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Abstract — The global energy landscape is currently 

undergoing a transformative shift necessitated by the rapid 

depletion of non-renewable repositories such as coal, oil, and 

natural gas. Driven by the escalating demands of 

industrialisation and exponential population growth, 

particularly in developing nations, the energy gap between 

generation and demand continues to widen. Global efforts 

have subsequently pivoted toward renewable energy sources 

(RESs) to mitigate the environmental deterioration and 

carbon dioxide emissions associated with global warming, 

with many nations pledging to reach Net Zero by 2050. 

Among these technologies, solar photovoltaic (PV) systems 

are increasingly prioritised due to their abundance, noise-free 

operation, minimal maintenance requirements, and their 

adaptability for installation in confined urban spaces like 

rooftops. Power generation from RESs not only preserves 

billions of barrels of crude oil but is essential for establishing 

sustainable energy security. Despite the proliferation of PV 

technology, its operational efficiency remains inherently 

limited by its non-linear output characteristics and a heavy 

dependence on varying environmental conditions, 

specifically solar irradiance and cell temperature. While the 

peak solar density received at the earth's surface is 

approximately 1000 W/m², the actual power extracted is often 

much lower due to the PV cell's sensitivity to atmospheric 

fluctuations. A significant technical hurdle is the occurrence 

of Partial Shading Conditions (PSCs), which arise from 

moving clouds, shadows from adjacent buildings or trees, 

dust accumulation, and even debris such as bird droppings. 

These factors distract the rate of incident photons, which 

directly impedes the liberation of electrons within the n-type 

material and the subsequent flow to the load. Under PSCs, the 

modules within an array receive non-uniform irradiation 

levels, causing a mismatch in current generation. Shaded cells 

produce significantly less photon current than their unshaded 

counterparts, leading them to become reverse-biased and act 

as electrical loads rather than generators. This phenomenon 

results in substantial mismatching power losses (ML) and 

creates a high risk of hot-spot heating, which can cause 

irreversible physical damage to the module structure. To 

protect the array, bypass diodes are typically integrated; 

however, their activation introduces further complexity by 

transforming the standard single-peak Power-Voltage (P-V) 

curve into a non-linear landscape. This multi-modal curve 

contains several Local Maximum Power Points (LMPPs) and 

only one absolute Global Maximum Power Point (GMPP). 

Research indicates that as the number of modules receiving 

different insolations increases, the number of stairs in the I-V 

curve and the count of local optima in the P-V curve rise 

proportionally. The evolution of research into mitigating 

these losses has transitioned through several distinct technical 

paradigms. Initially, efforts focused on classical Maximum 

Power Point Tracking (MPPT) logic, such as Perturb and 

Observe (P&O) and Incremental Conductance (IC). While 

these methods are computationally simple, they are 

inherently flawed under PSCs as they tend to oscillate around 

the nearest power peak and frequently become trapped at 

LMPPs, leading to wasted energy. Consequently, the focus 

shifted toward hardware-level interventions, exploring 

various interconnection topologies like Series-Parallel (S-P), 

Total Cross-Tied (TCT), Bridge-Link (BL), and Honeycomb 

(HC). Comparative analyses have established that the TCT 

configuration generally provides the most resilient output and 

highest maximum power extraction across diverse shading 

patterns. More recently, the research domain has advanced 

toward computational intelligence and bio-inspired 

metaheuristics to navigate non-convex search spaces. 

Algorithms mimicking the natural behaviours of salp swarms 

(SSA), bats (BA), and fireflies (FA) have demonstrated 

superior tracking accuracy and faster convergence speeds 

than conventional methods. For example, the Salp Swarm 

Algorithm utilizes a direct GBest technique to move particles 

straight toward potential targets, skipping unnecessary search 

regions and identifying the GMPP in as little as 0.22 seconds. 

Similarly, the Bat Algorithm employs echolocation logic to 

provide reliable tracking without steady-state oscillations. 

Parallel to these software advancements, puzzle-based 

reconfigurations using Sudoku, Latin Square, and Futoshiki 

logic have emerged as a means to physically re-allocate 

modules for optimal shade dispersion. These methods, such 

as the Latin Square (LS-TCT) approach, aim to equalise row 

currents and have been validated to reduce mismatch losses 

by up to 1787 W in specific scenarios. This review paper 

provides a comprehensive and systematic synthesis of these 

contemporary hardware and software strategies. By critically 

evaluating the effectiveness of array interconnection 

schemes, dynamic reconfiguration algorithms, and hybrid 

metaheuristic trackers, this work contributes a clear 

benchmarking framework for enhancing energy conversion 

rates. This investigation is vital for selecting optimal PV 

schemes that can extract maximum power under dynamic 

operating conditions, ultimately bridging the gap between 

theoretical generation and practical demand in the pursuit of 

global energy sustainability. 
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I. INTRODUCTION 

The escalating demand for clean energy, driven by the 

depletion of fossil fuels and the threat of global warming, has 

led to the rapid expansion of solar PV installations. Solar 

energy is favoured for its abundance, inexhaustibility, and 

low maintenance requirements. Despite these benefits, PV 

modules exhibit non-linear output dependent on 

environmental variables—primarily solar irradiance and 

temperature. 

Partial Shading Conditions (PSCs)—caused by 

passing clouds, adjacent buildings, trees, or bird droppings—

create non-uniform irradiance across an array. This causes 

shaded cells to produce less current than unshaded cells, 

forcing them into a reverse-biased state. Consequently, 

shaded cells act as loads rather than generators, leading to 

significant Mismatching Power Losses (ML) and potential 

hardware damage via hot-spot heating. Traditionally, bypass 

diodes are integrated to protect the modules, but their 

presence introduces multiple peaks on the P-V curve, 

complicating the tracking process. 
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This review contributes a holistic comparison of 

mitigation strategies designed to bridge the gap between 

theoretical energy extraction and real-world performance 

under dynamic environmental stress. 

II. PV SYSTEM MODELLING AND CHARACTERISTICS 

To optimize PV performance, accurate mathematical 

representation is essential. The literature predominantly 

utilizes two models: 

− Single-Diode Model: Widely preferred for its balance of 

simplicity and accuracy, this model includes five 

parameters: photovoltaic current (Ipv), diode ideality 

factor (a), saturation current (Is), series resistance (Rs), 

and shunt resistance (Rp). 

− Double-Diode Model: Used for more precise 

simulations, particularly in modelling the effects of 

carrier recombination. 

The efficiency of these models is often measured by 

the Fill Factor (FF), which represents the ratio of maximum 

power output to the product of open-circuit voltage (Voc) and 

short-circuit current (Isc). Under uniform irradiance, the P-V 

curve shows a single peak; however, under PSC, the curve 

becomes non-linear with multiple peaks, rendering 

conventional tracking methods like Perturb and Observe 

(P&O) and Incremental Conductance (InC) prone to failure 

as they frequently become trapped at LMPPs. 

III. EVALUATION OF PV ARRAY TOPOLOGIES 

A critical hardware strategy involves selecting the optimal 

electrical interconnection of modules to minimize power 

degradation. 

A. Conventional Configurations 

The sources categorize standard topologies into four main 

groups: 

1) Series-Parallel (S-P): Modules are connected in strings 

(series) and then strings are connected in parallel. While 

standard, it is highly sensitive to shading, where a single 

shaded module can degrade an entire string's output. 

2) Total Cross-Tied (TCT): This configuration enhances the 

S-P model by connecting modules in parallel across 

rows. This redundancy allows current to bypass shaded 

sections more effectively. 

3) Bridge-Link (BL): Modules are connected in a bridge-

like structure to reduce wiring while maintaining some 

redundancy. 

4) Honeycomb (HC): A hexagonal interconnection pattern 

that distributes current through multiple paths. 

B. Comparative Performance 

Extensive simulation studies (Patterns 1–6) consistently show 

that TCT provides the highest maximum power extraction 

and superior resilience across diverse shading scenarios. For 

instance, under "LN" (Long and Narrow) shading, TCT 

achieved a $ max of 4.76 kW compared to S-P’s 4.63 kW. 

Similarly, TCT often yields the lowest mismatch losses and 

highest fill factors among static topologies. 

− Classical MPPT Logic: Initial tracking efforts relied on 

simple algorithms such as Perturb and Observe (P&O) 

and Incremental Conductance (IC). While easy to 

implement, these methods frequently become trapped at 

LMPPs during rapid atmospheric changes, leading to low 

efficiency and poor convergence. 

− Hardware Interconnection Topologies: To enhance the 

inherent resilience of arrays, researchers investigated 

fixed configurations, including Series-Parallel (SP), 

Total Cross-Tied (TCT), Bridge Link (BL), and 

Honeycomb (HC). TCT configurations, in particular, 

have been identified as superior for reducing mismatch 

losses compared to traditional series-parallel 

arrangements. 

− Bio-inspired Metaheuristics: Over the last decade, the 

focus has shifted toward computational intelligence to 

solve the non-convex problem of GMPP tracking. 

Nature-inspired algorithms, such as the Salp Swarm 

Algorithm (SSA), Bat Algorithm (BA), and Firefly 

Algorithm (FA), have been introduced to provide high-

accuracy tracking and eliminate the steady-state 

oscillations found in classic methods. 

− Puzzle-Based Reconfigurations: Recent advancements 

have introduced the use of mathematical logic puzzles, 

such as Sudoku (SDK), Latin Square (LS), and Futoshiki 

(FPP), to physically or electrically re-allocate modules. 

These strategies aim to disperse the shadow effect 

uniformly across the array to equalise string currents and 

maximise power extraction. 

IV. LOGIC-PUZZLE BASED ARRAY RECONFIGURATION 

While fixed topologies provide a baseline, static and dynamic 

reconfiguration techniques have emerged to physically or 

electrically re-allocate modules to disperse shade. 

A. Mathematical Puzzle Logic 

Researchers have adopted logic puzzles to arrange PV 

modules so that shadows are distributed uniformly across 

different rows and columns: 
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− Sudoku (SDK): Re-allocates modules such that no two 

modules from the same physical row remain in the same 

electrical row. 

− Latin Square (LS-TCT): A systematic arrangement that 

ensures shade dispersion. Experimental data shows LS-

TCT reduces mismatch losses by up to 1787 W compared 

to standard TCT layouts. 

− Shape-do-Ku (SPDK): A newer puzzle-based method 

validated as superior to both SDK and LS-TCT in terms 

of GMPP location and minimized power loss. 

B. Dynamic Reconfiguration 

Recent advancements introduce active switching. The L-

Shape Propagated array configuration utilizes a dynamic 

algorithm to rank row currents and re-connect flexible units 

in real-time. This method minimizes the "percentage of error" 

between row currents to less than 20%, ensuring a nearly 

smooth P-V curve even under major shading patterns. 

V. METAHEURISTIC GMPPT ALGORITHMS 

Software-based tracking is required to find the absolute 

GMPP in real-time. Metaheuristics are preferred because they 

are system-independent and capable of searching non-convex 

spaces. 

A. Nature-Inspired Optimization 

− Salp Swarm Algorithm (SSA): A duty-cycle based 

search mimicking the swarming behavior of salps. SSA 

can reach the GMPP in 0.22 seconds with zero steady-

state oscillations. 

− Bat Algorithm (BA): Utilizes echolocation logic. It is 

highly reliable and achieves faster convergence than 

PSO or DIRECT methods. 

− Firefly Algorithm (FA): Based on the flashing behavior 

of fireflies. The Opposition-Based Learning Firefly 

Algorithm (OFA) has been shown to achieve 100% 

tracking efficiency under various criteria. 

B. Hybrid Approaches 

To overcome the computational latency of standard 

metaheuristics, hybrid models are developed: 

− QASHO: Combines Spotted Hyena Optimization with 

Quadratic Approximation to accelerate the search 

process and improve accuracy. 

− SFLA-InC: Uses the Shuffled Frog Leaping Algorithm 

to locate the global region and then switches to the 

Incremental Conductance method to pinpoint the peak 

quickly. 

VI. PHYSICAL PERFORMANCE ENHANCEMENTS 

Beyond electrical logic, physical hardware can be modified. The use of Aluminum Reflectors (foil or mirrors) successfully 

redirects incident radiation onto shaded cells. Experimental results demonstrate that reflectors can boost peak parameters 

by nearly 25%, increasing $P_{max}$ by 10.6% under specific shading conditions. 

Method 

Category 

Specific 

Method 

Performance 

Metric 
Key Findings 

Topology TCT vs S-P Power Output (W) 
TCT yields higher maximum power under most shading 

patterns. 

Reconfiguration LS-TCT 
Mismatch Loss 

(ML) 

LS-TCT reduces ML by up to 1787 W compared to TCT in 

specific patterns. 

Metaheuristic 
SSA / BA / 

FA 
Tracking Accuracy 

Achieves near 100% accuracy in finding the GMPP where P&O 

fails. 

Hybrid QASHO 
Convergence 

Speed 

Hybridisation reduces oscillations and speeds up tracking 

significantly. 

VII. DISCUSSION: RESEARCH GAPS AND CHALLENGES 

Despite the technological proliferation, several obstacles 

persist: 

− Computational Latency: Advanced metaheuristics like 

SSA or BA provide high accuracy but often impose a 

heavy computational burden, which is detrimental 

under fast-changing atmospheric conditions. 

− Local Optima Trapping: Conventional methods (P&O, 

InC) remain inherently flawed under PSC, settling on 

LMPPs and wasting energy. 

− Implementation Complexity: Dynamic reconfiguration 

requires complex switching matrices, extensive 

sensors, and sophisticated microcontrollers, making it 

economically unfeasible for small-scale or standalone 

systems. 

− Standardization Deficiency: There is a lack of 

universal performance benchmarks, with most studies 

relying strictly on MATLAB simulations rather than 

large-scale field validation. 

VIII. CONCLUSION AND FUTURE DIRECTIONS 

Optimizing PV systems under PSC requires a multi-layered 

approach. While TCT interconnection provides a robust 

hardware foundation, it must be paired with puzzle-based 

reconfiguration (e.g., SPDK or LS-TCT) to effectively 

disperse shadows and balance row currents. For real-time 

tracking, hybrid metaheuristic algorithms like QASHO and 

OFA are essential for identifying the GMPP without 

oscillations. 

A. Future Research Roadmap: 

1) Autonomous Parameter Tuning: Developing algorithms 

that automatically adjust control parameters based on the 

specific installation context. 
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2) Hybrid computational Frameworks: Combining 

stochastic searches with deterministic logic to achieve 

ripple-free, high-speed tracking. 

3) Cost-Effective Hardware: Designing reduced-switch 

matrices to lower the entry cost for dynamic 

reconfiguration systems. 

4) Smart Grid Integration: Investigating how advanced 

MPPT impacts the stability of microgrids and the 

longevity of battery storage systems 

REFERENCES 

[1] K. Abdulmawjood et al., "Characteristic Study of Solar 

Photovoltaic Array Under Different Partial Shading 

Conditions," IEEE Access, vol. 10, 2022. 

[2] P. Kumar et al., "GMPP Tracking of Solar PV system 

using Spotted Hyena and Quadratic Approximation 

based Hybrid Algorithm," IEEE Access, vol. 11, 2023. 

[3] T. Baburao et al., "Performance analysis of different PV 

Array Configurations under partial Shading 

Conditions," ICEPE, 2021. 

[4] N. Sy et al., "MPPT Design for a DC Stand-Alone Solar 

Power System with Partial Shaded PV Modules," 

ICSSE, 2019. 

[5] M. Kumar, "Solar PV Based DC Microgrid under Partial 

Shading Condition with Battery," IICPE, 2018. 

[6] M. N. I. Jamaludin et al., "An Effective Salp Swarm 

Based MPPT for Photovoltaic Systems," IEEE Access, 

vol. 9, 2021. 

[7] R. K. Pachauri et al., "Power Losses Reduction using 

Re-Allocation of PV Module-Fixed Electrical 

Connections," IEEE Access, vol. 9, 2021. 

[8] A. Srinivasan et al., "L-Shape Propagated Array 

Configuration With Dynamic Reconfiguration 

Algorithm," IEEE Access, vol. 9, 2021. 

[9] G. M. Madhu et al., "Investigation on Effect of 

Irradiance Change in Maximum Power Extraction," 

IEEE Access, vol. 9, 2021. 

[10] M. S. Rao and M. Agrawal, "Performance analysis of 

partial shading under Aluminium Reflectors," SCEECS, 

2020. 

[11] A. V. Atpadkar and P. N. Korde, "Global MPPT Method 

for Photovoltaic Arrays under Partial Shading 

Conditions," ICICT, 2018. 

[12] A. R. Jordehi, "Maximum power point tracking in 

photovoltaic (PV) systems: A review," Renew. Sustain. 

Energy Rev., vol. 65, 2016. 

[13] M. A. M. Ramli et al., "A review on maximum power 

point tracking with and without shading conditions," 

Renew. Sustain. Energy Rev., vol. 67, 2017. 

[14] M. Seyed mahmoudian et al., "Maximum Power Point 

Tracking using Bat Algorithm," Sustainability, vol. 10, 

2018. 

[15] A. G. Abo-Khalil et al., "Maximum Power Point 

Tracking Based on Opposition-Based Learning Firefly 

Algorithm," Sustainability, vol. 13, 2021. 


