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ABSTRACT 

 
This paper introduces a new reconfiguration technique called tour puzzle for better shadow 

dispersion and obtaining maximum output power under partial shade conditions. In the presented 
method, partial shadows are spread in all rows and maximum power can be achieved. The puzzle 

tour can be applied to all kinds of PV arrays of different dimensions and sizes. Accordingly, the 
puzzle tour procedure is applied in several cases in the form of squares and rectangles with 

different dimensions and various shading conditions in each case. To directly compare and 

present the efficiency of the proposed method, the total cross-connection model and conventional 
methods such as magic Square puzzle, competence Square puzzle, Skyscraper and improved 

Sudoku are also implemented in the introduced cases. Finally, the evaluations emphasize the 
capability and efficiency of the Tour puzzle solution compared to other methods by achieving 

GMPP values such as 63.9 VmIm, 69.3 VmIm, 69.3 VmIm and 68.4 VmIm for cases 1 to 4, 
respectively. The results show that the proposed method can provide acceptable performance for 

solving the problem of achieving maximum power under PSC in PV. 
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INTRODUCTION   
 

Due to the depletion of fossil fuels and the global pursuit of low-carbon energy supply, large 
amounts of distributed renewable energy production sources have been installed and used in the 

last decade  (1) . The performance of a photovoltaic (PV) array is highly dependent on partial 

shading conditions, which can be mitigated by careful planning and positioning of PV modules 

during installation to prevent self-shading (2). Increasing support for a range of policies to support 
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renewable energy development has the potential to promote equality, health and employment, 

while also limiting greenhouse gas emissions (3). Solar radiation is taken into account as the main 

source of energy for the earth among renewable energy sources (4). The reduction of partial 

shading losses can be explained by using different types of connections between PV modules (5). 
Several configurations have been proposed for PV array reconfiguration in PSCs, including 

parallel (SP), total cross (TCT), bridge link (BL), and honeycomb (HC), which is the most 

efficient TCT configuration (6). In partial shading conditions, reconfiguring the connection of the 

PV modules in the photovoltaic array is one of the best methods that can be used to obtain the 

maximum output power (7). The reconfiguration techniques are divided into two categories: 
dynamic photovoltaic array reconfiguration and static photovoltaic array reconfiguration (8). The 

method of physical reconfiguration of PV modules can be a real alternative to the shading process 

of the PV array. In this paper, a new method using the Tour puzzle for PV modules 

reconfiguration and shadow dispersion in PV arrays is shown. The mismatch phenomenon is a 
common damage condition in most PV systems, which reduces the extraction of the generated 

power in the PV array (9). The mismatch phenomenon is caused by cracks on the modules or due 

to different radiations on the PV modules. The mismatch phenomenon in a PV array causes losses 

such as the difference between the maximum power of a PV array and the maximum power of all 

its modules (10). Solar energy has become a glimmer of hope, especially in the global warming 
and climate change issues that have intensified around the world (11). Solar panels consist of 

photovoltaic cells and convert sunlight into electricity with increasing efficiency (12). In the 

dynamic method, to increase the maximum available power, the connections of PV modules 

inside the PV array are changed dynamically based on the radiation level (13). The dynamic 
reconfiguration technique requires many high-cost sensors to detect partial shading and 

reconfiguration algorithms to optimize to obtain the most reliable connection to reach the 

maximum possible power and a switching matrix to change the connections of PV modules. The 

physical movement of the panel is done to provide better and more optimal results for most partial 

shade conditions. This method does not include any sensors, switches, complex algorithms, has a 
simple structure and is suitable for large installations (14, 15).  

 

This article, the proposed method has been compared with other important in static methods such 

as Magic Square puzzle, Competence Square puzzle, Skyscraper and improved Sudoku, and the 
efficiency and maximum output power of the proposed method are well shown in the graphs and 

tables. 

 

Tour puzzle technique 

 

In this article, we discuss the tour puzzle, which is similar to sliding puzzles in different 

dimensions (n × m). The n × m torus puzzle consists of m n pieces numbered from 1 to m n and 

the pieces are placed on a board consisting by m rows of n columns. Initially, for each r ∈ {1,  . . . , 

MN}, piece number r is placed in the 𝑝𝑡ℎ row and 𝑞𝑡ℎ column, where p = ⌈r/n⌉ and r ≡ q (mod 

n). In the puzzle, there are four main operations; N, S, E and W (these mean North, South, East 

and West). 

 

In the proposed method, the puzzle provided for arranging the solar panels is derived from the 

tour puzzle. The proposed method in this article is that the north side is rearranged first, then the 

south side, the east side and the west side respectively. That is, by applying E (in the order of W) 

to the row 𝑟 =  (𝑝2, 𝑝3, … , 𝑝𝑛, 𝑝1)and r converted to (𝑝1, 𝑝2, … , 𝑝𝑛−1, 𝑝𝑛) 

(respectively,  ((𝑝𝑛, 𝑝1, … , 𝑝𝑛−2, 𝑝𝑛−1))) where 𝐴𝑡𝑟
  represents the displacement of a 

matrix A. Similarly, operation N (in S order) rotates in a row 

(𝑝1, 𝑝2, … , 𝑝𝑚−1, 𝑝𝑚)𝑡𝑟
to (𝑝2, 𝑝3, … , 𝑝𝑚, 𝑝1)𝑡𝑟

(respectively, 

(𝑝𝑚, 𝑝1, … , 𝑝𝑚−2, 𝑝𝑚−1)𝑡𝑟
 ). 

After performing a series of basic operations, the configuration of the array will be significantly 
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different from the initial configuration. The purpose of the tour puzzle is to create the most 

suitable configuration for rearranging the solar panels. On the other hand, if we do not reach the 

ideal configuration after running the tour puzzle, we can rotate the matrix clockwise. Given an 

array of N rows and N columns, we can rotate the matrix 90 degrees clockwise (16). 

 

 

 

 
 

Fig1: Step 1 Rearrangement of solar panels by tour puzzle method 

 

 
 

 

 
 

Fig 2: Step 2 Rearrangement of solar panels by tour puzzle method 
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Fig 3: Step 3 Rearrangement of solar panels by tour puzzle method 

 

 
Fig 4: Step 4 Rearrangement of solar panels by tour puzzle method 
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Fig 5: Step 5 Rearrangement of solar panels by tour puzzle method 

 

In the following figures, the proposed method is rearranged along with other important static 

methods on solar panels. The distribution of the shade on the solar panels is shown and in the 
tables the improvement of the output power is calculated by the proposed method 

 
Case 1: 

 
Fig 6. Rearrangement of solar panels using TCT, magic Square and competence Square 

methods 

 

 
 

Fig 7. Rearrangement of solar panels using skyscraper, improved Sudoku and Tour puzzle 

methods 
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Fig 8. Voltage-power diagram (1) 

 

 
TCT interconnected Magic Square puzzle Competence Square Puzzle 

Row 
bypassed 

Current Voltage Power 
Row     

bypassed 
Current Voltage Power 

Row 
bypassed 

Current Voltage Power 

Irow9 9Im 5Vm 45VmIm Irow9 9Im 5Vm 45VmIm Irow9 8.1Im 8Vm 64.8VmIm 

Irow8 9Im 5Vm 45VmIm Irow8 9Im 5Vm 45VmIm Irow8 8.1Im 8Vm 64.8VmIm 

Irow7 9Im 5Vm 45VmIm Irow7 8.1Im 8Vm 64.8VmIm Irow7 7.7Im 9Vm 69.3VmIm 

Irow6 9Im 5Vm 45VmIm Irow6 8.1Im 8Vm 64.8VmIm Irow6 8.1Im 8Vm 64.8VmIm 

Irow5 9Im 5Vm 45\VmIm Irow5 7.7Im 9Vm 69.3VmIm Irow5 7.7Im 9Vm 69.3VmIm 

Irow4 9Im 5Vm 45VmIm Irow4 9Im 5Vm 45VmIm Irow4 8.1Im 8Vm 64.8VmIm 

Irow3 6.8Im 9Vm 61.2VmIm Irow3 8.1Im 8Vm 64.8VmIm Irow3 8.6Im 7Vm 60.2VmIm 

Irow2 6.8Im 9Vm 61.2VmIm Irow2 7.7Im 9Vm 69.3VmIm Irow2 9Im 5Vm 45VmIm 

Irow1 6.8Im 9Vm 61.2VmIm Irow1 7.7Im 9Vm 69.3VmIm Irow1 9Im 5Vm 45VmIm 

 
Skyscraper Puzzle Improved Sudoku Puzzle Proposed Method 

Row 
bypassed 

Current Voltage Power 
Row     

bypassed 
Current Voltage Power 

Row 

bypassed 
Current Voltage Power 

Irow9 9Im 5Vm 45VmIm Irow9 9Im 5Vm 45VmIm Irow9 8.6Im 8Vm 68.8VmIm 

Irow8 9Im 5Vm 45VmIm Irow8 7.7Im 9Vm 69.3VmIm Irow8 8.1Im 9Vm 72.9VmIm 

Irow7 8.1Im 8Vm 64.8VmIm Irow7 7.7Im 9Vm 69.3VmIm Irow7 8.1Im 9Vm 72.9VmIm 

Irow6 7.7Im 9Vm 69.3VmIm Irow6 7.7Im 9Vm 69.3VmIm Irow6 8.6Im 8Vm 68.8VmIm 

Irow5 8.6Im 7Vm 50.4VmIm Irow5 8.1Im 8Vm 64.8VmIm Irow5 8.1Im 9Vm 72.9VmIm 

Irow4 8.1Im 8Vm 64.8VmIm Irow4 8.1Im 8Vm 64.8VmIm Irow4 8.1Im 9Vm 72.9VmIm 

Irow3 8.1Im 8Vm 64.8VmIm Irow3 8.1Im 8Vm 64.8VmIm Irow3 8.6Im 8Vm 68.8VmIm 

Irow2 8.1Im 8Vm 64.8VmIm Irow2 9Im 5Vm 45VmIm Irow2 8.1Im 9Vm 72.9VmIm 

Irow1 7.7Im 9Vm 69.3VmIm Irow1 9Im 5Vm 45VmIm Irow1 8.1Im 9Vm 72.9VmIm 

 

Tables 1,2: Calculation tables of current, voltage and power in all rows of the methods mentioned 
in case 1 

 

Case2: 
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Fig 9. Rearrangement of solar panels using TCT, magic Square and competence Square methods 

 

 
Fig 10. Rearrangement of solar panels using skyscraper, improved Sudoku and Tour puzzle 

methods 
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Fig 11. Voltage-power diagram (2) 

 
TCT interconnected Magic Square puzzle Competence Square Puzzle 

Row 
bypassed 

Current Voltage Power 
Row     

bypassed 
Current Voltage Power 

Row 

bypassed 
Current Voltage Power 

Irow9 9Im 5Vm 45VmIm Irow9 8.6Im 6Vm 51.6VmIm Irow9 8.1Im 8Vm 64.8VmIm 

Irow8 7.8Im 8Vm 62.4VmIm Irow8 7.9Im 9Vm 71.1VmIm Irow8 7.9Im 9Vm 71.1VmIm 

Irow7 4.8Im 9Vm 43.2VmIm Irow7 8.3Im 7Vm 58.1VmIm Irow7 7.9Im 9Vm 71.1VmIm 

Irow6 7.8Im 8Vm 62.4VmIm Irow6 8.8Im 5Vm 44VmIm Irow6 8.1Im 8Vm 64.8VmIm 

Irow5 9Im 5Vm 45VmIm Irow5 8.1Im 8Vm 64.8VmIm Irow5 8.1Im 8Vm 64.8VmIm 

Irow4 9Im 5Vm 45VmIm Irow4 7.9Im 9Vm 71.1VmIm Irow4 8.8Im 6Vm 52.8VmIm 

Irow3 9Im 5Vm 45VmIm Irow3 7.9Im 9Vm 71.1VmIm Irow3 8.6Im 7Vm 60.2VmIm 

Irow2 9Im 5Vm 45VmIm Irow2 8.1Im 8Vm 64.8VmIm Irow2 8.8Im 6Vm 52.8VmIm 

Irow1 9Im 5Vm 45VmIm Irow1 8.8Im 5Vm 44VmIm Irow1 8.1Im 8Vm 64.8VmIm 

 

Skyscraper Puzzle Improved SuDoKu Puzzle Proposed Method 

Row 
bypassed 

Current Voltage Power 
Row     

bypassed 
Current Voltage Power 

Row 

bypassed 
Current Voltage Power 

Irow9 8.1Im 8Vm 64.8VmIm Irow9 8.1Im 8Vm 64.8VmIm Irow9 8.1Im 9Vm 72.9VmIm 

Irow8 8.1Im 8Vm 64.8VmIm Irow8 8.1Im 8Vm 64.8VmIm Irow8 8.1Im 9Vm 72.9VmIm 

Irow7 8.6Im 6Vm 51.6VmIm Irow7 8.3Im 7Vm 58.1VmIm Irow7 8.1Im 9Vm 72.9VmIm 

Irow6 7.9Im 9Vm 71.1VmIm Irow6 7.9Im 9Vm 71.1VmIm Irow6 8.6Im 8Vm 68.8VmIm 

Irow5 8.3Im 7Vm 58.1VmIm Irow5 7.9Im 9Vm 71.1VmIm Irow5 8.6Im 8Vm 68.8VmIm 

Irow4 8.6Im 8Vm 51.6VmIm Irow4 8.8Im 5Vm 44VmIm Irow4 8.1Im 9Vm 72.9VmIm 

Irow3 8.1Im 8Vm 64.8VmIm Irow3 8.6Im 6Vm 51.6VmIm Irow3 8.1Im 9Vm 72.9VmIm 

Irow2 8.1Im 8Vm 64.8VmIm Irow2 8.8Im 5Vm 44VmIm Irow2 8.1Im 9Vm 72.9VmIm 

Irow1 8.6Im 6Vm 51.6VmIm Irow1 7.9Im 9Vm 71.1VmIm Irow1 8.1Im 9Vm 72.9VmIm 

 

Tables 3,4: Calculation tables of current, voltage and power in all rows of the methods mentioned 

in case 2.  

 

CONCLUSION 
 

Various studies have been conducted in this survey. From the literature review, it can be 

concluded that short narrow wide, long narrow, and long wide are the most common shading 

patterns used for analysis. The tour puzzle method shows superiority over other static 

reconfiguration methods by moving panels in rows. In order to demonstrate a comparative method 

in each case, the TCT connection model and other conventional methods such as magic Square 

puzzle, competence Square puzzle, Skyscraper and improved Sudoku to extract the maximum 

power. However, the use of puzzle tour technique for real-world PV arrays can play an important 

role in reducing partial shading losses and generating maximum power from PV arrays.  
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