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ABSTRACT

Maximum Power Point Tracking (MPPT) techniques are essential for optimizing the power output of solar
photovoltaic (PV) systems under varying environmental conditions such as solar irradiance and temperature
fluctuations. These techniques ensure that PV systems operate at their maximum power point (MPP), thereby
maximizing energy extraction and improving overall system efficiency. MPPT methods fall into three main
categories: conventional techniques (such as Perturb and Observe and Incremental Conductance), artificial
intelligence-based methods (including Fuzzy Logic Control, Artificial Neural Networks, and ANFIS), and
metaheuristic optimization algorithms (such as Particle Swarm Optimization, Grey Wolf Optimizer, and
Cuckoo Search.

Conventional MPPT methods like Perturb and Observe (P&O) are widely adopted due to their simplicity and
cost-effectiveness, though they suffer from oscillations around the MPP and slower tracking speeds. In

contrast, Al-based techniques demonstrate superior performance with tracking efficiencies approaching 99%,

faster response times, and minimal oscillations, making them particularly effective under dynamic
environmental conditions and partial shading scenarios.
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1. KEY MPPT TECHNIQUES AND PERFORMANCE
1.1 CONVENTIONAL METHODS

Perturb and Observe (P&O): This method operates by perturbing the voltage of the PV array and observing
the response in power output [6]. While simple to implement, P&O exhibits significant oscillations around the
MPP and can fail to track the global maximum power point under partial shading conditions [7]. Studies show
that P&O achieves accuracies around 97.6% but with notable power losses due to oscillations [8].

Incremental Conductance (INC): The INC method implements the slope of the power-voltage curve to
incrementally adjust the operating point [4]. It shows faster convergence to the MPP and better tracking
precision compared to P&O, especially under dynamic irradiation conditions [6]. However, it still demonstrates
moderate oscillations and longer settling times, with efficiencies up to 99.7% [1].

1.2ARTIFICIAL INTELLIGENCE-BASED METHODS
Fuzzy Logic Control (FLC): Fuzzy Logic algorithms demonstrate exceptional performance with minimal

oscillations and high efficiency under varying conditions [1]. Research indicates that Fuzzy Logic achieved 97.2%

tracking efficiency and delivered 350W of power from a 365W panel at 1000W/m? irradiance, outperforming
other conventional methods [4]. The technique accommodates the intricate and non-linear characteristics
inherent in PV systems, facilitating dynamic attainment of the optimal operating point [9].
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Fig -1: Fuzzy Logic Control System
Artificial Neural Networks (ANN): ANN-based MPPT techniques provide faster response times and fewer
oscillations around the MPP compared to traditional methods [2]. The proposed ANN-MPPT approach achieves
the highest MPPT efficiency at 98.16% with the shortest tracking time of 1.3 seconds [5]. Neural network
methods outperform traditional approaches in dynamic environments by leveraging their learning capabilities to
adapt to changes in solar irradiation and temperature [10].

Adaptive Neuro-Fuzzy Inference System (ANFIS): ANFIS combines the selectivity of fuzzy logic with the
training capabilities of artificial neural networks, resulting in superior computation and robust response [11].
Studies demonstrate that ANFIS-based controllers provide more stable and faster dynamic responses, reducing
oscillations around the MPP compared to conventional Incremental Conductance techniques [9]. ANFIS
achieves tracking efficiencies of 98.6% with convergence times significantly lower than other methods [8].

1.3METAHEURISTIC OPTIMIZATION ALGORITHMS

Particle Swarm Optimization (PSO): PSO has been used as a metaheuristic method showing promise for
MPPT applications [3]. When combined with conventional methods like P&O, PSO optimization can achieve
accuracies up to 99.6% by dynamically adjusting step sizes according to solar irradiance [12]. However,
standalone PSO achieved 255W under partial shading compared to Fuzzy Logic’s 350W [4].

Grey Wolf Optimizer (GWO): The combination of SuperTwisting Algorithm with Grey Wolf Optimizer
shows significantly faster convergence speeds with rise times of 0.0129 seconds and average efficiency of 99.33%
[13]. This approach reduces power fluctuations with lower RMSE and standard deviation compared to other
methods [13].

Flower Pollination Algorithm (FPA): FPA integrates global and local search processes, enabling identification
of the maximum power point despite fluctuations in irradiance levels [14]. The method exhibits superior
tracking capabilities with enhanced accuracy and speed compared to conventional MPPT techniques [14].
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Fig -2: Application of Flower Pollination Algorithm and its Comparative Analysis for MPPT of Solar Panels

2. PERFORMANCE UNDER PARTIAL SHADING CONDITIONS

Partial shading presents a significant challenge for MPPT systems, as the PV curve exhibits multiple local
maxima with only one global maximum power point [7]. Conventional methods like P&O can easily be trapped
in local maximum points instead of detecting the global one [15]. Advanced techniques like Fuzzy Logic, PSO,
and metaheuristic algorithms are specifically designed to address these limitations [4].

Research demonstrates that under partial shading conditions, the Giza Pyramid Construction algorithm reduced
optimization time to 41ms and settling time to 93ms with minimized output ripples of 0.092% [16]. Similarly,
hybrid approaches combining ANN, Variable Step P&O, and Fuzzy Logic show tracking speeds less than 0.1
seconds with tracking efficiency greater than 99.65% and oscillations around steady state less than 2 Watts [17].

3. COMPARATIVE ANALYSIS AND KEY FINDINGS

A comprehensive multi-criteria decision-making analysis comparing various MPPT methods reveals that Al
techniques consistently achieve tracking efficiencies of almost 99% with quick and efficient tracking speeds [3].
The comparison shows that while conventional techniques like INC and P&O achieved accuracies of 94.3% and
97.6% respectively, Al-based techniques such as Fuzzy-PSO, ANN, ANFIS, and ANN-PSO achieved
accuracies ranging from 98% to 99.6% [8].

Studies evaluating different MPPT algorithms under identical climatic conditions demonstrate that despite initial
high oscillations, sophisticated methods like the Simplified Model-Based State Estimation achieve efficiencies
up to 99.9% [1]. The Incremental Conductance method exhibited moderate oscillations and longer times to
reach the MPP with efficiencies up to 99.7%, while P&O Variable Step method outperformed the Fixed Step
method in both convergence speed and minimizing oscillations [1].
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4. CONCLUSION

Maximum Power Point Tracking techniques are crucial for maximizing the efficiency of solar photovoltaic
systems under variable environmental conditions [18]. The evolution from conventional methods to Al-based
and metaheuristic optimization techniques represents a significant advancement in PV system performance [19].
While conventional methods like P&O and INC offer simplicity and cost-effectiveness, they suffer from
oscillations, slower tracking speeds, and difficulty handling partial shading conditions [20].

Artificial intelligence-based methods, including Fuzzy Logic Control, Artificial Neural Networks, and ANFIS,
demonstrate superior performance with tracking efficiencies approaching 99%, faster response times, and better
adaptability to dynamic environmental conditions [21]. These intelligent methods provide enhanced accuracy,
responsiveness, and efficiency compared to traditional approaches, though they require higher computational
resources and more complex implementation [22].

Metaheuristic optimization algorithms offer exceptional ability to traverse the intricate and non-linear attributes
of PV systems, enabling extraction of the highest possible power output across different environmental
situations [19]. Hybrid approaches combining multiple techniques show the most promising results, achieving
tracking efficiencies greater than 99.65% with minimal oscillations and rapid response times [17].

The choice of MPPT technique depends on several factors including tracking speed, efficiency, cost, stability,
complexity of implementation, and specific application requirements [18]. For uniform irradiation conditions,
conventional methods may suffice, but for partial shading scenarios and dynamic environments, Al-based and
metaheuristic algorithms are essential for achieving optimal performance [23]. Future research directions
include optimizing computational efficiency, enhancing grid security for grid-connected systems, and
developing more robust hybrid techniques that balance performance with implementation complexity and cost
[22].

The comparative studies reveal distinct performance characteristics across different MPPT techniques when
evaluated through graphical analysis. Simulation results demonstrate that the P&O Variable Step method
outperforms the Fixed Step method in both convergence speed and minimizing oscillations when tracking the
MPP [1]. Power-voltage (P-V) curves under partial shading conditions show multiple peaks, where conventional
methods frequently converge to local maxima rather than the global maximum, resulting in power losses
ranging from 30-50% compared to optimized Al-based approaches [7].

Experimental validation conducted through MATLAB/Simulink simulations and hardware-in-the-loop testing
shows that ANN-based MPPT achieves the shortest tracking time of 1.3 seconds with minimal power
fluctuations [5]. The SuperTwisting Algorithm combined with Grey Wolf Optimizer exhibits a rise time of
0.0129 seconds, significantly outperforming Fuzzy Logic Control (0.2638 seconds) based on transient response
graphs [13]. Efficiency curves plotted under varying irradiance conditions demonstrate that ANFIS and neural
network methods maintain stable output with less than 2W oscillations at steady state, while P&O shows
fluctuations exceeding 10W [17].

Performance evaluation under the EN 50530 European Efficiency Test standard confirms that hybrid Al
techniques achieve dynamic tracking efficiencies exceeding 99.6%, representing a substantial improvement over
conventional methods [24]. Comparative bar graphs and efficiency plots indicate that while implementation
complexity increases with advanced methods, the energy harvesting gains justify the additional computational
requirements for most grid-connected and standalone PV applications [25].

This comprehensive analysis demonstrates that the continuous evolution of MPPT techniques—from simple
conventional algorithms to sophisticated Al-driven and hybrid approaches—has significantly enhanced solar PV
system performance, making renewable energy systems more efficient, reliable, and economically viable for
widespread adoption [18].
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