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Abstract 

The growing demand for renewable energy has led to increased adoption of 

photovoltaic (PV) systems. However, their efficiency and reliability are significantly affected 

by partial shading conditions (PSCs), which cause power losses and fault occurrences. 

Traditional fault detection methods often fail to provide accurate and timely identification of 

shading-induced issues. To address this challenge, metaheuristic techniques have emerged as 

effective solutions due to their optimization capabilities in complex, nonlinear environments. 

This review explores various metaheuristic-based fault detection methods for PV systems 

under PSCs, analysing their effectiveness, advantages, and limitations. Key algorithms such as 

Genetic Algorithm (GA), Particle Swarm Optimization (PSO), Differential Evolution (DE), 

Ant Colony Optimization (ACO), and Artificial Bee Colony (ABC) are discussed, emphasizing 

their roles in improving fault detection accuracy. Additionally, hybrid approaches integrating 

machine learning and metaheuristic algorithms are reviewed to assess their potential in 

enhancing fault diagnosis. The study aims to provide insights into the most efficient 

metaheuristic techniques for fault detection, emphasizing their application in real-time PV 

system monitoring. Future research directions and challenges in implementing these techniques 

are also outlined to facilitate further advancements in PV fault detection methodologies. 

Keywords: Photovoltaic System, Partial Shading Condition, Fault Detection, Metaheuristic 

Techniques, Optimization Algorithms 
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1. Introduction 

Photovoltaic (PV) systems have emerged as one of the most promising renewable 

energy sources due to their sustainability, minimal environmental impact, and ease of 

deployment. However, their efficiency is significantly affected by environmental factors such 

as partial shading conditions (PSCs), which occur due to obstacles like trees, buildings, and 

cloud movement[1]. PSCs lead to uneven solar irradiance on PV panels, resulting in multiple 

power peaks in the current-voltage (I-V) and power-voltage (P-V) characteristics, causing 

power losses, reduced efficiency, and even system faults. Traditional fault detection methods, 

such as thermal imaging, electrical signature analysis, and model-based techniques, often 

struggle to accurately diagnose faults under PSCs due to the complex nature of non-uniform 

irradiance patterns. To address these challenges, metaheuristic techniques have gained 

attention as effective fault detection and optimization tools. These algorithms, inspired by 

natural phenomena and evolutionary processes, offer robust solutions for optimizing nonlinear 

and complex problems[2-4]. Metaheuristic-based fault detection methods, including Genetic 

Algorithm (GA), Particle Swarm Optimization (PSO), Differential Evolution (DE), Ant 

Colony Optimization (ACO), and Artificial Bee Colony (ABC), have demonstrated superior 

accuracy in identifying faults under varying shading conditions. Additionally, hybrid 

approaches that integrate machine learning and metaheuristic optimization further enhance 

fault detection capabilities[5-8]. 

This study provides a comprehensive review of metaheuristic-based fault detection 

techniques in PV systems operating under PSCs. The study details the advantages, challenges, 

and future research directions in this domain, aiming to improve the reliability and performance 

of PV systems in real-world applications[9]. 

  



Metaheuristic Techniques Based Detection of Faults in a Photovoltaic System Under Partial Shading Condition – A Review 

 3 

 

 

2. Pv System and Partial Shading Effects 

2.1 Overview of Photovoltaic (PV) Systems 

Photovoltaic (PV) systems convert solar energy into electrical power using 

semiconductor-based solar cells. These cells generate electricity through the photovoltaic 

effect, where sunlight excites electrons to create a flow of current. PV modules are 

interconnected to form arrays, which are further linked to power conditioning units and energy 

storage systems for efficient energy management. The widespread adoption of PV technology 

is driven by its environmental benefits, reliability, and sustainability. However, real-world 

operational challenges, such as partial shading conditions (PSCs), significantly impact system 

performance and efficiency. 

2.2 Impact of Partial Shading on PV Performance 

Partial shading occurs when an external object, such as a tree, building, or cloud, blocks 

sunlight from reaching a portion of the PV array. Since solar cells are typically connected in 

series to achieve higher voltage levels, shading a single cell can restrict the current flow of the 

entire module. This results in a disproportionate power loss that is significantly greater than 

the shaded area itself. In extreme cases, shading as little as 10% of a PV array can reduce the 

total output by more than 50%. The P-V characteristics of the partially shaded PV panel can be 

seen in Figure 1. The impact of partial shading varies depending on the shading pattern, 

duration, and intensity of obstruction. 

 

Figure 1. P-V Characteristics of Partially Shaded Solar Panel. 
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2.3 Power Loss and Multiple Power Peaks 

Under uniform sunlight exposure, a PV system typically exhibits a single maximum 

power point (MPP)—the optimal operating condition where power output is maximized. 

However, when partial shading occurs, the power-voltage (P-V) curve deviates from its normal 

characteristics and develops multiple peaks. These include a global MPP, which provides the 

highest power output, and several local MPPs, which can mislead conventional maximum 

power point tracking (MPPT) algorithms. Figure 2 depicts the maximum power peaks from the 

partially shaded panel in the I-V and P-V curves. Inefficient MPPT under PSCs can cause the 

system to operate at a suboptimal point, leading to unnecessary power losses. Advanced 

algorithms, including metaheuristic techniques, are required to address these challenges and 

ensure proper tracking of the global MPP. 

 

Figure 2. Multiple Power Peaks from the Partial Shading Effect. 

2.4 Hotspot Formation and Role of Bypass Diodes [10 

One of the critical consequences of partial shading is the formation of hotspots—

localized heating in shaded cells due to reverse bias operation. When a shaded cell restricts 

current flow, it starts dissipating energy as heat instead of generating power. This phenomenon 

can degrade cell materials, reduce module lifespan, and in severe cases, lead to permanent 

damage or fire hazards. To mitigate this issue, bypass diodes are integrated into PV modules. 

Figure 3 shows the bypass diode in PV panel. These diodes provide an alternate path for 

current, allowing it to bypass shaded cells and reducing the risk of overheating. Despite their 

benefits, bypass diodes can also introduce power losses if triggered frequently, making optimal 

placement and system design crucial for enhanced efficiency. 
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Figure 3. Bypass Diode in PV Panel. [11] 

3. Metaheuristic Techniques for Fault Detection 

3.1 Introduction to Metaheuristic Algorithms 

Fault detection in photovoltaic (PV) systems is essential for maintaining high efficiency 

and preventing long-term performance degradation. Traditional fault detection methods, such 

as model-based and rule-based approaches, often struggle with the nonlinear nature of PV 

arrays, especially under varying environmental conditions like partial shading. To overcome 

these limitations, metaheuristic algorithms have gained prominence due to their ability to 

efficiently solve complex optimization problems without requiring explicit mathematical 

models. The classification of metaheuristic algorithms can be seen in Figure 4. 

 

Figure 4. Classification of Metaheuristic Algorithms. 

3.2 Role of Metaheuristic Techniques in Fault Detection 

Metaheuristic algorithms operate by exploring and exploiting large solution spaces to 

identify optimal or near-optimal solutions for a given problem. The advantage of these 

techniques lies in their adaptability, as they can be customized for different types of PV faults, 

including open-circuit faults, short-circuit faults, bypass diode failures, and degradation-related 

anomalies. 
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Several metaheuristic algorithms have been successfully applied to fault detection in 

PV systems, including: 

• Genetic Algorithm (GA): Based on the principles of natural selection and evolution, 

GA is widely used for optimizing classification models in fault detection. It helps in 

selecting the most relevant fault features while reducing computational complexity. 

• Particle Swarm Optimization (PSO): Inspired by the social behaviour of birds and fish, 

PSO is effective in optimizing fault detection models by adjusting search parameters 

dynamically to improve accuracy. 

• Differential Evolution (DE): A population-based optimization algorithm that efficiently 

detects faults by refining detection parameters through iterative improvements. 

• Ant Colony Optimization (ACO): This method mimics the food-searching behaviour 

of ants and is useful for optimizing routing paths in fault classification problems. 

• Artificial Bee Colony (ABC) Algorithm: Inspired by the foraging behaviour of 

honeybees, ABC helps in optimizing diagnostic models for fault identification. 

3.3 Hybrid Metaheuristic Approaches for PV Fault Detection 

To enhance the accuracy and robustness of fault detection, researchers have developed 

hybrid approaches that combine multiple metaheuristic techniques. These approaches leverage 

the strengths of different algorithms to overcome individual limitations. Some effective hybrid 

strategies include: 

• GA-ANN (Genetic Algorithm with Artificial Neural Networks): GA is used to optimize 

the weights and biases of ANN models, improving the classification accuracy of PV 

faults. 

• PSO-Fuzzy Logic Systems: PSO fine-tunes fuzzy logic parameters, enabling more 

precise fault classification under dynamic shading and load variations. 

• ACO-SVM (Support Vector Machine): ACO is employed to select optimal fault 

features, improving the performance of SVM-based fault detection models. 
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4. Key Metaheuristic Algorithms used in Fault Detection 

 

4.1 Introduction 

Fault detection in photovoltaic (PV) systems is a critical aspect of ensuring optimal 

energy production and system reliability. Given the complexity and non-linearity of PV system 

faults, traditional diagnostic approaches often fall short of accurately identifying and mitigating 

these issues. Metaheuristic algorithms have emerged as powerful tools to address this 

challenge, offering robust optimization techniques that efficiently detect and classify faults. 

This chapter explores four widely used metaheuristic algorithms in PV fault detection: Genetic 

Algorithm (GA), Particle Swarm Optimization (PSO), Artificial Bee Colony (ABC) 

Algorithm, and Differential Evolution (DE). 

4.2 Genetic Algorithm (GA) 

Genetic Algorithm (GA) is an evolutionary optimization technique inspired by the 

principles of natural selection and genetics. It mimics biological processes such as 

reproduction, mutation, and crossover to evolve potential solutions over multiple generations. 

The flowchart of the Genetic Algorithm is shown in Figure 5. The Application of GA in Fault 

Detection includes, it is employed to optimize classification models for PV fault detection by 

selecting the most relevant fault features and it helps in fine-tuning Artificial Neural Networks 

(ANNs) for fault diagnosis by determining optimal weights and biases. 

The Advantages of GA are, 

• Handles complex, multi-dimensional fault detection problems efficiently. 

• Provides global search capability, reducing the chances of getting stuck in local optima. 
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Figure 5. Flowchart Genetic Algorithm. 

4.3 Particle Swarm Optimization (PSO) 

Particle Swarm Optimization (PSO) is inspired by the collective behaviour of bird 

flocks and fish schools. It is a population-based algorithm where particles explore the search 

space and adjust their positions based on personal and global best solutions. The flowchart of 

Particle Swarm Optimization is shown in Figure 6. The applications of the PSO in fault 

detection include, it is used for optimizing fault classification models by refining search 

parameters and helps in tracking the global maximum power point in PV systems affected by 

partial shading. 

 

Figure 6. Flowchart of Particle Swarm Optimization. 
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The Advantages of PSO are, 

• Fast convergence and simple implementation. 

• Requires fewer hyperparameters compared to GA. 

4.4 Artificial Bee Colony (ABC) Algorithm 

Artificial Bee Colony (ABC) is an optimization algorithm inspired by the foraging 

behaviour of honeybee colonies. It consists of three types of bees—employed bees, onlooker 

bees, and scout bees—that work together to find optimal solutions. The flowchart of the 

Artificial Bee Colony Algorithm is shown in figure 7. The Applications of ABC in fault 

detection are, it is used in data-driven fault classification models by optimizing classifier 

parameters and it helps in detecting PV array faults by evaluating current-voltage 

characteristics. 

 

Figure 7.  Flowchart of ABC Algorithm 

The Advantages of ABC are, 

• High exploration capability, leading to effective fault detection. 

• Flexible and adaptive for various PV system fault types. 
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4.5 Differential Evolution (DE) 

Differential Evolution (DE) is an optimization algorithm that enhances solution search 

using mutation, crossover, and selection operations. It is particularly effective in solving 

continuous optimization problems. The flowchart of Differential Evolution Algorithm is shown 

in figure 8. The Applications of DE in fault detection are, it is used to optimize machine 

learning-based fault classification models and it enhances MPPT strategies for PV systems 

operating under partial shading. 

The Advantages of DE are, 

• Robust and efficient in optimizing complex fault detection models. 

• Provides fast convergence with fewer tuning parameters. 

 

Figure 8. Flowchart of Differential Evolution Algorithm 

 

5. Performance Evaluation of Metaheuristic Fault Detection Methods 

 

5.1 Introduction 

The effectiveness of metaheuristic algorithms in fault detection for photovoltaic (PV) 

systems is measured by evaluating their accuracy, computational efficiency, and adaptability 

under varying environmental conditions. Since PV faults such as open-circuit faults, short-
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circuit faults, bypass diode failures, and partial shading effects exhibit complex behaviours, 

selecting the best algorithm depends on multiple performance metrics. This chapter provides 

an in-depth evaluation of metaheuristic fault detection methods, comparing their strengths, 

weaknesses, and practical applications in PV fault diagnosis. 

5.2 Performance Metrics for Fault Detection 

Metaheuristic algorithms are assessed based on the following key performance metrics: 

• Detection Accuracy: The percentage of correctly identified faults in the PV system. A 

higher accuracy indicates better fault classification. 

• Computation Time: The time required for an algorithm to detect faults. Real-time fault 

detection demands low computational latency. 

• Convergence Speed: The ability of an algorithm to quickly reach an optimal solution 

without excessive iterations. 

• Robustness: The algorithm’s capability to maintain performance under variable 

conditions such as irradiance fluctuations and temperature changes. 

• False Positive Rate (FPR): The percentage of incorrect fault detections when the PV 

system is functioning correctly. 

• Scalability: The algorithm's ability to handle large-scale PV arrays efficiently. 

 

6. Challenges and Future Directions 

 

 6.1 Introduction 

Despite the advancements in using metaheuristic techniques for fault detection in 

photovoltaic (PV) systems, several challenges persist. These include computational 

complexity, adaptability under dynamic environmental conditions, hardware constraints, and 

integration with emerging technologies. Addressing these challenges is crucial for improving 

the reliability and efficiency of PV fault diagnosis. This chapter explores the key obstacles 

faced in implementing metaheuristic-based fault detection systems and highlights future 

research directions to enhance their effectiveness. 

 

 



                                                                                                                                                                                            Maruthupandi. P, Vikram.G.D  

Recent Research Reviews Journal, June 2025, Volume 4, Issue 1  12 

 
 

 

6.2 Challenges in Metaheuristic-Based Fault Detection 

6.2.1 Computational Complexity and Convergence Issues 

Metaheuristic algorithms, particularly Genetic Algorithms (GA), Differential Evolution 

(DE), and Artificial Bee Colony (ABC), often require extensive computations to optimize fault 

detection models. The convergence speed of these algorithms can vary, with some requiring 

multiple iterations to reach an optimal solution. High computational demand limits real-time 

applications, making it necessary to develop lightweight optimization techniques or hybrid 

models that balance accuracy with efficiency. 

6.2.2 Adaptability to Environmental Variability 

PV systems operate under constantly changing environmental conditions, such as 

irradiance fluctuations, temperature variations, and shading effects. Many metaheuristic 

algorithms struggle to adapt to these variations in real time, leading to reduced fault detection 

accuracy. The challenge is to develop adaptive algorithms that dynamically adjust their search 

strategies based on real-time PV system conditions. 

6.2.3 Hardware Limitations and Implementation Constraints 

Deploying metaheuristic-based fault detection on embedded systems, such as 

microcontrollers and edge computing devices, presents challenges related to processing power, 

memory limitations, and energy consumption. Many existing metaheuristic techniques are 

computationally expensive and require high-performance computing resources, making their 

implementation in low-cost PV monitoring systems difficult. 

6.3 Future Directions in Metaheuristic Fault Detection 

6.3.1 Integration with Artificial Intelligence and Deep Learning 

The combination of deep learning models with metaheuristic optimization techniques 

has the potential to significantly improve PV fault detection accuracy. Metaheuristic-optimized 

neural networks can enhance feature selection and parameter tuning, leading to better fault 

classification under varying conditions. 
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6.3.2 Edge Computing for Real-Time Fault Diagnosis 

The integration of metaheuristic fault detection algorithms with edge computing 

devices can enable real-time fault detection in PV systems. Implementing lightweight 

optimization techniques on IoT-based smart PV monitoring systems can enhance scalability 

and reduce reliance on cloud computing resources. 

6.3.3 Quantum-Inspired Optimization Techniques 

Quantum computing principles are being explored to improve the efficiency of 

metaheuristic algorithms. Quantum Particle Swarm Optimization (QPSO) and Quantum 

Genetic Algorithms (QGA) have shown promise in accelerating convergence speeds while 

reducing computational overhead. Future research should focus on quantum-inspired fault 

detection models for PV systems. 

Metaheuristic techniques have emerged as powerful tools for detecting faults in 

photovoltaic (PV) systems, especially under partial shading conditions. This review has 

explored various metaheuristic algorithms, including Genetic Algorithm (GA), Particle Swarm 

Optimization (PSO), Artificial Bee Colony (ABC), and Differential Evolution (DE), 

highlighting their strengths and limitations in PV fault detection. These algorithms have 

demonstrated remarkable accuracy and adaptability, yet challenges such as computational 

complexity, environmental variability, and hardware limitations still need to be addressed. 

Future research should focus on developing real-time, adaptive, and self-learning PV fault 

detection models that can operate efficiently under dynamic environmental conditions. 

Standardized benchmarking datasets and evaluation frameworks are also needed to ensure 

comparability across different methodologies. By addressing these challenges and leveraging 

advanced computational techniques, metaheuristic-based fault detection can play a crucial role 

in improving the reliability, efficiency, and sustainability of solar energy systems. 

7. Conclusion 

 

This review underscores the importance of continuous innovation in fault detection 

methodologies to maximize the performance of PV systems. With ongoing advancements in 

artificial intelligence, IoT, and optimization algorithms, the future of metaheuristic-based PV 

fault detection is promising, paving the way for smarter and more resilient renewable energy 

solutions.  
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