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1.Introduction 
This massive power outage that has gripped the 

nation encourages the development of sustainable 

energy systems, such as those based on solar, tides, 

geothermal, wind, and biofuels, among others [1]. 

Debilitating hydrocarbon deposits, as well as 

environmental issues, catalyse research into solar-

powered systems [24]. Photovoltaic (PV) power 

generating system installations are increasing 

exponentially in urban areas today to supply power 

for industrial and domestic applications. Numerous 

factors influence PV system evaluation. Designers 

and installers face one of the most significant 

challenges when it comes to shade. In general, 

shading reduces system energy yield because of the 

shadow cast on rooftop PV panels [5]. 

 

Actual assessment factors such as power and voltage 

can be influenced by shadows on solar panels. This 

lowers the overall performance of the PV. Only a 

handful of documented instances of shadow 

negatively impacting system performance have been 

found. 

 
*Author for correspondence 

Only a handful of documented instances of shadow 

negatively impacting system performance have been 

found, according to the author. Recently, observable 

technological advancements have become a major 

source of content for research into reforming the 

modular electrical connection of a PV system to 

improve its performance [6]. It is possible to 

construct a network using (either a series-parallel 

(SP) layout, a honeycomb (HC) layout, a total-cross-

tied (TCT) layout, or a bridge-link (BL) layout) 

series-connected arrays of PV modules in [7], but 

module reorganisation techniques in an array, such as 

game-puzzle based, are used to improve 

performance.  

 

Here, the PV system performance is shown by the 

magic square (MS) game puzzle (4×4 size) under 

both the realistic non- uniform irradiation levels. The 

author highlighted innovative work with the 

recommended modification of the system's layout to 

accommodate rearranged PV modules and 

subsequent verification through simulation and 

experiment and an exhaustive comparison is 

completed with the inspiration of the mentioned 

literature.  

Research Article 

Abstract  
The performance of photovoltaic (PV) systems is significantly impacted by partial shading conditions (PSCs) when 

generating electricity. To mitigate these effects, researchers have explored modifying electrical connections and 

rearranging PV array modules. The primary goal of this research is to reduce shading's impact on PV systems and 

increase the global maximum power point (GMPP). In this study, the magic squares (MS) game puzzle (4×4 size) is used 

to demonstrate the PV system's performance, achieving 49.05W and 51.35W under realistic non-uniform irradiation 

levels. The total-cross-tied (TCT) and series-parallel (SP) methods are analyzed and compared, like the approach used in 

MS puzzles. Experimental validation shows good agreement with the MATLAB/Simulink analysis results in terms of low 

power loss (PL), GMPP locations, power enhancement (PE), and fill factor (FF). The results indicate that the suggested 

PV system is capable of producing satisfactory results. 
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This manuscript contributes to the study of 

photovoltaic (PV) arrays by considering various 

shading scenarios to evaluate their performance. The 

proposed PV array reconfiguration is based on a 

puzzle approach, and is applied to analyze both 

series-parallel (SP) and total cross-tied (TCT) 

topologies. The performance of these configurations 

is evaluated by analyzing their power and current 

diagrams under four different degrees of partial 

shading conditions (PSCs). This analysis provides 

important performance parameters for PV arrays, 

which can inform future design and optimization 

efforts. 

 

The puzzle-based design is recommended because of 

its ability to evenly distribute shade, which improves 

the PV array's performance in terms of power loss 

(PL), global maximum power point (GMPP), fill 

factor (FF), and performance ratio (PR). Figure 1 

shows how shading affects the efficiency of PV 

systems and the underlying cause. 
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Figure 1 Various shading conditions affecting PV 

performance 

 

The structure of this work is divided into six main 

sections. Section 1 covers the background, 

motivation, and objectives of the study. In Section 2, 

we explore different variations in PV array 

configurations based on existing literature and their 

impact on performance parameters of solar PV 

systems. Section 3 provides an overview of the 

methodologies used to evaluate PV system 

performance under potential shading conditions. 

Section 4 describes in detail the simulation and 

experimental methods, including data acquisition, 

assessment, and real-time storage. It also presents a 

discussion of the performance outcomes under 

various shading conditions. Finally, Section 5 

provides a summary of the study's findings and future 

scope for further research. 

 

2.Literature review  
In the manuscript, we have investigated different 

variants in PV array configurations based on 

available literature and their impact on performance 

parameters of solar PV system such as reliability, 

accuracy, optimized locations of GMPP, FF, 

minimum PL etc., the various research topics 

explored to further assessment are discovered and 

calculated. An ample of research article are treated 

for state of art review to comprehend study on entire 

PSCs discussed from performance evaluation of PV 

array system. 

 

It has been observed in experimental analysis that 

multiple power points (MPP) are reduced compared 

to TCT, when modelled for similar size PV system. 

In accordance with [8], the author performed both 

simulations and experimental analysis to assess the 

performance of a 6×6 array both in the TCT and MS 

configuration, where the GMPP was observed to be 

300W at a level of irradiation of 500-1000W/m
2 

in 

the MS configuration. Using this technique in [912], 

the modules physical placement is preserved while 

modifications are made to the wiring system. A study 

is conducted to determine whether or not the 

proposed approach is effective by performing 

extensive simulations with varying degrees of 

shading, and then analysing the results with Current-

Voltage (I-V) and power-voltage (P-V) plots. This is 

done so that the method can be demonstrated to be 

useful. In [13], author uses the odd-even (OE) 

method for rearranging conventional TCT 

methodology in order to disperse high shades on PV 

arrays. During the process of researching a novel OE 

configuration, it was discovered that power was 

increased for each of the four shading scenarios that 

were being considered. These scenarios were as 

follows: dwarf narrow, tall narrow, dwarf broad, and 

tall broad. When compared with SP, BL, and TCT, 

the results were as follows: 30.88%, 14.31%, 8.47%, 

and 2.18% respectively [14]. Under short narrow 

(SN), long wide (LW), and short wide (SW) shading 

scenarios, the authors' unique Skyscraper game 

puzzle-dependent PV arrangement was found to be 

the most effective, generating 43.36%, 22.36%, and 

39.31% more power at GMPP, respectively, than a 

dominance square (DS)-based arrangement. PV 

arrays of both 9×9 and 5×5 sizes have been used to 

model and test this phenomenon. 

 

In [15] the author investigated and observed that the 

power offered by recommended Su-Do-Ku (SDK) 

based bridge link- total cross tied (BL-TCT) 

arrangement at different irradiation levels is 



Isha Kansal and Rupendra Kumar Pachauri 

204 

 

44.314W. The author in [16] made a comprehensive 

look at how the PV system's flaws stem from erratic 

solar irradiance of 400-1000W/m
2
 in traditional PV 

arrangements i.e., SP, HC, BL, TCT and the redesign 

method (RM). In [17], they have introduced and 

discussed an immensely shadow scattering technique 

using Rao, social mimic optimization (SMO) and 

flow regime algorithm (FRA) algorithm which has 

enhanced power compared for 9×9 dimension of 

TCT, competence square (CS) and genetic algorithm 

(GA) arrangement by 13%, 11%, and 9% 

respectively. Experiencing non-uniform three shading 

grades as 200W/m2, 400W/m2, 500W/m2, 600W/m2 

and 900W/m2, assessment domains such as mismatch 

loss (ML), %PL, %PE and FF with superior power 

with lowered maximum power point (MPP) for FRA 

are recognized. Compared to the SP configuration, 

the BL, LD, HC, TCT, bridge link-honey comb (BL-

HC), and series parallel-total cross tied (SP-TCT) 

topologies enhanced output power by 1.2%, 1.8%, 

3.2%, 3.4%, 3.3%, 3.1%, and 2.8%. In order to 

maximise power output while minimising shade 

distribution losses, voltage drop, and cable costs, this 

paper proposes a reconfiguration scheme [1821]. 

The goal of this paper was to examine and contrast 

the results obtained by using a number of different 

reconfiguration schemes such as SP, TCT, OE, LU 

SHO, odd-even-prime (OEP), Sudoku, etc. to analyse 

their field applicability. The higher capital costs for 

cables, voltage drop, and PL more than cancel out the 

benefit of increased output current and power from 

various reconfiguration schemes.  

 

New game puzzle, the ancient Chinese square matrix 

(ACMS), is proposed in [22] and compared to 

shading and PV array layouts. It has been 

demonstrated that if optimal GMPP performance is a 

concern, the ACMS-based setup is the clear winner 

and significantly reduced PL. Traditional (TCT, Ken-

Ken, and L-Shape PV configurations) and creative 

permutation and combination (P-C) configurations 

(sizes 4×4, 4×6, and 9×9) influenced by the shadow 

effect were analysed in [23]. Shading conditions were 

also realistic, with irradiances ranging from 500 to 

1000 W/m2. In addition, the noel P-C outperforms 

alternative methods in terms of GMPP efficiency. In 

[24], a PV module arrangement inspired by the 

'Knight pattern' chess game symbol is used and 

compared to the standard power grid (SP, TCT, and 

Su-Do-Ku). There are six distinct shading schemes 

used in this study, each with a different irradiance 

level ranging from 200 to 950 watts per square metre. 

This study [25] compares SP, BL, HC, and TCT 

configurations to proposed game theory (PGT) 

puzzle-based configurations under realistic PSCs. 

The PGT puzzle-based layout has fewer and higher 

power maxima spots than other PV array 

configurations. The shading case-II PGT 

configuration outperforms the SP, BL, HC, and TCT 

arrangements with GMPP, %PE, reduced PL, FF, and 

PR (%) values of 309.1 W, 9.84%, 95.9 W, 0.720, 

and 76.32%. 

 

The optimal PV configuration is formed through 

dynamic manipulation [26] of the intermodular solid-

state switches using a novel maximum power point 

tracking (MPPT) algorithm that takes into account 

the type of PSC patterns for PV arrays, the switching 

process is simulated in great detail. When compared 

to an ideal switch-based circuit, the P-V 

characteristics of the IGBT-based circuit were found 

to be very similar, and the switching losses of the 

arrays across all reconfiguration modes ranged from 

0.87 percent to 2.34 percent. We compare the new 

LS-SRA and HS-SRA configurations to the 

established SP, TCT, Su-Do-Ku (SDK), and I-SDK 

based PV setups under realistic PSCs [27]. In [28] 

four square (FS) is a novel static reconfiguration 

[2932] approach that is suggested. FS is suggested 

as a general strategy for distributing various shade 

patterns. A number of static and dynamic 

reconfiguration methods are compared to FS. The 

reliability of the FS is evaluated by calculating the 

daily energy savings. FS increased the power when 

there were sporadic failed modules by 38.016%. In 

comparison to the TCT-connected system, it achieves 

the best redesign [33], increasing the power by 

percentages of 44.42%, 11.9%, 33.36%, 20. 86%, and 

13.17%. The proposed approach increases power 

output by 47.2% for the S-P configuration [34] and is 

10.45%, 30.75%, 17.25%, and 26.27% more 

efficient. By combining the Multi-Slice Array layout 

with the differential evolution-based adaptive perturb 

and observe (DEAPO) MPPT technique in this work 

[35] to present a novel hybrid approach that 

addresses the aforementioned issue. With the help of 

a current compensation converter, the PV system can 

be run with evenly distributed rows of power 

generation in [36]. For the benefit of researchers 

working in this field, these papers [3740] provides 

insights into recent developments in PV array 

configurations as well as their anticipated trends. 

 

This research introduces a cutting-edge methodology 

for constructing various models of PV array 

placements to lessen the impact of shade. 

Configurations are described and discussed from the 

perspectives of advantages, shortcomings, and 
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essential aspects. In order to assess the different PV 

configurations based on topology, modelling, 

performance, scalability, grid connectivity, etc., a 

thorough literature review on the subject is 

conducted. 

 

3.Methodology of Solar PV technology 

3.1PV modelling 

Solar PV cells are used to their full potential to 

produce increased rating loads by arranging them in 

series and parallel. Figure 2 depicts the electrically 

arranged circuit configuration of a solar PV cell. 
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Figure 2 PV array development (4×4 size) and PV cell equivalent electrical circuit 

 

Output voltage of the array depicted in Figure 3 can 

be expressed with the Equation 1 as, 

    
    

 
  (

         

  
)                                       (1) 

 

Where,   and   are used to reflect the cell voltage 

and ideality factor respectively.    stands for cell 

temperature and   electron charge. Moreover,    and 

   are represented as photo current and saturation 

current respectively. In addition,         and    stand 

for the series resistance and PV cell current.    

 

(a)Conventional PV array configurations 

In the SP topology, the finite numbers of panels are 

arrayed in a PV array strings (single) to enhance the 

voltage level. The parallel arrangement of PV strings 

in an array is directly responsible for elevating the 

current rating. Furthermore, cross-tied connections 

are arranged to modify the SP connections, and the 

newly developed PV array model is called TCT. 

Figure 3(a) makes it abundantly clear that the PV 

module with the numbers 22 (second row, second 

column) actually resides in the first and subsequent 

second rows. Therefore, all PV panels in an array 

system are treated with the same level of uniformity 

in terms of methodology. The conventional SP and 

TCT are electrically connected as a 44-size PV array, 

as shown in Figure 3. 
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(c) 

Figure 3 (a) Nomenclature 4×4 size PV array (b) SP 

(c) TCT arrangements 
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(b)PV array configurations based on game 

puzzles: MS 

The foundation of the proposal is a particular 

ordering of integers from 1 to 4. In this study, a MS-

based puzzle is taken into account for extensive study 

of the GMPP locations, PL analysis, and %PE under 

shading scenarios. 

 

Furthermore, the methodology to obtain the MS 

puzzle with the equality summation properties, e.g., 

row, column, and diagonal, is given in Figure 4. The 

nomenclature and electrical arrangements of modules 

are explored to design an MS puzzle (4x4 size)-based 

PV array system. The generalised flow chart-based 

algorithm is given as, 
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(c)Electrical arrangement of PV array 
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 (d)Flow chart operation to design MS 
Figure 4 Methodology of attaining (4×4 Size) PV 

array configuration puzzle requiring MS 

 

3.1.1Experimental setup 

The current experimental setup is meant for a 

thorough investigation of the performance of PV 

systems while using PSCs. The four-by-four size PV 

array is equipped with a voltage-current meter and a 

load-changing device for use in situations with 

variable resistive loads (DAS). Experiment setup as 

seen on the lab bench (Figure 5). A network of 

analogue sensors (voltage and current) linked to a 

microcontroller system forms the basis for a data 

logger system that can measure electrical 

performance in the dark and collect data in real time. 

Another stage of testing involves storing the system's 

performance characteristics for P-V and I-V 

characterization on a micro-SD card. As shown in 

Figures 6 and Figure 7, the DAS's data flow and 

wiring configuration are depicted for illustrative 

purposes. 
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Figure 5 Experimental setup 

 

Power Supply

 
Figure 6 wiring arrangement of DAS for real time measurement 
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Figure 7 Schematic depiction of the data logging system's workflow 

 

3.2Performance parameters and shading scenarios 

Because of PSCs, each module within an array has its 

own local power maxima point (LMPP) and GMPP 

on the P-V graph. Due to the presence of many 

GMPP and LMPP, the MPPT system may be 

deceived in the current shading environment and will 

be unable to achieve enhanced power to the load. To 

derive the performance characteristics, the nature of 

the I-V and P-V curves is depicted as follows: 

Power and voltage at GMPP  (               ) 

        is the ultimate value measured under the 

shading conditions on P-V graphs. Furthermore, the 

voltage attained at GMPP is known as        .   
FF 

The FF is used to determine the performance 

efficiency of a P-V system and can be expressed as 

follows by Equation 2, 

    (
     

       
)        (2) 

 

PL 
PL can be evaluated through sum total of power at 

GMPP minus power at its ideal level. The 

identification of PL is expressed in Equation 3 as, 

                  (3) 

Execution ratio(ER) 

Equation 4 expresses ER as a ratio in between power 

output at GMPP and that of a PV plant system at full 

capacity.  

     (
             

                    
)      (4) 

 

Power enhancement (PE) 

The improvement in power for the advanced PV 

arrangement w.r.t the conventional arrangement is 

called PE. % PE is expressed in Equation 5 as,  

     (
                      

   
)      (5) 

 

3.2.1Shading scenarios 

For efficient performance investigation of PV 

systems in reference to FF, PL, % ER, and GMPP 

locations under two shading scenarios. These 

following shading circumstances have been used in 

this investigation, as illustrated in Figure 8 and 

Figure 9, 

 

Using Equations 6–8, we can theoretically evaluate 

the row-by-row current generated by SP-based PV 

array configurations in the shading case I. 
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(c) 

Figure 8 Shade profiles from reconfigured PV array 
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                                  (a)                                                         (b)                                                      (c) 

Figure 9 Shade profiles based on redesign PV array 
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Under the shadowing situation II, Equations 9–11 

provide a theoretical evaluation of current for row-

wise SP-based generated PV array designs. 
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As similar above analysis to identify the theoretical 

current for MS based PV array can be done under 

shading scenarios I-II. 

 

4.Results and discussion 
The implications of these shading schemes on 

performance for various array configurations are 

investigated in the following research. 

 

4.1Standard test conditions(STCs) P-V and I-V 

curves 

According to simulation study, the maximum power 

and voltage of an array system at STC are 80.09W 

and 35.55V, respectively as depicted in Figure 10. 

 

 
(a) 

 
(b) 

Figure 10 (a) I-V (b) P-V plots at STC 

 

4.2MATLAB/Simulink study: I-V and P-V plots 

under shade scenarios I-II 
The I-V characteristics of MS are much smoother 

compared to those of SP and TCT designs, as seen in 

Figure 11(a). It is observed that the short circuit 

current is 1.87 A, 1.87 A, and 1.63 A for SP, TCT, 

and MS, respectively. 

The SP and TCT are incoherent due to the GMPP of 

the array and the module's maximum output power 

arrangements suffer considerable shading losses. 

Under shading scenario-I, the GMPP position is 

found to be higher, at 49.05W, than the SP and TCT 

arrangements, which are 43.4W and 43.9W, 

respectively. 

 

 
(a) 

 
(b) 

Figure 11 I-V and P-V plots under shading case-I 

 

In comparison to SP and TCT configurations, reliable 

behaviour of I-V characteristics for MS is achieved in 

shading scenarios -II. In-depth analysis of the results 

of the SP, TCT, and MS array models revealed that 

SP and TCT have low power performance of 45.76W 

and 46.12W, respectively, compared to MS's 

51.35W. I-V and P-V curves are depicted in Figure 

12 under shade scenario II.   
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(a) 

 
(b) 

Figure 12 I-V and P-V plot under shading scenario-II 

 

The assessment outcomes obtained through 

MATLAB/Simulink study are depicted in Table 1. 

The obtained performance indices are identified 

during the shading scenarios I-II as, 

 

Table 1 Quantitative performance indices during 

MATLAB/Simulink study 

Shading pattern-I 

 SP TCT MS 

         43.4 43.9 49.05 

         28.05 28.31 38.82 

      1.54 1.55 1.26 

       43.8 44 44.4 

       1.87 1.87 1.63 

    53.0 53.3 67.8 

      36.69 36.19 31.04 

    54.18 54.81 61.24 

             - 1.15 13.01 

         45.76 46.12 51.35 

         27.91 28.73 39.12 

      1.63 1.60 1.31 

Shading pattern-I 

 SP TCT MS 

       43.6 43.6 43.7 

       2.02 2.02 1.85 

    52.0 52.4 63.5 

      34.33 33.97 28.74 

    57.13 57.85 64.11 

             - 0.78 12.21 

 

4.3Experimental validation: I-V plot and P-V plot 

for shade scenario-I 

An experimental investigation was done on 4×4  

dimention SP, TCT and MS arrangement-based PV 

systems. Power at GMPP is calculated as 80.09W 

under standard solar irradiation of 1000W/m
2
. The 

significance of shading is shown through electrical 

parameters performance for all configurations i.e., 

SP, TCT and MS considered shown in Table 2. 

Under shading scenarios, as depicted in Figure13 of 

cases I, power maxima at MPP for SP, TCT and MS 

is observed as 42.38W, 42.65W and 46.01W 

respectively. MS configuration experiences smoother 

I-V characteristics as compared to TCT and SP. The 

value of short circuit current so observed is noted as 

1.60A for MS under extensive examination in 

shading scenario-I. 

 

 
(a) 

 
(b) 

Figure 13 I-V and P-V plots under shading scenario-

I 
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The assessment outcomes obtained through 

experimentation study are depicted in Table 2. The 

obtained performance indices are identified during 

the shading scenarios-I as,  

 

Table 2 Quantitative performance indices in 

experimental analysis 

Shading pattern-I 

 SP TCT MS 

         42.38 42.65 46.01 

         26.97 27.92 36.89 

      1.571 1.527 1.24 

       42.8 43.2 43.3 

       1.84 1.84 1.60 

   53.8 53.6 66.4 

Shading pattern-I 

 SP TCT MS 

      37.71 37.44 34.08 

    52.91 53.25 57.44 

             - 0.63 8.56 

 

The transient analysis of electrical performance 

characteristics like GMPP's power and voltage is 

noticed during the experimentation work in order to 

validate the acquired results. Maximum current, 

voltage, and power are reduced from ideal/rated 

power (67.37W) to 42.38W (SP), 42.65W (TCT), and 

46.01W (MS) under shade pattern-I, as illustrated in 

Figure 14. 

 

 

  
                          (a)                                                                                    (b) 

 
(c) 

Figure 14 Transient study of (a) SP (b) TCT (c) MS PV configurations under shading case-I 
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4.4Power at GMPP 
Power assessment results are depicted through Figure 

15. While doing MATLAB/Simulink study shown in 

Figure 15(a), it has been found out that MS topology 

with two shadowing scenarios I-II has highest power 

maxima at GMPP noted as 49.05W and 51.35W 

respectively. 

 

In addition to this, when same MS arrangement 

undergoes electrical analysis experimentally under 

shadowing scenarios-I as depicted in Figure 15(b) 

denoted power at GMPP as 46.01W superior than 

TCT and SP as 42.65W and 42.38W as referred in 

Table 2. 
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Figure 15 PGMPP  after (a) Simulation study (b) 

Experimental  analysis 

 

4.5FF analysis 

On comparing MS with TCT and SP configuration, 

differences are observed in the FF among the three as 

shown through Figure 16(a). During simulation study 

represented in shading scenarios I-II, shows high 

improvement in shading efficacy (FF) with MS as 

67.8% and 63.5% referred to Table 1 while TCT and 

SP stays at 53.3% and 53.0% for case-I and 52.4% 

and 52% for shading case-II respectively. 

 

An experimental study was also conducted 

simultaneously for shading case-I, to validate MS 

array’s performance. As a result of study conducted, 

MS array %FF is found to be 66.4% represented as 

bar chart in Figure16 (b).  
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Figure 16 FF for (a) MATLAB/Simulink study (b) 

Experimental study 

 

4.6PL analysis 

PL owing to shading given by diverse sources on PV 

systems such as SP, TCT, and MS game puzzle-

based arrangements are evaluated in the experimental 

analysis study and MATLAB/Simulink study. The 

MS model offers minimum losses in power of 

31.04W and 28.74W referred to Table 1 under cases-

I and II respectively. Bar chart analysis shown in 

Figure 17(a) and Figure 17 (b) reveals the same for 

MS configuration. 

 

According to experimental analysis, MS has highest 

losses of 34.08W during case-I as shown in Table 2 

after performance validation is shown through Figure 

17(b). 
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Figure 17 PL for (a) MATLAB/Simulink study (b) 

Experimental study 

 

4.7ER and PE analysis 
On comparing the experimental study with 

MATLAB/Simulink study, validated ER for MS is 

superior for both the shading cases of TCT and SP, 

resulting in performance enhancement as shown in 

Figure 18(a). Under shadowing cases I-II, ER% for 

MS is noticed to be much enhanced as 61.24% and 

64.11% compared to conventional configurations as 

TCT (54.81% and 57.85%) and SP (54.18% and 

57.13%) as referred to Table 1. 

 

In experimental analysis, ER for MS is represented as 

bar chart depicting in Figure 18(b) has higher value 

as 57.44% (referred to Table 2), when investigated 

against SP and TCT. 
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Figure 18 ER analysis for (a) MATLAB study (b) 

Experimental study 

 

The performance improvement in relation to the SP 

array configuration is depicted in a bar graph 

throughout Figure 19 and is summarized in Table 1. 

The PE is raised in cases I and II from 1.15 % in TCT 

to 13.01 % in MS and also from 0.78 % in TCT to 

12.21 % in MS, respectively.  Furthermore, when 

experimentally analysed results in an increase of 

0.63% in TCT to 8.56%in MS w.r.t SP as referred to 

Table 2 and represented by Figure 19(b). 

 

4.8Performance outcomes: challenges & future 

scope 

The primary goal is to encourage a strategy to lessen 

the effects of PV systems shadowing and achieve 

significant GMPP. Here, 

 The MS game puzzle of 4×4 size illustrates the PV 

system performance at higher side under realistic 

non-uniform irradiation levels. 

 These puzzle-based configurations when switched 

to larger scale matrices shows complexity in 

wiring connections then metaheuristic approaches 

are used to identify optimal GMPP for system 

efficiency.   
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Figure 19 PE analysis for (a) MATLAB (b) 

experimental study 

 

In this manuscript, we compare and analyze 

conventional SP and TCT puzzle-based 

configurations with uniquely generated MS 

configurations under PSCs with respect to PL, FF, 

ER, and PE. Our extensive analysis indicates that the 

minimum power maxima point of PV arrays based on 

the MS puzzle is superior to that of alternative 

designs. Consequently, we have been able to reduce 

the negative impact of shading on the output of the 

PV system. 

 

A complete list of abbreviations is shown in 

Appendix I. 

 

5.Conclusion  
In this manuscript, we compared and analyzed 

standard SP and TCT-based puzzle configurations 

with a uniquely generated MS configuration under 

PSCs. We validated our results extensively using 

MATLAB/Simulink-based experimentation and 

examined several performances measuring variables, 

including PL, FF, ER, and PE. Our research indicates 

that the MS puzzle-based array architecture presented 

has a minimum power maximum point with superior 

values. 

 

In our rigorous MATLAB/Simulink study and 

experiment, we found that performance metrics 

estimated and discovered, such as power at GMPP, % 

PE, FF, and reduced PL (%), were considerably 

better for the MS puzzle-based PV array design 

compared to TCT and SP. Specifically, we found 

values of 49.05 W, 13.01%, 67.8%, and 31.04% 

respectively for the MS puzzle-based design, which 

were validated experimentally and found to be 

similar (46.01 W, 8.56%, 66.4%, and 34.08%). 

 

Furthermore, we found that the MS puzzle-based 

array design outperforms other shading scenarios in 

simulation, with power at GMPP, PE, FF, and 

insignificant PL values of 51.35 W, 12.21%, 63.5%, 

and 28.74%. We believe that our investigation will 

benefit future commercial PV plant analysts and 

newcomers to this sector. 
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Appendix I 
S. No. Abbreviation Description  

1 ACMS Ancient Chinese Square Matrix  

2 BL Bridge-Link 

3 BL-HC Bridge Link-Honey Comb 

4 BL-TCT Bridge Link- Total Cross Tied 

5 CS Competence Square 

6 DAS Variable Resistive Loads 

7 DEAPO Differential Evolution-Based 

Adaptive Perturb and Observe 

8 DS Dominance Square 

9 ER Execution Ratio 

10 FF Fill Factor 

11 FRA Flow Regime Algorithm 

12 FS Four Square 

13 GA Genetic Algorithm 

14 GMPP Global Maximum Power Point 

15 HC Honey-Comb 

16 I-V Current-Voltage 

17 LMPP Local Maximum Power Point 

18 LS Latin Square 

19 LS-TCT Latin Square- Total-Cross-Tied 

20 LW Long Wide 

21 ML Mismatch Loss 

22 MPP Multiple Power Points 

23 MPPT Maximum Power Point Tracking 

24 MS Magic Square 

25 OE Odd-Even 

26 PE Power Enhancement 

27 PGT Proposed Game Theory 

28 PL Power Loss 

29 PR Performance Ratio 

30 PSCs Partial Shading Conditions 

31 PV Photovoltaic 

32 P-V Power-Voltage 

33 RM               Redesign Method 

34 SDK               Su-Do-Ku 

35 SMO              Social Mimic Optimization  

36 SN                 Short Narrow 

37 SP                  Series-Parallel 

38 SPDK            Shape-Do-Ku 

39 SP-TCT         Series-Parallel-Total-Cross-Tied 

40 STC               Standard Test Condition 

41 SW                 Short Wide 

42 TCT               Total-Cross-Tied 
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