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ABSTRACT Solar photovoltaic (PV) power system consists of numerous modules connected in series
and parallel to generate a certain range of voltage and current outputs. However, the modules are highly
vulnerable to the frequently occurring scenario of partial shading that results in severe losses of power,
hotspot, system performance reduction, and permanent damage to the modules. These problems are mainly
diminished through reconfiguration strategies that disperse the intensity of shading among the modules to
reduce current mismatch and increase the power output of the system. But the pre-existing reconfiguration
techniques exhibit one major demerit toward the limited application in symmetrical or square arrays that
are quite uncommon in the real-time scenario. Hence, this paper presents a Dimension-Independent Array
Relocation (DIAR) approach for the modules connected to asymmetrical arrays that enhance the output
power of the system during all patterns of partial shading scenarios. The methodology is simple, easy to
implement, cost-effective, and a one-time arrangement for the modules of the system that ensures lower
power losses and higher reliability during partial shading. The methodology has been tested for 6 x 3,5 x 7,
20 x 4, and 4 x 3 (experimental analysis) asymmetrical arrays and compared with conventional connections
under numerous partial shading cases in the MATLAB/Simulink environment. Additionally, the application
of the proposed methodology to symmetrical arrays has been validated under partial shading and compared to
three pre-existing reconfiguration strategies. From the depth investigation, the average efficiency of power
conversion has been noted as 98.04% with an average power enhancement of 18.34% than conventional
techniques.

INDEX TERMS Efficiency, hotspot, mismatch loss, partial shading, power loss, reconfiguration.

I. INTRODUCTION

Photovoltaic (PV) is the most preferred energy generation
source that plays an important role in the development of
global energy scenario [1]. The wide source availability,
eco-friendly, noiseless generation, and area independence
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installation are some of the major merits that attracted a
wide audience to opt for the solar PV system. However, the
PV system faces one major challenge i.e., operation under
non-uniform irradiance that affects the power generation,
characteristics, performance, and reliability the most [2]. The
non-uniform irradiance occurs when the modules operate
under partial shading that is caused due to shadow of nearby
objects such as buildings and trees, cracked glass, dust
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coverage, and clouds (in the case of large power plants) [3].
This causes multi-power peaks in the power characteristics
curves of the system leading to false tracking operation of the
maximum power point tracking (MPPT) algorithms creating
complications and further losses [4]. Also, the modules under
shading are highly susceptible to physical damage caused
by hotspot as it acts as a load and consumes current as
compared to other normal operating modules that generate
higher current [5]. A study on the effect of partial shading
in long strings and parallel strings is done that suggested
reducing the connection of long strings and parallel strings
through a single inverter to the electrical grid to reduce
shading losses [6]. Various connection methodologies have
been proposed for PV modules such as series-parallel (SP),
total-cross-tied (TCT), honeycomb (HC), and bridge-linked
(BL) to boost power generation during partial shading [7].
Most of the studies have claimed the TCT topology to
be effective with higher power-generating capability during
partial shading [8]. Also, these topologies have been tested
with and without the presence of bypass diodes in the PV
modules with the conclusion as the power losses during
partial shading depend on the irradiance level and pattern of
shading [9]. Also, another study compared these topologies
in terms of power generation and fill factor under partial
shading with the outcome as TCT having notably higher
performance [10]. In addition, implementation of TCT
requires no extra cost however, the optimal dispersion of
shade is not possible and power generation can be further
enhanced than TCT.

Later on, an electrical array reconfiguration (EAR) has
been proposed to disperse the partial shading in PV arrays
by changing the electrical connection of modules through
a fast-switching matrix [11]. Two different methodolo-
gies based on the fuzzy-logic controller (FLC) [12] and
neuro-fuzzy interference (NFI) [13] have been proposed to
enhance the maximum power point of the power curves
during partial shading. Also, a rough set theory has been
proposed that dynamically reconfigures the TCT, BL, HC,
and SP during partial shading [14]. An algorithm on
Munkres optimization based on the irradiance equalization
technique has been proposed with increased processing speed
for finding the optimal reconfiguration of modules during
non-uniform irradiance [15]. Similarly, another current
variation index (CVI) based technique named as scanning
technique has been proposed that uses the row current
algorithm to estimate the best reconfiguration for modules
during partial shading [16]. A switching matrix with less
computational time and iteration counts based on dynamic
reconfiguration i.e., greedy algorithm controller has been
proposed to dynamically reconfigure the connection of
the module for proper shade dispersion and higher power
generation during partial shading [17]. However, the major
demerits of the EAR technique include the requirement of a
monitoring system, multiple switching patterns, and sensor
count that increase the overall cost and complexity of the
system.
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Hence, to overcome the demerit of the EAR, vari-
ous optimization-based reconfiguration techniques such as
genetic algorithm (GA) [18], particle swarm optimiza-
tion (PSO) [19], grasshopper algorithm (GOA) [20], dragon-
fly algorithm [21] and many more have been proposed. These
algorithms are simple and find the optimal connection in
less time with reduced switch counts. Two algorithms based
on Harris Hawks Optimization (HHO) and modified Harris
Hawks Optimization (MHHO) have been proposed and tested
for 9 x 9 and 6 x 20 arrays, compared with TCT, GA,
and PSO where MHHO found to be effective in dispersing
the shading with higher computational speed and reduced
iteration [22]. Similarly, another reconfiguration based on
grey wolf optimization (GWO) has been proposed for
series and series-parallel connections with lower controlling
parameters and higher power generation than PSO during
partial shading [23]. Similarly, an easy-to-implement and
higher shade dispersion capability reconfiguration-based
butterfly optimization algorithm (BOA) has been proposed
with better performance than SP, TCT, and GWO under
shading [24]. These optimizations-based dynamic reconfig-
uration techniques enhance the power generation of the array
with reduced computational time and switch counts but, still,
the major demerit lies in the practical implementation and
most of these techniques are tested for 9 x 9 symmetric
arrays.

Hence, considering the practical, easy, and cost-effective
implementation in PV arrays, static reconfigurations have
gained an enormous audience to reduce shading losses.
The static reconfiguration changes the positions of the
modules physically for one-time to disperse the shading
in the array [25]. The most popular technique of static
reconfiguration is the Sudoku puzzle which effectively
disperses the shading but, the major demerit lies in the
long wires’ requirement and dedicated application to a
9 x 9 array [26]. However, the long wires requirement
demerit of the Sudoku technique has been solved through the
proposal of optimal Sudoku [27] and improved Sudoku [28]
techniques but, they still get limited to 9 x 9 arrays. Later
on, an Arrow-Sudoku technique has been proposed and tested
for a 6 x 6 array and found to generate higher power
than TCT, SP, HC, BL, TCT-SP, HC-TCT, and BL-TCT
during partial shading [29]. However, to overcome the
limitation of wire length in the Arrow-Sudoku technique,
a new skyscraper reconfiguration is proposed with higher
power generation during partial shading [30]. A magic
square (MS) reconfiguration has been proposed and found
to be the most suitable technique for enhancing the power
output of the TCT connection during partial shading [31].
Similarly, two other MS reconfiguration techniques have
been proposed in [32] and [33] and tested for 4 x 4 and
6 x 6 arrays respectively with results showing higher power
generation during partial shading. A novel MS technique
for the rearrangement of modules for shade dispersion has
been proposed that generated higher energy during partial
shading than TCT and Sudoku techniques under long and
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wide shading [34]. An odd-even reconfiguration has been
proposed that disperses the shading to enhance the power
generation of the array more than the TCT configuration [35].
Another two-phase array reconfiguration has been proposed
and tested for 9 x 9 and 18 x 18 TCT arrays that generated
higher power and efficiency than the TCT, Sudoku, and PSO
but, the complex wiring structure can increase the power loss,
complexity, and cost of the system [36]. Similarly, various
other static reconfiguration techniques have been proposed
such as image encryption [37], Shade Dispersion Scheme
(SDS) [38], Fixed Electrical Reconfiguration (FER) [39],
Henon map [40], and many more have been proposed for
shade dispersion to increase the power output of the PV arrays
during partial shading. These techniques are cost-effective
and easy to implement in PV arrays with higher power
generation during partial shading but, the major demerit lies
in the limited application to square/ symmetric arrays.
Hence, to overcome the limitations such as requirements
of sensors and switches, limited application to the square or
symmetrical PV arrays sizes and practical implementation,

the following works has been conducted in this paper:
> A Dimension-Independent Array Relocation (DIAR)

approach for PV arrays is proposed.

> DIAR disperses the partial shading in the array to
reduce the current mismatch by relocating the modules
for one time.

> Applicable for asymmetrical and symmetrical sizes of
PV arrays.

> DIAR utilizes a simple and easy to understand
methodology for relocation.

> No requirements of any switches, sensors or additional

components for operation.

Cost-effective and easy to implement.

DIAR is tested for four asymmetrical i.e., 6 X 3,5 x 7,

20 x 4, and 4 x 3 along with 7 x 7 symmetrical PV

arrays.

> Performance of the DIAR is compared with the total-
cross-tied, honeycomb, series-parallel and bridge-linked
configurations along with three existing reconfigura-
tions.

> Validated using the MATLAB simulation and prototype
experimental setup platforms under realistic partial
shading scenarios.

vV

Il. SYSTEM DESCRIPTION

The PV modules are the major component of the arrays that
are modeled in MATLAB/Simulink using the equation given
below.

Io = Ip—Iplexp((V yy + (Rs™ I m))/1) — 1]
— [(VM + (I Rs))/Rs] (D
‘1o, ‘Ip’, ‘Ip’, ‘Vy’, ‘Rsg’, ‘I’, and ‘Rg;’ are the
module current, photo-current, diode current, voltage, series
resistance, ideality factor, and shunt resistance respectively.

The rating of the modules used for the MATLAB/Simulink
modeling is 325W (maximum power), 37.80V (maximum
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FIGURE 1. PV array of MxN dimension with TCT connection.

voltage), 8.60A (maximum current), 46.40V (open-circuit
voltage), and 9.20A (short-circuit current).

In total cross tied (TCT) connection, the modules of each
row are linked in parallel through cross-ties and then each row
is connected in series as shown in FIGURE 1. The current
generated by each module directly depends on the receiving
irradiance by its surface. Hence, the current output of each
row (Ig,,) can be calculated as

m ( Irradiance
Ien =2 000 % MM 2

where Iy, i, and j indicate the current output of PV modules
under normal operation, row number, and column number
respectively.

The output voltage (Varay) and current (Iarray) of the
PV array with a TCT connection can be calculated using
Kirchhoft’s Voltage and Current Law as

m
VArray = Zi:] VMi (3)

n
Larray = ijl (lj = Ia+1y) =0,
G=1,2,3, . m—1 @)

where Vjy; indicates the voltage of the PV module at ith row.

In this study, the PV array has been tested under the
real-time scenario of 800W/m? irradiance and 50°C module
temperature i.e., normal operation. The power outputs of
the 6 x 3,5 x 7,20 x 4, and 7 x 7 arrays under normal
operation have been noted as 4.93kW, 9.08kW, 22.34kW, and
11.27kW respectively. The partial shading in the PV arrays
has been applied by lowering the irradiance of the modules
under shading with different values of 100W/m?, 200W/m?,
300W/m?, 400W/m?2, 500W/m?, 600W/m?, 700W/m?, etc.
The power-voltage characteristics graph of the PV arrays has
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been extracted by connecting a variable load to the output
from which the maximum power can be recorded.

The power loss in the PV array has been calculated from the
difference between the power output under normal conditions
and partial shading condition (Pp) given by

Power Loss (PL) = PnNommal — Po 5)

The mismatch loss in the array is the difference between the
available power in the array during partial shading (Pr) and
power output under partial shading (Po) as

Mismatch Loss (ML) = Py — Po (6)

The power losses reduction (LR) by any technique (Ppy)
than the SP (Prsp) has been calculated as

LR = [(PL, — PLLsp)/PLLsp] x 100 (N

The conversion efficiency of any technique has been
calculated as the percentile of the ratio between power output
under partial shading (Pp) and available power (Pr) given as

P
Conversion Efficiency (CE) = P—O x 100 (8)
T

The power enhancement by any methodology (Pys.) than
the conventional SP connection (Psp) has been calculated as

Pye — P
M‘P—S‘Dxloo )

SP

Power Enhancement (PE) =

The efficiency of the array has been calculated using
equation (10) where ‘A’ and ‘G’ denotes the area of modules
and receiving irradiance respectively.

Py
GxA

Efficiency (Eff) = x 100 (10)
Ill. DIMENSION-INDEPENDENT ARRAY RELOCATION
(DIAR) APPROACH
Dimension-Independent Array Relocation (DIAR) approach
has been proposed to disperse the partial shading in the
asymmetrical arrays to increase the power generation of the
system. Also, the proposed methodology is applicable for
square or symmetrical arrays where the row and column
counts are the same. The proposed approach requires no
switches and sensors for power enhancement and is a
one-time rearrangement of the modules without altering the
electrical connection of the array. The rearrangement of the
modules can be proceeded using simple and easy calculation
steps without the requirement of programmable algorithms.
The steps involved in the mathematical calculation of the
DIAR approach have been explained below.

Step 1: Initially obtain the rows (M) and column (N) counts

of the PV array.
Step 2: For j=1 (column number), keep the positions of the
modules unaltered i.e., ij (new) = ij (old) where i=1,2,..... .M

(row number), and k=0.
Step 3: Calculate k=Round (M/2).
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Step 4: Similarly, for j=2 shift the modules to their k"
position i.e., ij(new)=(k)j where i=k and k<M.

Step 5: For j=N (column number), shift the PV modules
to their k+b™ position i.e., ij(new) = (k=b)j where i=k+b,
k+b<M and b is the incremented value of k.

Step 6: The modules will be permanently shifted based on
the above calculation for effective shade dispersion during
partial shading.

For a proper understanding of the proposed methodology,
the above steps have been explained for the 6 x 3 PV arrays
with a graphical presentation in FIGURE 2 (a). The steps
involved in the DIAR approach for a 6 x 3 PV array have
been explained below.

Step 1: First the number of rows (M) and columns (N) have
been obtained as 6 and 3 respectively.

Step 2: For j=I (column 1), the value of k has been set as
0 i.e., the PV modules have been kept at the same position.

Step 3: The value of k has been calculated as k=Round
(6/3)=3.

Step 4: For j=2 (column 2), the PV modules have been
shifted to their respective 3rd positions i.e., 12,22,32,42,52,
and 62 have been shifted to their new positions at 32, 42, 52,
62, 12 and 22 respectively.

Step 5: For j=3 (column 3), the modules have been shifted
to their k+1™ ie., 4t positions, and hence, the modules
located at 13, 23, 33, 43, 53, and 63 have been shifted to their
new positions at 43, 53, 63, 13, 23 and 33 respectively.

Step 6: Hence, the PV modules have been shifted according
to the DIAR approach.

Similarly, the example of the implementation of the DIAR
approach to 5 x 7 and 20 x 4 PV arrays have been pictorially
represented in FIGURE 2 (b) and (c) respectively. It has to
be noted that the electrical connection of the arrays remains
the same as TCT hence, the ratings of the system remain the
same as that of TCT, BL, and HC. Also, the additional wire
length requirement and losses associated with the proposed
approach are very low as compared to the losses that occur
in the conventional connections during partial shading and
hence can be ignored.

IV. PERFORMANCE EVALUATION UNDER PARTIAL
SHADING

The DIAR approach has been tested with three asymmetrical
arrays of sizes 6 x 3, 5 x 7, and 20 x 4 along with a
symmetrical array of 7 x 7 and compared with TCT, SP, BL,
HC, and other existing reconfiguration techniques such as
shade dispersion scheme (SDS) [38], fixed electrical recon-
figuration (FER) [39], henon map [40] and magic square [31]
(for symmetric 7 x 7 array). Later on, an experimental
investigation on a 4 x 3 array has been conducted for the
DIAR and compared with the TCT, BL, and SP connections
under partial shading.

A. 6 x 3 ASYMMMETRICAL PV ARRAYS
The proposed DIAR approach has been tested for a 6 x 3
PV array under eight partial shading patterns and compared
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FIGURE 2. Implementation of the proposed DIAR approach in (a) 6 x 3, (b) 5 x 7, and (c) 20 x 4 asymmetrical PV arrays.
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with the total cross tied (TCT) and series-parallel (SP)
connections. The power output of the PV array under a
normal operation scenario of 800 W/m? and 50°C has been
recorded as 4.93kW.

1) PARTIAL SHADING PATTERN A1
The partial shading pattern for the 6 x 3 array has been
shown in FIGURE 3 (a) where four modules of the array
are receiving lower irradiance of 100W/m? and 200W/m?.
The irradiance under this situation by the TCT and SP has
been shown in FIGURE 3 (b) and FIGURE 3 (c) shows the
shade dispersion in the array through the DIAR approach. The
power available in the array under this partial shading pattern
has been calculated as 3.71kW.

The current output of the PV array with TCT connection
for the first row has been calculated as

100, 200 800 _
1000 ™ " 1000 T 1000 M T M(11)

Iircr)Row1 =

where the current output of one module is represented by ;.
Similarly, for other rows of the array, the current output has
been calculated as

100 200 800

I = I I Iy = 111
(TenRon2 = 1655 T 1600 T To00"M M
(12)
I _ 80, 80, 80, ou
(TEDRw3 = 9000 ™ T000™ ™ 1000 M ~ =M
(13)
I _ 800, 800, 80, su
(TCDRows = 7000 ™ T000™ ™ 1000 M ~ =M
(14)
I _ 8%, 80, 80, _ou
(TEDRwS = T000™ ™ T000™ ™ 1000 M ~ =M
(15)
I _ 80, 80, 80, _su
(TEDRwe = J000™™ ™ T000™ ™ 1000 M ~ =M

(16)

Considering the presence of bypass diodes in the modules,
the activation of the bypass diodes of the shaded modules
allows the flow of 2.4I); with a reduced voltage output of
4Vy+2Vp where Vp is the voltage of the bypass diode with
Vp <<< Vyu. However, the mathematical estimation of the
array in activation of the bypass diodes is difficult and hence,
the mathematical estimation has been done by considering
the modules without bypassing. So, a total current output
of 1.11; will flow through the PV array with a voltage output
of 6V);. The power output of the array with a TCT connection
without rows bypassing has been calculated as

Pacry = 111y x 6Vy = 6.61Vy (17)

Similarly, the current outputs from the rows of the PV array
after dispersing the partial shading using the DIAR approach
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(FIGURE 3 (¢)) have been calculated below.

I _ 10, 80, 80,
DIARRow! = Tooatm + Toosdv & Joos i = 171
(18)
I _ 10, 80, 80, %
(DIARYRow2 = T000™ ™ T000™ T 1000 M T M
(19)
I _ 80, 200, 80, &
(DIAR)Row3 = 1000 M 1000 M 1000 M = 1.01p
(20)
I _ 800, 200, 800, s
(DIARYRows = T000™ ™ T000™ T 1000 M T M
(21)
I _ 80, 80, 80, _su
(DIAR)Row5 = 1000 M 1000 M 1000 M = £.alpm
(22)
I _ 800, 80, 80, s
(DIARRowS = 1600 ™ 1000 T To00 ™M T 1‘323)

The current and voltage output of the PV array with the
DIAR approach without bypassing the rows have been noted
as 1.7Iy; and 6V);. Hence, the power output of the array with
the DIAR approach has been calculated as

Popiary = 1.7y x 6Vy = 1021V 24)

Hence, comparing the power outputs of the TCT and DIAR
approach from equations (17) and (24), it can be found that
the array with DIAR has generated higher power than TCT,
and hence, the effectiveness of the shade dispersion by DIAR
approach has been proved.

The power-voltage characteristics graph of the PV arrays
with the TCT, SP, and DIAR approach for partial shading
pattern 1 has been shown in FIGURE 3 (d). From the graph,
it has been noticed that the DIAR has a notably higher
power output of 3.69kW than the TCT (3.2kW) and SP
(3.25kW). The power losses in the DIAR, TCT, and SP have
been calculated as 1.24kW, 1.73kW, and 1.68kW whereas
mismatch losses have been noted as 0.02 kW, 0.51kW,
and 0.46kW respectively. The TCT and DIAR approach
has —0.05kW and 0.44 kW loss reduction with —1.54%
and 13.54% power enhancement than SP. The conversion
efficiency and efficiency of the DIAR have been calculated
as 99.46% and 15.11% which are higher than the SP (87.60%
and 13.31%) and TCT (86.25% and 13.11%).

2) PARTIAL SHADING PATTERN A2

The partial shading pattern A2 has been shown in
FIGURE 4 (a) where the first five modules of columns 1 and 2
are under lower irradiance of values as 100W/mZ, 200W/m?,
300W/m?2, 400W/m? and 500W/m?. The irradiance for
TCT and SP has been given in FIGURE 4 (b) and the
dispersion of shade by the DIAR approach has been shown
in FIGURE 4 (c). The total available power in the PV array
under this pattern has been calculated as 2.89kW. The current
outputs of 1% row, 2" row, 3" row, 4" row, 5" row and
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100 | 800 | 800

H ‘
100 | 200 | 800 - SP
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L

% % % 800 800 | 800 800 800 | 800
s00 | s00 [s00| | s00 |00 00|
Ll '

(a) (b) (c)

Power (kW)

I
Voltage (V) 200 250
(d)

50 109

FIGURE 3. Partial shading pattern A1 for 6 x 3 PV array. (a) shading pattern, (b) irradiance in TCT and SP connection, (c) irradiance after shade dispersion

by DIAR approach, and (d) power-voltage characteristics graph.

6™ row have been estimated as 11y, 1.21y, 1.41y, 1.61y,
1.81y and 2.41yy in TCT whereas 1.41y;, 1.8y, 1.21n, 1.41py,
1.61 and 21y, in DIAR respectively. Hence, the total power
output from the TCT and DIAR has been mathematically
estimated as 61y Vs and 7.21; Vs respectively.

The power-voltage graphs in FIGURE 4 (d) show the
higher power generation capacity of the DIAR approach than
the TCT and SP. The power generations of DIAR, TCT,
and SP have been noted as 2.71kW, 2.29kW, and 2.31kW
with 2.22kW, 2.64kW, and 2.62kW as power losses, 0.18kW,
0.6kW and 0.58kW as mismatch losses respectively. The TCT
and DIAR have enhanced the power output of -0.87% and
17.32% than the SP respectively. The DIAR has the highest
conversion efficiency of 93.77% than TCT (79.24%) and SP
(79.93%). The efficiencies of the array have been calculated
as 13.31%, 13.11%, and 15.11% for SP, TCT, and DIAR
respectively.

3) PARTIAL SHADING PATTERN A3

During partial shading pattern A3, the bottom modules have
been set under lower irradiance (FIGURE 5 (a)) with values
as S00W/m? and 400W/m? as shown in FIGURE 5 (b). The
row currents have been estimated as 2.41; (1%, ond 3rd anq
4™ Rows), 1.5y (5™ Row), and 1.2Iy (6™ Row) for TCT
and 2.11y (1%t and 5™ Rows), 1.7Iy; (2" Row), 2.01y (3™
and 6™ Rows) and 2.4Iy (4™ Row) for DIAR approach
(FIGURE 5 (c)). The total power available in the PV
array has been calculated as 3.80kW with mathematical
power estimations as 7.2IysVys and 10.21y; V) for TCT and
DIAR respectively. From the power-voltage graph given in
FIGURE 5 (d), it can be observed that TCT and SP have
equal power generation of 3.2kW but, the DIAR approach
generated 3.79kW with 18.44% higher power than the TCT
and SP. Also, the power and mismatch losses are minimum
with values as 1.14kW and 0.01kW than TCT/SP with
1.73kW and 0.6kW respectively. The conversion efficiency of
DIAR and TCT/ SP have been noted as 99.74% and 84.21%
with efficiency as 15.52% (DIAR) and 13.11% (TCT/SP).
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4) PARTIAL SHADING PATTERN A4

FIGURE 6 (a) shows the pattern of partial shading whereas
the irradiance received by the TCT and SP with values as
600W/m?, 500W/m? and 400W/m?, and shade dispersion by
DIAR have been shown in FIGURE 6 (b) and (c) respectively.
The current generated by the 15 Row, 2" Row, 3™ Row, 4
Row, 5™ Row and 6™ Row in the TCT have been calculated
as 2.41y, 2.0ly, 1.71y, 1.51y, 1.71y and 2.41y; whereas
for DIAR, ].7[M, Z.OIM, Z.OIM, Z.ZIM, 2.]IM and 1.7IM
respectively.

So, the total power outputs of the PV array for this
partial shading have been estimated as 913, V), (TCT) and
10.21 Vi (DIAR). The power-voltage characteristics graph
in FIGURE 6 (d) shows the power outputs where the DIAR,
TCT, and SP have generated 3.68kW, 3.38kW, and 3.31kW
from the total available power of 3.75kW. This states that the
DIAR has the lowest mismatch loss of 0.07kW than TCT
(0.37kW) and SP (0.44kW). The power loss in the DIAR
approach gets reduced to 1.25kW from 1.55kW in TCT and
1.62kW in SP which increased the efficiency to 15.07% than
TCT (13.84%) and SP (13.56%). From the analysis, it has
been observed that the DIAR approach has enhanced the PV
array power output to 11.18% more than TCT (2.11%) than
the SP.

5) PARTIAL SHADING PATTERN A5

The partial shading pattern, irradiance level and shade
dispersion by the DIAR approach along with power-voltage
characteristics graphs have been depicted in FIGURE 7 (a).
The mathematical power outputs of the TCT and DIAR
have been estimated and found to be equal to 6.6y Vy
however, the power output varies to a great extent. Out of
the total available power of 3.26kW, the SP, TCT, and DIAR
have generated 2.44kW, 2.5kW, and 2.89kW with conversion
efficiencies of 74.85%, 76.69%, and 88.65% respectively.
The DIAR approach encountered 2.04kW and 0.37kW of
power and mismatch losses which is lower than the TCT
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FIGURE 5. Partial shading pattern A3 for 6 x 3 PV array. (a) shading pattern, (b) irradiance in TCT and SP connection, (c) irradiance after shade dispersion

by DIAR approach, and (d) power-voltage characteristics graph.

(2.43kW and 0.76kW) and SP (2.49kW and 0.82kW). The
power enhancement by the TCT has been found as 2.46%
whereas, for the DIAR approach, the value lies at 18.44%.

6) PARTIAL SHADING PATTERN A6

During this pattern of partial shading, the array receives
lower irradiance values of 600W/m?, 500W/m?, 400W/m?
and 300W/m? having total available power of 3.37kW. The
detailed representation of the pattern, irradiance level, shade
dispersion by DIAR, and the power-voltage characteristics
graphs of the SP, TCT, and DIAR have been given in
FIGURE 7 (b). The mathematical power estimations of the
TCT and DIAR approach have been calculated as 7.2I, Vi
and 91, V) respectively. The power output of the DIAR has
been found to have a significantly higher value of 3.34kW
than the TCT with 2.75kW and SP with 2.81kW as power
output. The DIAR, TCT, and SP have power losses of
1.59kW, 2.18kW, and 2.19kW along with mismatch losses
of 0.03kW, 0.62kW, and 0.56kW respectively. The DIAR
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has a higher conversion efficiency of 99.11% with 18.86%
higher power generation than SP whereas the TCT has a lower
conversion efficiency of 81.60% with -2.14% power output
than SP.

7) PARTIAL SHADING PATTERN A7

FIGURE 7 (c) represents the pictorial representation of the
partial shading pattern, irradiance in SP and TCT, dispersion
of partial shading by the DIAR approach, and the respective
power-voltage characteristics graphs for shading pattern A7.
The TCT and DIAR have the mathematical power output of
7.2V and 7.81y; Vyy respectively. The power outputs of
DIAR, TCT, and SP have been found as 3.12kW, 2.73kW,
and 3.25kW from the available power of 3.37kW with
conversion efficiencies as 92.58%, 81.08%, and 96.44%
respectively. The DIAR has lower power (1.68kW) and
mismatch (0.12kW) losses than SP (1.81kW and 0.25kW)
and TCT (2.2kW and 0.64kW). The power enhancements
by DIAR and TCT than the SP have been calculated
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FIGURE 6. Partial shading pattern A4 for 6 x 3 PV array. (a) shading pattern, (b) irradiance in TCT and SP connection, (c) irradiance after shade dispersion

by DIAR approach, and (d) power-voltage characteristics graph.

as 4.17% and -12.50% (due to lower power than SP)
respectively.

8) PARTIAL SHADING PATTERN A8
The pattern, irradiance level by SP and TCT, disper-
sion of irradiance by DIAR approach, and the respective
power-voltage characteristics graphs for the PV array under
partial shading pattern A8 have been FIGURE 7 (d). The
irradiances received by the modules under partial shading
have been kept at values of 350W/m?2, 400W/m? and
480W/m?. The total power in the PV array has been
calculated as 2.98kW whereas the mathematical power
estimation of TCT and DIAR has been found as 6.31y; Vi,
and 6.61ys V) respectively. The DIAR approach has 2.65kW
of power output with 2.28kW, 0.33kW, 88.93%, and 10.85%
as power loss, mismatch loss, conversion efficiency, and
efficiency than TCT (2.31kW, 2.62kW, 0.67kW, 77.52%
and 9.46%) and SP (2.22kW, 2.71kW, 0.76kW, 74.50% and
9.09%) respectively.

Also, it has been found that the TCT and DIAR approach
have 4.05% and 19.37% higher power generation than the SP.

The detailed summarized results obtained from the partial
shading analysis of the 6 x 3 PV array with SP, TCT, and
DIAR approach have been tabularized in TABLE 1. Hence,
it can be concluded from this analysis that the DIAR approach
has higher performance than the SP and TCT with higher
power output during all the partial shading patterns.

B. 5 x 7 ASYMMETRICAL PV ARRAYS

The DIAR approach has been further applied to another
asymmetrical array of 5 x 7 size and compared with total-
cross-tied (TCT), honeycomb (HC), bridge-linked (BL), and
series-parallel (SP) under eight different partial shading
patterns. The eight patterns differ from each other in size and
area along with multiple lower irradiance values ranging from
100W/m? to 600W/m? as shown in FIGURE 8. The ‘U’ in
FIGURE 8 represents unit of 100W/m? ie., 1U, 2U, 2.5U
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and 3U denotes irradiance values of 100W/m2, 200W/m?,
250W/m? and 300W/m? respectively.

For partial shading pattern B1 (FIGURE 8 (a)), the
theoretical power outputs from TCT and DIAR have been
mathematically calculated as 21.15Ip VM and 23.401 VM
respectively. The power-voltage graphs of TCT, HC, BL, SP,
and DIAR have been shown in FIGURE 9 (a) in which it
can be seen that out of total available power of 7.98kW,
the TCT, HC BL, SP, and DIAR have power outputs as
7.46kW, 7.17kW, 7.19kW, 7.07kW, and 7.93kW respectively.
The power loss, mismatch loss, conversion efficiency, power
enhancement, and efficiency are found as 1.62kW, 0.52kW,
93.48%, 5.52%, and 15.71% (for TCT), 1.91kW, 0.81kW,
89.84%, 1.41% and 15.40% (for HC), 1.89kW, 0.79kW,
90.10%, 1.70% and 15.14% (for BL), 2.01kW, 0.91kW,
88.60%, 0% and 14.89% (for SP), and 1.15kW, 0.05kW,
99.37%, 12.16% and 16.70% (for DIAR) respectively.

For partial shading pattern B2 (FIGURE 8 (b)), the 5 x 7
array with the DIAR approach has a higher power output of
6.28kW than TCT (4.34kW), HC (4.26kW), BL (4.19kW),
and SP (4.19kW) respectively from the total available power
of 6.32kW. The power-voltage characteristics graphs of the
TCT, HC, BL, SP and DIAR approach have been depicted in
FIGURE 9 (b). The power and mismatch losses of the DIAR
approach have been found to have lower values i.e., 2.8kW
and 0.04kW than TCT (4.74kW and 1.98kW), HC (4.82kW
and 2.06kW), BL and SP (4.89kW and 2.13kW) respectively.
Also, the conversion efficiency and efficiency in DIAR have
been noted to be higher with values equal to 99.37% and
13.22% than SP, BL (88.60% and 6.52%), HC (64.40% and
8.97%), and TCT (93.48% and 6.87%) respectively. The
DIAR approach has 49.88% higher power output than SP and
BL as compared to the HC (1.67%), and TCT (3.58%).

For partial shading pattern B3 (FIGURE 8 (c)),
the power output of the DIAR has been noted as
6.25kW which is significantly higher than TCT (5.1kW),
HC (4.97kW), BL (4.88kW) and SP (4.87kW) respectively.

VOLUME 11, 2023



P. Mallick et al.: DIAR Approach for Partial Shading Losses Minimization in Asymmetrical PV Arrays I EEEACC@SS

T
800 | 800 | 40 | v—SP 4 g
800 | 800 | 400 — TCT
mmm DIAR
800 | 400 | 400 800 | 800 | 800
2 N i
300 | 400 | 400 300 | 800 | 800 | 2
g
300 | 400 | 400 300 | 400 | 400 2
1
300 | 800 | 800 800 | 400 | 400
0 | 800 | 80 800 | 400 | 400 0 |
0 50 100 Voltﬁge (V) 200 250 30
Shading scenario Irradiance Level Dispersion ;fl ll‘r';adiance by Power-voltage Characteristics Graph
(a)

800 | 800 | 80 800 | 400 | 500 — TCT

N DIAR

800 | 600 | 600 800 | 300 | 400

800 | 600 | 600 800 | 800 | 300

~F

800 | 500 | 500 800 | 600 | 800

400 | 400 | 400 400 | 600 | 600

00 | 300 | 30 800 | 500 | 600 o y

FE [ I N ) =

G
EHECEEEHENEREE
Power(k¥v)
!
\
/

0 50 100 VoItageW) 200 250
Shading scenario Irradiance Level Dispersion of Irradiance by Power-voltage Characteristics Graph
DIAR (b)
! . . SP
e - o Al 209 S 3 7
mmm DIAR
800 | 220 | 800 800 | 800 | 800
=, |
800 | 240 | 240 800 | 200 | 800 | 2
g
800 | 260 | 800 800 | 220 [ 8oo | o —\
1
800 | 800 | 800 800 | 240 | 800
0 | 800 | 80 800 | 260 | 240 of p s Voltage' V) 200 pos
Shading scenario Irradiance Level Dispersion of Irradiance by Power-voltage Characteristics Graph
DIAR (C)
H ’
i 4D || S| EE | 'Srl::T
mmm DIAR \/
800 | 480 | 800 800 | 350 | 800
T V ]
800 | 480 | 480 800 | 800 | 800 E
g M
800 | 400 | 400 800 | 480 | 480 S
350 | 350 | 350 350 | 480 | 400

50 | 350 | 35 350 | 400 | 350 o L

G

100 Voltage{V) 200 250

Shading scenario Irradiance Level Dispersion of Irradiance by Power-voltage Characteristics Graph
DIAR ( d)
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The power-voltage graphs of the DIAR, TCT, HC, BL, and available power in the array has been calculated as 6.33kW.
SP have been represented in FIGURE 9 (c) and the total The TCT, HC, BL, and SP have higher power and mismatch

VOLUME 11, 2023 63185



IEEE Access

P. Mallick et al.: DIAR Approach for Partial Shading Losses Minimization in Asymmetrical PV Arrays

TABLE 1. Summarized results analysis of asymmetrical 6 x 3 PV array under partial shading patterns A1 to A8.

Partial Shading Pattern A1

PV Array Performance Indicators
Pr (kW) TP Po (kW) PL (kW) ML (kW) LR (kW) CE (%) PE (%) Eff (%)
Series-Parallel - 3.25 1.68 0.46 0.00 87.60 0.00 13.31
Total Cross Tied 3.71 6.61\Vm 32 1.73 0.51 -2.97 86.25 -1.54 13.11
DIAR 10.2IyVm 3.69 1.24 0.02 26.19 99.46 13.54 15.11
Partial Shading Pattern A2
PV Array Performance Indicators
Pr (kW) TP Po (kW) PL (kW) ML (kW) LR (kW) CE (%) PE (%) Eff (%)
Series-Parallel - 2.31 2.62 0.58 0.00 79.93 0.00 9.46
Total Cross Tied 2.89 6.0ImVm 2.29 2.64 0.6 -0.76 79.24 -0.87 9.38
DIAR 7.2IMVm 2.71 2.22 0.18 15.26 93.77 17.32 11.10
Partial Shading Pattern A3
PV Array Performance Indicators
Pr (kW) TP Po (KW) PL (kW) ML (kW) LR (kW) CE (%) PE (%) Eff (%)
Series-Parallel - 32 1.73 0.6 0.00 84.21 0.00 13.11
Total Cross Tied 3.80 7.21mVm 32 1.73 0.6 0.00 84.21 0.00 13.11
DIAR 10.2IVm 3.79 1.14 0.01 34.10 99.74 18.44 15.52
Partial Shading Pattern A4
PV Array Performance Indicators
Pr (KW) TP Po (kW) PL (kW) ML (kW) LR (kW) CE (%) PE (%) Eff (%)
Series-Parallel - 331 1.62 0.44 0.00 88.27 0.00 13.56
Total Cross Tied 3.75 9mVm 3.38 1.55 0.37 4.32 90.13 2.11 13.84
DIAR 10.21mVm 3.68 1.25 0.07 22.83 98.13 11.18 15.07
Partial Shading Pattern A5
PV Array Performance Indicators
Pr (kW) TP Po (kW) PL (kW) ML (kW) LR (kW) CE (%) PE (%) Eff (%)
Series-Parallel - 2.44 2.49 0.82 0.00 74.85 0.00 9.99
Total Cross Tied 3.26 6.61\Vm 2.5 243 0.76 2.40 76.69 2.46 10.24
DIAR 6.61mVum 2.89 2.04 0.37 18.07 88.65 18.44 11.84
Partial Shading Pattern A6
PV Array Performance Indicators
Pr (kW) TP Po (KW) PL (kW) ML (kW) LR (kW) CE (%) PE (%) Eff (%)
Series-Parallel - 2.81 2.12 0.56 0.00 83.38 0.00 11.51
Total Cross Tied 3.37 7.21MVm 2.75 2.18 0.62 -2.83 81.60 -2.14 11.26
DIAR 6.61Vum 3.34 1.59 0.03 25 99.11 18.86 13.68
Partial Shading Pattern A7
PV Array Performance Indicators
Pr (kW) TP Po (kW) PL (kW) ML (kW) LR (kW) CE (%) PE (%) Eff (%)
Series-Parallel - 3.12 1.81 0.25 0.00 92.58 0.00 12.78
Total Cross Tied 3.37 7.21Vm 2.73 2.2 0.64 -21.54 81.01 -12.50 11.18
DIAR 7.81mVum 3.25 1.68 0.12 7.18 96.44 4.17 13.31
Partial Shading Pattern A8
PV Array Performance Indicators
Pr (kW) TP Po (kW) PL (kW) ML (kW) LR (%) CE (%) PE (%) Eff (%)
Series-Parallel - 2.22 2.71 0.76 0.00 74.50 0.00 9.09
Total Cross Tied 2.98 6.3ImVum 2.31 2.62 0.67 03.32 77.52 4.05 9.46
DIAR 6.6IMVm 2.65 2.28 0.33 15.86 88.93 19.37 10.85

losses as 3.98kW and 1.23kW, 4.11kW and 1.36kW, 4.2kW
and 1.45kW, and 4.21kW and 1.46kW than the DIAR
approach (2.83kW and 0.08kW) respectively. The conversion
efficiency and power enhancement in the DIAR approach
have been calculated and found to be higher (98.74% and
28.34%) than the TCT (80.57% and 4.72%), HC (78.51%
and 2.05%), BL (77.09% and 0.21%) and SP (76.94% and
0%) respectively.

For partial shading pattern B4 (FIGURE 8 (d)), it can
be observed from the power-voltage characteristics graphs
in FIGURE 9 (d) that the DIAR approach has a higher
power output of 5.93kW than TCT (4.19kW), HC (4.06kW),
BL (4.1kW) and SP (3.97kW). Also, the DIAR approach has
lower power and mismatch losses of 3.15kW and 0.06kW
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than SP (5.11kW and 2.02kW), BL (4.98kW and 1.8kW),
HC (5.02kW and 1.93kW), and TCT (4.89kW and 1.8kW)
respectively. The DIAR approach has 49.37% higher power
than the SP whereas the HC, TCT and BL have values of
2.26%, 5.54% and 3.27% respectively. The DIAR approach
has converted 99% of the total available power in the array
as compared to TCT (69.95%), BL (68.45%), HC (67.77%),
and SP (66.28%).

For partial shading pattern BS (FIGURE 8 (e)), the
power-voltage graphs have been depicted in FIGURE 9 (e)
with power outputs of DIAR approach, TCT, HC, BL, and
SP noted as 6.95kW, 6.93kW, 5.78kW 5.71kW, and 5.59kW
respectively. The DIAR approach has lower power loss and
mismatch loss of 2.13kW and 0.04kW with higher conversion
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FIGURE 8. Partial shading patterns of 5 x 7 array with DIAR, TCT, BL, HC, and SP. (a) Pattern B1, (b) Pattern B2, (c) Pattern B3, (d) Pattern B4,

(e) Pattern B5, (f) Pattern B6, (g) Pattern B7, and (h) Pattern B8.

efficiency and efficiency of 99.43% and 6.40% than TCT,
HC, BL, and SP. Also, in terms of power enhancement
capability, the DIAR approach has a higher value of 24.33%
than the BL (2.15%), HC (3.39%), and TCT (23.97%).

Similarly for partial shading patterns B6 (FIGURE 8 (f)),
B7 (FIGURE 8 (g)), and B8 (FIGURE 8 (h)), the
power-voltage characteristics graphs have been presented in
FIGURE 9 (f)-(h) respectively. From the graphs, it can be
viewed that the proposed DIAR approach has significantly
performed well with higher power outputs, lower power
and mismatch losses with higher conversion efficiency,
and power enhancement under all the partial shading
patterns.

The summarized results of the 5 x 7 asymmetrical PV
arrays with the DIAR approach, TCT, HC, BL, and SP for
partial shading patterns have been tabularized in TABLE 2.
It can be observed from the data that the DIAR approach
outperformed the TCT, BL, and SP during all the partial
shading patterns and hence, can be stated as the most
effective in reducing the partial shading losses from the
PV arrays.

C. 20 x 4 ASYMMETRICAL PV ARRAYS

The proposed DIAR approach has been further validated
using a long asymmetrical PV array of 20 x 4 size (26kW
system) and compared with the TCT, BL, and SP under three
partial shading patterns. The shading patterns cover different
areas of the PV arrays with lower irradiance values ranging
from 100W/m? to 550W/m?. The partial shading scenario
and respective power-voltage graphs of DIAR, TCT, BL, and
SP for patterns C1, C2, and C3 have been represented in
FIGURE 10 (a)-(c) respectively. For pattern C1, the DIAR
generated 18.41kW power output from 18.56kW available
power with a conversion efficiency of 99.19%. The SP has
16.99kW power output with 91.54% conversion efficiency

VOLUME 11, 2023

whereas the TCT and BL have the same lower power output
of 16.57kW with 89.28% conversion efficiency.

The DIAR approach has 8.36% higher power generation
than SP whereas TCT and BL have -2.47% lower power
generation than SP. For pattern C2, the total power available
in the array has been calculated as 16.46kW from which
the DIAR approach converted 16.37kW of power with
a conversion efficiency of 99.45%. The TCT and BL
have generated nearly equal powers i.e., 15.39kW and
15.4kW respectively followed by the SP of 14.72kW with
conversion efficiencies of 3.94% (TCT) and 4% (BL).
Similarly, for pattern C2, the TCT, BL, and SP have equal
power outputs of 10.8kW however, the DIAR approach
has 11.24kW as power output with 10.36% conversion
efficiency.

Table 3 summarizes the detailed results obtained from the
partial shading analysis of a 20 x 4 asymmetrical array with
the DIAR approach, TCT, BL, and SP. It can be observed
from the data that the DIAR approach has higher performance
during all the partial shading patterns as compared to
others.

D. 7 x 7 SYMMETRICAL PV ARRAYS

Later on, to prove the efficacy of the proposed DIAR
approach to symmetrical arrays, a 7 x 7 PV array has
been considered and investigated under four partial shading
patterns as shown in FIGURE 11. The irradiance of the
partially shaded modules has been kept at 100W/m? for all
the patterns. The comparison of the DIAR approach has been
done with the TCT, BL, SP, SDS [38], FER [39], henon
map [40], and MS [31]. The power outputs of the PV arrays
for partial shading patterns D1, D2, D3, and D4 have been
noted as 7.26kW, 8.60kW, 8.1kW, and 8.12kW (for SP),
9.05kW, 9.32kW, 8.9kW and 9.17kW (for BL) and 9.15kW,
9.78kW, 8.89kW and 9.63kW (for TCT) respectively.
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TABLE 2. Summarized results analysis of asymmetrical 5 x 7 PV array under partial shading patterns B1 to B8.

Partial Shading Pattern Bl

PV Array Performance Indicators
Pr (kW) Po (KW) PL (kW) ML (kW) LR (%) CE (%) PE (%) Eff (%)
Series-Parallel 7.07 2.01 0.91 0.00 88.60 0.00 14.89
Bridge-Linked 7.19 1.89 0.79 5.97 90.10 1.70 15.14
Honeycomb 7.98 7.17 1.91 0.81 497 89.84 141 15.10
Total Cross Tied 7.46 1.62 0.52 19.40 93.48 5.52 15.71
DIAR 7.93 1.15 0.05 42.79 99.37 12.16 16.70
Partial Shading Pattern B2
Performance Indicators
PV Array Pr (kW) Po (kW) PL (kW) ML (kW) LR (%) CE (%) PE (%) Eff (%)
Series-Parallel 4.19 4.89 2.13 0.00 66.30 0.00 8.82
Bridge-Linked 4.19 4.89 2.13 0.00 66.30 0.00 8.82
Honeycomb 6.32 4.26 4.82 2.06 143 67.40 1.67 8.97
Total Cross Tied 4.34 4.74 1.98 3.07 68.67 3.58 9.14
DIAR 6.28 2.8 0.04 42.74 99.37 49.88 13.22
Partial Shading Pattern B3
Performance Indicators
PV Array Py (KW) Po (KW) PL (kW) ML (kW) LR (kW) CE (%) PE (%) Eff (%)
Series-Parallel 4.87 421 1.46 0.00 76.94 0.00 10.25
Bridge-Linked 4.88 42 1.45 0.24 77.09 0.21 10.27
Honeycomb 6.33 497 4.11 1.36 2.38 78.51 2.05 10.46
Total Cross Tied 5.1 3.98 1.23 5.46 80.57 472 10.74
DIAR 6.25 2.83 0.08 32.78 98.74 28.34 13.16
Partial Shading Pattern B4
Performance Indicators
PV Array Pr (KW) Po (KW) PL (kW) ML (kW) LR (kW) CE (%) PE (%) Eff (%)
Series-Parallel 3.97 5.11 2.02 0.00 66.28 0.00 8.36
Bridge-Linked 4.1 4.98 1.89 2.54 68.45 3.27 8.63
Honeycomb 5.99 4.06 5.02 1.93 1.76 67.77 2.26 8.55
Total Cross Tied 4.19 4.89 1.8 431 69.95 5.54 8.82
DIAR 5.93 3.15 0.06 38.36 99.00 49.37 12.49
Partial Shading Pattern B5
Performance Indicators
PV Array Pr (KW) Po (KW) PL (kW) ML (kW) LR (kW) CE (%) PE (%) Eff (%)
Series-Parallel 5.59 349 1.4 0.00 79.97 0.00 11.77
Bridge-Linked 5.71 3.37 1.28 3.44 81.69 2.15 12.02
Honeycomb 6.99 5.78 3.30 1.21 5.44 82.68 3.39 12.17
Total Cross Tied 6.93 2.15 0.06 38.40 99.14 23.97 14.59
DIAR 6.95 2.13 0.04 38.97 99.43 24.33 14.63
Partial Shading Pattern B6
Performance Indicators
PV Array Pr (kW) Po (KW) PL (kW) ML (kW) LR (kW) CE (%) PE (%) Eff (%)
Series-Parallel 7.67 1.41 0.65 0.00 92.19 0.00 16.15
Bridge-Linked 7.89 1.19 0.43 15.60 94.83 2.87 16.61
Honeycomb 8.07 791 1.17 0.16 22.70 98.01 3.12 16.66
Total Cross Tied 7.99 1.09 0.33 41.84 96.03 4.17 16.82
DIAR 8.26 0.82 0.06 99.28 7.69 17.39
Partial Shading Pattern B7
Performance Indicators
PV Array Pr (kW) Po (KW) PL (kW) ML (kW) LR (kW) CE (%) PE (%) | Eff (%)
Series-Parallel 5.33 3.75 1.19 0.00 81.75 0.00 11.22
Bridge-Linked 533 3.75 1.19 0.00 81.75 0.00 11.22
Honeycomb 6.52 5.38 3.70 1.14 1.33 82.51 0.93 11.33
Total Cross Tied 5.46 3.62 1.06 347 83.74 2.44 11.50
DIAR 6.08 3 0.44 20.00 93.25 14.07 12.80
Partial Shading Pattern B8
Performance Indicators
PV Array Py (KW) Po (kW) PL (kW) ML (kW) LR (%) CE (%) PE (%) | Eff (%)
Series-Parallel 6.44 2.64 1.21 0.00 84.18 0.00 13.56
Bridge-Linked 7.08 2 0.57 24.24 92.55 9.94 14.91
Honeycomb 7.65 6.37 2.71 1.28 -2.67 83.26 16.30 13.41
Total Cross Tied 7.49 1.59 0.16 39.77 97.91 17.70 15.77
DIAR 7.58 1.5 0.07 43.18 99.08 15.79
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FIGURE 10. Partial shading patterns and power-voltage characteristics graphs of 20 x 4 asymmetrical PV arrays with DIAR, TCT, BL, and SP. (a) Pattern C1,
(b) Pattern C2, and (c) Pattern C3.

TABLE 3. Summarized results analysis of asymmetrical 20 x 4 PV array under partial shading patterns C1 to C3.

Partial Shading Pattern C1

Performance Indicators

PV Array
Pr (kW) Po (kW) PL (kW) ML (kW) LR (%) CE (%) PE (%) Eff (%)
Series-Parallel 16.99 5.35 1.57 0.00 91.54 0.00 15.66
Bridge-Linked 18.56 16.57 5.77 1.99 -7.85 89.28 -2.47 15.27
Total Cross Tied 16.57 5.77 1.99 -7.85 89.28 -2.47 15.27
DIAR 18.41 3.93 0.15 26.54 99.19 8.36 16.96
Partial Shading Pattern C2
PV Array Performance Indicators
Pr (kW) Po (KW) PL (kW) ML (kW) LR (%) CE (%) PE (%) Eff (%)
Series-Parallel 14.72 7.62 1.74 0.00 89.43 0.00 13.56
Bridge-Linked 16.46 15.4 6.94 1.06 8.92 93.56 4.00 14.19
Total Cross Tied 15.39 6.95 1.07 8.79 93.50 3.94 14.18
DIAR 16.37 597 0.09 21.65 99.45 9.71 15.08
Partial Shading Pattern C3
PV Array Performance Indicators
Pr (KW) Po (KW) PL (kW) ML (kW) LR (kW) CE (%) PE (%) Eff (%)
Series-Parallel 10.8 11.54 0.56 0.00 95.07 0.00 9.95
Bridge-Linked 11.36 10.8 11.54 0.56 0.00 95.07 0.00 9.95
Total Cross Tied 10.8 11.54 0.56 0.00 95.07 0.00 9.95
DIAR 11.24 11.1 0.12 3.81 98.94 4.07 10.36

It has been noted that the PV array with SDS, FER, henon

patterns D2 and D3 are the same as that of SDS, FER,

map, and MS have generated nearly equal power outputs of
10.67kW, 9.92kW, 9.41kW, and 9.85kW for partial shading
patterns D1, D2, D3, and D4 respectively. In the case of
the DIAR approach, the power generation for partial shading

henon map, and MS i.e., 9.92kW and 9.41kW respectively.
But, the DIAR has slightly higher power output than the
above-mentioned reconfiguration techniques during partial
shading patterns D1 and D4 with power output values of
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FIGURE 11. Partial shading patterns (a) D1, (b) D2, (c) D3, and (d) D4 for 7 x 7 symmetrical PV array.

Power (kW)
L N w £y

=}

Pattern Pattern Pattern Pattern Pattern Pattern Pattern Pattern
Al A2 A3 A4 A5 A6 A7 A8

PatternC1  PatternC2  Pattern C3
SP mBL mTCT mDIAR

(c)

1]1';‘:11.1"1.5"1"[‘].‘

Pattern Pattern Pattern Pattern Pattern Pattern Pattern Pattern
Bl B2 B3 B4 B5 B6 B7 B8

SP mBL mTCT EmDIAR

Power (kW)
OR NWRARUON®O

PatternD1  PatternD2  PatternD3  Pattern D4
SP mBL mTCT mDIAR

(d)

FIGURE 12. Power output comparison of DIAR approach, TCT, BL, and SP under different partial shading patterns for (a) 6 x 3, (b) 5 x 7, (c) 20 x 4, and

(d) 7 x 7 PV arrays.

10.73kW and 9.92kW respectively. Hence, from the analysis,
it can be stated that the DIAR can effectively work for
symmetrical PV arrays and can either generate higher power
or equal power to that of TCT, BL, SP, and other four
symmetrical reconfiguration techniques.

The graphical comparison of the power output comparison
of the DIAR approach with TCT, BL, and SP during different
partial shading patterns for 6 x 3,5 x 7,20 x 4,and 7 x 7 PV
arrays have been shown in FIGURE 12 (a)-(d) respectively.
It can be viewed from the graphs that the proposed DIAR
approach has higher power generation during all the partial
shading patterns irrespective of the array size and structure
i.e., symmetric or asymmetric. Also, a graphical comparison

VOLUME 11, 2023

of the power enhancement by the DIAR approach, TCT, and
BL to the SP during all the partial shading patterns for 6 x 3,
5 x 7,20 x 4, and 7 x 7 PV arrays has been conducted
in FIGURE 13 (a)-(d) respectively. From the graph, it can
be observed that the DIAR has higher power enhancement
during partial shading than any other array architecture. The
negative power enhancement data replicate the array with
lower power output than the SP.

In addition, to support the simulation analysis, an exper-
imental investigation has been conducted for a 4 x 3
PV array under different partial shading patterns with
TCT, BL, SP, and DIAR approach. The experimental
setup has been given in FIGURE 14 with twelve modules
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FIGURE 14. Experimental prototype of a 4 x 3 PV array.

each rated as S0W (maximum power), 17.5V (maximum
voltage), and 2.87A (maximum current) at STC to form
PV arrays.

The array has been connected to a variable resistor
(rheostat) of 2202 and 20A rating through a voltmeter
(0-200V) and multimeter (Fluke 376 True RMS Clamp
Meter) for voltage and current measurement. The solar
irradiance received by the modules has been measured
using a solar power meter (TES-1333) whereas the module
temperature is recorded using an infrared thermometer
(STA380A, -32°C to 380°C). The TCT, BL, and SP have been
applied by changing the connection between the modules
whereas the DIAR approach has been applied by permanently
changing the positions of the modules.
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FIGURE 15. Partial shading patterns for experimental validation of
4 x 3 array.

The power-voltage graph has been extracted from the
voltage and current data recorded by varying the rheostat
from a lower to a higher range. The experiment has
been conducted at the E-block roof, ITER, Bhubaneswar
(20.2961°N, 85.8245°E) during noon hours where the
maximum irradiance received by the modules at horizontal
plane has been recorded as 800-820W/m? irrespective of the
tilt angle of the location with an ambient temperature of
32°C. The partial shading scenarios have been created by
using transparent color sheets that act as barriers between the
irradiance and the modules and hence, reduce the receiving
irradiance of the target module. A slight deviation between
the simulation and experiments results has been noted which
occurs due to various factors such as fluctuating irradiance
in the site, temperature difference between the modules and
modules internal mismatches that cannot be avoided while
operation at field.
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FIGURE 16. Power-voltage graphs of the 4 x 3 PV array with DIAR approach, TCT, BL, and SP plotted from the
experimental data.

The partial shading patterns used for the validation E3 (FIGURE 15 (¢)) and E4 (FIGURE 15 (d)) have been
of the 4 x 3 array have been shown in FIGURE 15. plotted in FIGURE 16 (a), (b), (c) and (d) respectively. The
The power-voltage graphs obtained from the experimental power outputs of the array under partial shading pattern E1
analysis of the 4 x 3 PV array for partial shading have been noted as 232.32W (SP and BL), 225.22W (TCT),
patterns E1 (FIGURE 15 (a)), E2 (FIGURE 15 (b)), and 257.07W (DIAR approach). Similarly, for patterns
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TABLE 4. Summarized results analysis of 4 x 3 under various cell-level shading scenarios.

Partial Shading Performance PV Arrays
Patterns Indicators Series-Parallel Bridge-Linked Total Cross Tied DIAR
Po(W) 261.25 251.15 265.55 336.36
PLO w) 207.36 217.56 203.16 132.35
ML (W) 100.3 110.50 96.10 25.29
= LR (W) 0 -10.2 42 75.01
CE (%) 72.27 69.45 73.43 93.01
E.! T PE (%) 0 -3.86 1.64 28.75
: Eff (%) 7.15 6.87 7.26 9.20
Po(W) 217.49 225.82 232.16 237.54
PLO W) 251.22 242.89 236.55 231.17
ML (W) 63.87 55.54 49.20 43.82
LR (W) 0 8.33 14.67 20.02
R CE (%) 77.30 80.26 82.51 84.43
PE (%) - 3.83 6.74 9.21
Eff(‘V:) 5.95 6.17 6.35 6.49
T (o e Po(W) 348.94 348.94 348.94 356.54
EEDE] PLO(W) 119.77 119.77 119.77 112.17
ML (W) 10.37 10.37 10.37 2.77
LR (W) 0 0 0 7.6
CE (%) 97.11 97.11 97.11 99.23
PE (%) 0 0 0 2.17
Eff(‘V:) 9.54 9.54 9.54 9.75
Po(W) 209.55 193.86 210.84 2253
PLO w) 259.16 274.85 257.87 24341
ML (W) 80.19 95.88 78.90 64.44
LR (W) 0 -14.99 4832 15.55
CE (%) 72.32 66.91 72.77 77.76
e I PE (%) 0 -7.48 0.61 7.51
Eff (%) 5.73 5.30 5.76 6.16

E2, E3, and E4, the DIAR approach have the higher
power output recorded as 241.12W, 277.56W, and 251.20W
respectively. The TCT has the power output recorded as
219.65W and 226.26W for partial shading patterns E2 and
E3 respectively followed by BL (216.21W and 218.18W)
and SP (200.12W and 211.59W). For pattern E4, the TCT,
BL, and SP have equal power outputs recorded as 225.22W.
Additionally, various cell-level shading scenarios have been
considered for further performance investigation of the DIAR
approach and the results are summarized in Table 4. It has
been noted that the proposed approach has enhanced the
power output of the array during all shading cases with a
higher conversion rate as compared to the TCT, BL, and
SP arrays.

Hence, from the above-conducted analysis of partial
shadingin6x3,5x7,20x4,7x7,and 4 x 3 PV arrays, it can
be stated that the DIAR approach has significantly performed
very well during all partial shading patterns. The approach
has generated higher power than the TCT, BL, SP, and other
reconfiguration strategies during partial shading and hence
can be an effective solution for partial shading loss reduction
in PV arrays.

V. CONCLUSION

A novel Dimension-Independent Array Relocation (DIAR)
approach has been proposed in this paper that can reduce
the losses in the PV array during partial shading. The
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effectiveness of the proposed has been studied using three
asymmetrical arrays of 6 x 3,5 x 7, 20 x 4, and 4 x 3
(experimental analysis) sizes along with a 7 x 7 symmetrical
array under numerous partial shading patterns. The perfor-
mance comparison of the DIAR approach has been done with
the TCT, BL, HC, SP, and various reconfiguration strategies
using various parameters and power-voltage graphs. From
the conducted investigation, the following novelty and
conclusions have been drawn:

> DIAR approach has higher power output for all the
partial shading patterns.

> DIAR approach minimizes the power and mismatch
losses in the array during partial shading patterns.

> DIAR has an average conversation efficiency of 96% for
6 x 3 array, 98.44% for 5 x 7 array, 99.19% for 20 x
4 array, and 98.54% for 7 x 7 array which is notably
higher than other architectures.

> DIAR has higher power output (enhancement) of
15.16%, 25.44%, 7.38%, and 25.36% on average for
6 x3,5x 7,20 x 4, and 7 x 7 PV arrays than other
architectures.

> DIAR approach has been experimentally tested for 4 x 3
PV array and found to have effective in higher power
generation during partial shading than TCT, BL, and SP.

> TCT is incapable of generating higher power during
every partial shading pattern.
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DIAR increases the efficiency of the PV array during
partial shading.

DIAR approach is applicable for both symmetrical and
asymmetrical arrays and can enhance power generation
during partial shading.

DIAR generated higher power output than existing TCT,
HC, BL, SP, SDS, FER, Henon Map and MS techniques.
DIAR utilizes no sensors, switches, or complex algo-
rithms for implementation.

DIAR is a user-friendly, less complex, and low-cost
solution for partial shading losses reduction in PV
arrays.
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