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Abstract 

Introduction: The growing presence of nonlinear loads and power electronic components in today’s electrical 

grids has significantly intensified harmonic distortion, creating serious concerns for power quality, system 

dependability, and operational performance. This review paper offers a thorough examination of the sources, 

consequences, and mitigation methods related to harmonics in power systems. It starts by identifying major 

contributors to harmonic generation—such as variable frequency drives, inverter-based technologies, and 

distributed energy resources—and explains their negative impacts on equipment efficiency, system stability, 

and the coordination of protective mechanisms. 

The paper then delves into both conventional and advanced harmonic mitigation methods, consisting of active 

power filters (APFs), passive filters, hybrid systems, and modern control methods like virtual impedance and 

droop control. It emphasizes the growing role of smart grid infrastructure and artificial intelligence in enabling 

real-time harmonic detection, adaptive filtering, and predictive maintenance. Additionally, it explores recent 

innovations in Flexible AC Transmission Systems (FACTS) and IoT-based solutions, highlighting their potential in 

shaping the future of harmonic management. 

Objectives: The primary objective is to explore and evaluate established and emerging strategies for reducing 

harmonic content in electrical systems. The methodology involves a systematic review of literature, technical 

reports, and case studies focusing on various mitigation methods, consisting of active power filters (APFs), 

passive filters, hybrid configurations, and advanced control algorithms. 

Methods: A comprehensive literature review was conducted, covering academic research, industrial case 

studies, and technical standards. The paper categorizes mitigation methods, consisting of active power filters 

(APFs), passive filters, hybrid filters, and advanced control-based solutions. Each method is evaluated based on 

its design principles, operational characteristics, and suitability for different system conditions. 

Results: The analysis reveals that passive filters are effective for fixed-frequency harmonics and are cost-

efficient, but they lack adaptability. Active power filters offer dynamic compensation and are suitable for varying 

load conditions, though they require complex control systems and higher investment. Hybrid filters combine the 

strengths of both passive and active approaches, providing a balanced solution. Emerging technologies, such as 

smart grid-based harmonic control and AI-driven optimization, show promising results in real-time harmonic 

suppression and system adaptability. 

Conclusions: Harmonic mitigation is vital for sustaining high power quality in modern electrical systems. 

Choosing the right strategy depends on different factors such as system size, load variability, cost constraints, 

and desired performance. This review provides a structured understanding of available techniques, helping 

engineers and researchers make informed decisions to improve power system reliability and efficiency. 

Keywords: Total Harmonic Distortion (THD), Variable Frequency Drives (VFDs), Uninterrupted Power Supply 

(UPS), Active Power Filters (APFs), Active Filters, Passive Filters & Hybrid Filters 

1. Introduction 

The advancement of today’s electrical power 

systems has resulted in a significant growth in the 

usage of nonlinear and electronically controlled  

 

equipment. While these innovations have boosted 

energy efficiency & supported the integration of 

renewable energy sources, they have also 
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introduced new challenges— especially in 

maintaining the power quality. A key concern is 

harmonic distortion, which occurs when volatage or 

current waveforms contain frequencies that are 

integer several of the fundamental frequency. The 

presence of harmonics can result in various 

operational issues, including excessive heating of 

equipment, incorrect functioning of protective 

devices, increased  energy  losses,  and  a decrease 

in the overall life of system components. 

The increasing adoption of nonlinear equipment—

such as variable frequency drives (VFDs), un-

interruptible power supplies (UPS), and inverter-

based distributed generation— has led to 

widespread harmonic distortion across industrial, 

commercial, and residential power systems. As 

these systems evolve toward more decentralized 

and digitally managed architectures, the 

importance of implementing robust harmonic 

mitigation techniques continues to grow. These 

measures are vital for preserving system 

performance, ensuring operational reliability, and 

adhering to global standards like IEEE 519 and IEC 

61000. 

This review paper presents an in-depth 

examination of the origins and result of harmonic 

distortion in power systems, along with best 

effective methods currently used to locate it. It 

covers both conventional solutions—such as 

passive and active filters— and innovative 

approaches that incorporate smart grid 

infrastructure, artificial intelligence, and real-time 

monitoring technologies. Drawing on earlier  

academic research and actual case studies, the 

paper highlights current trends in harmonic 

mitigation and proposes future pathways for 

developing scalable, intelligent strategies to 

enhance power quality. 

2. Objectives 

The objective of this review paper is to 

comprehensively analyse and synthesize existing 

strategies for mitigating harmonics in electrical 

power systems, with a focus on enhancing overall 

power quality. It aims to: 

1. Identify and classify the sources and impacts of 

harmonic distortion in modern electrical networks. 

2. Evaluate the impact of various 

mitigation methods, including passive, active, and 

hybrid filtering methods. 

3. Highlight advancements in control algorithms, 

power electronics, and smart grid technologies that 

contribute to harmonic reduction. 

4. Provide comparative insights into the performance, 

cost-efficiency, and scalability of different 

approaches. 

5. Offer recommendations for selecting appropriate 

mitigation strategies based on system 

requirements and operational constraints. 

3. Methods 

As harmonic distortion continues to challenge the 

stability and efficiency of modern power systems, a 

wide range of mitigation techniques have been 

developed to address both sources and effects of 

harmonics. These techniques can be broadly 

categorized into passive, active, hybrid, and 

advanced control strategies. The selection of an 

appropriate method depends on factors such as 

system configuration, load variability, cost 

constraints, and the level of harmonic distortion 

present. 

3.1 Passive Filters 

Passive filters have long been a fundamental 

approach to reducing harmonics. They are built 

using inductors (L), capacitors (C), and resistors (R), 

arranged to target and suppress specific harmonic 

frequencies. 

Design: Typically configured as single- tuned or 

high-pass filters, they are deployed in parallel with 

the load to divert harmonic currents. 

Advantages: Cost-effective, simple to design and 

implement, and require no external power source. 

Limitations: Fixed compensation characteristics, 

risk of resonance with the power system, and 

reduced effectiveness under varying load 

conditions. 

Recent research has aimed to improve power 

density and alignment tolerance. For example, 

Zhang et al. (2020) proposed a multi-coil structure 

with adaptive tuning circuits to maintain efficiency 

under misalignment. 
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3.2 Active Power Filters (APFs) 

Active Power Filters are advanced systems that 

dynamically produce counter currents to neutralize 

harmonics caused by nonlinear electrical loads. 

Types: 

Shunt APFs: They are installed in parallel with the 

load and work by offsetting current harmonics 

Series APFs: Connected in series and mitigate 

voltage harmonics. 

Benefits: Real-time harmonic compensation, 

adaptability to changing load conditions, and 

capability to correct power factors and unbalance. 

Challenges: Higher cost, complexity in control 

algorithms, and the need for continuous power 

supply. 

3.3 Hybrid Filters 

Hybrid filters integrate passive and active 

components to leverage the strengths of both 

approaches. Typically, a passive filter handles 

lower-order harmonics while an active filter 

compensates for higher-order and dynamic 

harmonics. 

• Advantages: Improved performance over a wider 

frequency range, reduced cost compared to 

standalone APFs, and enhanced system stability. 

• Applications: Widely used in industrial plants, 

renewable energy systems, and microgrids where 

harmonic profiles are complex and variable 

3.4 Advanced Control Strategies 

With the rise of smart grids and distributed energy 

resources, advanced control strategies have 

emerged to enhance harmonic mitigation. 

• Virtual Impedance Control: Simulates impedance 

characteristics to manage harmonic sharing among 

multiple inverters in microgrids. 

• Droop Control with Harmonic Compensation: 

Maintains voltage and frequency stability while 

mitigating harmonics in islanded or weak grid 

conditions. 

• Model Predictive Control (MPC) and Fuzzy Logic 

Controllers: Offer adaptive and intelligent harmonic 

suppression by predicting system behaviour and 

adjusting filter responses accordingly. 

3.5 Emerging Technologies 

Recent studies have highlighted the integration of 

AI and machine learning for predictive harmonic 

analysis and adaptive filtering. Additionally, Flexible 

AC Transmission Systems (FACTS) such as 

STATCOMs and SVCs are being deployed for 

dynamic voltage and harmonic control in 

transmission networks. 

3.6 Comparative Analysis 

Technique THD Reduction Cost 

Passive Filters Moderate Low 

Active Filters High High 

Hybrid Filters Very High Medium 

Phase-Shifting 

Transformers 

High (for specific 

orders) 

Medium 

SHE High (for low order) Medium 

 

6. Results 

Harmonic distortion has emerged as a critical 

challenge in modern electrical power systems, 

driven by the universal adoption of nonlinear loads, 

power electronic converters, and inverter-based 

renewable energy sources. As power systems 

evolve toward greater decentralization and 

digitalization, the need for robust, adaptive, and 

intelligent harmonic mitigation strategies becomes 

increasingly urgent. 

This review has explored the fundamental sources 

and adverse effects of harmonics, highlighting their 

impact on equipment performance, system 

reliability, and power quality. It has also examined 

a wide spectrum of mitigation techniques—from 

traditional passive & active filters to hybrid systems 

and advanced control methods. The integration of 

smart grid technologies, artificial intelligence, and 

real-time monitoring platforms represents a 

significant advancement in the field, enabling more 

precise and dynamic harmonic control. 

Simulation results and real-world case studies 

highlight the practical success of various harmonic 

mitigation strategies across diverse settings, 
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including microgrids, industrial operations, and 

large-scale utility systems. These examples 

emphasize the necessity of tailoring solutions to 

specific operational contexts and illustrate the 

increasing importance of intelligent technologies in 

meeting global standards like IEEE 519 & IEC 61000. 

Looking forward, future research should aim to 

create solutions that are scalable, affordable, and 

capable to accomodate the evolving demands of 

modern power systems. There is also a need to 

align regulatory standards, strengthen real-time 

monitoring and compliance tools, and encourage 

collaboration among utilities, technology providers, 

and the research community to ensure a robust and 

high-quality electricity supply. 

7. Discussion 

Harmonic mitigation strategies are rapidly 

advancing due to the growing complexity of 

advanced power systems, the rise of renewable 

energy integration, and the widespread use of 

digital technologies 

. Traditional mitigation methods, while still 

relevant, are being complemented and, in some 

cases, replaced by more intelligent, adaptive, and 

scalable solutions. This section explores the most 

significant emerging trends shaping the future of 

harmonic control. 

7.1 Smart Grid Integration 

Smart grids represent a paradigm shift in how 

power systems are monitored, controlled, and 

optimized. They incorporate advanced 

communication technologies, real-time data 

analytics, and decentralized control mechanisms to 

enhance system reliability and efficiency. 

• Real-Time Monitoring & Control: Smart meters 

and phasor measurement units (PMUs) enable 

continuous monitoring of harmonic levels across 

the grid. This data is used to dynamically adjust 

mitigation strategies and prevent resonance or 

overload conditions. 

• IoT and Cloud-Based Platforms: Internet of 

Things (IoT) devices collect granular data on power 

quality, which is then processed using cloud 

computing to identify trends, predict disturbances, 

and recommend corrective actions. 

• FACTS Devices: Flexible AC 

Transmission Systems such as Static VAR 

Compensators (SVCs) & Static synchronous 

Compensators (STATCOMs) are increasingly 

deployed to provide dynamic voltage support and 

harmonic filtering in transmission and distribution 

networks. 

 7.2 Artificial Intelligence and Machine Learning 

AI and machine learning (ML) transforming 

harmonic mitigation by enabling predictive, 

adaptive, and self-learning control systems. 

• Predictive Maintenance: ML procedures analyse 

past and real- time data to forecast equipment 

failures due to harmonic stress, allowing for 

proactive maintenance and reduced downtime. 

• Adaptive Filtering: AI-driven controllers adjust 

filter parameters in real time based on load 

conditions and harmonic profiles, ensuring optimal 

performance under varying scenarios. 

• Anomaly Detection: Deep learning models can 

detect unusual harmonic patterns that may indicate 

faults, cyber threats, or equipment malfunctions. 

7.3 Integration with Renewable Energy Systems 

As inverter-based renewable energy sources 

become more prevalent, their interaction with the 

grid introduces new harmonic challenges. Emerging 

solutions focus on: 

• Grid-Forming Inverters: These inverters can 

operate autonomously and provide voltage and 

frequency support while minimizing harmonic 

emissions. 

• Harmonic Sharing in Microgrids: Advanced 

control strategies such as virtual impedance and 

drop control are used to distribute harmonic 

compensation responsibilities among multiple 

distributed energy resources (DERs). 

 7.4 Regulatory and Standardization 

Developments 

Regulatory bodies are updating standards to reflect 

the realities of modern power systems. There is a 

growing emphasis on: 

• Dynamic Compliance: Standards are evolving to 

include real-time compliance monitoring and 

adaptive thresholds based on system conditions. 



 
 

 

31 

 

 

Journal of Harbin Engineering University 

ISSN: 1006-7043 

Vol 46 No. 7 

July 2025 

• Harmonic Emission Allocation: New frameworks 

are being proposed to fairly allocate harmonic 

responsibility among multiple users in 

interconnected networks. 
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