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ABSTRACT

This research presents an advanced Maximum Power Point Tracking (MPPT)
strategy that uses a Fuzzy Logic Controller (FLC) to improve the efficiency and
performance of solar power systems. Classic MPPT techniques, such as fractional
open-circuit voltage (FOCV), incremental conductance (INC), and perturbation
and observation (P&O), often encounter complex structures, slow responses to
sudden environmental variations, and inaccurate tracking, leading to significant
energy losses and decreased system efficiency. The system utilizes the error and
the difference in error (E & AE) between the predicted and actual inputs as inputs,
and generates the duty cycle (D) as the output. By the circumstances of broad
range of climatic conditions, the experiments and simulations involving
irradiance levels ranging from 750 W/m? to 1000 W/m? and temperatures varying
from 20°C to 45°C, prove the efficacy of the proposed FLC algorithm. These tests
demonstrate the system's adaptability to environmental changes. Quantitative
results demonstrate a substantial efficiency enhancement of 0.83% over
conventional perturbation and observation (P&O) methods, which achieve 0.65%.
The result demonstrates that not only is the FLC-based MPPT strategy effective
and robust, but it is also well-suited in practice, providing a scalable and effective

solution for maximizing solar energy exploitation.

Keywords: Fuzzy Logic, Solar Power, Computational Complexity, Renewable
Energy, Adaptive Control.

1. INTRODUCTION

PV systems have become a more attractive renewable energy option in both

commercial and academic settings in recent years. This is particularly due to the
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challenges associated with conventional fossil fuel energy sources. The existence of oil production monopolies in some countries,
disputes over oil resources, ecological pollution, and the increasing annual energy consumption rate have emphasized the need for
alternative energy sources. Solar energy is a prominent kind of sustainable energy due to its capacity as a reliable and eco-friendly power
supply (Mujammal et al., 2024a).

To improve and increase the efficiency of photovoltaic (PV) systems under varying conditions (irradiation and temperature), several
methods can be employed, such as MPPT techniques and enhancing PV materials. However, the development of efficient (MPPT)
algorithms still represents the least costly option (Albasheri et al., 2024). The performance of PV systems can be significantly improved
by implementing an efficient MPP tracking method and optimum tuning of the DC/DC converter (Rabaia et al., 2021). In the current
research work, a solar system controlled with the traditional (P&O) method was designed and implemented, which provided an output
power of 200 watts from the (PV) panels. A DC-DC converter is used to increase the power output generated from the (PV) panels
(Salman et al., 2018) with a 200-W power output from the (PV) panels. In (Bhan et al., 2021), the buck-boost converter is used along with
the P&O algorithm to raise the power of PV system panels.

The constant voltage approach is a supplementary method used in the determination of the (MPP) (Liu 2017). It is employed in order
to provide rapid tracking, simple configuration, and flexible implementation but is characterized by high levels of oscillation and high
rates of error that undermine the total system accuracy. The incremental conductance method is adequately discussed in the literature
(Shang et al., 2020). Although the incremental conductance approach has demonstrated decent convergence tracking (Shang et al., 2020;
Albasheri et al., 2025b), the constant step size causes additional oscillations during operation at the maximum power point (MPP). This
phenomenon deteriorates the tracking time and reduces the efficiency of solar cells. To eliminate the drawbacks inherent to fixed step
sizes, recent developments have encouraged the application of variable step sizes to the incremental conductance approach (Chuang et
al., 2020). This method involves the adjustment of the slope of the photovoltaic panel to change the step size as well as requires manual
calibration depending on irradiance intensity. These aspects are hindrances in applying this method. A new version has been developed
(Owusu-Nyarko et al., 2021) which includes an independent scale factor along with adjustments in the slope angle.

A new variant has recently proposed, as referred to (Ali et al., 2023; Basha and Rani, 2020) includes an independent scale factor in
addition to adjustments to the slope angle. In addition, the authors presented a comparative study of various conventional and soft-
deciding maximum power point tracking (MPPT) techniques for photovoltaic panels, utilizing high step-up converters to achieve the
optimal duty cycle. Moreover, an extensive literature review proposes an MPPT technique based on a predictive control scheme.
Although predictive control has demonstrated acceptable performance, its algorithmically complex structure and computationally
demanding requirements make it unsuitable to address sudden changes in the environment, i.e., irradiance and temperature turbulences
(Omar and Haoyu, 2020; Mujammal et al., 2023).

Simple (MPP) tracking models used in solar power systems are challenged by environmental changes but lack the ability to
accurately track the MPP during sudden changes in irradiation and temperature. In addition, the existence of partial shading leads to the
presence of several local maxima, thereby making these methods challenging to find the global (MPP). Models designed to solve these
challenges often introduce complexity and expense to the system, thereby limiting their applicability to small or low-cost applications.
Also, most conventional methods suffer from slow convergence, thereby minimizing overall system efficiency in varying environmental
conditions (Benyoucef et al., 2024). Hardware constraints also restrict flexibility, as these methods tend to rely on particular designs,
thereby limiting their ability to accommodate other solar system designs.

Recent advances in MPPT methods have brought about novel solutions to the constraints in traditional approaches, following recent
advancements in computational and control technologies (Mujammal et al., 2025). Machine learning and Al, including neural networks
(NNs) and reinforcement learning, enable real-time and significant adaptive MPPT even under complex scenarios, such as partial
shading. Metaheuristic algorithms, such as PSO, GAs, and GWO, are highly effective in finding the global maximum in cases of non-
linearity and multi-peak landscapes. Hybrid approaches that integrate traditional methods, such as perturb and observe (P&O) (Mousa
et al., 2020; Albasheri et al., 2025a) or IC methods with newar approaches such as Fuzzy logic or metaheuristics, enhance efficiency with
simplicity being preserved (Mujammal et al., 2025). Evolve dynamically in response to environmental modifications or predicted
conditions for anticipatory tracking. Nature-inspired approaches, such as ant colony optimization and artificial bee colony algorithms,
offer higher convergence rates and accuracy. IoT integration enables real-time monitoring and centralized optimization, while
sophisticated energy management policies enhance system performance overall by integrating energy storage and grid interaction. All

these advancements are aimed at improving the efficiency, flexibility, and reliability of MPPT with different operating conditions.
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The rationale behind the choice of the suggested (FLC) in the MPPT method in PV systems is its superior capability in handling
nonlinearities, uncertainties, and environmental dynamic circumstances associated with photovoltaic systems. Unlike the conventional
MPPT algorithms, FLC does not need a specific mathematical model, which makes it quite robust and effective under dynamic irradiance
and temperature. Its expert-knowledge-based rule structure allows implementation with the guarantee of adaptability to rapidly varying
conditions without periodic retuning. In addition, FLC reduces steady-state oscillations close to the MPP, thus making the convergence
softer and faster, and improving the overall energy harvesting efficiency. It is also noise and sensor-inaccuracy-tolerant, which makes it
provide consistent performance regardless of disturbances. The aforementioned varied points of FLC make it not only a theoretically
sound choice but also a highly satisfactory and practical key to optimizing the power harvesting capabilities of stand-alone PV systems.

The innovation in the suggested algorithm lies in its adaptive rule-based strategy, which allows accurate and quick tracking of the
global MPP in various dynamic scenarios and partial shading. It minimizes steady-state ripples, improves stability, and works efficiently
in various configurations without relying on fixed models providing a robust solution for solar PV energy harvesting maximization.

In this research, a new (MPPT) control constructed on a (FLC) algorithm is proposed to enhance the output efficiency of solar power
systems. The inspiration of this project is to utilize the various strengths of FLC, such as its superior flexibility and simplicity, its ability to
mimic human-like cognitive reasoning, and its superiority in the creation of non-linear functions. Under the guidance of experts, FLC
offers assistance in the implementation of flexible constraints and offers an efficient solution to manage uncertain data. The novelty of
this work lies in the integration of FLC within the MPPT control, which dynamically adjusts to changing environmental conditions,
ensuring rapid convergence to the (MPP) without the need for a precise mathematical model this new approach enhances the speed and
accuracy of monitoring along with the strength and reliability of the solar power system. Further, it serves to advance the field by
simplifying the control mechanism and reducing implementation costs. (Benyoucef et al., 2024).

The proposed FLC-MPPT algorithm offers significant theoretical benefits, as it effectively addresses prevailing research limitations by
overcoming key drawbacks of both conventional and advanced MPPT techniques. It addresses the slow-convergence issue in a
commendable manner while further enhancing performance under dynamic environmental conditions. Adaptive FLC investigates the
complexity of seeking the global maximum power point under conditions of partial shading. Moreover, the method serves to fill the gap
that exists between simplicity and higher effectiveness by offering a computationally efficient option for complicated models such as
Particle Swarm Optimization (PSO) (Khare and Rangnekar 2013) or neural network (NN) (Mujammal et al., 2021) (Mujammal et al.,
2024) Algorithms that necessitate intensive computing power or large training. The Boost Converter Design section outlines the
structural and functional characteristics of the DC/DC boost converter used for efficient energy conversion. The MPPT method Based on
FLC presents the proposed fuzzy logic-based MPPT algorithm, outlining its structure, operation, and advantages. The analysis of the
proposed algorithm is implemented through simulation results that compare its efficiency across different environments. Then,
experimental results are provided that prove the algorithm's practicality and run-time feasibility, as confirmed by implementation on a

hardware setup. Finally, a summary of the significant conclusions of the proposed algorithm is provided.

2. METHODOLOGY
This study follows a systematic and step-by-step approach to design, simulate, and experimentally validate a (FLC) for (MPPT) of (PV)

systems. The procedure entails simulations in MATLAB/Simulink with real-time implementation using the Dspace platform. The

approach includes the following steps in sequence:

Step 1. Design of the MPPT Model Using Fuzzy Logic
The initial phase entails the designing of the MPPT algorithm in terms of fuzzy logic concepts. In the MATLAB/Simulink environment,
the controller is programmed such that the fuzzy logic rules, membership functions, and decision logic are established for the

maximization of solar panel power output (Albasheri et al., 2025¢).
Step 2. Simulation and Analysis

Following the design of the fuzzy logic controller, simulations are run to evaluate its performance at different environmental conditions

(e.g., irradiance and temperature changes). The principal objective is to verify the controller's capability to effectively track the MPP.
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Step 3. Conversion to Dspace-Compatible File

After obtaining successful simulation results, the control algorithm is translated into a real file that can be used with the Dspace system.
This includes interfacing the algorithm with Analog-to-Digital Converters (ADCs) for measurements as inputs and Digital-to-Analog
Converters (DACs) for commands as outputs.

Stepl Preparation Of MPPT based on Fuzzy Logic
Controller algorithm under MATLAB/ Simulink

v

Step2 Showing the simulation Results of FLC
Resetting the
¢ FLC parameters

/] '

Stepd Changing the simulation file into Dspace practical file
included the inputs ) ADCs (and the outputs) DACs (of system

v

Step4 Putting the solar panels ready to work

v

Step 5 Preparation Of Practical Platform consisting:

s Currents and voltage sensors. Resetting the DC
DC-DC converter -DC parameters

L]
»  Adaptive Card between Dspace and DC-DC converter
s Start the Dspace Card A

v

Stepd Transfer the simulation file into control desk file

|
v

Step7 Go online and startup the system in real-time

v

Y es: Succesful performance No
+ Results

FLC Model

A

VandI
SENSOTs

™ The FLC algorithm is adopted

Fig. 1. Research Methodology flowchart

Figure 1 illustrates the methodology followed to generate and maintain the proposed FLC algorithm.

Indian Journal of Engineering 22, e10ije1686 (2025) 4 of 28



ARTICLE | OPEN ACCESS

Step 4. Hardware Setup of PV System
The PV panels are mounted and commissioned. This task guarantees the physical system is ready for the integration of the control

algorithm.

Step 5. Experimental Platform Configuration
On execution, the system performance is examined:
If the performance is found to be successful, the algorithm is verified and then implemented for practical applications.
Otherwise, two feedback loops become active:
e Initialization of DC-DC converter parameters

e Fitting and adjusting FLC parameters.

Step 6. Transfer to ControlDesk Environment
To control and monitor the real-time interface, a simulation file compatible with Dspace is sent to the Control Desk environment. The

environment supports data acquisition, transmission of control signals, and performance visualization.

Step 7. Real-Time Execution and Performance Evaluation
The system is run in real-time using ControlDesk. During this phase, the FLC-based MPPT algorithm's performance is examined in terms

of its ability to extract maximum power from the PV system at different operating conditions.

Step 8. Decision and Validation Cycle
After execution, the system performance is examined: If the output is acceptable, the algorithm is verified and then implemented in real-
world settings. Otherwise, two feedback loops are initiated:

o Resetting of DC-DC converter parameters,

e Parameter adjustment and tuning of FLC.

Those changes are returned to the process, beginning with the required prior step (Step 1 or Step 5), thereby creating a cycle of
improvement of the algorithm. Outcome The accomplishment of this methodology leads to the adoption of a verified FLC-based MPPT
algorithm with the ability to operate in real-time in PV systems with enhanced energy harvesting efficiency.

The simulation file compatible with Dspace is then imported to the ControlDesk environment providing a real-time interface for
system monitoring and control. The environment supports data acquisition, deployment of control signals, and performance

visualization.

2.1. PV System Modeling

A. Equivalent Circuit of PV Cell

Figure 2 displays the detailed configuration of the PV cell circuit. It consists of four electrical components: a series resistance (Rs), a
current source, a diode linked in parallel with the current source, and a parallel resistance (Rsh) (Premkumar et al., 2020). The diode
current and the PV voltage may be determined by using the Kirchhoff Current Law (KCL) as described in the reference (Singh et al.,
2013). The Rp value has a much higher magnitude when compared to the Rse value (Mujammal et al., 2024d). There are two types of
installations available for the photographic system: PV stand-alone installations and solar power systems linked to the grid. Figure 2
depicts a detailed scheme of a PV cell, that involves a parallel resistor and diode. A photovoltaic module is formed by a collection of
many solar cells used in a photovoltaic plant (Miles et al., 2005). These modules are then connected in series and parallel to create the
photovoltaic array (Pendem and Mikkili, 2018).

The PV panel number (1 panel) defines the system's modularity, while the maximum power (200 W) represents the panel's peak
output under standard test conditions. The maximum current (4.26 A) and maximum voltage (47.06 V) display the optimal operating
points for reaching maximum power (Baqir and Channi, 2022). Figure 3 illustrates the realistic technical specification of solar panel
parameters. The parameters of Table 1 are used according to the label provided by the solar panel manufacturer, as shown in the figure
below: (Technical Specification).
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Fig. 2. Photovoltaic Cell Scheme
Technical Specification
Maximum Power(Pm) 200W
Open Circuit Voltage(Voc) 57.6V
Short Circuit Current(lsc) 4.6A

Maximum Power Voltago(Vmp)

Fig. 3. Technical specification of realistic solar panel

Table 1 Specifications of the proposed pv system

Parameter Unit and Value
PV panel Number 1 panel
Max Power 200 W
Max current 426 A
Max Voltage 47.06 V
Open Circuit Voltage 57.6 V
Short Circuit Current 4.6 A
Working Temperature -45°Cto+85°C

The mathematical relation that explains the interaction between the output voltage and current is represented via the next equations:
[= Iph —Ip— I ¢y
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ARTICLE | OPEN ACCESS

Iph = oo [lge + 1(T = T,)] @
to = Io [exp (%) = 1] Q
I = " @)
o T ®
Eg = Ego (‘;‘TT;) (6)

Where q is the electron’s charge (1.602 x 10-19 C), K is the Boltzmann’s constant (1.381 x 10-23 J/K), N is the diode quality factor, Tc is
the temperature of the PV device and, Is (A) is the current of inverse saturation (Kelvin), (Ramadan et al., 2022).

In the PV systems, fill factor, decreasing efficiency and series resistance Rs limits current discharge, while shunt resistance Rsh
induces leakage currents, reducing voltage and power output. Minimum values of Ry and maximum values of Ry, are critical for
optimal performance.

Determination of Ry and Rgy, :By examining the current-voltage (I-V) curve of a PV cell: The incline of the I-V curve close to the short-

circuit current (Isc ) point is affected by Rg, which uses the following formula:

RS - ((‘ii_‘;)near Isc (7)

While the slope of the I-V curve close to the open-circuit voltage Vo is affected by Rgy, used as follows:

Rgh = _(d_V

dI)near Voc ®

In a PV cell, (Rg) denotes inner resistive losses generated by the material, connections, and interconnections, significantly decreasing
the output voltage, power, and efficiency under high current requirements. Ideally, Rs should be minimised to improve performance. On
the other hand, (Rg) accounts for leakage currents via flaws or impurities, which avoid the load and decrease the cell’s output current
and power. A high Rsh is desirable to reduce these losses and support the efficiency range, especially at low irradiance levels. Rg and Rgp
affect the fill factor, efficiency, and general performance of the PV cell.

Modules in series connection are linked in series to raise the voltage while keeping the same current. A collapse in one module
impacts the whole string. Modules in parallel connection are linked in parallel to boost the current while keeping the same voltage. If one

module fails, the others can still function.

B. DC/DC Converter
A DC/DC converter is an apparatus that accumulates input energy to transform direct current across one voltage level into another
(Salman et al., 2018). The fundamental elements used in this current subject are an input capacitor (C1), an inductor (L), a semiconductor
IGBT/Diode, a diode, and an output capacitor (C2), as shown in Figure 4. Table 3 displays the values used in boosting the converter.
= To achieve the increased output value of the DC converter shown in Figure 4, there are two operational modes:
= When switch S is closed and switch D is open, All the input energy provided to the circuit passes through inductor L when
the diode is in reverse bias. Consequently, no current passes through the diode. Rather, the input voltage applied to switch S
is fed to the load, causing the output to rise.
= When switch D is activated and switch S is deactivated, the stored energy that had accumulated in the inductor L is released
back into the output, thus boosting the converter output voltage accordingly.

A comprehensive analysis was conducted on the DC/DC converter in reference (Isen, 2021; Albasheri et al., 2022).
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Table 2 Specification parameters of boost converter
Parameter Value Unit

Output capacitor (Cz2) 1100 uF
Inductor ((L) 10 mH
The input capacitor (C1) 2000 uF

The parameters provided in Table 2 specify the basic components of the boost converter for a stable and efficient operation in the
proposed photovoltaic system. The output capacitor (C2=1100 pF) is designed to minimize output voltage ripples and supply a stable DC
voltage to the load. The inductor (L=10 mH) is appropriately selected to store and deliver energy effectively while minimizing current
ripple during the boosting operation. Finally, the input capacitor (C1=2000 uF) is chosen to provide stabilization of the input voltage by
filtering out high-frequency noise and oscillations from the photovoltaic panel. These components are designed to improve the
operational efficiency of the converter, thus guaranteeing reliable energy transfer and efficient voltage regulation (Osheba et al., 2023).

Given input and output voltages of the boost converter, switching frequency fs and load current Iload, Vin=51 V, Vout=100 V, fs=20
kHz, lload= 0.125 A.

Ripple current Al}, g 10%=0.0125 A, ripple voltage AV,,=0.1 V, the parameters of the boost converter are calculated as follows:
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1. Calculation of inductor L:

Vin * (Vout — Vin) 51 (100 — 51)
Lz—————2L2> SL>10mH
= Aljgaq " fs * Vout =0.0125-20000 - 100 =om

2. Computation of output capacitor C:
I 0.125
Q22 >
8 fs AVt 8-20000-0.1

SC, > 781.25uF

3. Computation of input capacitor Cz:
C, > _Aload 5 C, > les-)c1 > 3125 pF
41, - AV, 4-20000- 0.5
The value of 2000 pF is adequate to address the stability of input voltage and raise the filtering process (Veerachary and Kumar,
2020). The aforementioned values in Table II are realistic values that align with the experimental process in our work.
The boost converter operates in two modes (Salem et al., 2022):
¢ Continuous Conduction Mode (CCM):
The inductor current never falls to zero in this mode. This process includes two sub-phases:
e When the switch IGBT is on, the inductor supplies energy as the current boosts linearly, and the diode is reverse-biased, isolating
the load.
e The inductor discharges while the switch is off and its stored energy to the load via the diode, keeping the output voltage higher
than the input voltage (Abdulelah et al., 2023).
¢ Discontinuous Conduction Mode (DCM):
During this operation, the inductor current drops to zero for some part of the switching cycle. This leads to a distinct third phase, where

no current passes across the inductor.

2.2. MPPT Strategy Based on THE FLC Algorithm

In solar power systems, (MPPT) is a key concept as it constitutes the foundation of maximizing the energy output of solar panels. The
current research proposes an MPPT strategy founded on an advanced FLC to enhance the operating efficiency of photovoltaic (PV)
systems. Figure 5 illustrates the development process of the FLC algorithm utilizing an intricate flowchart.

The (MPPT) concept is a critical challenge in the area of solar energy systems since it is tasked with the maximization of the
generation of solar energy (Ali et al., 2023; Osman et al., 2021). In this study, an MPPT system with a FLC is employed to enhance the
operation of the photovoltaic (PV) system. Figure 6 presents a flowchart illustrating the design process associated with the FLC
method.

-
Knowledge Basic
v ]
Inputs # Inference + Output
;l_' Fuzzificati on ]'n.-fL.ake dec.isi{ms-via ) Defuzzificati on
- Conversion physical saenns }'e]a.i_]mshlp Conversion output ( J D
p G—h wvariable inputs into 0 R 131put5 subassemblies into
fuzzy sets e output_ seting numeric values
) mem bership rules

Fig. 6. Fuzzy Logic Formation Stages
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Conventional MPPT algorithms face considerable challenges in successfully coping with energy losses under steady-state
conditions, along with showing poor dynamic responsiveness when subjected to abrupt changes in irradiance and temperature
(Gernaat et al,, 2021). Overcoming these challenges requires the exploration of an advanced algorithm that can rectify serious
shortcomings while providing a rapid adaptive response to sudden changes in environmental conditions. Figure 7 depicts the (FLC)
flowchart together with its two inputs, namely the error (E), the derived error (AE), and its output, the duty cycle (D).

2.3. Proposed FLC Algorithm Design
By the scenario of FLC algorithm, the proposed MPPT to design through six-steps procedure of fuzzy design mechanism:
Define Input and Output Variables: The two input variables (Error and derivate Error) are specified as follows:

Ep=A=P*_pmes (7)

AE, = AE, (k) — AE,(k — 1) ®)

Fuzzy zone when |Fuzzy zone when| Fuzzy zone | Fuzzy Fuzzy zone |Fuzzy Areawhen| Fuzzy zone when
E & dE are NB |E &dEareNM| when E & dE| zone | wpon g & gE | E&dEarePM | | & dE are PB

are NS when E are PS
AWAWAN A A

A/\/\'vvl/\/\/\/\/\/\
V V VVVN /VVVVV\V

are ZE

™

- Measured signal
Reference signal

1 NB NM NS ZE PS PM PB
0.5
0 / N\
100 -80 -60 -40 -20 0 20 40 60 80 100

Fig. 7. Design system of Fuzzy logic controller

The nature of AE corresponds with rule-based fuzzy logic (if-then), enabling intuitive and efficient control. Therefore, these inputs
supply a proportion of accuracy, responsiveness, and computational efficiency for a robust MPPT method.

Error is the deviation between the reference power and actual power, as determined by how fast the system is shifting from the
(MPP). Through the derivative error, the rate of change of error with time is captured. The controlled output by duty cycle (D), placing
the operating point at the MPP while adjust the PWM signal.

For the FLC algorithm, the error (E) & derivative error (AE) are selected inputs to comprehensively manage the system's dynamics
and operational conditions. The deviation from the MPP denotes by Error (E), providing essential feedback for corrective actions, while

AE reflects the rate of change of E, enabling predictive control and quicker convergence. This combination provides effective tracking

Indian Journal of Engineering 22, e10ije1686 (2025) 10 of 28
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under dynamic conditions, reduces power loss due to fluctuations, and stops overshooting. Besides, E and AE together improve

adaptability to the nonlinear attributes of photovoltaic (PV) systems and enhance response to quick environmental variations.

Fuzzy Inputs and Output

The fuzzification methodology includes defining the input and output variables into linguistic terms. In our work, the linguistic
variables have been simplified as follows: NB for Negative Big, NM for Negative Moyne, NS for Negative Small, ZE for Zone Zero, PB
for Positive Big, PM for Positive Moyne, and PS for Positive Small as shown in Figure 7. Triangular membership function shapes are
assigned to each linguistic term to describe their degree of membership. The triangular functions translate the crisp input values into

fuzzy sets, authorizing the system to operate with on nonlinearities and uncertainties.

Construct the Rule Base

The input & output relationship eminently ties through the rule configuration which is the most significant process of the FLC
algorithm. Through the field knowledge and the system's arrangement, the rules are finalized. For example, the duty cycle needs to rise
to move towards MPP while the error is mainly positive. Conversely, when the error is predominantly negative, the duty cycle needs to
decline to minimize overshoot. If the E is small and the dE converges to zero, the duty cycle is stable, the system is near the MPP, as

shown in Figure 7.

Defuzzification of the Output

The FLC system transforms the fuzzy outputs derived from the rule base into a crisp value for the duty cycle via a technique called
defuzzification. Standard techniques contain the centroid of area (COA), where the output value is defined as the center of gravity of
the aggregated fuzzy set, or the bisector of area (BOA), which separates the area of the fuzzy set into two equal parts. This step ensures
that the output is actionable and can be used for the PWM in the MPPT.

Simulate and Optimize
MATLAB/Simulink supplies an intuitive graphical interface and an extensive library of pre-built blocks, such as fuzzy logic controllers.

Figure 8 presents the maintenance process of the proposed FLC method for (MPPT).

gRe_:l'ermce =O

FLC Controller

%_ = Outcome| D: Duty
¢

ic;:] _‘“'8 E

signal Cycle

Yes

Success FLC
petrformance

Resetting FL.C
parameters

L Dovwnload
FLC
Algorithm

Fig. 8. Fuzzy Logic Components
Additionally, to the management of dynamic simulations, MATLAB/Simulink is an eminent environment, these are very significant

factor for assessing the performance of MPPT under varying circumstances like temperature conditions and solar irradiance. For in-

depth investigation of system performance, the MATLAB/Simulink’s robust analytic tools permit advanced visualization.
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It is necessary to introduce linguistic variables into the framework of fuzzy logic control for several reasons (Daradkeh and
Tvoroshenko, 2020). Firstly, it enables the quantification of qualitative human knowledge and reasoning in mathematical terms, thereby
making the control system more interpretable and accessible. Linguistic variables also enable the handling of imprecise and ambiguous
information, which is a frequent phenomenon in practical applications, and therefore further prepares the system to tackle varied

situations.

2.4. Scalability of the FLC Algorithm

The suggested (FLC) algorithm portrays a degree of scalability that renders it suitable for the different designs of (PV) systems targeted
at large-scale applications. In the framework of small-scale designs, the algorithm operates a compact rule and a small membership
function set to achieve the control operation with minimal computational cost. The FLC framework enables decentralized management,
allowing multiple FLC units to be utilized in parallel for controlling separate sections within the PV system. This involves load sharing
of computation and an improvement in the system's scalability, without compromising stability or response time.

One of the biggest challenges is that it requires more computational complexity compared to traditional methods like P&O or IC
methods. There are more computations involved with the fuzzy inference process and defuzzification processes, which would be
prohibitive for low-cost or low-capability microcontrollers. Additionally, the performance of the FLC is very sensitive to the rule base
and membership function setting. A satisfactory rule set may require expertise and even be a time-consuming task, with inefficiently
chosen settings reducing efficiency.

Moreover, FLC systems need to be tuned periodically to adjust for varying system conditions or aged PV modules, adding up to
maintenance costs. Despite these setbacks, advancements in computational technologies and adaptive tuning methods restart to

improve the viability of FLC to make it feasible for a multitude of solar applications.

3. SIMULATION RESULTS

MATLAB/Simulink has a friendly graphical user interface and an extensive library of pre-developed blocks, which even include fuzzy
logic controllers. Moreover, MATLAB/Simulink is well-suited for dynamic simulations, which are necessary to evaluate MPPT
performance under variable solar irradiance and temperature conditions. Its robust analytic tools and advanced visualization abilities
permit for in-depth investigation of system performance.

Additionally, MATLAB'’s toolbox, which includes the Fuzzy Logic Toolbox and Optimization Toolbox, enables the design,
optimization, and fine-tuning of fuzzy rules and membership functions. These features of MATLAB/Simulink are a highly reliable and
adaptable choice for designing and validating MPPT.

Figure 10 A and B illustrate the MPPT area. When preserving the MPPT zone, the power, current and maximum points of voltage
are increased by the efficacy of the FLC-MPPT algorithm. Figs. 12 & 13 demonstrate & correlate the simulation outputs between
projected FLC-algorithm and the conventional P&O method. The proposed FLC algorithm achieved excellent performance, free of
significant ripples, which proves the effectiveness of the FLC algorithm.

Table 3. Specification Parameters of Boost Converter

Parameter FLC Performance P&O Performance
L Quick adaptation at t=4s (900 W/m?) and . . .
Irradiation Response Slower adaptation with more oscillations.
t=7s (1000 W/m?).
~275 V (steady-state) with minimal ~225 V (steady-state) with larger
Output Voltage . o
oscillations. oscillations.
Output Power ~245 W at t=7s (1000 W/m?2). ~175 W at t=7s (1000 W/m?2).
Transient Oscillations reduced to ~0.5% during . . .
. . Oscillations up to ~2% during transitions.
Oscillations transitions.
Efficiency ~98% ~95%
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Fig. 10. Characteristic curves P-V of MPPT technique

At t = 4s, the irradiation reduces to 900 W/m?, resulting in a corresponding adjustment in the output voltage and power of the boost
converter. Also, at t = 7s, the irradiation rises to 1000 W/m? as shown in Figure 11. The system responds effectively by increasing the
voltage and power levels of the boost converter. These quick and precise reactions to varying irradiation states indicate the FLC's
capacity to track the (MPP) efficiently.

The FLC's adaptability stems from its ability to manage non-linear behaviours and dynamic changes in the PV system. Unlike
conventional MPPT algorithms, such as (P&O) or (IC), the FLC does not depend on fixed step sizes or linear decision-making. Instead, it
employs a rule-based system to analyze changes in inputs (e.g., changes in irradiation) and outputs (e.g., voltage and power), allowing

smoother transitions and quicker convergence to the MPP. Moreover, the FLC improves system performance by minimizing oscillations
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about the MPP and lowering energy losses during transient states (Guerri). This ensures that the system is utilized optimally, even under
challenging conditions, such as rapidly varying irradiation levels.

The sensitivity analysis emphasizes the robustness of FLC under extreme climatic conditions. Although there is a small degradation
in performance, the controller restarts to operate effectively, keeping stability, efficiency, and adaptability. These outcomes prove that the

FLC is well-suited for deployment in real-world PV systems where climatic variations are common.

1100
==]rradiation

1000

900

800

Irradiation (W/m2)

700

60(}0 1 2 3 4 5 6 7 8 9 10

Fig. 11. Irradiation profile for PV system
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Fig. 12. Boost converter Input and output voltages.
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Fig. 13. Input and output powers of the boost converter

Equipment Calibration

Solar Panel: Under standard test conditions (STC), the solar panel was tested to provide proper output characteristics, as shown in Figure
13.

Current and Voltage Sensors: The current and voltage sensors were calibrated using a reference multimeter (with an accuracy of +0.05 %) to
ensure accurate voltage and current measurements during experiments.

Digital multimeters were calibrated to measure the boost converter's input and output voltages and currents. These devices conform to the

IEC 61010 standard for measurement equipment.

4. EXPERIMENTAL RESULT

To assess the results of the algorithm we have developed and showcase the usefulness of the outcomes, we carried out a three-minute
experimental verification test using MATLAB software and DSpace 1103 hardware. Figure 14 illustrates the fundamental equipment and
instruments utilized on the experimental platform.

Oscilloscope:

The oscilloscope was calibrated by a reference signal generator to ensure correct waveform visualisation of the boost converter's input
and output voltages.

dSPACE 1103 Controller:

The dSPACE system was configured and calibrated to actually communicate with the adaptive card, providing precise real-time data

acquisition and control.

Test Conditions:
The experiments were executed in a controlled laboratory platform, with ambient temperature and irradiation. Resistive and capacitive
loads were used to simulate grid and battery storage integration. The loads were adjusted to analyze system performance under

different operating conditions.
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A. Experimental Results of MPPT Under Constant Resistive Load

The experiment included implementing the Maximum Power Point Tracking (MPPT) method using Fuzzy Logic Control (FLC) with a
resistive load that remained constant throughout the experiment. Figures 15, 16, and 17 show the results of the proposed Maximum
Power Point Tracking (MPPT) method for the voltage output of the solar panel (Vpv), the voltage output of the boost converter, and the
power output of the boost converter, respectively. The FLC exhibited a smoother and less oscillatory performance, attributed to its

capacity to effectively adjust to abrupt changes in air conditions.
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Fig. 15. Solar panel output voltage

Indian Journal of Engineering 22, e10ije1686 (2025) 17 of 28



ARTICLE | OPEN ACCESS

155

—Vout via FLC = Vout via P&O

150

._‘
~
[

._‘
N
(=)

—_—
(OS]
wn

—_—
o
(=

Voltage Vout (V)

—_
[\e]
w

[u—
3]
[

—_
—_
N

AL/

0 20 40 60 80 100 120 140 160 180
Time (s)

Fig. 16. Boost Converter Output Voltage Vout (V)

82

—Péut via P&o
==Pout via FLC

80

7 . il
: \
: \

700 20 40 60 80 100 120 140 160 180
Time (s)

Pout (Watt)
J
[«

Fig. 17. Boost Converter Output Power P(W)

B. MPPT Performance of FLC Algorithms Under Changeable Resistive Load
This experiment was conducted to evaluate the performance of the MPPT-FLC algorithm under various DC resistive load conditions at

two time periods, specifically at t = 60 s and t = 120 s. The main goal of this experimental design is to evidence the speedy
responsiveness of the MPPT-FLC algorithm under various DC resistive load conditions.

The boost converter’s input-voltage, output-voltage and the output-power demonstrated in the Figs. 18, 19 & 20 respectively. As
explained in Fig. 21, the study revealed that, the boost converter of FLC algorithm had enhanced efficacy which is around 0.83.
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C. MPPT Strategy Implementation Under DC Machine Load
This experiment was conducted to evaluate the performance of the MPPT-FLC algorithm under fluctuating DC resistive load
conditions at two different time intervals: t = 60s and t = 120s. The objective of this experiment is to demonstrate the rapid
responsiveness of the proposed approach under varying levels of workload.

Figures 22, 23, and 24 depict the results of the input, output voltage, and power of the boost converter, respectively. It is worth
mentioning that the FLC algorithm demonstrated higher efficiency, as shown in Fig. 25, where the efficiency of the proposed method is

approximately 0.83.
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Fig. 26 presents experimental findings of the proposed MPPT algorithm. It can be seen that the FLC has a fast response to the
sudden variations of load with high efficiency.
Key points from the experimental validation include:
® Real-time Implementation: The FLC-based MPPT algorithm was implemented in real-time, demonstrating its practical applicability.
* Response Time: The system's response to changes in atmospheric conditions, such as irradiation and temperature, was rapid and
efficient.
e Stability and Accuracy: Maximum Power Point (MPP) & minimizing energy loss are accurately and steadily tracked by the
proposed algorithm.
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e Adaptability: The load variations in diverse environmental conditions & optimal performances are well maintained through
efficiently adopted and improved FLC algorithm design.

¢ Hardware Integration: Successful integration with DSpace 1103 hardware showcased the algorithm's robustness and ease of
implementation in real-world scenarios.

There are many limitations of the experimental setup that can impact the validity and generalizability of the results. Environmental
conditions in the controlled setup may not precisely replicate real-world variation, e.g., temperatures or grid disturbances. The
generation of measurement inaccuracies can occur while limiting the tools usages, for example - potential calibration faults and sensor
precision. The small-scale measurements may not be able to operate in challenging environments and not investigate topics of

integration when imposed the further limitations by the scale and design size.

5. DISCUSSION AND ANALYSIS

Long-Term Stable Performance:

Even the condition of occurrence of variations in load and also in the diverse environmental conditions like temperature variations and
irradiation, the executed FLC-based MPPT-algorithmic method in the current research was demonstrated the consistency and
steadiness in the tracking of t (MPP). This equilibrium and stability maximize the extraction of power and minimize the losses of

energy.

Rapid Adaptation to Load Variation:

Tests with various resistive and DC machine loads demonstrated that the algorithm adjusted quickly to changes, producing smooth
voltage and power outputs with minimal oscillations. The quick response highlights the algorithm's ability to handle dynamic
functional conditions effectively. The algorithm was run with both fixed and changing resistive loads, as well as a dynamic DC

machine load.

With variable Resistive Load:

For the validation of minimal disturbance in voltage outputs and in power like load variations at =60 t=60s and =120 t=120s, the rapid
response was gained from FLC-based MPPT-algorithm. Consequently the algorithm's adaptability for dynamic environmental
conditions was revealed. The system unveiled efficient adaptation without revealing the significant oscillations while the DC machine
load addition and removal. This conditions explains the capability of MPPT-algorithm for the sustainable performance when the loads

in complex & dynamic condition.

Efficiency Maintenance:
The research output specify that the FLC-algorithm constantly upheld a high degree of efficiency, approximately 0.83, regardless of

load changes or test duration. Such consistency reflects its capability to sustain performance over extended time intervals.

Resistance to Atmospheric Changes:
The algorithm's capacity to absorb sudden atmospheric changes, including variations in irradiation levels, enabled stable power

generation and reduced susceptibility to oscillations that might otherwise render the system unreliable.

Reduction in Oscillations:
The most impressive segment of results highlighted in the experiments was the reduction in oscillations during tracking MPP. Soft
operation is a result of the fuzzy logic controller's capacity to use linguistic rules and continuous adjustment of control parameters,
which resist sudden changes and jittering typical of traditional MPPT methods.

The suggested FLC-based MPPT algorithm reduces system costs and power losses by effectively tracking the Maximum Power
Point (MPP), thereby minimizing power loss under varying conditions. Its simple and robust structure lowers maintenance
requirements and enables the utilization of low-cost hardware, enhancing the overall economic viability of solar systems. The

suggested FLC-based MPPT system is economically viable due to its simple design and efficient implementation. The technology
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reduces operating and installation costs by minimizing energy losses and enabling the use of low-cost components. Furthermore, its
higher performance in a range of climatic conditions minimizes maintenance and downtime, hence making it less expensive for large-
scale solar deployment and grid applications.

The comparison of MPPT algorithms reflects the aggressive transition from conventional to new intelligent techniques for
improving the performance of photovoltaic (PV) systems, as shown in Table 4. Traditional algorithms such as P&O, IC, and Fractional
Open Circuit Voltage (FOCV) are still being utilized due to their simplicity and reduced cost. However, their limitations, such as
oscillations around the MPP, inferior dynamic tracking, as well as their sensitivity to external variations, limit their efficiency. These
conventional techniques normally achieve efficiencies of 0.60%—0.72%, as highlighted in Esram and Chapman, (2007) and Femia et al.,
(2024). To overcome these limitations, recent studies have focused on Al-based MPPT techniques. (FLC)-Based MPPT, as illustrated in
the suggested study, shows better tracking precision with a quick response time of under 3 milliseconds and efficiency of 0.83%. Neural
network-based approaches also enhance precision and flexibility, achieving an efficiency rate of up to 0.88%, as shown by (Wang et al.,
2018).

More recently, in positive dynamic environments, metaheuristic and bio-inspired optimization algorithms have achieved &
contributed in traction for global MPP tracking. Few techniques have showed efficacies very adjacent to or exceeding 0.90%, for
example (i) Ant Colony Optimization (ACO) (Khalid et al., 2024); (ii) Grey Wolf Optimization (GWO) (Hoseinzadeh et al., 2023); and
(iii) Whale Optimization Algorithm (WOA) (Erixno et al., 2024).

Table 4 key matrix correlation between the proposed Fuzzy-Logic-Controller and other conventional MPPT-algorithm

Perturbation Particle
Neural -
X and Incremental Swarm
Fuzzy Logic Controller . L. Network
L. Observation Conductance Optimization )
Characteristics (Ref: Kumar & . (Ref: Villegas-
. (Ref: Seeling- (Ref: Pradhan et (Ref: .
Balakrishna, 2024) Mier et al.,
Hochmuth, al., 2022) Mohandes, 2021)
1997) 2012)
For diverse
. environmental L . Extremely
Adaptability . . . Limited Moderate Highly
conditions, its Highly adaptable
adaptable
For rapid
Response to Dynamics environmental changes, | Slower Moderate Fast response | fast
it gives Fast-response
Partial Shading Effective Struggles Struggles Effective Excellent
Convergence Speed Fast Moderate Moderate High High
Steady-State Oscillation | highly stable High Low Low Stable
Complexity Moderate to high Low Moderate High high
.. Superior-tracking . .
Efficiency . Moderate Moderate High high
efficiency

6. CONCLUSION

Through the operation of MATLAB/Simulink software & functioning of Dspace 1103 hardware, the novelty and real-time application of
FLC algorithm based MPPT-method has been comprehended in our research. The efficient and rapid response revealed, resolved and
concluded through FLC algorithm based MPPT-method and effective maximum power point tracking, even during changes in loads
and uneven atmospheric conditions, such as fluctuations in irradiation and temperature. In addition to this, smooth and stable
behaviour without any oscillations, as usually the occurrence of oscillation results in the loss of energy, thus keeping the efficiency of
the overall solar power system optimized. This new approach not only enhances the system's performance but also yields a robust and

versatile solution for real-world renewable energy systems. The proposed FLC-based MPPT algorithm is demonstrated to have
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significant potential for scalability and is therefore suitable for large-scale solar farms and grid systems. Its versatility and simplicity
enable it to be easily integrated into demanding renewable energy setups, with guaranteed constant performance under various
operating conditions. Future work will focus on designing hybrid algorithms that combine fuzzy logic with other advanced techniques,
not only in the solar system but also in hybrid renewable energy systems (such as wind-solar) to further enhance tracking accuracy and
computational efficiency. Additionally, the research will aim to optimize the algorithm for large-scale implementations, addressing
challenges associated with grid integration and enhancing comprehensive system scalability. These efforts will pave the way for even

more robust and efficient MPPT solutions in real-world solar energy applications.

List of Abbreviations and Symbols

Abbreviations
FLC Fuzzy Logic Controller 1Y% Photovoltaic
MPPT | Maximum Power Point Tracking CCM | Continuous Conduction Mode
MPP Maximum Power Point DCM | Discontinuous Conduction Mode
DC Direct Current NN Neural Network
AC Alternating Current AE Change in Error
P&O Perturbation and Observation S Switch in DC/DC Converter
IC Incremental Conductance COA Centroid of Area (Defuzzification Method)
PSO Particle Swarm Optimization BOA Bisector of Area (Defuzzification Method)
CCM Continuous Conduction Mode DCM Discontinuous Conduction Mode
GAs Genetic Algorithms GWO | Grey Wolf Optimization
WOA Whale Optimization Algorithm ACO Ant Colony Optimization
Symbols
Loy Photovoltaic Current Source L Inductance
Voc Open Circuit Voltage C Capacitance
Isc Short Circuit Current Vi Input Voltage
q Electron Charge (1.602 x 10"-19 C) Vout Output Voltage
k Boltzmann Constant (1.381 x 10"-23 J/K) I1.0ad Load Current
Eg Bandgap Energy of Semiconductor R Resistance
A Voue | Change in Output Voltage V4 Impedance
Algye Ripple Current of Load G Input Capacitor
AEg Change in Error Power C, Output Capacitor
fs Switching Frequency Poy Photovoltaic Power
Ip Diode Current B Temperature Scaling Factor
Isn Shunt Current DC Direct Current
T; Reference Temperature (Kelvin) AC Alternating Current
Te Cell Temperature (Kelvin) Rgn Parallel Resistance
Ego Initial Bandgap Energy D Duty Cycle
a Temperature Coefficient of Bandgap Energy Rs Series Resistance
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