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Abstract:

Maintaining stable voltage levels is paramount for ensuring the reliable operation of modern
power systems, which are increasingly stressed by dynamic loads and the influx of renewable
energy sources. Static Synchronous Compensators (STATCOMs) have emerged as vital tools
for dynamic voltage control. This paper provides a comprehensive review of research
conducted over the past decade, focusing on the utilization of Particle Swarm Optimization
(PSO) techniques to fine-tune the Proportional-Integral (PI) controllers within STATCOMs.
This optimization aims to achieve superior voltage regulation performance. The review delves
into various PSO adaptations, objective functions employed, and performance assessment
methodologies, highlighting both the progress made and the ongoing challenges in this domain.

1. Introduction: The Critical Role of VVoltage Regulation in Modern Power Systems

The complexities of contemporary power systems, arising from escalating load demands, the
integration of renewable energy sources, and the inherent variability of loads, pose significant
challenges [1]. Voltage fluctuations and instability can lead to equipment damage,
compromised power quality, and even catastrophic system-wide failures [1]. Flexible AC
Transmission Systems (FACTS) devices, notably STATCOMs, offer a robust solution for
dynamic voltage control and effective power flow management [2].

STATCOMs, built upon voltage source converter (VSC) technology, possess the capability to
inject reactive power into the grid, effectively regulating voltage magnitudes at the point of
common coupling (PCC). The efficacy of a STATCOM is heavily reliant on its control system,
which typically employs PI controllers. However, determining the optimal PI gains to ensure

peak performance across diverse operating conditions can be a complex undertaking.
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Particle Swarm Optimization (PSO), a metaheuristic algorithm inspired by nature, has gained
significant traction for optimizing Pl controller parameters [3]. PSO emulates the social
behavior observed in bird flocks or fish schools, where individuals (particles) collectively seek
the optimal solution (analogous to food) by sharing information and adjusting their positions
within the search space. This review specifically examines the application of PSO in refining
Pl-controlled STATCOMs for enhanced voltage regulation, encompassing the advancements

and research trends over the last 10 years.

2. STATCOM: A Dynamic Approach to VVoltage Control

STATCOM, a shunt-connected FACTS device, leverages power electronic switches to
precisely control the reactive power exchange with the grid. It can operate in both inductive
and capacitive modes, providing crucial voltage support during voltage sags and swells,
respectively [4]. The fundamental structure of a STATCOM comprises a VSC, a DC capacitor,
and a coupling transformer.

The control mechanism of a STATCOM typically incorporates two Pl controllers: one
dedicated to regulating the DC bus voltage and another for managing the reactive current
injected into the grid [5]. The DC voltage controller ensures the capacitor voltage remains at
the desired level, while the reactive current controller modulates the reactive power exchange

to achieve precise voltage regulation at the PCC.

3. Understanding Particle Swarm Optimization (PSO)

PSO, a population-based optimization algorithm, draws inspiration from the social dynamics
of bird flocks [6]. Each particle within the swarm represents a potential solution within the
search space. These particles navigate through the search space, iteratively adjusting their
positions based on their own experiences and the collective knowledge gained from their
neighbors.

The position of each particle is updated based on its velocity, which is influenced by both its
personal best position and the global best position discovered by the swarm. The PSO algorithm
is lauded for its simplicity, ease of implementation, and ability to tackle complex optimization
problems.



Particle Swarm Optimization (PSO): A Visual Guide

What is PSO?

Particle Swarm Optimization (PSO) is a population-based optimization algorithm inspired by
the social behavior of bird flocks. It's a powerful tool for solving complex optimization

problems.
How Does PSO Work?
3.1 Initialization:

e A swarm of particles is randomly initialized in the search space.

o Each particle represents a potential solution to the optimization problem.
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Figure 1-Swarm of Particles Randomly Distributed in A Search Space.

3.2 Movement:

o Each particle has a position and a velocity.

e The velocity is updated based on two factors:
= Personal best (pBest): The best position found by the particle so far.
= Global best (gBest): The best position found by the entire swarm so far.
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Figure 2-Particle Moving Towards Its pBest and gBest.

3



3.3 Update:
e The particle's position is updated using its new velocity.
e The pBest and gBest are updated if a better solution is found.
3.4 Iteration:
e Steps 2 and 3 are repeated until a stopping criterion is met (e.g., maximum

number of iterations or a satisfactory solution is found).

Why Use PSO?
o Simplicity: PSO is relatively easy to implement.
« Efficiency: It can find optimal solutions quickly, even for complex problems.

o Versatility: PSO can be applied to a wide range of optimization problems.

Applications of PSO
« Engineering design: Optimization of structures, circuits, and systems.
e Machine learning: Feature selection, parameter tuning, and neural network training.
o Finance: Portfolio optimization and trading strategies.

e Control systems: Design of controllers for complex systems.

By mimicking the collective intelligence of bird flocks, PSO provides a robust and efficient

approach to solving optimization problems.

4. Optimizing STATCOM Performance: PSO-Based PI Controller Tuning

The application of PSO for fine-tuning PI controllers in STATCOMs has been a subject of
extensive investigation over the past decade. Researchers have explored a diverse array of PSO
variants, objective functions, and performance evaluation metrics to attain optimal voltage

regulation.

4.1. Exploring PSO Variants
The standard PSO algorithm has undergone numerous modifications and enhancements to
elevate its performance and address inherent limitations. Some of the frequently employed PSO
variants in STATCOM applications include:
e Inertia Weight PSO: This variant incorporates an inertia weight parameter to regulate
the influence of the previous velocity on the current velocity, thereby enhancing the

algorithm's exploration and exploitation capabilities [7].



Constriction Factor PSO: This variant utilizes a constriction factor to constrain the
velocity of particles, preventing divergence and improving convergence speed [8].

Adaptive PSO: This variant dynamically adjusts the parameters of the PSO algorithm,
such as inertia weight and acceleration coefficients, enabling it to adapt to the evolving

search landscape [9].
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Figure 3- Adaptive PSO Algorithm.

Hybrid PSO: This variant merges PSO with other optimization algorithms, such as
genetic algorithms or simulated annealing, to capitalize on the strengths of both

approaches [10].
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Figure 4-Hybrid PSO Algorithm.
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4.2. Defining Optimization Goals: Objective Functions

The objective function establishes the overarching goal of the optimization process. In the

context of PSO-tuned PI controllers for STATCOM, the objective function typically aims to

minimize voltage deviations at the PCC. Some commonly used objective functions include:

Integral of Time multiplied by Absolute Error (ITAE): This function penalizes large
errors and prolonged settling times, promoting a smoother response [11].

Integral of Squared Error (ISE): This function emphasizes large errors, leading to a
faster response but potentially with overshoots [12].

Integral of Absolute Error (IAE): This function strikes a balance between ITAE and

ISE, penalizing both large errors and extended settling times [13].

4.3. Assessing Performance: Evaluation Metrics

The performance of PSO-tuned PI controllers is rigorously evaluated based on various metrics,

including:

Voltage deviation: This metric quantifies the difference between the actual voltage and
the desired voltage at the PCC.

Settling time: This metric measures the time required for the voltage to reach and
remain within a specified tolerance band around the desired voltage.

Overshoot: This metric quantifies the maximum deviation of the voltage above the
desired voltage.

Rise time: This metric measures the time taken for the voltage to rise from a specified
low value to a specified high value.

Total Harmonic Distortion (THD): This metric assesses the harmonic content in the

voltage waveform.

5. Advancements and Trends in PSO-Based STATCOM Control
The past decade has been marked by significant progress in the application of PSO-tuned Pl

controllers for STATCOMSs. Some of the key research trends include:

Multi-objective optimization: Researchers have investigated the use of PSO for the
simultaneous optimization of multiple objectives, such as voltage regulation, power
loss minimization, and THD reduction [14].

Dynamic and adaptive control: PSO has been instrumental in designing adaptive Pl
controllers that can adjust their gains in real-time to effectively handle changing

operating conditions and disturbances [15].



Robust control: PSO has been employed to design robust Pl controllers that can
maintain satisfactory performance even in the face of uncertainties and disturbances
[16].

Hybrid PSO: Researchers have explored the hybridization of PSO with other
optimization algorithms, such as fuzzy logic and neural networks, to further enhance
the performance of PI controllers [17].

Application in microgrids: PSO-tuned P1 controllers have been successfully applied
to STATCOMSs in microgrids to improve voltage stability and power quality [18].

6. Challenges and Future Directions in PSO-Based STATCOM Optimization
Despite the substantial progress in PSO-tuned PI controlled STATCOMs, certain challenges

persist:

Computational complexity: PSO can be computationally demanding, especially for
large-scale power systems with multiple STATCOMs.

Parameter tuning: The performance of PSO is influenced by its parameters, which
require careful tuning to achieve optimal results.

Convergence speed: PSO may encounter slow convergence speed, particularly for
high-dimensional problems.

Real-time implementation: Implementing PSO-tuned PI controllers in real-time can

be challenging due to computational limitations.

Future research directions include:

Development of more efficient PSO variants: Researchers are actively exploring new
PSO variants with improved convergence speed and computational efficiency.
Integration with advanced control techniques: PSO can be combined with other
advanced control techniques, such as model predictive control and sliding mode
control, to further elevate the performance of STATCOMs.

Application in renewable energy integration: PSO-tuned PI controlled STATCOMs
can play a crucial role in seamlessly integrating renewable energy sources into the grid,
ensuring voltage stability and power quality.

Hardware implementation: Real-time implementation of PSO-tuned P1 controllers on
hardware platforms, such as field-programmable gate arrays (FPGAS), represents an

important area for future research.



7. Conclusion: PSO — A Powerful Tool for Enhancing STATCOM Performance

PSO has clearly established itself as a powerful tool for optimizing PI controllers in
STATCOMs, facilitating optimal voltage regulation in power systems. The last decade has
witnessed significant advancements in this field, with researchers exploring a wide spectrum
of PSO variants, objective functions, and performance evaluation methods. The application of
PSO-tuned PI controlled STATCOMSs has broadened to encompass microgrids and renewable
energy integration. Future research endeavors include developing more efficient PSO variants,
integrating PSO with advanced control techniques, and implementing PSO-tuned PI controllers

in real-time on hardware platforms.
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