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Abstract

Microgrids (MGs) are having more difficulty sustaining power quality (PQ) as
renewable energy sources (RES) become more widely integrated. The issue of
supraharmonics (SH), characterized by high-frequency emissions spanning from 2 kHz to
150 kHz, holds significant importance. The switching processes used in these RES power
electronic converters are to blame for these harmonics. Traditional passive filters and
capacitor banks are ill-equipped to deal with the dynamic changes in system
characteristics that occur at the PCC. Voltage swell, unbalance, and power factor
problems result from this. The Shunt Active Filter (SAF) has shown superior efficacy in
mitigating harmonic issues in power systems. Nonetheless, its performance is contingent
upon the rapidity and precision of its control algorithms. This paper employs the parabolic
carrier-based pulse-width modulation (PWM) technique to regulate current in SAF,
thereby minimizing SH. This method incorporates using a pair of positive and negative
parabolic PWM carriers to control the switching states of the two switches in the converter
phase leg, simultaneously constraining the current tracking error within the nonlinear
parabolic region. The proposed filter is designed using the MATLAB/Simulink environment
and used in a modelled MG with specified ratings. The results of the harmonic analysis
showed a distortion contribution in the SH range of merely 0.03%. The minimal increase
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in THD when extending the analysis up to 150 kHz demonstrates the active filter’s
effectiveness in suppressing SH.

Keywords: Harmonic Mitigation, Microgrid, Parabolic PWM, Power Quality, Shunt
Active Filter, Supraharmonics.

I. Introduction

The problems of power quality (PQ) deterioration have grown increasingly
apparent as renewable energy sources (RES) find a growing presence in contemporary
power systems. The occurrence of supraharmonics (SH), which are harmonic distortions in
the frequency range of 2 kHz to 150 kHz, is one of the main problems related to integrating
distributed generation (DG) systems. These disturbances may destroy system efficiency,
create failures in power-electronic converters, and interfere with the sensitive equipment
of Microgrids (MGs). Effective treatment of these high-frequency aberrations is a
challenge for both traditional passive and conventional active filters. MGs may function
both on and off the grid, and they can include various RES like solar photovoltaic (PV)
systems, wind turbines, and battery storage [ XVI]. Due to their cheap installation costs, PV
systems have been the most popular power source in MGs [VII]. Notwithstanding these
benefits, there are still a lot of obstacles to overcome when integrating solar PV systems
into MGs, particularly in terms of PQ. The development of SH is one of the main problems
resulting from the integration of solar PV systems. It is produced by power electronic-based
converters, which are crucial parts of PV systems. SH may result in significant issues,
including elevated power outages, communication system interference, device overheating,
and PQ deterioration [I].

Active filters are critical elements in power systems, engineered to reduce harmonic
distortions and enhance PQ. Diverse topologies have been created to tackle certain issues
in various applications. Active filter topologies for PQ enhancement offer a comprehensive
examination of various systems. Shunt Active Filters (SAFs) are extensively employed to
mitigate current harmonics and reactive power in electrical systems. They are arranged in
parallel with the load and introduce compensating currents to mitigate harmonics. Figure
1 describes the action of SAF in an MG.
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Fig. 1. The role of SAF in an MG [I]

This architecture effectively mitigates harmonics and is frequently utilized in industrial
applications. Nevertheless, SAFs may encounter difficulties in dynamic contexts
characterized by quickly fluctuating load levels. Series-active harmonic filters are
integrated into the power line and primarily mitigate voltage harmonics. Nonetheless, this
category of filters may be more intricate to apply and may require elevated voltage ratings
for the components utilized. A passive filter generally addresses lower-order harmonics,
whereas an active filter mitigates higher-order harmonics and dynamic disturbances. This
combination facilitates superior performance across an extensive frequency spectrum and
increases efficiency. The design and tuning of these filters can be intricate, necessitating
meticulous attention to the interplay between active and passive components. SAFs based
on parabolic pulse-width modulation (PWM) have shown great promise in effectively
reducing SH. It uses a parabolic reference signal for switching control, unlike more
traditional PWM techniques, which depend on sinusoidal references. Through an optimal
switching pattern of the voltage-source inverter (VSI), this special modulation approach
improves the dynamic response of the active filter and reduces Total Harmonic Distortion
(THD), hence enhancing SH suppression.

In this paper, the design, implementation, and performance investigation of a parabolic
PWM-based SAF for SH reduction in an MG are presented. MATLAB/Simulink models
and simulations of the proposed system help to assess its performance relative to
conventional filtering methods. For next-generation MG applications, the research shows
that parabolic PWM-based active filtering offers better harmonic attenuation, reduced
power losses, and enhanced voltage quality, therefore making it a perfect alternative.

The remainder of this paper is set up as follows: Section 2 offers a survey of the literature
on active filtering methods for SH reduction. Section 3 addresses parabolic PWM-based
active filter mathematical modeling and design. Results of the simulation and performance
analysis are presented in Section 4. Section 5 finishes the study and lists future avenues of
inquiry.
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II. Literature review

Recent advancements in solar PV technology have significantly increased its
penetration of MGs. However, the integration of solar PV systems can introduce SH,
predominantly in the range of 2 kHz to 150 kHz, which can compromise the stability and
efficiency of these systems [I]. SH, unlike traditional lower-order harmonics, are less
studied and present unique challenges in terms of detection and mitigation. Many works in
literature, as seen in references [XX], [VII], [IX], [XII], and [V], tackled various PQ
issues, particularly the harmonic distortion concerns. Other authors, as references [XII],
[XXII], [XXII], [XIX], [1], [TV], and [ VI] have researched the topic as it is a major power
system engineers since the beginning of the last decade. Various techniques were used to
address this concern, as shown in comparative Table 1, where harmonic mitigation
methods are compared to show the merits and drawbacks of each. Every harmonic-reducing
technique has advantages and disadvantages. The application, the kinds of harmonics
present, and the system setup will all determine the option. A potential remedy for reducing
SH in power systems that primarily rely on power electronics is the application of hybrid
approaches in filter design. Although passive filters prove to be effective in the suppression
of low-order harmonic distortions, records reported that they were ineffective in the SH
range of distortions [ VI]. Using a passive part to reduce grid fundamental frequency voltage
drops and a linear amplifier for dynamic SH compensation, these designs greatly lower the
active part's operating loss and output capacity [V].

Table 1: Comparison of various harmonic mitigation techniques
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Active filters have become the key solution for handling harmonic problems because of
their versatility and efficiency over a broad range of frequencies. References [ VII], [ XIV],
[XXIV], [XXV], [X], and [XVII] have provided evidence about the effectiveness of active
filters in reducing conventional harmonics as well as SH. Various controlling techniques
are being employed to operate these filters, which could be visualized as follows:

* Parabolic PMW technique.

* Neural Synchronous Reference Frame (SRF) technique.
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* Negative Feedback Phase Locked Loop (NFPLL), Modified Synchronous Reference
Frame (MSRF), Fuzzy Inverted Error Deviation (FIED), and Adaptive Fuzzy Hysteresis
Current Controller (AFHCC).

* Least Mean Square (LMS) and Second Order Generalized Integrator (SOGI) technique.

By stabilizing switching frequency and reducing switching losses, parabolic PWM
enhances active filter performance. Harmonic suppression and power factor rise help to
define power system stability and efficiency. Though complex control techniques could
improve dynamic responsiveness, PWM performs well in steady-state applications.
Industrial application is adequate for the method response time. Using standard PWM
controllers, this technique is simple to develop and needs little computer resources, hence
facilitating incorporation into current systems. Though effective within its operational
range, parabolic PWM could find it difficult to fit varied system conditions or load profiles
without modification or adjustment. Because of their straightforward control techniques
and widespread component availability, parabolic PWM systems are less expensive to
install and keep running.

Neural-SREF's control system employs neural networks for exact harmonic extraction and
correction. This might lower THD and satisfy IEEE-519 PQ requirements. Neural networks
boost system parameter adaptation and load responsiveness. This accelerates filter
adjustment, hence lowering power system impact during transients. Control systems based
on neural networks are more complex and need signal processing knowledge as well as
machine learning. Higher computing demands might call for advanced processing units or
specialized technology. Operational data increases the performance and flexibility of
neural networks, and despite it being more expensive, advanced hardware and software
might help to mitigate higher energy losses and system reliability. In the NFPLL technique,
MSREF, FIED, and AFHCC technologies provide dynamic and adaptable pulses. The
integrated approach maintains power quality with non-linear loads and distorted sources
by eliminating harmonics, hence removing harmonics. Dynamic control methods provide
quick load disturbance reaction. Modern control techniques used together provide a
sophisticated, precise, adaptable system. Handling different scenarios, the whole control
method adjusts to load and source changes. The intricacy of technology might increase
expenses. In LMS and SOGI, reference current generation enhances load current
decomposition into fundamental components for precise filtering. By changing frequency
component learning rates, the LMS algorithm increases dynamic responsiveness.
Additionally, this medium-complexity approach offsets harmonic and reactive power and
lowers computational load.

A comparative summary of the main features of these techniques is provided in Table 2.
This table presents a concise comparison of the techniques used in controlling active filters
for harmonic suppression in RES-based MGs.
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Table 2: Comparison of active harmonic filters control techniques

Generally, it is reported that active filters offer a more complete solution that can be
adjusted to the different frequencies and load situations seen in solar PV MGs, while
passive filters are more economical for fixed frequency disturbances [X], [XVII], and [IV].
Even with significant advancements, SH mitigation in solar PV MGs is still a challenging
area that needs more investigation. International standards such as IEEE Standard 519 and
EN Standard 61000-3-2 guide allowable levels of harmonic distortions to guarantee the
dependability and safety of MG operations [XIII], [V], [II], and [XV]. These guidelines
place a strong emphasis on the necessity of keeping harmonic levels within designated
thresholds to avoid operational inefficiencies and equipment deterioration.

III. Research framework
3.1 Theoretical Background

Parabolic PWM is a specialist modulation method used in power electronics and
control applications to improve waveform quality, minimize harmonics, and increase
converter and filter efficiency. Unlike typical sinusoidal or space vector PWM approaches,
parabolic PWM modulates the pulse width of switching signals using a parabolic function,
resulting in improved harmonic suppression and dynamic responsiveness. Instead of using
a fixed or sinusoidal reference wave, a parabolic reference wave is utilized to locate
switching occurrences. Smoother transitions provide fewer high-frequency harmonics,
allowing for improved pulse localization. As well as being suitable for integrating RES,
this PWM technique is also suitable for harmonic abatement in MGs, shunt APFs, power
inverters, and converters. It reduces switching losses and improves PQ, making it superior
to conventional PWM systems for controlling voltage and current waveforms. The
technique proceeds as follows:
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1. The reference signal used in Parabolic PWM is a parabolic function defined by
Equation (1) below.

Ver @ =A (- (Z-1)) M
Where:

Vier (¢) is the instantaneous value of the parabolic reference signal.

A is the peak amplitude of the modulation signal.

T is the modulation period corresponding to the switching cycle.

t is the time within the switching cycle, 0 <¢ < T.

2. This function generates a concave downward parabolic shape, symmetric around T/2.

3. A high-frequency triangular carrier signal is used to generate the switching pulses as
defined by Equation (2).

4t
Ve () = B| 5 = 2| @)
Where:

Vi (¢) is the instantaneous value of the triangular carrier wave.

B is the peak amplitude of the carrier wave.

This triangular waveform has constant frequency and linearly varying amplitude. The
switching logic for Parabolic PWM is determined by comparing the parabolic reference
signal with the triangular carrier wave, as defined by Equation (3).

_ 1: if Vref (t) > Vtri (t)
S(t) B {0' if Vref (t) < Vi (t) )

Where:
S (1) = 1 stands for the electronic switch (MOSFET or IGBT) being ON.
S (1) = 0 stands for the electronic switch (MOSFET or IGBT) being OFF.
This comparison modulates the width of the pulses, adjusting the duty cycle dynamically
based on the parabolic waveform.
4. The harmonic content of a PWM waveform can be expressed as a Fourier series given
by Equation (4).
Vewn () = Xnz1 Wy sin(nwt + &) “4)
Where:

V', is the magnitude of the harmonic component.
@ = 2xf'is the angular switching frequency.

@, is the phase shift of the n™ harmonic.

For Parabolic PWM, the harmonic spectrum is optimized to suppress higher-order
harmonics by modifying the duty cycle distribution.
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3.2 SAF Topology and Design

Performance parameters to be established are THD before and after the application of
SAF. The frequency domain analysis is then utilized to evaluate the mitigation
performance in the various SH frequencies. The efficiency and stability of the SAF under
different load and grid conditions are then discussed. In addition to lower logical order
harmonic levels, the proposed filter can filter SH, or higher frequency harmonics, which
contribute to power system stability and protection of susceptible loads. Figure 2 is a
flowchart of the method of the invention for depressing a harmonic. This methodology
ensures a systematic approach to developing, implementing, and validating the proposed
mitigation technique, ultimately contributing to improved PQ in MG systems.

Step 1: Data Collection for all components

!

Step 2: Construct the Network Model
(single Line dingram)

!

Step 3: Harmonic Source Identification
(harm onic data defined)
1

+ + 2 2
TRANSFORMERS

NONLINEAR LOADS MAGNET ZING ¢ R ENT SOLAR INVERTERS AC-DE-AC CONVER TERS
Step 4: Establich ic modek

!

Step 5: Perform Power Flow Analyzi

|

Step 6: Ex» cute Harm onic Power Flow
1
— —
+
Step 8:
Evaluate Finding=
Qwith Lims it i fad Ty, |
TEEF 519) ¥ i ‘ .

Step 9: itigati |

|

Step10: Integrate Harmonic Filter=

Fig. 2. Flowchart of harmonic assessment

The proposed parabolic PWM-based SAF technique implemented to control harmonic
distortion calls for both passive and active elements. Whereas the passive component filters
lower-order harmonics, the active part filters higher-order and SH. The filter is meant to
improve harmonic suppression throughout many frequency ranges. While passive filters
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change to choose harmonic frequencies, active components actively move to offset more
complicated and changeable harmonic content. An active filter in a control system tracks
and modulates higher-order harmonics. This part balances harmonics by injecting currents,
therefore producing a steadier power supply. Design depends critically on real-time
harmonic detection and active filter adjustment. By using the FFT detection technique, the
filter examines the current waveform to find harmonic distortion. The control system
produces suitable correction signals to help lower distortions. Real-time feedback
dynamically changes compensation to meet harmonic levels and modifies the output of the
active filter by tracking system harmonic content. This guarantees low harmonic contents
independent of load and power consumption. This method is crucial for SH that are difficult
to control with passive filters for exact harmonic correction. MATLAB/Simulink
simulation starts the design process to assess filter performance under many load and
harmonic environments. Before hardware, simulation maximizes control tools and filter
components. Including THD reduction and PQ enhancement, the MATLAB/Simulink
model replaces the real-world performance of the AHF. Another vital factor is filter
efficiency, as harmonics must be lowered without power loss.

A low-voltage MG model is developed in MATLAB/Simulink, incorporating renewable
energy sources, power electronic converters, and nonlinear loads that contribute to
supraharmonics. The power system configuration is designed to simulate real-world
operating conditions, ensuring a representative test environment. To simulate parabolic
PWM in MATLAB/Simulink, the first step is to define the MATLAB parameters. This step
consists of defining the switching period (7), the switching frequency (fs), the peak
amplitude of the parabolic reference (4), the peak amplitude of the triangular wave (B),
and the time vector (¢). Then the parabolic reference signal (V) and the triangular carrier
wave (Vi) are calculated as given by Equations (1) and (2). The PWM signal is then
generated by comparing the signals in the former equations, and the three signals are plotted
as well. The second step is to model the following Simulink components, and the details of
both steps are shown in Figure 3, as follows:

1. Signal Generation Block, where the parabolic reference and triangular carrier wave are
generated.

2. Comparator Block, where (V) and (V) are compared to produce the PWM signal.

3. Switching Control, where the PWM signal is used to control IGBT/MOSFET switches
in the active filter circuit.

4. Output Analysis, where harmonic distortion is measured using the FFT Analyzer.
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Fig. 3. MATLAB/Simulink methodology flowchart

IV. Application and results
4.1 MG Network Configuration

Figure 4 illustrates that the system used for the active filtering of high-frequency
harmonic mitigation has the following components: The Solar PV system functions as the
primary renewable energy source inside the microgrid. It consists of four panels of the
brand (Trina Solar TSM-250PAO05), which are linked in series to create a string. Four
strings are interconnected in parallel to augment the current output. Table 3 presents the
solar panel ratings with irradiance and ambient temperature parameters set at 1000 W/m?
and 25 °C, respectively. The PV system is outfitted with essential instruments for
monitoring voltage, current, and power. The graphical user interface, which is the
POWERGUI block, alongside discrete power system simulations, offers a continuous
method suitable for rapid dynamic systems necessitating accurate outcomes. In discrete
mode, it enables modeling with specified step sizes, enhancing compatibility with digital
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controllers. A DC link capacitor and a DC-to-DC boost converter are connected, with the
PWM controller delivering a pulse to the electronic switch of the one-quadrant converter.
The duty cycle defines the proportion of the pulse duration during which the output is
activated. This controller is calibrated at a sampling interval of 5 microseconds. Figure 5
illustrates the SAF arrangement in a block diagram format, and the parameter settings for
simulation are as given in Table 4.
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Fig. 4. MG configuration with SAF.
Table 3: Solar array and modules ratings (brand TSM-250PA05)
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Fig. 5. Block configuration of the AHF.
Table 4: Parameter settings of the SAF model design

Figure 6 illustrates the arrangement of the nonlinear load inside the Simulink model. The
characteristics of loads significantly influence the generation and transmission of
harmonics. Resistive loads are devices like heaters and incandescent light bulbs that exhibit
stable resistance and do not produce harmonics inside the system. Inductive loads include
motors, transformers, and certain industrial machines. Inductive loads cause phase shifts
between voltage and current, which may result in low-order harmonics, but generally do
not directly generate supraharmonics. Nonlinear loads, including rectifiers, computers, and
power electronics, generate harmonics because of their non-sinusoidal current
consumption. These loads are a substantial source of both low-order and higher frequency
SH.
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Fig. 6. Configuration of the nonlinear load

4.2 Active Filter control algorithm

The active filter aims to mitigate the high-order harmonic distortions present in the MG
system. It functions, according to the procedure demonstrated in the flowchart of Figure
2, by injecting counter-phase harmonic currents to eliminate unwanted harmonic
components, including supraharmonics. On the other hand, control algorithms are crucial
for the real-time identification and reduction of harmonics. The regulation of the active
filter is essential for efficient harmonic suppression. FFT is used to identify harmonics by
examining the current or voltage waveforms and identifying the harmonic components,
including supra-harmonics. FFT disaggregates the waveform into its fundamental and
harmonic constituents, facilitating accurate determination of the frequency and amplitude
of the harmonics. The controller modulates the filter's output according to the identified
harmonic content, guaranteeing adequate compensation. The proportional part gives a
response that is proportional to how inaccurate harmonic detection is right now, while the
integral part shows how harmonic errors add up over time. The derivative part anticipates
future harmonic discrepancies and offers remedial measures. The SAF adds compensatory
currents at specific harmonic frequencies. This gets rid of unwanted harmonic components
and raises the PQ. The feedback loop continuously assesses the PCC current and voltage,
adjusting the filter operation as necessary. The established MG will deliver real-time data
on harmonic distortion, power output from the solar PV system, load characteristics, and
filter efficacy. The SAF will attenuate SH, ensuring the smooth and efficient functioning
of the MG. Figure 7 shows the configuration of the AHF control scheme.
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Fig. 7. Control system configuration for the SAF
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4.3 Results and discussion

Assessing the system performance and collecting data on harmonic content is essential for
operational efficiency and subsequent analysis. The system employs many measuring
instruments; voltage and current waveforms at various locations are presented on
Oscilloscopes. These instruments measure the instantaneous voltage and current levels at
critical locations within the MG, such as at solar PV inverters, loads, and the filter
connection at PCC. Analyzers for PQ measure the amount of harmonic distortion, which
includes THD and certain harmonic orders. Data acquisition systems gather data from
sensors and analyzers and transmit it to control systems for real-time decision-making. We
also preserve the data for long-term examination of system performance. All these parts
work together to enhance the MG system to control and reduce harmonic distortions,
especially SH, in a long-lasting and effective way. This section analyzes the performance
of the proposed parabolic PWM-based AHF through visualized results obtained at the PCC
within the microgrid environment. The investigation focuses on both the mitigation of low-
order harmonic distortions and the reduction of SH content in the presence of non-linear
PV-induced loads. Figure 8 shows the waveforms of the distorted load current and the
filtered line current in part (a), and the current harmonic spectrum at PCC for low-order
frequencies up to 2 kHz in part (b). Figure 9 and Figure 10 show the current spectra at
PCC with various ranges of SH up to the upper limit of 150 kHz.

Fundamental = 166A, THD= 20.57%

I
= 6
WM 4
" |Illlllllllll
® 0 200 600
" Y Time (Sec.)

R0
Frequency (Hz)

a) Source and Load currents waveforms b) PCC current harmonic spectrum for low order range up to 2 kHz

Fig. 8. Current results: a) Load current and source current waveforms, and b)
PCC current harmonic spectrum with low order range up to 2 kHz.
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Fig. 9. PCC current harmonic spectrum a) with SH’s range up to 5 kHz, and b) with SH’s
range up to 10 kHz

Fundamental = 166A, THD=20.60% Fundamental = 166A, THD=20.60%

2000 4000 6000 8000 1000 1
Frequency (Hz)

0
2000 14000 16000 18000 20000 ° s 10 15
Frequency (Hz) <10*

a) PCC current harmonic spectrum, range up to 20 kHz b) PCC current harmonic spectrum, range up to 150 kHz

Fig. 10. PCC current harmonic spectrum a) with SH’s range up to 20 kHz, and b) with
SH’s range up to 150 kHz

For current waveform evaluation, as depicted in Figure 8-a, a comparative observation
between the distorted load current and the filtered source current confirms the filtering
efficacy of the proposed SAF. The load-current waveform is significantly distorted due to
the injection of harmonics from switching converters connected to solar PV units. These
distortions manifest severe waveform deformation and high peak amplitudes. Conversely,
the source current waveform exhibits a marked improvement in terms of shape regularity
and sinusoidal integrity. This observation clearly demonstrates the SAF’s real-time
compensation capability, wherein the harmonic current components demanded by the load
are effectively supplied by the filter, leaving the source to supply predominantly the
fundamental component.

For harmonic spectrum evaluation, the harmonic spectra at the PCC represented in Figure
8-b, Figure 9, and Figure 10 offer a more profound insight into the filter's performance
across a wide frequency range. Figure 8-b (0-2 kHz) and Figure 9-a (0—5 kHz) show that
the bulk of harmonic distortion resides within the conventional low-order harmonic range
(up to the 50th order for a 50 Hz system). The total harmonic distortion (THD) in this range
is around 20.59% to 20.60%, of which the majority is attributed to harmonics below 2 kHz.
The contribution of THD from harmonics beyond this point is minimal. Figure 9-b and
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Figure 10 (a and b), expanding the frequency analysis up to 10 kHz, 20 kHz, and 150 kHz,
respectively, provide a clear breakdown of SH components. It is evident that the
contribution of SH to the overall THD remains marginal, as highlighted in the plots. The
observed increase in THD from 20.57% to 20.60% when including frequencies up to 150
kHz quantifies the SH contribution as approximately 0.03%. These outcomes regarding SH
mitigation show that SH contributes relatively little numerically to the overall THD, which
reveals that the ability of the SAF to suppress SH is evident in the smooth spectral roll-off
beyond 2 kHz. This behavior validates the effectiveness of the parabolic PWM strategy,
ensuring the minimization of high-frequency harmonic energy without the need for bulky
passive filters. Additionally, the attenuation curve seen in Figure 9-b and Figure 10 (a and
b) demonstrates that the filter does not exhibit resonance amplification or switching noise
injection at high frequencies, which is a common concern in poorly designed filters.

V. Conclusions

This study successfully demonstrates the design and implementation of an active
filter to minimize supra-harmonics in a microgrid with solar PV. The filter significantly
improves power quality and system reliability, providing a viable solution to a critical
challenge in renewable energy integration. The findings have several important
implications:

* The active filter can be integrated into MG designs to enhance PQ and reliability.
Improved PQ leads to longer equipment life, reduced maintenance costs, and better
overall performance.

* The filter facilitates the broader adoption of solar PV by addressing one of its major
drawbacks. By mitigating SH, the active filter supports the integration of RES into MGs.

* The research supports the development of standards and policies promoting the use of
active filters in RES. Standardized guidelines can help ensure consistent and effective
implementation of active filters.

* Parabolic PWM-based AHF achieves significant suppression of SH, reducing source
current distortion and improving PQ.

* SH mitigation, although contributing minimally to THD numerically, is effectively
addressed, ensuring better EMC (electromagnetic compatibility) and grid compliance.

* The system maintains THD levels with a marginal rise from the SH spectrum, validating
the filter’s high-frequency performance.

The combined waveform and spectral evidence confirm that the proposed control strategy
not only complies with harmonic standards such as IEEE 519 in terms of current quality
but also contributes to broader power conditioning by addressing emerging supra-harmonic
concerns. This makes it particularly suited for solar PV-integrated MGs, where inverter-
driven distortions are prominent across both traditional and high-frequency domains.
Future research should focus on scaling active filter design for larger systems and exploring

Saad T. Y. Alfalahi et al

87



J. Mech. Cont.& Math. Sci., Vol.-20, No.-11, November (2025) pp 71-90

its application in other RE integrations. Additionally, advancements in control algorithms
and digital signal processing can further enhance the filter's performance. Research into
cost-effective solutions for active filter implementation can also support broader adoption.

Conflict of Interest

There was no relevant conflict of interest regarding this paper.

References

1. Abdrabba, S. 1., et al. “Analysis of Feasible Solutions for the Improvement of
Voltage Profile in Alkufra Network Containing PV-Generation Unit.”
Proceedings of the 14th International Renewable Energy Congress (IREC),
Sousse, Tunisia, Mar. 2023, pp. 1-6.  10.1109/IREC59750.2023.10389229

1I. Abidin, M. N. Zainal. “IEC 61000-3-2 Harmonics Standards Overview”.
Schaffner EMC Inc., Edison, NJ, May 2006.
https://www.emcfastpass.com/wp-
content/uploads/2017/04/Class_definitions.pdf

I11. Addala, S., and I. E. S. Naidu. “Mitigation of PQP in Distributed Generation
Using CPD’s.” Proceedings of the International Conference on Futuristic
Technologies (INCOFT), Karnataka, India, 25-27 Nov. 2022, pp. 1-4.
10.1109/INCOFT55651.2022.10094476

Iv. Alfalahi, S. T. Y., et al. “Sizing Passive Filters for Mitigation of Harmonics in
a Low Voltage Network Containing Solar PV Units.” Franklin Open, Vol. 10,
No. 1, Mar. 2025, p. 100220.  10.1016/j.fraope.2025.100220

V. Alsaeed, 1., and M. Shafiullah. “Harmonic Mitigation Using Hybrid Control
Method in Energy Storage Integrated Microgrid.” Proceedings of the 4th
International Youth Conference on Radio Electronics, Electrical and Power
Engineering (REEPE), 2022.  10.1109/REEPE53907.2022.9731404

VI Al-Sharif, Y. M., G. M. Sowilam, and T. A. Kawady. “Harmonic Analysis of
Large Grid-Connected PV Systems in Distribution Networks: A Saudi Case
Study.” International Journal of Photoenergy, Vol. 2022, Article ID 8821192,
14 pages, Nov. 2022.  10.1155/2022/8821192

VII. Azzam-Jai, A., and M. Ouassaid. “Control of a Multifunctional PV-Integrated
SAPF with Simpler Neural Harmonic Extraction.” Proceedings of the 9th
International Conference on Systems and Control, Caen, France, 24—26 Nov.
2021, pp. 44-48. 10.1109/ICSC50472.2021.9666700

Saad T. Y. Alfalahi et al

88


https://doi.org/10.1109/IREC59750.2023.10389229
https://www.emcfastpass.com/wp-content/uploads/2017/04/Class_definitions.pdf
https://www.emcfastpass.com/wp-content/uploads/2017/04/Class_definitions.pdf
https://doi.org/10.1109/INCOFT55651.2022.10094476
https://doi.org/10.1016/j.fraope.2025.100220
https://doi.org/10.1109/REEPE53907.2022.9731404
https://doi.org/10.1155/2022/8821192
https://doi.org/10.1109/ICSC50472.2021.9666700

VIIL

IX.

XI.

XIIL.

XIII.

XIV.

XV.

XVIL

XVIL

XVIIL

J. Mech. Cont.& Math. Sci., Vol.-20, No.-11, November (2025) pp 71-90

Barva, A., and S. Joshi. “A Comprehensive Survey on Hybrid Active Power
Filter Topologies, Controller, and Application in Microgrid.” Proceedings of
the IEEE Region 10 Symposium (TENSYMP), 2022.
10.1109/TENSYMP54529.2022.9864377

Barva, A. V., and S. Joshi. “Comparative Analysis of Passive, Active, and
Hybrid Active Filters for Power Quality Improvement in Grid-Connected
Photovoltaic System.” Proceedings of the 7th International Conference on
Computer Applications in Electrical Engineering — Recent Advances (CERA),
2023. 10.1109/CERA59325.2023.10455311

Barik, P. K., et al. “Simulation and Real-Time Implementation of a Combined
Control Strategy-Based Shunt Active Power Filter in Microgrid.” Sustainable
Computing:  Informatics and  Systems, Vol. 35, Feb. 2025.
10.1016/j.suscom.2025.101103

Cheng, J. “IEEE Standard 519-2014 Compliances, Updates, Solutions and
Case Studies.” Schneider Electric, presented by Dr. John Cheng, CEng, CEM,
CEA, CMVP. https://studylib.net/doc/25803589/ieee-std-519-1992

Chishti, F., S. Murshid, and B. Singh. “Frequency Adaptive Multistage
Harmonic Oscillator for Renewable-Based Microgrid under Nonideal Grid

Conditions.” IEEE Transactions on Industrial Electronics, vol. 68, no. 1, Jan.
2021, pp. 358-367.  10.1109/TTE.2020.2965474

“EMC Standards: A Practical Guide for EN 61000-3-2 - Limits for Harmonic
Current Emissions.” Stafford: EMC Standards, 2010.
https://www.emcstandards.co.uk/files/61000-3-

2 mains_harmonics.pdf?utm_source=chatgpt.com

Fahad, A. H., and M. S. Reza. “Single-Phase Shunt Active Power Filter Using
Parabolic PWM for Current Control.” Proceedings of the 7th International
Conference on Smart Energy Grid Engineering (SEGE), Oshawa, ON,
Canada, Aug. 2019, pp. 134-138. 10.1109/SEGE.2019.8859868

Halpin, S. M. “Revisions to IEEE Standard 519-1992.” Proceedings of the
IEEE Power Engineering Society General Meeting, Auburn, AL, USA, 2022.
10.1109/TDC.2006.1668665

International Energy Agency. Renewables 2023: Analysis and forecast to
2028. Paris, France: IEA, 2023. https://www.iea.org/reports/renewables-2023

Kancharla, P. “Harmonic Elimination by Reference Current Strategy Using
Shunt Active Power Filter (SAPF).” AIP Conference Proceedings, Vol. 3007,
No. 1, Feb. 2024. 10.1063/5.0194906

Khan, A. S., S. Vijay, and S. Doolla. “Nonlinear Load Harmonic Mitigation
Strategies in Microgrids: State of the Art.” IEEE Systems Journal, vol. 16, no.
3,2022, pp. 4243-4255. 10.1109/JSYST.2021.3130612

Saad T. Y. Alfalahi et al

89


https://doi.org/10.1109/TENSYMP54529.2022.9864377
https://doi.org/10.1109/CERA59325.2023.10455311
https://doi.org/10.1016/j.suscom.2025.101103
https://studylib.net/doc/25803589/ieee-std-519-1992
https://doi.org/10.1109/TIE.2020.2965474
https://www.emcstandards.co.uk/files/61000-3-2_mains_harmonics.pdf?utm_source=chatgpt.com
https://www.emcstandards.co.uk/files/61000-3-2_mains_harmonics.pdf?utm_source=chatgpt.com
https://doi.org/10.1109/SEGE.2019.8859868
https://doi.org/10.1109/TDC.2006.1668665
https://www.iea.org/reports/renewables-2023
https://doi.org/10.1063/5.0194906
https://doi.org/10.1109/JSYST.2021.3130612

J. Mech. Cont.& Math. Sci., Vol.-20, No.-11, November (2025) pp 71-90

XIX. Khan, S. A., M. Junaid, and M. Ali. “Design of an Active Power Filter in
Cascaded Power Converters for Harmonic Mitigation.” Proceedings of the
International Conference on Emerging Power Technologies (ICEPT), 2023.
10.1109/ICEPT58859.2023.10152426

XX.  Kumar, A., R. Garg, and P. Mahajan. “Harmonics Mitigation Techniques in
Grid Integrated PV-Based Microgrid: A Comparative Analysis.” Proceedings
of the First IEEE International Conference on Advances in Electrical,
Computing, Communications and Sustainable Technologies (ICAECT), India,
19-20 Feb. 2021, pp. 634-639.  10.1109/ICAECT49130.2021.9392631

XXI. Li, J., Y. He, L. Xu, and J. Liu. “Design of Hybrid Power Filters for
Supraharmonics Suppression in Power Electronics Dominated Power
Systems.” [EEE Journal of Emerging and Selected Topics in Power
Electronics, vol. 12, No. 2, Apr. 2024, pp. 2163-2175.
10.1109/JESTPE.2024.3365167

XXII. Matas-Diaz, F. J., et al. “Active Harmonic Filtering with Selective Overcurrent
Limitation for Grid-Forming VSCs: Stability Analysis and Experimental
Validation.” IEEE Transactions on Industry Applications, Vol. 60, No. 3,
May—June 2024, pp. 4762-4775.  10.1109/T1A.2024.3369595

XXIII. Nireekshana, N., et al. “Adaptive Reactive Power Management with Thyristor-
Controlled Transformer and Fixed Capacitor.” International Journal of
Innovative Science and Research Technology, Vol. 9, No. 9, Sep. 2024, pp.
2890-2891. 10.38124/ijisrt/IJISRT24SEP1656

XXIV. Sant, A. V. “Shunt Active Power Filtering with Reference Current Generation
Based on Dual Second Order Generalized Integrator and LMS Algorithm. ”
Energy Reports, vol. 8, 2022, pp. 886-893.  10.1016/j.egyr.2022.08.099

XXV. Xu, L., J. Qiu, Y. He, Q. Deng, and C. Lei. “Research on Active Filter for
Supraharmonics Suppression of Power Grid.” IEEE Student Conference on
Electric Machines and Systems (SCEMS), Xi’an, China, 2020, pp. 735-740.
10.1109/SCEMS48876.2020.9352290

Saad T. Y. Alfalahi et al

90


https://doi.org/10.1109/ICEPT58859.2023.10152426
https://doi.org/10.1109/ICAECT49130.2021.9392631
https://doi.org/10.1109/JESTPE.2024.3365167
https://doi.org/10.1109/TIA.2024.3369595
https://doi.org/10.38124/ijisrt/IJISRT24SEP1656
https://doi.org/10.1016/j.egyr.2022.08.099
https://doi.org/10.1109/SCEMS48876.2020.9352290

