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Abstract15

Harvesting maximum power from a partially shaded photovoltaic array is a critical issue that attracts16

the attention of several researchers. As per the literature, it is found that providing an optimal re-17

con�gured pattern of the shaded photovoltaic array is an optimal solution for this issue. Therefore,18

in this paper, an innovative �tness function has been considered with the arti�cial ecosystem-based19

optimization for an electrical photovoltaic array recon�guration approach. The proposed approach20

has been applied for the large scale photovoltaic arrays including 9 � 9, 6 � 20, 16 �16, and 25 �21

25 photovoltaic array with di�erent shade patterns. The new �tness function has been validated via22

a comparison with the regular used weighted function in literature. The quality of the solutions of23

the proposed arti�cial ecosystem-based optimization-recon�guration approach has been assessed and24

demonstrated via performing several measures namely �ll factor, percentage of power loss, mismatch25

power loss, and power enhancement in comparison with a total cross-tied, particle swarm optimizer26

approaches, and harris hawk optimizer. Furthermore, the Wilcoxon signed-rank test has been per-27

formed to illustrate the applicability, robustness, and consistency of the proposed algorithm results28

across several independent runs. The analysis reveals the quality of the innovative �tness function29

while integrating with the optimization algorithms in comparison to the weighted �tness function in30

producing higher power values via attaining a more e�cient photovoltaic array design. Furthermore,31

the results con�rmed the e�ciency of the arti�cial ecosystem-based optimization-photovoltaic recon-32

�guration approach in boosting the generated photovoltaic power by a percentage of 28.688%, 7.019733

%, 29.2565%, 8.3811% and 5.3884 % across the considered systems with an uniform dispersion of the34

shadow on the photovoltaic surface and providing highest consistent in the maximum power values35

across the independent runs.36

Keywords: photovoltaic recon�guration, partial shading, mitigation techniques, arti�cial37
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Nomenclature

Acronyms
%PH percentage power enhancement
%PL percentage power loss
AEO arti�cial ecosystem-based optimization
BL bridge-link
DS dominance square
EAR electrical array recon�guration
EV electric vehicle
FF �ll factor
GA genetic algorithm
GOA grasshopper optimization algorithm
HC honeycomb
HCPV high concentrated PV
HHO harris hawks optimizer
I-V current-voltage
MCR modi�ed circuit recon�guration
MHs meta-heuristics
MPL mismatch power loss
MS magic square
P-V power-voltage
PS partial shading
PSO particle swarm optimization
PV photovoltaic
SP series-parallel
TCT total-cross-tied
Constants
GST C standard irradiation i.e., 1000 W=m2

k boltzmann constant 1:380648 �
10�23J=K

q electron charge 1:6� 10�19C
Variables

V , I and P voltage, current and power vectors
of entire PV array

Ix , Vx and Px current, voltage and power of
the PV array for the xth row

a1 ideality factor

Gxy real-time irradiation received by a mod-
ule at xth; yth row and column

I01 saturation current

IMST Cxy
generated current by PV module at

GST C

IMaxx maximum current in the xth row

IMp, VMp maximum produced values of current
and voltage

Ipv PV generated current

Isc short circuit current

Ixy current generated by PV module at Gxy

ki current coe�cient factor

Kv voltage coe�cient factor

Npp number of parallel cells

Nss number of series cells

Pa panel output power without utilizing by-
pass diode

PGMP P(P S) generated MPP during PS

PMax(IC) generated MPP during the fully irra-
diated condition

PMaxST C global MPP at STC

T real-time temperature

t, Tmax current iteration and the maximum
number of iterations

VMx module’s voltage at row x

Voc open circuit voltage

We, Wf weighting factors of Ee and Pa
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1. Introduction39

The current economic conditions, high price and exhaustion of fossil fuels, as well as persis-40

tently expanding load requests are making attention towards perfect, regular, and boundless energy41

resources. In the present situation, the solar power is advanced via numerous trademark as it has sev-42

eral merits such as boundless and quiet available among all the sustainable energy resources and zero43

pollution. Notwithstanding, the solar photovoltaic (PV) system e�ciency is the essential demerit,44

as it gives maximum e�ciency of 24% for extensively used silicon crystalline modules [1]. Moreover,45

the operation of the solar PV completely depends on the environmental factors like irradiation and46

temperature, therefore, it’s a never-ending process to do research in this area towards e�ective PV47

design and power enhancement in production.48

The partial shading (PS) phenomenon is one of the critical factor that has a great e�ect on49

the power generation of the PV system. PS phenomena mainly occur due to passing clouds, birds50

droppings, dust formation over PV modules, etc., [2]. Because of the PS phenomena, the PV modules51

in the string receive unequal irradiation consequently, the current produced by the PV string is52

equivalent to the current produced by the shaded PV module. In addition, the shaded PV module53

loses its regular capacity to produce the standard current, and its temperature builds high, which54

results in hotspots that destroy the PV modules [3]. The PS e�ect can be minimized to a certain55

level by connecting the bypass diode anti-parallel to the PV module [4]. Whereas, the multiple peaks56

under partial shading conditions are the observed culmination in the electrical characteristics of a57

bypass diode connected system[5]. Generating the maximum power under multiple peaks condition58

is a tedious job especially while dealing with large PV array [6]. The large PV connected system is59

essential to increase the power generating capacity of PV plant via connecting numerous PV modules60

in series and parallel. The PS phenomenon has a noticeable role in reducing the power generating61

capacity of the PV plant and generating a high amount of mismatch power loss [7]. With this62

observation, handling PS e�ect becomes hot research, and tackling its a worth impact and on large63

scale PV connected system is so essential.64

In that circumstance, the recon�guration of the shaded PV array has been documented as an65

attractive solution to diminish the impact of the PS phenomenon. The recon�guration is a process,66

which works with a concept of equalizing the row current di�erence between each row of the PV array67

via altering the position of the shaded PV modules electrically or physically. The recon�guration68

process aims to distribute the shadow over the entire PV array surface to reduce the row current69

di�erence and show a smooth PV characteristic with a single peak. A single peak P-V curve means70

enhancing generated power and reducing mismatching power losses. With this inspiration, various71

researchers have been worked on PV recon�guration and introduced numerous techniques to reduce72

the e�ect of partial shading. The recon�guration approaches can be classi�ed into static and dynamic73

systems [8].74

The static recon�guration is a method, in which the shaded PV modules can be moved physically75

to another location on the PV array. Rao et al. [9] proposed a �xed recon�guration scheme to76

reduce the e�ect of partial shading. This technique has been implemented over 3�3, and 5�5 PV77

array structures including with di�erent con�guration schemes such as series-parallel (SP), total-78

cross-tied (TCT), bridge-link (BL) methods. From the obtained results authors con�rmed that the79

proposed �xed recon�guration performs better than regular connection schemes. Recently, Prince80

Winston et al. [10] proposed the current injection method to enhance the performance of TCT, BL,81

honeycomb (HC), and Su Do Ku connected systems. By evaluating various shade patterns of the82

above methods, authors achieved power enhancement higher than regular schemes. Another method83

named, non-symmetrical recon�guration is proposed for TCT connected system in [11], this method84

has been implemented for 9�4 and its performance has been evaluated by P-V curve plotted between85
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proposed and other considered methods. Su Do Ku based recon�guration was introduced based on86

Su Do Ku puzzle, which is implemented at �rst by rani et al. [12]. In this method, the 9�9 PV array87

is considered as a 9�9 Su do Ku puzzle, and based on the outcome of the puzzle, the position of PV88

modules can be shifted without changing electrical connections. Later, an improved version of the Su89

Do Ku arrangement has been proposed in [13] to tackle the shortages of the standard version. The90

major limitations observed in the Su Do Ku method are that the �rst column of the TCT connected91

system will remain the same, so, if the shade occurs over 1st column, it will not be recon�gured; hence,92

it may raise power loss in the system. Moreover, it can be noticed that, in this approach, repeated row93

number modules were placed in diagonal; as a result, the generated row current after its dispersion94

will be reduced [14]. Therefore, to counteract above said limitations, other approaches of the static95

recon�guration have been proposed; that are futoshiki [15], magic square (MS) [16], Zig-Zag scheme96

[17], dominance square (DS) [18], shadow dispersion [19], competence square [20]. Lo Shu technique97

is another recent proposed method for physical recon�guration of PV array [21]. In DS, Zig-Zag98

methods, authors considered both column and row-wise distribution PV modules which consumes99

more di�cult work, complexity in wiring, and also takes lengthy cables which produce additional100

power loss in the system. Recently, a new puzzle-based recon�guration proposed by authors in [22].101

In this method, the puzzle is solved by utilizing the clues depend on building heights. This method102

has been implemented for a 9�9 PV array, and it exhibits superior performance than DS and Su Do103

Ku recon�guration methods. However, the aforesaid static methods are praiseworthy, most of these104

methods are based on one-time relocation of PV modules, if the shade changes, these methods fail to105

operate dynamically. Furthermore, all static recon�guration methods work on physical relocation, it106

works for a particular size of PV array, the majority of these techniques not suitable for symmetrical107

and non-symmetrical sizes of PV array [22].108

From the above discussions, it can be seen that, due to the limitations of the static methods,109

�nding a suitable and a robust method that provides a complete solution to the e�ect of partial110

shading is a need of the hour. With this inspiration, the dynamic array recon�guration or electrical111

array recon�guration (EAR) techniques have been proposed. In the dynamic array recon�guration,112

the electrical connections of the PV modules will be altered to equalize the row current di�erence113

in a PV array using di�erent approaches [23]. From the �rst usages for the EAR, Salameh et al.114

[24] recon�gured the shaded PV array to produce the required power for a driver motor of pumping115

application via changing the electrical connections of PV modules. With successful implementation of116

this approach, Auttawaitkul et al. [25] proposed same approach to drive an electric car, to enhance the117

e�ciency under various driving states of operation. Fuzzy based control scheme to disperse the shade118

of 4�4 PV array is proposed by karakose et al. [26] where the short circuit current of the PV modules119

were taken into account to derive switching signals using fuzzy controller [26]. As, the fuzzy method120

consumes high memory to operate switching matrix, an adaptive recon�guration is implemented in121

[27], in which the switching matrix connects �xed and adaptive part of PV modules according to the122

shade levels to equalize the radiance of each row. Velasco et.al. [28] proposed controllable matrix123

of switches for 4�4 PV array, to improve the power enhancement of commercial grid connected124

system. As moving forward towards advancements in technology, authors in [29], proposed dynamic125

PV recon�guration technique to power up various ratings of DC power appliances. However, the126

real-time implementation of this method involves high complex. Other interesting method named127

modi�ed circuit recon�guration (MCR) for high concentrated PV (HCPV) modules are implemented128

in [30]. The proposed MCR technique used to recon�gure the wiring of HCPV modules.129

The dynamic recon�guration methods are successfully implemented by various authors in the real130

time conditions under various shade patterns, nonetheless the complexity of providing an optimal131

structure for the switching matrix is a challenging task. Therefore, the meta-heuristic optimization132

algorithms implemented as quali�ed solution for providing a fast optimal design for the switching133
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matrix [31]. The genetic algorithm (GA) based recon�guration technique is the �rst proposed tech-134

nique by Deshkar et al. [32] in this topic. Deshkar et al. [32] proposed a weighted objective function135

intending to maximize the power by reducing row current di�erence between each row of the PV ar-136

ray. This method has been implemented for 9�9 PV array, and its performance has been evaluated137

under three di�erent shade patterns, the obtained results show better performance than TCT and Su138

Do Ku recon�guration systems. However, as mentioned by Deshkar et al. [32], parameters selection139

of GA is a signi�cant issue, improper selection of the parameters leads to longer convergence, and140

chances of settling at local maximum points. To overcome the limitations of GA, by using same141

objective function, babu et al. [23], implemented another well-known optimization technique named142

particle swarm optimization (PSO). This method works based on natural selection �ock of �shes or143

birds etc., The PSO has capacity of searching in large search space. However, the features of PSO144

shows good performance than GA method, it exhibits short fall such as, it has been evaluated for145

maximum of 500 iterations, and searching in large space consumes more time to get converge. The146

complete performance of PSO is depends on e�ective selection of acceleration and inertia parameters.147

Another recent newly introduced algorithm grasshopper optimization algorithm (GOA), which works148

based on social interaction network in grepping the prey is proposed in [33]. Fathy et al. [33] proved149

that the GOA performance is superior than GA, Su Do Ku and TCT method for a 9�9 connected150

system. However, from the execution of GOA, one can understood that, its consists complexity in151

computations and inconsistency behaviour which reduce the system e�ciency. To eradicate the lim-152

itations of aforesaid methods and with a target of designing an e�cient switching matrix for the PV153

recon�guration, Yousri et al. [34] developed a new optimization based recon�guration which works154

with behaviour of cooperation and hunting style of harris hawks (HHO). Unlike other methods, this155

method has been evaluated with wide range of shade pattern including with several scales of PV156

array such as 9�9, 6�4 and 6�20. Recently, three meta-heuristic algorithms have been proposed in157

[35] to recon�gure 9�9 shaded PV array.158

Despite the fact that the previously mentioned strategies highly endorsed, one prevalent limitation159

is that the employed weighted objective function. The weighted objective function is highly dependant160

on the values of the tuned weights. With unreliable adjustment for these weight, the algorithms fail161

to provide the optimal array structure that re�ects on the amount of the harvested power. Therefore162

introducing a more robust objective function is a challenging task.163

In the purpose of handling the above discussed limitations and mitigate the harmful impact of164

the PS on the PV array’s production and lifetime, in this article, the authors motivated to develop165

a robust optimization technique based on an innovative �tness function to overcome the drawback166

of the regular weighted �tness function in selecting the adequate weights values while alleviating the167

partial shading issue for large scale PV array. Arti�cial ecosystem optimizer (AEO) is selected for168

its simplicity, �exibility in the implementation and requires less number of parameters to provide the169

optimal switching matrix design for recon�guration the shaded PV array. The following lines sum up170

the main contributions of the manuscript as well as Fig. 1 depicts the main targets across the work:171

� The authors developed an innovative �tness function to overcome the limitations of the regular172

weighted �tness equation that is widely applied in the literature in the aim of boosting the173

collected PV array power at the PS and protecting the array from the harmful impact of PS174

such as hotspots.175

� A robust and �exible optimization algorithm named arti�cial ecosystem optimizer has been176

applied to the PV recon�guration optimization problem.177

� A comparative analysis among the innovative �tness function and the weighted function is178

executed to demonstrate the remarkable in�uence of the innovative �tness on the behavior of179
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the employed algorithms in dealing with two patterns of shadow over 9 � 9 PV system as the180

�rst series of experiments.181

� The second series of experiments: large scales PV array in ranges of 6 � 20, 16 � 16 and 25 �182

25 were implemented to test the excellency and accuracy of the introduced method.183

� Numerous metrics including �ll factor (FF), percentage of power loss (%PL), mismatch power184

loss (MPL), and power enhancement (%PH), and average execution time have been computed185

overall the series of experiments to show the reliability and the needing for the recon�guration186

approach in comparison to the traditional TCT scheme. Furthermore, the obtained results of187

the proposed algorithm are correlated with the methods which are published in reputed journals188

in the recent years to evaluate the applicability of the proposed method.189

� Non-parametric test of Wilcoxon signed-rank is implemented among the AEO, PSO, and HHO190

to provide a signi�cant pairwise comparison and rate the authenticity and consistency of the191

proposed technique versus the HHO and PSO across numerous independent runs.192

The obtained maximum power values and the PV characteristics reveal the e�ciency of the proposed193

AEO-recon�guration approach in cooperating with the new �tness function in handling the partial194

shading issue as the uni-peak in the attained PV characteristics. Achieving uni-peak leads to high195

values for maximum power. Moreover, it exhibits high reliability as high consistent maximum power196

values across several independent runs with the shortest execution time have been noticed.

Compare the two objectives 
based on two patterns for  

9x9 PV array  

Compare the proposed 
algorithms for 9x9, 6x20, 

16x16x 25x25 PV array via 
several measures  

For analyses, use I-V,  P-V curves,  FF, 
MPL, %PL, %PH, execution time, 

Wilcoxon signed-rank test

TCT

Figure 1: Main targets of the manuscript.

197

The other parts of the manuscript have been organized as given: PV modelling and discussion on198

the TCT connected system are presented in section 2, section 3 discusses the proposed �tness func-199

tions. Section 4 summarizes the proposed arti�cial ecosystem optimizer for the PV recon�guration200

approach. The simulations and discussions have been exhibited in section 5, the outcomes of the201

work carried-out are concluded in section 6.202

2. Photovoltaic system description203

The modelling of the solar PV module is the initial step to achieve e�ective emulation for the entire
PV system. Therefore, the solar PV modelling attains high priority. In this article authors considered
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Figure 2: Electrical circuit of PV array, PV module and its modelling equations.

a single diode PV model for the implementation of PV modules as it is the more popular and simpler
equivalent circuit. The electrical equivalent circuit and modelling equation of the considered single
diode model for a PV module involves with several series and parallel cells (Nss; Npp) are presented
in Fig. 2. By using Kirchho� current law to the equivalent circuit of Fig. 2, the output current of
the PV module can be computed as below:

Ixy = NppIpv �NppI01
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where, Ixy, VMx represents the output current, voltage of the module at xth row and yth column in204

the scheme of Fig. 2, T - cell temperature in Kelvin, Ipv - PV cell generated current, k - Boltzmann205

constant = 1:380648 � 10�23J=K, q - electron charge = 1:6� 10�19C, Nss and Npp are the amount206

of series and parallel cells. The a1 is the ideality factor, and I01 - diode saturation current.207

As mentioned earlier, the PV output is highly related to environmental conditions. Hence, the
PV mathematical representation of generated current can be given below:

Ipv =
�

G
GST C

�
[Isc + ki(T � TST C)] (2)

where, Isc refers to the short circuit current at GST C = 1000 W=m2 and TST C = 25�C. G and T208

represents the standard values of the radiation and temperature, respectively. The symbol of ki refers209

to the current coe�cient factor.210

In the purpose of providing the required current and voltage for the loads, a number of the PV
modules are required in series / parallel combinations. The TCT interconnection of those modules
has been proved as an e�ective method from series-parallel (SP) combination where every row is
cross-tied in series, parallel fashion. In the TCT combination for 9 � 9 PV array of Fig. 2, each
module is represented as PVxy, here x represents the row and y indicates the column number. For
example, the module PV52 represents the PV module is placed at 5th row and 2rd column. The
amount of current generated by each PV module can be calculated by considering the amount of the
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incident irradiation on the PV module surface as illustrated in Eq. 3:

Ixy =
Gxy

GST C
IMST Cxy

(3)

where, GST C is 1000 W=m2 i.e., standard irradiation, the Gxy is the irradiation received by a particular211

module.The IMST Cxy
is a generated current by PV module at the std G0 while Ixy is the module current212

at Gxy at xth; yth row and column.213

By using KCL, KVL, the row current value (Ix) in the TCT scheme, and the total array voltage214

(Vtot) of considered PV array for example; of 9�9 can be evaluated as follows:215

Ix =
9X

y=1

�
Gxy

GST C
IMST Cxy

�
; where x = 1; 2; 3; :::::; 9 (4a)

Vtot =
9X

x=1

VMx (4b)

where VMx and , and Ix denote the module’s voltage and the total current at row number.216

Nonetheless, the TCT connections shown its e�ciency in comparison with the standard SP217

scheme, whereas the multiple peaks and the mismatch power loss has been detected from the PV218

characteristics in Fig. 2. The principle target of this study is introducing a robust, applicable, and219

e�cient approach for shaded PV array recon�guration problem to harvest the highest value of the220

PV power for several PV array scales. A new �tness function with a novel arti�cial ecosystem-based221

optimization technique has been integrated for achieving that target.222

3. Fitness functions de�nitions223

The nature of the �tness equation is one of the main elements that e�ect the quality of the meta-224

heuristics (MHs) solutions. In the current work, authors implemented a new �tness function to tackle225

the issues of tinning the regular weighted values in the employed weighted �tness equation in the226

literature to enhance the accuracy of the proposed PV recon�guration-approaches. The examined227

�tness functions in this study can be summarized as follows:228

1. Obj1 : The weighted �tness function, is the popular proposed �tness in literature [34] where it
was modeled as follows:

Max(obj1) =
MX

x=1

(Vx � Ix) + (We=Ee) + (Wf � Pa); (5)

where the voltage and the current at the xth row of the array can be given by Vx and Ix. The
Ee refers to the summation of the deviation between the output current Ix of the xth row and
the maximum current IMaxx in the same row as de�ned in Eq. 6. The Pa is a panel output
power without utilizing bypass diode, and M is the total number of rows of the PV array. We
and Wf are the weighting factors of Ee and Pa. The values of the weights are tuned as 10 based
on literature [34].

Ee =
MX

x=1

jIx � IMaxxj; (6)

where IMaxx is the maximum available current in an xth row with bypass diodes.229

8



2. Obj2 : The new �tness function can be de�ned as follow:

Max(Obj2) =
max(P )
STC(I)

;

where P = [P1; P2; ::::] = [I1 � V1; I2 � V2; ::::]
(7)

where the symbols P , and I are the rows power and current vectors that de�ned as [P1; P2; ::::P9]230

and [I1; I2; ::::I9], respectively for 9 � 9 PV array. The vector of P can be computed via231

[I1 � V1; I2 � V2; ::::I9 � V9], the max(P ) is the maximum generated power value in the P vector232

and std(I) is the standard deviation value among the rows current of vector I. The rows233

current values can be computed with considering the scheme in Fig.2 and the equation 4a234

in the previous section. Then the current vector can be sorted in descending strategies, the235

corresponded voltage and power then can be computed.236

As clari�ed from Eqs. 5 and 7, the �rst �tness function of Eq. 5 is dependent on the values of237

the weights (We and Wf ), by changing these values, the quality of the solutions may be e�ected.238

Therefore, the authors motivated to solve this issue by introducing the second �tness function of Eq.7239

to identify the optimal structure for the shaded PV array that satis�es the maximum harvested power240

with a regular shadow dispersion on the array surface. For achieving this, arti�cial ecosystem-based241

optimization has been implemented. The details of the proposed algorithm are explained in the next242

section.243

4. Proposed arti�cial ecosystem-based optimization for photovoltaic recon�guration ap-244

proach245

The cord energy transfer between living creatures is the main inspiriting idea of arti�cial ecosystem-246

based optimization (AEO) algorithm where the transition process occurred through three sequential247

processes including production, consumption, and �nally decomposition [36]. zhao et al. [36] mod-248

eled those three sequential processes mathematically to introduce a novel algorithm of AEO. Alike249

all the meta-heuristic, AEO has two main phases that are exploration and exploitation. Zhao et al.250

[36] devoted the consumption operator for the exploration phase where the random search is satis�ed251

to discover the entire search space whereas the exploitation phase is excluded in the decomposition252

process. For achieving balance in the transition process between the exploration and exploitation253

phases, the production process is proposed [36].254

Zhao et al. [36] proposed an organized hierarchy to implement AEO, where the plants are an255

example of the producer and fungi and bacteria are decomposer. The producer and decomposer are256

only one agent while the other agents are accounted as consumers. The consumers are varied in basis257

of the food types where animals eat plants (herbivores), animals eat both plants and other animals258

(omnivores) and animals eat only other animals (carnivores). Based on this hierarchy, the location259

of the agents has been updated via applying the following formula:260

1. Production process: In AEO, the producer is the worst agent in the search agents, and the
decomposed is the best agent. The producer agent (Z1(t + 1)) modi�es its location based on
a randomly selected agent (Zrand(t)) in the problem search space and the decomposed agent
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(Zn(t)) as illustrated below [36]:

Z1(t + 1) = (1� d)Zn(t) + d � Zrand(t); where (8a)

d = (1�
t

Tmax
)rand1 (8b)

Zrand(t) = rand2() � (ub� lb) + lb; (8c)

where ub and lb are the upper and lower boundaries of the search space, respectively. rand1261

and rand2 are random values in the interval of [0,1] and d is a weight coe�cient. The t and262

Tmax are the current iteration and the maximum number of iterations, respectively.263

2. Consumption process: The consumer that has a lower level of energy or the producer is the264

source of the foods for the consumers in this phase. Each class of the consumers, herbivores,265

omnivores, and carnivores has its own tactic in catching its food (updating its location) as266

presented below:267

(a) The herbivore consumers feed on the producers only. Therefore, the herbivore consumers’
location can be updated based on the producers location only as below:

Zi(t + 1) = Zi(t) + K � (Zi(t)� Z1(t)) (9)

where producer Z1 is the producer location and K is a consumption factor that can be
computed via levy �ight as below:

K =
1
2

u
v

; u; v 2 Norm(0; 1) (10)

where Norm(0; 1) is a normal distribution with zero mean and unit variance.268

(b) The carnivore consumers feed only on other animals therefore the location of the agents
has been updated based on a random consumer with high-level energy with an index (l).
The mathematical formula of the carnivore location can be written as below:

Zi(t + 1) = Zi(t) + K � (Zi(t)� Zl(t)); where (11a)
l = randi([2 i� 1]); i = 3; :::; N; (11b)

(c) The omnivore consumers feed on both the producer and animal that is why the location
of the agents has been updated based on the producer and randomly selected consumer
has a higher level of energy (index (l)) as modeled below:

Zi(t + 1) = Zi(t) + K � (rand3 � (Zi(t)� Z1(t))) + (1� rand3) � (Zi(t)� Zl(t)); where
(12a)

l = randi([2 i� 1]); i = 3; :::; N: (12b)

3. Decomposition process: This process is devoted to the exploitation phase of AEO where de-
composer stats breaking down the remaining parts of the dead agents. This process can be
modeled as below. [36]:

Zi(t + 1) = Zi(t) + D � (e � Zn(t)� h � Zi(t)); i = 1; :::; N; where (13a)
D = 3u; u 2 N(0; 1) (13b)
e = rand4 � randi([1 2])� 1; (13c)
h = 2 � rand4 � 1; (13d)
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where D is the decomposition factor, h and e are the weight parameters.269

The �owchart of the proposed AEO depicts in Fig. 3 to illustrate the structure of the AEO-based270

PV array recon�guration process. The �gure shows that the algorithm starts with generating an271

initial set of recon�gured patterns for the considered PV array, then the rows current, voltage, and272

power values of the considered array as well as the corresponded �tness functions of Eqs. 5 or 7273

have been computed based on those patterns. Those initial patterns have been modi�ed based on274

the control equations of the AEO algorithm to achieve the maximum �tness functions value across275

a certain number of iteration. The algorithm has been stopped when the termination criteria have276

been met.

Set the AEO parameters, determine the PV array
size  and read the Rows current and voltage and

compute the corresponded power, set t =1

Start

End

Generate the initial set of patterns and fitness
function of Eq. (5) for Obj 1 or Eq. (7) for Obj 2

Display the optimal 
reconfiguration

Yes

Evaluate the objective function and determine 
the best 

1/3 < t & Rand 
< 2 /3

Yes

No
Rand < 1/3

No

No

Update the patterns for production phase as in
 Eq. (8a)

Sort the patterns and assign the best pattern

Herbivore consumers
location update via 

Eq. (9)

Carnivore consumers
location update via 

Eq. (11)

Omnivore consumers
location update via 

Eq. (12)

Update the Patterns in
decomposition process via

 Eq. (13)

Evaluate the objective function 
and determine the best Pattern 

structure 

Yes

Termination criteria is 
met? t=t+1

Figure 3: Flowchart of AEO-based PV recon�guration process.

277

5. Results and Analysis278

The structure of this portion is subdivided into 2 platforms as addressed below;279

1. In the �rst platform, a comparison between the AEO, HHO and PSO algorithms results while280

using regular weighted �tness function and the innovative one has been documented. This stage281

is implemented to determine the applicability and e�ect of the innovative �tness function on282

the behavior of the algorithm. For this stage, a 9 � 9 PV array has been considered with 2283

di�erent patterns of shadow.284

2. In the second platform, several-scale PV arrays of 9 � 9, 6 � 20, 16 � 16, and 25 � 25 have been285

studied with di�erent patterns of shadow to appraise the superiority of the introduced approach286

with the innovated �tness function. The results of AEO are veri�ed through several measures287

that included �ll factor (FF), mismatch power loss (MPL), percentage power loss (%PL), and288

percentage power enhancement (%PH) while compared with TCT, PSO, and HHO. Moreover,289

Wilcoxon signed-rank test with signi�cant di�erence 0.05 has been performed to assess the290

results statistically.291
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To perform the validations of proposed technique, the simulations have been carried out using software292

of "MATLAB 2018", personal computer ratings of 4 GB of RAM, 2:5 GHz of speed and Core i7 CPU.293

The proposed algorithm has been coded with iterations of 100, population size of 20 and 30 individual294

runs have been performed to analyse the performance of algorithm. The PV array has been developed295

with PV module having the short circuit current (Isc) is 5.2 A, and the open circuit voltage (Voc) is296

44.2 V.297

5.1. First platform: Innovative �tness evaluation using 9 � 9 photovoltaic array298

Evaluating the new �tness function of Eq. 7 in comparison with the used weighted function in299

the literature of Eq. 5 is the principal target of this section. Therefore, the AEO, HHO, and PSO300

have been coded for two patterns of the shadow dispersed on the surface of 9 � 9 PV array. The301

patterns of shadow are labeled as below:302

1. Pattern 1: short wide shading, in this �ve di�erent levels of irradiation (900, 800, 600, 400, and303

200 W=m2) are taken into account.304

2. Pattern 2: long wide shading, in this condition, the �rst six columns of PV modules receives305

900 W=m2 and remain three columns of PV modules shaded with 800, 700, 400, and 300 W=m2
306

irradiation respectively.307

The considered TCT connected PV array shade patterns are recon�gured by AEO, HHO, and PSO308

algorithms via applying the regular weighted �tness function and the proposed objective function309

as exhibited in Figs. 4 and 5 for the �rst and the second patterns, respectively. The accomplished310

current, voltage, and power values of the displayed schemes are computed in Table.1.311

The following lines sum up the row currents calculations for pattern 1 of Fig.4.312

� The row currents calculations of the TCT scheme of Fig. 4(a) are as follows:313

� The current generated by rows 1 to 5 can be evaluate as given below:314

I1 to I5 = 9
�

900
GST C

�
IMST C = 8:1 IMST C .315

� Row currents for 6th row can be given as follows:316

I6 = 9
�

800
GST C

�
IMST C = 7:2 IMST C .317

� Row currents for rows 7, 8, and 9 can be given as follows:318

I7 = I8= I9= 3
�

600
GST C

�
IMST C + 3

�
400

GST C

�
IMST C + 3

�
200

GST C

�
IMST C = 3:6 IMST C .319

� The row currents calculations of the PSO approach of Fig. 4(b) based on the weighted �tness320

equation of 5 can be addressed as follows:321

� The 1st row current can be calculated as322

I1 = 5
�

900
GST C

�
IMST C + 1

�
800

GST C

�
IMST C +2

�
600

GST C

�
IMST C + 1

�
200

GST C

�
IMST C = 6:7 IMST C .323

� The 2nd row current can be evaluated as324

I2 = 4
�

900
GST C

�
IMST C + 1

�
800

GST C

�
IMST C +2

�
600

GST C

�
IMST C + 1

�
400

GST C

�
IMST C + 1

�
200

GST C

�
IMST C325

= 6:2 IMST C .326

� The third-row current value can be computed as below:327

I3 = 5
�

900
GST C

�
IMST C + 1

�
800

GST C

�
IMST C +1

�
600

GST C

�
IMST C +1

�
400

GST C

�
IMST C +1

�
200

GST C

�
IMST C328

= 6:5 IMST C .329

� The fourth-row current value can be computed as below:330

I4 = 5
�

900
GST C

�
IMST C + 1

�
800

GST C

�
IMST C +2

�
400

GST C

�
IMST C + 1

�
200

GST C

�
IMST C = 6:3 IMST C .331
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(a)

(b) (c) (d)

(e) (f) (g)

Figure 4: The PV array schemes based on (a) TCT, (b) PSO OBJ1, (c) HHO OBJ1, (d) AEO OBJ1, (e) PSO OBJ2,
(f) HHO OBJ2 and (g) AEO OBJ2 for 9�9 PV array.

� The �fth-row current value can be computed as below:332

I5 = 4
�

900
GST C

�
IMST C + 2

�
800

GST C

�
IMST C +1

�
600

GST C

�
IMST C + 1

�
400

GST C

�
IMST C + 1

�
200

GST C

�
IMST C333

= 6:4 IMST C .334

� The sixth-row current value can be computed as below:335

I6 = 5
�

900
GST C

�
IMST C + 2

�
800

GST C

�
IMST C +2

�
400

GST C

�
IMST C = 6:9 IMST C .336

� The row current for the 7th row can be calculated as337

I7 = 6
�

900
GST C

�
IMST C + 1

�
600

GST C

�
IMST C+ 2

�
200

GST C

�
IMST C = 6:4 IMST C .338

� The row current for the 8th row can be calculated as339
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I8 = 5
�

900
GST C

�
IMST C + 1

�
800

GST C

�
IMST C +1

�
600

GST C

�
IMST C + 2

�
400

GST C

�
IMST C = 6:7 IMST C .340

� The row current for the 9th row can be calculated as341

I9 = 6
�

900
GST C

�
IMST C + 1

�
600

GST C

�
IMST C +2

�
200

GST C

�
IMST C = 6:4 IMST C .342

� The row currents of the recon�gured shade pattern of PSO method using proposed objective343

function shown in Fig. 4(e) can be evaluate as given below:344

� The �rst-row current value can be computed as below:345

I1 = 7
�

900
GST C

�
IMST C + 1

�
600

GST C

�
IMST C + 1

�
200

GST C

�
IMST C = 7:1 IMST C .346

� The row current for the 2nd row can be calculated as347

I2 = 4
�

900
GST C

�
IMST C + 1

�
800

GST C

�
IMST C +2

�
600

GST C

�
IMST C + 2

�
400

GST C

�
IMST C = 6:4 IMST C .348

� The third-row current value can be computed as below:349

I3 = 5
�

900
GST C

�
IMST C +2

�
600

GST C

�
IMST C +1

�
400

GST C

�
IMST C +1

�
200

GST C

�
IMST C = 6:3 IMST C .350

� The fourth-row current value can be computed as below:351

I4 = 5
�

900
GST C

�
IMST C + 1

�
800

GST C

�
IMST C +2

�
400

GST C

�
IMST C + 1

�
200

GST C

�
IMST C = 6:3 IMST C .352

� The �fth-row current value can be computed as below:353

I5 = 4
�

900
GST C

�
IMST C + 1

�
800

GST C

�
IMST C +2

�
600

GST C

�
IMST C + 2

�
400

GST C

�
IMST C = 6:4 IMST C .354

� The sixth-row current value can be computed as below:355

I6 = 7
�

900
GST C

�
IMST C +2

�
200

GST C

�
IMST C = 6:7 IMST C .356

� The seventh-row current value can be computed as below:357

I7 = 4
�

900
GST C

�
IMST C + 3

�
800

GST C

�
IMST C+ 1

�
400

GST C

�
IMST C+ 1

�
200

GST C

�
IMST C = 6:6 IMST C .358

� The eighth-row current value can be computed as below:359

I8 = 5
�

900
GST C

�
IMST C + 1

�
800

GST C

�
IMST C +1

�
600

GST C

�
IMST C + 2

�
200

GST C

�
IMST C = 6:3 IMST C .360

� The ninth-row current value can be computed as below:361

I9 = 4
�

900
GST C

�
IMST C + 2

�
800

GST C

�
IMST C+1

�
600

GST C

�
IMST C +1

�
400

GST C

�
IMST C +1

�
200

GST C

�
362

IMST C = 6:4 IMST C .363

� The row currents calculations of the AEO approach of Fig. 4(g) based on the new �tness364

function of Eq 7 can be given as follows:365

� The �rst-row current value can be calculated as366

I1 = 5
�

900
GST C

�
IMST C + 2

�
600

GST C

�
IMST C +2

�
400

GST C

�
IMST C = 6:5 IMST C .367

� The row current for the 2nd row can be calculated as368

I2 = 5
�

900
GST C

�
IMST C + 1

�
800

GST C

�
IMST C +1

�
600

GST C

�
IMST C + 1

�
400

GST C

�
IMST C + 1

�
200

GST C

�
IMST C369

= 6:5 IMST C .370

� The current value of the 3rd row can be calculated as371

I3 = 6
�

900
GST C

�
IMST C + 1

�
600

GST C

�
IMST C +2

�
200

GST C

�
IMST C = 6:4 IMST C .372

� The current value of the 4th row can be calculated as373

I4 = 6
�

900
GST C

�
IMST C + 1

�
600

GST C

�
IMST C +1

�
400

GST C

�
IMST C + 1

�
200

GST C

�
IMST C = 6:6 IMST C .374

� The current value of the 5th row can be calculated as375

I5 = 4
�

900
GST C

�
IMST C + 1

�
800

GST C

�
IMST C +2

�
600

GST C

�
IMST C + 2

�
400

GST C

�
IMST C = 6:4 IMST C .376
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� The current value of the 6th row can be calculated as377

I6 = 4
�

900
GST C

�
IMST C + 3

�
800

GST C

�
IMST C +1

�
400

GST C

�
IMST C +1

�
200

GST C

�
IMST C = 6:6 IMST C .378

� The current value of the 7th row can be calculated as379

I7 = 5
�

900
GST C

�
IMST C + 1

�
800

GST C

�
IMST C + 1

�
600

GST C

�
IMST C + 1

�
400

GST C

�
IMST C + 1

�
200

GST C

�
IMST C380

= 6:5 IMST C .381

� The current value of the 8th row can be calculated as382

I8 = 4
�

900
GST C

�
IMST C + 2

�
800

GST C

�
IMST C +1

�
600

GST C

�
IMST C + 1

�
400

GST C

�
IMST C + 1

�
200

GST C

�
IMST C383

= 6:4 IMST C .384

� The current value of the 9th row can be calculated as385

I9 = 6
�

900
GST C

�
IMST C + 1

�
800

GST C

�
IMST C +2

�
200

GST C

�
IMST C = 6:6 IMST C .386

Via employing the early mentioned steps, the rows’ current values of the HHO-approach are387

computed and documented in Table 1. Likewise, the rows current values of the recon�gured schemes388

in the case of pattern two also calculated and presented in Table 1.389

The illustrated power values in Table 1 con�rm that the recon�gured PV array patterns based390

algorithms with applying the new �tness function achieved higher harvested power for the two pat-391

terns of shadow. The PSO-approach based on the regular weighted function o�ers power values392

of 55.8 VMIMST C for pattern 1 and 58.5 VMIMST C for pattern 2, Whilst, it generates power of 56.7393

VMIMST C and 62.1 VMIMST C in the case of utilizing the new �tness function over the studied shad394

patterns, respectively. In similar, HHO, and AEO based on the new �tness function enhance the395

power generation from 56.7 VMIMST C and 62.1 VMIMST C to 57.6 VMIMST C and 63 VMIMST C for the396

studied patterns of shading, respectively. Accordingly, applying the new �tness function of Eq. 7397

boosts the performance of the optimization algorithms in identifying the search space accurately and398

providing optimal structure design for the considered PV array. Therefore the authors endorsed it for399

the recon�guration of PV array where the issue of tuning the weights of regular weighted �tness has400

been handled e�ectively as well as the performance of the proposed algorithms has been enhanced401

and the highest harvested power values have been provided.402

5.2. Second platform: Photovoltaic recon�guration algorithms evaluation403

From the previous section 5.1, the new function proved its favorable in�uence on the performance404

of the MH techniques as higher produced PV power values are attained through the displayed recon-405

�gured PV array structures. Therefore, this subsection concerns with demonstrating the quality and406

the e�ciency of the proposed AEO-approach. To this end, the P-V, and I-V curves are considered407

besides the maximum produced power, and the average execution time of the implemented algorithms408

across the 30 independent runs, are exposed. Moreover, several quality measures, namely mismatch409

power loss (MPL), �ll factor (FF), percentage of power loss (%PL), and of power enhancement (%PH)410

by AEO in comparing with the other counterparts are computed to show the practical feasibility and411

the saved amount of the PV array power via the proposed approach. The mathematical formulas of412

the quality metrics are de�ned as below:413

� Mismatch power loss: (MPL)= PMaxIC -PGMP PP S414

� Fill factor: (FF )= (VMpIMp)P S
VOCISC

415

� Percentage of power loss: (%PL) = PMaxST C �PGMP PP S
PMaxST C

416

� Power enhancement : (%PH) =
PGMP PP SAEO

�PGMP PP Speers
PGMP PP Speers

� 100417
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(a)

(b) (c) (d)

(e) (f) (g)

Figure 5: The PV array schemes for pattern 2 based on , (a) TCT, (b) PSO OBJ1, (c) HHO OBJ1, (d) AEO OBJ1,
(e) PSO OBJ2, (f) HHO OBJ2, (g) AEO OBJ2 for 9�9 PV array.

where, the PMax(IC) and PGMP P(P S) are the maximum produced power values at the fully irradiated418

condition and at PS, respectively, the IMp and VMp refer to the maximum generated current and419

voltage during PS, respectively. The global maximum power point at the standard condition (STC)420

is given by PMaxST C . The global power obtained by AEO-scheme and other powers can be expressed421

as PGMP PP SAEO
and PGMP PP Speers

, respectively, peers that are TCT, PSO, HHO.422

5.2.1. Evaluation with 9 � 9 photovoltaic array423

In this section, the AEO, PSO, HHO, and TCT schemes are compared for the two patterns of424

shadow of a 9 � 9 PV array in section 5.1. The P-V, I-V curves based on the documented schemes425

in Figs. 4 - 5 for the studied two shade patterns, respectively are plotted in Fig. 6 moreover the426
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Table 1: The current, voltage and power values of TCT, PSO, HHO and AEO schemes of patterns 1 and 2 based on
weighted and new �tness functions.

Shading pattern 1
Weighted �tness function

TCT arrangement PSO arrangement HHO arrangement AEO arrangement
Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W )
I7 3:6IMST C 9VM 32:4VM IMST C I2 6:2IMST C 9VM 55:8VM IMST C I6 6:3IMST C 9VM 56:7VM IMST C I1 6:3 IMST C 9 VM 56:7 IMST C VM
I8 3:6IMST C 9VM 32:4VM IMST C I4 6:3IMST C 8VM 50:4VM IMST C I9 6:3IMST C 9VM 56:7VM IMST C I2 6:3 IMST C 9 VM 56:7 IMST C VM
I9 3:6IMST C 9VM 32:4VM IMST C I5 6:4IMST C 7VM 44:8VM IMST C I1 6:5IMST C 7VM 45:5VM IMST C I3 6:3 IMST C 9 VM 56:7 IMST C VM
I6 7:2IMST C 6VM 43:2VM IMST C I7 6:4IMST C 7VM 44:8VM IMST C I4 6:5IMST C 7VM 45:5VM IMST C I5 6:3 IMST C 9 VM 56:7 IMST C VM
I5 8:1IMST C 5VM 40:5VM IMST C I9 6:4IMST C 7VM 44:8VM IMST C I8 6:5IMST C 7VM 45:5VM IMST C I9 6:3 IMST C 9 VM 56:7 IMST C VM
I4 8:1IMST C 5VM 40:5VM IMST C I3 6:5IMST C 4VM 26VM IMST C I2 6:6IMST C 4VM 26:4VM IMST C I6 6:4 IMST C 4 VM 25:6 IMST C VM
I3 8:1IMST C 5VM 40:5VM IMST C I1 6:7IMST C 3VM 20:1VM IMST C I3 6:6IMST C 4VM 26:4VM IMST C I8 6:6 IMST C 3 VM 19:8 IMST C VM
I2 8:1IMST C 5VM 40:5VM IMST C I8 6:7IMST C 3VM 20:1VM IMST C I5 6:6IMST C 4VM 26:4VM IMST C I4 7 IMST C 2 VM 14 IMST C VM
I1 8:1IMST C 5VM 40:5VM IMST C I6 6:9IMST C 1VM 6:9VM IMST C I7 6:6IMST C 4VM 26:4VM IMST C I7 7 IMST C 2 VM 14 IMST C VM

New �tness function
TCT arrangement PSO arrangement HHO arrangement AEO arrangement

Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W )
I7 3:6 IMST C 9 VM 32:4 IMST C VM I3 6:3 IMST C 9 VM 56:7 IMST C VM I2 6:4 IMST C 9 VM 57:6 IMST C VM I3 6:4 IMST C 9 VM 57:6 IMST C VM
I8 3:6 IMST C 9 VM 32:4 IMST C VM I4 6:3 IMST C 9 VM 56:7 IMST C VM I3 6:4 IMST C 9 VM 57:6 IMST C VM I5 6:4 IMST C 9 VM 57:6 IMST C VM
I9 3:6 IMST C 9 VM 32:4 IMST C VM I8 6:3 IMST C 9 VM 56:7 IMST C VM I8 6:4 IMST C 9 VM 57:6 IMST C VM I8 6:4 IMST C 9 VM 57:6 IMST C VM
I6 7:2 IMST C 6 VM 43:2 IMST C VM I2 6:4 IMST C 6 VM 38:4 IMST C VM I1 6:5 IMST C 6 VM 39 IMST C VM I1 6:5 IMST C 6 VM 39 IMST C VM
I1 8:1 IMST C 5 VM 40:5 IMST C VM I5 6:4 IMST C 6 VM 38:4 IMST C VM I6 6:5 IMST C 6 VM 39 IMST C VM I2 6:5 IMST C 6 VM 39 IMST C VM
I2 8:1 IMST C 5 VM 40:5 IMST C VM I9 6:4 IMST C 6 VM 38:4 IMST C VM I7 6:5 IMST C 6 VM 39 IMST C VM I7 6:5 IMST C 6 VM 39 IMST C VM
I3 8:1 IMST C 5 VM 40:5 IMST C VM I7 6:6 IMST C 3 VM 19:8 IMST C VM I4 6:6 IMST C 3 VM 19:8 IMST C VM I4 6:6 IMST C 3 VM 19:8 IMST C VM
I4 8:1 IMST C 5 VM 40:5 IMST C VM I6 6:7 IMST C 2 VM 13:4 IMST C VM I5 6:6 IMST C 3 VM 19:8 IMST C VM I6 6:6 IMST C 3 VM 19:8 IMST C VM
I5 8:1 IMST C 5 VM 40:5 IMST C VM I1 7:1 IMST C 1 VM 7:1 IMST C VM I9 6:6 IMST C 3 VM 19:8 IMST C VM I9 6:6 IMST C 3 VM 19:8 IMST C VM

Shading pattern 2
Weighted �tness function

TCT arrangement PSO arrangement HHO arrangement AEO arrangement
Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W )
I8 6:3IMST C 9VM 56:7VM IMST C I2 6:5IMST C 9VM 58:5VM IMST C I4 6:9IMST C 9VM 62:1VM IMST C I1 6:9 IMST C 9 VM 62:1 IMST C VM
I9 6:3IMST C 9VM 56:7VM IMST C I9 6:5IMST C 9VM 58:5VM IMST C I6 6:9IMST C 9VM 62:1VM IMST C I2 6:9 IMST C 9 VM 62:1 IMST C VM
I6 6:6IMST C 7VM 46:2VM IMST C I8 6:7IMST C 7VM 46:9VM IMST C I8 6:9IMST C 9VM 62:1VM IMST C I3 6:9 IMST C 9 VM 62:1 IMST C VM
I7 6:6IMST C 7VM 46:2VM IMST C I5 6:8IMST C 6VM 40:8VM IMST C I9 7:1IMST C 6VM 42:6VM IMST C I7 6:9 IMST C 9 VM 62:1 IMST C VM
I5 7:6IMST C 5VM 38VM IMST C I1 7:2IMST C 5VM 36VM IMST C I7 7:2IMST C 5VM 36VM IMST C I4 7:2 IMST C 5 VM 36 IMST C VM
I4 7:6IMST C 5VM 38VM IMST C I7 7:4IMST C 4VM 29:6VM IMST C I1 7:3IMST C 7VM 29:2VM IMST C I5 7:2 IMST C 5 VM 36 IMST C VM
I3 7:6IMST C 5VM 38VM IMST C I3 7:7IMST C 3VM 23:1VM IMST C I2 7:3IMST C 7VM 29:2VM IMST C I6 7:2 IMST C 5 VM 36 IMST C VM
I2 7:8IMST C 2VM 15:6VM IMST C I4 7:7IMST C 3VM 23:1VM IMST C I3 7:3IMST C 7VM 29:2VM IMST C I9 7:2 IMST C 5 VM 36 IMST C VM
I1 7:8IMST C 2VM 15:6VM IMST C I6 7:7IMST C 3VM 23:1VM IMST C IR5 7:3IMST C 7VM 29:2VM IMST C I8 7:8 IMST C 1 VM 7:8 IMST C VM

New �tness function
TCT arrangement PSO arrangement HHO arrangement AEO arrangement

Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W )
I8 6:3 IMST C 9 VM 56:7 IMST C VM I1 6:8 IMST C 9 VM 61:2 IMST C VM I3 7 IMST C 9 VM 63 IMST C VM I4 7 IMST C 9 VM 63 IMST C VM
I9 6:3 IMST C 9 VM 56:7 IMST C VM I8 7 IMST C 8 VM 56 IMST C VM I4 7 IMST C 9 VM 63 IMST C VM I5 7 IMST C 9 VM 63 IMST C VM
I6 6:6 IMST C 7 VM 46:2 IMST C VM I9 7 IMST C 8 VM 56 IMST C VM I7 7 IMST C 9 VM 63 IMST C VM I6 7 IMST C 9 VM 63 IMST C VM
I7 6:6 IMST C 7 VM 46:2 IMST C VM I2 7:1 IMST C 6 VM 42:6 IMST C VM I1 7:1 IMST C 6 VM 42:6 IMST C VM I1 7:2 IMST C 6 VM 43:2 IMST C VM
I3 7:6 IMST C 5 VM 38 IMST C VM I4 7:2 IMST C 5 VM 36 IMST C VM I2 7:1 IMST C 6 VM 42:6 IMST C VM I2 7:2 IMST C 6 VM 43:2 IMST C VM
I4 7:6 IMST C 5 VM 38 IMST C VM I5 7:2 IMST C 5 VM 36 IMST C VM I6 7:2 IMST C 4 VM 28:8 IMST C VM I3 7:2 IMST C 6 VM 43:2 IMST C VM
I5 7:6 IMST C 5 VM 38 IMST C VM I3 7:3 IMST C 3 VM 21:9 IMST C VM I8 7:2 IMST C 4 VM 28:8 IMST C VM I7 7:2 IMST C 6 VM 43:2 IMST C VM
I1 7:8 IMST C 2 VM 15:6 IMST C VM I6 7:3 IMST C 3 VM 21:9 IMST C VM I5 7:3 IMST C 2 VM 14:6 IMST C VM I8 7:2 IMST C 6 VM 43:2 IMST C VM
I2 7:8 IMST C 2 VM 15:6 IMST C VM I7 7:3 IMST C 3 VM 21:9 IMST C VM I9 7:3 IMST C 2 VM 14:6 IMST C VM I9 7:2 IMST C 6 VM 43:2 IMST C VM

where, Ii is the ith row current.

mean execution time and the maximum power generation are taken into consideration. Moreover,427

the corresponded values of FF, MPL, %PL, and %PH are computed in Table 2.428

The plotted P-V and I-V curves con�rmed the ability of the proposed PV recon�guration approach429

in tackling the multiple peak issues while utilizing the TCT scheme. The obtained patterns by HHO,430

PSO, and AEO achieve an uniform dispersion for the shadow whereas the harvested power via the431

HHO and AEO based recon�gured array o�er higher maximum power than PSO that con�rmed from432

the reported results on Table.2. The PV array in case of the AEO-scheme provides a maximum power433

of 10512.844 W and 11556.603 W for pattern 1 and 2, respectively. Whilst, the harvested PV power434

values based on HHO, PSO, and TCT schemes are 10512.47 W, 10417.6248 W and 8168.9495 W in435

the case of pattern 1 as well as the algorithms provide 11549.1551 W, 11503.6091 W and 10798.5776436

W in the case of pattern 2. Accordingly, the AEO enhanced the produced power by 28.86883% and437

7.0197% in comparison to TCT for the two studied patterns. AEO approach not only distinguishes438

with enhancing the harvested PV power but also with its high consistency in producing those high439

values of power across the 30 independent runs as illustrated in Fig. 6(c) with shortest execution440
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time as shown in Fig.6(d).441

To prove the reliability of the produced power values by AEO across the independent runs and to442

illustrate its signi�cant di�erence versus HHO and PSO statistically, Wilcoxon signed-rank test with443

signi�cant di�erence 0.05 has been accomplished to provide a pairwise unbiased comparison among444

the studied algorithms as reported in Table. 3. The test has been performed based on the following445

concept:446

1. Record the attained PV array maximum power values over the 30 independent runs for the447

studied approaches (AEO, HHO, and PSO).448

2. Calculate R+, the sum of ranks for runs in which the AEO approach provides the best response449

(maximum power) over other methods such as HHO, and PSO.450

3. Calculate R�, the sum of ranks for runs in which the counterparts (HHO, or PSO) achieve451

maximum power values in comparison with AEO.452

4. Compute p-value that reveals the signi�cant di�erence of the results in a statistical hypothesis453

test. The smaller the p-value is, the more evidence against the null hypothesis which indicates454

noticeable variation between the algorithms (p-value < 0.05). In this work, the H0 = ’No’ refers455

to the rejection of the null hypothesis.456

Table 2: Performance measures of TCT, PSO, HHO and AEO for considered PV arrays for 9�9 PV array

Metrics
pattern/Alg Maxpower FF MPL % PL % PH

Pattern 1

AEO 10512:4844 0:78236 4104:8647 28:0821 -
HHO 10512:47 0:78236 4104:879 28:0822 0:00013655
PSO 10417:6248 0:72389 4199:7242 28:7311 0:91057
TCT 8168:9495 0:49482 6448:3996 44:1147 28:6883

Pattern 2

AEO 11556:603 0:78741 3060:746 20:9391 -
HHO 11549:1551 0:77782 3068:1939 20:9901 0:064489
PSO 11503:6091 0:7739 3113:7399 21:3017 0:46067
TCT 10798:5776 0:68054 3818:7714 26:1249 7:0197

� means % PH computed for AEO versus PSO, HHO and TCT .

Table 3: Non-parametric Wilcoxon signed-rank test of AEO vs HHO, or PSO for 9�9 PV array

pattern AEO VS HHO AEO VS PSO
R+ R� p-value h0 R+ R� p-value h0

Pattern 1 406 0 3.4346e-06 No 258 15 7.4116e-05 No
Pattern 2 341.5 9.5 1.1070e-05 No 231 0 3.0217e-05 No

The reported results in Table 3 reveal the superiority and signi�cant di�erence between the AEO457

and the other peers (HHO and PSO) as the p-values are less than 0.05. The values of the R+ and458

R� clarify that the AEO has a capability in accomplishing the highest values of the maximum power459

across the number of independent runs larger than the HHO and PSO where the R+ is greater than460

R�. Sequentially, the AEO proposed approach con�rms its superiority in the consistency and the461

execution time besides attaining the highest harvested PV power over the studied patterns.462

For further investigation, in the purpose of discussing the e�ciency of the proposed AEO in463

converging to the optimal pattern in comparison with the other approaches, the attained PV array464

patterns across the number of iterations by AEO, HHO and PSO for pattern 1 as an example have465

been depicted in Fig. 7. The exposed schemes of the Fig. 7 reveals the e�ciency of AEO in conversing466

for the �nal pattern at iteration 15 whereas the HHO and PSO provide the �nal pattern after 28 and467

18



55 iterations, respectively. The exploration and exploitation phases of the AEO algorithm helped468

in discovering the search space and converging for the optimal PV array design in fast response in469

comparison to the HHO and PSO.

1
1

(b)

X VMIM

1

(c)

1

(d)

Figure 6: The algorithms results for 9 � 9 array for shade patterns 1 and 2 (a) P-V characteristic, (b) I-V characteristic,
(c) Maximum obtained power and (d) Mean execution time across 30 independent runs.

470
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5.3. Large scale photovoltaic array471

In this subsection, three large scale PV arrays of 6 � 20, 16 � 16, and 25 � 25 have been472

considered. The selected scales are collected based on literature [37] . As the remarkable impact473

of applying the new �tness function of Eq. 7 has been proven in section 5.1, the AEO, PSO, and474

HHO are implemented in this section to provide the optimal recon�gured patterns by applying that475

function for the three considered arrays.476

The considered shaded arrays and the recon�gured patterns are exposed in Figs. 8, 9 and 10 for477

the 6 � 20, 16 � 16, and 25 � 25 PV arrays respectively. The corresponded rows current, voltage478

and power values are computed as reported in Tables 4, 5 and 6 for the three considered arrays. By479

inspecting the obtained power values, one can note that the AEO schemes produce the highest values480

of power across the three considered arrays however the complexity of the studied system become481

increased gradually from 6 � 20, to 16 � 16, then �nally 25 � 25 PV array. The associated P-V,482

I-V curves for the depicted schemes of Figs. 8, 9 and 10 for the three studied arrays are plotted in483

Figs. 11, 12 and 13. The �gures expose the superiority of the proposed AEO in attaining the highest484

maximum PV power and tackling the multi-peaks issues of TCT scheme via a regular dispersion485

for the shad patterns. The AEO-recon�gured patters gives a maximum power of 14506.3844 (w),486

33451.6867 (w), 89504.0459 (w) for the three arrays meanwhile the HHO, PSO and TCT provide lower487

values as displayed in the P-V Curves of Figs 11(a), 12(a), 13(a), for the three arrays, respectively.488

To investigate the robustness of the proposed algorithm in providing the maximum power across the489

number of independent runs , the maximum power values across 30 independent runs are plotted in490

Figs. 11(c), 12(c) and 13(c). The �gures divulge the validity of AEO in achieving the most stable491

solutions in comparable with the PSO and HHO in shortest execution time as illustrated in Figs.492

11(d), 12(d) and 13(d).493

In addition to the above analysis, the performance metrics of FF, MPLS, % PL, and % PH for494

the three large scale PV arrays are calculated in Table. 7. From the Table. 7, it can be observed495

that in all aspects such as maximum power, FF, MPL, and % PL, the proposed AEO shows excellent496

performance than other counterparts for the three studied PV array sizes. The %PH illustrates that497

the AEO enhanced the produced maximum power of the TCT scheme by 29.256 % , 8.3811 % and498

5.3884 % for the three studied arrays, respectively.499

Finally, to show the signi�cant di�erence of the proposed technique, the Wilcoxon signed-rank500

test has been performed for the AEO versus the HHO or PSO methods. From the Table. 8, it can be501

observed that the number of ranks where the AEO gives higher maximum power (R+) is greater than502

the ranks where it achieves lower maximum power (R�) across the 30 independent runs moreover,503

the p-values has values less than 0.05 that prove the superiority of AEO.504

To summarize the main outcome of this part, the presented analyses prove that, the proposed505

AEO technique with the new �tness function outperforms the HHO and PSO in-terms of reducing row506

current deviations, attaining uni-peak, providing highest harvested maximum power and consuming507

shortest execution time. Therefore, AEO with a new �tness function can be widely recommended as508

an e�ective method for distributing the shadow on the PV arrays with any size.509

Table 4: The current, voltage and power values of TCT, PSO, HHO and AEO schemes of 6 � 20 PV array.

TCT arrangement PSO arrangement HHO arrangement AEO arrangement
Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W )
I4 9:9 IMST C 6 VM 59:4 IMST C VM I4 13:35 IMST C 6 VM 80:1 IMST C VM I2 13:35 IMST C 6 VM 80:1 IMST C VM I5 13:4 IMST C 6 VM 80:4 IMST C VM
I5 9:9 IMST C 6 VM 59:4 IMST C VM I1 13:4 IMST C 5 VM 67 IMST C VM I5 13:35 IMST C 6 VM 80:1 IMST C VM I6 13:4 IMST C 6 VM 80:4 IMST C VM
I6 9:9 IMST C 6 VM 59:4 IMST C VM I3 13:4 IMST C 5 VM 67 IMST C VM I4 13:4 IMST C 4 VM 53:6 IMST C VM I1 13:45 IMST C 4 VM 53:8 IMST C VM
I3 15 IMST C 3 VM 45 IMST C VM I5 13:5 IMST C 3 VM 40:5 IMST C VM I1 13:5 IMST C 3 VM 40:5 IMST C VM I2 13:45 IMST C 4 VM 53:8 IMST C VM
I1 18 IMST C 2 VM 36 IMST C VM I6 13:5 IMST C 3 VM 40:5 IMST C VM I6 13:5 IMST C 3 VM 40:5 IMST C VM I4 13:45 IMST C 4 VM 53:8 IMST C VM
I2 18 IMST C 2 VM 36 IMST C VM I2 13:55 IMST C 1 VM 13:55 IMST C VM I3 13:6 IMST C 1 VM 13:6 IMST C VM I3 13:55 IMST C 1 VM 13:55 IMST C VM

where Ii is the ith row current.
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(a) (b)

(c) (d)

Figure 8: The PV array schemes based on, (a) TCT, (b) PSO, (c) HHO (d) AEO for 6 � 20 PV array.

Table 5: The current, voltage and power values of TCT, PSO, HHO and AEO schemes of 16 � 16 PV array.

TCT arrangement PSO arrangement HHO arrangement AEO arrangement
Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W )
I11 10:2 IMST C 16 VM 163:2 IMST C VM I2 11:25 IMST C 16 VM 180 IMST C VM I9 11:25 IMST C 16 VM 180 IMST C VM I5 11:4 IMST C 16 VM 182:4 IMST C VM
I12 10:2 IMST C 16 VM 163:2 IMST C VM I11 11:25 IMST C 16 VM 180 IMST C VM I8 11:35 IMST C 15 VM 170:25 IMST C VM I14 11:4 IMST C 16 VM 182:4 IMST C VM
I13 10:2 IMST C 16 VM 163:2 IMST C VM I15 11:3 IMST C 14 VM 158:2 IMST C VM I11 11:35 IMST C 15 VM 170:25 IMST C VM I15 11:4 IMST C 16 VM 182:4 IMST C VM
I14 10:2 IMST C 16 VM 163:2 IMST C VM I10 11:4 IMST C 13 VM 148:2 IMST C VM I2 11:4 IMST C 13 VM 148:2 IMST C VM I1 11:5 IMST C 13 VM 149:5 IMST C VM
I15 10:2 IMST C 16 VM 163:2 IMST C VM I14 11:4 IMST C 13 VM 148:2 IMST C VM I6 11:4 IMST C 13 VM 148:2 IMST C VM I2 11:5 IMST C 13 VM 149:5 IMST C VM
I16 10:2 IMST C 16 VM 163:2 IMST C VM I3 11:5 IMST C 11 VM 126:5 IMST C VM I4 11:5 IMST C 11 VM 126:5 IMST C VM I3 11:5 IMST C 13 VM 149:5 IMST C VM
I6 12:15 IMST C 10 VM 121:5 IMST C VM I5 11:5 IMST C 11 VM 126:5 IMST C VM I7 11:5 IMST C 11 VM 126:5 IMST C VM I10 11:5 IMST C 13 VM 149:5 IMST C VM
I7 12:15 IMST C 10 VM 121:5 IMST C VM I7 11:5 IMST C 11 VM 126:5 IMST C VM I15 11:55 IMST C 9 VM 103:95 IMST C VM I9 11:55 IMST C 9 VM 103:95 IMST C VM
I8 12:15 IMST C 10 VM 121:5 IMST C VM I12 11:5 IMST C 11 VM 126:5 IMST C VM I1 11:65 IMST C 8 VM 93:2 IMST C VM I11 11:55 IMST C 9 VM 103:95 IMST C VM
I9 12:15 IMST C 10 VM 121:5 IMST C VM I4 11:6 IMST C 7 VM 81:2 IMST C VM I12 11:65 IMST C 8 VM 93:2 IMST C VM I12 11:65 IMST C 7 VM 81:55 IMST C VM
I10 12:15 IMST C 10 VM 121:5 IMST C VM I13 11:75 IMST C 6 VM 70:5 IMST C VM I13 11:7 IMST C 6 VM 70:2 IMST C VM I8 11:75 IMST C 6 VM 70:5 IMST C VM
I1 12:9 IMST C 5 VM 64:5 IMST C VM I1 11:8 IMST C 5 VM 59 IMST C VM I14 11:7 IMST C 6 VM 70:2 IMST C VM I4 11:8 IMST C 5 VM 59 IMST C VM
I2 12:9 IMST C 5 VM 64:5 IMST C VM I9 11:8 IMST C 5 VM 59 IMST C VM I3 11:8 IMST C 4 VM 47:2 IMST C VM I13 11:8 IMST C 5 VM 59 IMST C VM
I3 12:9 IMST C 5 VM 64:5 IMST C VM I6 11:9 IMST C 3 VM 35:7 IMST C VM I5 11:85 IMST C 3 VM 35:55 IMST C VM I6 11:95 IMST C 3 VM 35:85 IMST C VM
I4 12:9 IMST C 5 VM 64:5 IMST C VM I16 12:2 IMST C 2 VM 24:4 IMST C VM I10 12:35 IMST C 2 VM 24:7 IMST C VM I7 12:1 IMST C 2 VM 24:2 IMST C VM
I5 12:9 IMST C 5 VM 64:5 IMST C VM I8 12:8 IMST C 1 VM 12:8 IMST C VM I16 12:45 IMST C 1 VM 12:45 IMST C VM I16 12:1 IMST C 2 VM 24:2 IMST C VM

where Ii is the ith row current.

Table 6: The current, voltage and power values of TCT, PSO, HHO and AEO schemes of 25 � 25 PV array.

TCT arrangement PSO arrangement HHO arrangement AEO arrangement
Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W ) Ii I(A) V (V ) P (W )
I16 18 IMST C 25 VM 450 IMST C VM I4 19 IMST C 25 VM 475 IMST C VM I8 19 IMST C 25 VM 475 IMST C VM I3 19:4 IMST C 25 VM 485 IMST C VM
I17 18 IMST C 25 VM 450 IMST C VM I18 19 IMST C 25 VM 475 IMST C VM I12 19:3 IMST C 24 VM 463:2 IMST C VM I5 19:4 IMST C 25 VM 485 IMST C VM
I18 18 IMST C 25 VM 450 IMST C VM I25 19 IMST C 25 VM 475 IMST C VM I14 19:4 IMST C 23 VM 446:2 IMST C VM I6 19:4 IMST C 25 VM 485 IMST C VM
I19 18 IMST C 25 VM 450 IMST C VM I6 19:3 IMST C 22 VM 424:6 IMST C VM I3 19:6 IMST C 22 VM 431:2 IMST C VM I15 19:4 IMST C 25 VM 485 IMST C VM
I20 18 IMST C 25 VM 450 IMST C VM I21 19:3 IMST C 22 VM 424:6 IMST C VM I6 19:6 IMST C 22 VM 431:2 IMST C VM I22 19:4 IMST C 25 VM 485 IMST C VM
I21 18 IMST C 25 VM 450 IMST C VM I23 19:3 IMST C 22 VM 424:6 IMST C VM I11 19:6 IMST C 22 VM 431:2 IMST C VM I1 19:5 IMST C 20 VM 390 IMST C VM
I22 18 IMST C 25 VM 450 IMST C VM I10 19:5 IMST C 19 VM 370:5 IMST C VM I15 19:6 IMST C 22 VM 431:2 IMST C VM I16 19:5 IMST C 20 VM 390 IMST C VM
I23 18 IMST C 25 VM 450 IMST C VM I11 19:5 IMST C 19 VM 370:5 IMST C VM I17 19:6 IMST C 22 VM 431:2 IMST C VM I4 19:6 IMST C 18 VM 352:8 IMST C VM
I24 18 IMST C 25 VM 450 IMST C VM I19 19:5 IMST C 19 VM 370:5 IMST C VM I19 19:6 IMST C 22 VM 431:2 IMST C VM I10 19:6 IMST C 18 VM 352:8 IMST C VM
I2 19:8 IMST C 16 VM 316:8 IMST C VM I3 19:7 IMST C 16 VM 315:2 IMST C VM I23 19:6 IMST C 22 VM 431:2 IMST C VM I18 19:6 IMST C 18 VM 352:8 IMST C VM
I3 19:8 IMST C 16 VM 316:8 IMST C VM I2 19:8 IMST C 15 VM 297 IMST C VM I4 19:8 IMST C 15 VM 297 IMST C VM I9 19:8 IMST C 15 VM 297 IMST C VM
I4 19:8 IMST C 16 VM 316:8 IMST C VM I13 19:8 IMST C 15 VM 297 IMST C VM I9 19:8 IMST C 15 VM 297 IMST C VM I19 19:8 IMST C 15 VM 297 IMST C VM
I5 19:8 IMST C 16 VM 316:8 IMST C VM I24 19:8 IMST C 15 VM 297 IMST C VM I24 19:8 IMST C 15 VM 297 IMST C VM I17 19:9 IMST C 13 VM 258:7 IMST C VM
I6 19:8 IMST C 16 VM 316:8 IMST C VM I16 19:9 IMST C 12 VM 238:8 IMST C VM I2 19:9 IMST C 12 VM 238:8 IMST C VM I21 19:9 IMST C 13 VM 258:7 IMST C VM
I7 19:8 IMST C 16 VM 316:8 IMST C VM I20 19:9 IMST C 12 VM 238:8 IMST C VM I16 19:9 IMST C 12 VM 238:8 IMST C VM I7 20 IMST C 11 VM 220 IMST C VM
I8 19:8 IMST C 16 VM 316:8 IMST C VM I17 20:1 IMST C 10 VM 201 IMST C VM I10 20:1 IMST C 10 VM 201 IMST C VM I23 20 IMST C 11 VM 220 IMST C VM
I9 19:8 IMST C 16 VM 316:8 IMST C VM I9 20:2 IMST C 9 VM 181:8 IMST C VM I21 20:1 IMST C 10 VM 201 IMST C VM I8 20:1 IMST C 9 VM 180:9 IMST C VM
I10 19:8 IMST C 16 VM 316:8 IMST C VM I15 20:2 IMST C 9 VM 181:8 IMST C VM I25 20:1 IMST C 10 VM 201 IMST C VM I14 20:1 IMST C 9 VM 180:9 IMST C VM
I1 22:5 IMST C 7 VM 157:5 IMST C VM I8 20:3 IMST C 7 VM 142:1 IMST C VM I5 20:3 IMST C 7 VM 142:1 IMST C VM I11 20:2 IMST C 7 VM 141:4 IMST C VM
I11 22:5 IMST C 7 VM 157:5 IMST C VM I7 20:6 IMST C 6 VM 123:6 IMST C VM I18 20:3 IMST C 7 VM 142:1 IMST C VM I20 20:4 IMST C 6 VM 122:4 IMST C VM
I12 22:5 IMST C 7 VM 157:5 IMST C VM I22 20:6 IMST C 6 VM 123:6 IMST C VM I22 20:3 IMST C 7 VM 142:1 IMST C VM I25 20:4 IMST C 6 VM 122:4 IMST C VM
I13 22:5 IMST C 7 VM 157:5 IMST C VM I5 20:7 IMST C 4 VM 82:8 IMST C VM I1 20:6 IMST C 4 VM 82:4 IMST C VM I2 20:5 IMST C 4 VM 82 IMST C VM
I14 22:5 IMST C 7 VM 157:5 IMST C VM I1 20:9 IMST C 3 VM 62:7 IMST C VM I7 20:6 IMST C 4 VM 82:4 IMST C VM I12 20:6 IMST C 3 VM 61:8 IMST C VM
I15 22:5 IMST C 7 VM 157:5 IMST C VM I12 20:9 IMST C 3 VM 62:7 IMST C VM I13 20:6 IMST C 4 VM 82:4 IMST C VM I13 20:6 IMST C 3 VM 61:8 IMST C VM
I25 22:5 IMST C 7 VM 157:5 IMST C VM I14 20:9 IMST C 3 VM 62:7 IMST C VM I20 20:6 IMST C 4 VM 82:4 IMST C VM I24 20:6 IMST C 3 VM 61:8 IMST C VM

where Ii is the ith row current.
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(a) (b)

(c) (d)

Figure 9: The PV array schemes based on, (a) TCT, (b) PSO, (c) HHO and (d) AEO for 16 � 16 PV array.

23



(a) (b)

(c) (d)

Figure 10: The PV array schemes based on, (a) TCT, (b) PSO, (c) HHO and (d) AEO for 25 � 25 PV array.
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Figure 11: Responses of the proposed algorithm in case of 6 � 20 PV array of, (a) P-V curves, (b) I-V curves, (c)
Maximum obtained power, and (d) Mean execution time across 30 independent runs.

Table 7: Performance measures of TCT, PSO, HHO and AEO for considered large scale PV arrays

Metrics
pattern/Alg Maxpower FF MPL % PL % PH

6 � 20 PV array

AEO 14506:3944 0:79119 7122:6844 32:9311 -
HHO 14499:6611 0:7879 7129:4178 32:9622 0:046438
PSO 14503:1911 0:79004 7125:8877 32:9459 0:022087
TCT 11222:9499 0:45928 10406:1289 48:1118 29:2565

16 � 16 PV array

AEO 33451:6867 0:38157 12795:5458 27:6677 -
HHO 33345:2319 0:3711 12902:0006 27:8979 0:31925
PSO 33284:7131 0:36086 12962:5194 28:0287 0:50165
TCT 30864:8626 0:329 15382:3699 33:2612 8:3811

25 � 25 PV array

AEO 89504:0459 0:76873 23459:1902 20:7671 -
HHO 88554:6412 0:76288 24408:5949 21:6076 1:0721
PSO 88554:6412 0:76288 24408:5949 21:6076 1:0721
TCT 84927:7834 0:66571 28035:4527 24:8182 5:3884

� means % PH computed for AEO versus PSO, HHO and TCT .
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Figure 12: Responses of the proposed algorithm in case of 16 � 16 PV array of, (a) P-V curves, (b) I-V curves, (c)
Maximum obtained power, and (d) Mean execution time across 30 independent runs.

Table 8: Non-parametric Wilcoxon signed-rank test of AEO vs HHO, or PSO for large scale PV array

PV arrays AEO VS HHO AEO VS PSO
R+ R� p-value h0 R+ R� p-value h0

6 � 20 PV array 465 0 1.6891e-06 No 356 22 5.0205e-05 No
16 � 16 PV array 465 0 1.6891e-06 No 433 2 3.0885e-06 No
25 � 25 PV array 417 18 1.5072e-05 No 363.5 14.5 2.2929e-05 No
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Figure 13: Responses of the proposed algorithm in case of 25 � 25 PV array of, (a) P-V curves, (b) I-V curves, (c)
Maximum obtained power, and (d) Mean execution time across 30 independent runs.
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6. Conclusion510

As observed the partial shading phenomenon has the highest harm e�ect on the produced PV511

array power and its lifetime. Therefore, distributing the shadow on the PV surface is an e�cient512

solution via an electric array recon�guration approach. The weighted �tness is the commonly used513

�tness function with optimization algorithms for providing the recon�gured PV array structure. As514

the selection of the values of the weights in that function has a great impact on the attained results515

of the algorithms, in this paper, authors introduced a new �tness function to avert the drawbacks516

of the weighted �tness function. Furthermore, the authors introduced a simple, �exible, and robust517

algorithm named Arti�cial Ecosystem-based Optimization (AEO).518

Comparisons between the weighted and new �tness functions have been performed for two patterns519

shadow with considering 9 �9 PV array. Moreover, the proposed AEO has been validated with two520

shad patterns of 9 � 9 PV array and three shade patterns of large scale PV arrays of 6�20, 16521

�16 and 25 �25. Several measures have been performed to con�rm the applicability and robustness522

of the proposed approach versus the recently proved approaches such as particle swarm optimizer523

(PSO) and harris Hawak optimizer (HHO). The key �ndings of the work carried out in this article524

are exempli�ed in the following:525

1. Applying the new �tness functions tackled the issue of selecting weights values.526

2. The new �tness function boosts the AEO, HHO, and PSO in attaining optimal PV struc-527

ture patterns that show the highest PV power values in comparison with that produced while528

implementing the weighted �tness function.529

3. AEO-based PV arrays recon�guration approach shows a robust performance over the four PV530

arrays sizes from the points of achieving the highest values of maximum power and �ll factor.531

Moreover, it minimized the mismatch power loss by values of 28.0821 %, 20.9391 % , 32.9311%,532

27.6677 %, and 20.7671 % whilst the TCT schemes show 44.1147 %, 26.1249 %, 48.1118 %,533

33.2612 % and 24.8182 % respectively for the studied shade patterns. Accordingly, the AEO534

approach enhanced the power with respect to TCT by 28.688 %, 7.0197 %, 29.2565 %, 8.3811 %,535

and 5.3884 % over the studied cases. Moreover, the Uni-peak PV characteristics are observed536

in the output of the array.537

4. AEO con�rms its superiority in realizing the maximum power values with the highest consis-538

tency in comparison with PSO and HHO. The non-parametric test of Wilcoxon signed-rank539

has been performed to approve on the robustness and reliability of the proposed method.540

Therefore, the proposed AEO based recon�guration technique with new �tness function is highly541

recommended approach for the PV array recon�guration optimization problem as it is most applicable542

for any size of the PV arrays and under several partial shade conditions.543
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