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Abstract: Non-uniform irradiance due to partial shading conditions (PSCs) reduces the power
delivered by the photovoltaic (PV) cell. The output power reduction in the PV arrays directly
depends on the shading pattern and type of array configuration which is selected. So far, many
dynamic and static reconfiguration methods have been used for maximum power point tracking
under PSCs in the PV arrays. However, most conventional methods suffer from some major
problems such as the need for additional equipment and sensors, complex wiring, the use of
expensive sensors, production of complex switching matrices, high costs, and inability to
reconfigure PV arrays with very small, large, and non-square sizes. Accordingly, this paper,
after reviewing the dynamic and static PV array reconfiguration methods, presents a novel
static-based technique called 8-Queen's for reconfiguring the PV modules corresponding to the
Total-Cross-Tied (TCT) inter-connection PV array. The 8-Queen's technique has a great ability
to apply on high dimensions and rectangular shapes PV arrays and is based on the movement
of 8 queens on the chessboard so that none of the queens can attack the others. The effectiveness
of the suggested method is expressed by implementing it on 7 cases of the TCT PV array in
different sizes and various PSCs. In a comparative scenario, the performance and effectiveness
of the proposed 8-Queen's technique are evaluated compared to other conventional methods.
Indicators of global maximum power point (GMPP), fill factor, power efficiency, and
mismatch losses evaluate the results of the employed methods. The evaluation of results and
reaching the high values of the GMPP 1.e.
222V, 22.2V, 1y, 675V, 1y, 66.6V, 1, 126V, 1, 346V, 1, and 8.1V, 1,,, respectively,
for cases 1 to 7 represent the effectiveness of the 8-Queen's technique compared to other used
methods. In addition, the performance evaluation of the proposed technique in real-world PV
arrays is performed by modeling a sample PV array taking into account measurement errors.
The results in this step also show that the proposed technique can also provide acceptable
performance for solving problems related to maximum power point tracking under PSCs in PV
systems.

Keywords-Photovoltaic array, maximum power point tracking (MPPT), reconfiguration,
partial shading condition (PSC), 8-Queen's technique



Abbreviations n Number of columns

PV Photovoltaic U Ascending diameters

PSC Partial shade condition i Descending diameters

MPPT Maximum power point tracking Uene(p) Queen's in ascending diameters

TCT Total-Cross-Tied D eneo Queen's in descending diameters

GMPP Global maximum power point j Column index, and

S Series Gy Irradiance in the panel labeled 1j

P Parallel G, Full irradiance

SP Series-Parallel I 1 Limited current for full irradiance of
the panel labeled 1j

EAR Electrical array reconfiguration I, The PV module’s current

FF Fill factor P, Maximum extracted power

BL Bridged-Linked Voc Open-circuit voltage

ANNSs Artificial neural networks Isc Short circuit current

STC Standard test condition n Power efficiency

ML Mismatch loss P, Solar energy input

Variables MPP,,,; Maximum power under uniform
radiation

R, Queen in the m" row GMPP g, GMPP under PSCs

C, Queen in the #” column I, The current limit in full radiation

m Number or rows

1. Introduction

Increasing energy demand and environmental awareness have led to increased electricity
generation from renewable energy sources in recent years [1]. In many developed countries,
renewable energy has become a very suitable replacement for fossil fuels. Global statistics
represent that the average global energy growth rate in the past decade has been 5.4% [2].
Among renewable energy sources, solar energy is one of the most important energies that in
addition to sustainability, is also environmentally compatible. Thus, the production of
electricity from solar energy on a large scale has become one of the important goals of the 21st
century [3]. This can be achieved by a technology that converts sunlight directly into electrical



energy. This process is done through a photoelectric effect technology in the Photovoltaic (PV)
array [4]. The technology of using the PV panels to generate energy over other renewable
energy sources has advantages such as low installation costs, easy transportation, usable in
various places, and most importantly without environmental pollution [5]. Despite these
advantages, a PV system sometimes suffers from physical and electrical defects such as arc
faults, hot spots, line-to-line faults, open circuit faults, converter switch faults, and shaded
faults [6]. In the meantime, the mismatch phenomena is a common damage condition in most
PV systems that causes to reduce the extraction of productive power in the PV array. The
mismatch phenomenon is caused by cracking of the module or due to the difference in radiation
received by the PV modules [7]. The occurrence of this phenomenon in a PV array can have
losses such as the difference between the maximum power of a PV array and the sum of the
maximum power of its modules [8]. Given that solar energy is received by one surface per
square meter, the mismatch caused by changes in the radiation level in the PV array is called
partial shading. Static and dynamic shadows are considered as two types of shadow conditions.
Static shading occurs due to the accumulation of dust, tree leaves, floating clouds, and birds
sitting on glass. But, permanent conditions such as the shade of trees and surrounding buildings
are creating a dynamic shade. Figure 1 illustrates examples of partial shading on the PV arrays.
As shown in Figure 2, the occurrence of either of these two states over time has unique effects
on the characteristic curves of the PV array and maximum power point. In addition, the stability
of partial shade condition (PSC) can cause other serious damage to internal equipment such as
open or short-circuited diodes in the PV array [9]. Thus, when a string is subjected to PSC, the
modules that cannot supply the string current are short-circuited by bypass diodes. In terms of
PSC losses, for example, a loss of 5-10% of PV energy in countries such as Germany and
Japan, and also about 4% for Spain has been reported in [10].




Figure 1. PV arrays under PSC
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Figure 2. Effect of PSC on the maximum power point

Today, maximum power point tracking (MPPT) and achieving the maximum power output of
the PV arrays in dealing with these issues have posed many challenges in this field for
researchers and craftsmen. Solutions to deal with the aforementioned problems caused by the
PSC in the PV arrays are divided into two categories of passive and active techniques. Each of
these techniques has details that have been studied in various studies. In the description of the
passive technique, can be referred to the use of the bypass diodes and different types of
connections for PV modules for reducing the partially shaded losses. Total-Cross-Tied (TCT),
Honey Comb, Bridge-Link (BL), and Series-Parallel (SP) are some of the most common types
of connection models for the PV modules [11,12]. Figure 3 shows the interconnections between
PV modules by each of these models. The results presented in various studies have shown the
ability and efficiency of the TCT model connection in extracting maximum power compared
to other connection models [13].
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Figure 3. Various interconnections between PV modules: (a) SP arrangement; (b) BL
arrangement; (c) TCT arrangement; (d) Honey Comb arrangement

Active techniques for PSC fall into three categories, each with its advantages and
disadvantages:

» Utilizing multi-tracker converters

» Utilizing micro converters

» Reconfiguration of PV arrays
The technique of utilizing multi-track converters tracks the maximum power point with the
same shading independently for each set of the PV arrays. The use of a large number of
converters in this technique makes it expensive [14]. The technique of utilizing micro
converters is also an expensive method, but employing this solution leads to the high energy
efficiency of the PV array [15]. Finally, utilizing the PV array reconfiguration method, modules
related to a PV array can be configured by the switches between them. This method can be
mainly employed for the TCT and SP connection models. This method is economically viable
and has been able to extract high energy efficiency in the PSC of the PV array. Reconfiguration
of the PV array eliminates the effect of mismatch losses under partial shadow conditions of the
PV array in extracting maximum power and also achieving maximum energy efficiency [16].
In general, reconfiguration techniques are divided into two categories: dynamic and static
techniques. In dynamic or electrical array reconfiguration (EAR) techniques, the modules are
dynamically configured inside the PV array to extract the maximum output power under PSC.
Static techniques that refer to the physical displacement of modules follow a fixed connection
scheme, in which the modules are displaced in the PV array without changing the electrical
connections. Static techniques do not require any sensors or switching matrices. Applying these



techniques to distribute shadows on a PV array is possible by using a reconfiguration pattern
[13,17].

So far, many valuable studies have been performed to track the maximum power point of a PV
array under PSCs using these techniques. In [18], authors have reviewed all the static and
dynamic techniques related to PV panels reconfiguration under PSCs and provided an overview
of them. Performance evaluation of each of the available methods is one of the obvious
achievements of that study. The valuable work of [19] based on a thorough review of 125
recently published papers provides a comprehensive figure of new PV array reconfiguration
methods. In the same study, a comprehensive classification has been performed in which sixty-
four methods are fully classified into nine groups and nine evaluation criteria are summarized.
In addition, a comprehensive comparison based on ten specific indicators, such as complexity,
response speed, monitor variables, shadow dispersion rate, and range of application is
presented. Finally, the optimal performance and effectiveness of static methods are shown due
to faster response speed and high compatibility. For example, concerning dynamic techniques,
one can refer to the basic studies such as [20] and [21] that have provided an EAR controller
for changing the electrical connections between PV modules based on the radiation level to
provide input current to the motor. In [22], an irradiance equalization algorithm has been
utilized to control a PV system by the EAR technique. Based on the proposed algorithm, each
PV module can connect with any of the array rows. The technique proposed in that paper was
performed on a small-scale grid-connected PV system of 1.65 kWp, which shows the results
of the feasibility of the approach and also the ideal power delivery under PSCs in the PV array.
In [23], the increase in energy conversion for a 4 X 4 PV array under PSCs has been performed
by reconfiguration of shaded arrays using a novel dynamic-based reconfiguration method
called the L-shaped propagated array configuration. In [24], an analytical procedure for
tracking the real MPP under Uniform Irradiance Condition (UIC) and PSC has been introduced.
The basis of the proposed method is through the use of analytical formulas for the behavior of
the PV system. In another study [25], achieving maximum output power under PSC has been
performed by shifting shaded PV modules within the PV array via a reconfiguration procedure
based on the reduction of irradiance mismatch index. In [26], a new EAR-based reconfiguration
technique has been proposed, consisting of a fixed part, an adaptive part, and a switching
matrix. In this technique, the switching matrix plays an essential role by connecting compatible
PV cells to fixed cells in order to compensate for radiation drop in each row. An adaptive
reconfiguration solution has been proposed in [27] to reduce the effect of shadows on PV
panels. In this study, a switching matrix connects a solar adaptive bank to a fixed part of a solar
PV array. According to a model-based control algorithm, the output power of the solar PV
array increases. In [28], an adaptive bank scheme has been proposed based on the bubble sort
method for shadow dispersion, which requires a continuous change to identify the best-
configured array. This method switches the adaptive PV arrays one time and after each
switching, the power of the whole system is analyzed. The simulation and experimental results
presented in this study emphasized a 13% improvement in efficiency compared to the
performance of the central inverter topology. The method presented in [29] is an important step
to determine the optimal connection structure. In this method, different applications of a fuzzy
technique have been suggested. Typically, fuzzy logic which is used in situations such as
uncertainty is utilized to determine the optimal layout of the PV array in the reconfiguration
problem. The reconfiguration performed in this study makes it possible to achieve the
maximum power point and, based on the real-time adaptation of a switch matrix to self-ability,



maintains a constant load voltage. In [30], the scanning algorithm has been employed to
reconfigure PV arrays with partial shadows. This algorithm only uses the short-circuit current
value measured in certain parts of the PV array. In [31], a shadow dispersion model based on
a two-phase reconfiguration method has been proposed to reduce mismatch losses. The results
of the proposed method in that study are compared to the results of the traditional physical
relocation (SuDoKu), electrical reconfiguration, and TCT interconnection schemes. Evaluation
of the results shows the achievement of the Fill Factor (FF) metric values for the proposed
method in short wide case, long wide, short narrow, and long narrow cases PV arrays of 72%,
62%, 81%, and 75%, respectively, which shows the superiority of the proposed technique over
the mentioned conventional methods. In [14], a reconfiguration method based on dynamic
programming and the Munkres algorithm has been employed for extracting the maximum
output power of the PV array. In this method, the control system runs a simple dynamic
programming algorithm to modify the switch design. In [32], the iterative and hierarchical
sorting algorithm has been selected for solving the reconfiguration problem. In this study,
hierarchical sorting is performed on an iterative basis, but continuous switching and complex
computation reduce the overall system reliability. Potential performance improvements of
more than 10% in some cases, and between 4% and 10% in a large number of cases under
random and sudden PSCs, were the achievements of the method proposed in this study. As
mentioned in the literature, the use of dynamic techniques requires additional peripherals such
as sensors and switches, which are not economically viable and complicate the system
configuration [16]. Table 1 lists the studies related to reconfiguration of the PV modules by
dynamic techniques with a description of the advantages and disadvantages.

Table 1. A comprehensive review of studies related to reconfiguration of PV modules by
dynamic methods

Subcategory Ref. Used method Advantages Disadvantages
Adaptive- [28] Bubble-sort model- - Identifies the best panel — Requires continuous
bank based based control for proper distribution of switching

algorithm the shadows — Complex and time-
consuming switches
Requires separate sensors
implementation.
[29] Fuzzy logic Determines the optimal Determining radiation
connection structure based on the amount of
Accurate and fast, Zl}t?;t-clircuit (;:urrents i? a
Suitable for systems of t;SleHt and - expensive
different sizes
[30] Scanning algorithm Increases efficiency Getting the short circuit
significantly current of all the rows is a
Selects the best dlfﬁ’aﬁt taskl. d for 1
configuration C.ant © appiiec 1ot ‘afge
. dimensions of PV arrays
Runs on panels with
different  levels and
features
[33,34] Elastic photovoltaic Select the best It requires many switches
structure configuration (complex)
Unable to provide TCT
[35] Shading degree Reduces computing time Frequent short circuit

model-based
reconfiguration

Reduces mismatch

€rrors




algorithm

Reduces hot spots

[36,37] Artificial Neural Has great effectiveness Has many connections
Network Strength and accuracy
[38,39] Image processing Reduces the effects of Obtaining voltage and
partial shadows current  gives  more
Reduces energy loss for complexity
installations in  small Requires  long  time
systems (Proposed image
Ability to improve output processing algorithm
power in case of partial takes one frame every two
shadows and module minutes)
failure in commercial
systems
Irradiance [14] Munkres Assignment Reduces the effects of Can't render for large
equalization Algorithm mismatch dimensions
based Minimizes  aging  of There are more
switches in the switching replacements
matrix
Minimizes the number of
switching operations
[40] Random search Fast It provides different
algorithm results for input data due
to randomness
The complexity of control
algorithms
It requires a large number
of switching devices
[33] Best-Worst storing Fast and in some cases Needs a lot of switching
provides the optimal devices
solution Contains sophisticated
control algorithms
In most cases, do not have
the desired result
[41] Greedy algorithm Optimal configuration in Need a lot of switching
low computing time actions
Optimal configuration Contains  sophisticated
without the need for heavy control algorithms
programming
It can be used for large
dimensions
[42] Reconfiguration Simplicity Expensive
algorithm Providing important Numerous wiring
improvements in array’s Complex to control
power production
alongside a  reduced
number of  switching

action

On the other hand, some studies have physically reconfigured the PV modules using static
techniques to extract maximum output power. In [43], the distribution of shadow effects on a
3 X3 PV array has been performed using an interconnection scheme. The results of



comparisons in this study show the superiority of the proposed scheme compared to the SP,
TCT, and BL PV settings. A magic square arrangement for the TCT PV array has been
presented in [44] to extract maximum output power under PSC. In the same study, the results
of reconfigurations were evaluated based on the P-V characteristics curve, power loss, FF, and
the effect of shadow scatter on the maximum power point. Evaluations showed that the power
at the maximum power point of the Magic Square and Re-arranged TCT configurations was
2279 watts more, and the FF was 9.91 higher than the TCT configuration. In another study
[45], two shadow distribution models in an asymmetric PV array have been proposed for the
TCT PV array. The compounds proposed in this paper significantly reduce the drop in
mismatch. A PV array reconfiguration method called SuDoKu has been introduced in [46] to
increase the maximum output power under PSC in the PV TCT array. In this study, the physical
position of the PV modules in the TCT PV array is rearranged based on the SuDoKu scheme
and the results show that placing the PV array modules based on the SuDoKu puzzle pattern
improves performance under PSCs. In valuable studies [47] and [13], optimal SuDoKu and
improved SuDoKu methods for distributing partial shadow effects in the PV TCT array have
been suggested, respectively. In the evaluation of these studies, it has been concluded that the
improved SuDoKu performed better than the SuDoKu and the optimal SuDoKu. In [48], a new
procedure, namely the skyscraper puzzle, has been employed for enhancing output power
production in PSCs. In this study, the employed procedure is implemented for reconfiguration
of two 9 X 9 and 5 X 5 PV arrays. In this study, various evaluation indicators have analyzed
the results of the proposed method and various techniques such as TCT, dominance square,
and Sudoku. Finally, evaluations have shown that the skyscraper procedure provides better
shadow scattering throughout the PV array and improves the power reduction by reducing the
mismatch loss. Reducing the effects of PSC on the power generation of TCT PV arrays has
been done in [49] using a new reconfiguration method called Odd-Even configuration. In [50],
a novel Magic-Square puzzle PV module reconfiguration technique has been introduced to
reduce mismatch losses under PSC and applied on a 9 X 9 TCT PV array. The reconfiguration
of the PV arrays used in this study was also performed with some conventional techniques to
provide a comparative approach to analyze the results. The evaluations emphasized the high
performance of the Magic-Square method compared to other conventional SuDOKu-based
methods. In [51], decreasing partial shading losses and increasing power generation have been
done by a static PV module reconfiguration technique called the Zig-Zag method. The
reconfiguration of PV array modules has been done by presenting a new static-based method
called prime numbers in [52]. In this study, 6 PV panels with different shading conditions have
been used to implement the proposed technique. In addition, in order to express the
effectiveness of the proposed method, other conventional methods have been used and the
results have been evaluated using various evaluation indicators. In [53], a static based array
configuration method under the spiral step pattern has been developed to configure 4 X 4 and
9 x 9 PV arrays under PSCs. The proposed method in this study has a high resistivity to
generating mismatch losses compared to other conventional solutions. In [54], a 4 X 4 TCT
PV array has been reconfigured under PSC by introducing a static-based reconfiguration
approach called the Ken-Ken puzzle. In another research [55], a physical array configuration
scheme called Lo Shu has been proposed to distribute shadows and to reduce mismatch losses
while being implemented on a 9 X 9 TCT PV array with different shading conditions. The
results presented in the same study showed that for the shadow patterns considered in all seven
models, the proposed Lo Shu technique performed better than the TCT and Dominance Square



methods. As it was observed, the [-V and P-V characteristic curves of proposed method were
smoother and more reasonable than the curves related to other mentioned methods. A novel
optimal mileage-based PV array reconfiguration technique in a PV power plant under PSCs
has been suggested in [56]. In this study, in order to implement an efficient exploration and
exploitation with several cooperative factors instead of a single learning factor, the discrete
optimization of the upper layer is performed by the suggested swarm reinforcement learning.
The presented results show that the proposed technique increases the PV output power
increment from 2.12% to 10.62%. Table 2 lists the studies related to reconfiguration of the PV
modules by static techniques with a description of the advantages and disadvantages.

Table 2. A comprehensive review of studies related to reconfiguration of PV modules by
static methods

Ref. Technique PV array size Advantages Disadvantages
[46] Sudoku puzzle A 9x9 TCT Can be used for large The first column is left
connected PV dimensions without rearrangement
array Creating a shadow on the
left side
Unsuitable for small size
PV arrays
It is difficult to find the
optimal pattern
[47] Optimal SuDoKu A 9x9 TCT The reduction of Requires a lot of
connected PV mismatch due to the mathematical formulation
array Sudoku method
Reduce wiring
Effective distribution of
shadow
[13] Improved A 9x%x9 TCT Reduces mismatch in Suitable for PV arrays up
SuDoKu connected PV comparison to Sudoku to size of 9 X 9
array and Sudoku optimization
methods
Has an effective shadow
dispersion
[57] Futoshiki puzzle A 5x5 TCT Increases output power Complexity and lots of
connected PV Reduces mismatch losses wiring
array Fast to implement Can’t be used for large
dimensions
[58] Basedoncalculated A 6x6 TCT Increases output power Unsuitable for large size
displacement connected PV Reduces mismatch losses PV arrays
distance "qn array Shadows are positioned at
between  adjacent an appropriate distance
panels
[50] Magic Square A 9x9 TCT Minimize the difference Reduces reliability
Puzzle connected PV between the maximum Unsuitable for large size
array valu§ of Sum of PV arrays
Irradiances (SIR) and the
minimum value of SIR It onl}f performs column
scattering
[59] Dominance Square A 5x5 TCT Can be used for large size Long wires (complex
connected PV PV arrays connection)
array

It follows a custom reset
process that is not
appropriate in real-time
situations



[51] Zig-Zag scheme A 4x3 TCT No need to change the Unsuitable  for  large
connected PV electrical connection of arrays
array the modules Plenty of wiring and
Performs row and column extended connections
reset Costly
[55] Lo Shu A 9x9 TCT Applicable for a variety of Inability to apply on the
connected PV shading conditions with large and rectangular size
array large and various PV arrays
dimensions

— Very fast performance
— No need for complex
circuits

The literature review was also performed for static techniques of reconfiguring the PV arrays.
The literature indicates the cost-effectiveness and simplicity of the static techniques. In
addition, these techniques do not require additional peripherals such as sensors and switches.
It can be seen that the static techniques used to reconfigure the PV modules have not been
applied to large dimension and rectangular PV arrays.

In this paper, a novel reconfiguration technique named 8-Queen's is introduced and employed
to distribute shadows on the PV array. The proposed solution is based on static techniques and
changing the physical location of the modules in the TCT PV arrays reduces the losses due to
non-compliance and leads to the extraction of maximum power from the PV array. The 8
Queen's scheme has significant advantages over other reviewed techniques, such as the ability
to apply on the PV arrays in various dimensions, especially large size and even rectangular
arrays. Also, the selected algorithm for solving the n-Queen's problem in this paper has
significant capabilities such as the ability to run for large dimensions up to 1000 Queen's and
very fast execution such as the run time for 500 Queen's is about 2 seconds.

In this paper, the 8-Queen's method is applied to 7 cases of PV arrays in the sizes of 4X 4,
6X6, 6X6, 99, 9x9, 10x 12, and 20 x 20 with different shading conditions,
respectively. Finally, in order to demonstrate the efficiency of the proposed method, the results
of the 8 Queen's technique are compared to the TCT arrangement, Sudoku, Optimal Sudoku,
Improved Sudoku, Square Magic, and d Distance schemes. Comparisons and evaluations are
performed using evaluation indicators of Fill Factor (FF), Power efficiency (1), and Mismatch
Losses (ML).

The novelty and contributions of this paper are listed as follows:

» Ability to implement the proposed method without the need for sensors and switches in the
PV system, which in this regard is very cost-effective compared to other conventional
techniques.

» Improving the reconfiguration process without the need for high connections and the
complex wiring that classical and EAR methods suffer from, is a prominent feature of the
8-Queen's procedure.

» The proposed procedure has no dependence on PV dimensions and shadow size in the
reconfiguration process, which is an ideal performance for the proposed technique.

» Despite other conventional EAR techniques, the proposed method can be implemented on
rectangular and very small size PV arrays such as 4 X 4.



» The proposed technique, unlike other conventional methods, can be implemented on the
PV system in a short time, such as a few microseconds, which is a very short time in contrast
to the behavior of PV.

» Implementing other conventional methods called Magic Square Puzzle, d Distance,
SuDoKu, Optimal SuDoKu, and improved SuDoKu on the studied PV panels and
presenting a comparative approach are other contributions of this study. The results of
evaluations and comparisons emphasize the effectiveness and superiority of the 8-Queen's
technique compared to other mentioned methods.

The continuation of this paper is organized as follows: Section 2 introduces the 8 Queen's

technique and how to apply it on PV arrays. The studied cases and simulation results are

presented in Section 3. Section 4 describes the performance indicators and evaluates the results.

Finally, Section 5 concludes the paper.

2. 8-Queen's technique

As shown in Figure 4, the 8 Queen's puzzle is an example of the general problem n-Queen's,
with an arrangement on the n X n chessboard that the Queens cannot attack each other. This
problem can be solved for all natural numbers for n except n=2 and n=3 [60,61] where one
solution is to have no two Queens in the same row, column, or diameter.

Figure 4. Example of 8-Queen's puzzle

Getting back to the 8-Queen's problem, the output matrix can be presented as follows upon
arranging the Queens on the chessboard:

Input:

In general, it is 8. (8 X 8 is the size of a regular chessboard.)
Output:

A matrix that shows the Queen's position in each row and column.
{1,0,0,0,0,0,0,0}

{0,0,0,0,1,0,0,0}



{0,1,0,0,0,0,0,0}
{0,0,0,0,0,1,0,0}
{0,0,1,0,0,0,0,0}
{0,0,0,0,0,0,1,0}
{0,0,0,1,0,0,0,0}
{0,0,0,0,0,0,0,1}

In this output, the represented number 1 indicates the Queen's position and the number O
indicates the empty positions on the chessboard.

Algorithm [62]:

Input:

Chessboard, rows, and column boards.

Output:

Placement of each Queen in a row or column that is not

attacked by any other Queen.

Start:

if there is a Queen on the left of the current col, then
return false

if there is a Queen on the left upper diagonal, then
return false

if there is a Queen on the left lower diagonal, then
return false;

return true //otherwise it is a valid place
End

Solve N Queen (board, column) [62]:
Input:
The chessboard, the column that the Queen is trying to
put on.
Output:
The position matrix where the Queens are located.
Start:
if all columns are filled, then
return true
for each row of the board, do
if is Valid (board, i, col), then
set Queen at a place (i, col) in the board
if solve N Queen (board, col+1) = true, then
return true

otherwise remove Queen from a place (i, col) from
the board.




done
return false
End

The main objective of the n-Queen's method is to find the best reconfiguration for the modules
in the PV arrays so that the shadow is distributed in the array so that the GMPP is obtained. In
using the n-Queen's technique to reconfigure modules in the PV array, any shadowed module
in the PV array is considered as a queen on a chessboard. By solving the algorithm, when each
Queen on the board is arranged so that it is not attacked by another Queen, in principle, the
shadowed modules are reconfigured in such a way that they spread the shadow with the greatest
distance from each other in the PV array. In this paper, the n-Queen's problem is solved by
considering n=8, and the proposed technique is called 8-queen's. Figure 5 shows the 12
solutions for the placement of all eight queens on a chessboard without attacking each other.
Figure 6 shows the flowchart of the proposed 8-Queen's method. This figure shows how to
implement the 8-Queen's method step by step.
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Figure 6. Flowchart of the proposed 8-Queen's procedure

So far, various methods have been employed to solve the n-Queen problem. These methods are
divided into four categories as heuristic methods, backtracking, Artificial Neural Networks
(ANNSs), and local search methods. Each of these categories has solved the n-Queen problem
with its algorithms. Table 3 lists the studies related to solving the n-Queen problem using the
mentioned techniques, mentioning the advantages and disadvantages of each method.

Table 3. Review of studies related to the presentation of n-Queen's problem solving

techniques
Method Ref. Solving Algorithm Advantage Disadvantage

Backtracking [63] Iterative compression Generates all the answers to It does not apply to a large
[64] Parallel hardware the problem and improves number of Queens. As the
scheme the runtime by eliminating number of Queens increases,
[65] - incorrect answers. the execution time also
[66] A group-based search increases, and the efficiency

of the method decreases.
Heuristic [67-69]  Genetic Finds the right solutions in In all cases, it may not be the
[70] Particle swarm less time. Their coding is best solution to the problem.
optimization very easy compared to other It is difficult to select
[69] Simulated Annealing algorithms that do the same parameters such as the
[69] Tabu Search thing. number of  generations,

[71] Ant colony optimization population size, and etc.
ANNSs [72,73] Hopfield They have very high Given that the methods are
[74] Quantum computing accuracy and speed in data-based; they can provide



[75] Chaotic solving the problem. Also, the worst answer with the
[76] Self-feedback they can find the most least flaws in the input
controlled chaotic appropriate answers to the information. Not suitable to
problem. solve the problems with a
small number of Queens.
Local search [77-79] P system with active For some problems are the They cannot reduce the
membranes best functional algorithms. search space.
[80] Finite Euclidean plane They can test many
geometry of p points solutions in a short
[81] Queen Search 2, Queen computation time. Most of
Search 3 them can easily adapt to a
[82] Strategy game variety of problems and are
[83] Closed-Form therefore flexible.
expressions

The results presented in various studies show that among the presented methods, the local
search methods have been able to provide the best results with its high capabilities
[60,77,78,84]. Accordingly, in this paper, a P system with active membranes is used to solve
the 8-Queen's problem. In the continuation of this section, the P system with an active
membrane scheme of the group of local search techniques is introduced.

2.1.P System with active membrane:

The local search method is a powerful tool to solve real problems like n-Queen. Figure 7
provides a schematic of how the n-Queen problem is solved by local search techniques. As
Figure 7 shows, this process starts with a random state and continues by selecting a neighbor
with the highest target value for jumping. Then, step 2 is repeated until a goal is found among
all the neighbors with the highest value and then enters step 4. The P system is a class of
distributed computing devices of a biochemical type that can be utilized as a general computing
architecture in which various types of objects are processed by different operations. The P
system with the membrane is capable of solving linear and non-linear problems in fast time
[78]. Active membrane systems for n-Queens have several individual membranes that include
an object and no inner rule in each membrane, as well as several communication rules in
membranes that reduce the speed of execution. Therefore, the average time to find successful
calculations is reduced [77].
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Figure 7. Solve the N-Queen puzzle by local search method

The membrane can be represented by +, -, or 0, and this is interpreted as an electric charge.
Figure 8 shows the membrane structure of the P system in solving an n-Queen problem.
According to the P system membrane structure as seen in Figure §, the 3, 5, 6, and 8 membranes
are the primary membranes. The string of parentheses that characterize this structure is as
follows [84,85]:

n=[1l20s1s[6lelals]lslal7[s]s]7[s]s]7]a]1

As mentioned, the purpose of this method is to move an object or objects from the surface of
the membrane into the membrane or nucleus, where we make changes to it and then send it



back to the surface of the membrane. In the above equation, the object enters layer (1) from the
surface of the membrane or core and from there enters layer (2), from layer (2) to layer (5),
from layer (5) to layer (6), and then exits layer (6) and re-enters layer (2). It then exits layer
(2), which contains layers (5) and (6), and enters layer (3). It exits layer (3) and enters layers
(4), (7), and (8), respectively, and then exits layer (8) and enters layer (7). Finally, it enters
layer (4) from layer (7) and exits there, and with the changes made, it reaches the surface of
the membrane, i.e. layer (1).

1

(a) (b)
Figure 8. P system membrane structure; (a) Computing block diagram of the P system, (b)
Tree diagram of the P system membrane

Figure 9 represents an example of the membrane structure of the active P system. A P system
with an active membrane that has various elements and a set of different rules is shown in
Figure 10. As Figures 9 and 10 show, a membrane structure used in membrane computing is
based on biological cells, and each membrane may contain objects and other membranes. In
other words, the membranes are formed in a layer-to-layer (nested) structure [86]. The active
membrane P system indicates the elements in the P structure that pass through the membrane
in order to reach the surface of the skin, respectively. However, the authors in [78,79,84]
provide further information and explanations on the active membrane p system.

Figure 9. An example of the active structure of the P system
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Figure 10. P systems with active membrane have elements and a set of different rules

The solution of the n-Queen problem is done by the P system with active membrane method in
5 steps as follows:

Step 1:
The Queen's are based on a portfolio of 10 different homes that differ in rows and columns. An
object from a membrane is used by at most one rule (selected uncertainly).

[RanaRm.Cn](i;m - 1,..,N n=1,.,N

where R,,, represents the Queen in the m” row and, C,, represents the Queen in the n” column.
Step 2:

At this stage R,,,C,, is sent to the surface membrane and produces u,,_, and d,;,,,, which shows
ascending and descending diameters, respectively, and creates incremental counters
(+Ucntp) + Deneq))s Where Ucpe(py shows the Queen's in ascending diameters and Depe(q)
demonstrate the Queen's in descending diameters. Each of p and q is represented as p =
m-n < Usepy, 4 =M+ N < Depe(q)-

0
1 Ry Cp U Ay + Dcnt(q) + Ucnt(p);

0
[Rm:Ca} =[]
Step 3:

At this stage, any possible exchange of (m, n) and (w, v) is applicable at any time, where (w,
v) is the coordinates of the new point with respect to the (m, n). Due to the principle of active
membrane systems at this stage, the rows, columns, and diameters of ascending and descending
use more than one rule, and these exchanges cause changes in rows, columns, and diameters,
and of course, these exchanges do not affect over other exchanges and they increase overall
performance. The mathematical model for implementing this step is as follows:

R.Coup—¢ diye Rs.Cq Us—q dsiq Ry .Cp Up_pdyip Rg .CoUg_e dgie Ry Crup_r dpyy

Ry .Chutg_pdoyn Ry Cgupn_gdnyg R Cy U idmyi Ry C; wy—j diyj R Cg Ug—qdira
Ucnt(c—t) Dent(s+a) Uents—a) Dentr+b) Uent—b) Dent(g+e) Uent(g—e) Dentw+r) Uentw-5)
Dento+ny Uento-h) Dentn+g) Uentn—g) PDent(m+iy Uent(m=i) Dent+ j) Uent1—j) Dentek+a)

Ucnt(k—d) - Rt-Ca Ut—q dt+a Rs-Cc Us—c ds+c Rr- Ce Ur—e dr+e Rq-Cb Ug-b dq+b Rp-Ch



Up—p Apin Ro.CrUp_f dorf Ry.Ci Uy Ay Ry .Cg Upm_g dpyg R1.Cq Wi—g digq Ry .Cj
Ug—j dk+j = Denetro) = Uenet-c) = Dent(s+a) — Uent(s—a) — Dentrap) — Uentr-p) —
Dent(gre) = Uent(g—e) — Dentw+r) = Uento—r) — Dent(o+n) — Uent(o-n) — Dent(neg) —
Ucnttn—-g) — Denteemsi) — Uentm=i) = Dentej) = Uenta=j) — Dentcera) — Uent(k—ay +
Dcnt(t+a) + Ucnt(t—a) + Dcnt(s+c) + Ucnt(s—c) + Dcnt(r+e) + Ucnt(r—e) + Dcnt(q+b) +

Ucnt(q—b) + Dcnt(p+h) + Ucnt(p—h) + Dcnt(o+f) + Ucnt(o—f) + Dcnt(n+i) + Ucnt(n—i)

0
+Dcnt(m+g) + Ucnt(m—g) + Dcnt(l+d) + Ucnt(l—d) + Dcnt(k+j) + Ucnt(k—j)]l

As Figure 11 shows the implementation of this step on the chessboard, it can be seen that in
the first stage of the p active membrane system with the displacement of the Queens, the
number of attacks will be as minimal as possible. As a result, the Queen with the least attack
is selected to continue.
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Figure. 11. Move the Queen's on the chessboard based on step 3; (a) Move the Queens together (b)
Without moving the Queens together

In Figure 11, the Queen's are illustrated in R;(Cy, RyC3, RgCs, R;C,, R¢Cg, R5Cq, R4 Co, R3C5,
R,C,, R, C; and considering the following relationship:

Colligemoved (Re. Cg) + Colligemovea (Ry.Ce) + Colligemovea (Rp- Ch) +
COlliRemoved(Rn- Ci) + COlliRemoved (Rl- Cd) = COlliPlaced(Rs- Cc) + COlliPlaced (Rq- Cb)
+ COlliPlaced(RO' Cf) + COlliPlaced(Rm- Cg) +COlliPlaC€d(Rk' C])

where

R19C; = Ry0Cs RgCs = RgCy
ReCg = R4 (o R,Co » R4Cy

or

R.Cq = RC:  R,Cp— R,C;
R,C, > R,C, R,C; - R,Cp



After implementing the above equations, the Queen displacement based on the selected
location in the first step is described as in Figure 12.

u s-c=6 u t-e=5
d s+c=12 ' d t+e=15
;
1 1
1
1

u g-b=2
d q+b=6
u o-f=0
d o+f=10

u m-g=-4
d m+g=10

="
d 1+d=6

Attack=5

Figure. 12. Displacement of the Queens relative to the shape selected in the first step

Then, the R, C4 remains unchanged and displacement be as follow (As be seen in Figure 13):

R,C, - R, C9 RsC¢ = R5Cg R;C; = R;3C,

R¢Cy = R¢C, R,Cg = R,4Cy R,C, = R,C,
or

R,C, = R, C; R,C; = R,Cy R,Cr = R,Cy

RnCh - Ran Rng - RmCd RlCd - Rng
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Figure 13. The Queen's last move with the least attack
So at this stage, the R Cio remains unchanged.
Step 4:

At this step, according to the following equation, "YES" (resolved Queen) is sent to the
environment and changes the polarization of the membrane to (-), which stops all other rules
from being implemented.

O —
[Dentzy -« Deneany » Uene(=n+1) r- -+ Ucnt(N+1)] 1_’[ ] 1Y6€S; Ifall Depe < 2 and Ucntp) <
2

q=2..2Np=-N+1,...,N + 1.

This step runs when all ascending and descending Queen counters are equal to or less than two
limits (Ucnepy < 2, Dene(q) < 2), which means that in ascending and descending diameters
there is the least collision. But concerning the first step, there is no collision in the rows and
columns.

But if there are more attacks on the board and no progress or more clashes, step four will send
"NO" instead of "YES" as follows:



[CntNo — +Cnt No] (1’; if for all m,n, w, v, ... € {1,...,N},m # wand

COlliRemoved (Rm- Cn) + COlliRemoved (Rw- Cv) +... = COlliPlaced (Rm- Cv) +

COlliPlaced (Rw- Cn) + -

0

[Cnt No] 1

- [ ]I No; if Cnt No = User _Const

Step 5:

It was at this step, after sending a “YES” to the previous stage that the early Queens were
X

properly positioned other types of Queen by relationship E +1 where X Indicates the number

of rows in the designated places according to this relation. The location of the other Queens is
as follows (As to be seen in Figure 14):

Bij ‘_A(1+’2—‘)j

where A and B are each a Queen.
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Figure 14. Placement of the other type of Queen according to the formula given in step 5

After introducing the proposed technique and describing its implementation steps, the
flowchart presented in Figure 15 shows the step-by-step implementation of the n-Queen's
method on the PV array.
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Figure 15. Flowchart of PV array reconfiguration by the n-Queen's technique

Figure 16 illustrates the arrangement of the Queens in 6 states is shown in order. So, in section
(a) the Queens are randomly positioned. In section (c), where the Queen attack begins, the
Queen is replaced with the next Queen, and in this section, the first type of Queens reach their
final state, and if the number of attacks does not reach the minimum, it will return to the section
(a) again. The other types of Queens are classified as second, third, fourth, etc. depending on
the relationship (x/2 + 1) that x indicates the number of rows, in their respective positions.

The following is a general overview of the stages of initial and late Queen depletion.
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Figure 16. (a) Queens placement without rearrangement (b) Position of the first type of Queens
is random (c) The Queens with the largest number of rows and columns will be replaced (d)



The place of the Queen’s changes from where the attack begins (e) Other types of Queens are
in their places (f) The final shape obtained from the placement of the Queens after
rearrangement

3. Simulation results

In this paper, the reconfiguration of modules in the PV arrays is performed using the 8-queen's
technique. The proposed procedure is implemented on the different 7 cases of the PV arrays
under various shade conditions. However, for presenting the efficiency of the 8-Queen's
technique, other solutions such as Magic Square Puzzle, d Distance, SuDoKu, Optimal
SuDoKu, and improved SuDoKu are applied to the studied cases and the results are evaluated
via a comparison approach.

The cases studied in this paper are described as follows:

Case 1: A 6 X 6 TCT PV array under a 4 X 4 shading condition
Case 2: A 6 X 6 TCT PV array under a scattered shading in all rows
Case 3: A9 X 9 TCT PV array under a 4 X 4 shading condition
Case 4: A9 x 9 TCT PV array under a 6 X 3 shading condition
Case 5: A 10 x 12 TCT PV array under a 4 X 4 shading condition
Case 6: A 20 x 20 TCT PV array under a 6 X 6 shading condition
Case 7: A 4 X 4 TCT PV array under a 2 X 4 shading condition

The electrical parameters and standard test condition (STC) specifications of the PV panels
used in all seven cases are introduced in Table 4. So, under these conditions, only the size of
the panels and the shadow conditions have changed in each case.

Table 4. Standard test condition specifications of the PV panels

Parameter Values
Maximum rated power (W) 213.15W
Open circuit voltage (V) 363V
Short circuit current (I.) 7.84 A
Voltage at maximum power point (V) 29V
Current at maximum power point (I,;,) 735 A

3.1.Case 1:

As seen in Figure 17(a), in this case, a 6 x 6 TCT PV array is under a 4 x 4 shading condition
and receive radiations of 1000 W /m?, 300 W /m?,200 W /m?. In addition to the 8-Queen's
technique, reconfiguring the PV modules and spreading the shadow, in this case, is also done
by Magic Square puzzle and d Distance methods (As seen in Figure 17). To locate GMPP, it is
necessary to calculate the current generated by the PV array in each row. So, in this case, in
order to track the GMPP, the generated current in each row of the PV array after distribution
of shadows via the Magic Square puzzle, d Distance, and 8-Queen's solutions is calculated as
follows:

Irow1 = Bi1 111 + Bz I + B3z I3z + Byy lys + Bss Iss + Beg o (1)



Gy )
Go
where j is the column index, Gq; shows the irradiance in the panel labeled 1j, G is the full

Bl,j =

irradiance, and I ; demonstrate the limited current for full irradiance of the panel labeled 1j. If
L, be considered the current limit of the panel for full irradiance (B;; = 1) under standard

temperature conditions. Assume that the current generated by each module at STC is I, (7)
and the current of each row in the TCT array is calculated as:

Lrow1 = Lrowz = 61y (3)
Lrows = Lrowsa = Irows = Irowe = (Z)Im + (2 X 0.3) L, + (2 X 0-2) Iy = vIm 4)

The current of each row in reconfiguration by the Magic Square Puzzle:

Liow1 = Irows = 6 (5)

Lows = )y 4+ (1 X 0.3) L, + (3% 0.2) I, = 3.1I,, (6)
Lows = Lrowa = () Iy + (2 X 0.3) Ly + (2 X 0.2) L, = 31, (7)
Lows = () + (3% 0.3) L, + (1 X 0.2) I, = 2.91,, (8)

The current of each row in reconfiguration by the d Distance:

Lowi = DLy + (2% 0.3) L, + (2% 0.2) I, = 31, (9)

Lowz = Dy + (1 X 0.3) Iy + (2% 0.2) I, = 3.71,, (10)
Lows = Lowa = Irows = ()1, + (1 X 0.3) I, + (1 X 0.2) I, = 451, (11)

Lowe = (3 + (2% 0.3) I, + (1 X 0.2) I, = 3.81,, (12)

The current of each row in reconfiguration by the 8-Queen's:
Lrow1 = Lrows = (), + (1 X 0.3) [, + (1 X 0.2) I,,, = 4.5, (13)
Lrowz = Lrows = 3) I, + (2% 0.3) I, + (1 X 0.2) I,,, = 3.81, (14)

Lows = Lows = 3)m + (2% 0.2) I, + (1 X 0.3) I, = 3.7, (15)
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Figure 17. PV arrays reconfiguration in case 1; (a) TCT arrangement (b) Magic Square puzzle (¢) d
Distance (d) 8-Queen’s technique

Figures 18 illustrate the P-V and I-V characteristic curves for reconfiguration of the PV arrays
by the mentioned methods in case 1, respectively. The corresponding current, voltage, and
power for adjusting the TCT interconnected, Magic Square puzzle, d Distance, and 8-Queen's
techniques are given in Table 5.
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Figure 18. Simulation performed for the I group shadow conditions (a) P-V characteristics (b)
I-V characteristics



Table 5. Current, voltage and power values for adjusting the TCT interconnected, Magic Square puzzle, d Distance, and 8-Queen's techniques in

case 1
TCT interconnected Magic Square puzzle d Distance 8-Queen's

Row Current Voltage Power Row Current Voltage Power Row Current Voltage Power Row Current Voltage Power
bypassed bypassed bypassed bypassed
Irow6 3ln 6V 18Vmlm | Irow6 3.1 1In 5Vm 15.5Vuln | Irow6 3.8In 4V 15.2Vuln | Irow6 ¥.5In 4Vm 18Vimlm
Irow5 3ln 6V 18Vmlm | ITrow5 7Im YV \AVilm | ITrow5 451y 3Vm 13.5Vuln | Irow5 Y 71m 6V 22.2Vmlm
Irow4 3ln 6V 18Vmlm | Irow4 3ln 4V 12Viulm Irow4 451y 3Vm 13.5Vuln | Irowd Y 71m 6V 22.2Vmlm
Irow3 3ln 6V 18Vmlm | Irow3 3ln 4V 12Viulm Irow3 ¥.5Im 3Vm 13.5Vuln | Irow3 ¥.81m 5Vm 19Viuln
Irow2 61 2Vm 12Vl | TrowY 2.9l 6V 17.5Vuln | Irow2 3.7n 5Vm 18.5Vmlm | [row2 ¥.81m 5Vm 19Viuln
Irowl 61 2Vm 12Vl | Irow) 7Im YV \AViuln | Irowl 3n 6V 18 Vil | Irowl 4.5l 4Vm 18Vmlm

The results presented in Figure 18 and Table 5 shows that the highest GMPP value i.e. 22.2 I,,,V,,, was obtained of the 8-Queen's technique. Finally,
the comparison of the results presented for case 1 emphasizes the efficiency of the suggested technique with the highest power generation compared
to other solutions.



3.2.Case 2:

In this case, a 6 x 6 TCT PV array is under a scattered shading in all rows and receive and
receive radiations of 1000 W /m?, 300 W /m?,200 W /m? (As seen in Figure 19(a)). In this
case, reconfiguring of the PV modules is performed in TCT interconnected and by Magic
Square puzzle, d Distance, and 8-Queen's techniques. Figure 19 shows how the PV modules
are reconfigured by each of the mentioned techniques in this case. In this case, the generated
current in each row related to the TCT interconnections can be calculated as follows:

Lows = 5.2I, (16)

Lowz = Lrows = DIy + (2 X 0.3) I, = 4.61,, (17)
Lows = (DI + (2% 0.3) Iy, + (1 X 0.2) I,, = 3.81,, (18)
Liows = Lows = (3 + (3 X 0.2) I, = 3.61,,, (19)

The current of each row in reconfiguration by the Magic Square Puzzle:

Lowt = Irows = () + (1 X 0.3) Iy + (2 X 0.2) I, = 3.71, (20)
Lowz = D, + (2 % 0.3) I, = 4.61,, 1)

Lows = () + (1 X 0.2) I, = 5.21, (22)

Lows = DIy + (1 X 0.2) Iy, + (1 X 0.3) I, = 4.5I,, (23)
Lows = (3 + (1 X 0.2) I, + (2 X 0.3) I, = 3.81,, (24)

The current of each row in reconfiguration by the d Distance:

Lowi = Lows = 3)m + (2% 0.3) I, + (1 X 0.2) I, = 3.81,, (25)
Lowz = Lrows = )y + (1 X 0.3) I, + (1 X 0.2) I, = 4.51,, (26)
Lows = (5 + (1 X 0.2) I, = 5.2I,, 27)

Lowe = (3 + (1 X 0.2) I, + (2 X 0.3) I, = 3.81,, (28)

The current of each row in reconfiguration by the 8-Queen's:

Lowi = Lows = Iy + (1 X 0.3) I, + (1 X 0.2) I, = 4.51,, (29)
Lrowz = Dl + (1 X 0.3) Ly + (2% 0.2) I, = 3.7, (30)
Lows = (Dl + (2 X 0.2) I, = 4.41,, (31)

Lows = (DI, + (2 X 0.3) I, = 4.61,, (32)

Lowe = (3 + (2% 0.3) I, + (1 X 0.2) I, = 3.81,, (33)
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Figure 19. PV arrays reconfiguration in case 2; (a) TCT arrangement (b) Magic Square puzzle (c) d
Distance arrangement (d) 8-Queen’s technique

Figures 20 show the P-V and I-V characteristic curves for reconfiguration of the PV arrays by
mentioned methods in case 2, respectively. The corresponding current, voltage, and power for
adjusting the TCT interconnected, Magic Square puzzle, d Distance, and 8-Queen's techniques
are given in Table 6.
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Figure 20. Simulation performed for the II group shadow conditions (a) P-V characteristics
(b) I-V characteristics



Table 6. Current, voltage and power values for adjusting the TCT interconnected, Magic Square puzzle, d Distance, and 8-Queen's techniques in

case 2
TCT interconnected Magic Square puzzle d Distance 8-Queen's

Row Current  Voltage Power Row Current Voltage Power Row Current Voltage Power Row Current Voltage Power
bypassed bypassed bypassed bypassed
Irow6 3.91n 6V 11.Viuln | Irow6 3.7 5Vm 18.5Vmlm | Irow6 3.8Im 5Vm 19Vulm | Irow6 3.7 6V 22.2Vumln
Irow5 3.91n 6V 11.7Vuln | Irow5 3.8Im 4V 152Vuln | Irow5 3.71n 4Vm 13.6Vuln | Irow5 4.4l 4V 17.6Viln
Irow4 3.8In 5Vm 14.8Vmlm | Irow4 451y 3V 13.5Vuln | Irow4d 53In 2Vm 10.6Vuly | Irow4 4.6l 2Vm 9.2Viuln
Irow3 4.6l 4V 8.8Vulm | Irow3 53In 1V 5.3Viln Irow3 ¥.5In 3V 13.5Vuln | Irow3 4.5l 3V 13.5Viln
Irow2 4.0l 4V 8.8Vumln | IrowY 3.8Im 4V 152Vuln | Irow2 451y 3V 13.5Vuln | Irow2 ¥.81m 5Vm 19Viln
Irowl 53In 3V 52Vmlm | Irow) 3.7 5Vm YASViln | Trowl 3.71n 4Vm 13.6Vuln | Irowl 4.5l 3V 13.5Viln

The results presented in Figure 20 and Table 6 shows that the highest GMPP value i.e. 22.2 I,,,V,,, was obtained of the 8-Queen's technique. Finally,
the comparison of the results presented for case 2 emphasizes the efficiency of the suggested technique with the highest power generation compared
to other methods.



3.3.Case 3:

As shown in Figure 21(a), in this case, a 9 x 9 TCT PV array is under shaded conditions with
dimensions of 4 x 4 square and receive radiations of 1000 W /m?, 300 W /m?,200 W /m?. In
this case, reconfiguring of the PV modules is performed in TCT interconnected and via Sudoku,
optimal Sudoku, improved Sudoku, and 8-Queen's techniques. The reconfiguration of PV
modules related to arrays in case 3 by the aforementioned solutions is represented in Figure 21.
Locating the GMPP and calculating the amount of current generated in each row of this PV
array is based on the equations used for case 1 (Equations 1-15). Figures 22 show the P-V and
I-V characteristic curves for reconfiguration of the PV arrays by mentioned methods in case 3,
respectively. The relative current, voltage, and power for adjusting the TCT interconnected,
Sudoku, optimal Sudoku, improved Sudoku, and 8-Queen's techniques are given in Table 7.
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Figure. 21. PV arrays reconfiguration in case 3; (a) TCT arrangement (b) Sudoku
arrangement (c) Optimal Sudoku arrangement (d) Improved Sudoku (e) 8-Queen’s technique
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Table 7. Current, voltage and power values for adjusting the TCT interconnected, Sudoku, optimal Sudoku, improved Sudoku, and 8-Queen's

techniques in case 3

TCT interconnected

Sudoku arrangement

Optimal Sudoku arrangement

Improved Sudoku arrangement

8-Queen’s arrangement

Row Current  Voltage Power Row Current  Voltage Power Row Current  Voltage Power Row Current  Voltage Power Row Current  Voltage Power

bypassed bypassed bypassed bypassed bypassed

Irow9 9l 5V 45Vl Irow9 681, 8Vm 544Vl | Irow9 8.21n 6V 492Vl | Irow9 821 5V 41Vl Irow9 7.5 9V 67.5VimIn
Irow8 ). 5V 45Vl Irow8 9L 3V 27Vl Irow8 7.51, 8Vm 60Vl Irow8 8.31, 4V, 332Vuly | Irow8 7.5 9V 67.5Vuln
Irow7 9l 5V 45Vl Irow7 681, 8V 544Vl | Trow7 6.71, Vi 603Vl | Irow7 7.61, 6V 45.6Vuly | Irow7 7.51n 9V 67.5Vuln
Irow6 5.81n AV 522Vl | Irow6 8.21, 5V 41Vl Irow6 7.51, 8Vm 60Vl Irow6 681, 9V 61.2V,1, | Irow6 7.5 9V 67.5Vuln
Irow5 5.81n AV 522Vl | Irow5 8.31, 4V, 332Vl | Irow5 7.61, TV 532Vl | Irow5 7.41, 8Vm 592Vl | Irow5 7.5 9V 67.5Vuln
Irow4 6.21,, TV 434V, | Irowd 6.7 9V 603Vl | Irowd 7.5, 8V 60Vl Irow4 8.21 5V 41Vl Irow4 7.51n 9V 67.5Vuln
Irow3 6.21,, TV 434V, | Irow3 7.41, TV 51.8Viply | Irow3 8.21, 6V 492Vl | Irow3 6.8L, 9V 61.2V,1, | Irow3 7.5 9V 67.5Vuln
Irow2 9l 5V 45Vl Irow2 8.31n 4V 332Vl | Irow2 8.31n 5V 41.5Vuly | Irow2 7.51, TV 522Vuly | Irow2 8.31n 8V 66.4V 1,
Irowl 9 5V 45Vl Irowl 7.51n 6V 45Vl Irowl 7.5, 8V 60Vl Irowl 8.21 5V 41Vl Irowl 821y TV 57.4Vuln

Based on the results presented in Figure 22 and Table 7, it is observed that the highest GMPP value i.e. 67.5 I,,,V;,, was obtained of the suggested

technique.



3.4.Case 4:

In case 4, at the bottom section of the PV array, there is a partial shadow with a size of 3 X 6
and receive different irradiance levels of 1000 W /m?, 300 W /m?,200 W /m?, as shown in
Figure 23(a). In this case, partial shade is distributed by the Sudoku, optimal Sudoku, improved
Sudoku, and 8-Queen's methods (As seen in Figure 23). The theoretical GMPP, simulated by
drawing the I-V and P-V specifications, is shown in Figure 24. The location of GMPP for the
TCT interconnected, Sudoku, optimal Sudoku, improved Sudoku, and 8-Queen's arrangements
are calculated theoretically and are presented in Table 8. According to the presented results in
Table 8, the highest GMPPT is obtained by the 8-Queen's technique i.e. 66.6 I,,,V,,.
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Figure 23. PV arrays reconfiguration in case 4; (a) TCT arrangement (b) Sudoku (c) Optimal
Sudoku (d) Improved Sudoku (e) 8-Queen’s technique
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Table 8. Current, voltage and power values for adjusting the TCT interconnected, Sudoku, optimal Sudoku, improved Sudoku, and 8-Queen's
techniques in case 4

TCT interconnected

Sudoku arrangement

Optimal Sudoku arrangement

Improved Sudoku arrangement

8-Queen’s arrangement

Row Current  Voltage Power Row Current  Voltage Power Row Current  Voltage Power Row Current  Voltage Power Row Current  Voltage Power
bypassed bypassed bypassed bypassed bypassed
Irow9 6.91, TVm 48.3Vuly | Irow9 8.2l S5Vm 41V pln Irow9 821y 6Vm 492Vl | Irow9 6.81, EA' 61.2V,l, | Irow9 7.5 8Vm 60Vuln
Irow8 6.91, TV 48.3Vyln | Irow8 8.2In 6V 41Vl Irow8 7.51 8V 60Vl Irow8 8.21, S5V 41Viln Irow8 7.5 8V 60Vl
Irow7 6.91,, TVm 48.3Vuly | Irow7 7.5l TVm 52.5Vpln | Irow7 7.5l 8Vm 60Vmln Irow7 7.51n TVm 52.5Vuln | Irow7 7.61y TV 53.2Viln
Irow6 6.61 9Vm 59.4Vyuly | Irow6 7.5l TVm 52.5Vpln | Irow6 7.6l TV 53.2Vpln | Irow6 7.6l 6V 45.6Vuln | Irow6 7.61n TV 53.2Viln
Irow5 6.6l OV 59.4V Iy | Irow5 7.51n A 52.5Viuln | IrowS 7.51 8V 60Vl Irow5 8.21, 5V 41Viln Irow5 7.5 8V 60Vl
Irow4 6.61 9V 59.4Vyly | Irowd 8.31n 4V 332Vuln | Irowd 7.5l 8Vm 60Vmln Irow4 7.4l 8Vm 45.6Vulnm | Irow4 7.4l 9Vm 66.6V Iy
Irow3 9 S5V 54Vl Irow3 6.81, 8V 544Vl | Irow3 6.7l CA'S 60.3V,I, | Irow3 7.51 TV 52.5Vipln | Irow3 7.41,, 9V 66.6V I
Irow2 9l S5V 54Vl Irow2 6.7l OV 60.3V,l, | Irow2 7.51 8V 60Vl Irow2 6.81, Vi 61.2V,I, | Irow2 7.5 8V 60Vl
Irowl 9l S5Vm 54Vyln Irowl 6.81, 8Vm 544Vl | Irowl 7.5 8Vm 60Vuln Irowl 7.51n TVm 52.5Vulm | Irowl 7.5 8Vm 60Vuln




3.5.Case 5:

In this case, a9 x 9 TCT PV array is under PSC with the size of 4 x 4 and receive the radiations
of 1000 W /m?, 400 W/m?,100 W /m?. In this case, reconfiguring of the PV modules is
performed in TCT interconnected and via Sudoku, optimal Sudoku, improved Sudoku, and 8-
Queen's techniques. The reconfiguration of PV modules related to arrays in case 5 by the
aforementioned solutions is represented in Figure 25. The P-V and I-V characteristic curves
for reconfiguration of the PV arrays by mentioned methods in case 5 are shown in Figure 26,
respectively. The relative current, voltage, and power for adjusting the TCT interconnected and
8-Queen's techniques are given in Table 9.
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Figure 25. PV arrays reconfiguration in case 5; (a) TCT arrangement (b) 8-Queen’s technique
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Figure 26. Simulation performed for the V group shadow conditions (a) P-V characteristics
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Table 9. Current, voltage, and power values for adjusting the TCT interconnected and 8-
Queen's techniques in case 5

TCT interconnected 8-Queen’s technique

Row Current Voltage Power Row Current Voltage Power
bypassed bypassed
Irow10 Ol 12V 108Vl | Irow10 11.41 8Vm 91.2Vmlm
Irow9 Ol 12Vy, 108Vulnm | Irow9 1111y 10Vp, 111Vl
Irow8 Ol 12Vy, 108Vulm | Irow8 1111y 10Vp, 111Vl
Irow7 Ol VYV VoAVl | Irow?7 10.51, 12Vp, 126Vmlm
Irow6 121 Ve Vi VY +Vulm | Irow6 10.51 12Vp, 126Vmlm
Irow5 121 Ve Vi VYVl | Irow5 10.51 12Vp, 126Vmlm
Irow4 121 VoV VY Vuln | Irowd 10.5I 12V 126Vilm
Irow3 121 VoV VY« Vilm | Irow3 10.51 12Vp, 126Vmlm
Irow2 121 VoV VY« Vilm | Irow2 10.51 12Vp, 126Vmlm
Irowl 121 Vo Vi VY« Vilm | Irowl 11.41 8Vm 91.2Vuln

The results presented in Figure 26 and Table 9 shows that the highest GMPP value 1i.e.
126 I,,,V,, was obtained of the 8-Queen's technique. Given that other methods used for
reconfiguring could not be applied to rectangular PV arrays, the results presented in Table 9
show the capability of 8-Queen's technique in the reconfiguration of the rectangular PV array.

3.6.Case 6:

To illustrate the ability of the 8-Queen's technique in the reconfiguration of large-sized PV
arrays, case 6 is considered as a large dimension TCT PV array in the size of 20 X 20. As
shown in Figure 27(a), in this case, the shadow with the size of 6 X 6 affects the PV array.
Thus, shadow-less modules receive the irradiance of 1000 W /m? and shadowed modules
receive the irradiance of 300 W /m? and 200 W /m? differently. Figure 27 shows how the

shadow is distributed in the PV array of case 6 by the 8-Queen's technique.
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Figure 27. PV arrays reconfiguration in case 5; (a) TCT arrangement, (b) Shadow on the

proposed method (8-Queen), (c) Shadow distribution by the 8-Queen's technique

As the ability to apply on the large-size PV arrays has been cited as one of the most important

capabilities of the 8-Queen's technique in the literature, Figure 27(c) shows this fact. It is

noticeable that the proposed technique was able to spread the desired shadow well in all rows

of the PV array. Figure 28 illustrates the P-V and I-V characteristic curves for reconfiguration
of the PV arrays in case 6, respectively. The corresponding current, voltage, and power for

adjusting the TCT interconnected and 8-Queen's technique are given in Table 10.
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Figure 28. Simulation performed for the VI group shadow conditions (a) P-V characteristics

Table 10. Current, voltage, and power values for adjusting the TCT interconnected and 8-

Queen's technique in case 6

Voltage (V)

(b)

(b) I-V characteristics

TCT interconnected

8-Queen’s technique

Row Current Voltage Power Row Current Voltage Power
bypassed bypassed
Irow20 201, 12Vn, 320Vulm | Irow20 18.51m 16V 296Vl
Irow19 201, 12Vn, 320Vulm | Irowl9 19.41n 13V, 252.2Vln
Irow18 201, 12Vn, 320Vulm | Irowl8 19.41n 13V, 252.2Vln
Irow17 201, 12Vn, 320Vulm | Irowl7 19.11 14V 267.4Vmln
Irow16 201, 12Vn, 320Vulm | Irowl6 19.11 14V 267.4Vmln
Irow15 201, 12Vn, 320Vulm | Irowl5 18.5Im 16V 296Vl
Irow14 201, 12Vn, 320Vulm | Irowl4 18.81m 15V 282V mlm
Irow13 201, 12Vn, 320Vulm | Irowl3 18.81m 15V 282V mlm
Irow12 201, 12Vp, 320Vulm | Irowl2 18.5Im 16V 296Vl
Irowl1 15.51n 20Vn 310Vimlm | Irowll 18.21m 17V 309.4Vuln




Irow10 15.51n 20Vm 310Vl | Irow10 18.21, 17Vm 309.4Vmln
Irow9 15.51n 20Vm 310Vplw | Irow9 19.11,, 14V, 267.4Vnln
Irow8 15.51n 20Vm 310Vily | Irow8 201, 12V 240V mln
Irow7 15.51n 20Vm 310Vplw | Irow7 19.41,, 13V 252.2Vulm
Irow6 15.51n 20V 310Vl | Irow6 18.81n 15V 282Vmln
Irow5 201, 12V 320Vulnm | Irow5 18.211 17V 309.4V ol
Irow4 201, 12V 320Vl | Irow4 17.91,, 18V 322.2Vuln
Irow3 201, 12V 320Vulm | Irow3 17.611 19V 334V uln
Irow2 201, 12V 320Vulm | Irow2 17.31 20V 346Vmln
Irowl 201, 12V 320Vulnm | Irowl 18.21, 17V 309.4V ol

The results presented in Figure 28 and Table 10 represents that the highest GMPP value i.e.
346 I,,,V,, was obtained of the 8-Queen's technique. It should be noted that the other solutions
used in this paper for comparison with the 8-Queen's technique do not apply to the
reconfiguration of large-size PV arrays such as case 6.

3.7.Case 7:

To present the capability of the 8-Queen's technique in the reconfiguration of very small-sized
PV arrays, this case is considered as a small dimension TCT PV array in the size of 4 X 4. As
shown in Figure 29(a), in this case, the shadow with the size of 2 X 4 affects the PV array.
Thus, shadow-less modules receive the irradiance of 1000 W /m? and shadowed modules
receive the irradiance of 300 W /m? and 200 W /m? differently. Figure 29 shows how the
shadow is scattered in the PV array of case 7 by the 8-Queen's technique.
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Figure 29. PV arrays reconfiguration in case 7; (a) TCT arrangement, (b) Magic Square puzzle,

(c) d Distance arrangement, (d) 8-Queen’s technique

Figure 29(d) shows the high ability of the 8-Queen's technique to reconfiguration shaded
modules in this case. As mentioned in the literature, other conventional Sudoku-based
techniques were not able to do this. Figure 30 shows the P-V and I-V characteristic curves for
reconfiguration PV array modules in Case 7, respectively. The related current, voltage, and
power for the TCT interconnected, Magic Square, d Distance, and the 8-Queen's technique are
given in Table 11.
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Table 11. Current, voltage and power values for adjusting the TCT interconnected, Magic Square puzzle, d Distance, and 8-Queen's techniques in

case 7
TCT interconnected Magic Square puzzle d Distance 8-Queen’s arrangement

Row Current  Voltage Power Row Current  Voltage Power Row Current  Voltage Power Row Current  Voltage Power
bypassed bypassed bypassed bypassed
Irow4 41, 1V, 4V I Irow4 41 1V 4Viln Trow4 331, 2V 6.6Vuln Irow4 2. 71 3V 8.1Vuln
Irow3 0.81m 4V, 32Vuln Irow3 0.81n 4V 3.2Vl Irow3 1.81n 4V, 72Vulm | Irow3 2.7 3V 8.1Vuln
Irow2 1.21, 3V 3.6Vl Irow2 1.21, 4V 4.8V, | Irow2 1.7L, 4V, 6.8Vl Irow2 2.7y 3V 8.1Vl
Irow1 4 1V EAVS Irow1 41 1V 4Vl Irow1 3.2In 2V 6.4Vl Irow1 2.7 3V 8.1Vuln

The results presented in Figure 30 and Table 11 show that the proposed 8-Queen's technique was well able to implement the process of
reconfiguring the modules of the PV array with dimensions of 4 X 4. Among the comparative methods used in this paper, only techniques TCT
interconnected, Magic Square puzzle, and d Distance were able to be implemented on this PV array, which the results showed the highest GMPP
value of 8.1V}, I,,, volts for the 8-Queen's technique.



4. Results evaluation

In this paper, 7 cases of the TCT PV arrays in different dimensions were evaluated under
various shaded conditions for reconfiguring the modules by different solutions in order to
distribute the shadows in the rows and extract the maximum production power. The results
obtained in each case emphasize the superiority of the proposed technique of this paper in
producing the highest output power. In addition, in this paper, the results of each method in
MPPT are analyzed by different performance evaluation indicators. The FF, power efficiency
(n), and Mismatch Losses (ML) perform these assessments in this paper. Each of these
indicators is defined as follows:

A. Fill Factor (FF):

FF is a parameter that determines the maximum output power of a solar cell about open circuit
voltage and short circuit current. The FF is expressed as follows:
(34)

P
FF (%) = ————x 100
sc X Voc

where P, is the maximum extracted power, Vj shows the open-circuit voltage, and Ig.
represent the short circuit current.

B. Power efficiency (17):

Power efficiency (n7) is the ratio between the maximum output power and the solar energy
input (P;,), and is calculated as follows:

P
1(%) = 2 X 100% (35)

mn
C. Mismatch losses:

ML represents the difference between the maximum power under uniform radiation and the
GMPP under PSC. The ML can be calculated as follows:

MPPuniform - GMPPPSCS
GMPPpgcs

where MPP,,,,; shows the maximum power under uniform radiation and GM P Ppg-, demonstrate

the GMPP under PSC.

(36)

ML (%) = x 100%

Accordingly, the results of evaluations to extract the maximum production output power of the studied
PV arrays in cases 1-7 by performance evaluation indicators are presented in Figures 31-37,
respectively.
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Figure 31. Result evaluations for extracting maximum power point of the PV array in case 1
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Figure 33. Result evaluations for extracting maximum power point of the PV array in case 3
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Figure 36. Result evaluations for extracting maximum power point of the PV array in case 6
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Evaluation of results was performed for all cases studied. Each of the methods used to distribute
the shadow in the TCT PV array provided some output power. It was observed that among the
utilized methods, the 8-Queen's technique was able to show its effectiveness compared to other
methods used by extracting the output power values of
2221,V 22.21,V,, 67.51,Vyy,, 66.61, Vi, 1261,V , 3461, Vyy,, and 8.11,V;,,  respectively,
for cases 1-7. In evaluating the performance of each method, it was also observed that the
proposed technique had the best performance with the lowest ML per case and with maximum
efficiency values of 16.26%, 16.6%, 8.38%, 8.19%, 8.37%, 8.77%, and 9.38% for cases 1-7,
respectively. In addition, the very high-performance speed and the application and presentation
of the best reconfiguration results on large-size and rectangular PV arrays were other
capabilities of the 8-Queen's technique in this paper.

The presented results showed the effectiveness of the 8-Queen's method. In addition, no need
for switching and no effect on increasing power losses are other salient features of the proposed
static-based 8-Queen's method. However, the important point to consider is evaluating the
behavior and performance of this method on real-world PV arrays. As such, real-world PV
arrays typically contain measurement errors. The PV arrays reconfiguration process is
performed by all available techniques based on the voltage and current parameters obtained
from the PV system, and the combination of these values with the measurement error reduces
the performance accuracy of the method used and interfere with the reconfiguration results.

In this paper, in order to analysis the efficiency of the proposed procedure in reconfiguring the
modules of real-world PV arrays, samples of voltage and current parameters with measurement
errors are utilized. Measurement errors were modeled once by decreasing and increasing the
voltage values by 5% and 10% and again by decreasing and increasing the current values by
5% and 10%. This test was done optionally on the first case to analysis the efficiency of the 8-
Queen's method in reconfiguration and access to GMPP in real-world samples. Table 12 shows



the GMPP results obtained for reconfiguration under measurement error on the voltage
parameters in the first case PV model. Table 13 shows the GMPP results obtained for
reconfiguration under measurement error on the current parameters in the first case PV model.

Table 12. The results of the obtained GMPP for the reconfiguration under measurement error on the
voltage parameters in the first case study

Error type Row bypassed Current Voltage Power

Decrease 5 % Irow9 7.131, 8.55Vy, 60.961,,V,,
Irow8 7131, 8.55Vm 60.961,,V 1,

Irow7 7.131, 8.55Vy, 60.961,,V,,

Irow6 7.131, 8.55Vy, 60.961,,V,,

Irow5 7.131, 8.55Vy, 60.961,,V,,

Irow4 7.131, 8.55Vm 60.961,,V

Irow3 7131, 8.55Vm 60.961,,V 1,

Irow2 7.891,, 7.55V 59.561, Vi

Irowl 7.791 6.55V, 51.021, Vi

Increase 5 % Irow9 VAT, 245V, 74.371, Vi
Irow8 VIAVT, 1.45V,, 74371,V

Irow7 VIAVT, 1.45V,, 74371,V

Irow6 VIAVT, 1.45V,, 74371,V

Irow5 VIAVT, 1.45V,, 74371,V

Irow4 VIV, 1.45V,, 74.371,,Vn

Irow3 VIV, 1.45V,, 74.371,,Vn

Irow2 8.V, A4SV, 73.591,, Vi

Trowl 8.7 VI V.45V, 64.4 1,V

Decrease 10 % Irow9 7INOL, 8.1V, 54.671,,Vm
Irow8 7INO], 8.1V, 54.671,,Vn

Irow7 NS, 8.1V, 54.671,,Vn

Irow6 NS, 8.1V, 54.671,,Vn

Irow5 LA™ 8.1V, 54.671,,Vm

Irow4 AL 8.1V, 54.671,,Vm

Irow3 7INOL, 8.1V, 54.671,,Vm

Irow2 V¥V, 72V 53.781, Vi

Irowl V¥ AL, 6.3V 46.491,,Vy,

Increase 10 % Irow9 AY oL, 1.9V, 81.671,,V
Irow8 AY oL, 1.9V, 81.671,,Vim

Irow7 AY oL, 1.9V, 81.671,,Vi

Irow6 AY oL, 1.9V, 81.671,,Vy,

Irow5 AY oL, 1.9V, 81.671,,Vu

Irow4 AY oL, 1.9V, 81.671,,Vy,

Irow3 AY oL, 1.9V, 81.671,,Vim

Irow2 AN, A8V 80.341,,Vp,

Irow1 UV, AVAYS 69.451,,Vp

Table 13. The results of the obtained GMPP for the reconfiguration under measurement error on the
current parameters in the first case study

Error type Row bypassed Current Voltage Power
Decrease 5 % Irow9 7.131, PAYS 64.171,,V
Irow8 7131y 9Vm 64171,V
Trow7 7.131, WV 64.171,,Vn
Irow6 7131y Vi 64171,V
Irow5 7131y Vi 64171,V
Irow4 7131y Vi 64171,V
Irow3 7131y Vi 64171,V
Irow2 7.891,, 8V 63.121,,Vy,
Irowl 7.791m TV 54.531, Vi
Increase 5 % Irow9 Y/AYT, WV VoA TV
Irow8 V/AVT, Vi VoA LW Vi
Irow7 V/AVT, WV VoA LWV

Irow6 VAV, WV VoA TV




Irow5 V/AVT, AV VoM TV

Irow4 N4 ™ WV VoML Vi
Irow3 \Z4 ™ WV ARV M
Irow2 8.V, AV 771wV
Irowl 8.7V YV LEVAN PRV N
Decrease 10 % Irow9 7/VOL, WV NV
Irow8 7INOT, WV 7NV
Trow7 7N, WV F /N, Vi
Irow6 7/NOL, WV 6:.VoI,Vy,
Irow5 N0, WV 7NV
Irow4 7INOT, WV 7NV
Irow3 7INOT, WV 7NV
Trow2 \ARd ™ AV, SN Vi
Trowl \ARN ™ YV Y/ 71 Vin
Increase 10 % Irow9 AR WV VEYOL, Vi
Irow8 AL WV VYOI Vi
Irow7 AY oL, WV V¥.281,Vn
Irow6 AY oL, WV VYOI Vi
Irow5 VAL WV VY201,V
Irow4 A/Y oL, WV VY XYoL,V
Irow3 AV, WV VY201,V
Irow2 AN, AV VY ¥ LV
Irowl Y], YV Y N¥LVi

From the results presented in Tables 12 and 13, it can be seen that the change in voltage and
current values also changes the value obtained for GMPP. However, it can be seen that the 8-
Queen's method, in a situation where voltage and current parameters suffer from measurement
error, can provide the highest GMPP values than other techniques that used clean voltage and
current measurements. It should be noted that the proposed technique can be employed for the
real-world PV arrays and can be considered as a suitable tool for the solar energy efficiency of
the PV panels under PSCs.

5. Conclusions

Partial shading is one of the most important problems that make it difficult to extract maximum
power from photovoltaic (PV) arrays. This issue has raised many challenges so far and various
methods have been proposed to solve this problem. However, in this paper, a static-based
technique for reconfiguration of the PV modules to increase maximum output power under
partial shading conditions (PSC) was presented. The proposed procedure is called 8-Queen's
and is based on the movement of the Queens on the chessboard and solves the problem in such
a way that none of the Queens can attack the other. The 8-Queen's procedure was applied to 7
cases of the PV arrays with the TCT inter-connection and different PSCs for maximum power
point tracking (MPPT). In addition, the PV modules related to the TCT PV arrays of all 7 cases
were reconfigured using other reconfiguration methods such as Magic Square puzzle, d
Distance, Sudoku, optimal Sudoku, and improved Sudoku. The results of used methods in the
MPPT were analyzed through various evaluation indicators such as global maximum power
point (GMPP), fill factor, power efficiency, and mismatch losses (ML). Finally, the obtained
highest values of GMPP 1.e.
22.21,Vp, 2221,V 67.51, V;y, 66.61, V1261, V,,, 3461, V,y,, and 8.11,V;,, for cases 1-7,
respectively, by the 8-Queen's technique, emphasized the ability and high performance of this
method than the other selected methods. In addition, the 8-Queen's technique compared to the



other methods had minimum values of ML i.e. 3.95%, 3.95%, 4.18%, 4.25%, 3.365, 4.20%,
and 1% for cases 1-7, respectively, that indicating the superiority of the suggested procedure.

It should be noted that the 8-Queen's technique can also be employed as a state-of-the-art
solution for reconfiguration of the PV arrays in the real world. According to the results and
modeling of real-world PV arrays, it is recommended to use the proposed method to achieve
the maximum power point and optimal operation of real PV systems. Thus, the algorithm of
the proposed 8-Queen's method is prepared as a code and is installed in the PV system using a
microcontroller to perform the process of reconfiguration PV array modules under PSCs.
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