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Abstract

Power quality is a critical concern for large-scale industrial operations, necessitating ad-
vanced power conditioning equipment to maintain optimal performance and efficiency.
Shunt active power filters (APFs) have gained significant attention for their profound
impact on power quality, being valued for their system applicability, efficiency, and eco-
friendliness. This study investigates the performance of an APF module connected up-
stream of a wide spectrum passive filter, the Advanced Universal Harmonic Filter (AUHF).
The hybrid connection aims to reduce current total harmonic distortion (THDi) more effec-
tively than using either the AUHF or the APF alone. Tests conducted under half-load and
full-load conditions evaluate the performance of passive filters, active filters, and a hybrid
configuration combining both. Results show that the hybrid configuration offers superior
harmonic mitigation compared to individual filters. At full-load test, the combination of
APF and AUHF reduced THDi to 1.2%, compared with 3.4% for the APF and 6.3% for the
AUHF, demonstrating the enhanced performance of the hybrid setup. At half-load test,
the THDi was reduced to 1.8%, compared with 7.2% for the APF and 8% for the AUHF,
confirming the hybrid connection’s superior performance over the AUHF alone. Practical
experiments corroborate these findings, demonstrating that the hybrid filter configuration
not only meets but exceeds even the most stringent industrial power quality requirements.
To further validate the experimental results, each test case was also simulated using Mirus
SOLV v6.6.4b12 software. Comprehensive data underscores the hybrid filter’s potential as
the optimal solution for significant power quality improvements. This research supports
the adoption of hybrid filtering solutions, offering a reliable, efficient, and environmentally
friendly approach to power quality management in industrial power systems.

Keywords: current harmonics; harmonic mitigation; hybrid power filter; industrial power
systems; power electronics; power quality

1. Introduction

The significance of detecting, monitoring, and classifying power quality in electri-
cal systems has grown recently due to economic considerations, security concerns, and
efficiency gains associated with the proliferation of smart grids.

One power quality concern, harmonic distortion, can significantly impact the perfor-
mance of an electrical power system. The extensive use of nonlinear loads such as the power
electronic converters present in adjustable speed drives, switch-mode computer power
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supplies, and energy-saving lamps, as well as interface converters between renewable
energy generators and the power grid, has led to a rise in harmonic and inter-harmonic
emissions across a broad spectrum of frequencies [1]. Harmonics and inter-harmonics,
whether at low or high frequencies, can cause various adverse effects including flicker,
equipment malfunction or overheating, increased network losses, communication system
interference, and errors in control systems and digital meters [2,3].

A traditional method for harmonic suppression and reactive power compensation is
the use of passive tuned trap filters. As a mature technology, these filters provide a simple
structure, low cost, and large capacity, but they also have some weaknesses [4-7]:

o  The filtering performance is highly dependent upon the power system’s impedance,
as the impedance of the power transmission line affects current flow in each branch
according to Kirchhoff’s current law. Performance can be poor in large power systems
with low source impedance—a “stiff” source.

e  Multiple tuned filtering branches are often required since each LC branch can only
compensate for a specific frequency harmonic. Additionally, there is a risk of series or
parallel resonance, which complicates the design process.

e  Resonance can occur between the internal impedance of the power system and the
tuned trap filter, leading to harmonic amplification.

e  They cannot dynamically attenuate harmonics or compensate for reactive power.

e  They have considerable weight and volume.

Paper [8] introduces a novel passive filter design that reduces harmonic distortions
and enhances the reliability of load commutated inverter (LCI) drives. The design addresses
detuning effects, resonance elimination, and harmonic loading of capacitors, making it
practical for real industrial applications; however, it is super expensive.

Optimal placement and sizing of passive harmonic filters in unbalanced distribution
systems using a nonlinear multi-objective optimization approach solved by a genetic
algorithm is addressed by [9]. Although voltage harmonic distortion, filter costs, and
voltage unbalances are considered, current total harmonic distortion is not tackled.

An optimization algorithm for designing single-tuned filters in industrial power
systems to reduce harmonic distortion is presented by [10]. The algorithm, based on
the forest growth model, enables both local and global searches for optimal solutions. It
accounts for variations in filter components and system parameters. Even in the best-case
scenario where standard limits are surpassed, their test, implemented with a linear load,
does not accurately reflect real-world conditions.

Ref. [11] investigates various passive filter topologies, optimizing the L-RLC filter
for minimal harmonic distortion, stable voltage, and reduced power losses. The optimal
filter is manufactured, and field tested for noise and power performance, and evaluated
alongside other filters.

These various tuned trap passive harmonic filters have their limitations; however, an
effective form is the wide spectrum passive harmonic filter [12].

Alternatively, APFs can be used effectively to enhance power quality by eliminating
harmonics, compensating reactive power, correcting the power factor, and addressing other
power quality issues such as voltage sag, swell, and three-phase imbalance in some cases.
Advantages of APF technology includes [13-15]:

e  Fast dynamic response performance.

e Reduction of harmonic distortion while compensating for the reactive power dynami-
cally without being significantly influenced by the grid’s parameters (performance is
mostly independent of the power distribution system properties).

e  APFs are capable of suppressing both supply current harmonics and reactive currents.

e  APFs can often avoid harmful resonances with the power distribution systems.
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e  Smaller volume and lighter weight.

On the other hand, a drawback of APFs is the requirement for fast switching of high cur-
rents within their power circuits. This can lead to high-frequency noise and supraharmonics,
which can cause electromagnetic interference (EMI) in the power distribution systems.

The authors of [16] discussed the development of a dg-Proportional Resonant control
strategy for shunt active power filters, aimed at eliminating distortions in source currents
under various loading conditions. The switching signals for the inverter are generated
using a hysteresis current control scheme. While the THDi mitigation appears significant,
it is important to note that this is still just a laboratory prototype and far from replicating
real-world conditions.

Ref. [17] introduced an optimal algorithm to improve the adaptation of parameter
settings by gradually reducing the population size across generations. These studies
function to minimize harmonic pollution in systems with nonlinear sources and loads.
However, the effectiveness of the optimized active power filter parameters can be influenced
by factors like grid disturbances, voltage fluctuations, and environmental conditions.

Ref. [18] discusses a type of active power filter that offers advantages like a low DC-
link voltage, extended operational range, and the ability to simultaneously compensate for
reactive power, harmonics, and unbalanced power. It presents a multi-quasi-proportional-
resonant controller with gain scheduling for a thyristor-controlled LC-coupling HAPF,
effectively reducing steady-state current tracking errors and output current ripple.

A technique introduced by [19] to monitor the AC capacitor voltage in a grid-connected
APF without additional voltage sensors. This approach helps prevent AC capacitor burnout
due to harmonic currents and inverter voltage, with a minor average discrepancy between
measured and predicted voltages.

Study [20] compares D-STATCOM and APF based on voltage wave measurements,
and the 3rd and 5th harmonics using three different capacitor banks. Results from MAT-
LAB/Simulink simulations indicate that APF consistently outperforms D-STATCOM in all
analyzed parameters. However, in the industry, the aim is to mitigate harmonics up to the
50th or even 100th order.

Ref. [21] explores using Plug-in Hybrid Electric Vehicles (PHEVs) in vehicle-to-grid
(V2G) mode as a substitute for active filter capacitors to prevent harmonic distortion in
HVDC lines, considering the state of charge of PHEV batteries. The primary goal of
designing the controller is to manage the switching of the PHEV converters, enabling a
parking lot of electric vehicles to function as a filter for harmonic elimination.

Network background harmonic distortion is considered by [22] when defining the
APF’s reference current. The APF reference current focuses solely on the customer’s contri-
butions to harmonic distortion at the point of common coupling (PCC). By distinguishing
between harmonic currents caused by the customer and the network, the required APF
power can be minimized. However, if the reference harmonic impedance used does not
closely match the actual harmonic impedance, it leads to inadequate compensation or
overcompensation of harmonics.

Research [23] presents an adaptive harmonic detection method tailored for photovoltaic-
active power filter (PV-APF) systems. By incorporating a sliding integrator and utilizing an
L2 norm-based step size iteration, the proposed method effectively balances convergence
speed and steady-state accuracy.

The research [24] analyzes the energy-saving impact of implementing a parallel APF
in an electric grid, considering both static and dynamic power losses of the APE. By using
polynomial approximation of the energy characteristics of power switches, the study
determines the APF’s own power losses. It presents analytical relationships between
additional power losses in network resistance and higher current harmonics, specifically
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THD of the current. Accounting for the APF’'s own power losses, the overall energy-saving
effect from grid current harmonic compensation is evaluated. The findings indicate that
in some cases, particularly when network resistance is low, the use of APF can reduce
network power efficiency. Additionally, the APF may introduce voltage distortion at the
connection point, necessitating the use of extra passive or hybrid filters. Study [25] tackles
power quality challenges in microgrids resulting from nonlinear loads and unbalanced grid
voltages caused by single-phase distributed generation. It presents an advanced control
structure for shunt active power filters (SAPFs) utilizing finite control set model predictive
control (FCS-MPC). The proposed approach improves input current quality and minimizes
current ripple via a computationally efficient cost function.

Table 1 provides a detailed comparison of the studies in the specified literature, leading

to a clearer understanding of the existing research gaps.

Table 1. Comparative analysis of studies on harmonic mitigation techniques.

Ref. Year Key Benefit Key Limitations
Novel passive filter design for LCI drives. .
[8] 2021 Addresses detuning, resonance elimination, and harmonic loading. Very expensive.
9] 2024 Optimal placement and sizing of passive filters. Does not tackle current total
Nonlinear multi-objective optimization approach. harmonic distortion.
Forest growth model algorithm for filter design. Best-case scenario does not
[10] 2024 Accounts for passive filter component and system parameter accurately reflect real-world
variations. conditions.
[11] 2004 Optimizes L-RLC filter for minimal distortion and stable voltage. Specific application may not
Field tested for performance. be broadly applicable.
dg-Proportional Resonant control for distortion elimination. Laboratory prototype only.
[16] 2021 . e Not representative of
Significant THDi mitigation. .
real-world conditions.
Effectiveness is influenced by
[17] 2017 Optimal algorithm for parameter adaptation. grid disturbances, voltage
Gradually reduces population size. fluctuations, and
environmental conditions.
Low DC-link voltage. . .
. Complex multi-quasi-
Extended operational range. .
[18] 2021 . . . . proportional-resonant
Simultaneous compensation for reactive power, harmonics, and
controller.
unbalanced power.
. . . .- Minor average discrepancy
[19] 2023 Monitors AC capacitor voltage Wlthout additional sensors. between measured and
Prevents AC capacitor burnout. -
predicted voltages.
. . Industry needs mitigation up
[20] 2024 APF outperforms D-STATCOM in various parameters. to the 50th or 100th harmonic
Effective MATLAB/Simulink simulation results. order
[21] 2020 Uses PHEVs in V2G mode to prevent harmonic distortion. Dependent on the state of
Manages switching of PHEV converters. charge of PHEV batteries.
Inadequate compensation if
[22] 2021 Focuses on customer contributions to harmonic distortion. reference harmonic
Minimizes required APF power. impedance does not match
actual impedance.
[23] 2020 Eal'anc?s convergence speed and steady—sta'te accuracy. Specific to PV-APF systems.
Sliding integrator and L2 norm-based step size iteration.
May reduce network power
[24] 2020 Analyzes energy-saving impact of parallel APF. efficiency.
Evaluates power losses and harmonic compensation. May introduce voltage
distortion.
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Table 1. Cont.

Ref. Year Key Benefit Key Limitations
Improved control structure for SAPFs. Focused on nonlinear loacils
[25] 2020 . . .. . and unbalanced voltages in
Reduces current ripple via efficient cost function. . .
microgrids.
Simulates impact of harmonics on electric train substation. Only Fhe 1.1Fh filter effe.ctlye m
[26] 2022 maintaining THD within
Measures THD of voltage and current. ..
standard limits.
Significant Harmonic Mitigation (1.2% THDi).
This 2025 Innovative Configuration. )
Study Real-Time Field Testing.

High Precision in Measurements.

Although previous studies demonstrate the effectiveness of passive and active har-
monic filters, their limitations, such as load-dependent performance, limited harmonic
coverage, and testing mainly under laboratory conditions, pose challenges in industrial
applications requiring very low THD], such as semiconductor manufacturing, data centers,
and precision manufacturing.

To address these gaps this study presents a comprehensive real-time field-test ap-
plication setup designed to evaluate the effectiveness of power quality improvement
configurations, specifically harmonic mitigation in power systems. The following outlines
the contributions made to the work:

1. Performance Outcome: Successfully achieved current total harmonic distortion
(THD;i) of 1.2%, indicating significant effectiveness in harmonic mitigation across
tested configurations.

2. Novel Configuration: Present a novel hybrid configuration of APF and AUHE, achiev-
ing such a low THDi in both description and practice.

3. Setup and Testing Conditions: Real-time hardware tests include active power filters,
passive power filters, a variable frequency drive, an electric motor, and main and aux-
iliary current transformers performing under both half-load and full-load conditions
to compare different configurations of power quality filters.

4. Measurement Precision: Utilized newly calibrated measurement devices for accurate
data collection, ensuring reliable test results. This process was conducted in accordance
with key industrial standards, including IEEE Std 519 [27], to guarantee compliance
with established power quality and harmonic distortion benchmarks.

5. Comparative Analysis: Conducted comprehensive comparisons across different filter
configurations—passive, active, and hybrid—to understand their performance under
varying load conditions.

The remainder of this paper is structured as follows: Section 2 outlines the APF control
system and its associated methods, along with the standards and certifications adhered
to during testing. The test setup is detailed in Section 3, followed by the test results in
Section 4. A comprehensive discussion is provided in Section 5. Finally, the concluding
remarks are evaluated in Section 6.

2. Materials and Methods

The objective of APF control is to produce accurate gating signals for the switching
transistors, derived from the estimated compensation reference signals. The effective-
ness of an APF is highly influenced by the control technique employed [28]. As such,
the selection and implementation of the control strategy are critical to ensuring optimal
APF performance.
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One of the most effective control methods for APFs is the linear control technique,
which has been successfully implemented in the Mirus Advanced Active Power Filter
(AAPF). In this section, we will provide a detailed discussion of this control approach and
its application.

2.1. Linear Control Technique

The linear control of an active power filter is implemented using a negative-feedback
system, as depicted in Figure 1. In this control framework, the compensation current if is
continuously compared with its corresponding reference signal i,.¢. This comparison is
processed through an error amplifier, which generates a control signal proportional to the
difference between the measured and reference values. The control signal is then input
into a pulse width modulation (PWM) controller, where it is compared against a repetitive
sawtooth waveform to produce the gating signals for the APF’s switching transistors.

Compensated

error amplifier
F=====""T -~ 1
| |
| I control
| \ I signal gating e
| / | PWM signal | Active Power| / =~/
I I . Ll
‘____| ________ '/VVI_’ controller Filter

iﬁnf orvy,. sawtooth
signal

Figure 1. Linear control technique diagram [29].

The frequency of the sawtooth signal defines the switching frequency of the APF,
which remains constant in linear control techniques. As illustrated in Figure 2, the gating
signal is activated (set high) when the control signal exceeds the sawtooth waveform, and
it is deactivated (set low) when the sawtooth signal surpasses the control signal. This
process ensures precise control of the switching transistors, maintaining a stable and
consistent compensation response. The constant switching frequency, a hallmark of linear
control, provides reliable harmonic compensation and reduces the risk of instability in the
filtering process.

sawtooth signal

y control signal
_,r/ 1 é

1

I

|

1

I

|

|

> !

: sawtooth _ control
"

signal signal
gating signal sawtooth 5 control
e signal signal

( switching frequency f,= %)
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—— — e ——

Figure 2. Gating signal generation by linear controller [29].
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2.2. Signal Conditioning and Reference Current Generation

The control structure of the APF, as shown in Figure 3, involves continuous monitoring
of both supply voltages and load currents. The three-phase grid voltages (uy1,ur2,ur3) and
load currents (ir1,ir2,i13) are sampled and transformed from the three-phase (abc) system
to the dq rotating reference frame using Park’s transformation. Furthermore, the operating
principles of the Mirus AAPF are presented in Figure 4.

uy,

u Yo
L2
l_' Sampling
2 >
— Y 5061 PLL
Uy +7l e + 1 U, U, .
=X L) ¥ T s
u,
:

1 2
u X - . s @
L3 S Unﬂ U,

>/ dgf———>
(cot)

LV‘,
i
ot —> PI Controller|
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) o — U
fu dq » oL ‘ Gating
——PI_’ 2 Sampling SPm Signal
) o] oL
li‘, [ U,
Vocrs & i Q
: > Pl = > PI Controller ~\>_</
S L] I e
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Figure 3. Block diagram of APF control system.
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In the control of APF, the abc/dq transformation, or Park’s transformation, is a crucial
technique for simplifying the control of three-phase AC systems. This method converts
time-varying three-phase signals (abc) into two steady-state quantities in the synchronous
rotating reference frame (dq), allowing for more efficient regulation of active and reactive
power components [30]. By decoupling the active (direct axis) and reactive (quadrature
axis) components, the system achieves improved stability and performance in power
quality applications.

Mathematically, the transformation from the stationary reference frame (abc) to the
synchronous rotating reference frame (dq) is expressed as follows [31]:

ig cos(wt)  cos(wt — %” cos(wt + 27”) ia
iq| = 3 —sir;(wt) —sin(cult — 27”) —sin(cult + 27”) iy, (1)
io ) 2 ) i

where iy, i, and i. represent the instantaneous current values in the stationary abc frame,
and ig and iq are the direct and quadrature components in the rotating dq frame, respectively.
Similarly, v4, vq denote phase voltages components in the dq frame. The angular position
of the reference frame, wt, is synchronized with the grid voltage using a Phase-Locked
Loop (PLL). This synchronization is essential for maintaining accurate alignment between
the control system and the grid, which is critical for effective harmonic mitigation.

To further enhance the accuracy of the frequency estimation and ensuring accurate
synchronization, particularly in the presence of distorted or unbalanced grid conditions,
the Second-Order Generalized Integrator (SOGI) is employed in combination with the PLL.
The SOGI provides a robust and precise estimation of the grid’s fundamental frequency
and phase angle, filtering out harmonic distortions and noise from the grid voltages [32].
This ensures that the extracted angular frequency wt used in the dq transformation is both
accurate and responsive to dynamic grid conditions, improving the overall performance of
the APF [33].

The reference currents (ig*, ig«) are generated to meet the control objectives: ig*
regulates the active current to control the DC bus voltage, while ig. compensates for
reactive power in the system. The DC bus voltage (Vdc) is compared to a reference value
(Vpcref) with the error processed by a Proportional-Integral (PI) controller. This PI controller
adjusts ig* to maintain the desired DC bus voltage, ensuring sufficient active power is
drawn from the grid to stabilize the system. The reference currents are determined by the
following equations, where P4, is the DC component of active power:

iy cos(wt)  cos(wt— ) cos(wt+2F) \ |ia
1"’5 =3 —sz'nl(cut) fsin(wl —21) fsin(wlt + 21) 1:;7 ()
o 2 2 2 le
Vg cos(wt)  cos(wt — & cos(wt + 2F) iq
vs| =3 —sinl(wt) —sin(wlt ) —sin(wlt +27) z:b 3)
%0 2 2 2 le
q _Uﬁ (o lﬁ
|ju¢ref] _ 1 <Ua —’Ug) [p - pdc‘| (5)
ig_rer| vt v2g\vg 0
B—ref « B \YB o q

The actual load currents (ig,iq) are then compared with the reference currents, and the
resulting errors are processed by PI controllers to generate the control voltages ug and ug.
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These voltages dictate the compensating current injected by the APF to closely track the
reference signals, thus effectively mitigating harmonic distortion and compensating for
reactive power.

The inverse transformation, which converts the dq quantities back to the abc frame, is

given by:
in cos(wt) sin(wt) 1\ |iy
iy| = [ cos(wt —2F) —sin(wt—2F) 1| |iy (6)
ic cos(wt + 2 —sin(wt+2F) 1) |ig

This inverse transformation is essential in generating appropriate gating signals for the
APF’s inverter, enabling the system to inject compensating currents back into the grid [32].

The control voltages ug and ugq are transformed back into the stationary reference
frame (abc) using the inverse Park transformation, resulting in voltages Uy and Ug. These
voltages are fed into a Sinusoidal Pulse Width Modulation (SPWM) block, which gen-
erates the switching signals for the APF’s inverter. SPWM ensures efficient and precise
switching of the inverter’s transistors, enabling accurate harmonic cancellation and power
quality improvement.

2.3. Standards and Certifications

The integration of new technologies into interconnected power systems poses signif-
icant challenges for the power industry and the scientific community. To address these
issues, researchers are developing new standards and validation methods for control, in-
teroperability, reliability of distributed energy resources, modern power equipment, and
applications related to power system stability, operation, control, and cybersecurity [34].

The Harmonics and Energy Nonlinear Load Testing Lab at Mirus International Inc.
(Brampton, ON, Canada) utilizes several key standards to ensure the high accuracy and
reliability of its tests. These standards and certifications include Institute of Electrical and
Electronics Engineers (IEEE), Underwriters Laboratories (UL), Canadian Standards Associ-
ation (CSA), American Bureau of Shipping (ABS), and International Organization for Stan-
dardization (ISO). By adhering to these rigorous guidelines, the lab guarantees precise and
dependable results in the validation of harmonics and energy performance for nonlinear
loads. This paper presents the test procedures and outcomes, demonstrating the superior
accuracy and reliability achieved through compliance with these industry standards.

2.3.1. IEEE Standards for Power Quality Compliance

The IEEE 519 standard, known as IEEE Recommended Practice and Requirements
for Harmonic Control in Electric Power Systems, provides guidelines for controlling har-
monics in electrical power systems to ensure power quality. It specifies limits on harmonic
distortions for both individual and THD levels, focusing on maintaining a high standard of
power quality for both utilities and end-users. This standard is essential for designing and
operating electrical systems that minimize the adverse effects of harmonics on equipment
performance and longevity [27].

The IEEE 1159 standard [35], IEEE Recommended Practice for Monitoring Electric
Power Quality, provides guidelines for the monitoring and interpretation of power quality
in electrical systems. This standard covers the measurement and characterization of vari-
ous power quality phenomena, including voltage sags, swells, interruptions, transients,
waveform distortions, and frequency variations. IEEE Std 1159 aims to establish a common
framework for identifying and analyzing power quality issues, thereby helping to improve
the reliability and performance of electrical power systems [35].

The IEEE 1459 standard [36], IEEE Standard Definitions for the Measurement of Electric
Power Quantities Under Sinusoidal, Non-sinusoidal, Balanced, or Unbalanced Conditions,
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provides comprehensive definitions and methodologies for measuring electric power
quantities. This standard addresses the complexities of power measurement in various
operating conditions, including sinusoidal and non-sinusoidal waveforms, and balanced
and unbalanced systems. By standardizing these measurements, IEEE Std 1459 ensures
consistency and accuracy in the calculation and interpretation of power quantities, which
is essential for the design, operation, and analysis of modern electrical power systems.

Standards typically specify recommended values for controlling harmonic distortion
to maintain power quality. For voltage harmonics, most countries adhere to the limits set
by the international standard IEEE Std 519. Current harmonic emission limits are often
derived from these voltage harmonic standards and are contingent upon the scale of the
installation being evaluated.

The American standard IEEE Std 519 sets the limits for voltage harmonics in Low
Voltage (LV) networks at 8% THD, and 5% for current harmonics as shown in Table 2. The
standards also define limits for individual voltage harmonics 5%, extending up to the 50th
harmonic. These limits are established to ensure the quality of power by controlling the
distortion caused by higher-order harmonics.

Table 2. Voltage distortion limits [37].

Bus Voltage Individual Harmonic (%) THD (%)
V<1.0kV 5.0 8.0
1kV <V <69 kV 3.0 5.0
69kV <V <161kV 1.5 2.5
161 kV <V 1.0 15

2.3.2. UL Standard for Safety and Reliability

UL establishes comprehensive safety standards aimed at ensuring the safety, perfor-
mance, and reliability of products and systems across various industries, including electrical
appliances, electronics, and building materials. These standards are meticulously devel-
oped to address critical safety concerns and regulatory requirements. Compliance with
UL standards signifies that a product has been rigorously tested and meets the established
safety criteria [37]. The versions of UL standards are as Table 3:

Table 3. Standards related to safety and reliability of products and systems.

Standard Subject
UL 508A [38] Industrial Control Panels.
UL 1012 [39] Power Units Other Than Class 2.

Inverters, Converters, Controllers, and Interconnection System

UL 1741 [40] Equipment for Use with Distributed Energy Resources.

2.3.3. CSA Standard for Canadian Regulatory Requirements

CSA Standards are specifications developed by the CSA Group; a leading standards
organization based in Canada. These standards are integral to establishing benchmarks for
safety, performance, and quality across diverse sectors, including electrical and electronic
products, energy, healthcare, and construction. CSA Standards are pivotal in guiding regu-
latory compliance and setting industry best practices both in Canada and internationally.
The different versions of CSA include industrial control equipment (CSA C22.2 No. 14 [41]),
general use power supplies (CSA C22.2 No. 107.1 [42]), and industrial products for haz-
ardous locations (CSA C22.2 No. 286 [43]). CSA ensures that products and services adhere
to recognized safety and performance criteria, thereby safeguarding public safety and
facilitating global trade [44].
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2.3.4. ABS Standard for Shipboard Power Quality Equipment

An ABS Standard refers to a specification developed by the American Bureau of
Shipping (ABS), a globally recognized organization dedicated to establishing standards
for the design, construction, and operational maintenance of marine-related facilities,
including ships and offshore structures. These standards are essential for ensuring the
safety, reliability, and environmental compliance of marine vessels and offshore platforms.
ABS Standards encompass various aspects such as structural integrity, machinery, electrical
systems, and safety management, offering a comprehensive framework for the maritime
industry to achieve and maintain high levels of performance and safety [45], which has
three main categories as guidelines for marine equipment and installations (ABS rules for
building and classing marine vessels), standards for monitoring systems on ships (ABS
guide for classification and certification of condition monitoring systems), and standards
for offshore platforms and structures (ABS rules for building and classing offshore units
and structures).

2.3.5. ISO Compliance and Quality Standards

An ISO standard is a set of internationally recognized guidelines and requirements
established by the International Organization for Standardization (ISO). ISO is an inde-
pendent, non-governmental organization that develops and publishes standards to en-
sure the quality, safety, efficiency, and interoperability of products, services, and systems
across various industries and sectors. These standards provide a common framework
that facilitates international trade, enhances product quality, improves safety, and pro-
motes innovation [46], and quality management systems (ISO 9001 [47]) are implemented
in this work.

3. Test Setup

In the field of power quality (PQ), Software-in-the-Loop (SIL) testing serves as a
fundamental step in the development of control systems. This method allows for the
testing of control software in a simulated environment where hardware components are
represented by software models, enabling early detection of software bugs and functional
verification without the need for physical hardware. SIL testing offers advantages such
as reduced development costs, ease of debugging, and the ability to test under various
conditions. However, to achieve better accuracy in PQ studies, research can be extended
with the adaptation of real-time Hardware-in-the-Loop (HIL) testing for large and complex
power systems. HIL testing integrates actual hardware components with a real-time
simulator, comprising digital simulators, testing hardware equipment, and their digital and
analog signal interfaces [48]. This approach enhances test accuracy by closely imitating real-
world conditions, allowing for the validation of hardware interfaces and the performance
of the entire system under dynamic conditions.

Moving beyond HIL, field testing provides the most comprehensive validation by
encompassing the entire system’s workflow from start to finish with all actual hardware
components in place, without relying on simulations. This method ensures that all inte-
grated parts function together as intended in real-world scenarios, offering unparalleled
accuracy and reliability in assessing the system'’s functionality, performance, and robustness.
This work has employed a field-testing approach for the active and passive power filters,
performed to the highest accuracy and standards, ensuring the final product meets all spec-
ifications and performs flawlessly in its intended application. The detailed methodology
and results of the field test are explained in the following sections.
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3.1. Test

To analyze the performance of electrical filters under varying load conditions, this
work defines specific operational scenarios. When the connected load to the filter operates
under conditions where the filter injects half of its rated current into the network, this is
referred to as a half-load condition. Conversely, when the connected load operates under
conditions where the filter injects its full rated current into the network, this is known as
a full-load condition. These conditions provide a basis for evaluating the efficiency and
effectiveness of the filter in different operational states.

In this series of tests, we investigate the performance of the APF, and the AUHFE, which
is a passive filter, and the APF module when connected upstream of an AUHF filter. This
setup is applied to an electric motor operated through a variable frequency drive (VFD)
under both half-load and full-load conditions. The investigation proceeds as follows:

1. APF Connection Only: Connect only the APF to the network and investigate its impact
on the network under half-load and full-load conditions.

2. AUHF Connection Only: Connect only the AUHF to the network and investigate its
impact on the network under half-load and full-load conditions.

3. Hybrid Connection: Connect the APF upstream of the AUHF filter and investi-
gate the impact of this hybrid connection on the network under half-load and
full-load conditions.

The results from these tests will provide insights into the efficiency and effectiveness
of different filtering configurations, contributing to the optimization of harmonic mitigation
strategies in electrical networks.

3.2. APF

The fundamental principle of an APF involves leveraging power electronics technolo-
gies to generate specific current components that neutralize the harmonic currents produced
by nonlinear loads. In this context, a shunt APF is employed, recognized as the most sig-
nificant and widely adopted configuration for active filtering applications. As depicted in
Figure 5, the principal configuration of a Voltage Source Inverter (VSI)-based shunt APF
comprises a DC bus capacitor (Cf), power electronic switches (Fs = 13 kHz), and interfacing
inductors (Lf). The shunt APF functions as a current source, compensating for harmonic
currents caused by nonlinear loads. Its operation relies on injecting a compensation current
equal to the distorted current, thereby eliminating the original distortion [29].

User Transformer Nonlinear Load

cT ) e
ls lL
£ fo 9
| Source Line Current Load Current
|
| .
|

y Current
Sensing

APF
—| Control
System

Figure 5. Principal configuration of a VSI-based shunt APFE.

https://doi.org/10.3390/en19030700


https://doi.org/10.3390/en19030700

Energies 2026, 19, 700 13 of 30

The nonlinear load current can be expressed as the sum of the fundamental current
component (if ) and the current harmonics (i, ;,) as follows:

i =1df+ipp @)
The compensation current injected by the shunt APF should be:
i =i ®)
The resultant source current is:
is =i —if =iy )

which exclusively comprises the fundamental component of the nonlinear load current,
ensuring it is devoid of any harmonics, which are illustrated in Figure 6.

B
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et Current

500
=<, Source
= Current
=500
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Figure 6. APF harmonic filtering operation principle [49].

The APF is designed to operate in parallel within the network architecture, as depicted
in Figure 7. In this configuration, the system and the load are directly interconnected,
with the APF connecting to each phase of both entities. Notably, in the context of a 3-wire
system, a dedicated neutral connection is not depicted in the diagram. Additionally,
the APF is appropriately linked to the protective earth, thereby ensuring comprehensive
and secure electrical grounding throughout the circuit. This arrangement completes the
electrical circuit and adheres to safety standards essential for reliable operation within the
network environment.

System

MIRUS AAPF
(Optional CT connection)
A+ A- B+ B- C+ C:
cieo - [} I

e e I
[ L_1
kel e e e e = =

2 I —— -

LR

Figure 7. Equipment electrical wiring diagram [49].
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Moreover, the primary current transformers (CTs) are strategically positioned on one
side of either the APF system or the load. This positioning allows the CTs to accurately
sense the current flow necessary for the control loop, facilitating effective operation and
regulation within the network infrastructure.

3.3. PPF

The AUHF used in this work is a wide spectrum harmonic filter (WSHF) designed
to attenuate a broad range of harmonic frequencies generated by nonlinear loads. WSHF
is widely used due to its effectiveness in passive filtering applications. As illustrated in
Figure 8, the primary configuration of a WSHF includes a network of capacitors (C¢) and
inductors (L¢). This filter operates by providing low impedance paths for specific harmonic
frequencies, thereby diverting these unwanted currents away from the main supply and
mitigating harmonic distortion.

0000 =

1%
TTT

52

Figure 8. Lineator wide spectrum filter schematic.

Inductors (L¢) and capacitors (Cy) play crucial roles in blocking harmonics. Inductors
present high impedance to high-frequency harmonic currents, thereby blocking them, while
capacitors present low impedance to high-frequency harmonics, allowing these currents
to bypass the main supply. This complementary behavior is leveraged to design effective
harmonic filters.

The impedance (Z) of an inductor and a capacitor can be described by the following formulas:

Zp = jwL (10)
1
€= jac (11)

where w = 271f is the angular frequency, f is the frequency, L is the inductance, and C is
the capacitance.

At higher harmonic frequencies (higher f), the impedance of the inductor Z, increases,
effectively blocking these harmonics. Conversely, the impedance of the capacitor Z¢
decreases at higher frequencies, providing a low impedance path for these harmonics to be
shunted away from the main power supply.

The WSHF is designed to integrate seamlessly within various network architectures,
as illustrated in Figure 9. In these configurations, the system and the loads are directly
interconnected, with the WSHF connecting to each phase of the variable speed drive
(VSD) systems. In standalone VSD systems, the WSHF is placed at the input to filter
harmonics effectively before reaching the VSD/motor. In systems with a bypass, the WSHF
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can remain connected to provide some compensation for the motor’s reactive currents
when the bypass is active. For multiple VSD systems, a single WSHF can service multiple
drives, demonstrating its versatility and efficiency. This arrangement ensures that harmonic
distortion is mitigated across all phases, promoting stable and reliable operation within the
network environment while adhering to essential safety standards.

Input Input | Tnput
Lineator Lineator Lineator
AUHF AUHF AUHF
sss e
T VSD
VSD VSD VSD VSD

(c)

(a) (b)

Figure 9. Typical lineator configurations. (a) Standalone VSD system. (b) VSD system with bypass.
(c) Multiple VSD system.

3.4. Hybrid (APF + AUHF)

Historically, most controllers for APF were based on analog circuits, which are prone
to signal drift. Digital controllers, using DSPs or microcontrollers, are preferred due to their
flexibility and noise immunity. However, digital methods struggle with filtering high-order
harmonics effectively because of the limitations in real-time sampling rates. Additionally,
the use of fast-switching transistors like IGBTs in APFs introduces switching frequency
noise, necessitating further filtering to avoid interference with sensitive equipment.

These technical limitations of conventional APFs can be addressed by hybrid APF
configurations, which combine basic APFs with passive filters. Hybrid APFs leverage
the advantages of both passive filters and APFs, offering enhanced performance and cost-
effective solutions. The concept involves using a low-cost passive high-pass filter (HPF)
alongside a conventional APFE, the harmonic’s filtering task is divided between the two
filters: the APF cancels the lower order harmonics, while the AUHEF filters the higher-order
harmonics. The main objective of the hybrid APF is to improve the filtering performance of
high-order harmonics while providing a cost-effective solution for mitigating low-order
harmonics. Both the shunt APF and the passive filter are connected in parallel with the
nonlinear load.

Various hybrid APFs have been reported in the literature, with two prominent config-
urations being the hybrid shunt APF and the hybrid series APF (Figure 10). The hybrid
shunt APF connects both the shunt APF and passive filter in parallel with the nonlinear
load, allowing the APF to cancel low-order harmonics and the HPF to filter higher-order
harmonics. The hybrid series APF uses an interfacing transformer to couple the series
APF to the distribution line, acting as a harmonic isolator and directing all nonlinear load
current harmonics into the passive filter, effectively decoupling the source and load at
undesired harmonic frequencies.
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Figure 10. Hybrid APFs: (a) combination of shunt APF and shunt passive filter and (b) combination
of series APF and series passive filter.

In this work, we utilize a novel hybrid configuration combining an APF with a WSHEF,
specifically the AUHE. The AUHF is directly connected to the AC input and subsequently to
the motor through the VFD. The APF is positioned in parallel between the AC input and the
AUHEF. This configuration, illustrated in Figure 11, synergistically harnesses the strengths
of both filters to achieve enhanced harmonic mitigation and overall system performance.

ix:iliif :iLf fffppF =il..h =l y+l,
= = =
= = -
N = AUHF = VED = Motor
f ‘? ? ff—n'PF =i,
AAPF

Figure 11. Hybrid configuration of APF and WSHF (AUHE).

The AUHEF effectively mitigates most harmonics, while the APF addresses residual
harmonics, significantly reducing THD and ensuring a disturbance-free waveform. This
underscores the high quality and precision of both the designed APF and AUHF.

The wiring diagram for all test setups is 3P3W3 (3 Phase, 3 Wire, 3 Measurement)
configuration as indicated in Figure 12. This setup ensures comprehensive and precise
electrical connections essential for accurate measurement and analysis of power quality
parameters. Each phase is individually wired with three conductors, facilitating effective
monitoring and evaluation of harmonic distortion and reactive power compensation within
the electrical network.

[Lidi n

(Ten
| 491.15 v |
| 188.5

Figure 12. 3P3W3M wiring configuration for active/passive/hybrid power filter tests.
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4. Tests and Results

To gain a comprehensive understanding of the performance of harmonic filters, this pa-
per presents an analysis of six distinct scenarios, each featuring varying filter configurations
and load levels, as depicted in Figure 13.

e

Half Load

Scenarios

I., ,J\r—un Load

—

Figure 13. Scenario grid designed of harmonic filters, and load levels.

4.1. TEST1 (APF Half/Full Load)

This test was conducted to analyze the impact of active power filters on power quality
within the power system. The procedure is as follows, with measurement devices and
components detailed in Table 4.

Table 4. Test setup for APF half/full-load test.

R Component Specification

1 APF Mirus International AAPF, 50 A, 480 V, Brampton, ON, Canada
2 APF’s HMI Mirus International, LCD touchscreen, Brampton, ON, Canada
3 APF Main CT, Side Acrel, 800/5 A, Source Side, Shanghai, China

4 Measuremzrrl:l?]e;\:rce—l’ower Hioki (PQ3198), Ueda, Japan

5 Measurement Device—oscilloscope Tektronix (DPO4014B), Beaverton, OR, USA

6 Measurement Device—Current AEMC SR600 AC, 1000 A, Dover, DE, USA

Clamps Hioki CT7136 (600 A)/9661, Ueda, Japan
7 Autotransformer Mirus International, 600 V-480 V, Brampton, ON, Canada
3 VED Siemens 150 HP, Munich, Germany, Allen-Bradley 300 HP,
Milwaukee, WI, USA

9 Cabling Connection between VFD and Motors
10 M-G Set Lincguard, 325 HP, Catharines, ON, Canada
11 Input Voltage (Line-to-Line) 480 VAC

To accurately monitor and analyze the electrical parameters at the source side, Hioki
and Tektronix devices will be employed. This equipment will simultaneously measure
three critical currents: the source current, the load current, and the current injected by the
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active power filter. All equipment used in this process is in optimal condition, and the
measurement devices have been meticulously calibrated to ensure the highest accuracy
and quality.

The test procedure involved initially adjusting the VFD to operate at 60.23 Hz, resulting
in the motor drawing 130 A. This adjustment caused the APF to inject half of its 50 A
nominal current, operating under half-load conditions. Notably, despite the APF only
injecting 25 A of harmonic current, it significantly mitigated harmonics, as evidenced by
THDi of 7.2%. Furthermore, Figures 14 and 15 illustrate the three-phase current waveforms
and the corresponding harmonic spectrum.

(@ 200mv B @ z200mv )[4.00ms Mzsuké/s J o 5 no...v]

10k points

Figure 14. Three-phase source current waveform at half load of APF injected current.
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Figure 15. Three-phase current harmonics.

In the subsequent test phase, the VFD was adjusted to 60.45 Hz, causing the motor to
draw 150 A, thereby prompting the APF to inject its entire nominal current into the power
system, operating under full-load conditions. According to Table 5, this adjustment resulted
in a significant reduction in THD4, achieving a notable 3.4%. This reduction represents a
substantial improvement in harmonics mitigation for three-phase power systems.

Table 5. Test result for APF full-load test.

Rows Element Measurement
1 THDi (%) 34
2 Phase Voltage 277
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Furthermore, Figures 16 and 17 depict the three-phase source current waveform under
full load conditions and the corresponding harmonic spectrum. A comparison with the
half-load condition reveals that the current waveforms exhibit markedly reduced distortion.

Tek Run Trig’d
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Figure 16. Three-phase source current waveform at full load of APF injected current.
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Figure 17. Three-phase current harmonics.

4.2. TEST2 (AUHF Half/Full Load)

This evaluation aims to analyze the influence of AUHEF, which is a passive harmonic
filter on power quality within the electrical system. The procedure, along with the mea-
surement devices and components, is detailed in Table 6.

Table 6. Test setup for AUHF half/full-load evaluation.

Component Specification

OO O U1 = W=

AUHF

Mirus International AUHE, 450 HP, 480 V, Brampton, ON, Canada

Measurement Device-Power Analyzer Hioki (PQ3198), Ueda, Japan
Measurement Device-oscilloscope Tektronix (DPO4014B), Beaverton, OR, USA

Measurement Device—Current Clamps

AEMC SR600 AC, 1000 A, Dover, DE, USA,
Hioki CT7136 (600 A)/9661, Ueda, Japan

Autotransformer Mirus International, 600 V480 V, Brampton, ON, Canada
Siemens 150 HP, Allen-Bradley 300 HP, Munich, Germany, Fuji Electric 200
VFD
HP, Tokyo, Japan
Cabling Connection between VFD and Motors
M-G Set Lincguard, 525 HP, Catharines, ON, Canada
Input Voltage (Line-to-Line) 480 VAC
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Accurate monitoring and analysis of electrical parameters on the source side were
carried out using Hioki and Tektronix instruments. These devices measured three key
currents: source current, load current, and the current filtered by the AUHF. All equipment
was in optimal condition, with calibration ensuring the highest precision.

The test began by setting the VFD to 60.23 Hz, resulting in the motor drawing 130 A.
This setting caused the AUHF to operate at half load, filtering harmonic currents, and
achieved a THDi of 8% as shown in Table 7. Figures 18 and 19 show the three-phase current
waveforms and the harmonic spectrum.

Table 7. Test result for AUHF half-load test.

Rows Element Measurement
1 THDi (%) 8.0
2 Phase Voltage 277

Tek stop

& 200mv 2 & 200mv ][4.00ms ][zsokS/s ] - - 12.0mv]

10k points

Figure 18. Three-phase source current waveform at half load of AUHF filtered current.
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Figure 19. Three-phase current harmonics.

For the next phase, the VFD was set to 60.45 Hz, causing the motor to draw 150 A,
prompting the AUHEF to filter its full nominal current. This full-load condition signifi-
cantly reduced THDi to 6.3% as shown in Table 8, marking a substantial improvement in
harmonics mitigation for the three-phase power system.
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Table 8. Test result for AUHF full-load test.

Rows Element Measurement
1 THDi (%) 6.3
2 Phase Voltage 277

Figures 20 and 21 present the three-phase source current waveform under full-load
conditions and the corresponding harmonic spectrum. Compared to the half-load condition,
the current waveforms show lightly reduced distortion.

Telk Run | - - Trig'd
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Figure 20. Three-phase source current waveform at full load of AUHF filtered current.
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Figure 21. Three-phase current harmonics.

4.3. TEST3 (Hybrid Configuration: APF + AUHF Half/Full Load)

This final test in the sequence evaluates the combined impact of an APF and an AUHF
on power quality within the electrical system. Table 9 details the test setup.

To ensure accurate monitoring and analysis of electrical parameters at the source
side, Hioki and Tektronix instruments were utilized. These devices measured three critical
currents: the source current, load current, and the current managed by the hybrid APF +
AUHF system. All equipment was optimally maintained and precisely calibrated. Figure 22
depicts the laboratory test setup.
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Table 9. Test setup for hybrid half/full-load evaluation.

R Component Specification
1 APF Mirus International AAPF, 50 A, 480 V, Brampton, ON, Canada
2 APF’s HMI Mirus International, LCD touchscreen, Brampton, ON, Canada
3 AUHF Mirus International AUHE, 450 HP, 480 V, Brampton, ON, Canada
4 APF main CT side Acrel, 800/5 A, Source Side, Shanghai, China
5 X‘fjls;zr:f‘ent Device-Power Hioki (PQ3198), Ueda, Japan
6 Measurement Device-oscilloscope Tektronix (DPO4014B), Beaverton, OR, USA
v Measurement Device—Current AEMC SR600 AC, 1000 A, Dover, DE, USA
Clamps Hioki CT7136 (600 A)/9661, Ueda, Japan
8 VFD Allen-Bradley 300 HP, Fuji Electric 200 HP, Milwaukee, WI, USA
9 VFD Siemens 150 HP, Munich, Germany
10 Autotransformer Mirus International, 600 V-480 V, Brampton, ON, Canada
11 M-G Set Lincguard, 525 HP, Catharines, ON, Canada
12 Cabling Connection between VFD and Motors
13 Input Voltage (Line-to-Line) 480 VAC

Figure 22. Half/full-load test setup for hybrid APF + AUHF.

The test commenced by adjusting the VFD to operate at 60.23 Hz, resulting in the
motor drawing 130 A. Under these conditions, the APF injected 25 A, while the AUHF
provided complementary harmonic filtering. This hybrid configuration effectively reduced
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harmonic distortions, achieving a total harmonic distortion of current (THDi) of 1.8% as
shown in Table 10. Figures 23 and 24 illustrate the three-phase current waveforms and
the harmonic spectrum, showing significantly fewer disturbances compared to conditions
without the hybrid filter system.

Table 10. Test result for hybrid half-load test.

Rows Element Measurement
1 THDi (%) 1.8
2 Phase Voltage 277
TekRun ——— B ——— — . Trigd
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Figure 23. Three-phase source current waveform at half load with hybrid APF + AUHF.
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Figure 24. Three-phase current harmonics.

For the next phase, the VFD was adjusted to 60.45 Hz, causing the motor to draw 150 A.
This led the APF to inject its full nominal current (50 A), while the AUHF continued to filter
additional harmonics. Under full-load conditions, THDi was significantly reduced to 1.2%
as shown in Table 11, demonstrating substantial improvement in harmonic mitigation for
the three-phase power system.

Table 11. Test result for hybrid full-load test.

Rows Element Measurement
1 THDi (%) 1.2
2 Phase Voltage 277
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Figures 25 and 26 present the three-phase source current waveform under full-load
conditions and the corresponding harmonic spectrum. Compared to the half-load scenario,
the current waveforms exhibited significantly reduced distortion, underscoring the effec-
tiveness of the hybrid filter system. Also, three-phase power harmonics is illustrated in
Figure 27 in vector presentation.

gl
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-
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Figure 25. Three-phase source current waveform at full load with hybrid APF + AUHFE.
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Figure 26. Three-phase current harmonics.
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Figure 27. Three-phase power harmonics in vector presentation.
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The purpose of this sequence of tests was to demonstrate the step-by-step improve-
ment in harmonic mitigation and present a novel hybrid configuration of APF and PPF,
achieving impressively low THD levels.

5. Discussion
5.1. Simulation Validation

To further substantiate the accuracy and reliability of our conducted tests, this paper
simulated each test using Mirus SOLV v6.6.4b12 software as illustrated on Figures 28-30.
The simulations precisely mirrored the experimental setups, replicating the exact conditions

and configurations.
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Figure 28. APF test setup simulation.
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Figure 29. AUHF test setup simulation.
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Figure 30. Hybrid configuration test setup simulation.

The resulting total harmonic distortion of current values from the simulations were
compared with the experimental data. The simulations yielded THDi values and current
waveforms that were in close alignment with the experimental results, demonstrating high
accuracy and reliability of the APF (Fs = 13 kHz), AUHE, and their hybrid configuration.
This congruence between simulated and experimental data underscores the effectiveness of
the filters and the robustness of the test procedures. Figures 31-34 illustrate the simulation
results for each test phase, showing minimal deviations from the experimentally obtained
waveforms and THDi values.

200 A Current PCC#1 RMS 136.A Peak 189.A

Phase &

Figure 31. APF test result simulation. Phase source current waveform at full load of
APF-injected current.
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Figure 32. AUHEF test result simulation. Phase source current waveform at full load of
AUHF-injected current.
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Figure 33. Hybrid configuration test result simulation. Phase source current waveform at full load
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Figure 34. THDi measurement on common coupling point #1 for (a):APF, (b): AUHEF, (c): hybrid
configuration test setup.
5.2. Comparative Analysis

A comparative analysis of the three tests reveals a step-by-step improvement in
harmonic mitigation, showcasing the effectiveness of the hybrid APF and PPF configuration.
The following summary highlights the THDi improvements observed across the tests:
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1. Test1 (APF Half/Full Load):

e Half Load: The variable frequency drive was set to 60.23 Hz, causing the motor
to draw 130 A. The APF injected 25 A of harmonic current, reducing the THDi
to 7.2%.

e  Full Load: With the VFD adjusted to 60.45 Hz, the motor drew 150 A, prompting
the APF to inject its full nominal current of 50 A. This adjustment resulted in a
THDi reduction to 3.4%.

2. Test2 (AUHF Half/Full Load):

e Half Load: The VFD was set to 60.23 Hz, causing the motor to draw 130 A. The
AUHEF operated at half load, filtering harmonic currents and achieving a THDi
of 8.0%.

e  Full Load: With the VFD adjusted to 60.45 Hz, the motor drew 150 A, and the
AUHEF filtered its full nominal current. This resulted in a THDi reduction to 6.3%.

3. Test 3 (Hybrid Configuration: APF + AUHF Half/Full Load):

e  Half Load: The VFD was set to 60.23 Hz, causing the motor to draw 130 A. Under
these conditions, the APF injected 25 A while the AUHF provided complementary
harmonic filtering, achieving a THDi of 1.8%.

e  Full Load: With the VFD adjusted to 60.45 Hz, the motor drew 150 A. The APF
injected its full nominal current of 50 A, while the AUHF continued to filter
additional harmonics. This resulted in a THDi reduction to 1.2%.

These sequential tests clearly illustrate progressive improvements in THDi, with
the hybrid configuration yielding the most significant reduction in harmonic distortion.
The hybrid approach of combining APF and AUHF has demonstrated unprecedented
effectiveness in mitigating harmonics, achieving the lowest THDi values recorded in both
literature and practical applications.

These findings highlight the potential of the hybrid filter system to significantly
enhance power quality in three-phase power systems, making it a promising solution
for advanced harmonic mitigation. For better understanding, all test comparisons are
summarized in Table 12.

Table 12. Comparative analysis table.

ere VFD Voltage APF MOTOR AUHF : (o

Test Condition Frequency (Hz) (V)g Current (A) Current (A) Current (A) THD:i (%)
Half Load 60.23 480 25 130 - 7.2
APF Full Load 60.45 480 50 150 - 3.4
Half Load 60.23 480 - 130 Half Load 8.0
AUHF Full Load 60.45 480 - 150 Full Load 6.3
Hybrid Half Load 60.23 480 25 130 Complementary 1.8
Full Load 60.45 480 50 150 Complementary 1.2

6. Conclusions

This study demonstrates a systematic and substantial improvement in harmonic
mitigation through a comparative analysis of three different configurations: active power
filter (APF), Advanced Universal Harmonic Filter (AUHF), and a hybrid configuration
combining both APF and AUHEF. The results clearly indicate that the hybrid approach
significantly outperforms individual filters in reducing total harmonic distortion (THDi)
across various load conditions.

In Test 1, the APF alone showed a considerable reduction in THD], achieving 7.2% at
half load and 3.4% at full load. Test 2, which involved the AUHE, resulted in slightly higher
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THDi values of 8.0% at half load and 6.3% at full load. However, Test 3, utilizing the hybrid
configuration, marked a remarkable improvement, reducing THDi to 1.8% at half load and
1.2% at full load.

These findings underscore the hybrid configuration’s effectiveness, achieving unprece-
dented THDi reduction levels. The hybrid system’s superior performance is attributed
to the complementary operation of APF and AUHFE, which provide enhanced harmonic
filtering capabilities.

Given the critical importance of power quality in large-scale industrial operations, the
results of this study advocate for the adoption of hybrid filtering solutions. The hybrid APF
and AUHF configuration not only meets but exceeds stringent industrial power quality
standards, offering a reliable, efficient, and environmentally friendly approach to power
quality management. This research highlights the potential of hybrid filters to deliver
significant improvements in power quality, making them a compelling choice for modern
industrial power systems.
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