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ABSTRACT Partial shading is the most unexpected scenario encountered by the arrays that degrade the
performance causing power reduction, non-convex characteristics curves, losses, hotspot, module damage,
and system failure. The adoption of various reconfiguration techniques has recently provided relief to the
PV array to reduce power losses during partial shading. However, these techniques exhibit vulnerabilities
such as reliable operation, ease of implementation and, higher cost and complexity due to the requirement
of abundant manpower, labour, complex algorithms, dynamic operation, switches and sensors that cause
additional power losses. Hence, this paper presents a low cost and less complex reconfiguration technique
for PV arrays to effectively increase the power generation during partial shading scenarios. The proposed
reconfiguration does not require any manpower, labour, algorithms or additional devices to reduce the
losses in arrays during shading. The efficacy of the technique is tested using two array sizes under various
shading scenarios using MATLAB modelling and real-time field experiments. Also, for better analysis,
the performance of the proposed technique is compared with conventional configurations and Sudoku
reconfiguration. The investigation proclaimed that the proposed reconfiguration technique has an average
power enhancement of 20% higher than any other conventional configurations.

INDEX TERMS Photovoltaic (PV), partial shading, mismatch loss, multiple peaks, power generation.

I. INTRODUCTION
Solar Photovoltaic (PV) is one of the fastest-growing and
adopted energy generation sources that utilize the energy
of the sun to generate electrical energy [1]. Besides being
a renewable energy source, the solar PV system exhibits
various other supremacy of being a reliable and noise-less
generating source. However, the system encounters a major
demerit of partial shading that causes severe losses and com-
plexities while generating the maximum power equivalent to
the irradiance and operating temperature [2].

Partial shading mainly occurs due to various factors that
include shadows of nearby infrastructures such as buildings
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and chimneys, trees, clouds or any foreign materials that
act as a barrier between the PV module and irradiance such
as leaves, dust, snow, etc., [3]. The occurrence of shading
among the PV arrays reduces the performance of the arrays
by minimizing the power output equivalent to the power
generation of the lowest-performing or shaded modules [4].
The long time existence of partial shading in modules may
result in the creation of hotspots formed by the local heat
among the cells of the module [5]. This hotspot scenario
can physically damage the module by detaching or melting
the connectivity wires of cells, breaking the encapsulating
glass, burning cells, etc., [6]. The presence of hotspot in the
module is mainly detected through various techniques such
as infrared thermography [7] whose diagnosis is done by the
Naive Bayes classifier [8].
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Generally, the modules are integrated with anti-parallel
diodes to bypass the current generated by the healthy modules
to prevent hotspot formation in shaded cells and enhance
the power generation [9]. However, to increase the current
generation of the module, turning on the bypass diodes during
shading comprises the voltage of the respective modules by
forcing them to operate under open-circuit mode [10]. This
scenario leads to a voltage imbalance between the modules
connected to the array and creates an additional complexity
by forming multiple peaks in the characteristics curves of
the PV array [11]. The system encounters additional losses
caused by the false maximum peak tracking of the maxi-
mum power point tracking (MPPT) algorithms. To reduce the
losses caused by the false maxima tracking from the P-V or
power curves, various hybrid MPPT algorithms have been
proposed in a wide range of literature [12]. Some examples of
such techniques used for designing hybrid MPPT algorithms
include Cuckoo Search [13], Particle Swarm [14], Harris
Hawk [15], Grass Hopper [16], Salp Swarm [17], Hybrid
Evolutionary [18], Grey Wolf [19], etc. These algorithms
use various optimization techniques for searching the actual
or global MPP from the non-convex characteristics curves
resulting in higher power output and zero losses due to the
tracking failure. However, these techniques encounter various
limitations in terms of complex algorithms, powerful micro-
controllers requirement, need for switches and sensors and
reliability of efficient working during all shading patterns.

Arrays are formed by connecting modules in different con-
figurations among which series configuration or long string
is highly susceptible to power losses during partial shading
and forms a higher number of peaks in the characteristics
curves [20]. The partial shading has a puny effect on the
performance of parallel-connected modules but, implementa-
tion of this configuration is practically avoided due to higher
current rating that can result in losses. Hence, the series-
parallel (SP) configuration is widely accepted in PV power
plants or roof-top systems to effective supply reliable power
with desired voltage and current rating to the load. Besides
SP, various other configurations such as Bridge-Linked (BL),
Honeycomb (HC) and Total Cross Tied (TCT) are formed
by connecting wires across the junction of the modules that
act as an additional pathway for the higher current to flow
without activating the bypass diodes of the shaded modules.
The aforementioned configurations are widely tested in sim-
ulation and validated experimentally using different shading
scenarios for reliability analysis and the study concludes that
the TCT configuration has the highest potential of reducing
the power losses and enhancing the generation of the array
during partial shading [21].

Recently, PV array reconfiguration is gaining wide accep-
tance in terms of efficient shade mitigation that adopts the
concept of distributing the effect of partial shading in the
array and hence, reducing the mismatch losses in the sys-
tem [22]. The PV array reconfiguration is divided into two
categories: (a) static reconfiguration, and (b) dynamic recon-
figuration. In static reconfiguration, the physical position of
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the modules is changed to reduce the mismatch among mod-
ules whereas, in dynamic reconfiguration, the connections
of the modules are changed concerning the shading pattern
by using switches [23]. Some of the static reconfiguration
strategies include: shade dispersion scheme (SDS) [24], fixed
electrical reconfiguration (FER) [25], dominance square (DS)
[26], zigzag [27], shade dispersion physical array reloca-
tion [28], shade dispersion positioning [29], Sudoku [30],
improved Sudoku [31], modified Sudoku [32], competence
square [33], magic square [34], etc. These strategies utilize
rearrangement concepts or algorithms to change the position
of the module to disperse the shading however, changing
the module’s position requires huge manpower mainly in the
case of large power plants that comprise a large number of
big size modules. Similarly, various dynamic reconfiguration
strategies include: genetic algorithm [33], population-based
algorithm [35], two-step GA [36], two-phase array recon-
figuration [37], particle swarm optimization [38], modified
Harris Hawks optimization [39], swarm reinforcement learn-
ing [40], coyote optimization [41], meta-heuristic grasshop-
per optimization [42], etc. Also, various differential power
processing based solutions for reducing the mismatch loss
from the partially shaded array have been proposed in a wide
range of literature [43]. Some examples include optimized
PV-to-bus DPP system [44], power balancing point-based
optimization algorithm [45], etc. The afore-mentioned strate-
gies are proved as effective in mitigating the power losses
due to partial shading in terms of higher power generation
and reduced peak counts as compared to the conventional
configurations. However, these techniques encounter a major
demerit in terms of implementation as they require a higher
number of switches, sensors and powerful microcontrollers
that add cost, complexities and additional switching losses
to the PV array. Also, these techniques are vulnerable to
short-circuit fault that can occur due to the failure of any
switches or controllers operating them.

So, in contrast, a reconfiguration technique for the PV
arrays has been proposed in this paper that utilizes a one-time
electrical connection to reduce the losses that occur due to
the presence of partial shading in the system. The superiority
of the proposed technique lies in some major aspects such
as no sensors, switches, labour or manpower requirements
for implementation. The proposed electrical connection can
be implemented in PV arrays through an algorithm with the
added advantage of being static. The proposed strategy is
initially implemented to a 3 x 3 PV array and compared
with the conventional configurations such as series-parallel
(SP), bridge-linked (BL), honeycomb (HC), and total cross
tied (TCT). Later on, a 9 x 9 PV array with the conventional
configurations, Sudoku repositioning strategy and electrical
reconfiguration is considered for comparison. The perfor-
mance investigation is carried out in MATLAB software and
using an experimental prototype under various shading sce-
narios and the comparison is done using power generation,
losses, power curves analysis, efficiencies and performance
ratio.
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FIGURE 1. Electrical equivalent circuit of PV modules and array.

Il. EXISTING SYSTEMS: MODELLING, DESCRIPTION, AND
PERFORMANCE PARAMETERS

In this section, the mathematical modelling of the PV array
and its configurations and formulations used in the work has
been briefly discussed.

A. SIMULATION MODELLING AND EXPERIMENTAL SETUP
OF PV ARRAYS

The PV arrays are mainly formed by connecting numerous
modules in series and parallel connections to achieve the
desired voltage and current rating. The single-diode model
is used to mathematically design the modules which are elec-
trically represented by a circuit containing a current source,
parallel diode, series resistance (Rg) and shunt resistance
(Rsp) in addition to an anti-parallel connected bypass diode.
The mathematical equation involved in the modelling of the
PV module is represented in equation (1) where Iy, Vi,
Ipn, Io, F and VT denotes the module’s maximum current,
maximum voltage, photo-generated current, diode current,
ideality factor and thermal voltage respectively.

Vi + (Rs X Iy)

)]

V4 Rs x Iy)
Rsp

Iy =Ly, —1Io |:exp (
(1)
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The mathematically modelled modules are connected in
series and parallel connections to obtain the array whose elec-
trical circuit representation has been depicted in FIGURE 1
where ‘M’ and ‘N’ represent the number of rows and columns
of the array.

The maximum power of the PV array (Pa) can be deter-
mined using the equations (2) where 1, j, VM, Im, Va, Ia, M,
and N are the rows count, columns count, individual mod-
ule maximum voltage, individual module maximum current,
array maximum voltage, array maximum current, number
of rows and number of columns at a given irradiance and
operating temperature respectively.

@

M N
Py = {ZVM} X ZIM
i=1 =1

The specification of the PV module at standard testing con-
dition (STC) i.e. 1000W/m? receiving irradiance and 25°C
operating temperature that used in the work has been given
in Table 1. However, to validate the experimental results,
the simulation has been conducted based on the real-time
environment where the PV module has received the maxi-
mum irradiance of 800W/m? with a module temperature of
45°C during the healthy scenario. The specification of the PV
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TABLE 1. Ratings of the PV Module at different conditions, i.e., STC and
NOCT.

Ratings
Parameters At STC At Field Condition
Rated Peak Power (PMax) 50W 34.55W
Voltage at Maximum Power (VMP) 17.47V 15.09V
Current at Maximum Power (IMP) 2.866A 2.28A
Open-Circuit Voltage (VOC) 21.566V 19.35V
Shot-Circuit Current (ISC) 3.104A 2.509A
Fill Factor (F.F) 74.69% 71.16%
Efficiency 16.83% 14.54%
Fuse Rating 12A
Maximum System Voltage 600V
Dimension 698x666mm
Power Tolerance +3%

A fiidiiiE L\\\“g = Moduie under no
-7 Shaded Module shading

FIGURE 2. Real-time prototype setup for conduction of the experiment.

module based on field condition parameters has been given in
Table 1.

The prototype setup for the conduction of experiments in
the field scenario has been illustrated in FIGURE 2 where
nine modules with the rating given in Table 1 are used to
obtain various configurations for the 3 x 3 PV array. The
shading scenarios are acquired by applying thin plastic sheets
of different colours that act as a barrier between the irradiance
and receiving module surface. The PV array has been con-
nected to a variable load (rheostat of 220€2, and 10A) through
an ammeter for current measurement and a multi-meter for
voltage measurement. The irradiance received by the mod-
ules is measured by two solar power meters whereas an
infrared thermometer is used for PV module temperature
measurement. The experiment is conducted on the roof of
Solar Research Lab, ITER of SOADU from 10:30 AM to
12Noon where the site received an average irradiance of
800-850W/m? with an ambient temperature of 34.5°C.

In the simulation, the module has generated power of
35.26W during 800W/m? whereas, in the experiment, the
power has been recorded as 34.96W with simulation to the
experimental error of 0.85%. The simulation and experimen-
tal power generation for 600W/m> have been recorded as
26.10W and 25.96W respectively with an error of 0.53%
whereas, for 450W/m?, the recorded power values for simu-
lation and experiments are 19.33W and 19.16W respectively
with an error of 0.87%. Similarly, during 200W/m?, the
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module has generated 8.12W in simulation and 7.92W in the
experiment with an error of 2.42% whereas, for 100W/m?, the
simulation and experimental powers are recorded as 3.83W
and 3.75W respectively with an error of 2.08%. The study
encountered a minor deviation (<5%) between the power
generation data of simulation and experiments due to certain
unavoidable factors such as fluctuating irradiance, temper-
ature difference, internal cells mismatch, scratched module
glass, and wire losses.

B. PV ARRAY CONFIGURATIONS

1) CONVENTIONAL ARRAY CONFIGURATIONS

The most common and widely used configuration of PV
array is series-parallel (SP) where the modules are initially
connected in series to increase the voltage forming string
and similar strings are connected in parallel to increase
the current. However, the series-parallel (SP) configuration
encounters the limitation of effective current dispersion dur-
ing partial shading scenarios that result in severe power losses
in the array.

Hence, as a solution to this limitation, the junctions of
the SP configured modules are connected with wire ties
to provide additional paths for the higher current to flow
through preventing bypass diodes activation in the modules
under shading. The Bridge-Linked (BL) and Honeycomb
(HC) are the configurations with the lowest redundancy
where the ties are connected across the module’s junction
in a bridging manner, however; in the case of total-cross-
tied (TCT), the terminals of each module are connected
using wire ties. The series-parallel (SP), bridge-linked (BL),
honeycomb (HC) and total cross tied (TCT) configurations
for 3 x 3 and 9 x 9 PV arrays have been delineated in
FIGURE 3 (a), (b), (c) and (d) respectively.

2) SUDOKU RECONFIGURATION TECHNIQUE

The Sudoku reconfiguration [26] is obtained from the logic-
based number-placement puzzle where the 9 x 9 array is
divided into nine 3 x 3 sub-arrays with the rows and columns
containing non-repeating digits from 1 to 9. The initial 9 x
9 array has been given in FIGURE 4 (a) whereas the final
renumbered array based on the Sudoku puzzle is depicted
in FIGURE 4 (b). In this technique, the physical position
of the modules with TCT connection is changed based on
the renumbered Sudoku pattern without altering the electrical
connection. In the Sudoku technique, the modules located at a
single row of TCT configuration are shifted to different rows
to minimize the effect of shading occurring at a single row and
dispersing it to other rows of the array increases the current
entering the node and reduces module bypassing. Taking an
example, the position of module 12 (first-row second column)
is changed to the seventh-row second column with the mod-
ule connection remaining in the first row. Similarly, module
number 33 (third-row third column) is shifted to the ninth-row
third column with an electrical connection remaining at the
third row. In this way, the physical position of all the modules

VOLUME 10, 2022



P. R. Satpathy et al.: Performance and Reliability Improvement of Partially Shaded PV Arrays

IEEE Access

Series-Parallel (SP) 9x9

(@)

Honey Comb (HC) 9x9

i

L

©

Bridge-Linked (BL)

Total Cross Tied (TCT)

9x9

(b)
9x9

TTTTTTTT
1 [0 [0 [0 [0 N
TTIFFETTT
IR E IR EI AN E

TTTTTTTT
TTTTTTTT
o ) [ I

(@

FIGURE 3. Conventional PV array configuration of 3 x 3 and 9 x 9 sizes. (a) Series-parallel (SP), (b) Bridge-linked (BL),

(c) Honey comb (HC), and (d) Total cross tied (TCT).

is shifted according to the Sudoku renumbered pattern to
disperse the shade throughout the array for power enhance-
ment during shading. As the electrical connection of the
array remained unchanged, so, the voltage and current rating
remains equal to that of SP, BL, HC and TCT configurations.

C. PERFORMANCE PARAMETERS

The performance of the array configurations is investigated
using various measuring parameters to study the efficacy
during shading. The array power generation (P4) is one of
the major parameters that can be used for the performance
evaluation of the configurations and calculated as

Py =Va X1y 3)

The mismatch loss (ML) encountered by the arrays during
a particular shading scenario can be calculated from the
difference between the power generation of arrays under no
shade (Py) and shaded (Ps) scenarios expressed as

ML = Py — Pg “)

The percentage of power loss (PL) encountered by an array
during a particular shading scenario is derived from equation
(5) where Pstc indicates the array power generation at STC.
Psrc — Ps

PL(in%) = ==
STC

x 100 5)
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The efficiency of array configurations (1pg) is calculated
using equation (6) in which ‘G’ and ‘A’ referred to the irradi-
ance are receiving area of the module respectively.

. Py
npg(in%) = " x 100 (6)

The power conversion efficiency (npc) is determined by
equation (7) where ‘Pc’ is the calculated power extracted
from the sum of power generation of individual PV modules.

. Pg
npc(in%) = P x 100 @)

C
The performance ratio (PR) of the array configurations can
be as the percentile ratio of power generation during a shading
scenario to an unshaded case and given as

PR(in0) = —> x 100 ®)

Ill. ONE-TIME ELECTRICAL RECONFIGURATION:
DESCRIPTION, IMPLEMENTATION, AND EVALUATION
The proposed one-time electrical reconfiguration is a perma-
nent solution for partial shading prone arrays which is based
on electrical reconnection of the PV modules to disseminate
the intensity of partial shading in the array. The main objec-
tive of distributing the shading throughout the array is to
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FIGURE 4. Sudoku technique for 9 x 9 PV array. (a) Initial array numbering, and (b) Renumbered array based on Sudoku

technique.

reduce the possibility of losses caused by the lower current
generation in rows of the array.

The reconfiguration initially begins with running the
pseudo-code programmed using C++ language as given
above that takes the number of rows (M) and columns (V) as
input. The program initializes by constructing a matrix Aij of
size M x N with i and j as row and column indices respectively.
The output of the program will be a new remembered matrix
Bij of the same size M xN where the numbering of the ini-
tially considered matrix is changed by swapping the elements
across the rows and columns. After that, a TCT connected
array of size MxN is taken that will act as the guiding
reference to carry out the electrical connection of the electri-
cally isolated renumbered array. The detailed steps involved
in the implementation of the proposed reconfiguration to a
3 x 3 array are given in pictorial (FIGURE 5) and explained
below.

A. PROGRAM EXECUTION
Step 1: Enter the number of rows and columns of the array as
3 and 3 respectively.

Step 2: The program will initially create a 3 x 3 PV array
(or matrix) with total number of elements equal to 9 that
are named according to their row and column indices i.e. 11
(row 1 column 1), 12 (row 1 column 2), 13 (row 1 column 3),
21 (row 2 column 1), 22 (row 2 column 2), 23 (row 2
column 3), 31 (row 3 column 1), 32 (row 3 column 2) and
33 (row 3 column 3) as shown in FIGURE 5 (b).

Step 3: After execution, the program will create a renum-
bered array (or matrix) based on the shade dispersion logic
as shown in FIGURE 5 (c¢). The modules of the initial
3 x 3 array are considered to be electrically connected in TCT
configuration (FIGURE 5 (d)) whereas the modules of the
renumbered PV array are electrically isolated or unconnected
with each other.
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B. ELECTRICAL CONNECTION

Step 4: At first, the modules number 11, 21 and 31 are con-
nected in series [according to the TCT configuration shown
in FIGURE 5 (d)] represented by red wires for the positive
terminal of module 11, green wires as a connection between
module 11 negative and module 21 positive terminals, and
blue wires as the connection between module 21 negative and
module 31 positive terminals shown in FIGURE 5 (e).

Step 5: Secondly, modules number 12 is connected in
parallel with module 11 represented by red (positive) and
green (negative ) wires and then connected in series with
module 22 (green wires as negative of 11 and positive of 22).
Similarly, module 22 will be connected in parallel with 21
(green wires) and series with 32 (blue wires) as shown in
FIGURE 5 (f).

Step 6: Thirdly, modules number 13 and 12 are connected
in parallel (red wires for positive terminals and green wires
for negative terminals) and then module 13 is connected in
series with 23 (green wires). Similarly, PV module 23 is
connected in parallel with module 22 (green wire for positive
and blue wire for negative terminals) and series with 33 and
then modules 33 and 32 are connected in parallel (blue wire
for positive and black wire for negative terminals as shown in
FIGURE 5 (g).

For connection simplicity, another approach can be
adopted to improve the ease of wiring where the terminals
of the PV modules are connected to specific knots of dif-
ferent colours that either connect modules in series or par-
allel configuration. Considering the connection of the 3 x 3
renumbered PV array as an example, the positive terminals
of modules number 11, 12 and 13 are directly connected to
the red knot which is the positive output terminal of the array.
The negative terminals of modules 11, 12 and 13, and positive
terminals of modules 21, 22 and 12 are connected to the green
knot.

VOLUME 10, 2022
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FIGURE 5. Detailed steps involved in the implementation of the proposed one-time electrical reconfiguration for a 3 x 3 PV array.

The blue knot has the connections of positive terminals of
modules 31, 32, and 33, and negative terminals of modules
21, 22 and 23. The black knot contains the negative terminals
of modules 31, 32 and 33 that are connected to the negative
output terminal of the PV array. The connection diagram of
the renumbered modules for one-time reconfiguration and
modules connected to different knots has been shown in
FIGURE 6.

Since the wiring of the reconfigured PV array has been
done equivalent to the connection of the TCT array, hence,
the voltage, current and power ratings of the array with elec-
trical reconfiguration remain the same. In this reconfiguration
concept, the modules present in a single row and column
of the TCT array are electrically reconnected in such a way
that the modules will appear to be at different rows and
columns which reduces the chances of shading occurring at a
single row and distributes it all over the array. The proposed
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technique aims to increase the current entering the nodes
during shading resulting in an improved power generation of
the array.

The proposed reconfiguration strategy has been validated
mathematically using a partially shaded 5 x 5 array and com-
pared with the TCT array in terms of theoretical power gen-
eration and mismatch losses. The shading scenario applied to
the 6 x 6 array with TCT configuration has been depicted in
FIGURE.7 (a) where all the modules of the first row received
100W/m?, and second row received 400W/m? and other rows
received 1000W/m? (unshaded).

The current generated by an individual module at any
irradiance level can be mathematically estimated as

I Irradiance I
= — X =
M Irradiance @ STC MSTC

Irradiance

I
1000 MsTC

©))
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FIGURE 7. Partial shading in a 5 x 5 TCT array. (a) Shading scenario, (b) Current and voltage generation without
bypass diodes, and (c) Current and voltage generation with bypass diodes.

In TCT, the modules present in a single row are connected
in parallel whereas similar rows are connected in series.

Hence, the current generated by an individual row can be
estimated as the sum of individual module current as given in
equation (10) whereas the row voltage remains equal to the
voltage of a single module.

N
Ig = ZIM =1y +1Iy +1y + 1y + 1y + 1y =6Iy
j=0
(10)
Hence, the current generated by the first row (Ir;) of the
TCT array can be theoretically calculated as

Iri =011y +0.11 +0.1 11 +0.11y
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le40.1 1y + 0.1 1y = 0.6 Iy (11)

Similarly, the current generated by the second row (IR2) of
the TCT array can be calculated as

IRp =041y +041y +041y +041y

+041y +041y =241y (12)

The current generated by the unshaded rows i.e. third (Ir3),
fourth (Ira), fifth (Ir5) and sixth (Irg) of TCT configuration
are estimated as

Ips = Ipq = Igs = Ige = Iy + Iy + Iy

+Iy + 1y + 1y =6Iy  (13)
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C++ Pseudo Code for Renumbering the PV Array

#include <iostream>
#include <iomanip>
using namespace std;
void createSquare(int sxxarray, int r, int c) {

int i, j, count = 1, range;

for(i = 0; i<r; i++)

for(G = 0; j<c; j++)
array[i][j] = O; //initialize all elements with 0

range = rxc;
i=0;
j=c/2;

array[i][j] = count;
while(count < range) {
count+-+;
if((i-1) < 0 && (j-1) < 0) //when both row and column
crosses the range
i++;
else if((i-1) <0) {//when only row crosses range, set i to
last row, and decrease j
i=r1;
=
}else if((j-1) < 0) {//when only col crosses range, set j to
last column, and decrease i
j=c-1;
i
}else if(array[i-1][j-1] != 0) //when diagonal element is
not empty, go to next row
i++;
else{

array[i][j] = count;
}
// Printing the array
for(i = 0; i<r; i++) {
for(G = 0; j<c; j++)
cout <setw(3) < array[i][j];
cout < endl,
H)
main() {
ints* matrix;
int row, col;
cout K “Enter the size of PV array:”;
cin > row;
col = row;
matrix = new intx[row];
for(int i = 0; i<row; i++) {
matrix[i] = new int[col];
}

createSquare(matrix, row, col);

}

Considering the TCT PV array with modules having no
bypass diodes (as shown in FIGURE 7 (b)), the maximum
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current output (Iarct) of the array will be the current output
of the lowest-performing modules (series current limitation)
i.e. 0.6In whereas the maximum voltage output (Varct) will
be equal to 6V)y1. Hence, the maximum power output of the
TCT without bypass diodes can be theoretically calculated as

Parcr =Varer X Iarcr = 6Vy X 0.6 Iy =3.6 Vi Iy (14)

In a TCT array with bypass diodes (as shown in
FIGURE 7 (c)), the maximum current output (Intct) of the
array will be 6y as the current generated by the unshaded
modules flows through the bypass diodes without flowing
through the shaded modules. However, turning on bypass
diodes result in voltage reduction of the respective module’s
row (open-circuit of modules) equivalent to the forward-
biased voltage of the bypass diode, i.e., Vp. Hence, two
rows of the TCT array are forwarded generating a voltage of
Vp by each row resulting in a total array voltage equal to
4VMm+2Vp. Hence, the total power output of the TCT array
with bypassing the shaded rows considering Vp <« <V and
can be theoretically calculated as

Parcr =Varcr X Iatcr =4Vm x 6 Iy =24Vyly  (15)

The shade dispersion in the case of the proposed electrical
reconfiguration has been shown in FIGURE 8 (a) where
the shading present over the first two rows of the TCT
is distributed throughout the PV array. The maximum
current generation of the rows can be mathematically
calculated as

Ipt = I3 =1Igs = 0.1 1y +1Iyy + Iy + 0.1 Iy

+ Iy +1Iy =421y (16)
Ipo = Ira =Irg = Iy +0.4 Iy + Iy + 0.4 Iy
+Iy +1Iy =481y (17)

Hence, the maximum power output of the PV array with
the proposed one-time electrical reconfiguration (Pag) and
no bypass diodes [FIGURE 8 (b)] can be calculated as

PAE = VAE X IAE = 6VM x 4.2 IM =252 VMIM (18)

Similarly, the power output of one-time reconfiguration
array with bypass diodes has been calculated as

PAE = VAE X IAE = 3VM x 4.8 IM =144 VMIM (19)

But, practically turning on the bypass diodes scenario is
limited as shaded modules bypassing mainly occurs when
the power generated by the modules under no shade is
higher than the net power generation of the array. Hence, for
reduced complexity, the power generation of the PV arrays
without bypassing the shaded modules is considered for
comparison.

The maximum power generation of the 6 x 6 PV array
during no shading/ healthy scenario can be calculated as

Py =Va x Iy =6Vy x6ly =36Vyly (20)
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FIGURE 8. Partial shading in a 5 x 5 array with proposed reconfiguration. (a) Shading scenario, (b) Current and
voltage generation without bypass diodes, and (c) Current and voltage generation with bypass diodes.

The total power losses encountered by the PV array with
TCT configuration (P ossT)) can be calculated as

PrLosst = Pa — Parcr = 36Vyly — 3.6 Vyly
=324 Vyly (©3))

Similarly, the power losses encountered by the array with
proposed one-time electrical reconfiguration (Pposg) can be
calculated as

Prosse = Pa — Pap =36V ly —25.2 Viyly
= 10.8 Vyrlyy (22)

Hence, from equations (21) and (22), it can be observed
that the PV array with the proposed one-time electrical recon-
figuration has reduced the power losses up to 21.6VpIm as
compared to the TCT array. Also, it can be stated that the
proposed one-time electrical reconfiguration has generated
85.71% higher power as compared to the TCT configuration
during this particular shading scenario which reflects the
efficacy of the proposed strategy in terms of higher power
generation.

IV. SIMULATION AND EXPERIMENTAL RESULTS:
ANALYSIS AND DISCUSSIONS

The proposed one-time electrical reconfiguration has been
tested using two different array sizes i.e. 3 x 3 and 9 x 9 and
compared with various configurations such as series-parallel
(SP), bridge-linked (BL), honeycomb (HC), total cross tied
(TCT) and Sudoku reconfiguration (for 9 x 9 PV array). The
entire investigation is conducted in the MATLAB software
and prototype field experimental setup (for 3 x 3 PV array).
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The rating of the PV module considered for the simulation
and experimental analysis of the 3 x 3 array has been tabulated
in Table 1. However, the 9 x 9 PV array has been studied only
in the simulation environment using large size PV modules
generating a maximum power output of 325W, maximum
voltage: 37.8V, maximum current: 8.60A, open-circuit volt-
age:46.60V and short-circuit current: 9.20A at STC.

The comparison of the configurations has been done using
various parameters given in equations (4)-(9) such as power
generation, mismatch loss, power loss, power generation effi-
ciency, power conversion efficiency and performance ratio.
The analysis has been carried out using different shading
scenarios that differ in terms of size, strength and pattern
where the modules under no shading condition are oper-
ated at 800W/m? irradiance and 50°C module temperature
(based on real-time environment data) and the shaded mod-
ules received different levels of irradiances i.e. 100W/m?,
200W/m?, 400W/m? and 600W/m?. The maximum power
generated by the unshaded 3 x 3 and 9 x 9 arrays in the
simulation at 800W/m? and 50°C has been found as 317.61W
and 22894.55W respectively.

A. SCENARIO A

The shading for the PV arrays with SP, BL, HC, TCT
and proposed one-time reconfiguration has been depicted
in FIGURE 9 (a). During this particular shading, the mod-
ules present in the first-row first-column, first-row second-
column, second-row first-column and second-row second
column are subjected to receive lower irradiance levels of
100W/m?, 100W/m?, 200W/m? and 200W/m? respectively.
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FIGURE 9. Partial shading in 3 x 3 PV Array. (a) Partial shading scenario A, (b) Shading and row current estimation in TCT configuration
and, (c) Shade dispersion and row current estimation by one-time electrical reconfiguration (proposed).

TABLE 2. Mathematical evaluation of current, voltage, power and location of GMPP during shading scenario a for TCT and proposed one-time

reconfiguration.

TCT Configuration

Proposed One-time Electrical Reconfiguration

Row Currents Voltage Power Row Currents Voltage Power
Iri v 3Vm 3Vulm Iri 1.7Lu 3Vm 5.1Vulu
le lle 2VM 24VMIM IRZ ISIM 2VM 36VMIM
Irs 2.4Iu Vum 24Vulm Irs 1.1y Vm 1.1Vulm

The total available power from the array during this shading
scenario has been calculated as 200.2W (simulation) and
198.14W (experiment). The rows currents estimation for the
TCT configuration has been shown in FIGURE 9 (b) in
which the theoretical currents generation of the array has
been estimated as 11y (first row), 1.2Iy (second row) and
2.41In (third row) respectively. Similarly, the theoretical rows
current generated by the array with proposed one-time recon-
figuration (FIGURE 9 (c)) has been calculated as 1.7Iy; for
the first row, 1.8Iy for the second row and 1.1Iy for the third
row.

The theoretical estimation of the array current, voltage and
power based on the bypassing of shaded rows in case of TCT
and proposed one-time electrical reconfiguration have been
tabulated in Table 2. From the table, it can be seen that the
location of the global maximum power point (GMPP) of TCT
is at 3Vmlm.

In the case of one-time reconfiguration, the GMPP lies at a
higher position i.e. 5.1VyIy which reflects the higher power
generation of the array with the proposed strategy.

The power curves of the arrays with SP (blue curve),
BL ( green curve), HC (red curve), TCT (pink curve), and
proposed one-time electrical reconfiguration (black curve)
obtained from the simulation analysis have been shown in
FIGURE 10. The power generation of the array with SP,
BL, HC and TCT configuration during shading scenario
A have been found as 134.55W, 141.32W, 140.15W, and
144.71W respectively. The array with the proposed reconfig-
uration strategy has a higher power generation of 160.61W
as the intensity of the shading in a particular row gets
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dispersed all over the array resulting in higher power gen-
eration. The mismatch losses (ML) encountered by the SP,
BL, HC and TCT configurations have been calculated as
183.06W, 176.29W, 177.46W and 167.9W, with power losses
of 70.1%, 68.59%, 68.85% and 67.84% respectively. The
power generation efficiencies (npg) of the configurations
have been calculated as 6.31% (SP), 6.63% (BL), 6.57%
(HC), and 6.79% (TCT) whereas the power conversion effi-
ciencies (npc) are calculated as 67.20% (SP), 70.58% (BL),
70% (HC) and 72.29% (TCT). However, the array with the
proposed one-time electrical reconfiguration encountered the
lowest losses of 157W (mismatch) and 64.30% (power) with
7.53% (power generation efficiency) and 80.22% (power
conversion efficiency) than the SP, BL, HC and TCT con-
figurations. The proposed strategy has shown a superior
performance (50.56%) by generating notably higher power
than the SP (42.36%), BL (44.49%), HC (44.12%) and TCT
(45.57%) configurations. An experiment has been carried out
with the shading scenario A for the 3 x 3 array configu-
rations and the power curves obtained (data from experi-
ments and plotted in MATLAB) are depicted in FIGURE 11.
The maximum power of SP, BL, HC, TCT and one-time
electrical reconfiguration obtained from the experiments has
been measured as 132.86W, 139.7 2W, 138.27W, 142.71W
and 158.76W respectively. Hence, from the above simula-
tion and experimental analysis, it has been observed that
the proposed one-time reconfiguration improved the array
performance with a higher power output of 19.36%, 13.64%,
14.59% and 10.96% higher power than SP, BL, HC and TCT
respectively.

46921



l E E E ACC@SS P. R. Satpathy et al.: Performance and Reliability Improvement of Partially Shaded PV Arrays

@) Series-Parallel (SP) (@) Bridge-Linked (BL)

@ Proposed Electrical Reconfiguration

@ Honey Comb (HC) @ Total Cross Tied (TCT)

I

160 [ Power Generation
Indicator 160.6

120

Power
W)
80

40

[

[ [ [

30 40 50
Voltage (V)

FIGURE 10. Power curves of the PV arrays (SP, BL, HC, TCT configurations) and One-time electrical reconfiguration) during partial shading scenario A

(simulation analysis).
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FIGURE 11. Power curves of the PV arrays (SP, BL, HC, TCT configurations) and One-time electrical reconfiguration) during partial shading scenario A

(experimental analysis).

B. SCENARIO B

The shading scenario B has been shown in FIGURE 12 (a)
where all the three rows of the arrays are subjected to partial
shading with the first two modules of the first-row, second-
row and third-row (from the left side view) receiving lower
irradiances (400W/m?, 600W/m? and 200W/m? respectively)
whereas the unshaded modules (last modules of each row)
received 800W/m?. The shading structure in the case of the
TCT array has been shown in FIGURE 12 (b) and the shade
dispersion by the one-time electrical reconfiguration has been
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displayed in FIGURE 12 (c) along with the rows’ current
estimation. The theoretical currents of row 1, row 2 and row 3
in the TCT array have been estimated as 1.6In, 2In and 1.21y
respectively whereas the reconfigured array has rows current
estimated as 1.4Iy; (row 1), 1.6Iy (row 2) and 1.8y (row 3).

The theoretical current, voltage and power estimations of
the array with TCT configuration and one-time electrical
reconfiguration during scenario B have been calculated and
given in Table 3. It can be observed from the table that the
GMPP in the case of TCT i.e. 3.2Vplym can be achieved only
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FIGURE 12. Partial shading in 3 x 3 PV array. (a) Partial shading scenario B, (b) Shading and row current estimation in TCT configuration
and, (c) Shade dispersion and row current estimation by one-time electrical reconfiguration (proposed).

TABLE 3. Mathematical evaluation of current, voltage, power and location of GMPP during shading scenario b for TCT and proposed one-time

reconfiguration.

TCT Configuration

Proposed One-time Electrical Reconfiguration

Row Currents Voltage Power Row Currents Voltage Power
Irs 1.21y 3Vm 2.4Vulu Irs 1.8Im 3Vum 5.4Vylu
Irs 1.61m 2Vm 3.2Vulm Iri 1.41v 2Vm 2.8Vulm
Ir, 2.0Iy Vum 2.0Vulum Iro 141y Vm 1.4Vulu

after bypassing one complete row of the array however, the
GMPP of the array with reconfiguration has been extracted
without bypassing any row of the array at 5.4VyIm. The
power curves (simulation) of the PV array configurations
including SP, BL, HC, TCT and proposed reconfiguration
have been shown in FIGURE 13 where it can be visualized
that the curve of the proposed reconfiguration (black curve)
lies at the higher position indicating higher power generation
than others.

The total available power from the PV array has been
calculated as the sum of individual module power generation
and found as 212.22W. The PV array with the electrical
reconfiguration has generated a notable higher power output
(196.66W) followed by the TCT (174.37W), BL (173.59W),
HC (167.53W) and SP (163.89W). The SP experienced the
highest losses of 153.72W (mismatch) and 63.58% (power)
followed by HC (50.08W, 62.77%), BL (144.02W, 61.42%)
and TCT (143.24W, 61.25%) whereas the electrical recon-
figuration array encountered a minimal mismatch and power
losses of 120.95W and 56.2% respectively. Taking the power
generation and conversion efficiencies into account, the
proposed electrical reconfiguration has the higher efficien-
cies (9.22% generation and 92.66% conversion) as com-
pared to TCT (8.18% generation and 82.16% conversion),
BL (8.14% generation and 81.79% conversion), HC (7.86%
generation and 78.94% conversion) and SP (7.69% genera-
tion and 77.22% conversion) configurations. Hence, it can
be concluded that the proposed strategy has better perfor-
mance (61.91) during shading scenario B as compared to
the TCT (54.90%), BL (54.65%), HC (52.74%) and SP
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(51.60%) configurations. Also, there is a power enhancement
in the PV array with proposed reconfiguration concerning SP
(19.99%), BL (13.28%), HC (17.38%) and TCT (12.18%)
configurations.

C. SCENARIO C

During this shading scenario (FIGURE 14 (a)), the modules
present in the first row of the array are operated under no
shading scenario receiving 800W/m? whereas the first two
modules of the second row (from the left side view) received
400W/m?, first two modules of third-row received 200W/m?
and the third modules of second and third rows received
600W/m?>.

The shading scenario C occurrence in the case of the TCT
array has been delineated in FIGURE 14 (b) whereas the
shade dispersion by the one-time electrical reconfiguration
strategy has been shown in FIGURE 14 (c).

The row’s current estimation of the TCT array has been
mathematically calculated as 2.4Iy for the first row, 1.4Iy
for the second row and 1l for the third row. Similarly, the
row current estimation of the array with proposed recon-
figuration for shading scenario C has been mathematically
calculated as 1.6Iy;, 1.4Iyv, and 1.8Iy for the first, second
and third rows respectively. The theoretical current, voltage
and power calculation of the array with TCT configuration
and proposed reconfiguration has been tabulated in Table 4.
From the table, it can be observed that the PV array with TCT
configuration has the theoretical GMPP at 3Vl whereas
the proposed reconfiguration has a notable higher GMPP
lying at 5.4Vyly.
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FIGURE 13. Power curves of PV arrays (SP, BL, HC, TCT configurations) and One-time electrical reconfiguration) during partial shading scenario B

(simulation analysis).
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FIGURE 14. Partial shading in 3 x 3 PV Array. (a) Partial shading scenario C, (b) Shading and row current estimation in TCT configuration
and, (c) Shade dispersion and row current estimation by one-time electrical reconfiguration (proposed).

TABLE 4. Mathematical evaluation of current, voltage, power and location of GMPP during shading scenario C for TCT and proposed one-time

reconfiguration.

TCT Configuration Proposed One-time Electrical Reconfiguration
Row Currents Voltage Power Row Currents Voltage Power
IR3 1IM 3VM 3VMIM IR3 ISIM 3VM 5.4\/1\11\]
Ir> 1.41v 2Vum 2.8Vulm Irs 1.41y 2V 2.8Vulm
Iry 2.41m Vm 2.4Vulu Ir 1.6Im \ 1.6Vulu

The power curves of the PV array are represented in
FIGURE 15 (simulation generated) in which the proposed
reconfiguration has generated a notably higher power of
196.65W (curve located at a higher position) as compared
to the TCT (147.40W), BL (146.42W), HC (143.35W) and
SP (141.20W) configurations. The mismatch losses are cal-
culated as 1178.26W (SP), 173.11W (BL), 177.12W (HC)
and 172.31W (TCT) and the power losses are calculated
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as 69.03% (SP), 67.88% (BL), 68.78% (HC) and 67.71%
(TCT). Also, power generation and conversion of efficiencies
of the TCT (6.81% and 68.46%) are higher as compared to
SP (6.53% and 65.66%), BL (6.78% and 68.08%) and HC
(6.59% and 66.20%). However, the proposed reconfigura-
tion strategy encountered the lowest mismatch (122.95W)
and power (56.74%) losses with higher power generation
(9.13%) and conversion (91.72%) efficiencies. Hence, it can

VOLUME 10, 2022



IEEE Access

P. R. Satpathy et al.: Performance and Reliability Improvement of Partially Shaded PV Arrays

(@) Series-Parallel (SP)

@ Total Cross Tied (TCT)

@ Bridge-Linked (BL) @ Honey Comb (HC)
@ Proposed Electrical Reconfiguration
T T

200 - [Power Generation

150 -

Power

(W)
100 -

50 -

|
0 10 20 30 40 50
Voltage (V)

FIGURE 15. Power curves of PV arrays (SP, BL, HC, TCT configurations) and One-time electrical reconfiguration) during partial shading scenario C
(simulation analysis).
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FIGURE 16. Partial shading in 3 x 3 PV Array. (a) Partial shading scenario D, (b) Shading and row current estimation in TCT configuration
and, (c) Shade dispersion and row current estimation by one-time electrical reconfiguration (proposed).

be stated that the proposed strategy has higher performance
(61.28%) as compared to the TCT (45.74%), BL (45.49%),
HC (44.23%) and SP (43.87%) configurations. The proposed
strategy has significantly generated 39.69% higher power
than SP, 34.71% than BL, 35.50% than HC and 32.06% than
TCT during this particular shading scenario.

D. SCENARIO D

The shading scenario D is shown in FIGURE 16 (a) in which
the whole array is under shading receiving lower irradiances
of 100W/m?, 200W/m?, 400W/m? and 600W/m?. This sce-
nario is considered to be one of the complex scenarios as
besides the available irradiance of 800W/m?2, the PV array
operates under more than three irradiance levels. The rows
currents in the TCT configuration have been theoretically
calculated as 1In; (Row 1), 0.4Iy (Row 2) and 1.8y (Row 3)
as shown in FIGURE 16 (b). Similarly, theoretical currents
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generated by the array after shade dispersion by the proposed
strategy for rowl, row 2 and row 3 have been calculated
as 1.6Iy;, 1.4Ipm and 1.8Iy. The theoretical estimation of
row currents, voltage and power of the PV arrays with TCT
configuration and proposed reconfiguration are calculated
and tabulated in Table 5. It can be observed that the GMPP
(2VmIm) of TCT can be acquired after bypassing one row of
the array whereas the GMPP of the array with the proposed
strategy occurred without bypassing any row i.e. 4.2Vyly.
The power graphs of the configurations and proposed elec-
trical reconfiguration are depicted in FIGURE 17 and the
calculated power has been calculated as 140.2W. The elec-
trical reconfiguration has significantly increased the power
generation of the PV array by generating maximum power
of 124.99W as compared to the SP (92.27W), BL (93.35W),
HC (92.06W) and TCT (91.98W) configurations. The
reconfigured array experienced the lowest losses of 192.62W
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TABLE 5. Mathematical evaluation of current, voltage, power and location of GMPP during shading scenario D for TCT and proposed one-time

reconfiguration.

TCT Configuration

Proposed One-time Electrical Reconfiguration

Row Currents Voltage Power Row Currents Voltage Power
Iro 0.41y 3Vm 1.2Vulu Irs 1.41y 3Vm 4.2Vyly
lRl IOIM 2VM Z.OVMIM IR3 161]\/[ 2VM 28VMIM
Irs 1.81u Vum 1.8Vulm Iri 1.81u Vum 1.6Vylu
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FIGURE 17. Power curves of PV arrays (SP, BL, HC, TCT configurations) and One-time electrical reconfiguration) during partial shading scenario D

(simulation analysis).

(mismatch) and 72.22% (power) with notably higher power
generation and conversion efficiencies of 5.84% and §9.15%
respectively. The SP configuration has experienced losses of
225.34W (mismatch) and 79.49% (power) as compared to
the BL (224.26W and 79.25%), HC (225.55W and 79.54%)
and TCT (225.63W and 79.56%) configurations. Also, the
power generation and conversion efficiencies of SP, BL,
HC and TCT are calculated as 4.32% and 65.81%, 4.38% and
66.58%, 4.31% and 65.66%, and 4.31% and 65.58% respec-
tively. The performance ratios of the SP, BL, HC, TCT and
proposed reconfiguration have been calculated as 29.05%,
29.39%, 28.98%, 28.96% and 39.35% respectively. From the
results, it has been found that there is a power enhancement
of 35.46%, 33.89%, 35.77% and 35.88% in the reconfigured
array than SP, BL, HC and TCT respectively.

E. SCENARIO E

Scenario E is represented in FIGURE 18 (a) in which the
first two modules of the second and third rows are receiving
400W/m? whereas the other modules are operating under no
shading scenario (800W/m?). The power curves are depicted
in FIGURE 18 (b) where it can be seen that the power
generation of one-time electrical reconfiguration (230.57W)
is higher followed by the TCT (220.83W), HC (220.20W),
BL (216.28W) and SP (216.54W) array configurations. The
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reconfigured PV array has the lowest losses of 87.04W (mis-
match) and 48.75% (power) as compared to the SP (101.07W
and 51.88%), BL (101.33W and 51.93%), HC (97.41W
and 51.06%) and TCT (96.79W and 50.92%) configurations
respectively. This leads to a higher power generation and
conversion efficiencies in the case of array electrical recon-
figuration of 10.81% and 91.38% as compared to the SP
(10.16% and 85.82%), BL (10.14% and 85.71%), HC
(10.33% and 87.27%) and TCT (10.36% and 87.51%) con-
figurations. The performance ratios of SP, BL, HC, TCT and
proposed reconfiguration have been calculated as 68.17%,
68.09%, 69.33%, 69.52% and 72.59% respectively. The
power generation of the array with the proposed strategy is
6.47% higher than SP, 6.60% than BL, 4.70% than the HC
and 4.41% than TCT configurations.

F. SCENARIO F

During scenario F (FIGURE 19 (a)), the PV modules present
over the first and second rows of the array have been subjected
to shading receiving lower irradiance levels of 100W/m?
whereas the modules of the third row received 800W/m?
(no shading). The total available power in the array under
this shading is found as 128.76W. The power curves of the
arrays have been shown in FIGURE 19 (b) representing
that conventional configurations have equal power output
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FIGURE 18. Partial shading scenario E for 3 x 3 PV array configurations and proposed reconfiguration. (a) Shading scenario, and (b) Power curves
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FIGURE 19. Partial shading scenario F for 3 x 3 PV array configurations and proposed reconfiguration. (a) Shading scenario, and (b) Power curves

(simulation analysis).

i.e. 94.82W with mismatch loss of 222.79W, power loss of
78.92%, power generation efficiency of 4.44%, power con-
version efficiency of 74% and performance ratio as 29.85%.
However, the power output of one-time electrical reconfigu-
ration is found to be higher i.e. 127.13W with lower losses
of 189.48W (mismatch) and 71.52% (power). Also, there is a
higher power output and conversion efficiencies of 6.01% and
98.75% respectively with a performance ratio of 40.02%. The
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PV array with proposed reconfiguration has 34.07% power
enhancement than the SP, BL, HC and TCT configurations.
The parameters comparison of the proposed technique
with the SP, BL, HC and TCT configurations during all
the above-studied scenarios has been graphically represented
in FIGURE 20. The graphs clearly state that the proposed
reconfiguration excelled in performance in terms of reduced
losses and improved efficiencies during partial shading.
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FIGURE 20. Graphical comparison of various performance parameters of 3 x 3PV arrays with SP, BL, HC, TCT configurations and proposed one-time
electrical reconfiguration. (a) Mismatch Losses, (b) Power Losses, (c) Power Generation Efficiency, and (d) Power Conversion Efficiency.

The comparative data obtained from the simulation and
experiments for different 3 x 3 PV array configurations during
shading scenarios A to F have been tabulated in Table 6. The
results indicate that the array implemented with the proposed
one-time electrical reconfiguration has shown excellent per-
formance during all the shading scenarios.

Also, for enhanced analysis, several other partial shading
scenarios for the 3 x 3 PV array have been considered. The
shading scenarios, corresponding P-V characteristics curves
and power generation of the conventional configurations
and proposed electrical reconfiguration have been given in
Table 7. The shading scenarios considered in the table repli-
cate the possible occurrence in a real-time scenario due to
the presence of the trees and buildings shadows. From the
results given in Table 7, it can be observed that the electrical
reconfiguration has significantly enhanced the power gener-
ation of the array during all the shading cases as compared
to conventional configurations. Also, it has been observed
that in some of the shading cases, the SP, BL, HC and TCT
configurations have nearly equal power generations whereas
there is a notable higher power output in the case of the
proposed technique. Hence, it can be summarised from the
results that the adoption of the proposed technique can signif-
icantly enhance the power generation of the 3 x 3 PV array
during partial shading.
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Similarly, to prove the efficacy of the proposed one-time
electrical reconfiguration, a 9 x 9 array has been considered
for investigation. The 9 x 9 array has been implemented with
SP, BL, HC and TCT along with Sudoku reconfiguration and
one-time electrical reconfiguration. The implementation of
the Sudoku reconfiguration has been pictorially explained in
FIGURE 4. The investigation has been carried out under three
shading scenarios and compared with the SP, BL, HC, TCT
and Sudoku reconfiguration.

During no shading scenario, the 9 x 9 PV arrays are
operated at 800W/m? and 50°C generating the maximum
power of 2858.57W whereas the shaded modules are operated
at 100W/m?. The shading case A for the 9 x 9 PV array
configurations is shown in FIGURE 21 (a) and the shade
dispersion by the Sudoku and proposed electrical reconfig-
urations are depicted in FIGURE 21 (b) and (c) respectively.
The power curves of the TCT, Sudoku and one-time electrical
reconfiguration are depicted in FIGURE 22.

The maximum power output of SP, BL, HC, TCT, Sudoku
and electrical reconfigurations during shading case A have
been found as 2176.3W, 2439.2W, 2407.5W, 2553.6W,
2687.99W and 2719.68W respectively indicating higher
power generation of the proposed one-time reconfiguration
than others. The proposed technique has lower mismatch
and power losses of 138.89W and 32.84% as compared to
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TABLE 6. Simulation and experiments data of performance parameters of 3 x 3 configurations during various shading scenarios.

I Shading Scenario A I
Simulation Data Experiments Data
Performance Parameters SP BL HC TCT E.Reconfg. SP BL HC TCT E.Reconfg.
Available Power (W) 200.20 198.14
Maximum Power (W) 134.55 141.32 140.15 144.71 160.61 132.86 139.72 138.72 142.71 158.76
Mismatch Losses (W) 183.06 176.29 177.46 167.9 157 183.55 176.69 177.69 173.70 157.65
Power Losses (%) 70.1 68.59 68.85 67.84 64.30 70.47 68.95 69.17 68.28 64.72
Generation Efficiency (%) 6.31 6.63 6.57 6.79 7.53 6.23 6.55 6.50 6.69 7.44
Conversion Efficiency (%) 67.20 70.58 70 72.29 80.22 67.05 70.51 70.01 72.02 80.12
Performance Ratio (%) 42.36 44.49 44.12 45.57 50.56 41.98 44.15 43.84 45.10 50.17
I Shading Scenario B I
Simulation Data Experiments Data
Performance Parameters SP | BL | HC | TCT | E.Reconfg. SP BL | HC | TCT | E.Reconfg.
Available Power (W) 212.22 210.48
Maximum Power (W) 163.89 173.59 167.53 174.37 196.66 162.03 171.55 165.56 172.39 194.60
Mismatch Losses (W) 153.72 144.02 150.08 143.24 120.95 154.38 144.86 150.85 144.02 121.81
Power Losses (%) 63.58 61.42 62.77 61.25 56.29 63.99 61.87 63.20 61.69 56.75
Generation Efficiency (%) 7.69 8.14 7.86 8.18 9.22 7.60 8.04 7.76 8.08 9.13
Conversion Efficiency (%) 77.22 81.79 78.94 82.16 92.66 76.98 81.50 78.65 81.90 92.45
Performance Ratio (%) 51.60 54.65 52.74 54.90 61.91 51.20 54.21 52.32 54.48 61.50
I Shading Scenario C I
Simulation Data Experiments Data
Performance Parameters SP BL HC TCT | E.Reconfg. SP BL HC TCT E.Reconfg.
Available Power (W) 212.22 210.48
Maximum Power (W) 141.20 146.42 143.35 147.40 196.65 139.35 144.50 140.59 145.30 194.66
Mismatch Losses (W) 178.26 173.11 177.12 172.31 122.95 177.06 171.91 175.82 171.11 121.75
Power Losses (%) 69.03 67.88 68.78 67.71 56.74 69.03 67.88 68.75 67.71 56.74
Generation Efficiency (%) 6.53 6.78 6.59 6.81 9.13 6.53 6.78 6.59 6.81 9.13
Conversion Efficiency (%) 65.66 68.08 66.20 68.46 91.72 66.20 68.65 66.79 69.03 92.48
Performance Ratio (%) 43.87 45.49 44.23 45.74 61.28 44.04 45.66 44.43 45.92 61.52
I Shading Scenario D I
Simulation Data Experiments Data
Performance Parameters SP BL HC TCT E.Reconfg. Sp BL HC TCT E.Reconfg.
Available Power (W) 140.20 139.87
Maximum Power (W) 92.27 93.35 92.06 91.98 124.99 93.45 94.23 93.16 92.63 124.97
Mismatch Losses (W) 225.34 22426 | 225.55 225.63 192.62 222.96 222.18 223.25 223.78 191.44
Power Losses (%) 79.49 79.25 79.54 79.56 72.22 79.23 79.06 79.29 79.41 72.22
Generation Efficiency (%) 4.32 4.38 4.31 4.31 5.84 4.38 4.42 4.37 4.34 5.86
Conversion Efficiency (%) 65.81 66.58 65.66 65.58 89.15 66.81 67.36 66.60 66.22 89.34
Performance Ratio (%) 29.05 29.39 28.98 28.96 39.35 29.53 29.78 29.44 29.27 39.49
I Shading Scenario E I
Simulation Data Experiments Data
Performance Parameters SP BL HC TCT E.Reconfg. Sp BL HC TCT E.Reconfg.
Available Power (W) 252.30 251.32
Maximum Power (W) 216.54 216.28 | 220.20 220.82 230.57 225.89 225.81 221.67 222.15 231.94
Mismatch Losses (W) 101.07 101.33 97.41 96.79 87.04 90.52 90.6 94.74 94.26 84.47
Power Losses (%) 51.88 51.93 51.06 50.92 48.76 49.80 49.82 50.74 50.63 48.45
Generation Efficiency (%) 10.16 10.14 10.33 10.36 10.81 10.59 10.59 10.40 10.42 10.88
Conversion Efficiency (%) 85.82 85.71 87.27 87.51 91.38 89.88 89.84 88.20 88.39 92.28
Performance Ratio (%) 68.17 68.09 69.33 69.52 72.59 71.39 71.36 70.05 70.20 73.30
I Shading Scenario F I
Simulation Data Experiments Data
Performance Parameters SP BL HC TCT E.Reconfg. Sp BL HC TCT E.Reconfg.
Available Power (W) 128.76 127.43
Maximum Power (W) 94.82 94.82 94.82 94.82 127.13 95.52 95.64 95.58 95.67 126.89
Mismatch Losses (W) 222.79 222.79 222.79 222.79 222.79 220.89 220.77 220.83 220.74 186.52
Power Losses (%) 78.92 78.92 78.92 78.92 78.92 78.77 78.74 78.76 78.74 70.35
Generation Efficiency (%) 4.44 4.44 4.44 4.44 5.96 4.48 4.48 4.48 4.48 5.98
Conversion Efficiency (%) 73.64 73.64 73.64 73.64 98.73 74.95 75.05 75 75.07 99.57
Performance Ratio (%) 29.85 29.85 29.85 29.85 29.85 30.18 30.22 30.20 30.23 40.10
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TABLE 7. Analysis of conventional configurations and electrical reconfiguration under additional shading scenarios for 3 x 3 PV arrays.

Shading Scenario Corresponding P-V Curves Power Generation
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TABLE 8. Performance summary of the proposed one-time electrical reconfiguration with SP, BL, HC, TCT and sudoku for 9 x 9 PV array.

Shading Case A
Performance Parameters SP | BL | HC I TCT I Sudoku | One-time Reconfiguration
Available Power (W) 2730.34
Maximum Power (W) 2176.35 2436.97 2407.07 2553.62 2687.99 2719.68
Mismatch Losses (W) 686.22 421.60 451.50 304.95 170.58 138.89
Power Losses (%) 46.26 39.82 40.54 36.94 33.62 32.84
Generation Efficiency (%) 11.30 12.66 12.50 13.26 13.96 14.13
Conversion Efficiency (%) 79.70 89.25 88.16 93.52 98.44 99.60
Performance Ratio (%) 76.13 85.25 84.20 89.33 94.03 95.14
Shading Case B
Performance Parameters SP | BL | HC | TCT Sudoku | One-time Reconfiguration
Available Power (W) 2478.9
Maximum Power (W) 1991.38 2085.67 2084.18 2194.88 2406.62 2478.42
Mismatch Losses (W) 867.19 772.9 774.39 663.69 451.95 377.15
Power Losses (%) 50.83 48.50 48.53 45.80 40.57 38.73
Generation Efficiency (%) 10.34 10.83 10.82 11.40 12.50 12.89
Conversion Efficiency (%) 80.33 84.13 84.07 88.54 97.08 99.99
Performance Ratio (%) 69.66 72.96 72.90 76.78 84.18 86.70
Shading Case C (Diagonal Shading)
Performance Parameters SP BL HC TCT Sudoku One-time Reconfiguration
Available Power (W) 2573.19
Maximum Power (W) 2243.77 2525.24 252431 2568.02 2569.18 2572.39
Mismatch Losses (W) 614.8 333.33 334.26 290.55 142.39 56.38
Power Losses (%) 44.59 37.64 37.67 36.59 32.93 31.78
Generation Efficiency (%) 11.65 13.12 13.11 13.34 14.11 14.26
Conversion Efficiency (%) 87.19 98.13 98.10 99.79 99.81 99.99
Performance Ratio (%) 78.49 88.33 88.30 89.83 89.78 89.98
Shading in case of Shading dispersion by Shading dispersion by
SP, BL, HC, TCT Sudoku Proposed Electrical Reconfiguration

(@)

(b)

—_~
o
e

FIGURE 21. 9 x 9 array shading case A. (a) Shading in SP, BL, HC and TCT, (b) Shade dispersion by Sudoku reconfiguration, and

(c) Shade dispersion by the proposed electrical reconfigurat

the SP (686.22W and 46.26%), BL (421.60W and 39.82%),
HC (451.50W and 40.54%), TCT (304.95W and 36.94%)
and Sudoku (170.58W and 33.62%). The shading case B
for the 9 x 9 array has been shown in FIGURE 23 (a) and
the shade dispersion by the Sudoku and One-time electrical
reconfigurations have been shown in FIGURE 23 (b) and (c)
respectively. The power curves of the array with TCT, Sudoku
and Electrical reconfiguration during shading case B have
been depicted in FIGURE 24 representing that there is a
significant power enhancement by the proposed strategy
as compared to the Sudoku and other configurations. The

VOLUME 10, 2022

ion.

power output of the one-time electrical reconfiguration has
been found as 2478.42W whereas the other configurations
i.e. SP (1991.38W), BL (2986.7W), HC (2084.18W), TCT
(2194.88W) and Sudoku (2406.62W) has the lowest power
output. Similarly, the mismatch and power losses of the
9 x 9 PV array with electrical reconfiguration have been
calculated as 5279.35W and 33.08% and found to be signif-
icantly lower as compared to the other configurations. The
performance summary of the 9 x 9 PV array during shad-
ing case A, case B and shading case have been tabularized
in Table 8.
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FIGURE 22. Power curves of 9 x 9 TCT, Sudoku and proposed One-time electrical Reconfiguration during shading
case A (simulation analysis).
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FIGURE 23. 9 x 9 array shading case B. (a) Shading in SP, BL, HC and TCT, (b) Shade dispersion by Sudoku reconfiguration, and
(c) Shade dispersion by the proposed electrical reconfiguration.
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FIGURE 24. Power curves of 9 x 9 TCT, sudoku and proposed one-time electrical reconfiguration during shading
case B (simulation analysis).

The above-conducted analysis gives clear evidence of maximum power output and performance of the PV arrays.
the efficient functionality and shading mitigation ability This results in a significant reduction in losses, improved
of the one-time electrical reconfiguration in increasing the efficiency and higher reliability of the array operating under
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shading. The major merits of adopting the proposed strategy
are:

Higher power generation during shading
Lowers the losses from the array
Improved efficiency and performance during shading
No physical repositioning of modules and hence,
no manpower is required
Ease of implementation in all types of PV systems
Zero switches and sensors requirement
No extra wire requirement (equivalent to TCT)
Low cost and user-friendly.
Ease fault diagnosis
Effective shade mitigation
Highly Reliable

Hence, the proposed strategy can be easily implemented in
PV arrays as a cost-effective solution for reducing the power
loss due to the presence of partial shading.

YYVY

YYVYVVYVYVY

V. CONCLUSION

In this work, a one-time electrical reconfiguration for partial
shading prone PV arrays has been proposed that can act as a
fixed solution to reduce the losses from the arrays. The pro-
posed reconfiguration has been tested for two PV array sizes
(3 x 3 and 9 x 9) under different shading scenarios in MAT-
LAB and real-time experimental environments. The investi-
gation concludes that the proposed reconfiguration strategy
has generated significantly higher power as compared to
the series-parallel, bridge-linked, honeycomb, total cross tied
and Sudoku reconfiguration. During partial shading. Also,
the proposed strategy can efficiently reduce the losses and
increase the overall efficiencies and performance of the PV
arrays during partial shading as compared to other config-
urations. The average power enhancement of the proposed
electrical reconfiguration during partial shading as compared
to the series-parallel, bridge-linked, honeycomb and total-
cross-tied configurations has been found as 25.84%, 22.69%,
23.66% and 21.69% respectively. Hence, the proposed elec-
trical reconfiguration is a highly reliable solution for effective
power enhancement and loss mitigation in PV arrays. The
reconfiguration is easy to execute in partial shading prone PV
arrays that require no modules position replacement, switches
and sensors, extra wires and hence, no additional cost and
complexities in the system.
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