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The world depends heavily on electrical energy for accessing technologies. For the generation of electricity, technology can utilize renewable energy sources like solar energy and wind energy. Solar photovoltaic (PV) systems occupy space among consumers due to their feasibility, flexibility, cost, and simple implementation procedures. The solar PV system experiences many factors causing power loss like partial shading, hotspots, and diode failure. In this work, a new static PV array configuration, named Renzoku puzzle pattern-based array configuration, is proposed. This proposed configuration technique was designed to overcome the drawbacks of the previously proposed array configurations in terms of power generation, fewer mismatch losses, a high shade-dispersion rate, and consistent performance under any level of partial shading. The proposed array configuration has been validated using both simulation and hardware. The simulation is carried out in a 9 × 9 PV array in MATLAB/Simulink®. The performance analysis, results, and corresponding characteristic curves are presented in this manuscript.
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1 INTRODUCTION
Due to fossil fuel depletion and the global shift to low-carbon energy, distributed renewable energy generation has increased over the past decade (Viebahn et al., 2015; Bryant et al., 2024). In 2021, China’s National Energy Administration reported 107.5 GW of distributed solar energy generation infrastructure, an increase of 29 GW from 2020 (Wang et al., 2024). Distributed PV solar power generation is becoming more important in green energy (Yang et al., 2020).
Despite their importance, distributed photovoltaic (PV) systems face technical challenges, especially array mismatch losses. These losses occur when the PV module current–voltage (I–V) characteristics vary within an array. Connecting PV modules in series can limit current to the lowest-current module, causing mismatch losses that reduce PV array power generation. Mismatch losses introduce multiple power–voltage (P–V) peaks, complicating maximum power point tracking (Lappalainen and Valkealahti, 2017).
In order to ensure dependable operation and maximize power generation, monitoring a PV system is essential (Alwar et al., 2022). This monitoring also enables performance evaluation and troubleshooting (Aghaei et al., 2020). For the purpose of this study, field sensors were utilized to perform real-time measurements of the voltage and current of PV modules. Maximizing power generation under mismatched loss conditions is the goal of the dynamic topology optimization that has been proposed (Devakirubakaran et al., 2023). This optimization will influence the awareness of PV system generation systems.
The reconfiguration of PV arrays is an efficient method for preventing mismatch losses in total-cross-tied (TCT) and series–parallel (SP) topologies when mismatch conditions (MCs) are present (Mohammadnejad et al., 2016; Pendem and Mikkili, 2018; Sagar et al., 2020; Ye et al., 2023). This strategy involves modifying the interconnections between PV modules in accordance with the levels of irradiance, with the goals of lowering mismatch losses and improving the performance of the PV systems. In the TCT topology, photovoltaic modules are connected in parallel and series rows, whereas in the SP topology, PV modules are connected in series and PV strings are connected in parallel. These strategies included both physical relocation and electrical array reconfiguration.
In order to physically relocate photovoltaic modules, it is necessary to move them without affecting their electrical connections (Srinivasan et al., 2020). For the purpose of distributing shading effects across the PV array, a pattern that can be reconfigured is utilized during the installation process (Prince Winston et al., 2020a; Prince Winston et al., 2020b). When it comes to physical relocation reconfiguration, the Sudoku puzzle method is a well-known approach that has been demonstrated in references. Through the process of rearranging modules, this technique enhances the generation of power in partially shaded, 9 × 9 TCT-interconnected photovoltaic arrays. It is important to note that the effectiveness of the Sudoku-based reconfiguration is limited because it can only move PV modules in columns and not rows. Other puzzle-based methods, such as Futoshiki and Magic Square, are capable of exhibiting limitations that are comparable to these. On the other hand, a dominance square-based array reconfiguration scheme (Dhanalakshmi and Rajasekar, 2018a; Dhanalakshmi and Rajasekar, 2018b) was proposed in the reference for a 5 × 5 TCT topology. This scheme offers a novel approach in comparison to different solutions that have been proposed in the past. Additionally, the Calcudoku method (Aljafari et al., 2023) and competence square arrangement method (Dhanalakshmi and Rajasekar, 2018a), spiral pattern-based configuration (Cherukuri et al., 2021), and L-shaped propagated array configuration (Srinivasan et al., 2021), as demonstrated in reference, outperformed the dominance square solution. Another innovative approach that was proposed in the reference involves the arrangement of photovoltaic arrays numerically and alphabetically in order to reduce shading effects and distribute shadow patterns.
Reconfigurations that are based on physical relocation, such as Sudoku, Competence Square, and Dominance Square, have their limitations. They require modules to be arranged in rows and columns that are equal, which may not be possible given the actual layout of the PV array. In addition, photovoltaic modules undergo non-uniform aging, which results in a gradual decrease in power generation over time. It is necessary to perform periodic physical reconfigurations as a result of this, which results in high labor costs. These methods lack the flexibility to address the impact of multiple partial shadows and random module defects on PV arrays.
On the other hand, environmental or electric parameter-based array reconfiguration (EAR) strategies make use of switches in order to alter the electrical connection of the photovoltaic array. Through the utilization of global EAR strategies such as particle swarm optimization and genetic algorithms, every module is able to switch electrical connections, thereby increasing the amount of power that is produced (Babu et al., 2018; Durango-Flórez et al., 2022). These techniques, on the other hand, call for a greater number of switches and more complex control algorithms, which drive up the costs. Local reconfiguration, which makes use of a switching matrix to connect adaptive modules with different electrical connections to fixed modules, has the potential to reduce the number of switches; however, it may not be effective in areas with large shadows or in situations where fixed modules have shadows. The uncertain power generation affects the stability of the grid, which also requires power management algorithms (Prasad et al., 2022).
To summarize, physical relocation is a simple option that does not necessitate the utilization of switches or sensors. However, due to the uneven aging of PV modules, it necessitates repeated efforts. When it is functioning under MCs, its effectiveness is hindered by a number of issues, such as the presence of various shadows, the presence of non-uniform aging, and the failure of modules (Thanikanti et al., 2023). Even in the presence of significant shading, its utility is limited because of these concerns. It is necessary to conduct additional studies into the EAR technique in order to reduce the number of switches that are utilized and improve the efficiency of power generation under the majority of mechanical configurations.
The contribution of this work to the field is the development of a novel array configuration approach that is inspired by the concept of the Renzoku puzzle pattern. The term “Renzoku” comes from the Japanese phrase “to the neighbors,” and this pattern is similar to puzzles such as Futoshiki, in which the number that is closest to the player is selected to be the surrounding shell. Using this method, the array layout chooses the photovoltaic modules that are closest to each other and have optimal spacing between them, much like solving a square puzzle. Certain rules define the pattern of the Renzoku puzzle, which are as follows:
• The numbers range from one to the size of the grid; for example, for a 9 × 9 puzzle, the numbers run from one to nine.
• Only one instance of any number can be found in each row and in any given column.
• In the event that there is a dot between two cells, it signifies that the numbers included within those cells should be consecutive; otherwise, they should not be sequential.
• After numeral 9, letters such as A, B, and C are utilized for more complex puzzles.
The array layout approach that has been developed optimizes the arrangement of photovoltaic modules by applying these guidelines. This ensures that space is utilized effectively and improves the overall performance of the photovoltaic system. This novel methodology provides a strategy that is both systematic and structured for array setup, which makes it possible to improve power generation in a variety of applications.
The remainder of this research article is arranged as follows: Section 2 describes the proposed methodology; Section 3 presents the performance analysis of the proposed array configuration, including power output, efficiency, and the percentage of mismatch loss generation; and finally, Section 4 concludes the research article.
1.1 Proposed Renzoku PV array configuration
The amount of photovoltaic power generated is directly proportional to the amount of direct sunlight that reaches the panel surface. The direction of the sunlight, or the number of photons striking the PV surface, determines the number of free electrons released from the PV cell. Eq. 1 provides a PV cell current output equation (Nguyen and Nguyen, 2015; Ma et al., 2019). When several cells or modules are linked in series, Eq. 2 indicates the current output.
[image: image]
The voltage is added in series and the current is added in parallel on the different connections of PV cells connected as an array.
[image: image]
When multiple cells are connected in series and a single PV module is affected by the partial shading, it alone operates with the minimum current. This current will be available at the output terminal as per Equation 2. The entire row’s current will be reduced due to the shaded panel.
The proposed array configuration is framed based on the Renzoku puzzle pattern. Renzoku means “to the neighbors,” whereas this puzzling pattern is like Futoshiki, and the rule chooses the nearest number as the neighbor shell. So, this form of array configuration selects the nearest PV modules with the optimum distance. This puzzling pattern can be applied to any kind of square puzzle. The Renzoku puzzle has certain rules, as follows:
• The numbers range from one to the size of the grid; for example, one to nine for a 9 × 9 puzzle.
• Each number must appear just once in each row and column.
• A dot between two cells signifies that the numbers in those cells should be sequential. The numerals should not be sequential if there is no dot.
• For larger problems, the letters (A, B, C, and so on) come after the digit 9.
In this work, a 9 × 9 PV array has been selected for testing and analyzing the proposed Renzoku puzzle pattern-based PV array configuration. An unsolved 9 × 9 Renzoku puzzle is shown in Figure 1A. Only eight squares among the ninety-one squares had the values, and the values of other squares needed to be obtained by solving the puzzle. The only clue for solving the puzzles is to follow the dots placed between the squares. In this puzzle, the square at the position of the second row and sixth column has a value of 3, surrounded by dots. These dots indicate the neighboring cells, i.e., 27 and 25 should be 2 or 4. By following these dots, the entire puzzle can be solved. Figure 1B shows the solved 9 × 9 Renzoku puzzle. The puzzle should be solved based on the dots and the rules of Renzoku puzzles. The array formation on the Renzoku puzzle can be done by adding a number ranging from 1 to the size of the grid in each column. Figure 2 shows the final matrix diagram of the 9 × 9 PV array. The proposed array configuration has been validated using the MATLAB/Simulink® model. The performance of the proposed array configuration has been compared with the conventional array configurations.
[image: Figure 1]FIGURE 1 | (A) 9 × 9 Renzoku puzzle; (B) solved 9 × 9 Renzoku puzzle.
[image: Figure 2]FIGURE 2 | Matrix diagram of the 9 × 9 PV array from the Renzoku puzzle pattern.
The Renzoku puzzle pattern-based configuration can be defined by the following steps:
• Define the grid size: determine the size of the grid based on the number of PV modules that are available or planned to be installed. For example, a 9 × 9 grid will have 81 PV modules.
• Assign numbers to PV modules: assign numbers to each PV module in the grid, starting from 1 and ranging up to the size of the grid. For a 9 × 9 grid, the numbers will range from 1 to 81.
• Ensure unique numbers: ensure that each number appears only once in each row and column of the grid. This ensures that each PV module is uniquely identified within the array.
• Sequential numbers: place a dot between two cells to indicate that the numbers in those cells should be sequential. This helps in arranging the PV modules in a sequential order, optimizing the distance between them.
• Arrange PV modules: arrange the PV modules in the grid according to the Renzoku puzzle pattern. Start with the nearest number as the neighbor shell, ensuring that the distance between neighboring PV modules is optimal.
• Extend to larger problems: for larger PV arrays, use letters (A, B, C, and so on) after the digit 9 to continue the numbering sequence. Ensure that each letter is used only once in each row and column, similar to the numbering scheme for smaller grids.
• Iterate for optimization: iterate over the array configuration to optimize the placement of PV modules, ensuring maximum efficiency and power generation.
2 SIMULATION MODEL AND SHADING PATTERNS
The simulation of the PV cell is performed using the mathematical equation of the single-diode model. Figure 3A illustrates the Simulink model of a single PV cell, depicting specifications such as short circuit current (ISC), open circuit voltage (VOC), maximum output current (IM), maximum output power (PM), temperature (T), and irradiation (S). Figure 3B shows the simulink model of the proposed array configuration with other conventional configurations. The PV cells are interconnected in series and parallel based on the desired configuration. Figure 4B showcases a 9 × 9 PV array with different array configurations, including series–parallel (S-PAC), total cross-tied (TCT-AC), Sudoku puzzle array configuration (SUPAC), L-shaped propagated array configuration (LSPAC), and the proposed Renzoku puzzle pattern array configuration (RPPAC). The interconnections between the PV cells vary depending on the array configuration type. The irradiation block represents the input irradiation value for the PV array. Within this block, the shading pattern is created, and the irradiation is distributed to the PV modules using the Goto blocks in Simulink.
[image: Figure 3]FIGURE 3 | (A) Simulink of a single diode model of a PV cell. (B) Simulink model of the proposed array configuration with conventional configurations.
[image: Figure 4]FIGURE 4 | (A) Random shading. (B) Diagonal shading. (C) L-shaped shading. (D) Frame shading. (E) Short and narrow shading. (F) Short and wide shading. (G) Long and narrow shading. (H) Long and wide shading.
3 RESULTS AND ANALYSIS
The proposed Renzoku puzzle pattern array configuration’s performance was evaluated under eight different shading conditions, which are commonly encountered. The shading conditions are depicted in Figure 4. Figure 4A represents random shading, where shading occurs sporadically without any uniform pattern due to temporary objects obstructing sunlight from reaching the PV surface. The extent of shading can vary between 5% and 80%, depending on the type of object causing the shading. Figure 4B illustrates diagonal shading caused by taller and narrower objects positioned near the PV system. This type of shading results in one shaded panel in each row and column, leading to increased mismatch losses due to varying irradiation levels across rows and columns. L-shaped shading conditions are shown in Figure 4C, causing shading in each row and column. This shading pattern significantly impacts the performance of all array configurations, particularly series–parallel and TCT, due to the high shading levels in rows and columns. The Sudoku and L-shaped array configurations can mitigate this issue to some extent. It is essential to assess the performance of the proposed configuration under this shading condition to determine its effectiveness. The frame shading condition, illustrated in Figure 4D, shades all sides of the PV array. Under this shading condition, the series–parallel and TCT configurations exhibit high mismatch losses. On the other hand, the Sudoku, L-shaped, and proposed array configurations demonstrate better resistance to this shading condition and generate higher power output.
The short and narrow shading condition is depicted in Figure 4E, which occurs when nearby buildings, towers, trees, or new infrastructure cast shadows. The shading conditions are further classified based on their length and breadth into short and narrow (SN), short and wide (SW), long and narrow (LN), and long and wide (LW). Figure 4F illustrates the short and wide shading condition, where the breadth of the object causing the shade is greater compared to the short and narrow shading condition. Similarly, Figures 4G, H represent the shading conditions of long and narrow and long and wide conditions, respectively. The LN and LW shading conditions involve objects or shade-causing elements with extended height. The shading levels in these four shading conditions are higher and more complex compared to the other shading conditions discussed previously. Conventional array configurations, such as series–parallel and total cross-tied configurations, experience greater power losses under these eight shading conditions. On the other hand, recently developed PV array configurations like the Sudoku and L-shaped propagated configurations have shown the ability to reduce power losses compared to conventional methods.
In this work, a comprehensive analysis is conducted on the proposed Renzoku array configuration under these eight shading conditions. The performance of the proposed configuration is compared with four other array configurations, and the corresponding data are presented in Table 1. To validate the performance of the proposed array configuration, measurements were taken for short-circuit current, maximum power output, power conversion efficiency, and mismatch loss between PV rows. These metrics serve as indicators of the performance and effectiveness of the proposed configuration.
TABLE 1 | Performance of the proposed array configurations in different shading types.
[image: Table 1]The term mismatch loss can be defined as the power difference between the maximum and minimum power-generating PV rows. By measuring the mismatch loss between the PV rows, the shade dispersion level can be measured. The shade dispersion level of the PV array can define the quality of the PV array configuration. If the PV array is operated with the minimum mismatch losses, power generation can be enhanced. In any kind of shading circumstance, the PV array should be operated with the minimum mismatch losses, and the array configuration method that achieves this constraint would be the best PV array configuration.
In the random shading condition, the proposed Renzoku array configuration generates more power compared to the other PV array configurations. It generates 414 W of power, and the mismatch loss is 27.6%. The LSPAC generates an output power of 378 W with a mismatch loss of 27.6%, which is slightly higher than the proposed configuration, and it reflects on the power output. The SUPAC generates the third-highest power generation and is very close to the LSPAC, and the power output is 369 W with 35.9% mismatch losses. The TCT-AC and S-PAC configurations generate minimum power, among other configurations. The results of these configurations under random-type shading conditions are given in Table 1, and the corresponding P–V and I–V characteristic curves are shown in Figure 5.
[image: Figure 5]FIGURE 5 | P–V characteristic curves.
In the diagonal shading condition, the proposed RPPAC, TCT-AC, and LSPAC configurations perform similarly. The diagonal shading pattern shades only one PV module in one PV row. Therefore, the shade dispersion in the TCT-AC, LSPAC, and proposed RPPAC is almost equal, whereas the SUPAC and S-PAC are highly influenced by this shading pattern due to the shade accumulation on a single row of the SUPAC and shade accumulation on each column of the S-PAC. The P-V and I-V characteristic curves of all PV array configurations are shown in Figure 6.
[image: Figure 6]FIGURE 6 | I–V characteristic curves.
The L-shaped shading causes more power losses in the TCT-AC method. As the L-shaped shading shades a complete PV row and column, the S-PAC and TCT-AC experiences more power loss. The neighboring PV module in the PV row in TCT-AC is completely shaded, which reduces current generation. This shaded PV row was connected in series with the other PV arrays, which caused more mismatch losses between the PV rows. In S-PAC, one PV module in each column is affected by shading, which results in mismatch losses in each string. So, the S-PAC and TCT-AC will experience more power losses compared with the SUPAC, LSPAC, and proposed RPPAC. The S-PAC and TCT-AC generate a power output of 468 W, with 5.72 A of maximum current output. The SUPAC, LSPAC, and proposed RPPAC configurations generated a power output of 702 W with 8.58 A of maximum current.
The proposed RPPAC outperforms all other existing methods under the frame shading conditions, which are the short and narrow, short and wide, long and narrow, and long and wide shading conditions. As these abovementioned shading conditions vary from moderate to high levels of shading, existing array configurations fail to resist. The proposed array configuration chooses the PV modules for each PV row from the various locations of the conventional PV array so that it can disperse the shading uniformly over the PV array, and the shade dispersion rate is greater than the conventional array configurations. The frame shading shades all corners of the PV array.
In frame shading conditions, the proposed RPPAC configuration generates 629 W of power output with 8.75 A of short circuit current, whereas the other configurations, such as LSPAC, SUPAC, TCT-AC, and S-PAC, generate power outputs of 558 W, 585 W, 405 W, and 270 W, respectively. The SN and LN shading patterns are shades of 25%–40% of the PV panel surface. The S-PAC PV array generates 612 W of power under SN and 576 W of power under LN shading conditions. The SUPAC and LSPAC methods are efficient for minimizing the power loss associated with the SN and LN shading conditions. The TCT-AC has 80% efficiency under SN and 72.2% under LN shading. However, another configuration has similar performance in both of these narrow shading patterns, which can be observed from the mismatch losses. The efficiency of these configurations dropped under N shading conditions. The proposed RPPAC also has a similar kind of mismatch loss as the SUPAC and LSPAC. However, it has 4% greater efficiency than SUPAC and LSPAC. The proposed RPPAC has 710 W power output in SN shading, which is the highest among others, whereas the LSPAC method has the second-highest power output of 684 W. In LN shading, the proposed configuration has the highest power generation of 656 W and the LSPAC has the second-highest generation of 630 W.
Under the SW and LW shading patterns, the proposed RPPAC and LSPAC configurations perform with a smaller deviation, but both of them generate higher output power than other array configurations. The S-PAC has the lowest performance in both SW and LW shadings, which shows poor shade dispersion ability, whereas in TCT, the power generation is enhanced. In SUPAC, the performance has been further enhanced, and in LSPAC, it has the maximum power. However, the proposed RPPAC method has more shade dispersion ability than LSPAC. The LSPAC method generates 648 W in SW shading and 495 W in LW shading. The proposed RPPAC generates 656 W and 539 W of power output under SW and LW shading, respectively. All five array configurations are simulated in MATLAB/Simulink® to analyze and validate the performance of the proposed configuration method, and the corresponding results are given in Table 1; the power(P)–voltage(V) and current(I)–voltage(V) characteristic curves are plotted in Figures 5, 6, respectively.
4 COMPARATIVE ANALYSIS
According to the literature and the analysis of various PV array configurations, the L-shaped PV array configuration generates maximum power. The LSPAC method disperses the maximum amount of shading, which can be enhanced further using the proposed RPPAC method. This proposed configuration method follows the Renzoku puzzle pattern, which can disperse more shading than the LSPAC. The performance of the S-PAC, TCT-AC, SUPAC, LSPAC, and proposed RPPAC was analyzed using MATLAB/Simulink®. According to the observed results, the proposed RPPAC performed better than the other four configurations. The power output comparison under various shading conditions is shown in Figure 7. In diagonal shading conditions, the TCT-AC, LSPAC, and proposed RPPAC methods generated the maximum output power. In L-shaped shading conditions, SUPAC, LSPAC, and RPPAC methods generated the maximum output power. In the other six shading conditions, the proposed RPPAC method generated the maximum output power, whereas the LSPAC method produced the second-highest power output.
[image: Figure 7]FIGURE 7 | Power output comparison chart.
5 CONCLUSION
In this work, a novel array configuration method called RPPAC was introduced to address the limitations of the existing methods. The performance of the proposed RPPAC was evaluated under eight different shading conditions commonly encountered in photovoltaic systems. The analysis was conducted on a 9 × 9 PV array using MATLAB/Simulink®. The performance of the proposed RPPAC was compared with other established methods, including S-PAC, SUPAC, TCT-AC, and LSPAC. The results and characteristic curves demonstrated that the RPPAC method offers a unique solution for mitigating the effects of partial shading in PV arrays. Compared to the conventional configurations, the proposed RPPAC method exhibited an average efficiency improvement of 30%. Additionally, it outperformed recently developed configurations such as LSPAC, achieving 5%–10% higher efficiency. Notably, the implementation of the proposed configuration did not require any additional setup, although it necessitated a higher quantity of cables for interconnecting the PV modules. These findings highlight the effectiveness and superiority of the proposed RPPAC method in overcoming partial shading issues in PV arrays, offering improved efficiency without the need for major modifications to the existing setup.
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