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Abstract 
The efficiency of solar energy systems is highly dependent on the accurate 

tracking of the maximum power point (MPP), especially under partial shading 

conditions, which are common in real-world environments. Traditional 

Maximum Power Point Tracking (MPPT) algorithms such as Perturb and 

Observe (P&O) and Incremental Conductance (IncCond) often fail to track the 

global MPP under such conditions, resulting in significant energy loss. This 

study presents a hybrid optimization approach using the Cuckoo Search (CS) 

and Particle Swarm Optimization (PSO) algorithms to improve the accuracy 

and speed of MPP tracking in solar energy systems under partial shading. The 

primary objective is to evaluate the effectiveness of the hybrid Cuckoo Search-

PSO (CS-PSO) algorithm compared to conventional MPPT methods. A 

simulation-based approach was employed to model the solar energy 

conversion system and assess the performance of the MPPT algorithms. The 

results show that the CS-PSO algorithm outperforms traditional methods, 

achieving a tracking accuracy of 98.4%, with a reduced time to reach the MPP 

(8.7 seconds). In contrast, P&O and IncCond exhibited lower accuracy and 

slower convergence times. The study concludes that the hybrid CS-PSO 

algorithm provides a more efficient solution for optimizing MPPT under 

partial shading conditions, offering significant improvements in energy 

efficiency and tracking performance. 
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INTRODUCTION 

Solar energy has emerged as one of the most promising renewable energy sources due to 

its environmental benefits and sustainability (Yousaf et al., 2025). As the global demand for 

clean and sustainable energy increases, the efficiency of solar power conversion systems 

becomes a critical factor in enhancing their contribution to the energy grid (Karuppasamy et al., 

2025). One of the key challenges in optimizing solar energy systems is ensuring that the 

maximum power point (MPP) of solar panels is accurately tracked, especially under varying 

environmental conditions such as partial shading (Ghewari & Patil, 2025). In photovoltaic (PV) 

systems, the power output is highly dependent on sunlight intensity, and even slight shading 

can significantly reduce the overall energy conversion efficiency (Dar et al., 2025). Therefore, 

optimizing the Maximum Power Point Tracking (MPPT) algorithm to ensure maximum 

efficiency under partial shading conditions has become an essential area of research in the field 

of renewable energy. 

MPPT algorithms are employed to maximize the power output from solar panels by 

dynamically adjusting the operating point of the system to the maximum power point (Roy et 

al., 2025). However, under partial shading conditions, traditional MPPT algorithms often fail to 

identify the global maximum power point, resulting in significant energy losses (Dagal et al., 

2025). This issue arises because the shading can create multiple peaks in the power-voltage 

curve, and conventional MPPT methods may only track the local peak, which is suboptimal 

(Gálvez et al., 2025). Therefore, the development of robust MPPT algorithms capable of 

accurately tracking the global maximum power point under partial shading conditions is 

essential for optimizing solar energy conversion systems (El Marzougui et al., 2025). This 

research explores the application of a hybrid Cuckoo Search-Particle Swarm Optimization (CS-

PSO) algorithm as a solution to this problem, aiming to enhance the performance of MPPT 

systems. 

The hybrid CS-PSO algorithm is designed to combine the strengths of two powerful 

optimization techniques: the global search ability of Cuckoo Search and the local search 

capability of Particle Swarm Optimization (Kumar & M.A., 2025). By merging these two 

algorithms, the hybrid approach can better explore the solution space, improving the accuracy 

and speed of MPPT in partial shading conditions (Varshney et al., 2025). This research builds 

on existing work in the field by introducing a novel optimization method that addresses the 

limitations of traditional MPPT algorithms and enhances the overall efficiency of solar energy 

systems. 

The main issue addressed by this research is the inefficiency of conventional MPPT 

algorithms in tracking the global maximum power point in photovoltaic systems under partial 

shading conditions (Panigrahy & Samal, 2025). Partial shading occurs when obstacles such as 

trees, buildings, or clouds block sunlight from reaching the solar panels, causing a significant 

decrease in energy output (Patra et al., 2025). Under these conditions, the power-voltage (P-V) 

curve of a solar panel becomes complex, with multiple local maxima, and conventional MPPT 

methods struggle to identify the true global maximum power point (Padhmanabhaiyappan et 

al., 2025). As a result, the system may operate at a suboptimal power point, leading to energy 

losses and reduced efficiency. 

Traditional MPPT algorithms, such as Perturb and Observe (P&O) and Incremental 

Conductance (IncCond), often fail in partial shading situations due to their inability to 

differentiate between local and global maxima (Ratul & Akter, 2025). These methods typically 

track the first peak they encounter, which is not necessarily the global maximum, leading to 

lower energy output (Vikas Lakra et al., 2025). Therefore, there is a critical need for more 

advanced MPPT techniques that can overcome this limitation and ensure that solar systems 

operate at the optimal power point even under complex shading conditions (Guessoum et al., 

2025). The problem of partial shading requires a more sophisticated approach that can balance 
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global and local search capabilities to avoid the pitfalls of traditional algorithms and improve 

the overall performance of solar energy conversion systems. 

This study addresses these challenges by developing a hybrid CS-PSO MPPT algorithm 

that combines the strengths of both global and local search strategies (S. Sharma & Ghosh, 

2025). The goal is to design an algorithm that not only effectively identifies the global 

maximum power point in the presence of partial shading but also does so efficiently, 

minimizing computational time and maximizing energy output (Ravi & Ramachandran, 2025). 

The study aims to evaluate the performance of the proposed hybrid algorithm against 

traditional MPPT methods in terms of tracking accuracy, efficiency, and response time under 

varying shading conditions. 

The primary objective of this study is to develop and evaluate a hybrid Cuckoo Search-

PSO algorithm for optimizing MPPT in photovoltaic systems under partial shading conditions 

(Sefati et al., 2025). This research aims to investigate the effectiveness of the hybrid 

optimization approach in accurately tracking the global maximum power point while 

improving system performance in comparison to conventional MPPT methods (R & Rajaguru, 

2025). Specifically, the study seeks to: (1) design the hybrid CS-PSO algorithm, (2) implement 

the algorithm in a solar energy system model, and (3) evaluate its performance under different 

shading scenarios, such as uniform shading, partial shading, and varying degrees of shading 

intensity. 

Another objective is to compare the performance of the hybrid CS-PSO algorithm with 

traditional MPPT techniques, including the Perturb and Observe (P&O) and Incremental 

Conductance (IncCond) algorithms, in terms of efficiency, tracking accuracy, and speed of 

convergence (Tiam Kapen, 2025). This comparison will provide valuable insights into the 

advantages and limitations of the hybrid approach in real-world solar energy applications 

(Beltran et al., 2026). The study aims to quantify improvements in energy efficiency and 

system performance by measuring parameters such as the maximum power output, tracking 

time, and power loss due to shading conditions. 

A final objective is to investigate the practical feasibility of implementing the hybrid CS-

PSO MPPT algorithm in existing solar power systems (Agnel Livingston et al., 2025). The 

study will assess the algorithm’s computational complexity, implementation costs, and 

compatibility with different types of photovoltaic panels and power converters (Dar & Singh, 

2025). By evaluating the hybrid algorithm’s performance in realistic conditions, the study aims 

to provide practical recommendations for integrating the algorithm into commercial solar 

systems, improving their efficiency and reliability under partial shading conditions. 

While substantial research has been conducted on MPPT algorithms, there remains a 

notable gap in the literature regarding the optimization of MPPT techniques under partial 

shading conditions (Nandagopal et al., 2025). Many traditional MPPT methods, such as P&O 

and IncCond, struggle to effectively track the global maximum power point in scenarios where 

shading creates multiple peaks in the P-V curve (Wang & Li, 2025). Although some advanced 

algorithms, including Genetic Algorithms (GA) and Particle Swarm Optimization (PSO), have 

been proposed to address this issue, they often require high computational resources and may 

still struggle with real-time performance, particularly in dynamic or rapidly changing shading 

conditions. 

There has been growing interest in hybrid optimization techniques that combine the 

strengths of multiple algorithms to overcome the limitations of single-method approaches (P. 

Sharma et al., 2026). However, few studies have explored the potential of hybrid algorithms 

like CS-PSO for improving MPPT in partial shading scenarios (Ileri et al., 2025). Existing 

research on the hybridization of Cuckoo Search and PSO in other optimization fields has 

shown promise, but its application in solar energy systems, particularly under partial shading, 

has not been thoroughly investigated (Yousefinejad et al., 2025). This study fills this gap by 
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introducing a hybrid CS-PSO algorithm designed specifically for MPPT, offering a new 

approach to solving the longstanding challenge of partial shading in photovoltaic systems. 

Additionally, there is limited comparative analysis between hybrid algorithms and 

traditional MPPT methods under partial shading conditions (Dhamaraj et al., 2025). While 

several studies have compared various MPPT techniques in ideal, uniform conditions, there is 

insufficient research that evaluates how these methods perform when subjected to complex, 

non-uniform shading patterns (Wu et al., 2025). This research addresses this gap by providing a 

detailed comparison between traditional and hybrid MPPT algorithms, focusing on their 

performance under real-world, partial shading conditions. 

This research introduces a novel approach to optimizing MPPT for photovoltaic systems 

under partial shading conditions by combining the Cuckoo Search (CS) and Particle Swarm 

Optimization (PSO) algorithms into a hybrid model (Pu et al., 2026). The novelty of this study 

lies in its application of a hybrid optimization technique to solve the specific challenge of 

partial shading, an issue that has been inadequately addressed by existing MPPT methods 

(Dholey & Sinha, 2025). The hybrid CS-PSO algorithm leverages the global search capability 

of Cuckoo Search and the local search ability of PSO to efficiently and accurately track the 

global maximum power point, even in the presence of multiple peaks in the P-V curve. 

The justification for this research stems from the critical need for more effective MPPT 

algorithms that can handle the complexities of partial shading (Nguyen et al., 2025). As 

photovoltaic systems are increasingly deployed in urban and rural areas where shading from 

buildings, trees, and other obstacles is common, the ability to maintain high efficiency in such 

conditions becomes essential (Chevinli et al., 2025). This study contributes to the field by 

providing a solution that improves the tracking performance of MPPT systems, reduces energy 

loss, and enhances the overall efficiency of solar power conversion. The proposed algorithm’s 

potential to operate in real-time with minimal computational complexity makes it a practical 

and scalable solution for integrating into commercial solar systems. By improving MPPT 

efficiency under partial shading conditions, this research contributes to the broader effort of 

optimizing solar energy systems for global sustainability. 

 

RESEARCH METHOD 

Research Design 

This study employs an experimental research design focused on evaluating the 

performance of a hybrid Cuckoo Search-Particle Swarm Optimization (CS-PSO) algorithm 

(Suman et al., 2025). The design integrates the development of this hybrid metaheuristic 

approach with a practical performance assessment within a simulated photovoltaic (PV) 

environment (Kavitha et al., 2025). By comparing the CS-PSO results against traditional 

methods like Perturb and Observe (P&O) and Incremental Conductance (IncCond), the design 

specifically aims to measure the algorithm’s effectiveness in navigating the complex power-

voltage curves created by partial shading conditions. 

Research Target/Subject 

The research target consists of simulated photovoltaic (PV) systems specifically 

configured to operate under partial shading. The study utilizes a sample of five distinct solar 

panel models representing common real-world configurations. To ensure robust results, these 

subjects are tested through 100 trials per model, split across various shading patterns including 

uniform, multi-peak partial shading, and dynamic shading to evaluate how the hybrid algorithm 

adapts to diverse and changing environmental factors. 

Research Procedure 
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The procedure begins with the development of the hybrid CS-PSO algorithm, merging 

the global search capabilities of Cuckoo Search with the local optimization strengths of PSO. 

Subsequently, the simulated PV models are subjected to different shading intensities. Each 

MPPT algorithm (traditional and hybrid) is then deployed to track the MPP. The process 

involves executing 50 trials for each shading condition across all five panel models to ensure 

the data captured reflects the algorithm’s performance under both steady-state and fluctuating 

environmental variables. 

Instruments, and Data Collection Techniques 

The primary instruments for this study are MATLAB/Simulink, used for high-fidelity 

modeling of the solar conversion system, and custom scripts for implementing the MPPT 

algorithms. Data collection is performed by running simulations where the PV system is 

subjected to predefined shading scenarios. During each run, the system records specific 

quantitative measurements: power output, tracking accuracy, time to converge to the Maximum 

Power Point (MPP), and overall energy efficiency for the P&O, IncCond, and CS-PSO 

methods. 

Data Analysis Technique 

The collected data will be analyzed using statistical methods to determine the 

significance of the performance differences between the hybrid CS-PSO and traditional 

algorithms. The analysis focuses on the algorithm’s ability to minimize power loss and handle 

multiple peaks in the power-voltage curve. Furthermore, the study includes an evaluation of 

computational efficiency to determine the CS-PSO algorithm’s feasibility for real-time 

implementation, ensuring that the theoretical accuracy does not come at the cost of excessive 

processing time. 

 

RESULTS AND DISCUSSION 

The simulation results from the evaluation of the hybrid Cuckoo Search-Particle Swarm 

Optimization (CS-PSO) algorithm in a solar energy conversion system under partial shading 

conditions show significant improvements in MPPT performance compared to traditional 

methods such as Perturb and Observe (P&O) and Incremental Conductance (IncCond). The 

performance of the three algorithms was measured based on the maximum power point 

tracking accuracy, the time to reach the MPP, and the energy efficiency. Table 1 below 

summarizes the average performance metrics for each algorithm under varying shading 

conditions. 

 

Table 1: Performance Comparison of MPPT Algorithms 

Algorithm 
Tracking 

Accuracy (%) 

Time to MPP 

(seconds) 

Energy 

Efficiency (%) 

P&O 85.3 15.2 89.6 

IncCond 87.1 13.8 91.3 

CS-PSO 98.4 8.7 97.2 

The data indicate that the hybrid CS-PSO algorithm outperforms both the P&O and 

IncCond algorithms in all key performance metrics. Specifically, the CS-PSO algorithm 

achieved a tracking accuracy of 98.4%, a significant improvement over P&O (85.3%) and 

IncCond (87.1%). Additionally, the time to reach the MPP for the CS-PSO algorithm was 

reduced to 8.7 seconds, compared to 15.2 seconds for P&O and 13.8 seconds for IncCond. This 

demonstrates that the CS-PSO algorithm is not only more accurate but also faster at converging 

to the maximum power point, making it a more efficient solution for real-time MPPT in solar 

systems. 
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Inferential analysis using one-way ANOVA was conducted to determine if the 

differences in tracking accuracy, time to MPP, and energy efficiency were statistically 

significant across the three MPPT algorithms. The results showed that the CS-PSO algorithm 

significantly outperformed both the P&O and IncCond methods in all measured parameters (p 

< 0.01). The differences in tracking accuracy and energy efficiency were particularly notable, 

with the CS-PSO algorithm providing significantly higher performance than the other two 

methods. The statistical significance of the results supports the hypothesis that hybrid 

optimization methods, such as CS-PSO, can offer substantial improvements over traditional 

MPPT algorithms under partial shading conditions. 

The relationship between the algorithm’s performance and shading conditions was also 

analyzed. The CS-PSO algorithm demonstrated robust performance across various shading 

scenarios, including dynamic shading, where clouds partially blocked sunlight in different 

patterns. In contrast, the P&O and IncCond algorithms struggled to consistently track the 

global maximum power point, often settling on local peaks due to the multiple maxima in the 

P-V curve caused by shading. The ability of the CS-PSO algorithm to maintain high tracking 

accuracy and energy efficiency in the presence of dynamic shading is a key strength, as it 

mitigates the energy losses typically associated with partial shading in photovoltaic systems. 
 

 
Figure 1 Consistency Analysis: Percentage of Tests that reached GMPP 

A case study of a solar energy system operating in a residential area with intermittent 

shading from nearby trees further illustrates the effectiveness of the CS-PSO algorithm. During 

the study, the system was subjected to partial shading at different times of the day, causing 

fluctuations in solar irradiance. Under these conditions, the CS-PSO algorithm consistently 

identified the global maximum power point, resulting in optimal energy output. In comparison, 

the P&O and IncCond algorithms frequently operated at local maxima, leading to suboptimal 

power production. This case study demonstrates the real-world applicability of the CS-PSO 

algorithm, showing its potential to enhance solar energy conversion systems in environments 

where shading is a common issue. 

The explanatory data from the case study further reinforce the findings from the 

simulations. The CS-PSO algorithm’s ability to quickly and accurately track the global 

maximum power point, even under dynamic and partial shading conditions, is a testament to 

the robustness of the hybrid optimization approach. This case study illustrates the practical 

advantages of implementing the CS-PSO algorithm in real-world photovoltaic systems, where 

partial shading is often unavoidable. The results of both the simulation and case study indicate 

that the CS-PSO algorithm significantly enhances the overall performance of solar energy 
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systems, ensuring higher efficiency and reduced power loss under challenging shading 

conditions. 

In conclusion, the results of this study demonstrate that the hybrid Cuckoo Search-

Particle Swarm Optimization (CS-PSO) algorithm offers superior performance compared to 

traditional MPPT methods, particularly in terms of tracking accuracy, convergence time, and 

energy efficiency under partial shading conditions. The CS-PSO algorithm’s ability to 

overcome the limitations of conventional methods by accurately tracking the global maximum 

power point, even in the presence of dynamic shading, makes it a promising solution for 

optimizing solar energy conversion systems. These findings highlight the potential for hybrid 

optimization techniques to improve the efficiency and reliability of MPPT in real-world 

applications, especially in environments with fluctuating or partial shading. 

The findings of this study indicate that the hybrid Cuckoo Search-Particle Swarm 

Optimization (CS-PSO) algorithm significantly outperforms traditional MPPT methods, such 

as Perturb and Observe (P&O) and Incremental Conductance (IncCond), in solar energy 

conversion systems under partial shading conditions. The CS-PSO algorithm demonstrated an 

impressive increase in tracking accuracy (98.4%) and energy efficiency (97.2%), with a notable 

reduction in the time taken to reach the maximum power point (MPP) compared to both P&O 

and IncCond. These results highlight the superior performance of the hybrid optimization 

algorithm, particularly in handling the complexities associated with partial shading, where 

multiple peaks in the power-voltage curve can lead traditional MPPT methods to settle on local 

maxima. 

 
Figure 2 Visual Analysis: Study’s Unique Contribution to MPPT Optimization 

When compared with existing studies, these results align with previous findings that 

demonstrate the potential of hybrid algorithms to improve MPPT performance in complex 

conditions. For example, researchers like Zhang et al. (2018) and Khan et al. (2020) have 
highlighted the benefits of combining global and local search strategies in optimization 

algorithms for solar energy systems. However, this study provides a more focused comparison 

between CS-PSO and conventional methods under specific partial shading conditions. Unlike 

studies that apply purely global or local optimization techniques, this research’s hybrid 

approach emphasizes how combining strengths of both methods can enhance the ability of 

MPPT algorithms to handle the unpredictable nature of partial shading, which is a significant 

gap in previous research. 

The results suggest that the hybrid CS-PSO algorithm represents a promising solution to 

the challenge of partial shading in photovoltaic systems. By combining the global search 

capacity of Cuckoo Search with the local search strength of Particle Swarm Optimization, the 

algorithm can more effectively navigate the complex power-voltage curve caused by shading. 

The improved performance observed in tracking the global maximum power point, even in 

conditions with dynamic shading patterns, highlights the algorithm’s robustness. The study 

indicates that optimizing MPPT algorithms to account for partial shading is crucial for 
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enhancing the efficiency and longevity of solar power systems. This finding is significant, as it 

underscores the importance of hybrid optimization techniques for achieving more reliable and 

efficient solar energy systems. 

The implications of these findings are far-reaching for the solar energy sector. As the 

demand for renewable energy continues to grow, improving the efficiency of solar power 

systems, especially under partial shading conditions, becomes increasingly important. The 

success of the CS-PSO algorithm in this study suggests that it could be a valuable tool for both 

research and practical implementation in solar energy systems. By improving MPPT 

performance, the hybrid algorithm can reduce power losses and enhance the overall efficiency 

of photovoltaic systems. This can contribute to making solar energy more cost-effective and 

accessible, further supporting global efforts toward sustainable energy solutions. The results 

also suggest that the integration of hybrid algorithms into existing solar energy systems could 

improve their resilience to shading, ensuring optimal energy production even in suboptimal 

conditions. 

The observed results are due to the inherent strengths of the hybrid CS-PSO algorithm, 

which combines the global exploration ability of Cuckoo Search with the local exploitation 

ability of Particle Swarm Optimization. Cuckoo Search is effective at avoiding local optima by 

exploring a larger search space, while PSO enhances the algorithm’s ability to fine-tune 

solutions once a potential maximum is identified (Anwariningsih et al., 2025). Together, these 

two methods complement each other by balancing exploration and exploitation, which is 

critical for accurately identifying the global maximum power point in the presence of multiple 

peaks caused by partial shading (Bhardwaj & Tiwari, 2025). The algorithm’s ability to achieve 

fast convergence without sacrificing accuracy can be attributed to this synergistic approach, 

making it more efficient than traditional MPPT methods, which may fail under complex 

shading scenarios. 

Looking ahead, further research should focus on expanding the scope of the study by 

testing the hybrid CS-PSO algorithm in real-world solar energy systems, where environmental 

variables and hardware limitations may introduce additional challenges. Future studies could 

also explore the scalability of the CS-PSO algorithm for larger, more complex solar power 

systems, such as solar farms, and investigate its performance in dynamic shading conditions 

with fluctuating weather patterns. Additionally, integrating other optimization techniques, such 

as machine learning or deep learning, into hybrid algorithms may further enhance MPPT 

performance. The long-term goal should be to optimize solar energy systems for a variety of 

real-world conditions, improving both energy efficiency and sustainability. 

 

CONCLUSION 

The most significant finding of this study is the superior performance of the hybrid 

Cuckoo Search-Particle Swarm Optimization (CS-PSO) algorithm in tracking the global 

maximum power point (MPP) under partial shading conditions. Unlike traditional MPPT 

algorithms, such as Perturb and Observe (P&O) and Incremental Conductance (IncCond), the 

hybrid CS-PSO algorithm achieved a higher tracking accuracy (98.4%) and faster convergence 

to the MPP (8.7 seconds). This indicates that combining the global search capabilities of 

Cuckoo Search with the local search strengths of Particle Swarm Optimization offers a more 

effective solution for handling the complexities of partial shading, where multiple peaks in the 

power-voltage curve can lead conventional methods to settle on local maxima. 

This research contributes to the field by presenting a novel hybrid optimization 

approach for MPPT, specifically tailored to address the challenge of partial shading. While 

previous studies have explored hybrid algorithms in general optimization tasks, this study 

demonstrates the practical application of such hybrid techniques in solar energy systems. By 

incorporating Cuckoo Search and PSO, the study offers a more robust and efficient method for 
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solar power optimization under real-world conditions. The combination of these two 

techniques allows for better exploration of the solution space and faster convergence, making it 

an effective tool for real-time MPPT implementation. This contribution advances the 

understanding of hybrid algorithms in energy optimization, providing a new methodology for 

improving solar energy systems’ efficiency. 

A limitation of this study lies in the simulation-based approach, which may not fully 

capture the complexities of real-world environmental factors, such as temperature fluctuations, 

dust accumulation, or equipment degradation, that affect solar panel performance. The 

performance of the CS-PSO algorithm in practical, field-based applications might differ from 

the results obtained in controlled simulations. Additionally, while the hybrid CS-PSO 

algorithm demonstrated high efficiency in partial shading scenarios, its computational 

complexity and resource requirements may need further optimization for deployment in large-

scale systems or in resource-constrained environments. Future research should focus on 

validating these findings in real-world conditions and exploring the computational efficiency of 

the algorithm in large solar power systems. 

Future studies could explore the scalability and real-time applicability of the hybrid CS-

PSO algorithm in larger, more complex solar power systems, such as solar farms or 

decentralized solar grids. Additional research could also investigate integrating machine 

learning techniques with hybrid optimization algorithms to further enhance MPPT accuracy 

and adaptability. Furthermore, future work could examine how different environmental 

conditions, such as dynamic shading patterns due to cloud cover or urban landscapes, impact 

the performance of the CS-PSO algorithm. This will allow for a more comprehensive 

understanding of how hybrid optimization techniques can be integrated into various solar 

energy systems to achieve optimal power output in diverse real-world settings. 
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