Journal of Operation and Automation in Power Engineering

vol. 12, no. Special Issue, Dec. 2024, Pages: 16-23

OAPE

http://joape.uma.ac.ir

1978

University of Mohaghegh Ardabili

Research Paper

Stability Enhancement of Hybrid Wind-Diesel Systems via SVC and
PSO-Optimized Voltage and Frequency Control

Wilson-Wilmar Candia-Quispe "
Marco Antonio Ananos Bedrinana *

, Iris-Liliana Vasquez-Alburqueque *
, Diana Lujdn Pérez’®

, Nestor Cuba Carbajal > ,

, Yersi-Luis Huamdn-Romani **~ , and

Juan-Jesiis Garrido-Arismendis’

'Faculty of Engineering, Universidad Tecnologica de los Andes , Andahuaylas, Peru.
*Academic Department of Philosophy and Art, National University of Trujillo, Trujillo, Peru.
*Departamento Académico of Turismo y Hoteleria, Universidad de San Martin de Porres, Lima, Peru.
*Faculty of Agricultural Sciences Professional School of Forestry and Environmental Engineering,
National Autonomous University of Chota, Chota, Peru.
*Department of Graduate School, National University of San Cristobal de Huamanga, Ayacucho, Peru.
®Department of Basic Sciences, National Amazonian University of Madre de Dios, Puerto Maldonado, Peru.
"Department of Food Industries Engineering, National Frontier University, Sullana, Peru.

Abstract— Nowadays, distributed generation (DG) systems with renewable energies are increasingly used to supply a portion of fluctuating
electric loads. However, the intermittent nature of these systems leads to variable frequency and voltage, posing challenges for consistent
energy supply. This paper addresses the challenges of variable frequency and voltage in DG systems powered by re-newable energy
sources. It models a hybrid wind-diesel system in MATLAB to optimize voltage and frequency control using a Particle Swarm Optimization
(PSO) algorithm with Sine-Cosine Acceleration Coefficients (SCAC). Simulation results show that the optimized Proportional-Integral (PI)
controller reduces frequency deviations to 0.21 Hz under a 1% active power disturbance and minimizes voltage deviations with support
from a Static Var Compensator (SVC). The system stabilizes rapidly, achieving a settling time of 0.4 seconds, demonstrating the advantages

of the SCAC-PSO approach over traditional methods.

Keywords—Voltage control, frequency control, proportional-integral, particle swarm algorithm, static var compensator, sine-cosine

accel-eration coefficients, active power perturbation.

1. INTRODUCTION
1.1.

Ensuring stability in distributed generation (DG) systems that
utilize renewable energy sources is crucial due to the inherent
intermittency of these resources. Reliable support systems are
essential, particularly in hybrid systems that combine wind and
diesel generation, where maintaining stable voltage and frequency
is critical for optimal perfor-mance. Conventional backup solutions,
such as diesel generators, provide consistent energy supply during
periods of renewable shortfall. Many intelligent optimization and
control approaches, such as optimal control [1], fractional-order
PID [2], genetic algorithm [3], particle swarm optimization
(PSO) [4], bacterial foraging optimization algorithm (BFOA)
[5], and fuzzy logic controllers [6], are recommended for
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voltage and frequency control. Numerous studies have ex-plored
methods for voltage and frequency control in wind-diesel hybrid
systems, highlighting the effectiveness of Static Var Compensators
(SVO) in enhancing overall system stability. This paper builds
on existing research by focusing on the integration of SVC
and optimized control strategies, specifically utilizing the PSO
algorithm with Sine-Cosine Ac-celeration Coefficients (SCAC).
Through comprehensive simulations, we demonstrate how these
approaches signifi-cantly improve dynamic response and reduce
fluctuations, ultimately contributing to a more stable and reliable
power system. Research in the field of hybrid power systems
has advanced significantly, particularly concerning the integra-tion
of renewable energy sources and effective control strategies to
enhance system stability.

1.2. Literature review

Guchhait et al. [7] applied a posicast controller along with an
SVC to a wind-diesel hybrid power system, achieving im-proved
stability and reactive power compensation through parameter
optimization using soft computing techniques. Their approach
effectively damped oscillations and enhanced system performance
under disturbances. We explore the application of the Particle
Swarm Optimization (PSO) algorithm with sine-cosine acceleration
coefficients for optimal voltage and frequency control, focusing
on faster convergence and reduced fluctuations. Younesi et al. [8]


https://orcid.org/0000-0002-6239-6704
https://orcid.org/0000-0001-9831-3213
https://orcid.org/0000-0002-7767-3751
https://orcid.org/0000-0002-4737-4443
https://orcid.org/0000-0002-2415-1650
https://orcid.org/0000-0001-7209-7727
https://orcid.org/0000-0001-9484-5642
https://doi.org/10.22098/joape.2025.15384.2178
https://creativecommons.org/licenses/by-nc/4.0/

Journal of Operation and Automation in Power Engineering, vol. 12, no. Special Issue, Dec. 2024 17

developed an adaptive control strategy using reinforcement learning
(RL) to address voltage and frequency oscillations in a microgrid
with wind power integration. Their approach applies Q-learning, a
model-free RL method, to improve system stability by adaptively
controlling voltage and frequency. The method outperforms
traditional and fuzzy PID controllers, espe-cially in nonlinear
scenarios. While both approaches aim to stabilize power systems,
our emphasis is on the integration of SVC for enhanced voltage
and frequency stability, targeting hybrid systems with different
configurations. Sadeghi er al. [9] optimized voltage and frequency
control in a distributed generation system using (BWO) algorithm,
enhancing system stability through optimized gains in the Static
Var Compensator (SVC) and synchronous generator. While both
studies utilize SVC for reactive power compensation, our approach
emphasizes faster convergence and reduced fluctua-tions, offering
a distinct optimization dynamic compared to BWO. Labed er al.
[10] applied adaptive acceleration coeffi-cients in PSO algorithms,
specifically APG-PSO and NDAC-PSO, to optimize power flow,
reduce fuel costs, and improve power system efficiency with SVC
devices in a transmission network. Their work focused on the
IEEE 30-bus system, showcasing practical improvements in power
flow optimization. Sharma et al. [11] studied multi-source power
genera-tion in a wind-diesel hybrid system using an optimal output
feedback controller. Demirrorin and Zineljil investigated automatic
production control in a wind-diesel hybrid system and used the GA
method to obtain optimal integral effi-ciencies and bias factors.
Bahat et al. [12] investigated the problem of voltage and frequency
control in a four-zone power system. Hybrid particle swarm
optimization has been utilized to receive the optimal efficiency of
the PI controller. The writers didn’t take into account significant
physical con-strains including governor dead band (GDB) as well
as genera-tion rate constraint (GRC) in the system model that has
an effect on power system performance. Elgerd [13] suggested
the two-degree (TDF) internal model control (IMC) approach to
adjust Pl-type decentralized volt-age controllers and frequency for
wind-diesel hybrid sys-tems. Liu et al. [14] sugegsted optimal
load frequency control in refurbished power systems with various
market structures. Ali et al. [15] demonstrated the notion of a
restructured power system and the DISCO (DPM) participation
matrix. In [16] optimal designs of hybrid wind turbine and diesel
generator systems with reactive power supply strategy have been
carried out. In [17] the measurement of a mi-cro-hydro-photovoltaic
hybrid system based on seasonal changes of both solar and water
sources was presented. In another study [12], the hybrid system of
wind turbine and diesel generator has been evaluated with the aim
of control-ling reactive power. To achieve this aim, a mathematical
model has been used. The wind turbine-diesel generator hybrid
system has been evaluated and STATCOM has been used to
adjust and control the voltage and frequency. The purpose of this
re-search is to manage reactive load demand [11]. In a research
that has been presented by 45 centuries, different mathematical
models for modeling synchronous generators connected to diesel
generators have been investigated [18].

1.3. Novelty and main contribution of paper

In this study, we propose a novel approach to enhance voltage
and frequency control within hybrid wind-diesel power systems.
By integrating Static Var Compensators (SVCs) with a Particle
Swarm Optimization (PSO) algorithm refined with sine-cosine
acceleration coefficients, we aim to provide a more adaptive and
responsive control solution than pre-vious methods. While much
of the existing literature focuses on theoretical modeling for
synchronous generators, our research places a stronger emphasis
on practical implementation and system behavior. Specifically,
we develop a de-tailed framework for evaluating performance
by modeling and linearizing the governing equations for the
hybrid die-sel-wind system. This approach allows us to account
for dynamic fluctuations more effectively, aiming to minimize

the Integral Squared Error (ISE) and increase the rate at which
voltage and frequency deviations are dampened. We further
implement a computer program based on the PSO algorithm
to optimize these control parameters, ensuring more robust and
reliable system stability under varied operating conditions. This
contribution represents a significant advance in hybrid system
control, providing a comprehensive method for maintaining stable
voltage and frequency amidst the challenges posed by renewable
intermittency and load fluctuations.

1.4. Paper organization

The remainder of the paper is structured as follows: Section
2 presents the SVC modeling in the hy-brid wind-diesel system,
along with the system model for voltage and frequency control.
Section 3 presents the simulation outcomes and evaluates the
effectiveness of the optimized PI controller and SVC integration
and finally, the article summary is given in section 4.

2. MATERIALS AND METHODS

In this section, the methodology for modeling the wind-
diesel hybrid system and the Particle Swarm Optimization (PSO)
algorithm with sine-cosine acceleration coefficients is described,
along with the integration of a Static Var Com-pensator (SVC) to
enhance voltage and frequency control.

2.1. PSO algorithm for voltage and frequency control

In this study, the Particle Swarm Optimization (PSO) algorithm
is employed for voltage and frequency control in the wind-diesel
hybrid system, optimizing the SVC for enhanced stability. As
detailed by Jain et al. [19], PSO is a widely used nature-inspired
technique due to its simplicity and flexibility. The algorithm
iteratively adjusts a swarm of parti-cles to minimize an objective
function, which, in this case, is designed to reduce voltage
and frequency deviations. Key optimization parameters, such as
the objective function, lower and upper limits (search space),
fitness function, maximum number of iterations, and number of
particles, are defined according to the relationships provided in
Jain’s work. This ensures a comprehensive approach to tuning
the SVC for optimal control performance. In line with the PSO
framework, the objective function minimizes voltage and frequency
deviations, while the search space is bounded by lower and upper
limits of control parameters. The fitness function measures system
stability and performance, ensuring robust voltage and frequency
regulation. The number of iterations and particles is chosen to
bal-ance solution accuracy and computational efficiency, following
established guidelines from Jain et al. [19].

The application of PSO in this study showed that it can
effectively enhance voltage and frequency regulation within the
wind-diesel hybrid system. By optimizing the control parameters
of the SVC, PSO helped to mitigate the fluctuations caused by
varying wind power and load conditions. The results demonstrated
that the system achieved more stable performance, with voltage
and frequency maintained within acceptable ranges. While the
improvement in control was significant, further refinement of the
method could still lead to more robust and adaptable solutions.

2.2. SVC modeling in hybrid wind-diesel systems

An SVC is a type of reactive power compensation device that
helps stabilize power systems by dynamically adjusting reactive
power in response to fluctuations. By regulating voltage levels and
improving system stability, the SVC ensures that voltage remains
within acceptable limits, even in the presence of varying load
demands and fluctuating renewable energy sources like wind. In
this study, the SVC plays a key role in addressing the inherent
variability of wind power. Wind turbines, which use squirrel-cage
generators, and diesel generators with synchronous generators are
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employed as power sources, as shown in Fig. 1. Under normal wind
conditions, active and reactive power can be controlled effec-tively.
However, when wind speed or load changes, maintaining consistent
voltage and frequency becomes difficult. This is where the SVC
steps in to stabilize the system, particularly during periods of wind
variability. To prevent severe voltage fluctuations, SVCs are used
as in Fig. 2 to compensate for severe fluctuations with this strategy.
On the synchronous generator, the excitation system is connected
with a smaller time constant than the governor to control the
voltage and frequency properly [13]. In [14], the advantageous
impact of the excitation ring for effective fre-quency control is
presented. Nonetheless, the study has been carried out for the
single machine infinite bus power sys-tem (SMIB), and 4 large
synchronous generators were taken into consideration to provide
infinite bus power by the long transmission line. In that study,
the impact of the frequency control loop and the voltage control
loop on each other is thoroughly analyzed for the pneumatic-diesel
isolation system.
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Fig. 1. Wind and diesel generator HYBRID system studied.

As can be seen in Fig. 2, two sources of wind turbine and
diesel generator are used to generate electrical energy and it
is done by a voltage and frequency control feedback. Fig. 1
illustrates the hybrid wind and diesel generator system studied,
where both energy sources work together to supply electrical
power. To maintain stable voltage and frequency under varying
load conditions, Fig. 2 shows the detailed block diagram of the
isolated wind-diesel power system, with a focus on the control
mechanisms. In particular, the system integrates a Static Var
Compensator (SVC) to manage voltage fluctuations caused by
wind speed variations. The relationship between the two figures
lies in how the system in Fig. 1 relies on the control framework
and reactive power compensation strategies presented in Fig. 2 to
ensure smooth and stable operation, especially under conditions of
wind variability and load changes.

2.3. Problem formulation

Changes in reactive power cause changes in frequency. The
reactive power generated by the synchronous generator can be
seen in Eq. (1) [20]:

E}cosé —V?
X

For small perturbations, Eq. (1) can be written as follows [21]:

Qsa = (D

AQsc = (Vciolbé) AE;+ (E;COSS—2V> AV — (E;Vsin(s)A&

Xa X4 X4

Where AEZZ is the internal emf deviation of the armature
proportional to the change in the direct axis field flux under

Fig. 2. Isolated wind-diesel power system block diagram.

transient conditions, AV is the deviation of the terminal voltage,
and AJ is the deviation of the power angle of the syn-chronous
generator. Laplace conversion of both sides for Eq. (2) results in:

AQSG(S) = K1AE;(5) + KQAV(S) — KsAS 2)

V cosd
K = X 3)
E! cosd — 2V
Ky="9%1"_ " X 4
E!Vsiné
Ks=2-29_""~
s X7 )]

The internal emf of the armature for the synchronous machine
of the cylindrical rotor is given in Eq. (7) and its change with
small perturbation is expressed as [22]:

_ Xap  Xa
X, 1T XX,

E, V cosd 6)

AB, = ¥ AE, = (X450 cossav + (X450 Vsingas (7)

7= X X X

The change in emf internal emitter is proportional to the change
in the direct axis field flux under steady-state conditions. For a
cylindrical rotor synchronous machine, the dispersion flux equation
for small perturbation is as follows:

4
dt

AFE;q — AE
(AEy) = = — ®)
do
T}, is the transient temporal open circuit of the direct center.
Therefore:

AE;(S) = ﬁ [K1AEfd(S) + KQAV(S) — KaA(s(S)} 9)
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whereby:
Te = % (10)
Ki— % an
ke = (XdX;dX‘/i> cos (12)
ks = (de;dx‘/i> Vsind (13)

Fig. 3 shows the flowchart of the particle swarm algorithm and
the sine-cosine acceleration coefficients.

Fig. 3. Flowchart of particle swarm algorithm and sine-cosine acceleration
coefficients.

To show the dynamic performance of the hybrid system under
wind and voltage changes in the MATLAB software en-vironment,
a computer simulation will be performed and the results will be
compared with the results of the reference article.

3. RESULTS AND DISCUSSION

The PSO-tuned SVC, addressing significant challenges posed by
load fluctuations and variable wind speeds. To imple-ment the PSO
algorithm with cosine-sine coefficients to adjust the gain of the
PI controller, the mentioned controller pa-rameters are optimized
using MATLAB software [23-26]. Eq. (14) represents the load
disturbances affecting the hybrid power system, such as demand
changes and load fluctuations. These disturbances impact voltage
and frequency stability, which the PSO-tuned SVC is designed to
mitigate. While voltage input is critical, the primary focus here is
on how these disturbances influence overall system stability and
control. The corresponding load disturbances, are as fol-lows:

APp; =0.02 APpz =0.01 (14)

19

Table 1. Optimized frequency and voltage loop PI controller coefficients.

ameter P ‘ I
Diesel-wind system | 3.1032 | 2.6359

Table 1 provides the optimized parameter values for the PI
controller in the diesel-wind system, specifically tuned for effective
frequency and voltage control. The optimized parameters for the
PI controller show improvements in response time and stability
in both the diesel and wind generation sources, demonstrating the
controller’s effective configuration for hybrid systems.
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Fig. 4. Simulation results of combined frequency and voltage loop system
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The aim of this study is to achieve optimal frequency control of
the hybrid isolated power system. The functions of sine and cosine
acceleration coefficients (SCAC) criteria were tested, each with
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Fig. 5. Simultaneous voltage and frequency control works to transient
responses.

dimensions of 10, 30, and 50. For each opti-mization function,
20 test voltages are performed and the average optimal values
and standard deviations are presented [27]. In this study, all
experimental experiments with a population size of 40 and a
maximum number of cycles for all functions were set to 1000.
PSO control parameters can be obtained from reference [28-30].
Moreover, the application of various criteria for varied conventional
standard functions is presented [31, 32]. Having said that, all of the
test functions hold a zero optimum overall solution. Consequently,
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Fig. 6. Comparison of the results of optimization of H-PSO-SCAC
algorithm with particle swarm algorithm.

for numerical functions, the cycles’ maximum number is regarded
as stopping criteria. The Integral of Squared Error (ISE) is used as
the objective function as follows:

f= / edt (15)

time

o F1, F2, and F3 show the frequency responses across different
stages.

e V1 and V2 depict the voltage stability levels during these
changes.

The results in Fig. 4 confirm that the optimized PI controller
effectively reduces deviations in frequency and enhances the
stability of the system, even in the face of variable load demands.
By minimizing the objective function through PI control, frequency
deviation errors are notably reduced in the steady state, while the
diesel generator can increase its output power to compensate for
fluctuations. Since the wind speed remains constant in this setup,
the SCIG (squirrel cage induction generator) contributes limited
active power, relying on the diesel unit to manage frequency
fluctuations. The optimized PI controller thus plays a key role in
maintaining frequency stability and preventing excessive deviations
in the system, ultimately contributing to overall system robustness.

3.1. Integrated frequency and voltage control system

In the integrated frequency and voltage control system, the
control of these two variables is considered simultaneously.

That changes in the active power of the synchronous generator
relative to the frequency control can be seen in Egs. (16) and (17).

APp sa + APm g + AP. = APp (16)
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Table 2. Simulation results of the proposed method.

Parameter  Setting time (sec) Peak over shoot
AF 1 0.6
AFy 2 0.15
AF3 3 0.4
Vi 4 0.65
Vo 4.5 0.15
V3 5 0.4

Table 3. Comparative performance of optimization algorithms on frequency
and voltage control in hybrid wind-diesel system.

Algorithm | Peak overshoot | Setting time | Peak overshoot | Setting time
(AF) (Sec) (AF) V) (Sec) (V)
PSO-SCAC | 0.15 2 0.15 4.5
GWO 0.18 25 0.17 5
SSA 0.2 3 0.22 5.2
WOA 0.16 2.3 0.18 4.8
AP. = P,Aj + Kg,,AE, (17)

In Eq. (15) DP, the amount of changes in the power generated
by SCIG is intended to compensate for the power of the resources,
as well as the DP changes in the power generation of wind turbines
and DP are changes in the power genera-tion of synchronous
diesel generators. DP is the changes of the load. In Fig. 5, we can
see how frequency and voltage control works. According to the
form, the correct function of this scenario can be seen concerning
power changes. Con-sidering that the reaction of diesel generators
to produce electrical power is very high, it prevents the reduction
of fre-quency well, and given that the electric power generation by
the wind turbine is not continuous, it cannot prevent fre-quency
fluctuations well, but for a long time it is a good solution for the
production of reactive power as well as fre-quency control.
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Fig. 7. Transient responses of frequency deviation and power generated by
considering the coordinated control of frequency and voltage control loops
against the random change of SVC type 3 load.

When a step-type disturbance is applied to active power,
terminal voltage initially deviates from its set point. This devi-ation
is effectively mitigated by reactive power support from the
synchronous generator and the SVC. Fig. 5 shows the transient
responses.

SVC Type 3 demonstrates the best performance in maintaining
voltage stability, as it rapidly compensates for voltage deviations
and eliminates any residual voltage error. This capability is
achieved through its integrated control with the PI controller,
allowing it to respond more effectively to sudden changes.

SVC Types 1 and 2 show a slower response in voltage
compensation, with a small, persistent deviation remaining after
stabilization. Although they eventually stabilize the voltage, the
recovery time is longer than that of SVC Type 3, which could lead
to undesirable voltage fluctuations if the load continues to vary.

This coordinated PI and SVC control reduces voltage fluctuations
and improves system resilience, keeping voltage and frequency
within acceptable limits even as load conditions fluctuate.

Where f is the objective function and e is the error between
the system frequency and the reference frequency.

3.2. Test system with frequency control loop

In this scenario, only frequency control is considered without
simultaneous voltage regulation, while active power gen-eration
is assumed to increase at a rate of 0.1% per second starting
from t=0t = 0t=0. A significant advantage of the PI controller is
its capability to be optimized for effective frequency regulation,
thus providing stability in the system’s re-sponse. The transient
responses, including frequency deviation and active power outputs
from both the wind and diesel units, were analyzed under a
1% active power load perturbation. This perturbation results in
a frequency decrease of approximately 0.21 Hz, demonstrating
the system’s sensitivity to load changes. Fig. 4 illustrates these
dynamic re-sponses within the combined frequency and voltage
loop system. Here:

3.3. Investigation of reactive power latency in simultaneous
control mode of voltage and frequency

Reactive power is one of the cases that causes discrepancies
in voltage production, making its control essential for volt-age
stability in the hybrid wind-diesel system. Fig. 6 compares the
performance of SVC configurations, with SVC Types 2 and 3
showing superior speed in reducing voltage latency and preventing
severe fluctuations under load dis-turbances. Notably, Type 3
provides the least latency, nearly eliminating voltage deviation
when integrated with the control system. Fig. 5 further illustrates
that increased reactive power from the synchronous generator helps
mitigate latency, sustaining voltage stability. Comparing Figs. 5
and 6, higher terminal voltage fluctuations are associated with
greater reactive power requirements, emphasizing the critical role
of SVC Types 2 and 3 in responding to these variations effectively.
The synchronous generator’s steady reactive power support further
reduces response time.

The H-PSO-SCAC algorithm, using sine-cosine acceleration
coefficients, optimally tunes control parameters, with Fig. 6
showing that it outperforms the standard PSO by achieving faster
convergence and greater stability. This analysis un-derscores the
effectiveness of SVC Types 2 and 3 in ensuring transient voltage
stability essential for consistent voltage and frequency control
amidst fluctuating load and generation conditions.

As shown in Eq. (12), the test system changes randomly:

Af; = 0.003sin(4.36t) + 0.005sin(5.3t) — 0.01sin(6t) (18)

Fig. 7 depicts the dynamic responses of frequency deviation
and power generation following a disturbance from an active load,
showcasing the effectiveness of the coordinated control strategy
for frequency and voltage loops. The system quickly stabilizes
frequency deviation after disturbance, demonstrating robust control
performance. Coordinate control effectively reduces oscillations,
highlighting the synergy between frequency and voltage control
strategies. Additionally, the figure emphasizes the importance of
swift recovery to maintain a consistent power supply and protect
electrical equipment.

Overall, the results confirm the proposed method’s ability to
enhance the resilience of wind diesel hybrid systems in dynamic
scenarios.

Table 2 shows the results of the voltage stimulation of the
wind-diesel system using the PSO algorithm and its optimi-zation
or cosine sinusoidal acceleration coefficients. Peak overshoot,
indicates the maximum deviation from the desired setpoint during
a transient response. Lower values (0.15 to 0.65) suggest better
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stability. Setting time (sec), represents the time taken for the
output to stabilize within a specified range after a disturbance.
Shorter times (1 to 5 seconds) indicate a more responsive system.
In parameters, frequency deviations (AF) and voltage levels
(V) reflect the system’s performance under varying operational
conditions.

3.4. Comparative analysis of optimization algorithms

To further validate the efficacy of the PSO algorithm with sine-
cosine acceleration coefficients (SCAC) in stabilizing voltage and
frequency control, comparative simulations were run using three
recent optimization algorithms: the Grey Wolf Optimizer (GWO),
Salp Swarm Algorithm (SSA), and Whale Optimization Algorithm
(WOA). These algorithms were selected for their adaptability to
power system applications and unique approaches to balancing
exploration and exploitation in complex control environments.
Each algorithm was configured with equivalent population sizes
and iteration limits for a fair comparison, and all simulations
were conducted in MATLAB. The PSO-SCAC approach, GWO,
SSA, and WOA were used to tune the PI controller in the hybrid
wind-diesel system. In Table 3, the comparative perfor-mance of
Peak Overshoot and Setting Time for both frequency (AF) and
voltage (V') control is presented, demonstrating each algorithm’s
response to similar load disturbances. Lower overshoot and faster
setting times indicate improved stability and re-sponsiveness across
the various optimization approaches.

The results demonstrate that while PSO-SCAC achieves the
lowest peak overshoot and setting time, GWO and WOA
also perform effectively in maintaining system stability. The
SSA algorithm shows comparatively higher overshoot and longer
settling times, highlighting the strengths of PSO-SCAC in achieving
precise control under varying conditions. These findings confirm
the robustness of the PSO-SCAC method, underscoring its superior
convergence speed and re-duced fluctuation control relative to
recent optimization methods.

4. CONCLUSION

This study presents a robust voltage and frequency control
strategy for a hybrid wind-diesel power system, leveraging a
Particle Swarm Optimization (PSO)-tuned Static VAR Compensator
(SVO) to maintain stability under variable load conditions and
wind speeds. The optimization employs Sine-Cosine Acceleration
Coefficients (SCAC), allowing for adaptive tuning of the PI
controller to respond quickly and effectively to dynamic changes
in load and generation. Sim-ulation results highlight the system’s
ability to minimize voltage and frequency deviations, particularly
with SVC Types 2 and 3, which provide the fastest response times
and effectively minimize voltage latency. By adjusting reactive
power in real-time, the SVC addresses voltage discrepancies
induced by load perturbations, while the PI controller en-hances
frequency stability even as active power generation varies. The
coordinated frequency-voltage control loop demonstrates improved
convergence, maintaining voltage and frequency within acceptable
bounds across different op-erating conditions. This approach
significantly reduces peak overshoot and settling times, thereby
minimizing system oscillations and achieving a more resilient
performance. These findings underscore the applicability of
the PSO-optimized SVC control strategy for real-world hybrid
systems, where rapid adaptation and robust control are es-sential
for integrating renewable energy sources reliably. This solution
holds promise for enhanced stability, reduced fluctuations, and
a streamlined path to steady-state operation, demonstrating its
effectiveness in meeting the complex demands of hybrid power
systems.
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