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Abstract: 

Voltage regulation is crucial for maintaining power system stability and ensuring reliable 

power delivery. Static Synchronous Compensator (STATCOM) is a widely used Flexible AC 

Transmission System (FACTS) device for voltage regulation. This paper presents a 

comprehensive review of research on Particle Swarm Optimization (PSO) tuned PI controlled 

STATCOM for voltage regulation over the last decade. The review covers various aspects, 

including different PSO variants, PI controller design, STATCOM modeling, and performance 

evaluation under various operating conditions. The paper also analyzes the challenges and 

future trends in this research area. 

Keywords: - 

 STATCOM: Static Synchronous Compensator.  

 PSO: Particle Swarm Optimization.  

 PI Controller: Proportional-Integral Controller.  

 Voltage Regulation: Maintaining voltage within desired limits.  

 FACTS: Flexible AC Transmission System. 

 VSC: Voltage Source Converter. 

 Reactive Power: Power that oscillates between the source and load without being 

consumed. 
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1. Introduction 

Modern power systems face numerous challenges due to increasing load demand, integration 

of renewable energy sources, and the dynamic nature of loads. These factors can lead to voltage 

instability, power quality issues, and even system collapse. To address these challenges, 

FACTS devices have emerged as effective solutions for enhancing power system stability and 

controllability. Among various FACTS devices, STATCOM stands out due to its fast response, 

flexible control, and ability to provide both reactive power support and voltage regulation. 

The performance of STATCOM largely depends on its control system. Traditionally, 

Proportional-Integral (PI) controllers have been widely used due to their simplicity and ease of 

implementation. However, tuning PI controller parameters can be challenging, especially in 

complex power systems with dynamic operating conditions. Particle Swarm Optimization 

(PSO), a nature-inspired optimization algorithm, has gained popularity for its ability to 

efficiently find optimal solutions in complex search spaces. PSO has been successfully applied 

to tune PI controller parameters for STATCOM, leading to improved voltage regulation 

performance. 

This paper presents a comprehensive review of research on PSO-tuned PI controlled 

STATCOM for voltage regulation over the last decade. The review covers various aspects, 

including different PSO variants, PI controller design, STATCOM modeling, and performance 

evaluation under various operating conditions. The paper also analyzes the challenges and 

future trends in this research area. 

2. STATCOM and its Role in Voltage Regulation 

STATCOM is a shunt-connected FACTS device that can generate or absorb reactive power to 

control the voltage at its point of connection. It consists of a voltage source converter (VSC) 

connected to the grid through a coupling transformer. The VSC generates a controllable AC 

voltage, which, when different from the grid voltage, results in the flow of reactive power. By 

controlling the VSC output voltage, STATCOM can regulate the grid voltage within desired 

limits. 

STATCOM offers several advantages for voltage regulation: 

 Fast response: STATCOM can respond to voltage fluctuations within a few 

milliseconds, making it suitable for dynamic voltage control. 

 Flexible control: STATCOM can provide both inductive and capacitive reactive 

power, allowing it to regulate voltage under various operating conditions. 
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 Improved power quality: STATCOM can mitigate voltage sags, swells, and 

harmonics, improving power quality. 

 Enhanced system stability: STATCOM can enhance transient stability and prevent 

voltage collapse by providing dynamic voltage support. 

3. PI Controllers for STATCOM 

PI controllers are widely used for STATCOM control due to their simplicity and effectiveness. 

A PI controller consists of two components: a proportional term that responds to the present 

error and an integral term that considers past errors. The PI controller output is a combination 

of these two terms, which drives the STATCOM to regulate the voltage. 

The performance of a PI controller depends on the proper tuning of its proportional gain (Kp) 

and integral gain (Ki). Traditionally, these gains are tuned manually based on trial and error or 

using classical control techniques. However, these methods can be time-consuming and may 

not provide optimal performance in complex power systems. 

PI controllers are a popular choice for STATCOM control due to their simplicity and 

effectiveness. They consist of two main components: 

3.1 Proportional Term (Kp): This term responds to the present error between the desired 

voltage and the actual voltage. A larger Kp leads to a quicker response, but it can also 

increase overshoot and instability. 

 

 

Figure 1- Proportional Controller Response.  
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3.2 Integral Term (Ki): This term considers the accumulated error over time. It helps to 

eliminate steady-state error, but a large Ki can lead to oscillatory behavior. 

 

Figure 2- Integral Controller Response. 

The output of the PI controller, which is a combination of these two terms, drives the 

STATCOM to regulate the voltage. 

3.3 Tuning the PI Controller 

The performance of a PI controller heavily relies on the proper tuning of its gains, Kp and Ki. 

Traditional methods, such as manual tuning or classical control techniques, can be time-

consuming and may not yield optimal performance in complex power systems. 

3.4 Advanced Tuning Techniques 

To overcome these limitations, advanced tuning techniques have been developed: 

3.4.1 Optimization Algorithms: These algorithms, like genetic algorithms and particle 

swarm optimization, can automatically search for the optimal values of Kp and Ki. 



ISSN: 2583-5637 (Online) 
International journal of Inventive Research in Science and Technology 

Volume 4 Issue 5 May 2025 
 

5 
 

 

Figure 3- Flowchart for an Optimization Algorithm. 

3.4.2 Model-Based Tuning: By creating a mathematical model of the STATCOM system, 

it's possible to simulate different tuning scenarios and identify the best parameters. 

 

Figure 4- Simplified Model of A STATCOM System. 

3.4.3 Artificial Intelligence: Techniques like neural networks and fuzzy logic can learn 

from data and adapt the controller's parameters to changing system conditions. 
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Figure 5- Neural Network Architecture. 

By employing these advanced techniques, PI controllers can be effectively tuned to achieve 

robust and high-performance STATCOM control in various power system applications. 

4. Particle Swarm Optimization (PSO) 

PSO is a population-based optimization algorithm inspired by the social behavior of bird 

flocking or fish schooling. In PSO, a population of particles searches for the optimal solution 

in a multi-dimensional search space. Each particle represents a potential solution and has a 

position and velocity. The particles move through the search space, updating their positions 

and velocities based on their own experience and the experience of their neighbors.  

The PSO algorithm can be summarized as follows: 

1. Initialization: Initialize a population of particles with random positions and velocities. 

2. Evaluation: Evaluate the fitness of each particle based on an objective function. 

3. Update personal best: For each particle, compare its current fitness with its personal 

best fitness. If the current fitness is better, update the personal best position. 

4. Update global best: Find the particle with the best fitness among all particles. This is 

the global best position. 

5. Update velocity and position: Update the velocity and position of each particle based 

on its personal best position, the global best position, and its current velocity. 

6. Repeat steps 2-5: Repeat the evaluation, update, and movement steps until a 

termination criterion is met. 

Particle Swarm Optimization (PSO): A Visual Guide 
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Particle Swarm Optimization (PSO) is a popular meta-heuristic optimization algorithm inspired 

by the social behavior of bird flocking or fish schooling. It's a powerful tool for solving 

optimization problems across various domains. 

How PSO Works: 

4.1 Initialization: 

 A population of particles (potential solutions) is randomly initialized in the 

search space. 

 Each particle has a position and a velocity. 

 

Figure 6- Swarm of Particles Randomly Distributed in A Search Space.  

4.2 Evaluation: 

 The fitness of each particle is evaluated based on a predefined objective 

function. 

4.3 Update Personal Best: 

 If the current fitness of a particle is better than its previous best fitness, the 

particle's personal best position is updated. 

4.4 Update Global Best: 

 The particle with the best fitness among all particles is identified as the global 

best. 

4.5 Update Velocity and Position: 
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 The velocity and position of each particle are updated based on its personal best 

position, the global best position, and its current velocity. This update is 

influenced by two parameters: cognitive and social components. 

 

Figure 7- Particle Moving Towards Its Personal Best and Global Best 

Positions. 

4.6 Repeat: 

 Steps 2-5 are repeated iteratively until a termination criterion (e.g., maximum 

number of iterations or satisfactory fitness) is met. 

Key Concepts: 

 Particle: A potential solution represented by a position vector in the search space. 

 Fitness Function: A function that evaluates the quality of a solution. 

 Personal Best: The best position found by a particle so far. 

 Global Best: The best position found by any particle in the swarm. 

 Velocity: The speed and direction of a particle's movement. 

 Cognitive Component: Influences the particle's movement towards its personal best. 

 Social Component: Influences the particle's movement towards the global best. 

Advantages of PSO: 

 Simple to implement 

 Efficient in finding optimal solutions 

 Can handle complex optimization problems 

 Can be easily parallelized 



ISSN: 2583-5637 (Online) 
International journal of Inventive Research in Science and Technology 

Volume 4 Issue 5 May 2025 
 

9 
 

Applications of PSO: 

 Engineering Design: Optimization of structural designs, control systems, and material 

selection. 

 Machine Learning: Feature selection, neural network training, and parameter tuning. 

 Robotics: Path planning, motion control, and task allocation. 

 Financial Modeling: Portfolio optimization and risk management. 

 Image Processing: Image restoration, segmentation, and feature extraction. 

By understanding the fundamental principles of PSO, you can effectively apply this powerful 

optimization technique to solve various real-world problems. 

5. PSO-Tuned PI Controlled STATCOM 

The application of PSO to tune PI controller parameters for STATCOM has gained significant 

attention in the last decade. The PSO algorithm is used to find the optimal values of Kp and Ki 

that minimize a predefined objective function, such as voltage deviation, settling time, or 

overshoot. The general framework for PSO-tuned PI controlled STATCOM is as follows: 

1. STATCOM modeling: Develop a mathematical model of the STATCOM and the 

power system. 

2. PI controller design: Design a PI controller for STATCOM voltage regulation. 

3. PSO implementation: Implement the PSO algorithm to optimize the PI controller 

parameters. 

4. Objective function definition: Define an objective function that reflects the desired 

voltage regulation performance. 

5. PSO optimization: Run the PSO algorithm to find the optimal PI controller parameters 

that minimize the objective function. 

6. Performance evaluation: Evaluate the performance of the PSO-tuned PI controlled 

STATCOM under various operating conditions. 

6. Review of Research in the Last Decade 

Over the last decade, numerous research studies have investigated the application of PSO-tuned 

PI controlled STATCOM for voltage regulation. These studies have explored various aspects, 

including different PSO variants, PI controller design, STATCOM modeling, and performance 

evaluation under various operating conditions. 
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6.1 PSO Variants 

Researchers have explored various PSO variants to improve the optimization process and 

achieve better voltage regulation performance. Some of the commonly used PSO variants 

include: 

 Adaptive PSO: This variant adjusts the PSO parameters during the optimization 

process to improve convergence speed and avoid premature convergence. [1] 

 Hybrid PSO: This variant combines PSO with other optimization algorithms, such as 

genetic algorithms or simulated annealing, to enhance exploration and exploitation 

capabilities. [2] 

 Multi-objective PSO: This variant optimizes multiple objectives simultaneously, such 

as voltage deviation and settling time, to achieve a balanced performance. [3] 

6.2 PI Controller Design 

Researchers have investigated different PI controller structures and design approaches to 

improve the performance of STATCOM. Some of the commonly used PI controller design 

approaches include: 

 Conventional PI controller: This is the most basic PI controller structure, which uses 

fixed Kp and Ki values. [4] 

 Adaptive PI controller: This variant adjusts the Kp and Ki values online based on the 

system operating conditions, providing better adaptability to dynamic changes. [5] 

 Fuzzy logic based PI controller: This variant uses fuzzy logic to adjust the PI 

controller parameters, providing more robust control in the presence of uncertainties. 

[6]. 
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6.3 STATCOM Modeling 

Researchers have developed various STATCOM models with different levels of complexity to 

simulate its behavior in power systems. Some of the commonly used STATCOM models 

include: 

 Detailed model: This model includes detailed representation of the VSC, including 

switching devices, control circuits, and filters. [7] 

 Simplified model: This model represents the STATCOM as a controllable voltage 

source, neglecting the internal details of the VSC. [8] 

 Average model: This model averages the switching behavior of the VSC, providing a 

computationally efficient representation for dynamic simulations. [9] 

6.4 Performance Evaluation 

Researchers have evaluated the performance of PSO-tuned PI controlled STATCOM under 

various operating conditions, including: 

 Normal operating conditions: This includes steady-state operation with constant load 

and generation. [10] 

 Transient conditions: This includes disturbances such as faults, load changes, and 

generator outages. [11] 

 Renewable energy integration: This includes the impact of integrating renewable 

energy sources, such as wind and solar power, on voltage regulation. [12] 

7. Challenges and Future Trends 

Despite the significant progress in PSO-tuned PI controlled STATCOM for voltage regulation, 

several challenges remain, and future research directions include: 

 Improved PSO algorithms: Developing more efficient and robust PSO variants that 

can handle complex power system dynamics and uncertainties. 

 Advanced PI controller design: Exploring advanced PI controller structures and 

design approaches, such as fractional-order PI controllers and model predictive control, 

to further enhance performance. 

 Real-world implementation: Implementing PSO-tuned PI controlled STATCOM in 

real-world power systems and validating its performance under practical operating 

conditions. 
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 Integration with other control strategies: Integrating PSO-tuned PI controlled 

STATCOM with other control strategies, such as coordinated voltage control and 

adaptive protection, to achieve comprehensive power system stability. 

 Cybersecurity considerations: Addressing cybersecurity concerns related to the 

implementation of PSO-tuned PI controlled STATCOM in smart grids. 

8. Conclusion 

This paper has presented a comprehensive review of research on PSO-tuned PI controlled 

STATCOM for voltage regulation over the last decade. The review has covered various 

aspects, including different PSO variants, PI controller design, STATCOM modeling, and 

performance evaluation under various operating conditions. The paper has also analyzed the 

challenges and future trends in this research area. 

The review highlights the significant progress made in PSO-tuned PI controlled STATCOM 

for voltage regulation. PSO has proven to be an effective tool for optimizing PI controller 

parameters, leading to improved voltage regulation performance. However, challenges remain, 

and future research is needed to address these challenges and further enhance the performance 

and reliability of PSO-tuned PI controlled STATCOM in modern power systems. 
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