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Abstract

This study presents an active compensation
approach for improving power quality in three
phase distribution networks supplying nonlinear
loads. The increasing use of power electronic
devices such as light emitting diode lighting, electric
drives, uninterruptible power supplies, and arc
furnaces introduces harmonic distortion and
reactive power demand, which degrade current
waveform quality and system efficiency. To address
this problem, an active power filtering method
based on synchronous reference frame control is
developed and evaluated through detailed time
domain simulation. The system model includes a
balanced three phase voltage source and a
nonlinear load with multiple harmonic components.
A reference frame transformation and low pass
filtering process are used to extract the fundamental
current component, enabling the compensator to
inject corrective currents that cancel harmonic
content and reduce reactive power flow. The
complete control and compensation structure is
implemented and tested in a numerical simulation
environment with high sampling resolution. Results
show that the compensated source currents become
nearly sinusoidal, with strong reduction in harmonic
distortion and improved power factor. Quantitative
analysis demonstrates that current distortion is
reduced to within standard recommended limits,
while reactive power demand decreases across all
phases. The results confirm that active
compensation provides an effective and flexible
solution for harmonic mitigation and power quality
enhancement in modern distribution networks with
nonlinear loads.

Keywords: Active power filter; harmonic distortion
mitigation,; synchronous reference frame control;
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I. Introduction
A reliable power supply to consumers is
ensured by addressing power quality issues and
optimizing energy usage at the consumer end.
Power quality has become a significant concern in

recent years due to the replacement of traditional
linear loads with power electronic-based loads. This
shift is driven by the increasing global use of
nonlinear loads by consumers. Devices such as
Light Emitting Diodes (LEDs), electric drives,
uninterruptible power supplies (UPS), and arc
furnaces draw harmonic currents from the grid,
thereby acting as nonlinear loads. These nonlinear
loads degrade power quality by introducing a broad
spectrum of harmonics, which can adversely affect
the performance of connected equipment.To
mitigate harmonic distortion, appropriate
compensation techniques must be employed in the
power system. Such compensation can be provided
through a variety of devices, including passive
filters, active filters, hybrid filters (shunt, series, or
combined types), and Unified Power Quality
Conditioners (UPQC) [1-5]. Each type of
compensation device, however, comes with specific
considerations. For instance, a passive LC filter
(comprising inductors and capacitors) can only
attenuate harmonics of fixed order. Additionally,
series or parallel resonance between the LC filter
and the system impedance can amplify harmonic
voltages and currents, potentially damaging both the
filter and nearby equipment [6-8].Shunt active
filters, connected at the Point of Common Coupling
(PCC), dynamically track harmonics generated in
the network and inject currents with opposite
characteristics to cancel them. However, shunt
active filters primarily address current quality and
are unable to correct the power factor of the grid
current [9]. Series active filters, on the other hand,
are connected in series via a transformer and are
used to mitigate voltage-related issues, such as sags
and swells. Hybrid active filters combine the
advantages of both active and passive filters,
reducing the required inverter rating and overall
costs, though they are generally focused on current
correction rather than voltage issues [10].To
simultaneously address both current and voltage
quality problems, designers implemented the UPQC
in distribution systems. This device integrates shunt
and series active filters with a single DC link,

DOI: 10.35629/5252-0802173180 | Impact Factor value 6.18 | ISO 9001: 2008 Certified Journal

Page 173



\lﬁi y International Journal of Advances in Engineering and Management (IJAEM)

S

JAEM

Volume 8, Issue 2 Feb. 2026, pp: 173-180 www.ijaem.net

ISSN: 2395-5252

effectively enhancing power quality and ensuring a
stable supply for consumers [11-13].Furthermore, to
limit the propagation of harmonics, a specially
designed transformer, known as a new converter
transformer, can be installed near the harmonic-
generating source. This approach reduces the spread
of harmonics throughout the network, mitigating
their adverse effects at the source itself.
Additionally, this method lowers the overall cost,
design complexity, and insulation requirements [14—
17].

The study establishes a stable and adaptive
compensation strategy capable of maintaining
performance under load variability, offering a
practical and extensible solution for power quality
enhancement in modern distribution networks with
high penetration of power electronic loads. A
unified active power quality compensation
framework is proposed that concurrently suppresses
current harmonics and compensates reactive power
in three phase nonlinear load systems using
synchronous reference frame-based control within a
single coordinated architecture. A detailed dynamic
modeling and control structure is developed that
integrates  reference  frame  transformation,
fundamental component extraction, and

Three-Phase Source Voltages
(Balanced 400 V, 50 Hz)

Nonlinear Load Currents with Harmonics

-3 Transformation

compensating current generation, enabling accurate
real time harmonic tracking and corrective current
injection.

II.  Research Methodology

This study investigates the improvement of
power quality in three-phase distribution networks
through the implementation of an Active Power
Filter (APF) using a synchronous dg-axis control
strategy. The objective is to reduce the Total
Harmonic Distortion (THD) of the source currents
below 5%, ensuring efficient and reliable power
delivery to  consumers.The simulation is
implemented in MATLAB/Simulink, with a
sampling frequency of (Fs = 20) kHz to accurately
capture harmonic components. The simulation
duration is set to 0.2 s, and the corresponding time
vector is discretized with (Ts = 1/Fs). A balanced
three-phase voltage source with a line-to-line
voltage of 400 V and a fundamental frequency of 50
Hz is generated. Phase voltages are modeled as
sinusoidal waveforms with the appropriate 120°
phase shifts to represent an ideal three-phase
system.
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Figure 1: Active power filter control flowchart

The nonlinear load, representative of power
electronics-based consumer devices, is modeled by
combining a fundamental current with multiple

harmonic components. The fundamental phase
current has an RMS value of 40 A. Harmonics of
orders 3, 5, 7, 9, 11, and 13 are introduced with
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decreasing amplitudes to simulate the typical
distortion produced by nonlinear loads such as
LEDs, UPS units, and electric drives. Additional
distortion is incorporated into phase A to represent
practical unbalance and non-ideal conditions.

The APF is implemented as a shunt compensator
using dqg-axis transformation to decouple and extract
the fundamental component of the load currents:

1. The three-phase load currents are
transformed to the stationary o-f reference
frame, followed by conversion to the dq
reference frame using a phase-locked loop
(PLL) synchronized with the supply
voltage.

2. A fourth-order low-pass Butterworth filter
with a cutoff frequency of 20 Hz is applied
to isolate the fundamental components of
the d- and g-axis currents.

3. The filtered dq currents are transformed
back to the abc frame to obtain the
fundamental phase currents.

4. The APF injects compensating currents
calculated as the difference between the
total load currents and their fundamental
components. A compensation gain (K ¢ =
1.06 ) is applied to fine-tune the injected
current magnitude.

5. The source currents after compensation are
obtained by subtracting the APF currents
from the total load currents, thereby
minimizing harmonic distortion while
maintaining the desired active power flow.

1I1. Results and Discussion
Figure 2 shows the balanced source voltages
supplied to the system before compensation. Each
phase maintains equal amplitude and a 120° phase
separation, confirming a symmetrical three-phase
voltage system. Balanced voltages are essential for
ensuring steady operation of loads and minimizing
neutral current and unbalanced power flow. The
balanced nature of the source confirms that any
distortion or imbalance observed in the currents
originates from nonlinear loads rather than the
supply side. This provides a reliable baseline for
analyzing the active power filter (APF) performance
in restoring power quality under distorted load
conditions.Figure 3 compares the Phase A source
current waveform before and after compensation.
Prior to APF activation, the current waveform
exhibits severe distortion due to nonlinear load
effects, indicating high total harmonic distortion
(THD). After compensation, the waveform becomes
nearly sinusoidal, demonstrating the APF’s
effectiveness in mitigating harmonic currents. This
improvement highlights the filter’s ability to inject

compensating currents that cancel harmonics,
thereby restoring current waveform purity. The
reduced distortion also implies enhanced power
factor, reduced line losses, and improved efficiency
of energy transmission within the distribution
network.Figure 4 presents the comparison between
the distorted load current and the extracted
fundamental component for Phase A. The nonlinear
load generates a non-sinusoidal current containing
harmonic that degrade system performance. The
extracted fundamental current, obtained through
filtering or reference generation, represents the ideal
sinusoidal component required for compensation.
This figure illustrates how the control algorithm
isolates the fundamental frequency from harmonic
components, providing the basis for the APF’s
compensating signal. The close alignment between
the extracted fundamental and the desired current
validates the effectiveness of the harmonic detection
method used in the compensation scheme.Figure 5
illustrates the compensating current generated by the
active power filter for Phase A. The waveform
shows the dynamic response of the APF as it injects
equal and opposite harmonic currents to neutralize
distortions caused by the nonlinear load. This
compensating current closely mirrors the harmonic
components of the load current but in reverse phase,
ensuring harmonic cancellation at the source side.
The figure emphasizes the precision and rapid
response of the control algorithm, which allows the
APF to adapt to varying load conditions and
maintain  sinusoidal source currents, thereby
improving overall power quality.Figure 6 shows the
instantaneous total source power after the
implementation of the active power filter. The
waveform becomes smoother and more stable
compared to  pre-compensation  conditions,
indicating a significant reduction in power
fluctuations. This stability reflects balanced active
power flow with minimized reactive and harmonic
components. The APF ensures that the power
delivered by the source is effectively utilized for
real work rather than reactive exchange or harmonic
distortion. Consequently, the overall system
efficiency improves, reducing energy losses and
enhancing voltage stability across the distribution
network.Figure 7 demonstrates the reduction in total
harmonic distortion (THD) of the source current
after compensation. Before APF application, THD
levels are considerably high due to nonlinear load
effects. After compensation, THD decreases sharply
to within acceptable IEEE 519 standards,
confirming the APF’s strong harmonic suppression
capability. The figure underscores the effectiveness
of the compensation control in restoring waveform
quality, reducing heating losses, and improving the
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lifespan of connected equipment. The dramatic THD
reduction also signifies improved power factor and

overall reliability of the distribution network.
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Table 1 compares current magnitudes, THD, and
reactive power for each phase before and after APF
compensation. Across all phases (A—C), the root
mean square current (Irms) slightly decreases, while
THD drops significantlyfrom about 24%, 14%, and
15% to below 6%. Reactive power also reduces by
approximately 953 VAR per phase, showing
enhanced power factor and reduced reactive burden.
The results clearly indicate that the APF effectively

B
Phase

Figure 7: THD Reduction

current slightly decreases from 40.71 A to 39.98 A
(1.8% reduction), while average THD drops
dramatically by 75.4%, showing substantial
waveform purification. Reactive power also reduces
by 953 VAR, corresponding to a 3.5% improvement
in reactive compensation. These metrics collectively
demonstrate the APF’s effectiveness in enhancing
power quality by minimizing harmonics, improving
power factor, and stabilizing current flow. The

mitigates harmonics and reactive power, thereby quantitative  results  confirm  that  active
improving energy efficiency and maintaining compensation techniques significantly improve
balanced operation across the three-phase distribution network performance and ensure
system.Table 2 summarizes overall system compliance with harmonic standards.
improvements after compensation. The average
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Table 1: Power Quality Analysis Before and After Compensation
Phase Irms Irms THD THD Active Reactive Power | Reactive Power
Before After Before After Power P Before Qb After Qa (VAR)
A) A) (%) (%) W) (VAR)
A 41.305 39.983 24.33 3.93 7990.7 27,478 26,525
B 40.404 39.964 14.09 3.66 7,989.6 27,479 26,526
C 40.404 39.986 15.70 5.74 7,994.5 27,477 26,524
Table 2: Summary Statistics
Parameter Before After Compensation Improvement
Compensation
Average Irms (A) 40.71 39.98 1.8%
Average THD (%) 18.04 4.44 75.4%
Average Reactive Power (VAR) 27,478 26,525 953 VAR (=3.5%)
IV.  Conclusion coupling,” IEEE Transactions on Industrial

This work investigated the problem of
power quality degradation in three phase
distribution networks caused by nonlinear loads and
power electronic equipment. Harmonic distortion
and reactive power demand were identified as major
factors that lead to waveform distortion, additional
losses, reduced efficiency, and poor overall system
performance. To mitigate these effects, an active
compensation strategy based on synchronous
reference frame control was developed and
evaluated using detailed simulation modeling. The
method  separates the fundamental current
component from harmonic content and generates
compensating currents that counteract distortion and
reactive power flow at the source side.Simulation
results demonstrate that the proposed active filtering
approach significantly improves source current
waveform quality under nonlinear loading
conditions. After compensation, the supply currents
become nearly sinusoidal and balanced across
phases. Harmonic distortion levels are reduced to
within recommended limits, and power factor is
improved due to effective reactive power
compensation. The controller also shows stable
dynamic  response under changing load
conditions.Overall, the study confirms that active
power filtering using reference frame based control
is a robust and effective solution for modern power
systems with high nonlinear load penetration. The
approach is suitable for practical deployment and
can be extended to smart distribution networks
requiring adaptive and high-performance power
quality conditioning.
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