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Abstract:

This paper presents a comprehensive review of research conducted over the past decade on
adaptive fuzzy logic-based Maximum Power Point Tracking (MPPT) techniques for solar
photovoltaic (PV) systems, with a specific focus on optimization and MATLAB
implementation. The inherent non-linear characteristics of PV systems, coupled with
environmental variations, necessitate intelligent MPPT algorithms to ensure optimal energy
harvesting. Adaptive fuzzy logic controllers (FLCs), owing to their ability to dynamically
adjust to uncertainties and imprecise inputs, have emerged as a superior solution. This review
explores optimized fuzzy-based MPPT algorithms, their MATLAB implementations, and
comparative analyses with conventional methods. The paper also discusses challenges and
future trends in adaptive fuzzy logic-based MPPT optimization.
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l. Introduction

The growing global energy demand and increasing environmental concerns have spurred
significant interest in renewable energy sources, particularly solar photovoltaic (PV) systems.
However, the efficiency of a PV system is significantly affected by varying environmental
conditions such as solar irradiance and temperature. To maximize power extraction under these
dynamic conditions, optimized Maximum Power Point Tracking (MPPT) techniques are
essential [1].

Conventional MPPT methods, such as Perturb and Observe (P&O) and Incremental
Conductance (INC), have limitations such as oscillations around the Maximum Power Point
(MPP) and slow tracking speed under rapidly changing conditions [2]. Adaptive fuzzy logic
controllers (FLCs), with their ability to dynamically refine control parameters and handle
uncertainties, have emerged as a robust solution for optimized MPPT implementation [3].
These controllers effectively map non-linear relationships between input variables (such as
voltage, current, and their derivatives) and output variables (duty cycle of the DC-DC
converter), ensuring faster and more accurate tracking.

This review paper aims to provide a comprehensive overview of research efforts in the past
decade focused on the optimization of fuzzy-based MPPT for solar PV systems, particularly
through MATLAB-based adaptive control strategies.
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Il. Fundamentals of MPPT and Fuzzy Logic
A. Maximum Power Point Tracking (MPPT)

A photovoltaic (PV) module exhibits a non-linear relationship between voltage and current,
resulting in a unique point on the power-voltage (P-V) curve where maximum power is
generated. This point, known as the maximum power point (MPP), varies with solar irradiance
and temperature. MPPT techniques aim to continuously track the MPP by adjusting the
operating point of the PV module through a DC-DC converter [4].
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Figure 1-PV Module PV Curve with MPP Highlighted

B. Fuzzy Logic Control (FLC)

Fuzzy logic, introduced by Zadeh [5], provides a framework for dealing with uncertainty and
imprecise information. An FLC consists of three main stages: fuzzification, inference engine,
and defuzzification [6].

1. Fuzzification:
Crisp input variables are converted into fuzzy sets using membership functions.
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Figure 2-Fuzzification Process with Membership Functions
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2. Inference Engine:

A set of fuzzy rules, based on expert knowledge or heuristic approaches, are used to determine
the fuzzy output.
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Figure 3-Fuzzy Rule Base
3. Defuzzification:
The fuzzy output is converted back into a crisp value to control the system.
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Figure 4- The Place of Defuzzification in A Fuzzy Control System
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Figure 5- A Particular Defuzzification Method

3

PAGE NO: 83



MEERAYAN JOURNAL (ISSN NO:2455-6033) VOLUME 25 ISSUE 6 2025

I11. Fuzzy Logic-Based MPPT Algorithms

Several fuzzy-based MPPT algorithms have been proposed in the literature, each with its own
advantages and limitations. Some of the prominent approaches include:

A. Conventional Fuzzy Logic Controller (FLC)
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Figure 6- Conventional Fuzzy Logic Controller with Inputs: Error and Change
in Error, And Output: Duty Cycle

conventional fuzzy logic controller with inputs: error and change in error, and output: duty
cycle

This approach utilizes a basic FLC with two inputs (error and change in error of the PV voltage
or power) and one output (duty cycle). The fuzzy rules are designed to adjust the duty cycle
based on the error and its rate of change, driving the system towards the MPP [7].
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Figure 7- Adaptive Fuzzy Logic Controller with Online Tuning Mechanisms

AFLCs incorporate adaptive mechanisms to tune the membership functions or fuzzy rules
online, improving the tracking performance under varying environmental conditions. This
adaptation can be achieved through various techniques such as neural networks, genetic
algorithms, and particle swarm optimization [8].
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C. Fuzzy Logic Controller with Variable Step Size (FLC-VSS)
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Figure 8- Fuzzy Logic Controller with Variable Step Size Perturbation

This approach combines the FLC with a variable step size perturbation scheme. The step size
is adjusted based on the fuzzy output, enabling faster tracking during large changes in
irradiance and finer adjustments near the MPP [9].

D. Hybrid Fuzzy Logic Controllers
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Figure 9- Hybrid Fuzzy Logic Controller Combining Fuzzy Logic with Another MPPT
Technique

Hybrid approaches combine fuzzy logic with other MPPT techniques such as P&O or INC.
These methods leverage the advantages of both techniques, resulting in improved tracking
speed and reduced oscillations [10].
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IV. MATLAB Implementation of Fuzzy-Based MPPT

MATLAB, with its Fuzzy Logic Toolbox and Simulink environment, provides a powerful
platform for implementing and evaluating fuzzy-based MPPT algorithms. The following steps
are typically involved:

1. PV System Modeling:

A mathematical model of the PV module and DC-DC converter is developed in MATLAB or
Simulink. This model accurately represents the behavior of the PV system under varying
environmental conditions.
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Figure 10-MATLAB Simulink Model of A PV System

2. FLC Design:
The Fuzzy Logic Toolbox is used to design the FLC. This involves:
o Defining Input/Output Variables:
o Input Variables:
= PV Voltage (Vpv)
= PV Current (Ipv)
= Change in PV Power (APpv)
o Output Variable:
= Duty Cycle (D)
e Membership Functions:

Membership functions define the degree to which a variable belongs to a fuzzy set.
Common membership functions include triangular, trapezoidal, and Gaussian.
membership functions for PV voltage, PV current, and duty cycle

6

PAGE NO: 86



MEERAYAN JOURNAL (ISSN NO:2455-6033) VOLUME 25 ISSUE 6 2025

PV output power

L )
o Dsrin D, D  » TP DD, D Bax

Duty cycle

Figure 11 The Relationship Between PV Power and The Duty Cycle of The MPPT Boost
Converter.

e Fuzzy Rules:

o Fuzzy rules are IF-THEN statements that map input conditions to output
actions. For example:

= IF Vpvis High AND Ipv is Low THEN D is Low
= |F Vpvis Low AND Ipv is High THEN D is High
3. MPPT Implementation:

The FLC is integrated with the PV system model in Simulink to control the duty cycle of the
DC-DC converter. The FLC receives the PV voltage, PV current, and change in PV power as
inputs and generates the appropriate duty cycle as the output.
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Figure 12- Simulink Model Integrating The FLC with The PV System
4. Simulation and Analysis:

The performance of the fuzzy-based MPPT is evaluated under various irradiance and
temperature conditions. Key performance metrics include:

« Tracking Efficiency: How well the MPPT tracks the maximum power point.

o Steady-State Error: The difference between the actual power and the maximum
power.

e Dynamic Response: How quickly the MPPT responds to changes in irradiance and
temperature.

By simulating the fuzzy-based MPPT under different conditions, engineers can fine-tune the
FLC design and optimize the performance of the PV system.
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V. Review of Research in the Last Decade

The past decade has witnessed significant research efforts in optimizing fuzzy-based MPPT
algorithms using adaptive control strategies in MATLAB. Some notable contributions are

summarized below:

[11] proposed an adaptive fuzzy logic-based MPPT for a stand-alone PV system using
MATLAB/Simulink. The FLC was designed with two inputs (change in power and change in
voltage) and one output (duty cycle), demonstrating improved tracking efficiency and
reduced oscillations compared to conventional P&O.

[12] introduced an adaptive fuzzy logic controller (AFLC) with online membership function
tuning via genetic algorithms. MATLAB simulations confirmed its effectiveness in tracking
the MPP under rapidly changing irradiance.

[13] developed a hybrid MPPT algorithm combining adaptive fuzzy logic with incremental
conductance. The fuzzy component ensured fast dynamic response, while INC refined
steady-state accuracy. MATLAB/Simulink results showed superior performance over
standalone methods.

[14] presented a variable step-size fuzzy logic controller (FLC-VSS) for MPPT, where step
size was dynamically adjusted based on fuzzy inference. MATLAB simulations validated its
efficacy under varying irradiance.

[15] compared defuzzification methods in adaptive fuzzy MPPT, with MATLAB-based

analysis showing the center of gravity method as optimal for tracking performance.

V1. Comparative Analysis with Conventional MPPT

Studies comparing adaptive fuzzy-based MPPT with conventional methods (P&O, INC)
highlight key advantages:

Faster Tracking Speed: Adaptive FLCs dynamically adjust to irradiance changes, enabling
rapid MPP convergence.

Reduced Oscillations: Adaptive tuning minimizes steady-state oscillations around the MPP.,
Improved Efficiency: Enhanced accuracy in dynamic and steady-state conditions maximizes
power extraction.

Robustness: Adaptive FLCs mitigate sensitivity to noise and parameter variations.
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VII. Challenges and Future Trends
Despite progress, challenges persist in adaptive fuzzy-based MPPT:

Optimal Adaptation Mechanism: Designing self-tuning fuzzy rules and membership
functions remains heuristic.

Computational Load: Real-time adaptation may increase processing demands for embedded
systems.

Real-World Validation: Bridging simulation-performance gaps under hardware constraints

(e.g., sensor noise) is critical.

Future trends include:

Advanced Adaptive Techniques: Type-2 fuzzy systems and neuro-fuzzy hybrids for
nonlinear PV dynamics.

Al-Driven Optimization: Integrating metaheuristics (e.g., PSO, GA) for autonomous FLC
tuning.

Edge Computing: Deploying lightweight adaptive FLCs on low-cost microcontrollers.
Grid-Interactive Systems: Adaptive MPPT for hybrid PV-grid stability and energy

management.

VIII. Conclusion

Adaptive fuzzy logic control has emerged as a robust solution for optimizing MPPT in solar
PV systems, leveraging its self-tuning capability to handle environmental uncertainties.
MATLAB-based research over the past decade demonstrates its superiority over conventional
methods in tracking speed, efficiency, and adaptability. Future work should focus on Al-
enhanced adaptation, real-time hardware deployment, and grid integration to advance the

feasibility of adaptive fuzzy MPPT in commercial applications.
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