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Abstract: Partial shading is a major challenge in photovoltaic (PV) systems, as it causes significant
power losses and leads to multiple local maximum power points (MPPs) on the power-voltage (P-V)
curve, reducing overall system efficiency. To address this issue, we proposed a novel reconfiguration
approach for shaded PV arrays using the Cuckoo Search (CS) optimization algorithm. With the
proposed method, we aimed to identify an optimal switching matrix structure that minimizes current
mismatch among rows and maximizes power output under shading conditions. The methodology
involved implementing a 9 <9 PV array model in MATLAB/Simulink and evaluating its
performance under five distinct shading patterns. The performance of the CS-based reconfiguration
was compared against four established techniques: Total Cross-Tied (TCT), standard Sudoku,
Optimal Sudoku, and the Multi-objective Grey Wolf Optimizer (MOGWO). The evaluation was
based on key statistical and performance metrics, including on power output, system reliability, and
convergence behavior. Testing results demonstrated the superiority of the CS method, achieving
global maximum power point (GMPP) values of 23.6071 kW, 23.0057 kW, 22.1083 kW, 22.6669 kW,
and 22.4937 kW across the five tested shading scenarios. These results validated the effectiveness of
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the CS algorithm in enhancing the power output of PV arrays under partial shading and highlight its
potential applicability in real-world energy systems.

Keywords: Cuckoo Search optimizer; PV; PV reconfiguration; PV interconnection schemes; partial
shading mitigation

1. Introduction

Most power is generated using conventional energy sources such as coal, oil, and natural gas.
These sources emit carbon dioxide, which contributes to the issue of global warming. The direct cause
of climate change is the burning of fossil fuels, which emit greenhouse gases (GHG) into the
atmosphere. Nearly 80% of GHGs are caused by the use of fossil fuels. Regardless, the world’s
primary energy demand is projected to expand by nearly 60% between 2002 and 2030, with an average
annual growth of 1.7%, leading to other GHG emissions. Oil reserves are projected to be exhausted by
2040, natural gas by 2060, and coal by 2300 [1]. Considering the current situation, there is a growing
need to develop renewable energy sources (RES) to create clean and emission-free energy. The search
for RES has evolved into an urgent issue [2,3]. RES such as wind power, fuel cells (FC), and
photovoltaic (PV) are increasingly being employed more frequently in different applications,
including motor drives, uninterruptible power systems, electric vehicles, microgrids, and more. Solar
energy is the most critical and sustainable resource due to its ubiquity and quantity in nature. Besides
requiring little maintenance, it is fuel-free and pollution-free. The output power of PV relies on the
number of connected PV modules and their structure, as well as the local environmental situations
[4-6]. The current worldwide instantaneous evolution of PV systems has significantly accelerated
research efforts toward improving efficiency, reliability, and large-scale integration into modern
power grids [7]. Furthermore, the immediate integration of PV systems into electrical networks has
created gaps for further development of more capable energy management systems. One of the most
critical challenges within the operation of PV arrays is the occurrence of partial shading mismatch
losses, which reduce energy yield and are highly problematic. Conventional fixed configurations
suffer from a stagnant response to shifting environmental conditions, leading to underperformance.
Dynamic reconfiguration solves these issues of mismatch loss and energy generation by making
real-time adjustments to the electrical connections in the PV modules. Yet, determining the optimal
pattern in dynamic reconfiguration is a complex combinatorial problem that requires sophisticated
optimization techniques. Moreover, the PV array connects many PV panels in series/parallel or both.

Various interconnection techniques that are known to create a PV array are (i) Series-Parallel
(SP), (ii) Bridged-Link (BL), (iii) Honey-Comb (HC), and (iv) Total Cross Tied (TCT) methods.
Moreover, the most typically utilized interconnection strategy for output power enhancement with a
significant decrease in mismatch power losses under partial shading conditions (PSC) is the TCT
arrangement [8]. Moreover, the PSC is the most significant issue affecting PV efficiency. The PSC
occurs if the PV modules are shaded in the PV array cause of flying birds, passing clouds, and adjacent
buildings. Under PSCs, the quantity of irradiance obtained by the shaded module is less than that
obtained by the unshaded module [6]. The alternative solution proposed for handling the PSC
phenomenon’s harmful impact is rearranging the shaded modules in the array; this process is described
as a reconfiguration of the PV array. The main target of the PV array reconfiguration strategy is to
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minimize power loss and improve the global maximum power (GMP). Different array reconfiguration
approaches that are employed in practice can be organized into: Physical relocation [9,10], Electrical
rewiring [11,12], and Electrical Array Reconfiguration methods (EAR) [13,14]. The EAR has
emerged as an alternative strategy in the PV array reconfiguration domain, where shade distribution
can be performed via the switch matrix with dimension (m > n). Moreover, this approach is called
dynamic re-configuration [15].

Numerous researchers suggested various topologies of the shaded PV array either via static or
dynamic reconfiguration approach; some of the reported works are examined as follows: The genetic
algorithm, GA, was employed for reconfiguration to improve the energy output of a TCT-connected
shade PV system [16]. Babu. et al. [17] recommended using particle swarm optimization (PSO) to
reposition shaded PV modules for increased power output. The authors in [18] proposed a Sudoku
puzzle-based PV reconfiguration technique to lessen the impact of shading on panel efficiency. The
work presented by the researchers in [19] demonstrated a power comparison method for PV array
reconfiguration in shaded conditions to maximize power extraction. The researchers in [20] presented
a reconfiguration method for the shaded PV array using the grasshopper optimization algorithm
(GOA), aiming to enhance output power. To address the adverse effects of partial shading, the Marine
Predators Algorithm (MPA) was employed to determine the optimal configuration of large-scale
photovoltaic (PV) systems [21]. Yousri et al. [22] proposed a Multi-objective Grey Wolf Optimizer
(MOGWO) for the optimal reconfiguration of shaded photo-voltaic arrays, enhancing power output by
minimizing the row current difference, and outperformed earlier TCT and modified Sudoku methods.
Mikkili et al. [23] underscored the advantage of Optimal Sudoku reconfiguration over traditional TCT
and Sudoku for enhancing the power output and decreasing power loss under varying shading
conditions, with results validated in MATLAB. The reserchers in [24] introduced Knight’s tour, a
unique reconfiguration method based on the movements of a chess knight, proven to be effective in
maximizing power extraction from PV arrays under partial shading conditions, outperforming other
traditional and puzzle-based methods across scenarios. To address the problems of existing
optimization algorithms, in search of more straightforward and faster algorithms, research is being
conducted to construct efficient algorithms for the application of PV reconfiguration.

Fang and Yang [25] designed a strategy for the dynamic reconfiguration of PV arrays with the
objective of minimizing mismatch losses, particularly under partially shaded conditions. Their
solution centers on mitigating the power losses caused by non-uniform irradiance through adaptive
reconnection of PV module interlinks. By real-time adjustment of array configurations, the system
surpasses traditional static setups in energy output and efficiency. The work in [26] presents the
multidisciplinary Pelican Optimization Algorithm (POA), which optimally reforms heterogeneous
rural rooftop PV arrays. The researchers’ approach considers challenges due to changing rooftop
orientations and module types with the goals of power output, shading impact, and reconfiguration
cost optimization. The approach proposed improves PV system performance in autonomous complex
rural environments through smart and self-adaptive array modification. In an alternative method,
Sharma et al. [27] proposed a machine-learning model with the goal of increasing power retrieval via
smart SPV array reconfiguration in industrial settings. Such an array optimization employs an
Al-based mechanism derived from environmental factors like irradiance and temperature, which feeds
into a supervised learning model that forecasts the best configuration. This algorithmic approach uses a
model to provide instantaneous and context-sensitive reconfiguration choices that improve
performance while reducing necessary calculations relative to classical methods. Hachemi et al. [28]
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focused on overcoming the issues associated with modern distribution networks incorporating PV
systems by suggesting a combined approach of dynamic network reconfiguration along with
D-STATCOM deployment. Their focus was on improving the operational performance and voltage
dynamics along with the power quality of distribution grids with high levels of PV penetration.
Moreover, increasing distributed PV generation results in more challenges, such as excessive voltage,
reverse flow power, and unbalanced load, which require advanced control methodologies.

However, many of the traditional reconfiguration techniques do not apply in urban PV systems
where the modules have different orientations, tilts, and exposure to sunlight due to the addressable
complexity. For that reason, the authors in [29] developed a multivariate optimization framework that
takes into account power output, shading impact, cost of reconfiguration, and other relevant
multi-performance metrics. This methodology is based on adaptive strategies to improve solution
diversity and convergence of the modified metaheuristic as provided in the INGO algorithm. This
algorithm assesses a large number of reconfiguration options and determines the best electrical
connections among modules, which results in the maximization of energy output. The results of this
simulation show that the method provided is of higher efficiency, adaptability, and computational
performance when compared to conventional methods. It is shown how optimization inspired by
nature can be effectively used for solving unsolved complex designed PV array problems, especially in
the urban constrained environment. It is in line with the broader goal of improving intelligent
management techniques with regard to PV array systems, where highly dynamic real-life conditions
need to be considered. The researchers in [30] proposed a modified Chess Knight Reconfiguration
(CKR) technique where the algorithm spaced shaded and unshaded modules within the array in a way
that improves the uniformity of current flowing across layers. The algorithm determines performance
metrics, total power output, and reduction in mismatch losses to analyze the pattern reconfigurations.
The proposed approach outperformed traditional methods in reducing mismatch losses and improving
system efficiency overall after extensive simulations on standard PV array configurations. In addition,
the CKR method is straightforward to implement, and its computational efficiency makes it
appropriate for real-time applications. This research demonstrates the promise that heuristic,
grid-based approaches hold in intelligent PV array reconfiguration amid dynamic changes in
environmental conditions. The researchers in [31] presented a PV reconfiguration method based on a
hybrid method that combines the harmony search algorithm with a switching matrix framework using
module interconnection evaluation and selection. This permits adaptive configuration of the PV
system to changing patterns of irradiance. The algorithm also aims to obtain the configurations that
yield maximum power output while seeking minimum computational time, cost of reconfiguration,
and incurred computational expense. Simulation results confirmed that the proposed method
outperformed traditional techniques, including TCT and Sudoku-based approaches, in power
efficiency and reliability under diverse shading scenarios [32]. The researchers proposed an improved
salp swarm algorithm (ISSA) that used tent chaotic initialization and a hybrid of Levy flight and lion
swarm strategies to enhance MPPT accuracy and speed under PSCs. Simulations showed that ISSA
outperforms conventional methods, achieving the highest accuracy and fastest tracking time.

In this article, the cuckoo search (CS) optimizer is utilized to provide the optimal design for the
switching matrix to tackle the problem of modifying the weights of the objective function to guarantee
the reliability and efficiency of the system. Using the proposed approach, we aim to minimize the
contrast between the maximum and minimum row current levels. The introduced CS is applied to a
series of shade patterns over a9 <9 PV array. The obtained results by CS are compared with SuDoKo,
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modified SuDoKo, TCT, and MOGWO strategies through several statistical measures to appraise the
performance of the proposed method. The results demonstrate the excellence of CS in creating the
highest power values and smooth PV characteristics.

The remaining parts of the papers are organized as follows: In Section 2.1, we present the
implemented PV equivalent circuit. In Section 2.2, we introduce evaluating performance for statistical
metrics. The TCT scheme justification is documented in section 2.3. A brief description of CS is
provided in section 2.4, while the proposed CS method with the executed objective functions is
described in section 2.5. In Section 3, we present the results and the analysis of the CS-based
reconfiguration system under the studied shade patterns. The conclusion is provided in Section 4.

2. Materials and methods
2.1. Modeling PV modules

The effectiveness of any PV plant is defined by the efficiency of the PV modules used in the
system. A PV module is formed by merging many PV cells. The PV cell is the most basic element of
PV systems. As a result, researchers prioritize the modeling of PV cells. Furthermore, modeling the
non-linear behavior of PV cells becomes a difficult task [33]. A three types of diode models for
improving power generation by undertaking multiple experiments: Single-diode (SD), double-diode
(DD) were developed in [34,35], and three-diode model (TD) [36]. Because of its extensive
capabilities, SD is the most commonly used of these three types [27]. We picked the single diode
model for the creation of a PV array in this study because it is simple in design, has fewer parameters,
and is the most extensively used model in real-time applications. The SD is comprised of five
parameters: Ip,, Iy, R, a, and R,. The SD electrical model is created by combining all of these
factors. Figure 1 illustrates the SD representation. Eq 1 provides the I — V properties of SD.

=1, -1 <exp <%) - 1) - w (1)
P

where L,, and v are the PV cell's measured I-V data, and I is the total amount of current produced
by the PV cell. g is electron charge (1.602+ 10~1° C), I, is the leakage current of a diode, Boltzmann
constant k (1.38065031023J/K), and T is the Kelvin temperature. a is the ideality factor, R, and
R, are series and shunt resistances, respectively.
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Figure 1. Electrical circuit of single diode PV model.
2.2. Metrics for evaluating performance

The most important part of any method's performance is its evaluation. Thus, the efficacy and
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effectiveness of each approach, as well as the comparison of multiple ways, are acquired by evaluating
the results of their performance. In this article, the performance of each approach is evaluated using
various indicators after applying the introduced methods to various PV arrays to reconfigure and
disperse the shadow. In this study, the global maximum power point (GMPP), fill factor (FF), mean
loss (ML), and efficiency are introduced and used as performance evaluation indicators. Each of the
aforementioned indicators is defined and calculated as follows:

e GMPP is calculated by computing the generated current in each row of the PV array.

o FF is one of the defining factors in the overall behavior of a solar cell and measures the area of
a PV array module. The FF is determined by the maximum power point (p,,), open-circuit

voltage (vyc), and short circuit current (Is,). It can be calculated as follows [28-31]:

FF = _Pm
Voc * I,

e The difference between the maximum power under uniform radiation (MPP,,; ) and the

)

GMPP under PSC (GMP Ppy.) is represented by ML. The ML can be calculated as follows:

MPP,,; _ GMPPpg,.

ML =
GMPPpg,.

@)

o Efficiency (n) is defined as the ratio of the maximum power point (B,,) to the solar energy input
(P;,,). The efficiency can be stated mathematically as follows:

n=>5- (4)

2.3. Metrics for evaluating performance

TCT is the most commonly utilized type of PV connection to achieve the rated amount of power.
Following multiple assessments of various connection systems, the TCT is regarded as an excellent
connection approach for PV projects. TCT connections are restricted to connecting cross-ties across
each row of a series-parallel connection [31]. To validate the proposed CS technique, we used a 9 <9
TCT PV array in this work. The TCT scheme is depicted in Figure 2. There are 9 rows and 9 columns
in this TCT-connected scheme. Every PV module is represented by x and y, where x and y are row and
column numbers, respectively. Equations 5 and 6 can be used to calculate the total current and the
voltage of a TCT-connected PV array [31].

9
Iout = Z Ixy, x=1,2...8,9 (5)
y=1
9
Varray = ) Vi, ©)
x=1

where I, is the total current produced by the PV array, v,,,4, is the total voltage that appears across
the PV array terminals, and v, is the PV module voltage at row x.

AIMS Electronics and Electrical Engineering Volume 9, Issue 4, 476-499.



482

l - S 9 Ly
1L 10, 113 it
¢
PV, PV, PV)s PV | ml |
A P, C i
] I s ... __I_Q__X :
P
2 y sz l
PV PV PV PV > I
Is] ‘132 ‘131 k139 5
....... __¥ Varray
Eol
3 = VmS|
PV:\] PV-,;_) PVia PVa i |
! S A
5 |
‘ |
Ay e ————
1o Iy, ¥ Tt
Pl
9 Vm9|
PVy, PV, PVy; PVyy : |

Figure 2. TCT connected 9 <9 PV array structure.

The occurrence shadow should scatter routinely around the surface of the PV modules to achieve
the most extreme power from the considered PV array. A typical TCT scheme cannot provide a
uniform distribution of partial shading. We used CS to achieve uniform shade distribution and to
increase power generation by discovering the ideal switching pattern. To carry out the suggested
technique, a 9 <9 TCT-linked system is created using a solar PV model with an open circuit voltage
(voen ) 0F 49.5 (V) and a short circuit current (1. ) of 8.6 (A). Temperature coefficients: K, =-0.3624 x
V,en and K; = 0.071 x [,.. The details of the proposed algorithms and the reconfiguration
optimization process are described in the following section. To implement the suggested technique, a 9
%9 TCT-linked system is built using a PV model with a voltage for open circuits (v,.,, ) of 49.5 V and
a current during a short circuit (I,.) of 8.6 A. Temperature coefficients: K, =-0.3624 X v,., and K;
= 0.071x I,.. In the following section, we describe the algorithms suggested in depth, as well as the
reconfiguration optimization process.

2.4. Cuckoo search algorithm

The CS method was first introduced by Yang and Deb in 2009 [37], which was inspired by the
breeding habits of the cuckoo species. When CS is used, there are three basic standards. In each
iteration, each cuckoo first lays a single egg before picking a nest at random to place it in. Second, the
best nest and best solution would be transmitted to the successive layer. Third, a host bird finds the
alien egg with a probability of P_ ae [0,1] utilizing the constant number of host nests [32]. The
following L&y flight in (7) is:

xItt = xf 4+ a @ Levy(Q) (7)
where X; = [xq, X3 x3,...xp], D is the problem dimension, o > 0 is the step size, & the product,
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A > 0 is the problem’s scale, as represented by the step size, and the sequence number is represented
by t. Multiplication by entries is represented by the symbol in the product, and Lévy (L) generates a
random walk with step lengths that are chosen at random from a Leévy range, as demonstrated in (8).

Levy(D) = t™, (1< 1< 3) (8)
2.5. The proposed objective function

The PV reconfiguration optimization task aims to maximize the harvested power from the
available PV array while reducing variation among row current values to provide smooth PV
characteristics. In this setting, the work can be described as a goal optimization challenge with a
conflict function that is objective. The suggested goal indicates one of the absolute differences
between the highest and lowest row current values, as demonstrated in (9):

MlTl(Ob]) = |1Max - IMinl (9)

The objective of implementing the CS is to find the best structure design for the switch array that
balances the aforementioned objective function. The goal function was designed to maximize the
generated power; the form was created to ensure uniform distribution of shade on the surface of the
considered array. The best non-dominated solutions so far obtained by the objective optimization
methods are archived. The best answer can be chosen using some techniques. Among the acquired
solution vectors in this investigation, a switch matrix pattern with the smallest difference in the current
levels of the rows is judged to be the best solution, enabling the designer to choose the best outcome.
To ensure that the best solution is obtained, the process is repeated 500 times. The CS kicks in anytime
the system's output power falls below 80% of gathered power at standard irradiation and temperature
conditions (1000 W/m? and 25°C). The proposed steps for reconfiguring the partially shaded PV array
can be explained as follows:

Step 1: Initialize radiation pattern matrix G (9*9) and initialize nests with random matrix
arrangements.

Step 2: Evaluate the objective function for each nest.

Step 3: Repeat for a specified number of iterations.

o For each nest:
- Generate a new cuckoo (solution) by randomizing the matrix vertically.
- Calculate the objective function for the new cuckoo.
- Choose a random nest and compare the new cuckoo with it.
- If the new cuckoo has a better score, replace the nest with the new cuckoo.

e Abandon the worst nests and generate new ones:
Step 4: Find the best solution with the minimum difference between row currents using Eqs (10-16).
Step 5: Store the optimal arrangement and position changes.
Step 6: Calculate output voltage and output power based on the optimal arrangement and row currents.
Step 7: Return the optimal arrangement, minimum difference, position changes, output voltage, and
output power.
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3. Results and discussion

The performance of the CS is evaluated in this section over a variety of partial shade patterns
across a 9 x 9 PV array. The provided shadow covers 4 x 4 the investigated array's space, and
incident irradiance values range from 100 W/m? to 1000 W/m?. The proposed approach is compared
to TCT, Sudoku, Optimal Sudoku, and MOGWO arrangements to illustrate its superiority in
delivering the highest power value and the minimum current difference between each row with a
regular distribution for the shade over the array surface. For the comparison stage, many statistical
metrics are used: 1) Mismatch power loss ML (%), 2) Fill factor FF (%), and 3) efficiency n (%). The
test is run on a laptop with 16 GB of RAM and a Core i7 processor running at 2.30 GHz, and the
MATLAB 2022 edition.

Case 1: Bottom right corner 4 x4 sub-arrays

In this case, the bottom right quadrant of panel 4 x 4 is shaded with 600 W/m? and 400 W/m?,
whereas the remaining PV modules receive full irradiation, or 1000 W/m?, as shown in Figure 2(a).
Various TCT schemes, including achieved Sudoku, Sudoku with dispersed shade, Optimal Sudoku,
dispersed shade Optimal Sudoku, MOGWO, and the suggested CS, are shown in Figure 3(b to g). The
currents generated by all rows of the TCT system are calculated. Sudoku, Optimal Sudoku, MOGWO,
and CS are necessary to determine the global maximum power. As shown in Figure 3(a), the PV panels
in rows 1 through 5 get the same quantity of radiation, or 1000 W/m?. As a result, the current generated
by these five rows are be equal. The row currents may theoretically be determined as in (10).

Ipw, to Ipy, =A11 11 tA L1 A3 113+ - - -Agolhg, (10)

Here, An:%:l, Giiand I, represent the input irradiance and the current produced by the PV
0

module 11. G, represents the standard irradiation, which is 1000 W/m?. Each module's current at
complete irradiation might be designated as IM. As a result, the current from row 1 to row 5 can be
calculated as shown in (11).

1000

IRW1 tOIRWS =9(M>IM =9IM (11)
Similarly, the currents of the rows that remain can be estimated in the following way:

Row current for I, and I,.. Rows can be given as in (12):

1000 600 400 _
rwe = Trwy = 5 (500) It + 2 (5o ) It +2 (550) = Tlg (12)
Row current for Ig,, and Ig,,. The rows are as in (13):
1000 600 _
Ttwg = Ipwy =5 (m) Iy + 4 (500) =7 41y (13)

Following the same processes as in Figure 3(a), the dispersed shadow pattern of the proposed CS
scheme can be given as in (14):

1000 600\ , _
Tewy = Ty = Trwy = Trws = Trwy = 7 (3000) Iy + 2 (o) 1= 8.21), (14)

The row current for I, and I, . Rows can be calculated as in (15):
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Iews = lgw, =7 (%) Iy + (%) Iy + (%) Iy=8ly (15)

The row current for I, and Ig,,,. Rows can be calculated as in (16):

1000 400 _
Itwg = Irws = 8 (m) Iy + (m) 1,,=8.41, (16)

11]12]13|14|15|16(17|18[19 11]|42|53|94|25|76|87|68|39 11)12)13|14(15]16|17]18|19
21|22|23|24|25|26|27|28|29 21(92]73|84|35|66|57|18|49 21(22(23|24|25|26|27|28|29
31(32|33|34|35/36|37(38|39 31|82|63|44|55(16(97|78|29 31|32|33|34|35|36|37(38(39
41]142|43]|44(45]|46(47]|48|49 41[32]13|54|85|96(77|28|69 41]142(43]|44(45|46|47|48(49
51|52|53|54|55|56|57|58|59 51(22]93|64|75|46|17|38|89 51|52|53|54|55|56|57|58|59
61/62]63|64|65|66|67|68|69 61|72(83|24|15|36|47|98|59 61(62(63]64|65|66|67|68|69
71\72|73|74|75|76|77]|78|79 71|12]23|34[45]|56|67|88|99 71|72|73|74|75|76|77|78|79
81/82[83|84(85|86|87|88|89 81|62(43|74|95]|26|37|58|19 81|82|83|84|85|86|87[88|89
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E)] (b) (9
11[72]43|24|85|56(37|98|69 11)12|13|14(15|16(17]18|19 11)12|13|14|15]16|17]18|19
21(82]53|34[95|66(|17|78|49 21|22|23|24|25]|26|27|28|29 21|22|23|24|25|26|27|28|29
31|92|63|14|75|46|27|88|59 31|32(33|34(35|36|37|38|39 31(32(33|34|35|36|37/38|39
41]12|73|54|25|86(67|38|99 41]42|43(44|45|46|47|48|49 41]42|43|44)|45|46|47]48|49
51)|22|83|64|35|96|47|18|79 51|52|53|54|55|56|57|58|59 51|52|53|54|55|56|57|58|59
61[32]93|44[15]|76|57|28|89 61|62]63|64|65]|66|67|68|69 61/62|63]64|65]|66|67|68|69
71[42]|13|84|55|26|97|68|39 71|72|73|74|75|76|77|78|79 71(72(73|74|75|76|77|78|79
81[52(23|94(65|36|77|48|19 81/82(83|84|85|86|87|88|89 81[82|83|84|85|86|87[88|89
91/62[33|74[45]|16|87|58|29 91|92]93]94[95]|96|97|98|99 91[92]93]94]|95|96|97]98|99

(d) (e) 0
11]12]13[14[15[16[17[18[19 Legend
21(2223]24|25|26(27[28[29 1000 W/m2 | _|
31[32]33]34|35|36(37[38[39 600 W/m2 | |
41[42]43]44|45|46|47]48[49 400 W/m2 ||

51|52|53|54|55|56(57|58|59
61|62|63|64|65|66(67|68|69
71|72|73|74|75]|76|77|78|79
81|82|83|84|85|86|87|88|89
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(8)

Figure 3. Results of case 1. (a) TCT scheme, (b) Sudoku arrangement, (c) Shade
dispersion in Sudoku arrangement, (d) Optimal Sudoku arrangement, (€) Shade dispersion
in Optimal Sudoku arrangement, (f) MOGWO, and (g) the proposed CS.

Table 1 demonstrates the acquired voltage and power tracked using TCT, Sudoku, Optimal
Sudoku, MOGWO, and the suggested CS after the current calculations. The comparison provided by
the CS and MOGWO methods generates the highest increased power of 72v,,1,,. Furthermore, the
recommended CS and MOGWO have only three powers, whereas Sudoku has five power values. This
indicates the presence of several peaks in the P-V curve. When multiples exist in the PV curves, it
generates less electricity. Sudoku and Optimal Sudoku generate 68.4v,,1, of power, and this is
somewhat higher for TCT but results in more multiple peaks of TCT-connected systems. Figure 4
indicates the multiple peaks and power. According to the results, the proposed CS obtained
23.6071 kW from the reconfigured PV array, in contrast to the MOGWO, Optimal Sudoku, Sudoku,
and TCT vyielding 23.5365 kW, 23.2966 kW, 23.2567 kW, and 21.8567 kW, respectively. The
acquired parameters, such as ML (%), FF (%), and (%), are graphically shown in Figure 5.
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Table 1. Analysis of TCT, Sudoku, Optimal Sudoku, MOGWO, and CS schemes of case 1.

TCT Sudoku Optimal Sudoku
Ip, | 1(A) |V(V) P(W) Iy, 1(4) | V) P(W) Ip, | 1(4) V) P(W)
Ip, | 7L, | v, | 63v,I, Ip, 7.6l, | v, 68.4v,, I, Ip, | 7.6I, v, 68.4v,, 1L,
Ip, - - - Ip, 7.81, 8v,, 62.4v,, 1, Ipg 81, 8v,, 64v,, I,
Ipy | 7.4L, | Tv,, | 51.8v,1, Ipg 8I, v, 56v,, I, Iy, - - -
Ipg - - - Ig, 8.21,, | 6u, 49.2v, 1, Ip, | 8.21I, 6v,, 49.2v,1,
I, | 9I, 5v,, 45v,, I, Ip, - - - Ig, - - -
Ig, - - - Ig, - - - Ig, - - -
Ig, - - - Ig, 8.6l,, | 3vu, 25.8v,,1 Ip, | 8.41, 3v, 25.2v,1,
Ig, - - - Ig, - - - Ip, | 8.61, 2v,, 17.2v, 1,
Ig, - - - Iy, - - - Iy, - - -

MOGWO Proposed CS

Ig, | 1(A) |V(V) P(W) Iy, 1(A) V() P(W)

Ipg 8l v, 72v, 1, Ip, 8I, v, T2v,1,

Ig, - - - Ip, - - -

Ig, - - - Ig, 8.21, v, 57.4v,,1,

Iy, - - - Iy, - - -

Ip; | 8.2I, | 5vp, 41v,, 1, Ip, - - -

Iy, - - - Ig, - - -

Ig, - - - Ig, - - -

I, | 8.61, | 2v, 17.2v,,1 Ig, 8.41, 2v,, 16.8v,,1

Ig, - - - Ipg - - -

x104
TCT Sudoku - - - - Optimal Sudoku MOGWO cs

100

50

150 200 250

Voltage (V)

300

350 400

Figure 4. Characteristics of case 1 in terms of P-V.
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80
&
S 50
< 40
& 3
o] ® Missmatch loss
*g 18 im mB mB m B m B
o : m Efficienc
5 TCT sudoku  OPtimal - voGwo cs Y
a Sudoku = Fill fcator
® Missmatch loss  15.7893 10.3953 10.2417 9.3173 9.0453
® Efficiency 13.4996 14.3643 14.389 145371 14.5807
= Fill fcator 63.2882 70.4787 70.6187 71.3459 73.2616

Figure 5. FF, ML, and efficiency for case 1.
Case 2: Bottom left corner 4 x4 sub-arrays

The bottom left c quadrant of a 4 x4 panel of PV cells is shaded by four degrees of irradiation:
1000 W/m?, 700 W/m?, 400 W/m? and 300 W/m?, as shown in Figure 6. Its redesigned shadow
patterns created fromTCT, Sudoku, Optimal Sudoku, MOGWO, and CS are shown in Figure 5(b to g).

11(12|13|14|15|16|17(18|19 11)42|53|94|25|76|87|68|39 11)12)13|14|15|16|17|18|19
21(22|23|24|25|26(27|28|29 21|92]73|84|35|66|57|18|49 21(22(23|24|25|26|27|28|29
31|32|33|34|35|36|37|38|39 31|82|63|44|55]|16|97|78|29 31(32(33[34|35|36|37|38|39
41]142(43]|44(45]|46(47]|48|49 41|32|13|54|85|96|77|28|69 41]42|43|44)|45|46|47(48|49
51|52|53|54|55|56|57|58|59 51(22]93|64|75|46|17|38|89 51(52(53|54|55|56|57|58|59
61|62|63|64|65|66(67]|68|69 61(72|83|24|15|36|47|98|59 61]62|63|64)|65|66|67|68|69
71|72173|74|75|76|77|78|79 71|12|23|34|45|56(67|88|99 71|72|73|74|75|76|77|78|79
81|82|83|84|85|86(87|88|89 81|62(43|74|95|26(37|58|19 81|82(83|84|85|86|87|88|89
91]92|93]94|95|96(97]98|99 91|52|33|14|65|86|27|48|79 91]92(93]94]95]|96]97|98|99
(@) (b) (@]
11(12|13|14|15|16|17(18|19 11)12|13|14|15|16(17]18|19 11112|13|14|15|16|17|18|19
21(22|23|24(25|26(27|28|29 21(22|23|24|25|26|27|28|29 21(22|23|24)25|26|27(28|29
31|32|33|34|35|36|37|38|39 31(32|33|34|35|36|37|38|39 31(32(33[34|35|36|37|38|39
41)142(43]|44|45|46|47|48|49 41]42|43|44|45|46|47|48|49 41]42|43|44)45|46|47(48|49
51|52|53|54|55|56|57|58|59 51(52|53|54|55|56|57|58|59 51(52|53|54|55|56|57|58|59
61|62|63|64|65|66(67]|68|69 61|62|63|64|65|66(67|68|69 61]62(63|64|65|66|67|68|69
71|72173|74|75|76|77|78|79 71|72|73|74|75|76(77|78|79 71|72|73|74|75|76|77|78|79
81|82|83|84|85|86(87|88|89 81|82|83|84|85|86(87|88|89 81|82(83|84(85|86|87|88|89
91]92|93]94|95|96(97]98|99 91]92]93]94|95]|96(97]98|99 91]92(93]94(95]|96]97|98|99

) (e) ®
11|12|13(14({15|16|17|18|19 Legend___
21|22(23(24|25|26(27|28|29 1000 W/m?2
31|32(33(34|35|36(37|38|39 700 W/m?2
41(42143|44|145(46(47|48|49 400 W/m? |
51|52(53|54|55|56(57|58|59 300 W/m2? ||

61(62|63|64|65]|66|67|68|69
71|72|73|74|75|76|77|78|79
81|82|83|84|85|86(87|88|89
91]92]93]|94|95|96(97|98|99

(8

Figure 6. Results of case 2. (a) TCT scheme, (b) Sudoku arrangement, (c) Shade dispersion
in Sudoku arrangement, (d) Optimal Sudoku arrangement, (e) Shade dispersion in Optimal
Sudoku arrangement, (f) MOGWO, and (g) the used CS.
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Table 2 shows the voltage and power created by computing the currents generated by any row
of the five techniques investigated. Moreover, the suggested CS approach yields a large amount of
power compared to the other methods considered in this study. Furthermore, it produces fewer power
variations, which improves the delivered power from PV. Figure 7 displays the P-V curves for TCT
situation 2 with dispersed shade patterns. The GMPP obtained using the method suggested by CS,
MOGWO, Optimal Sudoku, Sudoku, and TCT are determined to be 23.0057 kW, 22.9688 kW,
22.6788 kW, 22.2464 kW, and 20.3282 kW, respectively. The MOGWO is ranked second in flow,
with a generated power of 22.9688 kW. The shade dispersed utilizing a CS-based arrangement
confronts the multi-peaks and achieves a distinct peak, a critical discovery made from the P-V curve.
More importantly, the obtained GMPP is nearly identical to the nominal operating voltage. The TCT
features show that a change in irradiation levels induces bypassing of PV modules, resulting in a
current differential that forms several peaks in the PV curves, as shown in Figure 7. Furthermore, its
global power is vastly different from the GMPP. The obtained parameters, such as M (%), FF (%), and
n (%), for all PV array configurations are depicted in Figure 8.

Table 2. Analysis of TCT, Sudoku, Optimal Sudoku, MOGWO, and CS schemes of case 2.

TCT Sudoku Optimal Sudoku
I, | 1A) (v(v) | PW) Iy, 1(4) | viv) P(W) Ig, 14 | vv) P(W)
Ip, | 6.45, 9v,, | 57.6v,1, Iy, 7.11, 9v,, 63.9v,, 1, Iy, 7.4, 9v,, | 66.6v,1,
I, - - - Iy, 771, | 8v, | 61.6v,l, Iy, 771, | 8v, | 61.6v,l,
Ip, | 721, | Tv, | 504v,1, | I, | 7.8L, | 7v, | 54.6v,l, Iy, - - -
Ip, - - - Ig, 8l 6v,, 48v,, I, Ig, 7.8L, 6v,, | 46.8v,1,
Iy, 9, 5v,, 45v,, 1, Igg 8.1, 5v,, 40.5v,,1,, Igg 8.11, 5v,, | 40.5v,1,
I, - - - I, 8.3, 4v,, 33.2v, 1, I, - - -
Ig, - - - Ig, 8.41,, 3u, 25.2v,, I, Iy, 8.3, v, | 24.9v,1,
Iy, - - - I, - - - Ip. 8.41,, 2v,, | 16.8v,1,
Iy, - - - I, - - - Ig, 8.71, 1v, 8.7v, 1,
MOGWO Proposed CS

I, | 1(A) |V P(W) Iy, 14 | vy P(W)

Ig, | 775, | v, | 69.3v,1, Iy, 7.81, 9v,, 70.2v, 1,

Iy, - - - I, - - -

Ig, | 7.8L, | v, | 54.6v,1, Iy, - - -

In, | 8ln | 6u, | 48v,l, I, - - -

Iy, | 811, | 5v, | 40.5v,1, Ipg 8.11, 5vu,, 40.5v,,1,,

IR7 = = = IRZ = = =

Iy, - - - Iy, 8.3, 3, 24.9v,,1,,

Ipg | 83L, | 2v, | 16.6v,1, Ip, - - -

I, | 846, | ly, 8.4v, 1, Ip, - - -
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Figure 7. Characteristics of case 2 in terms of P-V.
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g 20
< 30
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TCT Sudoku MOGWO cs
Sudoku = Fill fcator
mMissmatch loss 216784 142879 126219  11.5046  11.3624
= Efficiency 129776 142022 144782  14.6634  14.6869
= Fill fcator 58.8623  69.0293  68.0021 71.33 72.2442

Figure 8. FF, ML, and efficiency for case 2.

Case 3: Top left corner 4 x4 sub-arrays

In this case, five irradiations are investigated to show the effectiveness of the suggested approach.
As shown in Figure 9(a), the left top corner of the 4 < 4 PV array is shaded with irradiation levels of
500 W/m?, 300 W/m?, 200 W/m?, and 100 W/m?, while the remaining modules receive full irradiation
of 1000W/m?. Figure 9(b) to (g) display the Sudoku distributed shadow patterns, Optimal Sudoku,
MOGW, and suggested CS, respectively. Theoretically, estimated current, voltage, and power levels
are presented in Table 3, identical to the other instances. According to Table 3, the suggested CS
creates 67.5 VmIm, while MOGWO, Optimal Sudoku, Sudoku, and TCT generate 66.6 VmIm, 59.4
VmIm, 65.7 VmIm, and 54 VmIm, respectively. Figure 10 depicts P-V curves simulated for this
situation. The depicted curves show that the reconfigured CS method has demonstrated that even with
a small, wide shadow pattern, it has maximum power. In this situation, the suggested CS generates
22.1083 kW of power, which is greater than MOGWO, optimal sudoku, sudoku, and TCT, which
generate 22.0419 kw, 20.9088 kw, 21.9276 kW, and 18.9180 kW, respectively. The obtained
parameters, such as ML (%), FF (%), and (%) for all PV array topologies are graphically shown in
Figure 11.
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25|76(87]68(39 11)12|13|14(15|16|17[18]|19
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Figure 9. Results of case 3. (a) TCT scheme, (b) Sudoku arrangement, (c) Shade
dispersion in Sudoku arrangement, (d) Optimal Sudoku arrangement, (e) Shade dispersion

in Optimal Sudoku arrangement, (f) MOGWO, and (g) CS.
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Figure 10. Characteristics of case 3 in terms of P-V.
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Table 3. Analysis of TCT,

Sudoku, Optimal Sudoku, MOGWO, and CS schemes of case 3.

TCT Sudoku Optimal suduko
I, | 1CA) |V | PW) | Ig | 1) | VV) | PW) |Ix,| ICA) | V(V) P(W)
Ig, 6L, | vy, |S4vnlby | Ir, | 731, | vy |65.7vy, 1L, |IR,| 6.61, | v, 59.4v,,1,
Ip, - - - | Ig, |74l | 8y 592041 |Ir,| 741, | 8Uy, 59.20,, Iy
I, |62, | v, | 434 |Ig | - - - |Ig,| 7.6, 7 53.20, Iy
Ui I
Ip, - - - | Igy | 760, | 6V, 456051 |Ir,| 771y | 6V, 46.2v,, 1,
Ip, 9L, | 5vy |45v,1, | IR, - - - Ip,| - - -
Ig, - - - | gy |77 | 4y |30.80n 1y |Irg| 7.81y | 4vp, 31.2v, 1,
Iy, - - - | Igg | 780, | 3vy |23.4vn1, |Ir,| 8.16y | 3u, 24.3v,,1,,
Ip, - - - Ig, | 8.1, | 2v,, |16.2v,, 1, |Ig,|8.2L, | 2y, 16.4v,, 1,
Ip, - - - Ig, | 850, | 1v,, | 8.5v,1, |Ig,|8.3L, | lv, 8.3v, I
MOGWO CS
I, | 14) | V() P(W) I, 1(4) v(v) P(W)
Ig, | 741, 9, 66.6v,, I, Ip, 7.5L, v, 67.5v,, 1,
Ig, - - - Ig, - - -
I, | 750, | Tv, | 52501, Ig, 76, | T, 53.20,, Iy
Ig, | 770, | 6v,, | 462v,1I, g - - -
I, - - - Ig, - - -
I, - - - Ig, 7.7, | 4v, 30.8v,, Iy,
I, | 78I, | 3v, | 234v,l, Ig, - - -
Ip, | 816, | 2v, | 162041, Iy, 8.1, | 2v, 1620, Iy
Ig, - - - Iy, - - .
80
g 5
g 20
g 2  Missmach |
B ? Hull mull Eull snll == issmach loss
* TCT sudoku P MoGwo cs " Efficiency
udoku = Fill fcator
® Missmatch loss  27.1115 15.5162 19.4414 15.0642 14.8199
u Efficiency 12.4254 14.4021 13.7329 14.4791 145281
= Fill fcator 54.779 67.2958 65.7145 70.9542 71.1583

Figure 11. FF, ML, and efficiency for case 3.

Case 4: Center 4 x4 sub-array

In this case, the central section of the array is shaded at four different shade levels: 600 W/m?, 400
W/m?, 300W/m?, and 400 W/m?, while the remainder of the PV modules are uncovered and receive
full irradiance 1000 W/m?. Figure 12(a) depicts the arrangement of this shade pattern using the
TCT-linked scheme. The dispersed shading condition is shown in Figures 12(b) to (g) after
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reconfiguration using Sudoku, Optimal Sudoku, MOGWO, and the suggested CS technique. Table 5
shows the theoretical calculations for the respective currents, voltages, and powers. Figure 13 displays
simulated P-V curves for this case. In this situation, due to the high and extensive shade circumstances,
enormous peaks in the P-V curves of the TCT-connected system exist, and the system skips the shaded
PV modules. As a result, the current difference is generated, which reflects on several peaks.
Moreover, suggested CS eliminates PV module bypassing and achieves a unique global power of
22.6669 kW, which is significantly greater than MOGWO, Optimal sudoku, sudoku, and TCT, which
generate 22.6077 kW, 22.0429 kW, 21.9933 kW, and 19.6928 kW, respectively. The obtained
parameters, such as ML (%), FF (%), and n (%) for all PV array topologies, are graphically depicted in
Figure 14.
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21|82 21)|22(23|24(25 21|22(23(24|25|26|27|28|29
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41|12 41(42|43 (4445 41|42|43 (44|45 4714849
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61(32]93|44|15|76|57|28|89 6162636465
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6] (e) )

61]62|63|64|65 676869
71(72(73|74|75|76|77|78|79

11(12|13|14|15 Legend
21(22|23|24(25 1000 W/m?
31/32|33|34(35 600 W/m?2
41(42[43[44 |45 400 W/m?
51|52|53|54|55 300 W/m?
61/62]|63|64|65 200 W/m?
71(72|73|74|75
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(8
Figure 12. Results of case 4. (a) TCT scheme, (b) Sudoku arrangement, (c) Shade
dispersion in Sudoku arrangement, (d) Optimal Sudoku arrangement, (e) Shade
dispersion in Optimal Sudoku arrangement, (f) MOGWO, and (g) CS.

Case 5: Two 3 <3 sub-arrays

To investigate system performance in various settings, an extensive variety of shade occurrences
with two irradiance levels are considered. The two irradiation levels are 600 W/m? and 200 W/m?,
respectively, and their indication with a TCT approach may be seen in Figure 15(a). Because a new
shade type is used in this circumstance, a clever reconfiguration strategy that contributes to a high
shadow dispersion process must be recognized.
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Table 4. Analysis of TCT, Sudoku, Optimal Sudoku, MOGWO, and CS schemes of case 4.

Power(W)

50

100 150

200

250

Voltage (V)

300

350 400

Figure 13. Characteristics of case 4 in terms of P-V.
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TCT Sudoku Optimal suduko
Ig, | ICA) |V(V)| PW) Ig, 1(4) | V() P(W) Ig, 1(4) | v(V) P(W)
Ig, | 6.2, | v, |55.8v,,1, | Ip, 715, | v, | 639v,1, | Ig, | 7.1, | v, |63.9v,l,
Ig, - - - Ig, 745, | 8v, | 59.2v,I, | I, | 751, | 8uy, 60v,, I,
Ip, | 6.8L, | Tv, |47.6v,1, | I, 750, | Tv, | 525v,1, | Ig, | 7.6L, | Tv, |53.2v,1,
Ip, - - - Ig, 7.6L, | 6v, | 45.6v,1, | I, | 7.7, | 6v, |46.2v,I,
Ipg | 9, | 5vy, | 450,01, Ips 781, | Sv, 39, L, Ig, 81, 5v,, 40v,, I,
Ipg - - - Ip, 8.3l, | 4v, | 33.2vu,1, | I - - -
Iy, - - - Ig, - - - Ipg | 821, | 3v, |24.6v,I,
Iy, - - - Ipg 8.4IL, | 2v, | 16.8v,I, | Iz, | 83L, | 2v, |16.6v,l,
Ig, - - - Ip, 8.6, | lv, | 8.6v,l, I, | 8.61, lv, 8.6v, L,

MOGWO CS

I, | 1(A) [V | PW) Iy, 14 | viY) P(W)

Ipg | 7.6L, | v, | 68.4v,1, Iy, 771, v, 69.3v,, I,

Ip, - - - Iy, - - -

I, | 7.7L, | Tv,, | 53.9v,1, Iy, 7.81, v, 54.6v,, 1,

Ig, | 79I, | 6v, | 47.4v,I, Ig, - - -

Ig, - - - Ig, - - -

Ig, - - - Ip, 7.91, 4v,, 31.6v,1,,

In, | 8L, | 3v, | 24,1, Iy, - - -

Iy | 821, | 2v, | 16.4v,I, Ipg 8.2, 20, 16.4v,1,,

Ig, - - - Ig, - - -

x104 ‘
TCT Sudoku - - - - Optimal Sudoku MOGWO cs
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Figure 14. FF, ML, and efficiency for case 4.
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Figure 15. Results of case 5, (a) TCT scheme, (b) Sudoku arrangement, (c) Shade
dispersion in Sudoku arrangement, (d) Optimal Sudoku arrangement, (e) Shade dispersion
in Optimal Sudoku arrangement, (f) MOGWO, and (g) CS.

To assess the system’s performance, current, voltage, and energy are evaluated in the same
manner as in prior cases, and the results are displayed in Table 5. In this case, the suggested CS method
produces more power (70.2 v, I,, ) than the other techniques. The simulation is used to evaluate the
same, and the resulting P-V curve is shown in Figure 16. In this case, the proposed CS approach yields
a greater power than MOGWO, Optimal sudoku, sudoku, and TCT, yielding 22.4937 kW, 22.2519
kW, 21.7446 kW, 20.9075 kW, and 20.5154 kW, respectively. The obtained parameters, such as ML
(%), FF (%), and n (%) for all PV array topologies, are graphically displayed in Figure 17.

AIMS Electronics and Electrical Engineering Volume 9, Issue 4, 476-499.



495

Table 5. Analysis of TCT, Sudoku, Optimal Sudoku, MOGWO, and CS schemes of case 5.
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Figure 16. Characteristics of case 5 in terms of P-V.
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4. Conclusions

In this study, we introduce a novel approach for determining the optimal switching matrix
configuration in partially shaded PV arrays using the CS optimization algorithm. The proposed method
effectively mitigates mismatch losses by dynamically redistributing shaded modules, thereby
enhancing overall system performance. Simulation results, conducted in MATLAB/Simulink on a 9 %
9 PV array subjected to five distinct shading patterns, demonstrate that the CS-based configuration
consistently outperforms conventional methods, including TCT, standard Sudoku, Optimal Sudoku,
and MOGWO. Quantitatively, the CS method achieves GMPP values of 23.6071 kW, 23.0057 kW,
22.1083 kW, 22.6669 kW, and 22.4937 kW across the tested shading scenarios, which represents an
improvement of up to 8.7% over the best-performing alternative methods. Moreover, the CS
configuration exhibits better FF, improved ML, and higher efficiency (1), demonstrating its robustness
in resolving the multi-peak issue in the P-V characteristic curves. However, the current implementation
assumes static environmental conditions and ideal switching behavior. The primary limitation lies in
the absence of hardware-level validation and real-time control, which may introduce practical
challenges such as switching delays, thermal effects, and increased system complexity. In the future,
researchers should aim to integrate this optimization approach into real-time embedded systems,
validate it through hardware-in-the-loop (HIL) simulations or physical prototypes, and explore its
scalability to larger PV arrays. Additionally, combining CS with hybrid metaheuristic frameworks may
yield further improvements in convergence speed and global search accuracy under rapidly changing
environmental conditions.
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