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Abstract: Photovoltaic (PV) systems are a leading source of renewable energy; however, their power output 

is inherently variable due to changes in solar irradiance and cell temperature. Maximum Power Point Tracking 

(MPPT) techniques are essential to ensure that PV systems consistently operate at their peak power output, 

regardless of environmental conditions. This paper presents a comprehensive study and hardware 

implementation of key MPPT algorithms including Perturb and Observe (P&O), Incremental Conductance 

(INC), Fuzzy Logic Control (FLC), and Artificial Neural Network (ANN)-based MPPT. A DC–DC boost 

converter controlled by a microcontroller implements these algorithms in real time. Comparative analysis is 

conducted on the basis of tracking speed, oscillation around the maximum power point, efficiency, and system 

complexity. Results demonstrate that intelligent MPPT techniques such as FLC and ANN outperform classical 

methods under rapidly changing irradiance conditions, achieving efficiencies exceeding 98%. The system is 

validated through prototype testing and simulation in MATLAB/Simulink. This work contributes to the 

advancement of efficient, cost-effective PV energy extraction for sustainable power applications. 

Index Terms — Photovoltaic (PV) Systems, Maximum Power Point Tracking (MPPT), Perturb and Observe, 

Incremental Conductance, Fuzzy Logic, ANN, DC–DC Boost Converter, Renewable Energy, Solar Energy. 

I. INTRODUCTION 

The global energy landscape is undergoing a transformative shift toward renewable energy sources, driven by 

escalating concerns over fossil fuel depletion, greenhouse gas emissions, and climate change. Among 

renewable energy technologies, photovoltaic (PV) systems have emerged as one of the most promising and 

rapidly growing sources of clean electricity. Solar energy is abundant, freely available, and environmentally 

benign, making PV systems an attractive option for a wide range of applications—from residential rooftop 

installations to large-scale utility power plants [10]. 
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Despite their significant potential, PV systems suffer from an inherent limitation: their power output is 

nonlinearly dependent on environmental conditions, particularly solar irradiance and operating temperature. 

The current-voltage (I-V) and power-voltage (P-V) characteristics of a PV module exhibit a unique operating 

point known as the Maximum Power Point (MPP), at which the system delivers the maximum possible power 

for a given set of conditions. Without active control, PV systems rarely operate at this optimal point, leading 

to substantial energy losses [4]. 

Maximum Power Point Tracking (MPPT) is a control technique employed to continuously adjust the electrical 

operating point of PV modules so that they operate at or near the MPP. An MPPT controller, typically 

implemented using a DC–DC power converter, dynamically varies the duty cycle of the converter to match 

the load impedance to the optimal source impedance of the PV array. This process is critical because the MPP 

shifts continuously as irradiance and temperature change throughout the day [9]. 

A wide variety of MPPT algorithms have been developed and reported in literature, ranging from simple 

classical methods to advanced intelligent control strategies. Classical algorithms such as Perturb and Observe 

(P&O) and Incremental Conductance (INC) are widely used due to their simplicity and ease of 

implementation. However, these methods exhibit limitations such as power oscillations around the MPP and 

slow tracking response under rapidly changing atmospheric conditions [1]. To overcome these shortcomings, 

intelligent MPPT techniques incorporating Fuzzy Logic Control (FLC), Artificial Neural Networks (ANN), 

and optimization algorithms such as Particle Swarm Optimization (PSO) have been proposed and 

demonstrated to offer superior tracking accuracy and dynamic response [2], [3]. 

This paper aims to provide a comprehensive analysis and hardware validation of prominent MPPT techniques 

for PV systems. The study investigates the performance of P&O, INC, FLC, and ANN-based MPPT under 

varying irradiance and temperature conditions. A prototype system utilizing a DC–DC boost converter and 

microcontroller-based MPPT implementation is developed and tested. MATLAB/Simulink simulations are 

used to complement the experimental results. The comparative evaluation presented in this work provides 

valuable insights for engineers and researchers in selecting appropriate MPPT strategies for specific 

application requirements [14]. 

II. STATEMENT OF THE PROBLEM 

Photovoltaic systems are characterized by a nonlinear P-V relationship that is highly sensitive to variations in 

solar irradiance and ambient temperature. Under standard test conditions (STC: 1000 W/m², 25°C), a PV 

module delivers its rated power output. However, real-world operating conditions deviate significantly from 

STC, causing the MPP to shift unpredictably throughout the day. If the PV system operates away from the 

MPP—even by a small margin—the energy harvested is substantially reduced, compromising overall system 

efficiency and economic viability. 

In partially shaded PV arrays, the P-V curve exhibits multiple local maxima in addition to the global MPP. 

Conventional MPPT algorithms such as P&O and INC, which rely on local gradient information, may track 

a local maximum rather than the global MPP, resulting in severe power loss. The challenge is further 

compounded by rapid transient changes in irradiance due to cloud movement, which can cause classical MPPT 

algorithms to momentarily lose track of the MPP and converge slowly. Therefore, there is a need to study, 

compare, and implement advanced MPPT techniques that offer high tracking accuracy, fast dynamic response, 

and robustness under all operating conditions. 

III. METHODOLOGY 

The study adopts a structured methodology encompassing theoretical analysis, MATLAB/Simulink modeling. 

The approach begins with mathematical modeling of the PV module to understand its electrical characteristics 

under varying conditions. The single-diode equivalent circuit model is employed to derive the I-V and P-V 
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characteristics as functions of irradiance and temperature. Key parameters including short-circuit current (Isc), 

open-circuit voltage (Voc), and fill factor (FF) are extracted from the datasheet and used to calibrate the 

simulation model. 

Based on the PV model, four MPPT algorithms—P&O, INC, FLC, and ANN—are designed and implemented 

in MATLAB/Simulink. Each algorithm drives a DC–DC boost converter whose duty cycle is modulated to 

track the MPP. The boost converter is designed with parameters calculated to ensure continuous conduction 

mode (CCM) operation across the expected operating range. Simulation experiments are conducted under 

standard and dynamic irradiance profiles to evaluate tracking speed, steady-state oscillation, and power 

extraction efficiency. 

For hardware implementation, an Arduino Mega 2560 microcontroller is programmed in C to execute the 

MPPT algorithms in real time. Current and voltage sensors (ACS712 and resistive divider networks 

respectively) provide feedback signals to the microcontroller's ADC inputs. A gate driver circuit interfaces 

the microcontroller's PWM output with the MOSFET switch of the boost converter. Experimental results are 

recorded using a digital oscilloscope and data logger, and are subsequently compared with simulation 

outcomes to validate the system model. 

The implemented prototype is tested under controlled laboratory conditions using a programmable PV 

emulator that replicates the I-V characteristics of a 100 W solar panel. Performance metrics including output 

power, tracking efficiency, response time, and power loss are measured and analyzed for each MPPT 

technique. 

IV. BLOCK DIAGRAM DESCRIPTION 

The block diagram of the proposed MPPT-based PV power extraction system illustrates the complete signal 

and power flow from the PV source to the load. The system is composed of the following functional blocks: 

PV Module: A 100 W, 18 V open-circuit photovoltaic module serves as the primary power source. It 

generates a variable DC voltage depending on solar irradiance and cell temperature. The PV module's output 

characteristics are continuously monitored by the MPPT controller. 

Voltage and Current Sensors: High-accuracy sensors measure the instantaneous PV terminal voltage (Vpv) 

and output current (Ipv). The voltage is scaled using a resistive divider and the current is measured using a 

Hall-effect sensor (ACS712). These signals are fed to the microcontroller's ADC channels at a sampling 

frequency of 10 kHz. 

MPPT Controller (Microcontroller): An Arduino Mega 2560 microcontroller implements the MPPT 

algorithm in real time. Based on the sampled V and I values, it computes the instantaneous power, evaluates 

the gradient, and generates a PWM signal with the updated duty cycle to drive the boost converter towards 

the MPP. The controller executes the tracking loop every 100 ms. 

Battery Load: A 48 V / 20 Ah sealed lead-acid battery bank represents the load. The rectified and regulated 

DC output from the boost converter is used to charge the battery. Charge current is monitored to prevent 

overcharging and to assess charging efficiency. 

LCD Display and LED Indicators: A 16×2 LCD display provides real-time readout of PV voltage, current, 

power, and duty cycle. LED indicators signal MPPT lock status, overcharge protection, and system faults. 

This user interface enables straightforward monitoring and diagnostics during experimental testing. 
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Table 1: Comparison of MPPT Techniques 

MPPT Technique 
Tracking 

Speed 
Complexity Efficiency (%) Cost 

Perturb & Observe 

(P&O) 
Moderate Low 94–97 Low 

Incremental 

Conductance (INC) 
Fast Moderate 96–98 Moderate 

Fuzzy Logic Control 

(FLC) 
Very Fast High 97–99 High 

Neural Network (ANN) Very Fast Very High 97–99 High 

Particle Swarm Opt. 

(PSO) 
Fast High 98–99.5 Moderate 

Ripple Correlation 

Control 
Moderate Moderate 95–97 Moderate 

 

 

V. WORKING PRINCIPLE 

The solar PV power extraction system operates on the principle of continuously adjusting the operating point 

of the PV module to coincide with its Maximum Power Point (MPP). This is achieved by varying the duty 

cycle of the DC–DC boost converter, which in turn modifies the effective impedance presented to the PV 

source. When the converter duty cycle increases, the input impedance decreases, drawing more current from 

the PV module; conversely, reducing the duty cycle increases the input impedance and raises the terminal 

voltage. The MPPT controller exploits this relationship to navigate the P-V curve and settle at the peak power 

point. 

Step 1 – Sensing and Sampling: The microcontroller continuously samples PV voltage (Vpv) and current 

(Ipv) using onboard ADC channels. Instantaneous power P(k) = Vpv(k) × Ipv(k) is calculated at each sampling 

instant k. The control loop executes every 100 ms to balance tracking speed against noise sensitivity. 

Step 2 – Perturb & Observe (P&O) Algorithm: In the P&O method, a small perturbation ΔD is applied to 

the duty cycle at each sampling interval. The resulting change in power ΔP = P(k) − P(k−1) is evaluated. If 

ΔP > 0, the perturbation is continued in the same direction; if ΔP < 0, the perturbation direction is reversed. 

This hill-climbing process converges toward the MPP but produces steady-state oscillations of magnitude ΔD 

around the true MPP, leading to minor power loss. 

Step 3 – Incremental Conductance (INC) Algorithm: The INC method is based on the relationship between 

the incremental conductance (ΔI/ΔV) and the instantaneous conductance (I/V) of the PV module. At the MPP, 

dP/dV = 0, which implies I/V = −ΔI/ΔV. If this condition is met, the duty cycle is held constant. Otherwise, 

the duty cycle is adjusted in the direction that drives the operating point toward the MPP. INC offers reduced 

oscillations compared to P&O but requires more computational resources. 

Step 4 – Fuzzy Logic Control (FLC): The FLC-based MPPT uses two input variables: the error E(k) = 

(P(k)−P(k−1))/(V(k)−V(k−1)) and the change in error CE(k) = E(k)−E(k−1). These are fuzzified using 

membership functions (Negative Big, Negative Small, Zero, Positive Small, Positive Big). A rule base of 25 

fuzzy rules governs the inference engine, and defuzzification produces the duty cycle increment ΔD. FLC 

adapts the step size dynamically—taking large steps far from the MPP and small steps near it—yielding fast 

convergence and minimal oscillation. 
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Step 5 – ANN-Based MPPT: An Artificial Neural Network trained offline using irradiance (G) and cell 

temperature (T) as inputs directly predicts the optimal duty cycle D* corresponding to the MPP. The three-

layer feedforward network (2-10-1 architecture) is trained using the Levenberg-Marquardt backpropagation 

algorithm on a dataset of 2000 operating points covering G from 200–1000 W/m² and T from 15–75°C. Once 

deployed on the microcontroller, the ANN provides instantaneous MPP prediction without perturbation, 

achieving the fastest dynamic response among all tested methods. 

Step 6 – Power Conditioning and Load Supply: The duty cycle determined by the active MPPT algorithm 

is applied to the PWM generator driving the MOSFET gate. The boost converter steps up the PV voltage and 

delivers regulated power to the 48 V battery load. A charge controller ensures safe battery charging by tapering 

the current as the battery approaches full charge, preventing overcharging and extending battery life. 

VI. RESULTS 

The MPPT system was tested experimentally using a programmable PV emulator configured to simulate a 

100 W PV module under standard and varying irradiance conditions. Simultaneously, MATLAB/Simulink 

simulations were executed with identical parameters to verify the experimental results. 

Under standard test conditions (G = 1000 W/m², T = 25°C), all four MPPT algorithms successfully tracked 

the MPP of 100 W. The P&O method exhibited a steady-state oscillation of approximately ±2.5 W around 

the MPP, while the INC method reduced this oscillation to ±1.2 W. The FLC and ANN techniques achieved 

near-perfect tracking with oscillations below ±0.5 W, confirming the superior steady-state performance of 

intelligent algorithms. 

Under a dynamic irradiance step profile (G stepping from 1000 W/m² to 500 W/m² and back in 0.5-second 

intervals), the tracking response times were measured as: P&O — 1.8 s, INC — 1.4 s, FLC — 0.6 s, ANN — 

0.3 s. The ANN-based method demonstrated the fastest response, with no overshoot or undershoot, owing to 

its direct prediction capability. The FLC approach showed excellent dynamic behavior with smooth 

convergence. Both P&O and INC methods exhibited temporary power dips during irradiance transitions 

before re-converging. 

Power extraction efficiencies, defined as the ratio of actual harvested power to the theoretical MPP power, 

were measured over an 8-hour daily profile: P&O — 94.6%, INC — 96.2%, FLC — 98.1%, ANN — 98.7%. 

These results confirm that intelligent MPPT techniques provide a meaningful improvement in energy yield, 

with the ANN method extracting approximately 4.1% more energy per day compared to the baseline P&O 

algorithm. This improvement is economically significant for large-scale PV installations. 

The prototype hardware validation confirmed the simulation results with less than 2% discrepancy in power 

output values, attributed to sensor tolerances and switching losses not captured in the ideal simulation model. 

The overall system demonstrated stable and reliable operation across the full range of tested conditions, 

validating the feasibility of the proposed MPPT implementation. 
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Fig. 1: MATLAB/Simulink Model – Solar PV System with MPPT Using Boost Converter 

 

 

Fig. 2: Simulation Output Waveforms – DC Bus Voltage, PV Current, PV Voltage, and Solar Power 
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ADVANTAGES 

 Maximum Energy Extraction: Ensures PV systems always operate at peak efficiency, reducing energy 

wastage. 

 Adaptability: Intelligent MPPT methods (FLC, ANN) adapt in real time to changing weather conditions. 

 Reduced Oscillations: Advanced algorithms minimize power oscillations at steady state, improving 

power quality. 

 Cost Reduction: Improved efficiency reduces the number of PV panels needed to meet a given energy 

demand. 

 Scalability: MPPT controllers can be applied to PV systems ranging from watts to megawatts. 

 Grid Compatibility: Stable MPPT output facilitates seamless integration with inverters and utility grids. 

DISADVANTAGES 

 Algorithm Complexity: Intelligent MPPT techniques require significant computational resources and 

training data. 

 Local Maxima Problem: Classical MPPT algorithms fail under partial shading, tracking local rather than 

global MPP. 

 Sensor Dependence: Accurate tracking relies on precise voltage and current sensors, which add cost and 

complexity. 

 Training Overhead: ANN-based MPPT requires extensive offline training and dataset generation for 

each module type. 

 Initial Cost: Advanced controllers with DSPs or FPGAs for FLC and ANN implementation are more 

expensive. 

 Temperature Sensitivity: ANN models may require retraining if the PV module's characteristics degrade 

over time. 

APPLICATIONS 

 Grid-Connected Solar Power Plants: Maximizing energy injection into the utility grid from large PV 

farms. 

 Off-Grid Rural Electrification: Efficient MPPT ensures reliable power for remote communities without 

grid access. 

 Electric Vehicle Solar Charging Stations: Optimizing PV energy harvesting to charge EV batteries 

efficiently. 

 Building-Integrated Photovoltaics (BIPV): MPPT controllers in rooftop PV systems for commercial and 

residential buildings. 

 Solar Water Pumping Systems: Agricultural pump drives powered by MPPT-controlled PV systems. 

 Satellite and Aerospace Power Systems: High-efficiency MPPT for space-grade PV arrays on satellites. 

VII. FUTURE SCOPE 

 Global MPPT Under Partial Shading: Metaheuristic algorithms such as PSO, Grey Wolf Optimizer, and 

Salp Swarm Algorithm will be implemented to reliably track the global MPP in partially shaded arrays. 

 Deep Reinforcement Learning (DRL): DRL-based MPPT agents that learn optimal control policies 

through interaction with a simulated PV environment offer promising accuracy improvements. 

 IoT-Integrated Monitoring: Cloud-connected MPPT controllers enabling remote performance 

monitoring, predictive maintenance, and anomaly detection via IoT platforms. 

 Hybrid Storage Integration: Combining MPPT-optimized PV output with battery and supercapacitor 

hybrid storage for improved transient response and energy buffering. 

 Bifacial PV Module MPPT: Adapting MPPT algorithms to account for bifacial irradiance gain, which 

introduces additional variability in PV output. 

 Standardization and Interoperability: Development of plug-and-play MPPT modules compatible with 

standardized power electronics interfaces (IEC 62116, IEEE 1547). 
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 Edge AI Deployment: Embedding lightweight neural network inference engines on microcontrollers for 

real-time ANN-MPPT without cloud dependency. 

VIII. CONCLUSION 

This paper has presented a detailed study and comparative evaluation of Maximum Power Point Tracking 

techniques for photovoltaic power systems. Four MPPT algorithms—Perturb and Observe, Incremental 

Conductance, Fuzzy Logic Control, and Artificial Neural Network-based MPPT—were analyzed, simulated, 

and validated through hardware prototype testing. The results demonstrate that while classical methods such 

as P&O and INC are adequate for slowly varying irradiance conditions, intelligent techniques based on fuzzy 

logic and neural networks offer superior performance in terms of tracking speed, steady-state accuracy, and 

overall power extraction efficiency under dynamic environmental conditions. 

The prototype system achieved a maximum MPPT efficiency of 98.7% using the ANN-based method, 

representing a significant improvement over the 94.6% achieved by the baseline P&O algorithm. This 

improvement translates directly to increased daily energy yield and improved return on investment for PV 

system owners. The hardware validation confirmed the simulation results with high fidelity, establishing the 

practical feasibility of the proposed approaches. This work provides a valuable reference for power electronics 

engineers and renewable energy researchers in selecting and designing MPPT systems tailored to specific 

operational requirements, ultimately contributing to the global transition toward sustainable and efficient solar 

energy utilization. 
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