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ARTICLE INFO ABSTRACT

Received: 18 April 2025 With the growing concern over global warming, the frequency of climate-related disasters is

steadily increasing worldwide. A major contributor to this issue is environmental pollution

caused by carbon emissions from non-renewable energy sources. To address this, renewable

Accepted: 12 Jun 2025 energy sources, which harness natural resources for power generation, are becoming essential.
Among these, PV arrays are the most prominent, utilizing solar irradiation to generate electrical
energy. In conventional PV systems, the inverter typically employs a SRF controller, which lacks
the ability to regulate active and reactive power injection effectively. To overcome this limitation,
the SRF controller is replaced with a PQ controller, which enables precise control over both active
and reactive power flows. The PQ control strategy employs a dual-loop structure: the active
power loop regulates the d-axis component, while the reactive power loop governs the g-axis
component. Reference current components are generated using individual regulators, typically
implemented as PI controllers. However, due to the low damping and linear characteristics of PI
regulators, they are not well-suited for systems subjected to non-linear disturbances. To enhance
system performance, this paper proposes replacing the conventional PI regulator with FL and
ANFIS regulators. A comparative analysis is conducted, evaluating voltage profiles, power
injection, and THD levels across these control strategies. The analysis identifies the most
effective regulator for optimal PQ control in inverter-based PV systems.
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INTRODUCTION

The rise in carbon emissions resulting from electricity generation using fossil fuels and nuclear energy has
significantly contributed to environmental pollution and global warming [1]. This global warming, in turn, has
triggered catastrophic climate events, leading to widespread property damage and increased loss of life [2] [3]. To
mitigate these adverse effects, conventional power generation methods must be replaced with cleaner, renewable
energy sources.

Among the available renewable options—such as wind farms, tidal energy systems, and biogas plants—solar power
stands out as the most reliable and easily deployable solution [4]. Solar power systems use PV panels to harness solar
radiation and generate electrical energy. These PV panels are typically configured in series-parallel combinations to
achieve the required power output [5]. The generated DC voltage is then processed through one or more boost
converters, which operate in parallel to extract maximum power and increase voltage levels.

This boosted DC voltage must be converted into AC for practical use. Single-phase inverters are used for residential
installations, while three-phase inverters are necessary for grid-connected systems with higher power ratings [6]. In
grid-connected applications, the inverter must operate in synchronization with the grid to ensure stable power
sharing without introducing disturbances or harmonics.
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Traditionally, the SRF technique is employed to control the inverter using feedback from grid voltages [7]. However,
the SRF method assumes the g-axis current component to be zero, implying no reactive power exchange between the
inverter and the grid. This approach places the entire burden of reactive power compensation on the grid, potentially
lowering its power factor.

For improved performance, it is essential to manage both active and reactive power flows through the inverter [8].
Reactive power injection from the PV system can offset a portion of the load's reactive power demand, thereby
enhancing the grid’s power factor. Since the SRF controller only regulates the d-axis current component, it falls short
in this regard.

To overcome these limitations, a Grid-Forming (GFL) controller based on the PQ control approach is proposed [9].
This controller uses real-time feedback from both grid voltages and inverter currents to generate reference signals
for active and reactive power injection. These signals are then used to produce gating pulses for the inverter using
the Sinusoidal Pulse Width Modulation (SPWM) technique. The overall architecture of the proposed grid-connected
inverter system is illustrated in Figure 1.
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Figure 1: Outline structure of the proposed system

As illustrated in Figure 1, the photovoltaic (PV) modules are connected to a DC-DC boost converter, which is operated
using the Perturb and Observe (P&0) Maximum Power Point Tracking (MPPT) technique. This MPPT algorithm
generates a duty cycle (D) that is compared with a high-frequency sawtooth waveform to produce the gating pulse for
the boost converter switch. The output of the boost converter is then fed to a three-phase inverter, which is controlled
by a Grid-Forming (GFL) controller implementing a PQ-based control strategy [10].

The GFL controller employs a dual-loop structure to regulate both active and reactive power. The active power loop
governs the d-axis current component, while the reactive power loop controls the g-axis component. Each loop uses
a Proportional-Integral (PI) regulator to generate the corresponding reference current components. However, due to
the low damping nature of PI regulators, the system may experience significant oscillations and harmonic distortion,
especially under dynamic or non-linear conditions.

To address these limitations, advanced control strategies using Fuzzy Logic and Adaptive Neuro-Fuzzy Inference
System (ANFIS) regulators are introduced for reference signal generation [11]. These intelligent controllers are more
effective in handling system non-linearities and disturbances. Instead of producing large transient peaks, they offer
smoother responses, minimizing overshoot and improving system damping. As a result, inverter performance is
enhanced with reduced oscillations and improved stability, effectively achieving a critically damped response.

The structure of this paper is organized as follows:

e Section 1 introduces the proposed renewable energy system, outlining its configuration and key
components.

1115
Copyright © 2024 by Author/s and Licensed by JISEM. This is an open access article distributed under the Creative Commons Attribution
License which permitsunrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



Journal of Information Systems Engineering and Management

2025, 10(558)
e-ISSN: 2468-4376
https://jisem-journal.com/ Research Article

¢ Section 2 details the system configuration, circuit topology, and control design of both the boost converter
and the inverter.

e Section 3 focuses on the design of the ANFIS regulator, including the definition of input and output
membership functions (MFs), rule base, and training using a backpropagation optimization technique.

e Section 4 presents the simulation results and analysis of the system performance using PI, Fuzzy Logic, and
ANFIS controllers. A comparative evaluation is conducted based on key performance parameters such as
voltage, power output, and total harmonic distortion (THD).

e Section 5 concludes the paper by summarizing findings and validating the most effective regulator for the
proposed system. References cited throughout the work follow this section.

SYSTEM CONFIGURATION

As outlined earlier in Section 1, the solar plant operates through a two-stage power conversion process: maximum
power extraction and inversion. Maximum power extraction is carried out using an MPPT technique that controls
the switching of the boost converter. This boost converter not only facilitates power tracking but also steps up the PV
array voltage by approximately 2 to 2.5 times, depending on system requirements. Voltage boosting is achieved
through a series-connected storage inductor, which is sized based on the PV array’s power rating [12]. To minimize
voltage ripple at the output, a capacitor is incorporated and designed in accordance with the allowable ripple limits.
The required inductance and capacitance values for the boost converter are given as follows:

RD(1-D)?

Ly = 2fs @
Vo.D
° 7 feAVoRy (2)

Here, D is the duty ratio of the switch determined by the P&0O MPPT technique, f; is the switching frequency of the
switch, V, is the output DC voltage, AV, allowable voltage ripple % and R, is the load resistance calculated as

P3,
R, = :;o (3)

Using the values derived from the PV array’s power rating, the boost converter is appropriately designed and
operated. At its output, a six-switch inverter is connected to convert the boosted DC voltage into a two-level, three-
phase AC voltage [13]. This inverter is driven using the Sin PWM technique, which generates switching pulses based
on the reference signals provided by the GFL controller employing a PQ-based approach. The generation of Sin PWM
pulses is illustrated in Figure 2.

6 I I Y

Figure 2: Sin PWM technique pulse generation
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As shown in Figure 2, the three reference sinusoidal signals Ea*, Eb* and Ec* are compared with a high-frequency
triangular carrier waveform to generate gate pulses for the upper switches S1, S3 and S5 of the inverter [14] [15]. The
corresponding lower switches S2, S4 and S6 receive their gate pulses through NOT gates, ensuring that both switches
in the same inverter leg are not turned ON simultaneously, thereby preventing short circuits. The complete circuit
diagram of the proposed system including PV panels, the boost converter, and the inverter connected to the grid is
shown in Figure 3.
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Figure 3: Grid connected PV array circuit topology

As illustrated in Figure 3, the GFL with PQ control controller regulates the six inverter switches using feedback from
the grid voltages and inverter output currents [16]. The detailed internal structure of the GFL controller used for
inverter control is depicted in Figure 4.
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Figure 4: GFL internal structure
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The reference dq current components are generated by the active and reactive power regulators which are
conventional PI regulator [17]. The reference dq current components are generated by the given expressions

Iset,d = (Pset - P) (kp + %) (4)

Iset,q = (Qset - Q) (kp + %) (5)

Here, P,,; and P are the set point and actual active powers, Q,.; and Q are the set point and actual reactive powers,
k, and k; are the proportional and integral gains of the PI regulator [18]. Due to the disadvantages of the PI regulator,
it is replaced with advanced regulators Fuzzy Logic and ANFIS modules. The Fuzzy Logic regulator has two inputs
and one output variables which are defined to be error (e), change in error (ce) and Iset,aq components respectively
[19]. The Fuzzy Logic module has multiple membership functions included in specific ranges as per the input values.
The Fuzzy membership functions of the input and output variables is presented in figure 5.
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Figure 5: Membership functions of the input and output variables

The output of the Fuzzy Logic module is generated by the rule base set as per the position of the value in the
membership functions [20]. The rule base for the generation of dq current components is given in table 1.

Table 1: Fuzzy module Rule base

NB| NM | NS |ZE | PS |PM | PB
ce

PB Z PS | PM | PB | PB | PB | PB

PM | NS Z PS | PM | PB | PB | PB

PS | NB | NS Z PS | PM | PB | PB

ZE | NB | NM | NS Z PS | PM | PB

NS | NB| NB |[NM| NS | Z PS | PM

NM | NB| NB | NB|NM| NS | Z PS

NB NB | NB |[NB|NB |NM| NS | Z
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From the iset,aqg components the reference V; 5, components are generated as

kiv
Vt,d = Vs,d + (Iset,d —1g) (kpv + _) - Iqu (6)

N
kiy
Vt.q = Vs,q + (Iset,q - Iq) (kpy + T) + Id(,()L (7)

Here, V; 44 and I, are the actual dq grid voltage and inverter current components respectively generated by the Park’s
transformation equations, k,, and k;, are the voltage regulator proportional and integral gains, w are the angular
frequency of the grid voltage and L is the filter inductance between inverter and grid. The final generated signals V; 4,
are converted to reference Sin signals (Ea*, Eb* and Ec*) using inverse Park’s transformation. The I, 4, components

can further be tuned with better response using ANFIS regulator which is more adaptive to the disturbance caused
in the system.

ANFIS DESIGN

The ANFIS regulator used for generating the d and q current components is based on the 'Sugeno' fuzzy inference
model and utilizes seven membership functions. It is designed with one input variable (error) and one output variable
(either d or q) [21]. The input membership functions are of triangular type and defined over a specified range in per-
unit (p.u.) format. The output membership functions are linear and assigned fixed numerical values. While the output
functions remain constant, the input membership functions are adaptively tuned based on the training data obtained
from the previously used regulator [22]. Figure 6 illustrates the input and output membership functions of the
Sugeno-type ANFIS system.
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Figure 6: ANFIS input and output variables membership functions

The input variable is defined over a range of -1 to +1, representing the per-unit error obtained by comparing the
reference and actual power values. The output variable has a range from -10 to +10, determined based on the
controller’s response [23]. The output membership functions are assigned fixed values: NB (-10), NM (-6.6), NS (-
3.3), ZE (0), PS (3.3), PM (6.6), and PB (10). These ANFIS membership functions are trained using input-output data
collected from the PI regulator [24]. The training process employs the 'backpropagation’ optimization algorithm
available within the Fuzzy ANFIS tool. Figure 7 shows the trained and imported data used in the ANFIS model.
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Figure 7: Trained data using ANFIS tool
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The trained FIS structure is exported to the workspace using the Fuzzy tool and integrated into the GFL controller
for generating the d-q current components. By applying neuro-training on the PI regulator data using the
backpropagation algorithm, the generated d-q components exhibit reduced disturbances and oscillations, leading to
improved reference signal generation [25]. The performance of the system with the updated regulators, under the
same system rating, is analysed in the following section.

RESULTS AND DISCUSSION

The simulation of the proposed system which include PV array connected to boost converter for maximum power
extraction interconnection to grid through inverter is modelled using Simulink tools. The blocks from the ‘Electrical’
module which include ‘Sources’, ‘Power electronics’, ‘Passives’, and ‘measurements’ subsets are used for the
designing. The Simulink blocks imported into the design are updated with the simulation parameters as per table 2.

Table 2: System parameters

Name of the module | Parameters

PV plant Vimp = 30.1V, Inp = 8.34A, Vo = 37.2V,
Isc = 8.87A, N = 200, N = 24.
va total = 1.2MW.,

Boost converter Ly = smH, Ciy = 100uF, Cout = 12000pF.

MPPT AD=0.05, MPPT gain = 5, Dint = 0.5,
fs = 5kHz.

Grid 132kV, 50Hz, 2500MVA.

Inverter 1.2MVA, 400V, 50Hz, fc = 2kHz.

Filter — Lf = 250uH, Cf = 100kVAR.

PQ control PI regulator - Kp=0.023, Ki=0.005, Kpi=0.5, Kii=0.001

Fuzzy Logic — ‘e’ range = -200 to 200, ‘de’ range = -1to 1
and Idqref range = -50 to 50.

The system is updated with the specified parameters, and the simulation is carried out for 2 seconds using reference
values of Pset = 0.9pu and Qset= —0.4 pu. The simulation incorporates PI, Fuzzy Logic, and ANFIS regulators within
the GFL controller to enable a comparative performance analysis. This section presents the comparison results of
voltage profiles, power output, frequency response, and current THD for the different control strategies. As illustrated
in Figure 8, the DC link voltage measured at the output of the boost converter shows notable differences across the
three regulators. For the given set points, the PI regulator exhibits a peak overshoot of 3700 V, while the Fuzzy Logic
controller reduces it to 3000 V. The ANFIS regulator significantly minimizes the overshoot to just 1300 V, indicating
its superior control performance. Furthermore, the settling time is improved from 0.5 s with the PI regulator and
0.4 s with Fuzzy Logic to 0.3 s with the ANFIS controller. These improvements demonstrate the robustness and
effectiveness of the ANFIS-based regulator in managing the system's initial transients and enhancing overall stability.
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The ANFIS regulator also enhances the frequency settling time at the PCC, where the inverter interfaces with the grid.
With the PI regulator, the frequency settles at 0.6 s, while the Fuzzy regulator improves it to 0.5s. The ANFIS
regulator further reduces the settling time to 0.4 s, contributing to a faster and more stable system response. This
improvement directly influences the performance of active and reactive power injection, as illustrated in Figure 10.
The comparison of active and reactive power responses reveals significant reductions in both initial peak overshoot
power with the ANFIS controller settles in just 0.3 s, compared to 0.5 s with the PI regulator
and 0.4 s with the Fuzzy controller. Similarly, the reactive power peak overshoot is reduced from 1.6 pu (PI) and
1.3 pu (Fuzzy) to just 0.7 pu with ANFIS. These results clearly demonstrate the superior dynamic performance and

and settling time. Active

0.6 0.8 1 12 1.4 16 1.8
Time (seconds)

Figure 8: DC link voltage comparison
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Figure 9: PCC voltage frequency comparison

control precision offered by the ANFIS-based regulator.
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In the final parametric comparison, the THD of the inverter current is significantly reduced to just 0.26% with the
ANFIS regulator, compared to 3.53% with the PI regulator and 2.41% with the Fuzzy controller. This substantial
reduction highlights the enhanced performance of the inverter when the GFL controller is equipped with an
optimized adaptive regulator. Table 3 presents a summary of the key performance parameters for each regulator

implemented within the GFL control structure.

Table 3: Parametric comparison table

In conclusion, this study highlights the limitations of traditional SRF and PI-based control strategies in inverter-
based PV systems, particularly under non-linear and dynamic operating conditions. By implementing advanced
control techniques such as Fuzzy Logic (FL) and Adaptive Neuro-Fuzzy Inference System (ANFIS) regulators within
the PQ control framework, the system demonstrates significant improvements in power quality and control accuracy.

Name of the parameter | PIregulator | Fuzzy Logic regulator | ANFIS regulator
DC voltage peak overshoot 3700V 3000V 1300V

DC voltage settling time 0.5sec 0.4sec 0.3sec

Frequency settling time 0.6sec 0.5sec 0.4sec

P settling time 0.5sec 0.4sec 0.3sec

Q settling time 0.6sec 0.4sec 0.3sec

Q initial peak 1.6pu 1.3pu 0.7pu

Current THD 3.53% 2.41% 0.26%

CONCLUSION
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The comparative analysis confirms that the proposed intelligent regulators enhance voltage stability, optimize active
and reactive power injection, and reduce total harmonic distortion (THD). Thus, FL and ANFIS-based PQ controllers
offer a robust and efficient solution for modern renewable energy systems, supporting cleaner and more reliable grid
integration of photovoltaic power.
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