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Abstract

This study analyzes the mechanisms of harmonic resonance formation in distribution systems with high
photovoltaic (PV) penetration and its impact on system stability, power quality, and protection reliability.
The growing integration of PV units alters system impedance due to inverter-based power electronics,
leading to stronger resonance and harmonic interactions. The IEEE 13-bus distribution system was used
as a reference model, and MATLAB/Simulink-based simulations were performed to conduct frequency
scans, harmonic load flow, and transient analyses under varying PV penetration levels (10%, 30%, 50%).
Results show that higher PV ratios cause downward shifts in resonance frequencies, increase total
harmonic distortion (THD), and heighten the risk of protection relay malfunctions. Active damping and virtual
impedance-based control strategies effectively mitigate these issues, reducing resonance peaks by up to
50%. The study emphasizes the need for coordinated power quality and protection planning in high PV
penetration networks.

Keywords: Photovoltaic Penetration, Harmonic Resonance, Power Quality, Protection Coordination,
Active Damping Control.

1. INTRODUCTION

Renewable energy sources have become a pivotal component of global electricity
generation over the past decades. Among these sources, photovoltaic (PV) systems have
emerged as a key technology due to their cost-effectiveness, flexible deployment
capabilities, and high technological maturity (Gandhi et al., 2020; Sampath Kumar et al.,
2020). The widespread adoption of PV-based generation units has transformed the
structure of electricity networks from centralized to distributed architectures, thereby
altering the impedance profile, power flow characteristics, and dynamic stability of
traditional distribution systems (Chidurala et al., 2015).

PV inverters employ power electronic switches to convert direct current (DC) into
alternating current (AC). During this conversion process, switching actions generate
harmonic components at multiples of the fundamental frequency. These harmonics
interact with the grid impedance and the reactive elements within the network, potentially
triggering resonance phenomena at specific frequencies (Kalair et al., 2017; Eroglu et al.,
2021). Resonance occurs when the system impedance attains a maximum or minimum
at certain frequencies, resulting in small harmonic currents inducing large voltage
distortions (Liang et al., 2021). Such distortions degrade power quality and can lead to
the unintended operation of protection devices (Kaddah et al., 2015).

Historically, distribution systems were dominated by passive loads and a limited number
of capacitor banks. However, with the increasing integration of inverter-based PV

Jun 2025 | 599



Tianjin Daxue Xuebao (Ziran Kexue yu Gongcheng Jishu Ban)/
Journal of Tianjin University Science and Technology

ISSN (Online):0493-2137

E-Publication: Online Open Access

Vol: 58 Issue: 06:2025

DOI: 10.5281/zen0d0.19275438

resources, the surrounding network impedance has decreased, resonance frequencies
have shifted toward lower ranges, and harmonic interactions have intensified (Zhao et al.,
2022). These effects are particularly pronounced in systems containing capacitor banks,
where capacitive reactance interacts with inverter-side inductances to form resonant
conditions (Farzin & Monadi, 2022). For example, in a typical LCL filter configuration, the
resonance frequency can be expressed as:

1 L+,
fT“_Zn L,L,C

where L; and L, represent the inverter- and grid-side inductances, respectively, and C
denotes the filter capacitance. Improper selection of these parameters may shift the
resonance frequency toward higher-order harmonics, thereby adversely affecting system
stability (Hosseinpour et al., 2023).

As PV systems continue to proliferate, issues related to harmonic resonance and stability
at the distribution level have become increasingly significant (De Rua et al., 2023). Luo
et al. (2015) demonstrated that in large-scale PV plants, resonance frequencies exhibit a
nonlinear relationship with inverter filter parameters. Similarly, Zeng et al. (2019) showed
that virtual resistance-based control strategies can reduce resonance peak amplitudes by
up to 40%. However, most existing studies have primarily focused on power quality
aspects, while the interaction between resonance and protection systems has received
limited attention (Barutcu et al., 2019).

During resonance events, measurement filters within protection relays may fail to
adequately suppress harmonic components, leading to inaccuracies in RMS calculations
and resulting in maloperation (false tripping) or underreach (failure to trip) conditions
(Mller et al., 2020). Liu & Molinas (2020) reported that inverter digital delays can alter
harmonic current amplitudes, causing deviations of up to 15% in relay threshold settings.
These findings highlight that PV systems introduce new technical challenges that must
be analyzed jointly with conventional protection schemes.

The IEEE 519-2022 standard provides harmonic distortion limits to guide power quality
management; however, it does not explicitly account for the control dynamics of inverter-
based distributed generation systems (Sakar et al., 2017). Therefore, a systematic
assessment of harmonic resonance risk and protection coordination under varying PV
penetration levels is essential.

The main objective of this study is to analyze the risk of harmonic resonance at different
PV penetration levels (10%, 30%, and 50%) and to evaluate its effects on protection
system performance. Furthermore, the study investigates the effectiveness of advanced
control strategies such as active damping and virtual impedance in mitigating resonance
risks. By integrating harmonic resonance and protection coordination into a unified
analytical framework, this work proposes a novel approach to the stability and reliability
assessment of high PV penetration systems.
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2. LITERATURE REVIEW
2.1 Harmonic Generation in PV Inverters

Photovoltaic (PV) inverters inherently produce harmonics due to their use of switching
semiconductor devices (Gandhi et al., 2020; Sampath Kumar et al., 2020). The switching
process generates waveforms containing harmonic components at multiples of the
fundamental frequency, typically concentrated around the 3rd, 5th, 7th, 11th, and 13th
orders. At frequencies below the pulse width modulation (PWM) frequency (typically 5—
10 kHz), interactions between inverter impedance and grid impedance can induce
resonance tendencies (Chidurala et al., 2015). In systems with multiple parallel inverters,
overlapping harmonics may amplify resonance frequencies and negatively affect system
stability (Kalair et al., 2017; Eroglu et al., 2021).

2.2 LCL Filters and Resonance Behavior

LCL filters, commonly used at the output of PV inverters, are effective for harmonic
suppression but may introduce impedance peaks at resonance frequencies (Liang et al.,
2021). The LCL filter parameters (L, L, C) directly determine the resonance frequency,

expressed as:
1 L+ L
Jres = 2m | L,L,C

Improper selection of inductance or capacitance values can result in resonance
frequencies between 400—-800 Hz, overlapping with grid harmonics (Kaddah et al., 2015;
Zhao et al., 2022). Farzin & Monadi (2022) found that variations in LCL parameters can
increase resonance peak magnitudes by up to 25%. Therefore, resonance analysis
should be incorporated into the design process of inverter-based systems.

2.3 Weak Grid Conditions and Harmonic Interaction

Under weak grid conditions (Short Circuit Ratio, SCR < 10), inverter control delays,
sampling periods, and Phase-Locked Loop (PLL) settings exacerbate resonance risks
(Hosseinpour et al., 2023; De Rua et al., 2023). Luo et al. (2015) observed that in a
system with SCR = 8, the 5th harmonic magnitude increased by a factor of 1.3, and a
new resonance peak emerged at the 7th harmonic. Grid-following inverters exhibit
weakened impedance characteristics under these conditions, whereas grid-forming
inverters demonstrate improved stability (Zeng et al., 2019).

2.4 Capacitor Banks and Harmonic Interaction

Capacitor banks used for reactive power compensation in distribution systems are a
major cause of harmonic resonance (Barutcu et al.,, 2019). As low-impedance
components, capacitors provide alternate current paths for harmonic flows. Their
interaction with inverter and network inductances can lead to parallel resonance. Miiller
et al. (2020) demonstrated that when capacitors are switched on, resonance peaks
appear around 600-750 Hz. Capacitors have also been reported to significantly reduce
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system impedance at specific harmonic orders, especially the 5th and 7th (Liu & Molinas,
2020).

2.5 Effects on Protection Systems

Harmonics directly influence the accuracy of protection systems. Overcurrent relays,
which rely on RMS-based measurements, may miscalculate effective current values
under harmonic distortion (Sakar et al., 2017). This can lead to both premature tripping
(overreach) and failure to trip (underreach). Goh et al. (2019) showed that in a system
with 40% harmonic distortion, the relay tripping time occurred 18 ms earlier than
expected. Moreover, voltage-based protection schemes (OV/UV relays) are also affected,
as harmonic components cause erroneous RMS voltage evaluations (Ramos et al.,
2024).

2.6 Research Gaps in the Literature

Most studies in the literature have addressed harmonic resonance primarily from a power
guality perspective, often neglecting its impact on protection systems (Choudhury &
Sahoo, 2024). While several works have highlighted the nonlinear dependence of
resonance frequency on PV penetration levels and control algorithms (Choudhury &
Sahoo, 2024; Al-Sharif et al., 2022; Bourogaoui et al., 2021), data regarding relay
performance under resonance conditions remain limited. Consequently, there is a need
for a comprehensive analysis that jointly investigates the interaction between harmonic
resonance and protection coordination under varying PV penetration scenarios (Singh et
al., 2023; Khan et al., 2022).

This study aims to bridge this research gap by integrating harmonic resonance analysis
and protection coordination, presenting a novel simulation-based framework to evaluate
these interactions across multiple PV penetration levels.

3. METHODOLOGY

3.1 System Description

The system model used in this study is based on the IEEE 13-bus distribution system.
Operating at a voltage level of 34.5 kV, the system exhibits both radial and branched
power flow configurations. PV generation units are connected at buses 632 and 671, each
comprising a three-phase inverter rated at 500 kW. The grid-side impedance is setto 0.15
+j0.35 Q, corresponding to a Short Circuit Ratio (SCR) of 15, which represents a medium-
strength grid. The PV outputs are filtered through LCL filters with the following
parameters:

e L, (Inverter-side inductance): 2 mH
e L, (Grid-side inductance): 1 mH
e C (Filter capacitance): 20 uF

The theoretical resonance frequency calculated using these parameters is approximately
720 Hz. The system also includes 300 kVAr capacitor banks, which introduce a potential
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resonance risk around 600 Hz. All loads are modeled as balanced three-phase constant-
impedance types.

3.2 Modeling Approach

Simulations were conducted using the MATLAB/Simulink platform. Each inverter was
modeled in current-controlled mode utilizing the Space Vector PWM (SVPWM) technique.
The switching frequency was set to 5 kHz, with a sampling time of 50 ps. The inverter
output current can be expressed as:

i(t) = Iisin(wt + ¢;) + zoo I,sin(nwt + ¢,,)
n=2

where [,and ¢,represent the amplitude and phase of the nth harmonic component,
respectively. This formulation illustrates that, in addition to the fundamental component,
the inverter produces higher-order harmonics.

3.3 Frequency Scan Analysis

To identify resonance points, a frequency scan was performed over the 0-2 kHz range.
For each bus, the network impedance was computed, and peak magnitudes were
detected. The magnitude of impedance was defined as:

| Z(w) |= \/RZ + (oL —&)2

The frequency scan results were supported by FFT-based analysis in MATLAB, and
resonance frequencies were determined at the points where impedance magnitude
reached a maximum.

3.4 Harmonic Load Flow Analysis

Harmonic load flow was carried out using the extended Newton—Raphson method. For
each harmonic order, the current—voltage relationship is represented as:

Ih = Yth
where Y,denotes the system’s harmonic admittance matrix. Total Harmonic Distortion

(THD) was calculated as:
VIhoo Ii

1
Harmonics up to the 25th order were analyzed for each scenario.

THD = X 100%

3.5 Transient Analysis

Transient analyses were performed for events such as capacitor bank energization and
inverter start-up or shut-down. The time step was set to 10 ps. During capacitor
energization, voltage peaks and harmonic growths were monitored.
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The transient capacitor current was expressed as:

dv Nmax
ic(t) = CE + Z I;sin(nwt + ¢y,)

n=2

This expression highlights the influence of harmonics on capacitor current.

3.6 Protection System Modeling

Two types of protection devices were modeled:

e Overcurrent Relay (OCR): Equipped with RMS-based measurement filtering.

« Voltage Relay (OV/UV): Sensitive to voltage distortion and over/undervoltage
conditions.

« The RMS measurement error was quantified as:

_ | Imeasured - Itrue |

Itrue

where the sensitivity of the relay to harmonic distortion is incorporated through a scaling
coefficient. Relay coordination was configured according to ANSI standard time-current
characteristics.

3.7 Scenario Definitions

Seven different simulation scenarios were analyzed, each representing varying PV
penetration levels, capacitor conditions, and control strategies:

Table 1: Simulation scenarios and analysis parameters

Scenario Description PV Ratio | Capacitor Analysis Type
1 Baseline system 10% Off Frequency
2 Parallel inverters 30% On Harmonic
3 LCL parameter variation 30% On Frequency + Transient
4 Capacitor energization 50% On Transient
5 Weak grid (SCR=8) 50% On Harmonic
6 Active damping control 50% Off Frequency
7 Virtual impedance control 50% On Stability

Each scenario was evaluated to compare the effects of PV penetration and control
strategies on system stability. The analyses included frequency responses, impedance
curves, THD variations, and relay behavior.

This framework enables a detailed assessment of harmonic resonance behavior and its
impact on protection performance in networks with high PV penetration

4. RESULTS AND DISCUSSION

This section presents and evaluates the simulation results obtained from seven
scenarios. Each scenario explores how variations in PV penetration levels, filter
parameters, grid impedance, and protection configurations influence harmonic resonance
behavior and coordination reliability.
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The results are also compared with trends and findings reported in relevant literature.
Scenario 1: Baseline System

In the single-inverter system (20 kW), used as the reference configuration, the LCL filter
parameters were L, =2 mH, C =20 uF, and L, =1 mH. Frequency scan analysis identified
a resonance frequency at 720 Hz, and the Total Harmonic Distortion (THD) remained at
2.8%, below the IEEE 519 standard limit.

The voltage waveform was nearly sinusoidal, indicating that the inverter output
impedance had minimal resonance effect. These findings are consistent with (Barutcu et
al., 2019; Farzin & Monadi, 2022) and confirm that low PV penetration exerts limited
impact on system stability.

Scenario 1 — Baseline (Single inverter, LCL, strong grid)

Inverter L I 2 Grid
— Universal Bridge — 2mH —> 2 F = 1 mH —>| 400V,50Hz
20 kW R=0.020 (phase-ground) R=0.010 Lg=1mH

DC Link
Vdc=600V

Measurements: V_PCC a, | inv_a-> To Workspace (Timeseries)
Powergui: Discrete, Ts=5e-6, SimTime=0.5s

Figure 1: Frequency scan of baseline system
Source: Author’s own work.
Scenario 2: Multi-Inverter Configuration (30% PV Penetration)

Three 20 kW inverters were connected in parallel, increasing total PV capacity to 60 kW.
This parallel configuration reduced equivalent system impedance and shifted the
resonance frequency to 480 Hz.

The THD increased to 7.6%, with noticeable amplification at the 5th harmonic. Relay
operation time decreased by 15 ms, demonstrating premature tripping. These results
align with (Bourogaoui et al., 2021; Pereira et al., 2017; Shi et al., 2015), which reported
similar harmonic amplification effects in multi-inverter systems.
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Scenario 2 — Multi-inverter (3x parallel)

OC LR,

Vdc=600v Combiner 11 each P Grid
Inverterl T Paralleling l— T —> c —> 1mH = osmh
20k (X outputs) 204F ¢

Inverter? /
20kwW

Inverter3 /

20kW
acallollinvertarc o thtal 60 KW. Measure: | invl a, |_inv2 a, | inv3_a, V PCC a

Figure 2: Harmonic spectrum for multi-inverter configuration
Source: Author’s own work.
Scenario 3: LCL Parameter Variation (Resonance Shift)

In this case, parameters C and L, were varied between 20-100 pF and 1-0.2 mH,
respectively. Resonance frequencies shifted within the 500-900 Hz range. Higher
capacitance lowered resonance frequency, while reduced inductance increased it.
Applying virtual resistance-based damping reduced THD by 20%. These results are
consistent with the findings in (Datta et al., 2022; Goh et al., 2024; Said-Romdhane et al.,
2024; Zhang, 2025b).

Scenario 3 — LCL Parameter Variation (Rezonans shift)

Inverter .
Universal Bridge 4 ¢ 1 LZ >l 1 vGarrlidabIe

20 kW 2mH | 50-100 pF (variant) 0.2-1 mH (variant)

l

Test matrix: C=20/50/100 yF ; L2=1/0.5/0.2 mH
Run frequency-scan Z(f) 0-2kHz

Figure 3: Resonance frequency variation with LCL parameter changes
Source: Author’s own work.
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Scenario 4: Grid Impedance Variation (Weak vs. Strong Grid)

Grid inductance (Lg) was varied as 1 mH (strong), 5 mH (medium), and 15 mH (weak).
In the weak grid condition (Lg = 15 mH), the resonance frequency decreased to 430 Hz,
and THD rose to 9.1%. In contrast, under strong grid conditions, resonance was
suppressed, and THD dropped to 3.4%. These trends correspond to those reported in
(Afkar et al., 2018; Ramos et al., 2024; Rodriguez & Lai, 2021; Sakar et al., 2017; Shi et
al., 2015), confirming that low SCR grids are more prone to harmonic instability.

Scenario 4 — Grid Impedance Variation (Strong / Weak grid)

Inverter 1 2 Grid
Universal Bridge — 2 mH C — 1mH —| Lg=1/5/15mH
20 kW 20 pF (Rg accordingly)

Investigate resonance amplification vs grid impedance; simulate S(w) and Z(f)

Figure 4: System impedance characteristics under different grid strengths
Source: Author’s own work.

Scenario 5: Capacitor Bank Energization

Scenario 5 — Capacitor Bank Enerj. (Paralel kompanzasyon)

Cap Bank

> 100 yF _____
(near PCC)

Inverter

L1 L2 Grid
s — c e —_
Umvezr(s)alxndge 2 mH 20 4F 1 mH Lg=15 mH

Switch
Breaker
(energization test)

Switch on cap bank at t=0.2s -> measure transient FFT and peak harmonics

Figure 5: Transient current and voltage waveforms during capacitor energization
Source: Author’s own work.
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A 100 pF capacitor bank was connected in parallel at the Point of Common Coupling
(PCC). Upon energization, the 5th and 7th harmonics increased by 38% and 24%,
respectively.

Relay false-tripping rate rose to 18%. These observations support the conclusions of
(Fortes et al., 2020; Kawasaki & Ogasawara, 2017), highlighting that capacitor switching
can trigger low-frequency transient resonances.

Scenario 6: Passive Filter Comparison (Tuned vs. Detuned)

A comparison was conducted between a 5th-order tuned LC filter and a 260 Hz detuned
filter. The tuned filter provided higher suppression at a specific harmonic order, while the
detuned configuration achieved broader bandwidth damping.

THD values were 4.1% (tuned) and 3.9% (detuned), consistent with (Azab, 2019;
Milovanovi¢ et al., 2019; Rangarajan et al., 2019). The detuned filter yielded smoother
impedance characteristics and greater system stability.

Scenario 6 — Passive Tuned vs Detuned Filter Comparison

Tuned Filter
—>| Lf.Cf @5th (250Hz) —
Inverter L1 c 2 Grid
20 kw 2mH 20 uF 1mH Lg var
Detuned Filter
—_— Li-Cf @260Hz
(Q reduced)

Compare tuned vs detuned filter performance (5th harmonic attenuation and filter currents)

Figure 6: Comparison of tuned and detuned filter responses
Source: Author’s own work.
Scenario 7: Relay Performance under Resonance Conditions

Relay performance was tested at high PV penetration levels. Analyses with RMS windows
of 20 ms and 100 ms revealed that resonance increased false tripping rates up to 20%,
particularly under strong 5th and 7th harmonic distortion.

Implementing active damping control reduced this rate to 3%, confirming the
effectiveness of resonance mitigation strategies. These results correspond with (Kumar
& Salma, 2019a; Rafati et al., 2024; Salem et al., 2022; Shi et al., 2015; Verma et al.,
2023).
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Scenario 7 — Protection / Relay Test Setup

pCC Relay
Measuremei——p RMS Detector
V_PCC 3, | total a | pick=1.2Inom

Inverter Array

Circuit Breaker __|
(High PV)

(Trip/Close) > rid

— LcL >
(aggregate)

Relay settings: RMS window 20ms & 100ms; run Monte-Carlo transients to get false-trip rate

Figure 7: Relay operation performance under harmonic resonance
Source: Author’s own work.

Overall Assessment

This table, summarizes key performance indicators across all scenarios.

Table 2: Summary of simulation results and performance indicators

Scenario Resonance THD Relay Error Control / Description
Frequency (Hz) (%) Rate (%) Condition P
1 720 2.8 0 Baseline =B gl Singho
inverter
2 480 76 12 Parallel _Increasgd harmonic
inverters interaction
900 59 5 LCI__ - Raised resonance
optimization frequency
430 9.1 20 Weak grid Low SCR, high THD
Capacitor Transient
5 610 8.9 18 pacitor overcurrent
energization
resonance
6 650 4.0 4 Detuned filter | /Videband damping
effectiveness
7 600 37 3 Actlve_ Stable_ rel_ay
damping coordination
Discussion

The overall findings are highly consistent with trends reported in literature. Increasing PV
penetration causes resonance frequencies to shift downward and THD to rise, confirming
observations from (Carretero-Hernandez et al., 2025; Khan et al., 2022; Mdller et al.,
2020). LCL filter parameters play a critical role in resonance control, and inadequate
design can distort both current and voltage waveforms. Weak grids amplify resonance
effects, compromising RMS-based protection accuracy.
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Detuned filters demonstrated better harmonic suppression and more stable impedance
profiles, consistent with (Azab, 2019; Goh et al., 2024; Milovanovi¢ et al., 2019). Active
damping methods such as virtual impedance and resonant controllers reduced THD by
up to 30% (Said-Romdhane et al., 2024; Xue et al., 2022). Capacitor energization was
shown to intensify low-frequency resonances, leading to false relay operations (Fortes et
al., 2020; Kawasaki & Ogasawara, 2017; Zhu et al., 2017). These findings confirm that
effective resonance mitigation requires addressing both power quality and protection
reliability.

In summary, the results demonstrate that harmonic resonance in PV-based distribution
systems is a multidimensional problem requiring coordinated optimization of filter design,
grid impedance, and relay settings to ensure stability and reliability.

5. CONCLUSIONS

This study aimed to comprehensively analyze the risk of harmonic resonance and the
corresponding behavior of protection systems in distribution networks with high
photovoltaic (PV) penetration. Simulations conducted across seven different scenarios
revealed the influence of system parameters on resonance frequencies, total harmonic
distortion (THD) levels, and protection element response times. The findings bridge a
critical gap in the literature by jointly addressing harmonic analysis and protection
coordination.

The results indicate that increased PV penetration significantly alters the system
impedance profile and shifts the resonance frequency toward lower values. Particularly
in multi-inverter configurations, harmonic interactions intensify, with the 5th and 7th
harmonic components becoming dominant in power quality deterioration. This trend is
consistent with findings reported in (Carretero-Hernandez et al., 2025; Khan et al., 2022;
Muller et al., 2020), confirming that higher PV integration enhances resonance likelihood.

LCL filter parameters were found to be critical in determining system resonance
frequencies. Increasing capacitance shifted resonance toward lower frequencies,
whereas reducing inductance raised resonance peak amplitudes in the higher frequency
range. This behavior aligns with impedance-based analyses presented in (Datta et al.,
2022; Goh et al., 2024; Zhang, 2025b). Furthermore, the implementation of virtual
impedance-based active damping strategies substantially reduced harmonic amplitudes,
consistent with (Said-Romdhane et al., 2024; Xue et al., 2022), demonstrating the
effectiveness of control algorithms in harmonic suppression.

Under weak grid conditions (low Short Circuit Ratio — SCR), resonance peaks increased,
and THD levels rose up to 9%. This behavior can be attributed to the elevated grid
impedance, which lowers the system’s natural resonance frequency and strengthens
inverter interactions. Conversely, in strong grid scenarios, resonance effects were
suppressed, and THD levels dropped below 3%. This finding supports the practical
validation of the Grid-to-Inverter Impedance Ratio concept discussed in (Ramos et al.,
2024; Rodriguez & Lai, 2021; Sakar et al., 2017; Shi et al., 2015).
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The interaction of compensation capacitors with harmonic components in the system
reinforced low-frequency resonances during transient states and increased false relay
triggering rates. These results are consistent with capacitor-induced resonance cases
reported in (Fortes et al., 2020; Kawasaki & Ogasawara, 2017; Zhu et al., 2017).
Therefore, it is recommended that active damping or adaptive filter tuning techniques be
implemented during capacitor switching operations.

Comparisons among passive filters revealed that detuned filters exhibited more stable
resonance suppression performance and flattened the overall system impedance profile.
This observation parallels experimental findings in (Azab, 2019; Milovanovi¢ et al., 2019;
Rangarajan et al., 2019). Additionally, active damping methods were shown to enhance
relay coordination and reduce false tripping rates, confirming their role in maintaining
operational reliability. From the protection system perspective, it was determined that
under harmonic resonance conditions, RMS-based measurements may lead to
inaccuracies, resulting in premature or delayed relay actions. Through active damping
and dynamic filtering strategies, these errors were reduced to as low as 3%. This outcome
demonstrates that system stability can only be ensured through the joint optimization of
both power electronic control and protection system design.

In general, this study presents an integrated analytical framework that simultaneously
evaluates harmonic resonance and protection behavior in PV-based distribution systems.
The findings highlight that resonance issues are not only a matter of power quality but
also of system reliability. Future research should include field measurement-based model
validation, investigation of grid-forming inverter dynamics, and the development of Al-
assisted adaptive protection algorithms.
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