The rapid transformation of modern power systems driven by the growth of renewable energy, electric vehicles, and nonlinear electronic loads has placed unprecedented emphasis on maintaining power quality. Just as clean water is essential for human health, clean electrical power is vital for the stable operation of sensitive equipment, industrial processes, and household devices. However, nonlinear loads such as variable-speed drives, rectifiers, and switch-mode power supplies inject harmonics and reactive currents into the grid, much like impurities contaminating a water supply. These distortions not only degrade efficiency but also shorten equipment lifespan and risk system instability.
Traditionally, passive filters have been deployed to mitigate harmonics. While cost-effective, they suffer from inflexibility, resonance risks, and bulky designs comparable to using fixed-size sieves that cannot adapt when the size of the impurities (harmonics) changes. In contrast, Active Power Filters (APFs) function more like intelligent purifiers, capable of sensing disturbances and dynamically injecting compensating currents to restore power quality. Their adaptability, compactness, and multi-functional operation make them indispensable in modern grids.
Over the last decade, APFs have witnessed significant advancements across three dimensions: topologies, control strategies, and integration frameworks. On the hardware side, innovations such as multilevel inverters, modular reduced-switch-count designs, and the adoption of wide-bandgap devices (SiC/GaN) have led to improved efficiency, reduced device stress, and more compact structures. On the software side, classical control approaches like synchronous reference frame (SRF) theory and p–q theory are increasingly complemented by advanced algorithms, including model predictive control (MPC), repetitive and resonant controllers, and intelligent methods leveraging fuzzy logic, neural networks, and metaheuristic optimization. These advanced methods are akin to upgrading from manual steering to autonomous driving bringing faster response, adaptability, and improved accuracy.
Moreover, APFs are now being integrated with emerging power infrastructures. Hybrid APFs (combining active and passive elements) provide cost-effective wideband compensation, while unified configurations such as the Unified Power Quality Conditioner (UPQC) address both current and voltage quality issues simultaneously. In renewable-rich microgrids, APFs also serve as multifunctional assets, supporting frequency, voltage, and harmonic regulation, much like multitools in a complex system.
Despite these advances, several challenges persist. High implementation cost, increased controller complexity, and the need for reliable performance under unbalanced and faulted conditions remain barriers to large-scale adoption. Cybersecurity and communication delays are growing concerns as IoT-enabled APFs become more common. Furthermore, there is no universal benchmarking framework for performance evaluation, making it difficult to compare different solutions on a fair basis.
This review aims to provide a comprehensive survey of recent advancements in APFs, focusing on developments between 2018 and 2025. Specifically, it highlights progress in topologies, control algorithms, integration with smart grids, and practical deployment issues. By synthesizing findings from recent studies, the paper identifies critical research gaps and outlines future directions, including scalable modular designs, adaptive and self-learning control frameworks, and standardized evaluation procedures. The ultimate goal is to equip researchers, engineers, and industry practitioners with a consolidated reference that supports both academic investigation and industrial implementation of APFs.
2. Classification of Active Power Filters
Active Power Filters (APFs) are devices designed to improve power quality by mitigating harmonics, compensating reactive power, and addressing unbalanced loads. Depending on their connection configuration and compensation strategy, APFs can be broadly classified into four main types: Shunt APF, Series APF, Unified Power Quality Conditioner (UPQC), and Hybrid APF.
2.1 Shunt APF
· Connection: Connected in parallel with the load.
· Function: Injects compensating current to eliminate load harmonics and reactive power.
· Applications: Industrial plants, commercial buildings, and distribution systems with nonlinear loads.
· Advantages: Simple design, effective current harmonics mitigation.
· Limitations: Cannot compensate voltage distortions; less effective under voltage sags/swells.
2.2 Series APF
· Connection: Connected in series with the load.
· Function: Injects compensating voltage to correct voltage sags, swells, flicker, and harmonics.
· Applications: Sensitive equipment, critical power systems, and microgrids.
· Advantages: Effective voltage quality improvement.
· Limitations: Cannot directly compensate current harmonics; more complex and costly than shunt APFs.
2.3 Unified Power Quality Conditioner (UPQC)
· Configuration: Combines series and shunt APFs in a single system.
· Function: Simultaneously compensates both voltage and current distortions.
· Applications: Industrial facilities with sensitive loads, renewable-rich microgrids.
· Advantages: Comprehensive power quality improvement, voltage sag/swell mitigation, harmonic suppression.
· Limitations: High cost, complex control, requires larger DC-link energy storage.
2.4 Hybrid APF
· Configuration: Integrates passive filters (LC) with active filters.
· Function: Achieves wideband harmonic mitigation with reduced active filter rating.
· Applications: High-power industrial loads, renewable energy integration.
· Advantages: Reduced cost and size compared to purely active filters.
· Limitations: Design complexity; resonance issues with passive components.

