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ABSTRACT

The conventional PV array configurations fail to eliminate the ill effects of partial shading (PS) thereby
resulting in mismatch losses. PV array reconfiguration is considered as the most competent solution
for shading-related issues. However, many reconfiguration techniques reported in the literature fail
to disperse the shade effectively, not compatible with large-scale arrays, and are not generalized for
all array sizes. To overcome these limitations, a highly efficient generalized Henon Map technique
which is extensively used in the image encryption process is proposed in this paper to reconfigure
the PV array. The proposed technique is extensively analyzed for 9 x 9,8 x 8,4 x 4,3 x 5and 4 x 3
PV arrays under distinct shading patterns with seven parameters. The obtained results are compared
with conventional Series-Parallel, Total-Cross-Tied, and very recently reported Odd-Even, Odd-Even-
Prime, Chaotic Baker's Map, Magic square, and Diagonal-TCT reconfiguration techniques. Besides, an
experimental prototype model is developed and tested under artificially shading conditions to val-
idate the competence of the proposed configuration. From the comprehensive analysis, it is noted
that the proposed technique offers consistently superior performance with the least percentage mis-
match and maximum power enhancement of 24.17%, 25.65%, and 47.81% for various shading cases
of 9 x 9,8 x 8,and 4 x 4 PV arrays, respectively. Further, a qualitative comparative assessment of the
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proposed technique with other state-of-art techniques is presented.

1. INTRODUCTION

Photovoltaic (PV) power generation is preferred over
other renewable technologies due to its diverse advan-
tages. However, the PV array which generates power
is subjected to regularly occurring and irresistible phe-
nomenon known as Partial Shading (PS), which is caused
due to long building, trees, bird-droppings, soil, dust and
snow accumulation, efc. [1]. The shading of PV modules
in an array leads to the development of hotspots which
further prompts serious fire hazards [2]. To protect the
modules from hotspot heating, bypass diodes are incor-
porated in parallel to the modules. These diodes bypass
the current under low-irradiation or PS conditions safe-
guarding the panel preventing from large current concen-
trations. Nevertheless, employing these diodes stimulates
multiple power peaks (MPPs) in the characteristics of the
PV array [3,4]. Further, the power obtained by the mod-
ule is also lost due to bypassing of panels and thus leading
to lower output.

Maximum Power Point Tracking (MPPT) systems are
considered to be the possible solution for PS. A com-
prehensive review on conventional, hybrid, and recent
soft computing MPPT-based algorithms for tracking
global maximum power (GMP) has been reviewed in [5].

©2023 IETE

The commonly used MPPT algorithms are perturb and
observe (P&O), hill climbing (HC), incremental conduc-
tance (INC), efc. [5]. Despite their effective performance
in tracking the maximum power of the array, installing
these controllers is a complex task and not economically
feasible. Further, many of the classical MPPT techniques
fail to track the

GMP under shading conditions and hence require
costly and sophisticated MPPT controllers, which is
not a viable solution. The improved version of the
P&O MPPT approach that divides the P-V character-
istics into four operating regions based on the estima-
tion of the open-circuit voltage method is proposed to
enhance the tracking speed of the PV system in [6].
A new biological-inspired squirrel search optimization
algorithm-based global MPPT strategy with fast con-
vergence and lesser power oscillations is proposed in
[7]. Recently, a novel three-stage current-mode MPPT
strategy with fixed and variable current-perturbation
steps [8] has been proposed to enhance its performance
and robustness. Employing a voltage scanning-based
MPPT strategy tracks the GMP using low-level and sim-
ple microprocessors within a short time under complex
shading conditions [9]. However, MPPT systems, despite
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Table 1: Literature review of various static and dynamic reconfiguration techniques

Reconfiguration

Author, year Technique Type Array size Remarks Limitations/shortcomings
Parlak [11], Electrical Array Dynamic 3x4 Employs a fixed and adaptive part, Not feasible for larger PV array sizes Increased
2014 Reconfiguration controllers, switches and switching system complexity due to huge number of
(EAR) matrix for reconfiguration switches and sensors
Deshkar [12],  Genetic algorithm (GA) Dynamic, 9x9 Tested under short wide, short narrow, Involve large computations, problems
2015 Metaheuristic long narrow shading cases related to convergence, necessitate large
search space and the selection of tuning
Babu [13],2018 Particle Swarm Dynamic, 9x9 Reconfiguring the panels by modifying ~ parameters is a difficult task. All these
Optimization (PSO)  Metaheuristic the electrical circuitry strategies use a weighted sum approach in
Yousri [14], Grey Wolf Optimization Dynamic, 9x9 Finds the optimal structure for solving it as a multi-objective optimization
2020 (GWO) Metaheuristic switching matrix for reconfiguration  Problem. Choosing optimal weights is quite
Yousri [15], Modified Harris Hawks Dynamic, 9x9, Finds the optimal structure for challenging and the selection of improper
2020 Optimizer Metaheuristic 6 x 4, switching matrix for reconfiguration weights may result in sub-optimal output
6 x 20
Pachauri [16],  Arduino-based Dynamic 3x3 Electrical circuitry is changed by Practical feasibility issues with large-rated
2019 Arduino based-relay control strategy  systems, cost-ineffective solution for PS
Varma [17], MMTES algorithm Dynamic 3x3, Reconfiguration using maxi- Algorithm complexity increases with array size.
2021 3x4 mum-minimum tier equalization Enormous computational burden
swapping algorithm
Bouselham Fuzzy logic (FL) Dynamic 1x1, Employs a fuzzy logic-based controller Experimentally analysed only for 1 x 1 PV
[18],2021 4x4 to dynamically reconfigure thearray ~ array, highly infeasible for larger arrays
Rani[19],2013 Sudoku Static 9x9 Shade dispersion by sudoku puzzle Cannot be applicable other than 9 x 9 array
pattern sizes, there exists large no. of solutions
Krishna [20],  Optimal sudoku Static 9%9 Shade dispersion by optimal sudoku available for sudoku puzzle and finding
2019 pattern the optimal sudoku pattern is extremely
Rajani [21], Modified sudoku Static 9%9 Shade dispersion by modified sudoku ~ challenging, first column is unchanged in
2021 pattern some sudoku puzzles
Anjum [22], Hyper sudoku Static 9x%x9 Shade dispersion by hyper sudoku
2021 pattern
Rakesh [23], Magic square (MS) Static 4x4 Physical relocation of panels using Not applicable for all n x n arrays, not feasible
2016 magic square pattern for unsymmetrical PV arrays
Satpathy [24],  Shade dispersion Static 3x3, Shadow dispersion by optimal Effectiveness compared only with conventional
2017 scheme 7x7 predefined interconnection of PV configurations and not tested for
modules unsymmetrical arrays
Belhaouas [25], Shifted PV array Static 9x9 Panels are arranged maximizing the ~ Underperforms under diagonal shading
2017 arrangements distance between them within the conditions
array in different rows and columns
Nasiruddin 0Odd-even pattern (OE) Static 4x4 Reconfigured the panels using Despite being applicable to all arrays, optimal
[26],2019 odd-even pattern shade dispersal is not gained
Dhanalakshmi  Competence square Static 9x%x9 Static technique following a unique Exhibits numerous MPPs imposing extra
[271,2018 renumbering pattern for panel burden on MPPT controllers
relocation
Satpathy [28],  Shade dispersion Static 3x3, Distributes shade by repositing panels ~ After reconfiguration, > 50% of the panels
2018 positioning 5x5 while electrical circuitry remains remain in same row of studied 3 x 3 array
unaltered
Dhanalakshmi  Dominance square Static 5x5 Reconfigures the conventional TCT Poor shade dispersion, very ineffective under
[29],2018 array to mitigate row and column diagonal shading conditions
shading impact
Satpathy [30],  Physical array Static 3x3, One-time fixed configuration based on  Effectiveness of this scheme is yet to be verified
2019 relocation 5x5 computational algorithm in MATLAB  for unsymmetrical arrays
Nihanth [31],  Skyscraper puzzle Static 9x9, Yields more output compared to TCT,  Not applicable to all array sizes, and
2019 5x5 sudoku and DS techniques applicability to unsymmetrical array is
challenging and not established
Satpathy [30],  Fixed electrical Static 4x3, Employs electrical rewiring based on  Results compared only with conventional
2019 reconfiguration 6x6 renumbering technique configurations
Desai [32] 2021 Hybrid conventional Static 6x6 Tested under 8 distinct shading Yields lower output compared to reconfigured
configurations cases, no of MPPs are reduced PV arrays
comparatively
Bonthagorla Tripe-Tied Static 7x7 Number of interconnection ties Yields sub optimal solution to PS compared to
[33],2020 configuration requirement is reduced reconfiguration schemes
Tatabhatla Chaotic Baker's Map Static 4 x4, Reconfigures the panels using the Inadequate shade dispersal, incompatible for
[34,35], (CB) 6 x 6, concept of image encryption all symmetrical arrays and not feasible for
2019, 2020 8x8 m x n PV array sizes, generates many MPPs
which burdens the MPPT controller
Reddy [36] Odd-even pattern (OE) Static 9x9 Reconfigured the panels using Despite being applicable for m x n arrays,
2020 odd-even pattern these techniques fail effective shade

dispersion evenly over the entire array,
yields numerous MPPs in the array’s
characteristics

(continued).



8406 R.D.AMAR RAJ AND K. ANIL NAIK: A GENERALIZED HENON MAP-BASED SOLAR PV ARRAY RECONFIGURATION TECHNIQUE FOR POWER AUGMENTATION AND MISMATCH MITIGATION

Table 1: Continued.

Reconfiguration

Author, year Technique Type Array size Remarks Limitations/shortcomings
Reddy [36] 0dd-even-prime Static 9x9 Reconfigured the panels using
2020 pattern (OEP) odd-even-prime pattern
Venkateswari Lo shu Square (LS) Static 9x9 Physical relocation of panels using Lo Not applicable other than 9 x 9, not effective
[37],2020 Shu technique for all shading patterns
Madhanmohan  Diagonally dispersed Static 4x4 PV modules are rearranged diagonally ~ 50% of the panels in a row of an array remains
[38], 2020 TCT (DTCT) in a TCT arrangement of PV array unchanged
Chavan [39] Column & array Static 5x5 PV module relocation performed Relocation doesn't follow any particular
2021 reconfiguration within columns as well as within method; it is executed randomly
array
Rakesh [40], Sequential Static 3 x3, PV panels of TCT configured array are Poor shade dispersion as many panels remains
2022 Arrangement 9x%x9 dispersed column wise in same row after reconfiguration
(SA)

being sophisticated, cannot obtain the entire potential
of an array under shading. To enhance the array output
above what is attainable by employing an MPPT con-
troller solely, reconfiguration strategies of PV array are
suggested [10]. The reconfiguration-techniques mitigate
the multiple peaks in the array characteristics to a maxi-
mum extent and hence a simple MPPT algorithm such
as Perturb and Observe is actually sufficient to track
the GMP with maximum efficiency, low execution com-
plexity, high accuracy, and higher tracking speed, elim-
inating the need for complex MPPT strategies. These
array reconfiguration techniques are generally classified
into static and dynamic techniques. Some of the notable
reconfiguration techniques reported in the literature are
given in Table 1.

Generally, the practical feasibility issues of dynamic
reconfiguration techniques [11-18] are quite challeng-
ing due to their complex installation and operational
issues. They necessitate systematic monitoring units, effi-
cient driving circuits, complicated algorithms, complex
controller units, a massive number of switches and sen-
sors, increasing the system’s complexity and cost. Due
to the practical feasibility issues, cost-ineffectiveness of
the dynamic reconfiguration techniques, the static ones
are preferred. The static reconfiguration is a one-time
reconfiguration and does not require switches, sensors,
controllers and other additional equipment. Hence, it
is a feasible and economical solution in mitigating the
shading effects. However, from the literature review from
Table 1, it is observed that a majority of the reported static
reconfiguration techniques are applicable to only certain
sizing of PV arrays and further cannot be generalized to
other symmetrical and unsymmetrical array sizes. Fur-
thermore, most of the techniques fail to rearrange the
first column of the array and hence the shade in the first
column remains unchanged thereby yielding sub optimal
solution for shading-related problems. Also, a majority
of these techniques fail to disperse the shade effectively
and cannot be implemented for large-rated PV arrays. To

rectify these issues, an efficient and generalized Henon
map (HM) based reconfiguration technique is proposed
in this paper to effectively disperse the shade by recon-
figuring the modules. The proposed configuration is a
practically feasible and viable solution as it is a fixed and
one-time reconfiguration, which can be performed dur-
ing the installation of the PV plant itself. Besides the asso-
ciated technical feasibility, the proposed solution is also
highly cost-effective as it does not require all the afore-
mentioned devices and equipment for its operation. The
installation and operational costs of the proposed con-
figuration are very less compared to that of the existing
dynamic reconfiguration strategies. The major highlights
of the research work are:

e As contrasted with several static reconfiguration tech-
niques, the proposed HM technique can be executed
for both symmetrical and unsymmetrical sizes of PV
array (e.g. 3x 3,7 x 11,15 x 17...).

e To confirm the functionality and efficacy of the pro-
posed HM configuration, the system is investigated
with seven parameters for PV array of sizes 9 x 9,
8x 8,4 x4,3x5and 4 x 3 during 19 shading con-
ditions.

e The performance of the proposed technique is com-
pared with the recently reported techniques such as
Magic square [23], Odd-Even [26] - for 4 x 4, Chaotic
Baker’s Map [34,35], Odd-Even [36] - for 9 x 9, Odd-
Even-Prime [36], Diagonal-TCT [38], and conven-
tional SP and TCT [41] configurations. An inclusive
technical analysis of row-current computations of var-
ious configurations during distinct shading cases has
been presented.

e An experimental prototype of 4 x 4 PV array recon-
figuration system is developed and tested under five
shading conditions to demonstrate the superiority of
the proposed technique.

e A quantitative and qualitative comparative assessment
of the proposed technique with other state-of-art tech-
niques is presented.
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2. PV CELL MODELING

The output of PV cells is principally dependent on the
incident solar irradiation and the temperature. Diverse
mathematical models for modeling a PV cell are reported
in the literature [42]. Due to its simplicity, a single-diode
model is extensively employed. The output current (I) of
PV cell is given as follows,

VPV + IRs

I=Ip, —Ip— ——— (1)
Rsh
v
Ip =1y x [exp (—D> - 1] (2)
aVr
Vb Vpy + IR
I=1Ip, — I x ST S | PR
e [exP (aVT) ] Rsh )

In Equation (3), “I,,” denotes photocurrent, “Iy” denotes
reverse saturation current, “Vp” denotes diode voltage,
“Vr” denotes thermal voltage, “o” denotes ideality factor,
“Vpy” denotes PV cell voltage “R;,” and “Rg,” denotes

series and shunt resistances.

3. SETBACKS OF CONVENTIONAL ARRAY
CONFIGURATIONS

Some of the distinguished conventional array configu-
rations [41] reported in the literature are Series-Parallel
(SP), Honey-Comb (HC), Bridge-linked (BL), and Total
Cross Tied (TCT) configurations, as shown in Figure 1.
Amongst these configurations, TCT configuration gen-
erates enhanced output under most of the shading con-
dition. Nonetheless, all the conventional configurations
hold a major drawback of zero-shadow distribution abil-
ity and thus resulting in increased mismatch losses under
PS. To avoid these major disadvantages, the shade must
be effectively dispersed by reconfiguring the array as
discussed in the subsequent sections.

4. PROPOSED METHODOLOGY

In general, any digital image is considered to be com-
posed of pixels in a 2D m x n matrix, where “m” and

n” denote the matrix rows and columns, respectively.
In the image encryption process, the image is performed

i B

(a) (b) (©) (d)

Figure 1: Conventional configurations: (a) SP, (b) HC, (c) BL and
(d) TCT

with a transformation by randomly replacing the orig-
inal pixel locations of the image for security purposes
[43]. Nonetheless, when the transformation is performed
several times, the original image is retrieved. This is per-
formed by altering the pixel locations of the image by
employing a private-key algorithm that can be decoded
by only end-users. In order to encrypt an image, pop-
ularly known 2D chaotic map algorithms are employed
[44]. Generally, the two-dimensional maps are repre-
sented in the following form:

Xit1 = 1(%i> i)
4
{ Vi1 = s(xi, yi) )

where “r” and “s” are two given functions. By applying
the chaotic map algorithm, the original pixel coordinates
(xi, yi) of a digital image are repositioned to new pixel
coordinates (xj + 1, ¥i+1) to form an encrypted image
for enhanced security purposes. The detailed process of
scrambling of pixels for image encryption is shown in
Figure 2. One of the well-known chaotic maps named
HM is widely used in the encryption process is used.

4.1 Two-Dimensional Henon Chaotic Map

Henon Map is a two-dimensional invertible discrete-time
non-linear dynamical system introduced by M. Henon
in 1976 as a simplified demonstration for the Lorenz
model. It is computationally effective and shows near-
optimal randomness characteristic properties. The gen-
eral mathematical equation of HM is described as follows
[45]:

(5)

{ Xiy1 = (1 +yi — axiz)modM,
Yi+1 = (bx;)modM

Pixel map | :
I |
L1 1,24 1,3

I |
1| |
2,1 1 2,2 | 23] | |
I |
3103203311 TRSA ! :

Il
o ] 2 8 9 ||
______ e : :
L3 | 2,1 || 3,2 : | 6 3 |
|

)1
33 f(2) 31 | 1t :
I |
1,1 22 Il |
| (b) '
Scrambled I | |
Pixel map I | |

Figure 2: Image encryption process (a) Original image, (b) rear-
ranged matrix and (c) scrambled image
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The above map is a non-linear two-dimensional map,
which is also similarly described as a dual-step recurrence
relationship as follows:

Xit1 = 1+ bxj—1 — ax,-z

«, » « 2

where x" and “y” are continuous state variables, “i” is
the number of iterations, “a” and “b” are control param-
eters and “M” denotes the order of the image that is
to be encrypted. HM is generally examined in detail
for a = 1.4 and b = 0.3, where the chaotic behavior is
observed. The step-by-step formulation of the HM is
described as follows [45]: To mimic the (a) stretching,
(b) folding, and (c) reinjection that takes place in Lorenz
chaotic system, Henon examined the subsequent series
of mutations as presented in Figure 3. Firstly, a rectangle
“Re” is extended along the horizontal x-axis as depicted
in Figure 3(a). Later, the rectangle is stretched and
folded by implementing the transformation described as
follows:

/. x/:x)
T'{)/zl—f—y—axz, (©)

« _»

where “a” is the degree of bending and the prime nota-
tion indicates the number of iterations. Here, the top and
bottom regions of the rectangular “Re” gets mapped to
parabolas as depicted in Figure 3(b). Subsequently, it is
folded furthermore by compressing it along the horizon-
tal x-axis:

/! /

T": { x// — b;x ’ (7)
Y=

where |b| < 1. The region is compressed for |b| < 1.

This, in turn, yields Figure 3(c). Eventually, the region is

oriented along x-axis by reflecting over the “y = x” line

as shown in Figure 3(d). This is called re-injection.

mo__
T : { x/// _y ’ (8)
Then the combined transformation, T, = T,”” (T, (Tr’

(Re))) will give the chaotic Henon mapping given in
Equation (5) as shown below, where (x;, y;) is the initial

™ T T
A I A S A S
— X V \Q x, V \) x” j\\ x”’

Elongation
along x-axis

(a) (b) (©) (d)

Stretching
and folding

Compression
along x-axis

Reinjection into
original orientation

Figure 3: Sequence of transformations “T” for one iteration of
Henon Map

state of (x, ¥) and (x;j 415 yi+1) is the next state of

(xn); yn;)'

"o y// X = }’/ X" =1 +y— axZ,
" o :> " . b , :> " . b
y =x y =bx y = bx,
N Xip1 =14y — ax,»z, 9)
Yir1 = bx;

A standard Henon chaotic map has discrete-time, never-
theless, the state variables “x” and “y” are continuous in
nature. So, in order to expedite the discrete digital image
processing, a discrete HM [46] is defined by the following
equation

. — W) .
{ xit1 = (1 —axi +y) mod M (10)

Yi+1 = (xi+¢) mod M

where x and y are the state variables discrete in nature
belonging to (0, 1, 2, 3, ... ... ., M-1). In Equation (10),
“a” and “c” are two controlling parameters. The 2D HM
is an invertible map and the inverse transformation of it
is described as follows:

2 (11)
ay;
Yi=Xiy1 — 1+ bljl

By applying the mathematical equation of the HM
algorithm, all the original pixel coordinates of a 4 x 4
matrix are repositioned to new pixel coordinates as
detailed in the flowchart shown in Figure 4. The origi-
nal matrix elements and the rearranged matrix obtained
by the proposed HM for an 8 x 8 array is shown in
Figure 5(a) and 5(d).

4.2 Application of HM in Array Reconfiguration

The principal objective of image encryption is to mini-
mize the correlation between adjacent pixels in a digital
image. As the digital image comprises numerous pixels,
the PV array is also composed of many solar panels con-
nected in series and parallel to obtain the rated output
as shown in Figure 6. The image encryption concept is
applied here by considering an individual PV panel as a
pixel of an image, and the whole PV array as an image
consisting of pixels. As the pixels of an image are rear-
ranged by encryption, the panels in the array are recon-
figured based on the rearranged matrix pattern obtained
by HM in order to disperse the shade evenly over the
array. The shade is dispersed by replacing the modules
in such a way that the correlation between two adjacent
shadowed modules in a row is mitigated thereby attaining
equal irradiation among rows with reduced mismatches.
For instance, it is noted from Figure 6 that the panel
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Read no. of rows, columns,
size of the image

Formulate the Input matrix ‘P’
Fill the input matrix with the numbers in
a row wise manner

Rearrange the original pixel positions
(xi, yi) of matrix ‘P’ by using 2D Henon Map

(HM) algorithm.

¥

Apply Henon Map algorithm scrambling
with coefficients a, b, ¢ and M

Henon Map Scrambling Pseudocode:

Input: Generate an input matrix ‘P’ with rows
and columns, number of iterations

|

|

: Output: Optimal rearranged matrix ‘Q’

| obtained by Henon Map

I |Initiate Q = uint8 (zeros (P));

: Initiate Henon map coefficients, matrix size;
|

Formulate & update the final rearranged

|

|

|

|

|

|

|

|

|

|

| (Xi+1, Yi+1) of matrix ‘P’ by using
|

|

|

|

|

|

|

|

|

| L. .
| positions (X;+1, yi+1) of matrix ‘P’

Reconfigure the modules in PV array by
using matrix ‘Q’ obtained by HM
algorithm

Phase

2]

(a) (b)

Figure 5: (a) Original 8 x 8 matrix and (b) its corresponding
reaaranged matrix obtained by proposed HM technique

“29” of 9 x 9 PV array located in (2,4) coordinates and
when applied with HM, it is now moved to (3,5) coordi-
nates. Similarly, the panel “34” that is originally located
in (7,4) coordinates is now moved to (5,1) coordinates.

a Iteration number = 1;
Obtain the new pixel positions IPS euél 0’ while (termination criteria is not met) do
for i=1 to rows; do
Henon Map algorithm COdT
| Assign old coordinates (1, );
Ifall HM | Calculate new coordinates of X, (Xi+1);
the elements are algon'thm I Calculate new coordinates of y, (yj+1);
replaced? scrambling |l ]
Phase | end for
Yes | end for
: end while
|
|

Reconfiguration

Replace the initial ‘Q’ matrix elements with
transformed coordinates obtained by Henon map

Display rearranged matrix ‘Q’

|
|
|
I
I
I
I
|
|
|
|
I
I
I
|
|
|
for j = 1 to columns; do |
I
|
I
|
|
|
|
I
I
I
|
|
|
|
I
I

Likewise, all the panels of the 9 x 9 array are effectively
rearranged employing HM technique attaining least mis-
match between the panels of an array under shading
conditions.

4.3 Evolution of HM Based PV Array
Reconfiguration

To improve the array output under shading, PV panels are
optimally interconnected in a predefined configuration.
The novel HM approach is the highly suitable solution
that can be employed in the optimal array reconfigura-
tion of TCT as it disperses the shade uniformly in all the
rows without disturbing the electrical circuitry. This does
not induce any difference in its electrical properties while
diminishing the shading impact. The PV panels in TCT
are physically relocated based on rearranged HM matrix
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Original Image
considered

9

Before Reconfiguration

HM

Encryption

PV Array

Reconfiguration

Encrypted Image

Figure 6: Pictorial representation of applicability of HM encryption algorithm in array reconfiguration
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Figure 7: Structural arrangement of PV panels in (a) TCT and (b) HM configurations of 6 x 6 array without altering electrical circuitry

and the structural difference in the arrangement between
conventional TCT and the proposed HM arrangement
with new locations of the panels in an array is shown in
Figure 7.

All the panels are denoted with the nodes on either side
of the PV panels, which symbolizes that they are electri-
cally interconnected to the same row. From Figure 7(a), it
is noted that the panel number “20” is in the second row
and the fourth column of the conventional TCT configu-
ration connected between Node-B and Node-C, and this

panel is physically relocated to the third row and the fifth
column, i.e. in between Node-C and Node-D (based on
the HM rearranged matrix) as shown in Figure 7(b). Sim-
ilarly, all the panels are optimally reconfigured based on
the rearranged HM matrix to disperse the shade evenly.
Suppose if the first row of the HM-configured array with
panel numbers 34, 11, 12, 31, 8, and 9 are shaded, the
shade is equally distributed over the entire array equaliz-
ing the irradiation in rows as these panels are physically
located in the first row but electrically connected to dis-
tinct rows of an array. In consequence, the proposed



R.D. AMAR RAJ AND K. ANIL NAIK: A GENERALIZED HENON MAP-BASED SOLAR PV ARRAY RECONFIGURATION TECHNIQUE FOR POWER AUGMENTATION AND MISMATCH MITIGATION 8411

image encryption-based panel reconfiguration strategy
maximizes the energy harvest.

5. RESULTS AND DISCUSSION

The considered PV array configurations of various sizes
suchas9x9,8x8,4x4,3x5,and 4 x 3 are executed
in a MATLAB simulation environment and tested under
distinct uniform and non-uniform shading conditions.
A variable-step type, ode23tb (stiff/ TR-BDF2) solver is
used in the computation of the states of the model during
the simulation. The maximum and minimum step size of
the solver is set to the default value (auto) and the relative
tolerance is set to le-4. A KG200GT-200W panel is con-
sidered for simulation studies, and its specifications are
given in Table A1 of Appendix. The following parameters
[37] are considered for the evaluation of configurations:

e Mismatch Power Loss, MPP (%) = GMPsrc—GMPpy

: _ VuppxImpp
e Fill Factor, FF = YMPPMPP
Vocxlse

o Efficiency, n(%) = %
o Array Yield, Y (h/day) = kWh/kW, /day

e Performance Ratio, PR(%) = _Y)I;infal

o No. of Maximum Power Peaks (MPPs)

where GMPgsrc is GMP at standard test conditions,
GMPps is GMP at PS, Vpp and Inpp is the voltage and
current at maximum power, Voc and Igc is the open-
circuit voltage and short circuit current, “G” is solar
irradiation (W/m?) and A is the area of panel, kWh is
actual energy yield, kW, is the rated array output, Yinal
and Yf are the final and reference array yield (Tables 2
and 3).

5.1 Analysis of 9 x 9 PV Array

To validate the effectiveness of the proposed technique,
four distinct shading patterns from Case 1-4 are con-
sidered for analysis. The obtained results are compared
with the very recently reported Odd-Even, OE [36],

Table 2: Row current variation of various configurations of
9 x 9 array

Row current TCT [41] OE [36] OEP [36] HM

Case-1 Min 461y 561m 6.6 Im 7.61m
Max 8.11n 8.11n 8.11n 8.11m

Case-2 Min 461y 5.61m 5.6Im 6.1 Im
Max 8.11m 8.1 Im 7.0 1m 8.11m

Case-3 Min 0.91m 491 331y 6.3 1m
Max 8.11n 8.11m 73 1m 6.31m

Case-4 Min 491, 49|y 5.7 Im 6.1l
Max 8.11m 8.11m 8.11m 8.11m

Table 3: Row current variation of various configurations of
8 x 8 array

Row current TCT [41] CB[35] HM
Case-1 Min 421y 6.2y 6.7 Im
Max 7.21m 7.21m 7.2m
Case-2 Min 42 1n 521In 57 In
Max 7.21m 6.7 Im 7.2 m
Case-3 Min 0.81m 401y 541m
Max 7.21m 7.21m 541m
Case-4 Min 481y 521Im 541n
Max 7.21m 7.2m 7.2 m

Table 4: Comparison of performance parameters of 9 x 9
array

Config. GMP (W) MMP_ (%) FF 7 (%) Yathr/dayy PR(%) MPPs
Case-1

SP [41] 13,152 10.274 0.680 13433 5383 89.725 2
TCT[41] 12,986 11406 0.671 13263 5315 88593 2
OE [36] 12,348 15759 0.638 12612 5054 84240 3
OEP[36] 13,112 10547 0678 13392 5367 89452 3
HM 13,905 5.137 0.719 14202  5.691 94.86 2
Case-2

SP [41] 8761.3 40.228 0.453 10.543 3.586  59.771 2
TCT [41] 9145 37610 0473 11.005 3743 62389 2
OE [36] 10,900 25.637 0.564 13.117  4.461 74362 5
OEP[36] 11,141 24.00 0.576 13.407 4560 76.006 4
HM 11,355 22533  0.587 13.665 4.647 77466 2
Case-3

SP [41] 9641.7 34222 0498 12053 3946 65777 4
TCT[41] 96417 34222 0498 12053 3946 65777 4
OE [36] 9969.6 31.985 0515 12463 4080 68.014 6
OEP[36] 9734.9 33586 0.558 12170 3984 66413 6
HM 11,404 22199 0758 14256  4.668  77.801 1
Case-4

SP [41] 10,642 27398 0.550 11.623 4356  72.601 2
TCT[41] 10,325 29.560 0.534 11.277 4226 70439 2
OE [36] 11,166 23.823 0577 12195 4570 76.176 4
OEP[36] 11,572 21.053 0598 12639 4736 78946 4
HM 11,821 19354 0611 12910 4.838 80.645 2

and Odd-Even-Prime, OEP [36], array configurations.
Table 4 gives the comparison of performance parame-
ters of 9 x 9 array under various shading conditions. The
analysis is as follows.

5.1.1 During Case-1 Shading Condition

In this case, seven panels of the first row in a PV array are
shaded thereby receiving 0.4 kW/m? and the unshaded
modules receive 0.9 kW/ m?2, as shown in Figure 8(a).

The respective row current variation of TCT, OE, OEP,
and HM is 4.6Im to 8.1Im, 5.6Im to 8.1Im, 6.6Im to
8.1Im, and 7.6Im to 8.1Im (Table 2). The HM technique
effectively disperses the shade yielding the least current
variation and mismatches. In this case, the SP, TCT, OE,
OEP, and HM configurations yield the GMP of 13152W,
12986 W, 12348W, 13112W, and 13905W. It is noted that
the existing OE yields 6.19% and 4.92% less power than
SP and TCT, whereas the OEP technique yields only
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Figure 8: Case-1: (a) shading in TCT, shade dispersal by (b) OE [36], (c) OEP [36], and (d) HM

0.97% more GMP than TCT. However, the HM configu-
ration yields 753W, 919W, 1557W, and 793W more power
compared to SP, TCT, OE, and OEP, respectively. The pro-
posed HM technique gives 7.08% enhancement in GMP.
Additionally, the MPPs obtained by HM are also com-
paratively reduced. From Figure 17(a), it is noted that the
HM gives smoother characteristics compared to all other
configurations.

5.1.2 During Case-2 Shading Condition

During this condition, twenty-eight panels of the first
four rows of the PV array are shaded as shown in
Figure 9(a).

Both SP and TCT configurations yield the most infe-
rior performance with broad variation in row currents
ranging from 4.6Im to 8.1Im, whereas OE, OEP, and
HM configuration offer 5.6Im to 8.1Im, 5.6Im to 7.1Im

14|23 132|41(50|59|68|77

15|2433|42(51|60|69 |78

16|25|34|43(52|61|70|79

17|26 35|44 |53|62|71|80

18127|36|45(54|63|72|81
(@)

O

Figure 9: Case-2: (a) shading in TCT,

and 6.1Im to 8.1Im, respectively. The respective OE and
OEP techniques exhibit five and four power peaks in
the characteristics as shown in Figure 17(b), whereas the
HM technique exhibit only two peaks resulting smoother
characteristics with the highest GMP. The HM configu-
ration yields 2593.7, 2210, 455, and 214 W more power
compared to SP, TCT, OE, and OEP, which is 22.85%,
19.47%, 4.01%, and 1.89%, respectively.

5.1.3 During Case-3 Shading Condition

In this case, the center part of the array is considered to be
non-uniformly shaded by a commonly occurring short
broad typed shading pattern, as shown in Figure 10(a).

The shaded and unshaded modules receive irradiation of
(0.1-0.5) kW/m? and 0.9 kW/m?, respectively. The con-
ventional SP and TCT configurations yield the lowest
GMP with a very broad range of row currents varying

1(10]19(28|37|46|55|64|73

15(24(33|42(51(60 (69|78
16(25|34|43|52|61(70|79
17(26|35|44|53|62|71|80

O ||

(@)
1]10 37|46|55|64|73
2 (11]20(29 566574
3 30(39|48(57|66|75
4113 40/49|58|67|76
5 |14]23(32|41|50|59
6 |15(2433|42|51|60
7116 43|52161|70|79
8 35|44|53|62|71|80
9 18]27(36 637281
(d)

Figure 10: Case-3: (a) shading in TCT, shade dispersal by (b) OE [36], (c) OEP [36], and (d) HM
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from 0.9Im to 8.1Im. The existing OF and OEP also
exhibit broad variation from 4.9Im to 8.1Im and 3.3Im
to 7.3Im, respectively. On the contrary, HM exhibits
zero row current variation with only one power peak,
whereas SP, TCT, OE, and OEP exhibits four, four, six,
and six power peaks in the characteristics as shown
in Figure 17(c). The proposed HM configuration yield
1762.3,1762.3,1434.4, and 1669.1W more GMP, which is
18.28%, 18.28%, 14.39%, and 17.15% higher compared to
SP, TCT, OE, and OEP, respectively. HM yields superior
performance with the highest GMP (11,404 W), lowest
mismatch (22.199 W), highest FF (0.758), highest effi-
ciency (14.256%), highest array yield (4.668), and highest
PR (77.801%).

5.1.4 During Case-4 Shading Condition:

Under Case-4, a corner part of an array is non-uniformly
shaded by a short narrow shading pattern, as shown in
Figure 11(a).

During this case, the respective row current variation of
TCT, OE, OEP, and HM configurations is 4.9Im to 8.1Im,
4.9Im to 8.1Im, 5.7Im to 8.1Im, and 6.1Im to 8.1Im. A
comparatively narrow row current variation is obtained
with HM configuration. Further, from Figure 17(d), it is
noted that both OE and OEP configurations exhibit four
MPPs, respectively, whereas HM configuration exhibits
only two MPPs. The respective GMP obtained by SP,
TCT, OE, OEP, and HM configurations is 10,642; 10,325;

11,166; 11,572; and 11,821 W. The HM configuration
gives 1179, 1496, 655, and 249 W more power than
SP, TCT, OE, and OEP, respectively. It is evident in all
the shading cases considered for 9 x 9 array, the pro-
posed HM configuration yields superior performance
with enhanced values of GMP, MMPy, EE 1, PR, Y, as
given in Table 4. The minimum and maximum row cur-
rents of various configurations of 9 x 9 array are given in
Table 2.

5.2 Analysis of 8 x 8 PV Array

To demonstrate the compatibility of the proposed tech-
nique to 8 x 8 arrays, the same type of shading patterns
considered for 9 x 9 arrays is considered for analysis.
The obtained results are compared with the recently
reported Chaotic Baker’s Map, CB [35] reconfiguration
technique for an 8 x 8 array. The comparison of perfor-
mance parameters of 8 x 8 array under various shading
conditions is given in Table 5. The row current variation
of TCT, CB, and HM configurations of an 8 x 8 PV array
is given in Table 3. The analysis is as follows:

5.2.1 During Case-5 Shading Condition

During this case, six modules of the first row in a
PV array are shaded, thereby receiving 0.4 kW/m? and
the unshaded modules receive 0.9 kW/m?2, as shown in
Figure 12(a). Due to its inability to disperse the shade,
the TCT configuration yields a wide variation in row

‘ ‘ 900W/m2- 700W/m’ SOOW/mZ- 300W/m’ 100W/m’
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Figure 11: Case-4: (a) shading in TCT, shade dispersal by (b) OE [23], (c) OEP [23], and (d) HM
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Figure 12: Case-5: (a) shading in TCT, shade dispersal by (b) CB and (c) HM
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Table 5: Comparison of performance parameters of 8 x 8
array

Config. GMP (W) MMP_ (%) FF 7 (%)  Yachr/dayy PR(%) MPPs
Case-5

SP [41] 10,249 11.50 0.665 13.305  5.309 88.49 2
TCT [41] 10,095 12.83 0.655 13.105  5.229 87.16 2
CB[35] 10,616 8.34 0.689 13.782  5.499 91.65 3
HM 10,918 5.73 0.709 14.175  5.657 94.27 2
Case-6

SP[41] 7255.6 37.35 0.471 10.582  3.758 62.64 2
TCT[41] 75005 35.24 0.486 10.939  3.885 64.75 2
(B [35] 9088.8 21.52 0.634 13.256  4.708 78.47 3
HM 94243 18.62 0.612 13.746  4.883 81.38 2
Case-7

SP[41] 7122.7 38.50 0462 11.687  3.689 61.49 4
TCT 411 71227 38.50 0462 11.687  3.689 61.49 4
(B [35] 71374 3837 0463 11.711 3.697 61.62 4
HM 8688.8 24.98 0.753 14.257 4502 75.02 1
Case-8

SP [41] 8748.7 24.46 0.568 11.880  4.532 75.53 4
TCT[41] 8750.5 24.44 0.568 11.882  4.533 75.55 4
CB[35] 9368.6 19.10 0.607 12722  4.853 80.89 5
HM 9461.7 18.30 0.615 12.849  4.902 81.70 2

currents ranging from 4.2Im to 7.2Im. The existing CB
configuration yields the variation from 6.2Im to 7.2Im.
By employing the proposed HM configuration, a narrow
row current variation is obtained in the range of 6.7Im
to 7.2Im, thereby reducing the multiple peaks in the PV
characteristics as shown in Figure 17(e).

The CB and HM configuration exhibits three and
two MPPs. The GMP obtained by TCT, CB, and HM

configurations is 10,095 W; 10,616 W; and 10,918 W. The
Py, obtained in TCT and CB configurations is 12.83% and
8.34%, whereas the HM configuration yields lesser MPPy,
of 5.73%.

5.2.2 During Case-6 Shading Condition

During this condition, eighteen modules of the first three
rows of PV array are shaded as shown in Figure 13(a).
The row current variation of TCT, CB, and HM config-
urations is 4.2Im to 7.2Im, 5.2Im to 6.7Im, and 5.7Im to
7.2Im (Table 3).

The narrow row current variation is obtained by HM
configuration, thereby rendering smoother PV charac-
teristics with reduced MPPs, as shown in Figure 17(f).
HM configuration enhances GMP by 25.65% and CB
enhances by only 21.17%. When compared to CB, the
GMP of 335.5W more is obtained by HM configura-
tion. Further, HM configuration gives the lowest MMPy,
of 2157.7W compared to TCT (4081.5W) and CB
(2493.2 W). With HM configuration, the power loss is
almost reduced by half, which is from 35.24% to 18.6%.

5.2.3 During Case-7 Shading Condition

In this case, a commonly occurring short broad typed
non-uniform shading pattern as shown in Figure 14(a)
is considered.
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Figure 13: Case-6: (a) shading in TCT, shade dispersal by (b) CB and (c) HM
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Figure 14: Case-7: (a) shading in TCT, shade dispersal by (b) CB and (c) HM
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Figure 15: Case-8: (a) shading in TCT, shade dispersal by (b) CB and (c) HM
The TCT configuration gives poor performance offer- Tsloll [T 1sTo sl [115 193
ing a very broad range of row currents varying from 14 216 110114
0.8Im to 7.2Im, whereas CB offers 4.0Im to 7.2Im. This 3070110151 1317 11115
wide variation is further reduced by the proposed HM 218 12116 213 12]16
configuration in which all rows generate 5.4Im, thereby Case9 Case-10 Case-11 Case-12
yielding only one MPP with smoother PV characteristics,
as shown in Figure 17(g). On the contrary, both TCT and

CB configurations yield four MPPs. The GMP obtained
by TCT, CB, and HM configurations is 7122.7,7137.4 and
8688.8 W, respectively. When compared to TCT and CB,
the output is enhanced by 1566.1 and 1551.4 W, which
is 21.99% and 21.79%, respectively. The MMy, is sig-
nificantly reduced from 4459.3 W to 2893.2 W with the
proposed HM technique.

5.2.4 During Case-8 Shading Condition

During Case-8, corner part of an 8 x 8 array is non-
uniformly shaded by a short narrow pattern, as shown in
Figure 15(a).

The respective row current variation of TCT, CB, and HM
configurations under this case is 4.8Im to 7.2Im, 5.2Im
to 6.7Im, and 5.4Im to 7.2Im. The GMP obtained by
TCT, CB, and HM configurations is 8750.5, 9369.1, and
9396.6 W, respectively. The respective GMP enhance-
ment by CB and HM configurations is 7.06% and 7.39%
with respect to TCT. Despite its effectiveness in augment-
ing GMP compared to TCT, CB configuration generates
five MPPs which are closely observed in characteris-
tics. By employing HM configuration, highest output is
obtained along with only two MPPs resulting in smoother
PV characteristics, as shown in Figure 17(h).

5.3 Analysis of 4 x 4 PV Array

To demonstrate the compatibility and effectiveness of the
proposed technique for small rated PV arrays, a 4 x 4
PV array is tested under four distinct uniform shading
patterns as shown in Figure 16(a). The modules receive

Case-12

31

Case-10

Case-11

(©

Figure 16: Case-9 to Case-12 shading in (a) TCT, shade dispersal
by (b) MS [23], (c) OE [26], (d) CB [34], (e) DTCT [38], and (f) HM

0.4 and 0.9kW/m? during shading and non-shading
conditions, respectively. The obtained results are com-
pared with TCT [41] and other notable reconfiguration
techniques such as Magic square, MS [23], Odd-Even, OE
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Figure 17: Power-Voltage (PV) charcteristics of various configurations under (a—d) Case-1to Case-4 of 9 x 9array, (e-h) Case-5 to Case-8
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of 8 x 8 array, and (i-1) Case-9 to Case-12 of 4 x 4 PV arrays, respectively
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Table 6: Comparison of GMP and MPPs of various configura-
tions of 4 x 4 array

GMP in Watt (number of MPPs)

Config. Case-9 Case-10 Case-11 Case-12

TCT [41] 21523 (2) 2152.0(2) 1418.9 (2) 24949 (1)
MS [23] 22633 (3) 2228.2(2) 2096.4 (1) 2496.0 (1)
OE [26] 22254 (3) 2227.1(2) 2096.5 (1) 22333(2)
CB [34] 2301.0 (3) 2237.1(2) 1815.2(2) 22333 (2)
DTCT [38] 2546.0 (2) 2280.6 (2) 1623.0 (3) 2152.3(2)
HM 25463 (2) 2496.1 (1) 2097.1 (1) 2496.1 (1)
Best config. HM, DTCT HM HM, MS, OE HM, MS

[26], Chaotic Baker’s Map, CB [34], and Diagonal-TCT,
DTCT [38].

The corresponding PV characteristics of various configu-
rations for a4 x 4 PV array are shown in Figure 17(i)-(l).
From the results, the following analysis is made: During
Case-9, the HM configurtaion yielded 18.306%, 12.51%,
14.42%, 10.67%, 0.02% more GMP when compared to
TCT, MS, OE, CB, and DTCT.

During Case-10, the proposed HM outperformed all
techniques by enhancing the GMP by 15.99%, 12.03%,
12.082%, 11.58%, and 9.45% compared to TCT, MS,
OE, CB, and DTCT configurtaions. Further under Case-
11, the HM yields 47.79%, 15.53%, and 29.22% more
GMP compared to TCT, CB, and DTCT configurtaions,
whereas the performance of MS and OE is on par with
HM. During Case-12, HM yielded 11.77%, 11.76%, and
15.98% more GMP when compared to OE, CB, and
DTCT. In Case-11 and Case-12, the performance of MS
is on par with HM, however, in Case-9 and Case-10, MS
yields 12.5% lower output and more MPPs compared to
HM. Moreover, the major limitation of MS technique is
that it can be employed only for very few square matrices
and not for others. It is evident from the array character-
istics in Figure 17(i)- (1) that the proposed HM yields the
highest GMP, less MPPs, superior shade dispersion, and
lowest mismatch when compared to all other techniques.
Table 6 gives the comparative analysis of GMP and MPPs
obtained for a 4 x 4 PV array under Case-9 to Case-12.

5.4 Experimental Validation of Proposed
Reconfiguration Technique for 4 x 4 PV Array

To validate the supremacy of the proposed HM config-
uration over existing MS [23], OE [26], and CB [34]
configurations, a4 x 4 PV array reconfiguration system is
developed and experimented as shown in Figure 18. A 16
number of 3W panels are connected in MS, OE, and CB
and HM configurations are considered for analysis. The
panel specifications are given in Table A1 of the appendix.
The PV array is connected to a variable rheostat, and

Rheostat

.~ Connectors

Figure 18: Experimental protoype of 4 x 4 array reconfiguration
system

two digital multimeters are employed to measure the
array voltage and current. The PV modules are connected
in various MS, OE, CB, and proposed HM configura-
tions with the help of banana connectors, as shown in
the experimental setup. The experiment is carried out
in an outdoor environment during noontime. The arti-
ficial shading blocks are used to shade the modules to
create desired shading patterns of Case-13 to Case-17, as
shown in Figure 19. Shading cases from 13 to 14 resem-
ble the progressive movement of a passing cloud over
array; further triangular, diagonal, and zig-zag patterns
are considered in Case-15 to Case-17, respectively.

The respective PV characteristics under case-13 to 17 are
shown in Figure 21(a)-(e). It is evident from Figure 20
that the proposed HM configuration yields enhanced
output compared to existing MS, OE, and CB in all
cases due to its better shade dispersion capability, as seen
in Figure 19(e). From the analysis it is noted that the
obtained experimental results shown in Figure 20 are
close to the simulation results (Figure 21). The proposed
HM eliminates the drawbacks of existing techniques by
evenly dispersing the shade, reducing the row current
variation, thereby enhancing the GMP significantly.

5.5 Compatibility and Extension of HM Technique
to Unsymmetrical m x n Arrays:

A majority of the static reconfiguration techniques pro-
posed in the literature, including MS [23] and CB [34,35]
are not compatible with all n x n PV arrays. Further, the
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Figure 19: Case-13 to Case-17 shadingin (a) TCT, shade dispersal
by (b) MS [23], (c) OE [26], (d) CB [34], and (e) HM configurations
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Figure 20: Output of a 4 x 4 PV array under Case-13 to Case-17
shading

applicability of these techniques is not feasible for the
unsymmetrical sizes of PV arrays such as 3 x 4, 5 x §,
11 x 7, 13 x 17, etc. However, the proposed HM tech-
nique applies and is compatible with all sizes of n x n
and m x n PV arrays. To demonstrate the effectiveness
of the HM technique for unsymmetrical arrays, a 3 x 5
and 4 x 3 PV array is developed as shown in Figure 22
and are tested under distinct shading conditions Case-18
and Case-19, as shown in Figure 23.

The performance of the proposed HM configuration is
compared with the conventional SP, TCT, HC, and BL
array configurations. The HM technique effectively dis-
perses the shade for 3 x 5 and 4 x 3 PV arrays as shown
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Figure 21: PV array charcteristics under (a) Case-13 to (e) Case-17

(d)

Figure 22: Original positions of (a) 3 x 5 and (c) 4 x 3 arrays,
(b) and (d) corresponding rearranged matrix obtained by pro-
posed HM
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Figure 23: Shading in TCT for (a) 3 x 5 (Case-18) and (c) 4 x 3
(Case-19) PV arrays, (b) and (d) corresponding shade dispersion
with HM

in Figure 23(b) and 23(d) and renders improved array
PV characteristics with the highest GMP with only one
MPP as shown in Figure 24(a) and 24(b). It is further
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Figure 24: PV array charcteristics of (a) 3 x 5and (c) 4 x 3 PV arrays under Case-18 and Case-19 shading

Table 7: Comparative assessment of proposed HM configu-
ration with other notable configurations in literature

Technique D1 Dz D3 D4 D5 D6 D7 Dg Dg
EAR[11] H H L L H L H H H
Metaheuristic [12-15] H H L VL H H H VH H
Sudoku [19-22] H M M M - M - M L
MS [23] M M M M - M - M L
OE [26] M VL H VH H L - L L
CB[34,35] M M M H L M - M L
OE [36] M VL H VH H L - L L
OEP [36] M M M M H M - L L
DTCT [38] M L M M M M - L L
Conventional [32,33,41] L - VH H H L - L L
Proposed H H L VL VH H - L L

remarked that the shade dispersal ability of the proposed
HM technique increases with the PV array sizing.

(D) Obtained GMP, (D) shade dispersal ability, (D3)
Row current variation, (D4) No. of MPPs, (D5) Compati-
bility, (Ds) Revenue generation, (D7) Switches & sensors

requirement, (Dg) Complexity, (Dg) Overall system cost.
(L) Less, (M) Medium, (H) High, (V) Very, and (-) Nil.

5.6 Qualitative Comparative Assessment of
Proposed Technique with Various
State-of-the-art Techniques

A qualitative assessment of the proposed configuration
with other notable configurations in literature is given in
Table 7.

The proposed HM technique is compared with MS [23],
CB [34,35], OE [26,36], OEP [36], and DTCT [38] tech-
niques for various array sizes such as 9 x 9, 8 x 8 4 x 4,
3 x 5, and 4 x 3 under 19 shading cases. The application
of MS technique is very limited as it is applicable to very
few square matrices and not employable for many square
matrices as well as unsymmetrical matrices. Hence it is

not a reliable solution for PS. The existing DTCT, despite
being applicable for all array sizes, yields very inferior
performance under diagonal and many row-wise shad-
ing conditions (as half of the modules in the same row
remains unchanged, thereby yielding suboptimal solu-
tion).

The CB technique is also not compatible with all sizes
of PV array. Furthermore, this technique has the main
disadvantage of generating a greater number of power
peaks in the array characteristics demanding sophisti-
cated and costly MPPT controllers as well as imposing
a computational burden on MPPT system. Moreover, by
employing CB, 50% of elements of a row in half of the
PV array remains unchanged. Hence, if the shade occurs
in any of these rows, it cannot be dispersed effectively,
thus increasing the mismatch losses. The OE and OEP
techniques, despite being compatible with all array sizes,
have very poor shade dispersal ability as more than half
of the elements in all the rows remain unchanged even
after reconfiguration. This, in turn, leads to significant
array mismatches and numerous MPPs, thereby impos-
ing a burden on MPPT systems to track the GMP. Hence
the reconfiguration technique based on HM is developed
to overcome all the aforementioned limitations of the
techniques existing in the literature.

6. CONCLUSION

Dispersing the shade over the PV array by a competent
reconfiguration process mitigates the adverse impacts of
partial shading. In this paper, a widely employed image
encryption application-based generalized HM technique
is proposed to disperse the shadow by array reconfig-
uration. The proposed HM configuration is extensively
tested for 9 x 9, 8 x 8,4 x 4, 3 x 5, and 4 x 3 array sizes



8420 R.D.AMARRAJ AND K. ANIL NAIK: A GENERALIZED HENON MAP-BASED SOLAR PV ARRAY RECONFIGURATION TECHNIQUE FOR POWER AUGMENTATION AND MISMATCH MITIGATION

with seven parameters under 19 shading patterns. When
compared to reconfiguration techniques based on Magic
square, Chaotic Baker Map, Odd-Even, Odd-Even-
Prime, Diagonal-TCT and conventional Series-Parallel
and Total-Cross-Tied configurations, the proposed HM
configuration evenly disperses the shade thereby equal-
izing the irradiance in all the rows resulting in the least
mismatch losses, reduced MPPs and improved array PV
characteristics. The comprehensive row current analysis
of various configurations demonstrates that HM configu-
ration renders comparatively superior performance with
reduced MPPs lessening the burden on MPPT systems.
The effectiveness of the proposed technique is exper-
imentally validated in a practical scenario and tested
under distinct artificial shading conditions. It is remarked
that with the proposed HM configuration, there is a sig-
nificant augmentation in GMP, which is in the range of
(7.08-24.17)%, (8.13-25.65)%, (16.01-47.81)% for 9 x 9,
8 x 8, and 4 x 4 PV arrays, respectively. Besides, there
is an improvement in fill factor, efficiency, performance
ratio, array yield and a notable reduction in mismatch
loss, row current variation, no of MPPs. Therefore, the
proposed HM technique is best suitable to be executed
for any array sizing under partial shading to avoid the
impacts of mismatch.

7. FUTURE SCOPE

In the near future, the proposed technique can also
be effectively employed in the dynamic array reconfig-
uration for finding the optimal switching matrix pat-
tern. Hence, all the aforementioned setbacks associ-
ated with contemporary metaheuristic approaches and
other optimization algorithms can be evaded. Further, an
MPPT incorporated chaotic approach-based static and
dynamic reconfiguration system for GMP tracking can
also be studied for rooftop and large-rated commercial
PV farms.
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APPENDIX
Table A1: Specifications of PV panel

Parameter Specification
Simulation Experimental
Maximum power, Pypp 200W 3W
Open circuit voltage, Voc 329V 10.8V
Short circuit current, lg¢ 8.21A 0.38A
Maximum power voltage, Vypp 263V 9.01V
Maximum power current, Iypp 7.61A 0.34A
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