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Extracting the optimal power from the PV arrays under partial shading conditions (PSC) is challenging. Despite
employing bypass diodes, maximum power point trackers, and current injection strategies to mitigate the
shading impact, the array yields a considerably sub-optimal output. So, array reconfiguration strategies are
employed to overcome this. However, most of the existing static reconfiguration strategies suffer scalability is-
sues, perform arbitrary shade dispersal, and yield distorted array characteristics. Hence, this paper proposes
novel PV array configurations based on three distinct image processing strategies employing the integer
sequence-based transformation to optimize the array output under PSC. The effectiveness of the proposed
strategies is examined using the encryption parameters, histogram analysis and correlation scatter plots. Further,
they are implemented for 9 x 9 symmetrical and 5 x 10 unsymmetrical PV arrays and their performance is
compared with the 20 existing strategies under 24 distinct shading conditions. Besides, the proposed reconfi-
guration approaches are validated experimentally for a 4 x 4 PV array in the laboratory and outdoor environ-
ments. The qualitative comparison of proposed strategies with state-of-art techniques is discussed in detail. The
simulation and hardware results confirm the competency and superiority of the proposed strategies in optimally
reconfiguring the PV array yielding the enhancement in output by 32.62%, 20.66%, 16.67%, 14.79%, 13.68%,
13.48% under distinct cases.

1. Introduction

To generate the rated output power, the PV array is connected in
various traditional topologies, including Series, Parallel, Series-Parallel,
and Total-cross-tied (TCT). Because of its highest power yield under
partial shading conditions (PSC) [1] compared to others, the TCT
configuration is preferred. The shading of the solar panels is caused by
neighboring tall buildings, towers, and passing clouds impacting the

array’s performance further resulting in the formation of hotspots. To
avoid these hotspots, a protection bypass diode is connected in anti-
parallel to the PV module. As a consequence, multiple power peaks
(MPPs) are created in the array characteristics [2]. The peaks with the
highest maximum power are referred to as Global Maximum Power
(GMP) points, while the remaining peaks are referred to as local
maximum power points. The traditional maximum power point tracking
(MPPT) strategies like perturb and observe (P&O), incremental
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conductance, and other algorithms may not effectively track the GMP as
they are easily trapped in the local optimum [3]. To track the GMP under
partial shade conditions, a global MPPT technique using improved
honey-badger optimization (HBO) for triple-junction PV systems is
presented [4]. Under realistic solar radiation, an enhanced P&0O MPPT
technique for a two-stage grid-interconnected PV system with efficient
open-circuit voltage estimate is developed and validated [5]. To track
the optimal power peak and improve its resilience and performance, a
new triple-stage current-mode MPPT algorithm with fixed and changing
current-perturbation phases was developed recently in [6]. These con-
trollers, however, are incapable of harvesting the array’s entire capa-
bility and can merely track its GMP, regardless of their sophistication.
The reconfiguration of PV array is one of the simplest and most practical
methods for increasing GMP and reducing power losses [7].

Depending on their operation mode, the array reconfiguration ap-
proaches are further categorized into static and dynamic. The dynamic-
based techniques are further classified as artificial intelligence (AD)-
based, electrical array reconfiguration (EAR)-based, metaheuristic
algorithms-based etc. The Al-based dynamic array reconfiguration ap-
proaches employing the fuzzy logic [8] and neural network [9] have
been experimentally validated to mitigate the mismatch losses under
PSC. However, implementing these strategies necessitate numerous
switches and sensors and other additional devices for successful opera-
tion. For proper functionality, the abovementioned devices are also
employed in EAR-based approaches [10-11] and deploying these stra-
tegies for considerably larger PV farms is challenging. In order to
determine the ideal switching pulse pattern, these approaches generate
a vast number of patterns which is a main drawback. In recent days,
various population based-metaheuristic algorithms are gaining popu-
larity in designing the switching pattern for reconfiguring the panels.
Some of the popular optimization algorithms employed are the genetic
algorithm [12], particle swarm optimization [13], butterfly-
optimization [14], coyote-optimization [15], moth flame-optimization
[16], etc. Despite of their applicability and usefulness in generating
the switching pattern, all these metaheuristic algorithms suffer
numerous drawbacks and limitations such as large computational
stages, time-consuming, convergence issues, multiple parameters,
parameter selection challenges, tuning parameters and weighting factor
selection challenges, the tendency of being stuck at local optima, huge
search space, a large number of iterations, complicated algorithms,
randomness involvement, multiple stages to solve, and so on. Notwith-
standing their effectiveness, the dynamic reconfiguration procedures
necessitate a large number of complex smart devices, switches and
sensors, sophisticated methodologies, complex algorithms and regu-
lating units, efficient driving circuits, and systematic monitoring units,
all of these add to the system’s complexity and expense.

In order to evade all the above-mentioned drawbacks/challenges,
the static reconfiguration approaches are adopted. These approaches do
not require any additional equipment, complicated methodologies, and
complicated algorithms for reconfiguring the array. The static reconfi-
guration techniques generally include puzzle-based, magic square-
based, shift-based, indexing-based, analytical-based, logic-based,
chaotic-based, and pattern-based approaches to configure the array.
Some of the notable puzzle-based static techniques are based on the
sudoku (SDK) [17], optimal sudoku (OS) [18], optimized sudoku (OSB)
[19], non-optimized sudoku (NOS) [19], futoshiki puzzle (FP) [20],
improved sudoku (IS) [21], skyscraper puzzle (SKP) [22], advanced
sudoku (ADV) [23], hyper sudoku [24], canonical sudoku (CS) [25],
multi-diagonal sudoku (MDS) [25] puzzle patterns. All these approaches
are tested and studied for a 9 x 9 PV array sizing. The PV panels are
configured according to the above-mentioned puzzle patterns to alle-
viate the row current variation between the rows. However, the major
drawbacks of all these techniques are that they cannot be scalable for
unsymmetrical PV array sizes. The authors in [26] introduced a magic
square reconfiguration approach based on the 3 x 3 Lo-Shu (LS) grid for
mitigating the mismatch losses during PSC. The LS technique, despite
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yielding a better performance cannot be implemented for the PV array
sizes other than 3n x 3n. Furthermore, the magic square-based tech-
niques completely fail to be employable for the unsymmetrical arrays.
Due to the very narrow application, indiscriminate shade dispersion,
and poor scalability, the puzzle-based and magic square-based ap-
proaches are not considered to be the best option for reconfiguration.

A one-time fixed shift-modified TCT (SMT) configuration of the PV
array is proposed in [27] to dispense the shade to balance the irradiation
in distinct rows of an array. Nevertheless, the SMT approach fails to
yield consistently superior performance under distinct shading condi-
tions due to its poor arrangement of panels. The authors in [28] pro-
posed an index-based new column index (NCI) strategy to enhance the
GMP and improve the array characteristics under shading conditions.
However, this technique exhibits highly inconsistent performance under
distinct shading conditions. A majority of the aforementioned strategies
cannot be scalable to unsymmetrical PV arrays and hence to overcome
this major setback, the authors in [29] proposed an analytical-based
odd-even (OE) methodology for reconfiguration. The OE approach is
applicable to all sizes of PV arrays. An improved version of the OE
approach named odd-even-prime (OEP) is proposed in [30] to rectify
the shortcoming of the existing OE approach. Both the analytical
numbering-based OE and OEP strategies, despite being scalable to all
array sizes, exhibit very poor shade dispersion since nearly half of the
modules remain in the same rows even after the reconfiguration process.
In consequence, the OE and OEP improves the efficiency less than 50 %
only. Further, in some of the shading cases, the OE and OEP schemes
offer poor performance (due to the high correlation between adjacent
panels) even compared to the conventional configurations. The diagonal
arrangement of panels through a new array (NA) scheme is proposed in
[31] to extract maximum power from the array under PSC. Due to the
high correlation between the diagonal panels in an array, this approach
fails during the diagonal shading conditions as well as in many other
cases.

Very recently, the chaotic mapping-based strategies are gaining the
attention of researchers to reconfigure the array effectively. Among
them chaotic baker (CB) map strategy is the first proposed strategy to
reconfigure the symmetrical PV array [32]. But the CB strategy is also
not highly efficient, because even after the reconfiguration nearly 33%
of the panels remain in the same rows. Further, it cannot be scalable to
the unsymmetrical arrays. To rectify the drawbacks of CB, a novel henon
map (HM) strategy is proposed in [33]. The HM technique effectively
reconfigures both symmetrical and unsymmetrical arrays, however, it
fails under the column shading conditions. In [34], a spiral pattern (SPP)
based fixed reconfiguration technique is introduced to maximize the
output under shading. Nevertheless, the SPP strategy yield inferior
performance under diagonal shading conditions. Moreover, the appli-
cability of SPP for unsymmetrical arrays is not validated. The following
are the major challenges associated with the existing research
work:

e The algorithms used in the dynamic reconfiguration process are
complex and involve a weighted-sum methodology, premature
convergence issues, complicated searching mechanisms, high
computational complexity, optimal weights determination, param-
eters tuning challenges, and several stages to obtain solutions etc.
The implementation of these algorithms demands a massive no. of
sensors and switches, complex switching matrix, driver circuits,
micro-controllers, etc which leads to serious practical and economic
feasibility issues.

Many existing static techniques are predominantly compatible with
very few symmetrical sizes of PV arrays and cannot be applicable for
asymmetric arrays. However, in practice, most of the established PV
arrays are asymmetric. Ascertaining the optimal pattern of the
puzzle-based and logic-based strategies from the infinite solution sets
is quite tiresome.
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Fig. 1. Equivalent-circuit model of (a) PV cell and (b) PV array.

e The arbitrary shade dispersion obtained through the existing ran-
domized reconfiguration strategies leads to poor/uneven shade
dispersal, enhanced mismatch, inconsistent performance, low power
enhancement, and underperforms under certain conditions.

Despite augmenting GMP to a certain extent, the existing strategies
exhibit numerous local power peaks in the array characteristics. This
imposes a heavy burden on the MPPT controllers while tracking the
global maximum power of the array and necessitates sophisticated
and costly MPPT controllers.

From the extensive literature review, it is observed that the existing
strategies inherit numerous limitations, therefore, this work proposes
three novel static reconfiguration topologies to address all the afore-
mentioned drawbacks. The major highlights of the proposed work
are:

The proposed approaches disperse the shade intelligently using an
integer series-based encryption strategy minimizing the correlation
between the adjoining shaded panels in a row/ column and diagonal
directions.

The proposed strategies do not require sensors, switches and other
additional equipment for their implementation and successful
operation.

The correlation scatter plot analysis, histogram analysis, and
different encryption quality metrics are used to assess and demon-
strate the performance of the proposed approaches.

Most previous methods have been evaluated only with symmetrical
PV arrays. The proposed work, however, considers the testing for
symmetrical and asymmetrical array sizes, including 9 x 9, 4 x 4,
and 5 x 10 PV arrays under 24 various shading conditions.

The effectiveness of the proposed strategies in comparison to the 20
existing static reconfiguration methodologies has been thoroughly
investigated.

The hardware experimental setup of the proposed configurations has
been developed for a 4 x 4 PV array and investigated outdoors and in
the indoor laboratory under various artificial shade conditions.

The rest of this article is divided into subsequent sections. The details
of the array modeling are covered in Section 2. The proposed method-
ologies and their application to reconfiguration are elaborated in Sec-
tions 3 and 4. The results of various case studies are discussed in Section
5. An exhaustive comparison of various methods is presented in Section
6. The findings derived from the investigation are summarized at the
end.

2. Modelling of solar photovoltaic module and array

Numerous PV cells are electrically coupled in series and parallel
within a photovoltaic panel. In literature, some PV cell modelling ap-
proaches have been introduced, among which the single-diode cell
model which is illustrated in Fig. 1(a) is extensively employed due to its
easiness [35]. Using current law, the obtained solar PV cell current can

NP I, (Ns/Np)Rsc
: . A\ W
.......... Isn
NS ..........
N¢/NpRg V.
NpIph<? : A— ( B p) h
(b)

be obtained as follows,
I=1y—1s— 1y @

here I is cell output current, Iy, is light-produced current, Iy, and Iy
are the currents through shunt resistance and diode. In order to simplify
this equation, the total of the saturation current and the shunt leakage
current is taken as I,. The resulting simplified equation is

I'=1In—1, (2)

Since photon current is produced when a solar cell absorbs solar
radiation, its value is directly correlated with changes in solar irradiance
and temperature, and it is given as

G
Ly = (Ier + K AT) — (3)
Gr

Where k; is the short-circuit temperature coefficient and Iy, is the
nominal solar current at nominal climatic condition (25 °C and 1000 W/
m?). G is the nominal solar irradiance under typical ambient circum-
stances, and G, is the solar irradiance in W/m?. AT is the variation be-
tween the operating temperature (T) and the nominal temperature
(Tref). Further, the reverse saturation current of a solar cell [35] will be
determined by

T\’ E AT
I, =1 — & 4
‘ <Tref> P (qAK> <TrefT) @

where Eg, is the band-gap energy of the semiconductor material and
I;s is the reverse saturation cell current for normal temperature and
irradiance levels. Substituting I and I in Eq. (1), then

Vov + IRee 1) } Vo + LR )

L, = Ly — I
4 ph 0 [exp <q AKT R:h

where I, is saturation current, q is charge of electron, Ve is cell
output voltage, K is Boltzmann’s constant, T is operating temperature, A
is ideality factor, Ry, Rsy are series and shunt resistance.

3. Proposed integer sequence-based encryption

The proposed methodology employs the integer sequence-based
encryption strategies which are discussed in the subsequent sections.

3.1. Integer sequence

An ordered sequence of integers is termed as an integer sequence in
mathematics. It can be defined explicitly by formulating its m™ term or
by inferentially demonstrating the relationship between its terms. In this
paper, three distinct popular integer sequences are employed in the
reconfiguration process which are described as follows:

3.1.1. Gijswijt’s series

In mathematics, Neil Sloane’s Gijswijt sequence [36] is a self-
describing mathematical series in which every term enumerates the
maximum number of repeated blocks of integers in the series
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immediately preceding that particular term. The Gijswijt’s series is
given as following:

1,1,2,1,2,2,2,3,1,1,2,1,2,2,2,3,2,1,1,2,1,2,2,2,3,2, I,.........

The definition of the sequence is identical to that of the Kolakoski
sequence, except that rather than counting the longest run of single
terms, it enumerates the longest run of the blocks of terms of any length.
This sequence is notable for its unusually slower growth rate. Example,
the number *4’ first appears in the 220th place, whereas number 5’ first
appears near the 1023rd place. By considering the series as a sequence of
alphabetical letters of natural numbers, the procedure of generating the
terms in the series [37] is described as

s ={,

where p is the greatest natural integer for which the word g(1)g(2)g
(3)g(4)....g(n) could be written in the format xyk for certain words x and
y, where y has the non-zero length. The sequence is base-independent. If
a sequence of 10 repeating blocks is discovered, the next number in the
series will be a single digit *10’, not a ‘1’ preceded by a ‘0'.

By definition, the series begins with 1. The length 1 of block of 1’s
immediately preceding it in the first place is represented by the ‘1’ in the
second place. The 2 in the 3 place indicates the length 2 of the 1% and
ond place’s block of 1’s. The series drops for the very first time at this
point: The length 1 of block of 2's in the 3" place, and also the length 1
of block “1, 2” spanning the 2" and 3™ places, are represented by the ‘1’
in the 4™ place. There has been no block of repeated series that is greater
than length 1 immediately prior to the 4 place. Since they are
disconnected by a different number in the 3™ place, the block of the two
1’s in the 1% and 2™ places cannot be considered for the fourth place.
The length 1 of "repeating* blocks such as 1", “2,1”, 71, 2,17, “1, 1, 2,
1” that just precedes the 5th place is represented by 1 in the 5th place.
Because none of these blocks are replicated, the 5™ place is 1. The length
of the repeating block of 1's immediately preceding the 6 place,
particularly the ones in the 4™ and 5% places, is represented by 2 in the
6t place. The ‘2’ in 7th place refers to the two repetitions of ”1, 1, 2”
block that spans the terms 1 to 3 and thereafter 4 to 6. This “three-
number word” appears twice before the 7™ place, yielding the 7 place
a value of 2’. The length of the repeating block of 2's immediately prior
to the 8™ place, notably the 2's in the 6™ and 7" places, is represented by
2 in 8t place. The number ‘3’ in the oth place indicates thrice-repeated
blocks of single 2's just preceding the 9 place, particularly the 2's in the
6™, 7 and 8™ places.

ifi=1

ifi=n+1 Q)

3.1.2. Euler zigzag series

The Euler Zigzag numbers are a series of integers in which each
element is alternately greater or smaller than the one before it [38]. It
describes how many alternate permutations are available for n elements.
Indicating the total number of alternating permutations on 'n’ elements
by E (n, k) for which the initial element is k. Then E (1, 1) = 1 and

0 fork>nork<1

E(n,k) = {E(n,k — D) +E(n—1,n—k) otherwise @

In Eq. (7), E(n,k) represents Entringer number. The number of per-
mutations of (1, 2, 3, 4..., n + 1), beginning with k + 1, which after
initially descending, alternately descend and ascend, are known as
Entringer numbers [39]. The Entringer numbers, E(n,k) are given by
E(0,0) = 1;E(n,0) =0

combined with the recurrence relation E (n, k) = E (n, k-1) + E (n-1,
n-k).

The numbers A(n) = E(n, n) are secant and tangent numbers given by
the Maclaurin series  sec(x)+tan(x) = tan(%+%) = Ag +A1x +A2§
+A3§ +A4’% ------ .= ,‘f’:o’%x” where A, represents Euler zigzag
numbers [38]. The Euler zigzag number sequence is followed as 1, 1, 1,
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2, 5,16, 61, 272, 1385, 7936, 50521, 353792..........
For all even numbers of ‘n’,

Au = (71)%En7
Where E, denotes the Euler number; and V odd numbers of ‘n’,

. 2r1+l 2n+] —1)B
A,, — (71)71 ( ) n+l7
n+1

Where B, denotes a Bernoulli number.

3.1.3. Equidigital number series

A natural number containing the same number of digits as that of the
number of digits in its factorisation in the selected number base, which
would include exponents however excluding exponents equal to one, is
called an equidigital number in number theory [36,40]. In base 10,
equidigital numbers comprise 1, 2, 3, 5, 7, and 10. Further, all prime
numbers seem to be equidigital numbers in any base.

Let Kj(n) = [logyn] +1, and b > 1 where, ‘b’ is a number base, Ky,(n)
is the number of digits in a natural number ‘n’ for b. The integer -
factorization of a natural number ‘n’ is

n= T »*

pln
p prime

Kn) = Y K@)+ Y. K(v(n)
pln P
p prime P prime

where v,(n) represents p-acidic order of integer of ‘n’ [39]. The first
few equidigital numbers are 1, 2, 3, 5, 7, 10, 11, 13, 14, 15, 16, 17, 19,
21, 23, 25, 27, 29, 31, 32, 35, 37, 41.... The aforementioned three
integer sequences are used in the transformation matrix of the encryp-
tion strategies which are detailed in the subsequent sections.

3.2. Cryptographic image encryption

In cryptography, image encryption is the process of effectively
rearranging the pixels to obscure the image’s visual content and disrupt
the correlation between the adjacent pixels [41]. The pixel values often
remain the same while being rearranged. Several image encryption
techniques have recently been proposed. Confusion and diffusion are the
two phases that the majority of image encryption techniques adopt. The
pixel coordinates are permuted using a scrambling approach in the
confusion phase, and the pixel values are altered using an inverse
function in the diffusion phase. An efficient encrypting algorithm re-
duces this correlation, which is substantially correlated between adja-
cent pixels in an image, to almost zero. The integer sequence
transformation such as Luca’s transform, Fibonacci transform etc. may
also be used to perform the matrix-based scrambling [42].

3.3. Encryption based on generalized transformation matrix

The fundamental transformation is represented by Eq. (8)
ZK = QZK,lmod M,k czt 8)

In the above equation (8), ‘Q’ is the scrambling transformation ma-
trix of dimension m x n whose elements are all positive integers, Ay,
Ag_1,Marem x 1vectorsand 0 < a;; < M;_fori=k—1,kandj=1,2,3,

and Ag=
(Ak1Ak2Ax 3+ Agn), M= (MMyMs---- ..M,,)’ represents module
vector where M; are non-negative integers denoting the maximum limit
of the respective ajj=(i, j = 1,2,3.....). The number of scrambling times of
a digital image is represented by a non-negative integer k. Further, the
symbol ‘+’ signifies the set of non-negative integers. The Eq. (8) can be
transformed into Eq. (9) in the case of an equal module, which is known

N 1 | considering ZK—l = (Ak—l.lAk—l,ZAk—l,B""‘Ak—l.n)
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as an equi-modulo transformation, i.e, M = (N N N---.N)'.

Ax = QAx_imod M,k € Z* 9

3.4. Transformation matrix-based two-dimensional mapping using integer
series

One of the easiest methods for encrypting the image with dimensions
(P x Q), where P denotes the image’s height and Q its breadth, is two-
dimensional mapping. In the digital image encryption process, the
pixel coordinates of an image are rearranged by using a transformation
matrix [43]. The transformation matrix stretches and shears the original
image realigning its pixels for encryption. Eq. (10) describes the form of
an invertible mapping that is used in matrix-based encryption.

x(i+1 boo b()l x(i

()’EH‘I;) - (blo bn) x (Yéig )modM (10)
where x(i) and y(i) € [0, M—1) x [0, M—1). The Eq. (10) encrypts the

image if (boo X b11) +(bo1 X b1p) = +1 making the scrambling invertible.
x(i), y(i) and x(i + 1), y(i + 1) are the original and relocated pixel co-
ordinates of the image, M is the order of the image. The three integer
sequences discussed in Section. 3.1 have the distinctive property of
uniformity. It is remarked that the 2 x 2 matrix constituted up of the first
four succeeding terms of the Gijswijt’s, Equidigital, and Euler zigzag
number series is a unimodular matrix and further include many of such
sets, which in effect repositions the pixel coordinates of matrix and can
therefore be utilized for encrypting the image. Employing these ap-
proaches improves the effectiveness of encryption by dispersing all
nearby pixels such that they are uniformly spaced from one another. The
basic structure of two-dimensional mapping-based encryption is given in
Algorithm. 1.

Algorithm 1. Basic Structure of 2D Mapping-based Encryption

1: Input: Original image I (i, j) whose dimension is (P x Q)
2: Generate coordinates x (i, j) and y (i, j) of the image

3: for each pixel I (i, j) do

4 PG, y60=1Gj

5: end for

6: Output: Encrypted image I' (i, j)

The cryptographic image encryption process typically uses a trans-
formation matrix to transform the pixel locations [43]. The trans-
formation matrices obtained by employing the integer sequences
successfully relocate the pixels. The integer series inspired Gijswijt’s
sequence-based transform improves encryption by dispersing all nearby
pixels such that they are equally spaced from one another maintaining
uniformity. As mentioned earlier, the transformation matrix formed by
the four subsequent terms of the Gijswijt’s sequence is indeed a
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unimodular matrix facilitating effective repositioning of the matrix’s
pixel coordinates and thus utilized for image encryption. The mapping
G : T>>T? that represents the generalized Gijswijt’s transform (GT) is as
follows:

Bgii 3} N [GGH g:;] Bgﬂm"d M an

where x and y € {0, 1, 2, 3,....N-1}, x(i),y(i) are the old pixel co-
ordinates and x(i+1),y(i+ 1) are the new pixel coordinates of the
image, G; is i term in a Gijswijt’s series, ‘mod’ is the arithmetic modulo
operator and M represents the size of the image in Eq.(11). Employing
the Gijswijt’s transformation matrix in encryption process, the old pixel
locations are replaced by the new locations. By representing
{ G Gina
G2 Gigs
formed by the consecutive terms of the Gijswijt’s series are given as

(g €[t (2 8] [1 or

} as GTj, the first, second and third transformation matrices

G Gu 11 Gy Gs 1 2
_|Gs Gs| _ |1 1|
16 G| |2 2|
For various values of 'i’, there exist many sets of the transformation
matrices of the Gijswijt’s series. The encryption process can be addi-

tionally improved by iterating Eq. (11) employing the operation given in
Eq. (12)

{;81 B} N [GG+2 g:} {;Eg]mod M,n>2 12)

Algorithm 2: Gijswijt’s/ Euler/ Equidigital Transform-Based Encryption
Procedure 2D mapping based cryptographic encryption

1: Input: Matrix of dimension (rows, columns)
2: Output: Optimal encrypted matrix with least correlation
3: Determine no. of rows, columns, size of matrix
4: Find out total number of shifts in matrix
5: Determine minimum number of rows and columns
6: Initialize the pixel coordinates (X, Y)
7: while (termination criteria is not met) do
//Implementation of Gijswijt's/ Euler/ Equidigital transform-based encryption
8: Extract largest symmetrical sub-matrix from (X, Y) coordinates
9: For x = X to (X + min [rows, columns]) do
10: for y =Y to (Y + min [rows, columns]) do
11: obtain new coordinates of ‘x’ from Eq. (12/13/14)
12: obtain new coordinates of ‘y’ from Eq. (12/13/14)
13: Swap old pixel coordinates with new pixel coordinates (x, y)
14: end for
15:  end for

(continued on next page)

(b)

Fig. 2. (a) Original image of living room and (b) its respective encrypted image.
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Fig. 3. Histogram analysis of original and encrypted images.

(continued)
16:  fori =1 to maximum shifts do
17: Apply Gijswijt’s/ Euler/ Equidigital transform-based encryption
18: if number of rows < number of columns then
19: Apply row coordinate shifting by one
20: Else
21: Apply column coordinate shifting by one
22:  end for

23:  end while
end procedure

By using Eq. (12), the pixels are effectively rearranged mitigating the
correlation between them resulting in successful encryption. Likewise,
the similar integer sequences such as Euler zigzag and equidigital
numbers can also form the unimodular transformation matrices thereby
suitable to be employed for encryption. The two-dimensional mapping
of the Euler zigzag-based transform (EUT) and equidigital-based trans-
forms (EQT) can be similarly obtained as follows
x(i+1 EU; EU, |"[x(i
ui - 1” - {EUHZ EUHJ {yéi;]m‘)d Mon=2 13
Where EU; is i term in a Euler zigzag series,
x(i+1 EQ, EQ.,1"[x(
ui T 1” - {EQH} EQi:} [ygi”m"d Mn=2 a9
Where EQ; is i term in a Equidigital number series. Improper se-
lection of elements in designing the transformation matrix (violating the
principles of the unimodular matrix) formed by the consecutive integers
of the proposed sequences leads to misleading/sub-optimal output.
Hence, the selection of the transformation matrix formed must be
selected appropriately for optimal output. The generalized pseudocode
of the Gijswijt’s/ Euler/ Equidigital transform-based encryption algo-
rithms is given in Algorithm. 2. The aforementioned proposed strategy
based on two-dimensional mapping has been implemented on the image
of a living room and the obtained encrypted image is shown in Fig. 2. It
is noted from the figure that the adjacent pixels of the original image are
uniformly scattered mitigating the correlation between them (in hori-
zontal, vertical, and diagonal directions) leading to a secure image

encryption. The horizontal, vertical, and diagonal correlation plots of
the original image are presented in Fig. 5 (a), and the correlation plots of

the encrypted image are further shown in Fig. 5(b).
4. Performance evaluation of proposed encryption strategies

To assess the encryption performance of scrambling algorithms,
correlation coefficient, histogram analysis and computational time are
often used tools which are discussed as follows:

4.1. Histogram analysis

The histogram is a graph or a plot which gives the idea about the
intensity distribution of an image. In order to assess how well the pro-
posed encryption strategy performs at preventing an intruder from
attempting to access the characteristic pixels of the image, histogram
analysis is a crucial security-based analytical tool [43] in image
encryption approaches. The histogram of Red Green Blue (RGB) chan-
nels of original image and encrypted image is shown in Fig. 3, and it
is remarked that the encryption algorithm generates flat/uni-
form histograms, yielding uniform intensity distribution implying that it
has strong resistance to various statistical attacks.

4.2. Correlation analysis

The digital images’ 8-bit nature constitutes a strong correlation be-
tween the neighboring pixels in all directions. This correlation can be
highly mitigated by effective pixel dislocation in image encryption
schemes. In the present study, the image is scrambled using the three
distinct integer sequence-based transforms, and the performance of
these encryption approaches is evaluated using the correlation coeffi-
cient [43]. An encrypted image obtained by a successful encryption
approach should have zero correlation ideally. The correlation coeffi-
cient of the pixels in an encrypted image can be obtained as follows

cov(A, B)

rAB) = H)o(B)

where cov(A, B) is covariance of A and B, () represents standard
deviation, A and B are two neighboring pixel sequences. Further, r(A, B)
is horizontal, vertical coefficient, and diagonal correlation coefficients,
respectively, when B is each A’s neighboring horizontal, vertical, and
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Fig. 4. Range of correlation coefficient (r).
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diagonal pixel.

The correlation between two neighboring pixels is then determined
using the r(A, B) function in terms of the horizontal, vertical, and di-
agonal directions. There is a strong correlation between the neighboring
pixels if r(X, Y) is closer to one. In contrast, the correlation between the
neighboring pixels is low if r(X, Y) is close to zero. Generally, the original
image’s correlation coefficient is almost one, which means that the
correlation between different orientations in the image is very high. The
range of correlation coefficient is shown in Fig. 4. The pixels of an image
are distributed uniformly in the encrypted images in horizontal, vertical,
and diagonal directions. The distribution of pixels represented by cor-
relation scatter plots before and after encryption of the living room
image is shown in Fig. 5 taking the old coordinates on x-axis and new
coordinates on the y-axis. The original 9 x 9, 5 x 10, and 4 x 4 matrices

100
Pixel gray values on coordiantes (x, y)

(b)

Fig. 5. Correlation scatter plots in horizontal, vertical, and diagonal directions of (a) original and (b) encrypted image.

50 100 150 200
Pixel gray values on coordiantes (x, y)

150 200 250 250

and the obtained encrypted matrices by the proposed GT, EUT, and EQT
approaches are shown in Fig. 6. As noted in Table. 1, the encrypted
image’s correlation coefficients, however, are nearly zero in all di-
rections, which suggests that there is hardly any correlation between the
adjacent pixels signifying that the encryption effect produced by the
proposed encryption strategies is effective and resistant to statistical
attacks. The optimal values (from Table.1) of various metrics [44] such
as mean square error (MSE), peak signal-to-noise ratio (PSNR), corre-
lation, structural similarity index (SSI) obtained by the proposed ap-
proaches proves them to be efficient to be employed for intelligent
reconfiguration.
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Fig. 6. Original matrices and the proposed GT, EUT and EQT approaches-based encrypted matrices.

Table 1
Distinct encryption performance metrics of proposed techniques for different
array sizes.

Array Technique Correlation MSE SSI PSNR
9x9 GT + 0.00001 1346.7 +0.02621 —31.2926
EUT —0.000990 1378.1 —0.00570 —31.2969
EQT + 0.00001 1346.7 +0.02810 —31.2926
5 x 10 GT +0.03000 404.00 —0.00481 —26.0638
EUT +0.02521 406.10 +0.00022 —26.0853
EQT +0.03000 404.30 +0.00774 —26.0638
4 x4 GT —0.01980 257.500 —0.01947 —24.1078
EUT —0.01980 257.500 —0.01947 —24.1078
EQT —0.01980 257.500 —0.01947 —24.1078

4.3. Distinctiveness and application of integer-based encryption strategies
in reconfiguration

Encrypting the digital image for better security decorrelates the
adjacent pixels by adding confusion and diffusion to it as the image
constitutes a lot of pixels grouped together having a strong correlation
between them. Likewise, the PV array also constitutes a number of PV
panels connected in series and parallel. When a particular row or portion

Node A

of the array is shaded, there exists a considerable mismatch with respect
to the unshaded row/ portion of the array. Dispersing the shade over
distinct rows and reducing its effect in a particular row is the efficient
solution to enhance the GMP. The distinctive characteristic feature of
decorrelating the adjoining pixels of an image in encryption is the best
possible solution for reconfiguring the array to reduce the correlation
between the neighboring shaded panels in a row thereby reducing the
mismatch between irradiation of distinct rows of a PV array. For
implementing this unique feature of encryption, an individual PV panel
is considered as a pixel and the total PV array as the image consisting of
many pixels. The encryption-based reconfiguration is executed by
configuring the panels of an array according to the arrangement of the
encrypted matrix obtained by the proposed Gijswijt’s/ Euler/ Equi-
digital transform-based algorithms.

Unlike most existing reconfiguration strategies that disperse the
shade randomly, employing the encryption-based algorithms perform
intelligent shade dispersal for equalizing the irradiations. This guaran-
tees consistent and superior performance under any type of shading
condition contrasting the existing strategies. The electric circuital in-
terconnections remain the same while the solar PV array is reconfigured
according to a predefined rearranged matrix pattern evolved using the
proposed transform-based algorithms. By executing this, the shading
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Fig. 7. Topology arrangement of (a) conventional TCT and (b) proposed GT-based array configurations.
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Fig. 8. General overview of the proposed encryption-based reconfiguration strategy.

effect is mitigated highly while the array’s electrical properties are
preserved. The architectural topological structure difference between
TCT and proposed GT-based configurations is demonstrated in Fig. 7,

Table 2
Obtained GMP (in Watt) for 9 x 9 array under Case-1 to Case-5.

where the panels of the TCT-configured array are rewired electrically or Approach Case-1 Case-2 Case-3 Case-4 Case-5
repositioned physically based on the proposed rearranged matrices. TCT [8] 12,441 12,441 11,769 10,173 13,704
In the TCT-configured PV array, as shown in Fig. 7(a), panel number SDK [17] 13,491 13,403 10,943 13,387 12,903
“34" is in the third row and fourth column (between Node-C and Node- 05 [18] 13,490 13,648 11,635 13,678 13,234
D). However, based on the obtained rearranged matrices, this panel is 0SB 1191 13,681 13,385 12,239 13,493 12781
NOS [19] 13,491 13,259 11,431 13,464 13,403

now positioned in the second row and third column, or between Node-B FP [20] 13,491 13,679 10,748 13,387 13,302
and Node-C, as shown in Fig. 7(b). Likewise, all of the PV panels are IS [21] 13,681 13,487 11,922 13,366 12,191
effectively/optimally configured to distribute the shadow uniformly SKP [22] 13,491 13,491 11,635 13,491 12,937
using the encrypted matrices. For example, if the PV panels (PV55, 2;“[/2152]3| 12’231 ii’ig; 1(1)’333 12’332 12"7%2
PV24, PV43, PV12 and PV31) of the first row of the reconfigured array MDS [25] 13,491 12,924 11,943 13,491 12,936
are shaded, this row-wise shade is disseminated to all rows, balancing LS [26] 13,491 13,403 11,649 13,491 11,649
the irradiation across the rows and mitigating the mismatch as these SMT [27] 13,260 13,258 11,413 13,471 12,796
panels are physically positioned in the first row while are electrically NCI [28] 13,381 13,319 10,373 12,760 12,652
. . . OE [29] 12,911 12,171 8968.7 12,139 12,733
interconnected to different rows. The general overview of the proposed OEP [30] 12,190 12,180 11,633 13.319 12,890
encryption-based reconﬁguration strategy is shown in Flg 8. NA [31] 12,884 12,884 9684.4 12,884 10,663
CB [32] 13,262 13,262 11,413 13,262 13,704

5. Results and discussion HM [33] 13,295 13,295 11,770 12,884 13,704
SPP [34] 12,884 12,884 9611.1 13,522 12,171

The efficacy of the proposed GT, EUT, and EQT approaches has been g:zﬁz::g E;T 3:222 3:222 E;iz 122231 122;82

experimented with and analyzed in MATLAB for distinct TCT-configured Proposed EQT 13,694 13,694 12,240 13,491 13,704
symmetrical 9 x 9, 4 x 4, and unsymmetrical 5 x 10 PV array sizes and
their effectiveness is compared with the 20 existing strategies under 24
distinct shading conditions. A KG200GT-200 W PV panel has been used
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Fig. 9. (a) Different shading cases and respective shade dispersal by (b) GT, (c) EUT, (d) EQT for 9 x 9 array.

throughout the analysis. The respective shaded and unshaded PV panels
are considered to obtain the solar irradiance of (500 W/mz, 300 W/mz)
and 900 W/m? in the simulation studies.

e The obtained results of the proposed approaches for a 9 x 9 array are
compared with the conventional TCT[8], and existing SDK[17], OS
[18], OSB[19], NOS[19], FP[20], IS[21], SKP[22], ADV[23], CS
[25], MDS[25], LS[26], SMT[27], NCI[28], OE[29], OEP[30], NA
[31], CB[32], HM[33], SPP[34] techniques under Case-1 to Case-5
shading scenarios.

The effectiveness of the proposed approaches is further verified for
the 5 x 10 unsymmetrical PV array under Case-11 to Case-16 and
their performance is compared with the TCT [8], OE [29], OEP [30]
configurations.

The obtained GMP values of various configurations of a 9 x 9 sym-
metrical PV array during the considered shading cases are presented in
Table.2. The inclusive quantitative and qualitative comprehensive
analysis of the proposed configurations is detailed in the subsequent
sections:
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5.1. Study on symmetrical 9 x 9 PV array

During shading Case-1, the top-right part of the array is considered to
be shaded where the shaded and unshaded panels receive the irradiation
of 500 W/m? and 900 W/m?. It is remarked from Fig. 9 that the proposed
GT, EUT, and EQT approaches exhibit uniform shade dispersion over the
array thereby alleviating the mismatch between distinct rows. The PV
characteristics of all the studied configurations are shown in Fig. 10. The
TCT configuration yields the GMP of 12441 W, whereas the proposed
approaches yield 13694 W which is the highest among all the existing
ones. The GMP is enhanced by 10.07% employing the proposed tech-
niques. Followed by the proposed ones, the existing OSB and IS exhibit
9.97% gain. However, both OSB and IS are not scalable to unsymmet-
rical arrays. Whereas the existing puzzle-based SDK, NOS, FP, OS, SKP,
LS, ADV, CS, and MDS exhibit an enhancement of nearly 8.3%. Again,
these techniques are also not scalable for all array sizes. The recently
proposed chaotic CB and HM strategies offer the enhancement in the
range of (6.5-6.6)%. Further, the OE technique despite being scalable to
all arrays yields only 3.78% gain due to its poor and indiscriminate
shade dispersion. The OEP strategy, which is the improved version of
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Fig. 10. Power-voltage (PV) characteristics of 9 x 9 symmetrical array under (a) Case-1 to (e) Case-5.

OE, fails significantly under Case-1 lowering the GMP by 2.02%. On
contrary, the proposed techniques yield the highest GMP with the
improved array characteristics as shown in Fig. 10.

The shading pattern considered in Case-2 is the same as in Case-1,
but it occurs at a different location in the array, as illustrated in
Fig. 9. Even in this case, the proposed approaches yield the highest GMP
of all, with a 10.07% increase in GMP. The performance of all other
techniques, on the other hand, has been varied, exhibiting different
values of enhancement. On contrary, the performance of the proposed
configurations is unaffected by the change in the shadow location in the
array. The existing OSB and IS, which generated a 9.97% gain in Case-1,
now yield 7.59 and 8.41 % gains, respectively. The existing OS and FP
techniques yield about 9.7% gain. However, both of these techniques are
not implementable for all array sizes. The performance of the puzzle-
based IS and SKP techniques are on par with each other exhibiting
about 8.41% gain. The recently reported MDS enhances the GMP by
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8.44% in Case-1, but in Case-2 it enhances by only 3.88% exhibiting
highly inconsistent performance. Further, the NA and SPP strategies
yield very little enhancement of only 3.56%. Both the number-based OE
and OEP approaches exhibit quite unsatisfactory performance reducing
the GMP by 2.17%. The arbitrary reconfiguration process of existing
approaches is primarily responsible for this inconsistency and variable
performance.

In the Case-3 shading pattern, the shaded panels of the array are
considered to be shaded by two irradiation levels. Under this case, very
few reconfiguration techniques exhibit GMP enhancement among which
the proposed GT, EUT, and EQT, and the existing OSB strategies take
first place enhancing the GMP by 4.01%. Notwithstanding, the existing
OSB has very limited application as mentioned in Section.1. Besides, the
recently developed IS, ADV, and MDS strategies yield only about a 1.3%
increase. Very recently reported chaotic-based-HM failed in augmenting
the GMP and its performance is on par with the conventional TCT.
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Fig. 10. (continued).

Further, the puzzle-based OS, SKP, and LS techniques show inferior
performance lowering the output by 1.14%. The existing SMT, NOS, and
CB configurations generate about 3.02 % less GMP than that of the
benchmark TCT configuration. Furthermore, the existing logic-based CS
and FP offer the most undesirable performance decreasing the output by
8.68% and 6.89% respectively. Similarly, due to the uneven shade
dispersion by SPP, NA, and NCI approaches, they lower the output
drastically by 18.34%, 17.71%, and 11.86% respectively. Despite being
adaptable to all PV array sizes, the analytical-based OE delivers the most
unsatisfactory results among all, diminishing the GMP by 23.79 %. Even
under varying irradiation levels at distinct locations of PV array (from
Cases-2,3), the proposed techniques proved their effectiveness in
delivering consistent behaviour.

The lower part of the array is considered to be shaded in a triangular
pattern as shown in Case-4. During this case, the proposed approaches
including most of the existing ones-perform well in distributing the
shade to mitigate the shading losses and mismatch in row currents by
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balancing the irradiation. The existing OS strategy despite yielding the
highest GMP by delivering 34.45% enhancement fails to be employable
for asymmetric PV arrays. On par with, the proposed approaches
enhance the output by 32.63% mitigating the shading impact signifi-
cantly. Further, the performance of the existing OSB, SKP, LS, MDS,
SMT, and NOS is also almost on par with the proposed ones under this
shading. Following these, the puzzle-based SDK, FP, IS, ADV, CS,
analytical-based OEP, and the chaotic-based CB techniques augment the
GMP by about 31.5%. The existing NCI, NA, and HM techniques deliver
a sub-optimal result yielding an enhancement in the range of
(25.43-26.65) %. The number-based OE performs poorly once again,
resulting in the lowest GMP enhancement among all the considered
strategies.

During Case-5, the effectiveness of the considered configurations is
validated under a typical diagonal shading as shown in Fig. 9(a). The
proposed GJ, EUT, and EQT, and the existing CB, HM approaches
disperse the shade discriminately thereby yielding the optimal output. In
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Fig. 11. Shade dispersion by various existing approaches (a)-(j) for Case-5 shading.

contrast, all other existing techniques underperform significantly (from
Fig. 12) because of non-uniform shade dispersal (as shown in Fig. 11)
due to their arbitrary approach of reconfiguring the array. In this case,
the conventional TCT configuration yields 13704 W, whereas all the
exiting techniques deliver much lower power compared to TCT. For
instance, the puzzle-based SKP, OS, FP, NOS, and ADV yield 12937 W,
13234 W, 13302 W, 13403 W, 13488 W which are lowered by 5.6%,
3.43%, 2.93%, 2.20%, and 1.58% respectively. Besides, the existing
SDK, OSB, SMT, NCI, IS, SKP, OE, OEP, CS, and MDS techniques deliver
quite inferior performance lowering the output in the range of (5 to 10)
%. Furthermore, the LS and the SPP also yield undesirable results
mitigating the GMP by 14.85% and 11.04% respectively. Similarly, due
to the high diagonal correlation between the panels of the array in NA
configuration (as shown in Fig. 11), it delivers the most substandard
performance lowering the GMP by 22.06%.

It can be noticed from Fig. 12 that certain (few) techniques exhibited
performance on par with the proposed strategies in some cases, but it is
clearly evident that those existing techniques have yielded inferior
performance in the remaining cases. Their reliability is highly ques-
tionable due to their highly inconsistent results for all the five cases: for
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example, the existing IS strategy [18] yielded the GMP enhancement of
utmost 9.97% (in Case-1) which is good but its performance in other
respective cases are 8.41%, 1.3%, 31.39%, —11.09% which clearly
shows that the IS strategy is not only highly inconsistent but also un-
reliable. Whereas, for the same cases (2-5), all the proposed strategies
yielded GMP enhancement of 10.07%, 4.01%, 32.62%, 0%. In Fig. 13,
the comparison of the proposed techniques with the OSB, IS, FP, OS are
highlighted among the existing 17 techniques because these existing
techniques performed slightly on par with the proposed ones in few
cases and the remaining 13 techniques are considerably inferior to
proposed ones in all the cases. It is noted from Figs. 9-13 that the pro-
posed ones offered best performance under all shading cases, whereas
the existing ones performed better only under few cases and inferior
performance under majority cases.

Apart from the consistency of any strategy, another crucial charac-
teristic to be considered is scalability/compatibility of a strategy. As the
significance of the strategy’s consistency is completely futile and be-
comes baseless if it cannot be scalable/compatible in the first place. For
suppose the existing OSB [18] and IS [21] which are puzzle-based
strategies are proven to be scalable just for few symmetrical PV arrays
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Fig. 13. Comparison of strategies in terms of consistency and scalability.

and are undoubtedly not scalable for the unsymmetrical arrays. So,
keeping in view of the above-mentioned factors, the most pragmatic
approach should be obtaining consistency and scalability hand in hand.
From the in-depth analysis of the various existing strategies for 9 x 9 PV
array, the proposed strategies offer a consistent, superior and perfor-
mance reliability under all shading conditions. Due to the intelligent
shadow dispersal strategy through optimal reconfiguration of panels by
the proposed approaches, the row current mismatching between various
rows has been mitigated significantly. Further, to strengthen the anal-
ysis, the proposed GT approach is tested under a few more common
shadowing cases depicted in Fig. 14. The other two proposed approaches
also yield the same results. It is observed from the figure that the pro-
posed GT exhibit superior shade dispersion during all conditions with
significant enhancement in the GMP.

5.2. Study on unsymmetrical 5 x 10 PV array

The feasibility and effectiveness of the proposed approaches have
been validated for a medium-range 5 x 10 unsymmetrical PV array for
six different shadowing cases (shown in Fig. 15). Except for a few,
almost all existing static reconfiguration approaches [17-28,31-32] are
compatible and scalable for unsymmetrical PV arrays. Very recently, the
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analytical-based Odd-even (OE), and Odd-Even-Prime (OEP) ap-
proaches have been proposed to reconfigure the unsymmetrical PV ar-
rays to mitigate the shading impact. The effectiveness of the proposed
GT, EUT, and EQT has been proven once again for the unsymmetrical
arrays since they yield the highest GMP under all shading conditions
(from Table.3). Further, due to the intelligence involved in the recon-
figuration process reducing the correlation between neighboring mod-
ules, the shade is uniformly dispersed thereby balancing the irradiations
in all rows. This remarkable and distinctive feature of the proposed
approaches has led to significant enhancement in the obtained array
characteristics with reduced MPPs.

The reduction in MPPs is highly advantageous for the MPPT con-
trollers in detecting and tracking the GMP within a short span. It is
remarked from Fig. 16 that the PV characteristics obtained by the pro-
posed approaches have only one power peak facilitating the better
functionality and reduced cost of MPPT controllers. On the other hand,
the existing OE, OEP, and conventional TCT yield lowered output with
numerous power peaks making the detection and tracking of GMP a
challenging task for the MPPT controllers. Hence, it is noteworthy to
state that the proposed techniques not only maximize the GMP but also
enhance the array characteristics minimizing the no. of MPPs.

5.3. Experimental validation of the proposed approaches

The laboratory and the outdoor experimental prototype models of
the proposed GT, EUT, and EQT reconfiguration approaches have been
developed for a 4 x 4 array as depicted in Fig. 17. The prototype test
bench contains sixteen 3-Watt PV panels, a solar irradiation emulator
comprised of numerous double ended halogen bulbs having a control
knob to regulate the intensity, a variable sliding adjustable rheostat that
operates as a load, banana connector plugs to re-configure the PV array
in distinct configurations, few interconnecting ties for connecting the
panels, transparent polythene sheets to limit the incident irradiation to
simulate different shading conditions. The specifications of the PV
panels used in the experimentation has been given in Table.5 of Ap-
pendix. To measure the PV array current and voltage, two SM7023A
auto-range digital multimeters were installed in series and parallel to the
PV array.

Homogeneous irradiation levels are maintained across all PV panels
due to the proper placement of halogen lights over the panels. The
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Fig. 14. (a) Additional shading cases of 9 x 9 array and (b) the corresponding dispersion by proposed GT approach.
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Fig. 15. Distinct shading cases of 5 x 10 array.

provided on each PV module of the prototype, allowing it to be recon-

Table 3 figured through banana plug connections in distinct configurations. The
Obtained GMP (in Watt) for 5 x 10 array under Case-11 to Case-16. array terminals are interconnected to a variable rheostat, that could be
Approach Case- Case- Case- Case- Case- Case- adjusted to fix the resistance value for maximizing the power harvesting
11 12 13 14 15 16 from array. No additional electric and electronic equipment or devices
TCT [8] 8371.1  7952.0  7309.3  8756.5 77809  8615.8 are needed for hardware execution since the proposed topologies are
OE [29] 8389.7 81142 73187  9307.8  8556.1  8251.0 fixed and static. The developed 4 x 4 conventional TCT PV array yields
OEP [30] 91351 85162  8198.8  8351.8 77964  8842.1 17.2 W under unshaded conditions in the indoor experimentation, with
Proposed 9515.5  9023.2  8818.8 93627 8762.0  9021.6 . - . L o
GT operational temperature and incident irradiation from the irradiation
Proposed 9515.6  9022.3 8818.8 9309.0 8562.9  9021.5 simulator measured to be about 320 W/m? and 29 °C respectively.
EUT
Proposed 9516.6  9024.3  8819.8  9366.7  8763.0  9022.3 e The performance of proposed approaches for a symmetrical 4 x
EQT

4 array is tested indoors under Case-17 to Case-20 shading scenarios.

o Besides, for better practical realization, they are also tested outdoors
under different shadowing conditions as illustrated in Case-21 to
Case-24 of Fig. 18. The unshaded and shaded panels in the outdoor
environmental setup are measured to receive about 700 W/m? and
250 W/m? irradiances.

irradiation from a single halogen light can generate 400 W/m?. The
incidence irradiance and operating panel temperature are measured
using a TM-206 digital solar power meter and a carent HTD8813C dig-
ital infrared temperature gun. The positive and negative tapings are

15
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Fig. 16. Power-voltage characteristics of 5 x 10 unsymmetrical array under (a) Case-11 to (f) Case-16.

e The performance of proposed techniques is contrasted with the
conventional TCT, and veryrecent OE [29] and OEP [30]
approaches.

The obtained array’s PV characteristics under these cases are shown
in Fig. 20. It is noted from the figure that the highest output is obtained
by the integer sequence-based proposed approaches due to their supe-
riority in evenly dispensing the shade over array. The OE and OEP ap-
proaches, on the other hand, yield lower performance due to arbitrary
process of reconfiguration, while being scalable to unsymmetrical ar-
rays. In the evaluated eight shading-

-cases, the existing OE and OEP yields the highest output only in 2
out of 8 and 3 out of 8 cases, respectively, whereas all the three proposed
GT, EUT, EQT yield highest output under all the considered 8 cases
exhibiting superior and consistent performance. Further, the obtained
experimental results (in Fig. 19) are compared with that of the simula-
tion results (in Fig. 20) and both are found to be close to each other.
From the qualitative and comprehensive investigation, it has been
ascertained that the proposed integer sequence-based encryption ap-
proaches are highly preferred for reconfiguring both the unsymmetrical
and symmetrical array sizes.

6. Qualitative comparison of proposed techniques with state-of-
the-art techniques

The efficiency of the proposed approaches in comparison to the
contemporary state-of-the-art methods in terms of distinct parameters
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has been tabulated in Table.4.

e Unlike the AI approaches [8-9] like Fuzzy logic-based, the proposed
approaches does not involve switching matrix, optimum switching
matrix selection and further eliminates the memory-related issues for
switching matrix operation.

The EAR-based strategies [10-11] require a controller to provide the
switching pulses for power electronic switches in accordance with
the required shade dispersion. Additionally, they need a lot of
switching patterns to identify the optimal way to reconfigure a PV
array. On contrary, the proposed strategies eliminate the need for
these steps.

The proposed techniques evade the drawbacks of population-based
metaheuristic optimization algorithms [12-16] such as high
dimensional search space, convergence & parameter selection-
related issues, methodology issues, being stuck at local optimum,
weighting factor selection challenges, massive computations, high
computation time, etc.

Contrary to the existing puzzle-based and logic-based methodologies
[17-25], the proposed approaches are fully scalable and compatible
with all array sizes of array. Further, the proposed configurations
disperse the shade discriminately and uniformly through the intel-
ligence involved in their encryption-based methodology process.
The proposed reconfiguration methodologies successfully rectify
numerous drawbacks of the existing magic square-based [26], shift-
based [27,31], and index-based [28] approaches, including poor
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Fig. 17. Experimental prototype setup of reconfiguration system in (b) laboratory and (c) outdoors.

scalability, a high correlation between the diagonal arrangement of
panels, inconsistency, etc.

The analytic-based OE [29] and OEP [30] techniques, despite being
scalable to any array size yield inconsistent performance possessing a
high correlation between the adjoint shaded panels row-wise. In
comparison, the proposed ones are not only universally compatible
but also consistently superior under shading conditions.

In chaotic approaches [32-33], there exists a very high correlation
between the row-wise panels and the diagonally arranged panels
thereby exhibiting a significant mismatch in the PV array. In
contrast, the proposed approaches significantly mitigate the corre-
lation between the adjoint shaded panels (in the column, row, and
diagonal directions) reducing the row current mismatch in the array.

7. Conclusions

The extensive literature on different reconfiguration strategies is
thoroughly explored, along with the benefits and drawbacks of each.
Most existing strategies suffer scalability and practical feasibility issues,
exhibiting arbitrary shade dispersal and distorted array characteristics.
Hence, three novel PV array reconfiguration approaches have been
proposed using integer sequence-based image processing to optimize the
array output by mitigating the mismatch under PSC. The proposed ap-
proaches overcome the drawbacks of the existing ones.
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e The proposed strategies have been extensively studied for different
symmetrical 9 x 9, 4 x 4 and 5 x 10 unsymmetrical PV arrays using
the power-voltage characteristics.

e The effectiveness of the proposed strategies has been analyzed and

contrasted with the 20 existing strategies during diverse 24 shading

conditions.

On contrary to existing approaches, the proposed ones disseminate

the shade intelligently by optimally reconfiguring the array using the

encrypted matrices obtained by the integer sequence-based trans-
forms equalizing the irradiation and mitigating the mismatch.

e An experimental hardware prototype model has been developed and
tested on a 4 x 4 PV array in the laboratory and outdoor environ-
ments under eight distinct shading conditions.

It is remarked from the overall analysis that the performance of the
proposed strategies is on par with each other yielding superior and
consistent performance with significantly enhanced PV array charac-
teristics and reduced peaks. This distinctive feature facilitates the easy
and rapid tracking of GMP by the MPPT controllers further eliminating
the need for advanced, complex, and sophisticated controllers. There-
fore, employing the proposed intelligent reconfiguration approaches
ensures the extraction of optimal power from the partially shaded PV
arrays rapidly and confirms to be the need of the moment.
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Fig. 18. (a) Different shading cases and (b)-(d) respective shade dispersal by proposed approaches of 4 x 4 array.
[C_J7cT [81[_] OE [29] [ oEP [30] [ GT [ EuT [l EQT [C_JTcT [81[_] OE [29] [ oEP [30] [ GT [ EuT [ EQT
! RER REX 30{ 3 333 3 333
= IIS I — © 00 0 © © O o © ©® o
g g & 3. 228
;14_ 2 DWW WY W 2% w8888 ;27_ 33 28
£ oo 98888 oda dnnaa | £ 5| |8 PR 83
-] <M == < monnrr 5 33
8129 5 = £24- 333
> > YRR
(] o )
$10{ £ 214 3
e | @ 3 g 8 3¢
Case-17 Case-18 Case-19 Case-20 Case-21 Case-22 Case-23 Case-24
(a) (b)

Fig. 19. Obtained experimental results in (a) indoor laboratory and (b) outdoor environment.

8. Future scope

In the future, these strategies can be adapted in dynamic array r-
econfiguration processes to determine the optimized switching matrix
pattern. Implementing this into operation can circumvent the drawbacks
of metaheuristic and distinct optimization algorithms. Additionally,
integrating the MPPT control strategies to the proposed cryptographic-
based reconfiguration strategies for tracking the maximum power
can be further explored for residential rooftops, commercial, and utility-
scale PV installations.
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Table 4
Qualitative comparison of various reconfiguration strategies with proposed ones.
Technique P, Py P3 Py Ps Pe P, Pg Py
Conventional [8] VH L - VH VH - - VL L
Al-based [8-9] H M VL H H M VH H VH
EAR-based [10-11] M M VL H H M VH H VH
Metaheuristic [12-16] VH H H L L H VH VH VH
Puzzle-based [17-25] L M M M M L - L L
Magic square-based [26] VL M M M M L - L L
Shift-based [27,31] L M L H M VL - L L
Index-based [28] L M L M M VL - L L
Analytic-based [29-30] VH M VL VH VH VL - M L
Chaotic-based [32-33] M M M M H M - M L
Proposed GT, EUT, EQT VH VH VH VL VL VH - L L

(P;) Scalability, (P2) GMP Yielded, (P3) Uniform shade dispersion, (P4) Mismatch between rows (row currents), (Ps) No. of power peaks, (Pg) Consistency, (P7) Need for
switches & sensors, (Pg) Algorithm complexity, (Pg) Total system cost. (-): Nil, L: Low, M: Medium, H: High, V: Very.

Appendix
Table 5.

Table 5

Specifications and parameters for PV panel used in experimentation.
Specification Symbol Rating
Maximum power Puvpp 3w
Maximum power voltage Vvpp 9.01V
Maximum power current Ivpp 0.34 A
Open circuit voltage Voe 10.8V
Short circuit current Tse 0.38 A
Number of Cells Neell 36
Dimensions 315 x 200 mm
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