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Integrating photovoltaic (PV) systems into power grids presents notable
challenges related to power quality, especially concerning total harmonic
distortion (THD) caused by power electronic converters, which do not
comply with IEEE 519 and IEC 61000 standards. This study introduces an
adaptive neuro-fuzzy inference system (ANFIS)-based maximum power
point tracking (MPPT) controller designed to optimize energy extraction
while concurrently mitigating harmonic distortion in three-phase grid-
connected PV systems. Unlike conventional IC-MPPT methods, which
compromise the quality of the power to monitor performance, the proposed
ANFIS-MPPT strategy uses intelligent modulation index adjustment to
achieve a dual goal. A comparison of the four irradiation levels (450-
1000 W/m2) shows a higher performance: ANFIS-MPPT achieves 0.26%
THD at 1000 W/m?2 compared to 0.44% at IC-MPPT (40.9% improvement),
and 0.80% versus 1.12% at 450 W/m?2 (28.6% reduction). The five-layer

ANFIS architecture, trained on temperature and radiation data, shows faster
convergence and lower oscillation than the conventional approach. The
results confirm that MPPT based on ANFIS is an effective solution to
improve the energy quality of grid-integrated photovoltaic installations while
maintaining optimal energy conversion efficiency.
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1. INTRODUCTION

Solar photovoltaic systems (PVs), as a clean and renewable source, have significantly changed the
global energy landscape, with grid-connected installations achieving unparalleled levels worldwide [1], [2].
As these systems integrate into existing electrical grids, they serve as distributed generation sources that
convert solar irradiance into electrical energy through power electronic converters. Though this integration
raises serious power quality concerns, particularly harmonic distortion, which can undermine grid stability
and contravene established power quality standards such as IEEE 519 and IEC 61000 [3], [4]. The non-linear
characteristics of power electronic interfaces, combined with the inherent variability of solar irradiance and
environmental conditions, create complex harmonic phenomena that require sophisticated mitigation
strategies to ensure reliable grid operation [5], [6].

The basic challenge involves the dual objective of maximizing power extraction from photovoltaic
(PV) arrays and maintaining an acceptable power quality standard. The maximum power point tracking
(MPPT) technique is a key to optimizing solar power generation due to the continuous shifts of the MPP
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caused by varying environmental conditions, including solar radiation, temperature, and partial shading [7],
[8]. However, conventional MPPT algorithms often produce compromises between tracking efficiency and
energy quality, especially under rapidly changing conditions [9], [10]. Harmonic distortion occurs due to the
inherent switching functions of power electronics converters that play an important role in MPPT
implementation. These distortions can be propagated in the electrical network, causing voltage distortions,
energy loss, and potential interference with sensitive loads [11], [12]. This issue is further intensified by the
simultaneous operation of multiple inverters in large-scale PV installations, which results in cumulative
harmonic effects that exceed acceptable thresholds [13].

In the literature, several studies have been conducted on both MPPT optimization and harmonic
mitigation approaches, but most studies focus on these topics separately rather than as interrelated challenges
[6], [14], [15]. Conventional MPPT strategies such as P&O and IC are recognized for their
straightforwardness and efficiency under stable conditions. However, they often exhibit oscillations around
the MPP and face challenges in adapting to swiftly changing environmental conditions [16], [17]. In the
recent advances in artificial intelligence, ANFISs for MPPT applications have been developed, which exhibit
better tracking accuracy and faster convergence than traditional methods [18], [19]. Moreover, efforts
towards power quality enhancement via active filtering techniques are also being made [20], [21], modified
converter topologies [22], [23], and advanced control strategies [24]-[26] have been ongoing; yet, a
comprehensive comparative assessment of how various MPPT schemes specifically affect harmonic
distortion in grid-connected systems is limited in the literature.

This study proposes a novel comparative approach for the evaluation of the effectiveness of adaptive
neuro-fuzzy inference system (ANFIS)-based and incremental conductance (IC)-based MPPT strategies,
specifically in terms of total harmonic distortion (THD) mitigation in grid-tied PV systems. The developed
simulation models that precisely represent the complex interactions between MPPT algorithms and harmonic
generation mechanisms under varying levels of irradiance. The analysis employs MATLAB software's
harmonic analysis tools to rigorously evaluate THD. The results show that ANFIS-MPPT methods
consistently maintain a lower THD value and demonstrate the potential for a dual strategy for energy harvest
and power quality. The study provides basic knowledge for energy system engineers and network operators and
provides promising solutions to large-scale solar power plant deployments under strict power quality standards.

2. METHOD
2.1. System configuration and ANFIS-MPPT integration

Illustrated in Figure 1, the proposed grid-tied PV system operates in a three-phase, single-stage
configuration and includes a PV array, a DC link capacitor, a three-phase voltage source inverter (VSI), an
LCL filter, and the grid [19]. The PV array generates DC power that charges a DC link capacitor, forming the
VSI input, where the variable irradiance and temperature must be considered, and it again stabilizes the DC
bus voltage while attenuating a high-frequency ripple. The DC power is then converted into AC through a
three-phase VSI synchronized to the grid through a phase-locked loop (PLL), whereby the LCL filter filters
out the switching harmonics to meet the grid standards. The ANFIS-based MPPT controller was incorporated
into the inverter closed-loop structure with a reconfigurable output, whereby the modulation index and
switching signals were dynamically adjusted for simultaneous tracking of the MPP while satisfactorily
regulating the harmonic distortion. The ANFIS algorithm uses real-time feedback from the PV array (voltage
and current) and grid current harmonics to optimize the inverter pulse-width modulation (PWM) to keep the
THD as low as possible while maximizing the MPPT efficiency. The proposed model has been simulated
with MATLAB Simulink software, which allows for a comprehensive analysis and visualization of the
behavior of the system. Detailed specifications and parameters of the components used in the simulation are
given in Table 1 in order to ensure that the results are clear and reproducible.

2.2. PV array modelling

Modelling PV cells is essential for understanding and optimizing solar energy systems. The single-
diode model (SDM) is the dominant approach for simulating their electrical behavior [27]. In Figure 2, the
SDM treats a photovoltaic cell as an equivalent circuit consisting of a current source, a diode, and resistors.
The current source generates photocurrent (lon) directly proportional to the intensity of the incident solar light
and the cell area. The diode is modeled as a p-n junction, which accounts for the cell’s nonlinear current-
voltage properties. The circuit includes a series resistance (Rs) representing material and contact resistance,
and a shunt resistance (Rsh) accounting for leakage currents [28]. This equivalent circuit simplifies the
analysis of the performance of PV cells under different conditions and thus enables design optimization and
efficiency improvements. The fundamental equation describing the model’s current-voltage (I-V)
characteristic is given as (1) [29], [30].
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Where | and V are the output current and voltage, respectively. The diode current Iq is calculated using the
Shockley diode (2).

(V+IRs)

I; = Iy(e ™t —1) (2

Here, lo is the reverse saturation current, and n is the diode ideality factor. The thermal voltage V+ is defined
by (3).

Vr = I 3)
In (3) k is the Boltzmann constant (1.38x10-22)/K), T is the absolute temperature, and g is the charge of an
electron (1.602x1071°C). In this context, lo is the reverse saturation current, n is the ideality factor of the

diode, V7 is the thermal voltage, k is the Boltzmann constant (1.38x10 ~23 J/K), T is the absolute temperature,
and q is the charge of an electron (1.602x102° C).
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Figure 1. Proposed PV system

Table 1. Specifications values for

the proposed model Ry I
Specifications Value ' AWy
PV array's rated power (P,,) 102 Kw 11‘1 llsn
Open-circuit voltage of the PV array (Vo) 907.6 V
Capacitor of DC-link (Cqc) 1000 uF I T = R A%
Switching frequency (Fsw) 10 Khz ph = s
LCL filter inductor on the inverter side (L;) 500 uH l
LCL filter capacitor (Cy) 100 pF
LCL filter inductor on the grid side (Lg) 500 uH
Line to line grid voltage (VL) 400 V
Frequency of the grid (fy) 50 Hz Figure 2. Single diode model of PV cell

Figure 3 shows the characteristics curves of current (I1-V) and current (P-V) voltages in photovoltaic
modules at different levels of solar radiation. Figure 3(a) shows an I-V curve corresponding to a radiation
level of 1000, 750, 500, and 250 W/m?, indicating that as the radiation increases, the short circuit current
increases to a maximum value of 1000 W/m?. The direct connection between solar radiation and PV module
output current has been observed. Figure 3(b) shows the P-V curve that is equivalent, and the radiation
controls the voltage level of the peak of the output. In particular, as the radiation increases, the power
production increases, and the curve of 1000 W/m? shows the highest peak power, followed by other levels in
the declining order. These data highlight the need for efficient MPPT methods to maximize energy recovery
in changing environmental conditions and highlight the significant part of solar radiation used to select the
efficiency and performance of solar systems [31]. test it and assess the effects of radiation and temperature
under different environmental conditions.
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Figure 4 shows the impact of temperature changes on the 1-V and P-V characteristics curves of PV
modules. Figure 4(a) presents the 1-V curves at four different temperatures: 15 °C, 25 °C, 35 °C, and 45 °C.
When the temperature rises, short circuit current remains relatively stable, open circuit voltage decreases, and
overall curves are moved to lower voltages at higher temperatures. This behavior indicates that high
temperatures may have a negative impact on the voltage output of PV modules. Figure 4(b) is the
corresponding P-V curve and highlights the MPPs of each temperature condition. Optimal output is attained
at the minimum voltage and a temperature of 25 °C. Optimum output is achieved with a minimum voltage
and a temperature of 25 °C. However, as temperatures rise above that threshold, the maximum power falls
significantly. This situation highlights the crucial role of temperature management in PV systems, as
excessive heat can significantly reduce efficiency and overall energy production. The introduction of efficient
cooling methods is therefore essential to increase performance under different temperature conditions [32].

This study investigates the power output capabilities of the SunPower SPR-215-WHT-U PV
module, configured with 19 series-connected modules per string and 25 parallel strings, resulting in a total
power capacity of up to 102 kW. Detailed parameters of the PV module are presented in Table 2, which
supports the analysis of its performance characteristics.
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Figure 3. Effect of solar irradiance on (a) I-V characteristics curve and (b) P-V characteristics curve
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Figure 4. Effect of temperature on (a) 1-V characteristics curve and (b) P-V characteristics curve

Table 2. SunPower SPR-215-WHT-U PV module specification

Specification Value
Maximum power Pyp (W) 214.92
Open circuit voltage V. (V) 48.3
Voltage at MPP Ve (V) 39.8
Short-circuit current Is(A) 5.8
Current at MPP lyp (A) 5.4

Temperature coefficient of Vo (%/deg.C)  -0.27917
Temperature coefficient of I (%/deg.C)  0.035897
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2.3. MPPT approaches

MPPT is a critical function in PV systems, enabling optimal energy extraction under dynamic
environmental conditions such as varying solar irradiance and temperature [33]. It maximizes energy
gathering, improves general system efficiency, and raises PV installation return on investment. MPPT works
by constantly tracking the solar panel voltage and current and adjusting the electrical operating point to
extract most of the power. The system identifies and maintains the maximum power point (MPP) through an
algorithm that is able to adjust the MPP according to solar irradiance, ambient temperature, and the
characteristics of the photovoltaic panels [34]. MPPT guarantees increased battery life in off-grid systems,
thus reducing the energy loss from photovoltaic systems and ensuring that solar panels perform best in
different weather conditions [35].

2.3.1. IC MPPT technique

Incremental conductance (IC) is a widely used MPPT technique used in PV systems to address the
non-linear power output and operating voltage dynamics of solar panels under varying environmental
conditions [36], [37]. IC is often favored over heuristic methods like perturb and observe (P&O) because it
uses analytical current and voltage derivatives to accurately pinpoint the MPP, where the P-V slope (dP/dV)
reaches zero [36]. Through this technique, the system reduces steady-state power oscillations around the
MPP while efficiently maintaining a fast response to swift changes in irradiance and temperature [38].

The IC MPPT flowchart, illustrated in Figure 5, outlines a structured process for dynamically
adjusting the reference voltage Vs to achieve optimal power extraction. The control system begins by
acquiring measurements of the PV system's voltage V(K) and current I(k) at the current step and then
calculates the incremental changes in voltage (AV) and current (Al) using (4) and (5) [39], [40].

AV =V(k) —V(k—-1) 4
Al =1(k) —I(k—1) (%)

If AV is zero, indicating no voltage change, the algorithm checks if:
Al
I+ (E) =0 (6)

This condition signifies that the MPP has been reached, and the system maintains the current reference
voltage. If the MPP has not been reached, the flowchart evaluates the sign of the derivative term:

1+(§—;)>0 )

The operating point is to the left of the MPP, necessitating an increase in Vref to shift toward the maximum
power point. Conversely, if:

1+(§—é)<0 ®)

The system must decrease Vref to move directly to the MPP. This iterative process continues until
the optimal voltage is achieved, maximizing energy yield and boosting the PV system's efficiency. The (6)
serves as the core criterion for determining the necessary adjustments to Vref based on the incremental
changes in current and voltage.

2.3.2. ANFIS-MPPT approach

ANFIS is a high-level computational intelligence technique that synergizes language processing and
fuzzy logic capabilities with the learning and adaptation mechanisms of artificial neural networks [39], [41].
This hybrid architecture allows ANFIS to model complex nonlinear input-output relationships by means of a
systematic learning process, which makes it particularly suited for MPT applications where the optimal
operating point is highly nonlinear in relation to a number of environmental variables. ANFIS uses historical
data to learn the complex mapping between environmental conditions (temperature and irradiance) and the
corresponding optimal voltage that yields maximum power extraction, in contrast to traditional MPPT
algorithms that rely on instantaneous measurements and predetermined decision rules.

The development of the ANFIS-based MPPT controller necessitates robust datasets that encapsulate
the nonlinear relationship between environmental variables and the photovoltaic (PV) system’s MPP [42]. To
achieve this, simulation-based data generation was employed, leveraging the single-diode model of the PV
module, which incorporates temperature-dependent current and voltage coefficients Ki and Kv to replicate
real-world operational dynamics. The photocurrent I, and open-circuit voltage V. were adjusted using Ki

Mitigating harmonic distortion in grid-connected PV systems: a comparative ... (Bouledroua Adel)
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and Kv, respectively, to account for temperature variations T, while irradiance G scales the photocurrent
proportionally. By systematically varying G (0-1000 W/m?) and T (1545 °C), the 1-V characteristics were
numerically solved to extract Vmpp and Impp, generating a comprehensive dataset that reflects the PV array’s
response to dynamic conditions. The (9) and (10) is used to calculate Vmpp and Impp [42].

G
"Gstc

Ipp = (ISC,STC +Ki(T - TSTC)) 9)

Vmpp = Vocstc + K, (T — Tsrc) (10)

The standard test conditions (STC) subscript represents the standard test conditions (GSTC = 1000 W/m?,
TSTC = 25 °C), Ki represents the current temperature coefficient (A/°C), Kv represents the voltage
temperature coefficient (V/°C).

The ANFIS architecture, illustrated in Figure 6, takes this simulated normalized data set as its

primary input, so that the fuzzy inference system can use the implicit correlations between environmental
inputs and optimal voltage as output. The approach helps to train the ANFIS controller on physically accurate
worst-case scenarios such as rapid irradiance transients and thermal gradients, and is well prepared to reduce
harmonic distortion while maintaining MPPT efficacy in grid-connected systems. The ANFIS-based MPPT
in this work uses a five-layer architecture to map irradiance G and temperature T inputs to the optimal
voltage Vmpp output. Layer 1 (fuzzification) is a representation of linguistic variables in which membership
functions are used to transform crisp inputs into fuzzy sets. Layer 2 (rule) uses fuzzy logic principles to
determine the firing force of a predefined IF-THEN rule. Layer 3 (normalization) scales these firing forces to
ensure that their total sum is the same as unity, thereby reducing the ambiguity of the rule weight. Layer 4
(defuzzing) uses linear functions to calculate the corresponding parameters of each rule. In the final stage,
Layer 5 (summation) combines the weighted results from Layer 4 to yield a precise Vmpp value, enabling
accurate regulation in changing environmental conditions. This hybrid structure uses neural networks to
adaptively learn membership functions, and uses fuzzy logic to interpret rules-based decision-making, thus
achieving high performance of MPPT for different irradiations.
The structure was designed to convert solar irradiation and temperature into three appropriate membership
functions (MFs), as illustrated in Figures 7 and 8. The shape of these MFs generated by the ANFIS controller
evolves throughout the training phase. The forms of the MFs were obtained during and at the conclusion of
the training phase.
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AV W(k-1)
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Figure 5. Flowchart of IC algorithm
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Figure 9 graphically depicts the fuzzy rules for a temperature of 23 °C and solar irradiation of 650
W/mz, illustrating the relationships and correlations between the variables. All conditions can be adjusted by
manipulating the slider on the graph. As indicated in the final column, the temperature ranges from 15 °C to
45 °C, solar irradiation varies between 0 and 1000 W/m2, and the MPP voltage changes accordingly.
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Figure 9. The fuzzy rules surface of ANFIS controller

3. RESULTS AND DISCUSSION

The dynamic irradiance profile used in this study, as shown in Figure 10, was meticulously crafted
to replicate real-world solar variability and rigorously evaluate the performance of the proposed ANFIS-
based MPPT controller. The profile encompasses a 1.35-second simulation interval, characterized by abrupt
fluctuations and transitions between 450 W/m2 and 1000 W/m? irradiation levels. These variations were
deliberately structured to simulate transitional environmental conditions such as sudden cloud cover and
rapid solar intensity changes, challenging the stability and responsiveness of grid tied PV systems in practical
applications. The graph shows a sharp gradient of 0.35, 0.7, and 1.05 seconds, simulated in extreme
scenarios, and validates the controller's ability to maintain MPPT efficiency and suppress harmonic
distortion. This profile ensures comprehensive testing of the adaptability of the ANFIS model, highlighting
its ability to recalibrate power extraction strategies under discontinuous solar input swiftly. This experimental
setup aligns with the study's objective of evaluating THD mitigation and energy yield optimization in grid-
tied systems subjected to unpredictable irradiation dynamics. Table 1 summarizes the key parameters of the
model proposed in Figure 1.
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Figure 10. Irradiance profile

Int J Pow Elec & Dri Syst, Vol. 17, No. 1, March 2026: 303-316



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 311

3.1. THD analysis
3.1.1. THD analysis at 800

The performance of MPPT techniques at an irradiance level of 800 W/m? is detailed in Figure 11,
which presents the harmonic spectrum plots for both control strategies, fulfilling the requirement for
visualization of the harmonic content. Under this condition, the ANFIS-based MPPT strategy (Figure 11(a))
achieved a THD value of 0.38%. On the other hand, the conventional incremental conductance (IC-MPPT)
technique (Figure 11(b)) produced a higher THD of 0.65%. This variation highlights the ANFIS method's
exceptional capability in reducing harmonic distortion. The visualization of the harmonic spectrum
demonstrates that the adaptive ANFIS controller effectively diminishes the magnitude of specific lower-order
harmonics resulting from the switching behavior of the VSI.
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Figure 11. THD analysis at 800 W/m?: (a) ANFIS-MPPT and (b) IC-MPPT

3.1.2. THD analysis at 450

Figure 12 provides a comparative THD analysis at the lower irradiance level of 450 W/m?, a
scenario that rigorously challenges the adaptability of the MPPT controllers under less-than-optimal solar
conditions. Figure 12(a) shows the THD profile of the ANFIS-MPPT strategy, which registers a THD of
0.80%. This relatively low distortion indicates the ability of the ANFIS controller to effectively mitigate
harmonic distortion and thus improve the quality of the power output even under lower solar irradiance
conditions. Conversely, Figure 12(b) illustrates the IC-MPPT approach, which exhibited a substantially
higher THD of 1.12%. The visualization of the harmonic spectrum plots (Figure 12) confirms that the ANFIS
method significantly suppresses the propagation of harmonics into the grid compared to the IC method.
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Figure 12. THD analysis at 450 W/m?: (a) ANFIS-MPPT and (b) IC-MPPT
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3.1.3. THD analysis at 600

Figure 13 shows the harmonic spectrum analysis carried out at a 600 W/m? radiation level and
provides important details on the control capabilities of the two MPPT strategies. Figure 13(a) specifically
focuses on the THD profile of the MPPT method based on ANFIS, which recorded a THD of 0.56 %. This
value demonstrates the consistent effectiveness of ANFIS in maintaining a low distortion rate, even as the
irradiance drops from STC. Conversely, Figure 13(b) shows that the IC-MPPT method yielded a significantly
higher THD of 0.86%. The increased harmonic distortion associated with the IC approach indicates its
diminished effectiveness in harmonic management compared to ANFIS under this condition. By maintaining
a THD 35% lower than that obtained by the IC method at 600 W/m?.
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Figure 13. THD analysis at 600 W/m2: (a) ANFIS-MPPT and (b) IC-MPPT

3.1.4. THD analysis at 1000

The results depicted in Figure 14 provide a comparative THD analysis under standard test
conditions (STC), specifically at an irradiance level of 1000 W/m2 and a temperature of 25 °C. Figure 14(a)
shows the harmonic spectrum visualization for the ANFIS-based MPPT method with a THD of 0.26%. This
outcome is crucial, as attaining THD below 0.3% under STC indicates excellent power quality, strongly
supporting the capability of the ANFIS strategy for harmonic suppression. In contrast, Figure 14(b)
represents the incremental conductance (IC-MPPT) technique, which shows THD of 0.44%. This increase in
THD suggests that the conventional 1C method is significantly less adept at harmonic reduction than the
intelligent ANFIS model, even under optimal environmental conditions. The ANFIS approach delivers a
THD that is approximately 41% lower than the IC method at 1000 W/m2. The superior performance positions
the ANFIS-MPPT as a promising solution for the integration of photovoltaic systems into power grids.
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Figure 14. THD analysis at 1000 W/m?: (a) ANFIS-MPPT and (b) IC-MPPT
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3.2. Injected current waveform to power grid

Figure 15 illustrates that the ANFIS-based MPPT controller exhibits superior dynamic performance
by rapidly adjusting the amplitude of the grid current injected in response to abrupt changes in solar
irradiance from 450 to 1000 W/m?2. Significantly, the enlarged viewports verify that the output current
consistently exhibits a smooth and high-quality sinusoidal waveform across all operating conditions, thereby
minimizing harmonic distortion despite sudden environmental changes. This behavior shows that controllers
can ensure stable grid integration and strict compliance with energy quality standards, even when
photovoltaic power generation transitions.
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Figure 15. Three-phase injected grid current under varying solar irradiance levels using ANFIS-MPPT

As shown in Figure 16, the IC-MPPT controller is effective in regulating the amplitude of the
injected grid current in direct correlation to the step changes in solar irradiance (450-1000 W/m?), which
demonstrates the reliable performance of the monitoring. The magnified insets confirm that the current
waveform remains sinusoidal at all irradiation levels. This maintenance of waveform quality under temporary
conditions underlines the ability of the IC algorithm to provide low overall harmonic distortion and to ensure
a stable supply of energy to the power grid.
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Figure 16. Three-phase injected grid current under varying solar irradiance levels using IC-MPPT

4.  CONCLUSION

This study presents a detailed investigation into the effectiveness of the ANFIS-based MPPT
approach to reduce THD in three-phase grid-connected PV systems, which demonstrates its role as a solution
to both energy extraction and harmonic distortion. The ANFIS method maintained low THD values that were
consistently lower than the IC-MPPT method, and the results from simulation at various irradiance levels
from 450 W/m2 to 1000 W/m2 demonstrated that the intelligent ANFIS controller could provide superior
power quality performance, with the lowest THD of 0.26% (40.9% lower than IC-MPPT) under optimal
conditions1000 W/mz, and a THD of 0.80% (28.6% lower than IC) at lower irradiance, 450 W/m2, The
ANFIS method also succeeded in maintaining a smooth and high-quality sinusoidal waveform of the injected
grid current even during abrupt changes in solar irradiance. The low distortion rates confirmed the system's
compliance with established standards like IEEE 519 and IEC 61000.
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Although these results are compelling, the study highlights some methodological limitations to
maintain academic awareness: The current comparative scope was limited to IC-MPPT and did not
benchmark against other proven Al-based MPPT techniques (such as ANN or hybrid methods); key
modeling factors, such as inverter switching losses and grid impedance, were not included in the simulation;
and robustness testing under challenging external factors, such as noisy inputs or specific grid disturbances
(voltage sags or asymmetrical faults), was not included in the analysis.

Future work should focus on quantifying key metrics such as MPPT tracking speed (convergence
time) and cumulative energy harvested (energy yield) to fully validate the energy efficiency benefits of
ANFIS. Subsequent studies must also incorporate rigorous robustness testing under simulated grid fault
scenarios from the point of view of the application. The continued low THD achieved by ANFIS-MPPT
strongly recommends its deployment in large PV plants, thus aligning the deployment strategy with the IEEE
519 and IEC 61000 compliance frameworks for improved grid-level energy quality. Future research may also
explore the integration of ANFIS with other advanced control strategies in order to further optimize
performance and adaptability to different operating environments.
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