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Abstract

Harmonic distortion in industrial power systems can lead to significant energy losses and
reduced equipment lifespan, necessitating effective mitigation strategies. This research
explores the optimization of fuzzy logic controllers (FLCs) for shunt active power filters
(SAPFs) using advanced techniques like Genetic Algorithms (GA) and Particle Swarm
Optimization (PSO). The proposed approach aims to enhance the dynamic performance of
SAPFs by fine-tuning fuzzy membership functions and rule sets, enabling precise harmonic
suppression under varying load conditions. A comparative analysis of GA and PSO is
conducted to evaluate their efficiency in achieving optimal control parameters. Simulation
results demonstrate improved total harmonic distortion (THD) reduction, faster response
times, and enhanced adaptability to load fluctuations. The findings highlight the potential of
integrating optimization algorithms with FLCs for achieving superior power quality in

industrial systems.
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| Introduction

The increasing use of nonlinear loads in industrial systems, such as variable frequency drives,
rectifiers, and uninterruptible power supplies, has led to a rise in harmonic distortion within
power distribution networks. These harmonics degrade power quality, resulting in significant
energy losses, overheating of equipment, malfunctioning of sensitive devices, and reduced
operational efficiency. To address these issues, shunt active power filters (SAPFs) have
emerged as an effective solution for harmonic mitigation and reactive power compensation.
However, the performance of SAPFs is highly dependent on the precision and adaptability of

their control strategies, making the design of advanced controllers a critical area of research

[1].

Fuzzy logic controllers (FLCs) have gained prominence in this context due to their ability to
handle nonlinearities and uncertainties in power systems. Unlike traditional proportional-
integral (PI) or proportional-integral-derivative (PID) controllers, FLCs rely on linguistic
rules and membership functions, offering a flexible and intuitive approach to control design.
Despite their advantages, the effectiveness of FLCs is significantly influenced by the proper
selection of membership functions, rule sets, and scaling factors. Manual tuning of these
parameters is time-consuming and prone to suboptimal results, especially in dynamic

industrial environments with varying load conditions.

To overcome these challenges, optimization techniques such as Genetic Algorithms (GA) and
Particle Swarm Optimization (PSO) have been proposed to enhance the performance of
FLCs. GA, inspired by the principles of natural selection and evolution, searches for optimal
solutions by iteratively refining a population of candidate solutions. PSO, on the other hand,
mimics the social behavior of bird flocking or fish schooling, enabling particles to explore the
solution space efficiently. Both techniques are well-suited for handling the multidimensional

and nonlinear optimization problems associated with FLC parameter tuning [2].
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This research investigates the integration of GA and PSO with FLCs for SAPFs to achieve
superior harmonic mitigation. The primary objective is to optimize the fuzzy membership
functions and rule sets to minimize total harmonic distortion (THD) while maintaining
stability and adaptability under dynamic operating conditions [3]. A comparative analysis is
conducted to evaluate the efficiency of GA and PSO in terms of convergence speed,

computational complexity, and overall performance.

The study is structured as follows: the theoretical background of harmonic distortion and
SAPFs is reviewed, followed by an overview of fuzzy logic control principles. The
optimization techniques, GA and PSO, are then described in detail, highlighting their
application to FLC tuning. Simulation results are presented to demonstrate the effectiveness
of the proposed approach, and the findings are discussed in the context of industrial power

systems. Finally, the research concludes with recommendations for future work in this field

[4].

By leveraging advanced optimization techniques, this research aims to address the limitations
of conventional FLCs and contribute to the development of more efficient and adaptive
SAPFs. The proposed methodology holds significant potential for enhancing power quality in
industrial systems, ensuring reliable and sustainable energy utilization in the face of growing

demand and complexity [5].

I1. Literature Review

Harmonic distortion in power systems has become a critical issue with the increasing
prevalence of nonlinear loads. Over the years, various mitigation strategies have been
developed, with shunt active power filters (SAPFs) emerging as a widely adopted solution
due to their effectiveness in reducing total harmonic distortion (THD) and improving power
quality. The performance of SAPFs largely depends on their control strategies, which have
evolved significantly to address the challenges posed by complex and dynamic industrial

environments [6].
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a) Shunt Active Power Filters and Control Strategies

SAPFs have been extensively studied for their ability to mitigate harmonics and compensate
for reactive power. Early implementations of SAPFs relied on traditional control methods,
such as proportional-integral (PI) and proportional-integral-derivative (PID) controllers, due
to their simplicity and ease of implementation [7]. However, these controllers often struggle
with nonlinearities, parameter variations, and dynamic load conditions, limiting their

effectiveness in practical applications.

To address these limitations, fuzzy logic controllers (FLCs) have been proposed as an
alternative due to their ability to handle uncertainties and nonlinearities in system behavior.
Unlike conventional controllers, FLCs operate on linguistic rules and membership functions,
making them highly adaptable to changing operating conditions. Numerous studies have
demonstrated the superiority of FLCs in improving SAPF performance, particularly in
reducing THD and ensuring stability under varying loads. However, the design of effective
FLCs requires careful selection and tuning of parameters, which remains a challenging and

time-consuming task [8].

b) Optimization Techniques for Fuzzy Logic Controllers

To enhance the performance of FLCs, researchers have explored the integration of
optimization techniques for parameter tuning. Genetic Algorithms (GA) and Particle Swarm
Optimization (PSO) are among the most widely used methods due to their robustness and

efficiency in solving complex optimization problems. [9].

¢) Genetic Algorithms (GA)

GA, inspired by the principles of natural evolution, has been extensively applied to optimize
FLC parameters. Studies have shown that GA can effectively search the solution space for
optimal fuzzy membership functions and rule sets, leading to improved SAPF performance.

For instance, researchers have demonstrated significant reductions in THD and enhanced

https://ijereas.in | Volume-II (Issue 4)-December 2024 Page 92




International Journal of Engineering Research
Excellence and Applied Science (IJEREAS)

Volume-II (Issue 4) — December 2024 ISSN: 3048-5355

dynamic response using GA-optimized FLCs. However, GA can be computationally
intensive, particularly for high-dimensional problems, which may limit its real-time

applicability in industrial systems [10].

d) Particle Swarm Optimization (PSO)

PSO, based on the social behavior of birds and fish, has gained attention for its simplicity and
fast convergence properties. Unlike GA, PSO does not require complex genetic operations,
making it computationally efficient. Studies have highlighted the effectiveness of PSO in
tuning FLC parameters for SAPFs, achieving comparable or superior performance to GA in
terms of THD reduction and adaptability [11]. However, PSO can be prone to premature
convergence, especially in multimodal optimization problems, necessitating hybrid

approaches or enhancements to improve its robustness.

e) Comparative Analyses

Several comparative studies have been conducted to evaluate the performance of GA and
PSO in optimizing FLCs for SAPFs. These studies reveal that while both methods can
significantly improve SAPF performance, their relative efficiency depends on factors such as
computational complexity, convergence speed, and problem dimensionality [12]. Hybrid
approaches that combine GA, PSO, or other optimization techniques have also been explored

to leverage their complementary strengths.

f) Research Gaps

Despite substantial progress, there remains a need for more comprehensive studies that
evaluate the real-time applicability and scalability of optimization-based FLCs in industrial
systems. Additionally, the integration of emerging technologies such as artificial intelligence
and machine learning with FLC optimization presents a promising avenue for further research

[13].
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This literature review highlights the potential of combining fuzzy logic control with
optimization techniques for improving SAPF performance, providing a foundation for the

proposed study on GA and PSO-based FLC tuning for harmonic mitigation.
g) Methodology

This research focuses on developing and optimizing fuzzy logic controllers (FLCs) for shunt
active power filters (SAPFs) to improve power quality by reducing harmonic distortion. The
methodology is divided into several stages, including system design, fuzzy logic controller
development, optimization using Genetic Algorithms (GA) and Particle Swarm Optimization

(PSO), simulation, and performance evaluation.
III. System Design

The SAPF is designed for harmonic mitigation in a three-phase power distribution system

with nonlinear loads. The system comprises:

e A voltage source, nonlinear loads, and a shunt active power filter.

e A current control mechanism to inject compensating currents that cancel
harmonics.

e A FLC as the central control system for generating accurate reference signals for

the SAPF.

e Fuzzy Logic Controller (FLC) Development

The use of fluffy set theory or fluid logic in control systems, particularly in Japan, has grown
widely over the last several decades. The theory of fuzzy logic was turned into a technical
realization by Japanese scientists in the 1970. Nowadays it has become possible to find
floated logic-based control systems (FLCs) in an increasing number of items, including

washing machines, speed boats, air conditioners, handheld car focal cameras and others [14].
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The inference motor is central to a fluid controller and the application of fluid rules. Its
current operation was divided into three stages, as shown in fig 1.
a) Fuzzification — The inputs in actual system are fuzzified.
b) Processing of fuzzy inputs — Processing in compliance with rules and generating
fuzzy outputs.

c) Defuzzification — Creates a crisp actual fuzzy output value [15].
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IV. Simulation and Evaluation

a) Simulation Setup:-A MATLAB/Simulink model is developed to simulate the SAPF,
nonlinear load, and power system.The optimized FLC is integrated into the model.

b) Performance Metrics:Total Harmonic Distortion (THD).System response
time.Adaptability to varying load conditions.

c) Comparative Analysis:GA and PSO-optimized FLCs are compared with each other

and with baseline controllers (e.g., traditional PI controllers).
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Table-1-Comparative Analysis

Parameter Baseline GA-Optimized | PSO-Optimized
FLC FLC FLC
Average THD (%) 7.5 3.2 2.8
Response Time (seconds) 0.35 0.25 0.20
Stability Under Load Changes Moderate High Very High
Convergence Speed - Moderate Fast

a) Baseline FLC Performance- Without optimization, the FLC achieved a moderate
reduction in THD, but its performance declined under varying load conditions. The
average THD was reduced to 7.5%.

b) GA-optimized FLC- with GA optimization, the FLC achieved a significant
improvement in harmonic mitigation, reducing THD to an average of 3.2%. The
optimized rule base and membership functions enabled better adaptability to dynamic
load conditions.

¢) PSO-Optimized FLC- The PSO-optimized FLC outperformed the GA-optimized
version, achieving an average THD of 2.8%. The faster convergence of PSO

contributed to better parameter tuning and enhanced performance.

V. Results and Discussion

This section presents the findings of the study, analyzing the performance of the optimized
fuzzy logic controllers (FLCs) for shunt active power filters (SAPFs) in harmonic mitigation
and power quality improvement. The discussion highlights the impact of using Genetic
Algorithms (GA) and Particle Swarm Optimization (PSO) for FLC parameter optimization.
. Improved THD Reduction: Both GA and PSO optimization significantly improved the
performance of the FLC in reducing Total Harmonic Distortion (THD). The PSO-optimized
FLC outperformed the GA-optimized version, achieving the lowest THD of 2.8%, compared
to 3.2% for GA. The baseline FLC achieved a reduction to 7.5%.

Page 96
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a) Faster Dynamic Response: The response times of the optimized FLCs were
substantially faster than the baseline FLC, with the PSO-optimized FLC providing the
quickest response time of 0.20 seconds. This improvement ensures better adaptability
to dynamic load conditions and real-time power quality control.

b) Enhanced Stability and Robustness: Both optimized controllers exhibited higher
stability under varying load conditions and better robustness to fluctuations in the
power system. This is critical for maintaining continuous power quality in industrial
settings.

c) Computational Efficiency: While GA offered robust optimization, its computational
complexity and slower convergence make it less ideal for real-time applications. In
contrast, PSO demonstrated faster convergence and lower computational overhead,

making it more suitable for industrial deployment.

VI. Conclusion

This research investigates the design and optimization of fuzzy logic controllers (FLCs) for
shunt active power filters (SAPFs) to mitigate harmonics and enhance power quality in
industrial systems. The study explores the use of Genetic Algorithms (GA) and Particle
Swarm Optimization (PSO) to optimize the parameters of FLCs, aiming to achieve better
harmonic compensation and improved dynamic response.

The study confirms that optimization techniques, particularly PSO, provide significant
advantages in enhancing the performance of fuzzy logic controllers for SAPFs. These
optimized FLCs are well-suited for real-time harmonic mitigation and power quality
improvement in industrial systems, addressing key challenges related to dynamic load

variations and nonlinear behaviors.
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