bus NPCC
systems [27]. This study proposes an adaptive mesh-based
algorithm for optimizing the SVC controller parameters.
In [28], the implementation of a FACTS device based on
Cuckoo Search (CS) in the IEEE 57. The CS algorithm
was used to determine the location and size of SVCs. The
simulation results show that proper installation location and
sizing of the SVC can improve the stability of the multima-
chine system. An SVC optimization approach based on fuzzy
logic increases the voltage profile and reduces SVC capaci-
tance [29]. The results show that the proposed method per-
forms well in reducing the harmonic currents and increasing

the system voltage profile. Research [30], discussed the use
of SVC to optimize power flow and minimize power loss.
In addition, the impact of choosing the location and size of
the SVC was discussed.

The application of conventional single-input PSS to mul-
timachine systems also positively affects the system. At the
Benghazi North Power Plant of the Libyan General Electric
Company, PSS1A is used to dampen the swing mode of the
power system from oscillations. The optimal value of the
PSS1A parameter was determined using the Particle Swarm
Optimization (PSO) technique. The installation of PSS1A
can overcome significant disturbances at different operating
points and improve the power system stability [31]. In [32],
the transient stability of a two-area four-engine system was
improved by using PSS1A. The PSS1A parameters were opti-
mized using PSO to increase stability and reduce oscillations.
Improved stability was also generated in the IEEE 14-Bus
system using PSS1A through optimal parameter optimiza-
tion [33]. Analysis of system performance using the system
participation factor approach and pole placement method for
the time-domain behavior of the system after a disturbance
occurs.

The small-signal stability of a multimachine power sys-
tem is increased by applying MB-PSS to suppress Low-
Frequency Oscillations (LFOs). This practice can reduce
engine speed drift [34]. In [35], the Newton-Raphson method
was used to tune the MB-PSS in a power system by con-
sidering several operating conditions to test the reliability of
the Brazilian south-southeastern Brazilian multimachine sys-
tem. Evaluation of the installation results showed an increase
in the damping ratio of the system. In [36], the MB-PSS
design was investigated using a two-area four-engine sys-
tem. The results show that the performance of the optimized
MB-PSS is better than that of the conventional PSS, where
the power-angle settling time is reduced. The application of
MB-PSS in a single-machine-infinite-bus system was also
discussed. Research [37] proposed a systematic approach for
tuning MB-PSS. Consequently, the MB-PSS design provides
adequate attenuation over a wide rotor mode frequency range
(0.01Hz to 4 Hz). This study explored the effectiveness of
using conventional tuning guidelines for MB-PSS in a single
machine infinite bus (SMIB) testing system.

The combination of SVC-PSS equipment on a multima-
chine system further enhances the performance of the power
system. In [16], a multi-area system, the SVC-PSS applica-
tion was tested on two generators and dampened the power
system oscillations when there was a disturbance. In [38],
simulations were carried out on a WSCC 3 engine 9 bus sys-
tem to demonstrate the effectiveness of PSS and SVC devices
in increasing the damping ratio of the system. In [39], another
study demonstrated the simultaneous coordinated design of
a PSS and SVC as damping controllers in a PSO-based
multimachine power system to improve the dynamic stability
of the power system. In an SMIB system [40], implementing
SVC-PSS-based control increased the attenuation efficiency
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of the SMIB. Reference [41] discussed the optimal coordina-
tion and optimization of fuzzy controllers to design PSS and
STATCOM controllers to obtain greater power system fluctu-
ation attenuation. The results of the analysis demonstrate the
effectiveness of the coordinated fuzzy controller in terms of
the transient and dynamic stability.

The application of SVC-PSS-based control in this study
yielded good results in terms of increasing stability, but the
case used was a small system or an example system, not
a real system. In addition, the PSS type still uses a single
input; however, in its development, the system is increasingly
dynamic and requires more complex devices. In a previous
study, we discussed the application of a single-input PSS
in the South, Southeast and West Sulawesi (Sulselrabar)
systems in Indonesia [1]. However, considering the ongoing
development of the Sulselrabar system, it is crucial to conduct
further analysis to assess its stability. The Sulselrabar system
connects several large-load centers. This is our first motiva-
tion for proposing a new control scheme based on the SVC
and MB-PSS for the Sulselrabar system.

The optimization method used in previous research on PSS
optimization was based on the Firefly Algorithm (FA) [1]
and Particle Swarm Optimization (PSO) [42]. The FA and
PSO methods are swarm intelligence-based optimization
methods. Presently, a novel swarm intelligence algorithm
known as the Mayfly Optimization Algorithm (MOA) has
emerged. According to the benchmarking results, this algo-
rithm demonstrated superior performance compared to both
the Firefly Algorithm (FA) and Particle Swarm Optimization
(PSO) [43]. In addition, the application of the MOA as an
optimization method for power systems has been explored
and optimal results have been demonstrated. In [44], MOA
was applied to facilitate the coordinated and simultaneous
tuning of the parameters of the PSS auxiliary damping con-
troller. In [45], the application of the MOA method was
proposed to configure the gain of a PID controller. The aim
was to enhance the performance of the three-phase active
power filter. Reference [46] discussed an effective method
based on the MOA for optimizing the PID parameters of a
hydro-turbine governor. This approach aims to improve the
performance of the governor system. The superior perfor-
mance of the MOA method serves as our second motivation
for employing it as a technique for optimizing the location
and parameters of the SVC and MB-PSS in the Sulselrabar
system.

Table 1 summarizes the methodology and findings of var-
ious studies that highlight research gaps. In addition, it com-
pares the previous job with the current position. The main
contributions of this study are summarized as follows:

1) proposed the installation of an SVC to replace reactive
power losses, reduce energy losses, regulate voltage
and increase the security of the Sulselrabar system
operations.

2) The installation of the MB-PSS2B was proposed to
increase the stability of the Sulselrabar system.

TABLE 1. Comparison of existing work to proposed work.

3) The Mayfly Optimization Algorithm (MOA) method
was proposed to optimize the location and parameters
of SVC and MB-PSS2B in the Sulselrabar system.

4) Investigate the installation of SVC and MB-PSS2B
through TimeDomain Simulation and Eigenvalue anal-
ysis.

The remainder of this paper is organized as follows: Sec-
tion II provides an overview of the SVC and PSS mathemati-
cal models, formulation of optimizationmethods, and electric
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power systems; Section III describes the research methods;
Section IV describes the results of the methods applied; and
Section V presents the research conclusions.

II. SYSTEM MODEL
A. GENERATOR MODEL
The synchronous generator linear equation can be written
in the matrix model of Equation (1), as shown at the bottom of
the page, tomake it easier to observe the system response. The
inputs included in this equation are changes in the current,
speed, and phase angle. Simultaneously, the output results
show changes in the voltage and mechanical torque of the
generator [48]. vd and vq are the Stator Voltage d-q axis, vF
is the Rotor Field Voltage, vD and vQ are the Rotor Voltage
d-q axis, r is the Stator Resistance, Ld and Lq are Rotor
Inductance d-q axis, λq0 and λd0 are the initial flux d-q axis,
kMF is the Rotating Magnetic Field,MD andMQ are Mutual
Inductance, 1id and 1iq are Stator Current d-q axis, 1iF is
Rotor Field Current,1iD and1iQ are Rotor Current d-q axis,
1ω is Generator Speed Change, and 1δ is generator rotor
angle change.

B. EXCITATION MODEL
Changes in the load result in a shift in the operating point
of the generator. This is determined by the oscillation fre-
quency and rotor angle before reaching a steady state. The
oscillations are fast, but the response of some exciters to
overcome these oscillations is not sufficiently quick, leading
to the system’s response shifting to an unstable area. A short
exciter was employed to rapidly enhance the damping of
system oscillations in the initial swing condition following a
disturbance, with the aim of overcoming the aforementioned
issues. This type of exciter can reduce negative damping,
which hinders torque attenuation. The equation for the fast

FIGURE 1. Exciter block diagram.

FIGURE 2. Governor modeling.

FIGURE 3. Block diagram of PSS1A.

exciter is given by Equation (2) [49]:

Efd = KA
(
Vt − Vref

)
/ (1 − TAs) (2)

KA is the gain and TA is the time constant. Owing to equip-
ment limitations, the output of this exciter must be restricted
to within the range of VRmin < Efd < VRmax . The fast exciter
block diagram is shown in Fig. 1.

C. GOVERNOR MODEL
The governor regulates the mechanical torque produced
by the generator. Changes in the mechanical torque value
(Tm) of the governor are influenced by variations in the
speed, load, and speed reference (Governor Speed Changer-
GSC). A block diagram of the governor model is shown in
Fig. 2 [50].
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FIGURE 4. Block diagram of MB-PSS2B.

Tm is the mechanical torque, ωd is the change in speed,
GSC is Governor Speed Changer (GSC= 0),Kg is Gain Con-
stant (= 1/R), Tg is Governor time constant, R is the droop-
governor constant. In this governor model, it was assumed
that the GSC was set to 0. The combination of the turbine
system with the speed governor generates the mechanical
power of the governor, as defined in Equation (3).

Pm = −

[
Kg

1 + Tgs

]
ωd (3)

Kg, Tg, and R represent the gain, governor time, and gover-
nor droop constants, respectively. The gain constant and the
droop governor constant have an inverse relationship.

D. POWER SYSTEM STABILIZER MODEL
The PSS enhances the damping of the generator electrome-
chanical oscillations. This repair process often entails fluc-
tuations in the speed and power of the generator within a
steady-state operating range. The relationship between the
aforementioned components is expressed using the swing
Equation (4).

2H
ω0

d2δ
dt

= T̄m − T̄e − KD1ω̄r (4)

For small disturbances, the above equation becomes:

1Te = Ts1δ + TD1ω (5)

δ is the rotor angle, ω is the rotor angular fundamental
speed, ωr is the rotor angular speed, Tm is the mechanical
torque, Te is the electrical torque, H is the inertia constant,,
KD is the damping coefficient, 1Te is the change in electric
torque, Ts is the synchronization coefficient, TD is the damp-
ing coefficient, 1δ is the change in rotor angle, and 1ω is
the change in speed. The PSS model equation is expressed in
Equation (6) [51].

Vs = Kpss
Tws

1 + Tws

[
(1 + sTA)
(1 + sTB)

(1 + sTC )
(1 + sTD)

]
ω (6)

FIGURE 5. One-line diagram of SVC configuration.

Vs is the output PSS, KPSS is the PSS gain, Tw is washout
filter, TA, TB, TC , and TD are lead-lag gains, VSmax and VSmin
are limits. A PSS was employed to supply supplementary
signals to the generator excitation system, thereby enhancing
the damping of the system. Fig. 3 illustrates the modeling of
PSS1A [52].

The gain was used as an amplifier to determine the level
of attenuation provided by the PSS. The washout function of
the PSS introduces a steady-state bias in the PSS output that
modifies the generator voltage. The lead-lag compensates for
the phase lag introduced by the Automatic Voltage Regulator
(AVR) and field-generator circuit. A limiter was used to limit
the PSS output.

E. MULTI-BAND POWER SYSTEM STABILIZER MODEL
A Multi-Band Power System Stabilizer (MB-PSS) is a con-
troller device that can reduce signal noise in the power sys-
tem. This signal effect introduces an input reference error
into the system. The noise signal originates from the lateral
motion of the shaft, leading to over-modulation of the excita-
tion system. In addition, it can also originate from torsional
oscillations resulting from variations in electrical torque.
Therefore, noise affects the excitation and electric torque of
the generator. MB-PSS was developed from a conventional
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single-input PSS to a multi-input PSS. The MB-PSS inputs
are the changes in the generator rotor angular velocity (1ω)
and generator electrical power (1Pe). The input signal was
passed through the washout and transducer circuits. The
washout circuit ensured a continuous state at the output of
the stabilizer, whereas the transducer converted the input
signal into a voltage signal. The MB-PSS model was sourced
from the IEEE-type PSS2B. The complete MB-PSS model is
illustrated in Fig. 4. Each input signal was passed to awashout
(Tw1-Tw4) and transducer (T6-T7). The time constants for the
torque filters are denoted by T8 and T9.

F. STATIC VAR COMPENSATOR
The Static VAR Compensator (SVC) is electrical equipment
that compensates for fast-acting reactive power in high volt-
age electricity transmission networks. SVC is part of the
Flexible AC Transmission System (FACTS), which regulates
the voltage and stabilizes the system [53]. The term ‘‘static’’
is based on the fact that, when operating or changing the com-
pensation, there are no moving parts of the SVC because the
power electronics system controls the compensation process.

If the system power is a capacitive reactive load (leading),
the SVC will increase the reactor power to reduce the VAR
of the system so that the system voltage drops. In inductively
reactive (lagging) conditions, SVC reduces the reactor power
to increase the VAR of the system, such that the system
voltage increases [54], [55]. In SVC, the amount of VAR
and voltage is regulated by adjusting the amount of induc-
tive reactive power compensation in the reactor, while the
capacitor bank is static. The location of the SVC can optimize
the multimachine system voltage. Fig. 5 shows the SVC
configuration.

G. SULSELRABAR SYSTEM
The Sulselrabar system connects the regions of South
Sulawesi, Southeast Sulawesi, andWest Sulawesi (Sulselrabar).
The Sulselrabar system comprises 16 generators and 46 trans-
mission lines that connect the major load centers. The system
operates at a voltage of 150 kV and consists of 37 buses.
To facilitate the analysis process, bus numbering is required.
Table 1 lists the numbers of Sulselrabar electricity system
buses.

III. RESEARCH METHOD
This section discusses the comparison and proposed methods
for site optimization and the optimal SVC-PSS parameters.
In addition, this section describes the implementation of the
method using an objective function for optimization. The
basic theory behind this method is as follows.

A. OPTIMIZATION TECHNIQUES
The optimization method proposed in this study uses Mayfly
Optimization Algorithm (MOA). To validate the MOA
method, we used a comparison method employing the Firefly
Algorithm (FA) and Particle SwarmOptimization (PSO) with

TABLE 2. Sulselrabar system generation numbering.

the same objective function. The basic theory behind this
method is as described follows.

1) FIREFLY ALGORITHM [1]
The basic concept of the firefly algorithm is the variation in
light intensity and the formula for attraction. The attractive-
ness of a firefly is defined by the brightness of light intensity
I(r), which varies according to the inverse quadrant law [1].

I(r) =
Is
r2

(7)

Is is the intensity of the original firefly light, with a fixed
light absorption coefficient of γ , and the intensity of light I
varies with distance r ; then

I = I0e−γ r (8)

I0 is the original light intensity of the firefly. To avoid sin-
gularity at r = 0 in the expression Is/r2, the combined effect
of the inverse square law and absorption can be approximated
in Gaussian law form.

I (r) = I0e−γ r (9)

For a firefly attraction that is proportional to the intensity
of light seen by adjacent fireflies, we can determine the
attraction β of a firefly at distance r by

β(r) = β0e−γ rm (10)

β0 is the attraction at distance r = 0. Conversely, for a
long scale r during the optimization period, parameter γ can
be used as a type of initial value.

γ =
1
rm

(11)

Then the distance between every two fireflies i and j on xi
and xj, respectively, on the Cartesian plane is

rij
∥∥xi − xj

∥∥ =

√∑d

k=1

(
xi,k − xj,k

)2 (12)
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The movement of a firefly attracts other fireflies (light-
ness), which is determined by

xi = xi + β0e
−γ r2ij

(
xj − xi

)
+ α ∈i (13)

xi is the spatial coordination of the Ith firefly, xj is the spatial
coordination of the jth firefly, a is the randomization parame-
ter, and ∈i is the vector value of random values between [0-1].

2) PARTICLE SWARM OPTIMIZATION
PSO represents population-based optimization. Several par-
ticle populations initially span the problem space in the
PSO. Swarms are the names of the scattered particles. The
exchange of information between particles allows us to deter-
mine which particles are in a position that will produce the
best movement-related outcomes. Based on this knowledge,
other particles can move there using a velocity motion func-
tion. Each particle chooses its position during flight based
on its own experience (Pbest ) and that of the other particles
(Gbest ). The speed of each particle can be calculated using
Equation (14).

vk+1 = w.vk + c1rand ×

(
Pbest − xk

)
+ c2rand × (Gbest − xk ) (14)

Based on the particle velocity, Pbest and Gbest can be
computed using Equation (14). The most current position can
be obtained using Equation (15):

xk+1
= xk + vk+1. k = 1, 2 . . . n (15)

For the following terms, X k is the search point base, X k+1

is the search position, V k is the speed, V k+1 is the modified
speed, Vpbest the speed based on PBest , Vgbest the speed based
on Gbest , n is the number of particles in the group, m is the
number of members in the particle, pbest−i for Pbest from k ,
Gbest−i for Gbest from group, w is the weight, and ci is the
weight coefficient. The positive constants were c1 and c2, and
the random numbers were r1 and r2.

Based on Equation (16), the iteration function for variable
k with weight of inertia (w) is as follows:

w (k) = wmax −

(
wmax − wmin
max.iter

)
× k (16)

To ensure that all dimensions move simultaneously, the
maximum speed is as follows (17). N represents the maxi-
mum number of iterations.

vmax =

(
xmax − xmin

)
N

(17)

3) MAYFLY OPTIMIZATION ALGORITHM
The mayfly is an animal species with a short life span
of only 24 h. Mayflies in their flocks were separated into
male and female individuals. Male mayflies will always be
the strongest, so they will perform better at optimization.
These mayfly individuals are similar to those in Particle

Swarm Optimization (PSO). Individuals in the mayfly algo-
rithm update their positions based on their current positions,
denoted as i(), and speeds, denoted as i() [56]:

Pi(t + 1) = Pi(t) + vi(t + 1) (18)

According to Equation (18), all mayflies update their posi-
tions based on their respective speed.

a: MOVEMENTS OF MALE MAYFLIES
During the iteration process, themalemayfly performs explo-
ration and exploitation procedures [56]. Speed is updated
based on current fitness value f (xi) and historical best fitness
value on track f (xhi).

If f (xi) > f (xhi), the male mayfly will update its speed
based on its current speed, the distance between them and the
global best position, and the historical best trajectory.

vi (t + 1) = g.vi (t) + aie
−βr2p [xhi − xi (t)]

+ a2e
−βr2g

[
xg − xi(t)

]
(19)

The variable g is a linearly descending variable that
decreases from the maximum value to the minimum value.
This descent is influenced by weight-balancing constants a1,
a2, and β. rp and rg are variables used to determine the
Cartesian distance between individuals and their historical
best positions in the swarm. In Cartesian space, the second
norm is used for distance arrays and can be calculated as:

∣∣∣∣xi − xj
∣∣∣∣ =

√∑n

k=1

(
xik − xjk

)2 (20)

If f (xi) < f (xhi), the male mayfly will update its speed using
a random dance coefficient, denoted as d , from its current
speed according to the following equation:

vi(t + 1) = g(vi (t) + d .ri (21)

In Equation (21), ri represents a uniformly distributed random
number chosen from the domain [−1, 1].

b: MOVEMENTS OF FEMALE MAYFLIES
The speed of the female mayflies was updated using differ-
ent methods. Biologically, female mayflies with wings have
lifespans ranging from one to seven days. Because of this
limited time, they exhibited a sense of urgency in finding
male mayflies for mating and breeding. Therefore, female
mayflies update their speed based on the characteristics and
movements of the selected male mayfly [56].

For the i-th female mayfly, if f (yi) < f (xi), the
female mayfly will update its speed using the following
Equation (22):

vi(t + 1) = g.vi(t) + a3e
−βr2mf [xi (t) − yi(t)] (22)

a3 is an additional constant that is used to equalize the speed,
and rm represents the Cartesian distance between them.
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TABLE 3. Algorithm parameters.

On the contrary, if f (yi) < f (xi), the femalemayfly updates
its speed using another random dance coefficient, denoted
as fl.

vi (t) = g.vi (t) + fl.r2 (23)

r2 is a randomly generated number chosen from the domain
[−1, 1].

c: MATING OF MAYFLIES
All female mayflies and the top half of male mayflies mate,
resulting in each pair producing offspring. The offspring
inherits traits from their parents and undergoes random evo-
lutionary changes.

offspring1 = L ∗ male+ (1 − L) ∗ female (24)

offspring2 = L ∗ female+ (1 − L) ∗ male (25)

L represents a set of random numbers generated from a
Gaussian distribution.

B. OBJECTIVE FUNCTION
This study focused on three main aspects: voltage increase,
power flow optimization, and system stability. To achieve
increased voltage and power flow optimization, this study
focused on optimizing the placement and tuning of the SVC.
However, for system stability, this study concentrates on
optimizing the placement and tuning of MB-PSS. The sys-
tem stability performance was analyzed using a time domain
simulation method. This method allows for the examination
of various responses, such as speed deviation, field volt-
age (EFD), and rotor angular responses, for each generator.
Additionally, eigenvalue analysis was performed to assess the
effectiveness of each control scheme. The Eigenvalue analy-
sis method utilizes a mathematical model of the Sulselrabar

TABLE 4. Load flow Sulselrabar system.
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TABLE 4. (Continued.) Load flow Sulselrabar system.

system to analyze the eigenvalues of the system. From the
obtained mathematical model, it is converted to a state-space
representation using Equations (26) and (27), as follows:

1ẋ = A1x + B1u (26)

1y = C1x + D1u (27)

System stability can be assessed by examining the eigen-
values of systemmatrix A, which is an n× n matrix. The state
matrix 1x is an n × 1 matrix, the variable output matrix 1y
is an m × 1 matrix, and the input variable matrix u is an r ×

1 matrix. The system matrix A is an n × n matrix, the input
matrix B is an n × r matrix, the measurement matrix C is an
m × n matrix, and the direct transmission matrix D is an m
× r matrix.

det(sI − A) = 0 (28)

Equation (29) states that each eigenvalue (λi) of matrix A
can be represented as a complex number with a real part (σi)
and an imaginary part (jωi), where j represents the imaginary
unit. Equation (30) defines the frequency (f ) corresponding
to the angular frequency (ω) of the eigenvalue. The frequency
(f ) was obtained by dividing the angular frequency (ω) by 2π .
Based on these equations, the number of eigenvalue systems
can be determined by analyzing the eigenvalues (λi) of matrix
A. Each eigenvalue corresponds to a system or mode, and
the number of distinct eigenvalues indicates the number of
eigenvalue systems.

λi = σi + jωi (29)

f =
ω

2π
(30)

The oscillation frequency is given by Equation (30). λi is
the eigenvalue; σi is the real component of the eigenvalue;
andωi is the imaginary component of the eigenvalue. The real
part of the eigenvalues represents the damping component of
the system, while the imaginary part represents the oscilla-
tion component. Equation (31) represents the damping value.

FIGURE 6. Convergence graphic.

FIGURE 7. System model.

The Comprehensive Damping Index (CDI) value shown in
Equation (32) is the overall system attenuation.

ζi =
−σi√

σ 2
i + ω2

i

(31)

CDI =

∑n

i=1
(1 − ζi) (32)

ζi is the damping ratio system and n is the number of
eigenvalues. The objective function of the MOA is to max-
imize the minimum damping ζmin. Equations (33)–(37) are
the optimized MB-PSS2B parameter limits.

Kpss(min) ≤ Kpss ≤ Kpss(max) (33)

T1(min) ≤ T1 ≤ T1(max) (34)

T2(min) ≤ T2 ≤ T2(max) (35)

T3(min) ≤ T3 ≤ T3(max) (36)

T4(min) ≤ T4 ≤ T4(max) (37)

Fig. 6 displays the convergence graph, which illustrates
the progress of the optimization process using various meth-
ods. In the Firefly method, the resulting fitness function
value is 75.43756268, and converges in the 22nd iteration.
In the PSO method, the resulting fitness function value
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FIGURE 8. Flowchart of research procedures.
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FIGURE 9. Bus voltage profile before and after adding SVC.

FIGURE 10. Placement index damping system.

was 75.73499109, which was achieved at the 39th iteration.
In contrast, the method proposed by MOA demonstrated
a minimum fitness function value of 75.1222, which was
achieved in the 16th iteration. These results suggest that the
MOAmethod achieves a minimum fitness function value in a
shorter computational time than the FA and PSOmethods do.
Table 3 lists the initialization of the method parameters used
in this study. Fig. 7 illustrates the system modeling design
using the Simulink Model. On the other hand, Fig. 8 demon-
strates the optimization procedure employed for parameter
tuning and placement of SVC and MB-PSS2B.

IV. RESULTS AND DISCUSSION
A. SVC OPTIMIZATION
The analysis was initiateds by examining the voltage profile
and power flow of the Sulselrabar system before the inclusion
of the SVC. Table 4 presents the results of the load flow
calculations performed using the Newton-Raphson method.
In the Sulselrabar system, a shunt capacitor with a rating
of 20 Mvar is installed on bus 31. There are 16 genera-
tors in the Sulselrabar system. The optimization process for
the installation of the SVC was performed on load buses,
specifically on 21 buses. The specified range for the SVC
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TABLE 5. Tuning results of PSS parameter using firefly algorithm.

TABLE 6. Tuning results of PSS parameter using particle swarm optimization.

TABLE 7. Tuning results of PSS parameter using mayfly optimization algorithm.

TABLE 8. Speed overshoot when interference in bus 1 and bus 13.
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TABLE 9. Field voltage response (Efd) when interference in bus 1 and bus 13.

TABLE 10. Rotor angle settling time respon when interference in bus 1
and 13.

installation capacitance was from 0 to 80 Mvar. Table 4
displays the initial profile of the Sulselrabar system before
installation of the SVC. The obtained power flow calcula-
tion results, indicate that several bus voltage profiles are
in marginal and critical condition. According to the sys-
tem operating standards, the minimum bus voltage should
not fall below −5% of the rated voltage. Based on the
table, buses 30 and 31 experience marginal and critical
conditions, respectively. The marginal voltage condition at
bus 30 was 0.9615 pu, whereas the critical voltage condition
at bus 31 was 0.9476 pu.When considering the losses without
the SVC, the obtained active power (P) was 39.067 MW
and the reactive power (Q) was 100.900 MVar. However,
with the implementation of SVC, the active power was
reduced to 38.877 MW, and the reactive power decreased to
99.735 MVar.

Fig. 7 shows the bus voltage profile of the Sulselrabar
system after optimizing the installation of SVC. Based on the
analysis results, the optimal location for installing the SVC
was determined to be bus 31 with a capacity of 40 MVar.
Following the installation of SVC, an increase in the bus
voltage profile was observed.

B. MB-PSS2B OPTIMIZATION
In this study, two case studies were conducted to assess the
system stability: load change disturbances on the BAKARU

FIGURE 11. Speed deviation (1ω) of Bakaru generator.

FIGURE 12. Speed deviation (1ω) of Sengkang generator.

and SENGKANG generators. Data processing was per-
formed using MATLAB M-files, whereas system modeling
was performed using Simulink MATLAB. The results of the
voltage magnitude analysis were derived from a the power
flow study conducted after optimizing the Sulselrabar system
by including a Static Var Compensator (SVC). Subsequently,
the network admittance matrix was reduced, and the obtained
results were utilized for the system simulation. The system
simulation involvedmultiplemodels, including systemswith-
out a PSS, PSS1A, and MB-PSS2B. Simulations without a
PSSwere specifically performed to determine the eigenvalues
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FIGURE 13. Speed deviation (1ω) of all generator.

of the system, which provided insight into the stability of the
system. The objective was to observe an increase in system

damping, indicating improved stability. By conducting sim-
ulations without a PSS and analyzing the system eigenvalues,
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TABLE 11. Critical eigenvalue system.

TABLE 12. Inter-area eigenvalue system.

TABLE 13. Local eigenvalue system.

the aim was to observe an increase in system damping, which
contributes to enhanced stability in the Sulselrabar system.

The objective function utilized in this study was to maxi-
mize the minimum damping (ζmin) in the system. Once the

optimal placement of the PSS is determined based on the
damping values associated with each PSS placement prob-
ability, the system response can be observed and analyzed.
This includes an evaluation of the Velocity Deviation (1ω),
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FIGURE 14. Field voltage response (Efd) of Bakaru generator.

FIGURE 15. Field voltage response (Efd) of Sengkang generator.

Field Voltage Response (Efd ), and rotor angle response of
each generator. In addition, this study includes an analysis
of the eigenvalues and overshoots of each generator. The
linear model of the system is subjected to a disturbance input,
specifically a change in load demand of 0.05 pu applied to the
BAKARU and SENGKANG Generators. This load change
leads to a situation in which the mechanical power input (Pm)
becomes less than the electrical power output (Pe), resulting
in a decrease in the response of the angular velocity (ω) of the
generator.

The PSS placement index was evaluated using the Mayfly
Optimization Algorithm (MOA) as the proposed method.
In addition to MOA, the Firefly Algorithm (FA) and Particle
Swarm Optimization (PSO) methods were used for compari-
son during the evaluation process. This evaluation was likely
aimed at comparing the effectiveness of these three methods
in determining the PSS placement index. The priority for PSS
placement is based on the maximum value of ζmin, which
is considered more significant than ζ0. Fig. 10 presents a
comparison of the placement indices for the priority locations
designated for installing PSS. This may provide a visual
representation of how the placement index varies for each
location based on the minimum damping eigensystem of each
installation scheme.

After adding the PSS, the damping values of the system
increased. It was observed that the MB-PSS2Bmethod yields
a superior damping system compared to the PSS1A method.
For example, when utilizing the MOA method, the maxi-
mum damping value achieved with PSS1Awas 0.589421505,
whereas that with MB-PSS2B was 0.722521481. A good
damping value for the system is considered greater than 0.1,
indicating that the system is in a stable condition and can
effectively dampen oscillations. Table 5-6 likely present the
results of the PSS parameter tuning, which demonstrate the
specific parameter values achieved through the optimization
process.

1) TIME DOMAIN SIMULATION
In this section, we focus on the stability of the system in the
presence of disturbances on Bus 1 (BAKARU generator) and
Bus 13 (SENGKANG generator). The BAKARU generator
is one of the largest generators in the Sulselrabar system
with an installed power capacity of 126 MW. Owing to its
substantial capacity and adaptive capabilities, the BAKARU
generator is considered a swing generator in the system.
On the other hand, the SENGKANG generator is the largest
generator in the Sulselrabar system, with an installed power
capacity of 192 MW. It is a gas and steam-type thermal
generator. Fig. 11 and 12 depict the speed responses of the
BAKARU and SENGKANG generators, respectively, when a
disturbance occured at buses 1 and 13. These figures provide
insights into how the speed of each generator is affected by
disturbances at their respective buses.

When a change in the load occurs, the mechanical power
(Pm) is less than the electrical power (Pe), and the speed (ω)
of the generator initially responds by decreasing. The role
of the control equipment is crucial for maintaining generator
stability under such conditions. In a systemwithout additional
control, the performance of the exciter is limited, leading to
oscillating speed responses, as shown in Fig. 11. Fig. 11
shows the speed response of the generator without additional
control, where the oscillations range from −0.0204 pu to
0.004468 pu. However, after installing the PSS1A control,
an improvement in performancewas observed, with a reduced
overshoot ranging from −0.01623 pu to 0.002111 pu. The
combination of the system with PSS2B yielded an even
more optimal performance, with a slight oscillation range
of −0.01183 pu to 0.0007239 pu. Similarly, Fig. 12 shows
the response of the SENGKANG generator. Without addi-
tional control, the system exhibited an overshoot ranging
from −0.02218 pu to 0.00455 pu. With the inclusion of
PSS1A, there was an improvement in the overshoot, which
ranged from −0.02054 pu to 0.003083 pu. The use of PSS2B
further enhanced the performance, resulting in amore optimal
overshoot range of−0.01279 pu to 0.0009203 pu. Comparing
the proposedMOA-basedmethodwith the FA and PSOmeth-
ods, the MOA method demonstrated optimal results, with
lower overshoot values. This indicates that the MOA-based
approach is more effective in achieving an improved genera-
tor performance. Table 8 presents the speed deviations of all
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FIGURE 16. Field voltage response (Efd) of all generator.

the generators, providing a comprehensive overview of the
deviations for each generator.

Table 8 presents a comparison of the response speed of
the Sulselrabar generator system when a disturbance occurs

in the form of a change in the load on buses 1 and 13. The
table compares various control schemes, and the minimum
overshoot deviation was observed in the system with a con-
trol scheme based on PSS2B, which was optimized using
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FIGURE 17. Rotor angle deviation of Bakaru generator.

the MOA method. This indicates that generator performance
is optimal when additional PSS controls are installed. The
improvement in generator performance can be attributed to
the limitations of the exciter equipment in providing control
signals, specifically the Field Voltage, to the generator.

By installing a PSS, the control signals and response of the
field voltage can be enhanced, leading to improved genera-
tor behavior during disturbances. Fig. 14 and 15 illustrate
the response of the BAKARU and SENGKANG generator
field voltages, respectively, when a disturbance occurs. These
figures provide visual representations of the response of the
field voltage of each generator to the disturbances. Indeed,
the MOA method demonstrated favorable response results
compared with the FA and PSO methods.

The superior performance of theMOAmethod indicates its
effectiveness in improving the system stability and control.
Fig. 16 shows the field voltage responses of the other gener-
ators in the system when subjected to disturbances. This pro-
vides a visual representation of how the field voltage of each
generator responds under given conditions. Table 9 presents
additional details regarding the field-voltage responses of the
generators. It can provide specific values or metrics related
to the field voltage response, such as overshoot, damping,
or other relevant parameters. This table can help to evaluate
the performance and effectiveness of each control scheme.

The generator stability performance can be assessed by
analyzing the rotor angle response of the generators. Fig. 17
and 18 illustrate the angular deviation responses of the
BAKARU and SENGKANG generator rotors, respectively,
when disturbances occur at buses 1 and 13. These figures
provide insight into how the rotor angles of the generators
are affected by disturbances. Fig. 19 shows the rotor angle
responses of the other generators in the system when sub-
jected to the same disturbances. By comparing the rotor angle
responses, it is possible to observe the impact of additional
controls on generator oscillations and settling time. Gener-
ators without additional controls often exhibit pronounced
oscillations and long settling times. This emphasizes the
importance of implementing additional controls, such as PSS,

FIGURE 18. Rotor angle deviation of Sengkang generator.

to enhance the stability and response of the generators during
disturbances.

The MOA-based optimization method demonstrated opti-
mal results compared with the FA and PSO methods.
In Fig. 17, it can be observed that the BAKARU generator
without additional control has a settling time of 14.26 sec-
onds. However, with the implementation of PSS1A, the set-
tling time improves to 10.25 seconds, and with PSS2B, it was
further reduced to 7.46 s. This indicates that the inclusion of
PSS2B resulted in a faster settling time for the BAKARU
generator. Similarly, as shown in Fig. 18, the SENGKANG
generator without additional control exhibits a settling time
of 15.12 seconds. With PSS1A, the settling time decreases
to 12.07 seconds, and with PSS2B, it further improved to
6.692 s. These results highlight the effectiveness of PSS2B
in achieving a significantly shorter settling time for the SEN-
GKANG generator. Table 10 presents a comparison of the
settling times of the generators under the various control
schemes. This table allows for a more comprehensive assess-
ment of settling time performance across different control
methods.

2) EIGENVALUE ANALYSIS
This section focuses on the analysis of eigenvalue systems
for systems without PSS, PSS1A, and PSS2B. The analysis
included the critical eigenvalues (Table 11), eigenvalues
of the inter-area system (Table 12), and eigenvalues of the
local system (Table 13). These tables provide insights into
the behavior of eigenvalue systems under different control
schemes. In general, the tables demonstrate an improvement
in the eigenvalue system with the implementation of the
various control schemes. This improvement is indicated by
the position of the eigenvalues, which tend to shift towards
the left, and the real part (σ ), which becomes more negative.
A more negative real part implies improved stability of the
system. Specifically, the Multi-Band PSS type PSS2B is
effective in enhancing the eigenvalue and damping system.
This is evident from the more negative eigenvalues shown in
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FIGURE 19. Rotor angle deviation of all generator.
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FIGURE 20. Single line diagram Sulselrabar system after optimization.

the table. The improved eigenvalues contribute to the overall
stability and performance of a system.

The load changes result in the electric power (Pe) being
greater than the mechanical power (Pm), leading to a down-
ward response in the generator speed when a disturbance
occurs. Simultaneously, because Pe > Pm, the rotor decel-
erates, resulting in a negative rotor angle response. These
disturbances were observed in the BAKARU and SEN-
GKANG generators, which are the largest electricity produc-
ers in Sulselrabar. The overshoot oscillations were reduced by
installing the PSS, indicating an improvement in the stability
of the Sulselrabar system. MB-PSS2B provides the maxi-
mum damping to the system, further enhancing its stability.
Moreover, the settling time, which is the time required for
the system to reach steady-state conditions, was improved
with the proposed control scheme based onMB-PSS2B using
the MOAmethod. The reduced settling time signifies a faster
response and attainment of steady-state conditions. Overall,
the use of PSS, particularly MB-PSS2B optimized with the
MOA method, resulted in increased stability, reduced over-
shoot oscillations, and a faster settling time in the Sulselrabar
system.

Fig. 20 illustrates the single-line diagram system of
Sulselrabar after optimizing the placement of SVC and MB-
PSS2B using theMOAmethod. This optimized configuration
ensures the optimal placement of the SVC and MB-PSS2B
within the Sulselrabar electric power system. The optimal
placement and tuning of SVC equipment in an electric power
system serves several important functions. First, the SVC can
compensate for reactive power losses, which helps improve
the overall power factor and reduce energy losses in the sys-
tem. By injecting or absorbing reactive power as required, the
SVC helps maintain the desired voltage profile and improves
the system efficiency. Furthermore, the SVC plays a crucial
role in regulating the voltage, especially during variations
in the load demand and system conditions. By dynamically

adjusting the reactive power output, the SVC helps stabilize
and regulate the system voltage levels within acceptable lim-
its, thereby ensuring proper voltage stability throughout the
system. The optimal placement and tuning of the SVC equip-
ment also contributeds to increased system operational safety.
By addressing reactive power issues, controlling voltage lev-
els, and improving system stability, SVC enhance the overall
reliability and security of electric power systems. Reactive
power plays a vital role in maintaining the voltage stability in
all-electric power transmission systems. Proper management
and control of reactive power facilitated by SVC helps ensure
voltage stability and mitigates voltage fluctuations, voltage
collapse, and other potential stability issues.

V. CONCLUSION
This research proposes the optimization of the location
and optimal parameters of the SVC and MB-PSS2B in the
Sulselrabar system based on the MOA. From the SVC opti-
mization results, the optimal location for installing an SVC
on bus 31 is 40 MW, resulting in an improvement in the bus
voltage profile, increased operational security limits of the
system, and a reduction in losses by 0.19 MW. Meanwhile,
the optimal location for installing MB-PSS2B is on 14 gener-
ators with parameters optimized using the MOAmethod. The
application of MB-PSS2B based on MOA provided optimal
results compared with the other control schemes. This was
evidenced by the minimal overshoot oscillation, fast settling
time, optimal response of the generator field voltage, and
improved eigenvalues of the system. An improvement in
the system stability was also observed with an increase in
the damping ratio. The installation of 14 MOA-based MB-
PSS2B units yielded the highest damping ratio compared
with the other control schemes, specifically at 0.722521481.

In this study, MOA was used to optimize SVC and
MB-PSS2B. As a comparative method, our previous work
utilized the FA and PSO. In the FA method, the resulting
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fitness function value was 75.43756268, and convergence
was achieved at the 22nd iteration. The PSOmethod produced
a fitness function value of 75.73499109 at the 39th iteration.
In contrast, the method proposed by the MOA showed a
minimum fitness function value of 75.1222 at the 16th itera-
tion. These results indicate that the MOA method produces a
minimum fitness function value with a faster computational
process than the FA and PSO methods.

The use of MOA to optimize SVC and MB-PSS can
be considered in future work to improve the stability of a
multimachine system with integrated solar and wind hybrid
powers.
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