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A jigsaw puzzle based reconfiguration technique for enhancing

maximum power in partial shaded hybrid photovoltaic array
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Summary: The Photovoltaic (PV) module subjected to partial shading exhibits multiple peaks in the
power-voltage characteristics leading to mismatch losses. This loss is a function of module
interconnection, shading area and shading pattern. The hybrid configuration has found to be superior
to improve the performance of the PV array during partial shading conditions. This work aims to
minimize the mismatch loss by using an optimized jigsaw puzzle based reconfiguration technique. The
physical position of the modules is rearranged based on the jigsaw puzzle pattern without altering the
electrical connections. The performance of the proposed jigsaw puzzle pattern is configured on
different interconnection schemes like total-cross-tied, series-parallel total-cross-tied, bridge-link
total-cross-tied and honey comb total-cross-tied. For the different shading patterns, the performance
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of the proposed reconfiguration technique is compared with the existing puzzle based reconfiguration
technique schemes such as ken-ken, skyscraper, odd-even and latin square in terms of global maximum
power point, power loss, mismatch loss, fill factor, execution ratio and performance enhancement ratio.
To validate the results, the performance of the proposed reconfiguration technique is tested in
MATLAB/Simulink environment and experiment setup for a 4x4 PV array. The proposed jigsaw
puzzle based reconfiguration technique mitigates the occurrence of multiple local power point on the
power-voltage characteristics. Hence, the simulation results show the proposed jigsaw based
reconfiguration technique improves the output power by 14.01% compared to the existing
reconfiguration technique under partial shaded conditions. The effectiveness of the jigsaw puzzle
arrangement is also validated experimentally and the results are presented in this paper.

Keywords: Partial shading condition, hybrid configuration, jigsaw puzzle pattern, global maximum

power point, performance ratio.
1 Introduction

The gap between energy generation and
demand has widened due to the depletion of
natural energy sources and rapidly increasing
energy demand. India is the second-largest
country in terms of the population having a
diverse economy and energy consumption
profile. For developing countries like India,
energy demand is the primary concern for
sustainable development. To meet the energy
demand, India has doubled its renewable energy
installation in the last five years [1]. International
bodies related to the energy crisis and climate
change has insisted all the countries increase
their renewable energy capacity. Globally the
contribution of renewable energy generation has
increased by 26% with a major share of 64% in
the total electricity generation. Hence, in recent
years the contribution of renewable energy
source has increased compared to coal and
natural gas [2]. Among the possible renewable
energy sources, the solar energy-based power
generation system is found to be a simple
installation, pollution-free, long life and less
maintenance. Photovoltaic (PV) has become
familiar due to the reduction in the price of the
module and government subsidies [3].

The PV cells are connected in the string to
form a module and the modules are grouped to
form an array. The performance of the PV

module relies on temperature, irradiation, partial
shading, ageing and potential induced
degradation etc., [4-6]. Among these parameters,
temperature and irradiation are the dominant
factors. Under the standard test condition (STC),
the PV array produces a single maximum power
point (MPP) on the power-voltage (P-V)
characteristics. The conventional maximum
power point tracking (MPPT) controller [7, 8]
can track this MPP.

During the partial shading condition (PSC),
the PV array produces multiple peaks on the P-V
characteristics due to shading of trees, chimneys,
passing cloud, dust and bird droppings etc.,[9].
This can be avoided by introducing a bypass
diode, which produces multiple peaks on P-V
characteristics can mislead the conventional
MPPT controller and soft computing based
MPPT controllers are found to be efficient in
tracking the global maximum power point
(GMPP) [9, 10]. During the PSC, mismatch loss
(ML) occur due to the non-linear characteristics
of the PV module and results in a reduction in
efficiency of the PV array [11, 12].

The ML can be minimized by adopting an
MPPT controller, converter topology and
interconnection schemes. Various
interconnection schemes are discussed in [13-15].
In this study, the PV array interconnection
schemes are employed to improve the GMPP



during PSCs. To resolve these problems, PV
array interconnection schemes are discussed in
the literature. Under the STC, series-connected
modules in the array produce the maximum
power. However, under PSCs, the modules are
grouped to improve the performance [16].
According to the literature, the conventional
interconnection schemes namely series-parallel
(SP), total-cross-tied (TCT), bridge-link (BL),
honey comb (HC) are used to achieve the
maximum power and to improve the GMPP. In
the SP array, the PV modules are grouped to
meet the load requirement. In the TCT array, the
ties are connected across the rows of the junction.
In the BL array, the modules are connected in
bridge rectifier architecture, with the modules
are connected in series to obtain the required
voltage and connected in parallel to obtain the
required current. In the HC array, the modules
are connected in a hexagon structure, which

combines the advantages of TCT and BL [17-19].

The author of [20]
comprehensive study of interconnection schemes
namely series, parallel, SP, TCT, BL and HC
configurations under moving irradiation
conditions. The result shows that the TCT
configuration has provided superior results
compared to other interconnection schemes. The
author of [21] investigated the interconnection
scheme using a Genetic Algorithm under
different PSCs. The author concluded that the
Genetic Algorithm has provided improved
performance than the
interconnection schemes. The author of [22]
compared the SP configuration to the TCT and
BL configuration under PSCs. The author found
that there is no optimum configuration since the
performance of the array relies on the shading
pattern. From the literature, it is understood that
the TCT configuration has yielded superior
results under PSCs. The main drawback of the
TCT configuration, when the modules connected
in the rows are partial shading leads to the

conducted a

conventional

reduction of output power. In addition, the ties
connected across the rows of the junction in the
TCT configuration causes more power loss. The
BL configuration has more numbers of series-
connected modules and has more power loss (PL)
compared to the TCT configuration. The HC
configuration has more numbers of series-
connected modules and has more PL compared
to TCT and BL configuration. To overcome this
problem, the reconfiguration technique is
anticipated.

The reconfiguration technique aims to
distribute the effects of partial shading uniformly
throughout the array to minimize the ML[23].
The author of [24] compared the Sudoku based
TCT interconnection with the conventional total-
cross-tied (CTCT) configuration. Here, the
position of the modules is rearranged based on
the Sudoku pattern without altering the electrical
connection. The author reported that the Sudoku
based interconnection scheme has yielded
improved results. The author of [25, 26]
compared the rearranged total-cross-tied (RTCT)
configuration with CTCT and found that the
RTCT configuration has yielded superior results
in terms of PL and fill factor (FF). The author of
[27] proposed a 4x4 Magic Square puzzle pattern
to rearrange the module within the array. The
author concluded that the proposed pattern has
improved the GMPP under most PSCs. The
author of [28] proposed a Zigzag technique, to
rearrange the location of the modules within the
PV array based on the proposed technique to
reduce PL and improve FF. The mathematical
analysis of the HC configuration is analyzed in
[29]. The author of [30] proposed a two-phase
method for rearranging the position of the
modules in the PV array and compared with TCT,
partial optimization and Sudoku
configurations for improving the
However, it is necessary to explore the hybrid
configuration with a recent and
reconfiguration technique in a

swarm
power.

effective
realistic



environment. From the literature, it is concluded
that the reconfiguration technique has improved
the GMPP and reduced local MPP on the P-V
characteristics, but these configurations have
certain limitations. The effectiveness of the
reconfiguration depends on the ability to
distribute the effects of partial shading uniformly
throughout the array. To overcome this
complexity, the hybrid configuration is
anticipated.

The hybrid PV array configurations are
obtained by combining the advantages of two
configurations namely SPTCT, BLTCT and
HCTCT. The author considered only the shading
pattern like progressively horizontal,
progressively vertical and progressively diagonal
[27]. The efficacy of hybrid bridge-link total-
cross-tied (BLTCT) configuration over SP, TCT,
BL and hybrid series-parallel total-cross-tied
(SPTCT) configurations are analyzed in [27, 31-
33]. The reduction of ties in the hybrid
configuration wiring
complexity of the PV system. From the literature
review, it is evidence that the hybrid PV array
configuration is found to be a better solution for
diluting the concentration of the partial shading
effects and extracting the maximum power.
However, the performance of the hybrid PV
array configuration relies on the effectiveness of
the reconfiguration technique to disperse
throughout the array. Hence, it is necessary to
explore the effective reconfiguration technique
on hybrid PV array configuration schemes to
dilute the concentration of the partial shading
effects thereby extracting more output power
from the PV array.

reduces losses and

This study presents a reconfiguration
technique to rearrange the position of the
modules of the 4x4 PV array to improve the
output power under the PSCs. The contribution
of the proposed study are as follows:

After the investigation, it is found that the
jigsaw (JS) puzzle pattern can effectively
rearrange the position of the modules
within the PV array without altering the
electrical connection. Hence, the
concentration of the partial shading is
diluted by dispersing the shading effects
throughout the array.

To enhance the maximum power of TCT
and hybrid configurations such as
SPTCT, BLTCT, and honey comb total-
cross-tied (HCTCT) configurations are
rearranged according to the JS puzzle
pattern.

The JS puzzle pattern mitigates the
occurrence of local MPP in the P-V
characteristics and avoids the need for an
MPPT controller to track the GMPP.

The mathematical analysis of the hybrid
configuration is derived for better
understanding.

To validate the effectiveness of the JS
puzzle based reconfiguration technique,
its performance is compared with
existing reconfiguration techniques like
ken-ken (KK) [34], Skyscraper (SS) [34],
odd-even (OE) [35] and latin square (L.S)
[36] to overcome the following
shortcomings.

In Reference [34], the author proposed
KK and SS puzzle pattern for a 4x4 TCT
array to enhance the maximum power
during the PSCs. The shortcoming of this
work: The PSCs considered for the study,
most of the modules receives full
irradiation (1000W/m?).

In Reference [35], the author proposed
the OE puzzle pattern for a 4x4 TCT
array to enhance the maximum power
during the PSCs. The shortcoming of this
works: If the row or column is partially



shaded, it rearranged in two rows only,
thus the shading effects are not uniformly
distributed throughout the array.

e In Reference [36], the author proposed
LS puzzle pattern for a 4x4 TCT array to
extract the maximum power during the
PSCs. The shortcomings of this work: If
the first column remains unaltered if the
first column is shaded it results in the
reduction of output power. If the modules
connected in the first row is rearranged in
the diagonal results in the reduction of
output current.

e The performance of the various
configurations is analyzed in terms of
GMPP, PL, ML, FF, execution ratio (ER)
and performance enhancement ratio (PE).

e The effectiveness of the JS and existing
puzzle arrangements is  validated
experimentally on the TCT and hybrid
configurations.

This work is organized as follows. Section 2
presents the mathematical modelling of the PV
array. Section 3.1 discussed the formation of JS
puzzle and pattern arrangements. Section 3.2
describes the physical relocation of modules in
an array according to the JS puzzle pattern.
Section 3.3, describes the mathematical analysis
of the hybrid configuration. In Section 3.4, a
description of the existing puzzle pattern
considered for the investigation. In Section 3.5
description of partial shading pattern. In Section
3.6, a description of the performance parameter
considered to validate the performance. Section
4 results and discussion of various configuration
under PSCs and Section 5 describes the
experimental verification of the proposed puzzle
arrangements along with conclusion in Section 6.

2 Mathematical Model of PV Array

The single-diode PV model developed in [37]
has been designed in MATLAB Simulink

environment. The equivalent circuit of the
single-diode PV cell comprises a current source
connected in anti-parallel with diode, series (Rs)
and shunt resistance (Rgp).

Rg

Iph (1) R v

Fig. 1 Single diode PV cell

Apply kirchhoff’s current law for the PV cell
model shown in Fig. 1. The PV cell current is
given in equation (1).

I=Ipy — Ip — Ly (1)

Where Ipn is photo-current linearly depends

on incident irradiation, Ip is responsible for the

non-linearity of the PV cell, Iy is the shunt

current of the PV cell. Therefore, the PV cell
current is derived as shown in Equation (2).

V+ IR
I:Iph—lo [exp(%)—ll

V + IR,
Rsh

(2)

Where I, is the saturation current of the
diode, k is the Boltzmann constant and its value
is 1.3806503x10°3 J/K, q is the electron charge
(1.602x10" C), T is the cell temperature and a
is the ideality constant.

The PV cells are connected in series to form
a PV module and series-connected PV cells are
represented as series-connected cells (Nse). The
module current (I) in terms of the module
voltage (Vm) with Nse cells connected in series.
The module current is represented in Equation

3).
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The PV cells are connected in series to form
a module and modules are connected in series
and parallel to form a PV array to meet the load
requirement. Fig. 2 shows the equivalent circuit
of the PV array with series (Ns) and parallel (N;)
connected modules. The PV array current (I,) in
terms of array voltage (Va.) is represented in
Equation (4).

I, =
a(Vat Rela gy )
p
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Fig. 2 Equivalent circuit of PV array

The mathematical model of the PV module
is obtained with the electrical parameters of the
module Kyocera KC200GT i1s represented in
Table 1. A bypass diode is connected in anti-
parallel with each module to provide an alternate
path under PSC within a series-connected string.

Table 1 Electrical characteristics of the PV
module at STC (1000 W/m?2, 25°C).

(3)

(Vinpp)

Short circuit current (Is.) 8.21A

Current at maximum power 7.61A

(Lnpp)

Temperature coefficient -1.23x10°!

of Ve V/°C
Temperature coefficient 3.18x10°A/°C
of Iy

Number of cells connected 54

in series (V)

Series resistance (Ry) 0.221 Q
Parallel resistance (Rsn) 415.405 Q
Ideality factor (a) 1.3

Electrical characteristics Ratings
Maximum Power (Pmax) 200W
Open circuit voltage (Vo) 32.9V
Voltage at maximum power 26.3V

3 Methodology

3.1 Formation of proposed jigsaw puzzle
arrangement

In this study, a JS puzzle pattern is proposed
for rearranging the position of the modules
within the 4x4 PV array to mitigate the ML under
PSCs. A JS puzzle consists of m x n grid, which
is similar to an ordinary Sudoku puzzle. In JS
puzzle, the squares are irregular in shape and
each of the squares is represented by bold lines.
This puzzle places the numbers from 1 to N in
the m x n grid, without duplicating the same
number in the row or column. Fig. 3a shows the
4x4 JS puzzle pattern, which consists of 16
blocks, constitute of four rows and columns. The
puzzle consists of four irregular squares, in
which each square has the numbers from 1 to 4
without duplicating the same number in a row or
column. The procedure for filling the empty
square is as follows.

Step 1: Square 1 has the number 1 and 3,
which can be filled by 2, 4 in Fig. 3b and the first
row of block 2 is filled with 1 as depicted in Fig.
3c.

Step 2: The remaining blocks of square 2 are
filled with 2, 3 and square 3 on the first column
with 3 as depicted in Fig. 3d.

Step 3: Similarly, square 4 is filled with 1
and 4 as depicted in Fig. 3e. Similarly, fill the
remaining squares as depicted in Fig. 3f. Fig. 3g



shows the pattern arrangement of the puzzle has
to be considered for further analysis. In the
puzzle pattern, the first digit represents the
position of the module and the second digit
represents the column number. For example in
module 21, 2 represents the position of the
module and 1 represents the column number. In
the PV array, the position of the modules is
rearranged according to the JS puzzle pattern
without altering the electrical connection.

3.2 Physical relocation of modules in the PV
array

The puzzle arrangement of the proposed JS
reconfiguration technique is represented in Fig.
3f. This work aims to rearrange the position of
the modules within the array according to the JS
puzzle pattern. Fig. 4 (a-d) shows the CTCT,
SPTCT, BLTCT and HCTCT -configurations
considered for the analysis.

3 3 4 213 |11¢4 213|114
1 1 1 1 2
4 4 3
2 2 32
(a) (b) (©) (@)
20314 203 (14 21 132 |13 | 44
1 2 1 (432 11 |42 (33| 24
4 3 4 1123 41 (12|23 | 34
3.2 (41 32 (41 312243 14

(e) ®

(®

Fig. 3 a - g JS puzzle pattern

Fig. 5 (a-d) shows the RTCT, rearranged
series-parallel  total-cross-tied ~ (RSPTCT),
rearranged bridge-link total-cross-tied
(RBLTCT) and rearranged honey-comb total-
cross-tied (RHCTCT) configurations which are
rearranged according to the proposed JS
arrangement for dispersing the shading effects
uniformly throughout the array.

3.3 Mathematical analysis of the PV array
configurations

The mathematical analysis of the TCT and
hybrid configurations is derived for better
understanding. The expression for the voltage,

current and power of the TCT and hybrid
configuration is derived as follows:
3.3.1 TCT PV array configuration

The TCT configuration is derived from the
SP configuration by connecting ties across the
rows of the junction. The array current is the sum
of the current produced by the modules
connected in a row. The row voltage is equal to
the open-circuit voltage of the single module.
The array voltage is the sum of the voltage across
all rows®®. The current flowing through each
module and voltage across each module in the
TCT configuration is represented in Fig. 6. The
array voltage, current and power of the TCT
configuration is given by the following equation.
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Fig. 5 JS puzzle pattern for a RTCT, b RSPTCT, ¢ RBLTCT, d RHCTCT
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analysis

Where i is the number of modules connected
in parallel in a string and j is the number of
strings connected in series.

3.3.2 SPTCT PV array configuration

The SPTCT  configuration is the
combination of SP and TCT configuration. In
SPTCT configuration, rows are cross-linked at
every alternate row. This has a lesser number of
interconnection compared to BLTCT and
HCTCT. However, SPTCT generates less power
than hybrid configurations*. The current
flowing through each module and voltage across
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Fig. 7 Mathematical analysis of SPTCT
configuration
each module in the SPTCT configuration is
represented in Fig. 7. The array voltage, current

and power of the SPTCT configuration is given
by the following equation.

lopray = i+l + Iz + Iy = 4L, (8)
array 24 =4V, 9
Parray (Varray) (Iarray) 16V, Ly, (10)

Where i is the row of the PV array.

3.3.3 BLTCT PV array configuration

Fig. 8 Mathematical analysis of BLTCT
configuration
The BLTCT configuration is the combination
of BL and TCT configuration. This configuration
is an alternative to TCT configuration, which can
be obtained by reducing the number of ties
connected among the modules. Hence, the stress

on the PV module is minimized [40]. The current
flowing through each module and voltage across
each module in BLTCT configuration is
represented in Fig. 8. The array voltage, current
and power of the BLTCT configuration is given
by the following equation.

lorray =1+ iy + iz + Lia =41,  (11)
array 24 = 4Vm (12)
Parray = (Varray)(larray) = 16Vn1n (13)

Where i is the row of the PV array.

3.3.4 HCTCT PV array configuration

The HCTCT configuration is the
combination of HC and TCT configuration. In
HC configuration, the first and second rows are
connected in HC structure and the third and
fourth tow are connected on the TCT
configuration. The number of the parallel-
connected module in a row is high compared to
the BLTCT [29]. The current flowing through
each module and voltage across each module in
the HCTCT configuration is represented in Fig.
9. The array voltage, current and power of the
HCTCT configuration is given by the following
equation.

G G vl ¢

122

21
il w6t

+ 132 33 + 34

V31 Y ﬁ V32§2ﬁ Vssgjﬁ V_34ﬁ

+ + N + 143 + I44

V_41ﬁ V_42ﬁ \{43ﬁ V_44ﬁ
)

Fig. 9 Mathematical analysis of HCTCT

configuration
Iarray =1+ + 3+, =41y, (14)
Varray = Z:} Vi =4V, (15)



Parray = (Varray)(larray) =16V, I, (16)

Where i is the row of the PV array.
3.4 Description of the existing puzzle
patterns

The conventional 4x4 PV array is rearranged
according to the proposed JS puzzle pattern as
depicted in Fig. 4 (a-d) & Fig. 5 (a-d). To
investigate the effectiveness of the proposed
puzzle pattern comparison is made with the

RTCT, RSPTCT, RBLTCT and RHCTCT. The
I-V and P-V characteristics of these rearranged
configurations have been modelled in the
MATLAB/Simulink environment are utilized for
comparing the performance of the proposed
puzzle pattern under PSCs. A comparison has
also been made with existing reconfiguration
techniques namely KK, SS, OE and LS in
mitigating the ML under PSCs. All these
configurations are illustrated in Fig. 10 (a-d).
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Fig. 10 Existing puzzle pattern a KK, b SS, ¢ OE d LS.

Under uniform irradiation condition, all the
4x4 PV array configuration produces a
maximum power of 3200 W. During the PSCs,
the output power generated by the PV array
decreases due to ML. To mitigate the ML, the PV
array is rearranged with a hybrid combination.
This hybrid interconnection yields superior
results than the CTCT interconnection during
PSCs. The JS puzzle pattern is applied to the
hybrid interconnection to rearrange the physical
location of the module within the array. Hence,
the concentration of the shading is reduced and
thereby distributing the shading
throughout the array.

effects

3.5 Partial shading scenario

In this study, the effectiveness of the JS
puzzle pattern is verified by comparing the
performance of the different conventional and
hybrid configurations under PSCs. Four types of

10

shading conditions namely short narrow, short
wide, long narrow and long wide are considered.
Under the PSCs, it is assumed that the shaded
module receives irradiation of 100 W/m?2, 200
W/m?, 300 W/m?, 400 W/m?, 500 W/m? and the
unshaded module receives irradiation of 1000
W/m?.

This type of shading conditions is applied to
the 4x4 JS pattern. The partial shading dispersion
effect on the JS puzzle pattern is applied under
different configurations. Similarly, the partial
shading dispersion effect is applied to the
existing KK, SS, OE, and LS patterns. The
performance of the existing and JS puzzle pattern
is analyzed in terms of PL, ML, FF, ER and PE.

3.5.1 Case 1 Short narrow
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Fig. 11 Partial shading pattern in case 1 short
narrow a TCT configuration, b JS configuration,
¢ Partial shading dispersion with JS puzzle
arrangement

For case 1 short narrow shading pattern is
created with the shaded module receives three
different irradiation of 100 W/m?, 200 W/m?,
300 W/m? and the unshaded module receives
irradiation of 1000 W/m? as depicted in Fig. 11.
This type of shading conditions is applied to the
4x4 PV array configuration constructed for the
short narrow condition.

3.5.2 Case 2 Short wide
1112|1314 [21|32|13|44| |11|12]|13]| 14
21(22(23]|24| |11|42]33|24| |[21]|22(23]|24
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(@ (b) (©

D =100W/m* D =200W/m’ D =300W/m’
D =1000W/m’

Fig. 12 Partial Shading pattern in case 2 short
wide a TCT configuration, b JS configuration, ¢
Partial shading dispersion with JS puzzle
arrangement

For case 2 short wide shading pattern is
created with the shaded module receives three
different irradiation of 100 W/m?, 200 W/m?,
300 W/m? and the unshaded module receives
irradiation of 1000 W/m? depicted in Fig. 12.
From Fig. 12, it is clear that the impact of
shading on the PV array is increased, results in a
reduction of maximum power.
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3.5.3 Case 3 Long narrow
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Fig. 13 Partial shading pattern in case 3 long
narrow a TCT configuration, b JS configuration,
¢ Partial shading dispersion with JS puzzle
arrangement

For case 3 long narrow shading pattern is
created with the shaded module receives three
different irradiation of 100 W/m?, 200 W/m?,
400 W/m? and the unshaded module receives
irradiation of 1000 W/m? as depicted in Fig. 13.
From Fig. 13 it is understood that the impact of
shading on more number of rows increased as
compared to short narrow conditions.

3.5.4 Case 4 Long wide
11[12]13 21|32|13 11[12[13| 14
212223 114233 21|22|23
31323334 |41]|12(23|34| |31|32 33
41|42 (43 |44| 3122|4314 |41|42|43
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D =100W/m> D =200W/m’ D =300W/m’
D =400 W/m® . =500W/m’ D =1000W/m*

Fig. 14 Partial shading pattern in case 4 long
wide a TCT configuration, b JS configuration, ¢
Partial shading dispersion with JS puzzle
arrangement

For the case 4 long wide shading pattern is
created with the shaded module receives five
different irradiation of 100 W/m?, 200 W/m?,
300 W/m?, 400 W/m? and 500 W/m? the
unshaded module receives irradiation of 1000
W/m? as depicted in Fig. 14. From Fig. 14, it is



clear that the impact of shading is increased as
compared to other shading conditions.
3.6 Performance parameter
3.6.1 Power loss

The power loss is the ratio of GMPP at
STC and PSC to the GMPP at STC.

(Gypp at STC
—Gypp at PSC)
3.6.2 Mismatch loss

ML refers to the difference in power
between STC and PSC.

ML = Gyppat STC — Gypp at PSC
3.6.3 Fill factor

The fill factor is the squareness of the I-V
curve. In STC, the I-V characteristics curve is
rectangular, under PSC it deviates from its shape.
As the FF is close to unity, PV array performance
is higher. Hence, it is defined as the ratio of
maximum power under PSC to the power
generated.

PL = /Gypp at STC (17)

(18)

Vinp X Imp at PSC
Voc X Isc

3.6.4 Execution ratio

The execution ratio is defined as the ratio of

FF =

(19)

GMPP at PSC to GMPP at STC.
Gypp at PSC
ER (%) = —— 20
(%) Gypp at STC (20)
3.6.5 % Performance Enhancement ratio

compared to the conventional configuration

% performance enhancement is defined as

the ratio of the difference in power between
GMPP at STC. and PSCs.
% PE =

Peypp (Proposed,KK,SS,OE,LS) —

Peypp(TCT,SPTCT, BLTCT, HCTCT)

P;ypp (Proposed, KK, SS,0E,LS)

4 Results and Discussion

(21)

4.1 Case 1 Short narrow

The performance analysis of JS puzzle
pattern with short narrow shading condition in
comparison with the conventional (TCT, SPTCT,
BLTCT, HCTCT) configurations and rearranged
hybrid configurations of KK, SS, OE and LS
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puzzle pattern is made. The result in the form of
GMPP, PL, ML, FF, ER and PE is presented in
Table 2.

4.1.1 TCT configuration

Results obtained from the CTCT and RTCT
configurations for the various puzzle pattern with
short narrow shading condition indicates that the
JS puzzle pattern performs superior and
generates GMPP of 2493 W (Fig. 15a). The
GMPP of the KK puzzle pattern is very close to
the JS puzzle pattern with a GMPP of 2490 W.
The SS, LS, OE and CTCT follows the
performance by 2120 W, 2119 W, 2043 W and
2005 W. In the TCT configuration, since the ties
are connected across the junction, the obtained
GMPP is based on the effectiveness of the puzzle
pattern. Hence, the JS puzzle pattern of TCT
configuration has generated relatively higher
maximum power output power under short
narrow condition.

From Table 2, it is observed that the JS
puzzle pattern has an ER ratio of 77.90%,
followed by the KK, SS, LS, OE and CTCT by
77.80%, 66.24%, 66.23%, 63.84% and 62.66%.
Also, the JS puzzle pattern has a PE ratio of
19.58% in comparison with the CTCT, followed
by the KK, SS, LS and OE of 19.49%, 5.43%,
5.41% and 1.87% respectively.

4.1.2 SPTCT configuration

Results obtained from the conventional
series-parallel total-cross-tied (CSPTCT) and
RSPTCT configurations for the various puzzle
pattern with short narrow shading condition
indicates that the JS puzzle pattern performs
superior and generates GMPP of 2487 W (Fig.
15b). The LS, CSPTCT, SS, OE and KK puzzle
pattern follows the performance of the JS puzzle
pattern by 2033 W, 1984 W, 1954 W, 1914 W
and 1874 W. Thus, it is noticed that the
performance of the JS puzzle pattern generates
454 W more output power than the LS pattern. It
is noticed that the JS puzzle pattern of SPTCT
configuration has generated relatively higher
maximum power output power under short



narrow  condition.  Since the  SPTCT
configuration has more number of series-
connected modules compared to other
configuration. At the time of rearranging the
modules according to the various puzzle pattern,
the shaded modules are connected in series
thereby reducing the output power of the PV
array.

From Table 2, it is observed that the JS
puzzle pattern has an ER ratio of 77.71%,

followed by the LS, CSPTCT, SS, OE and KK
puzzle pattern of 63.55%, 62.00%, 61.05%,
59.81% and 58.57%. Also, the JS puzzle pattern
has a PE ratio of 20.22% in comparison with
CSPTCT, followed by the LS of 2.43%. The SS,
OE and KK have a reduction in the PE ratio by -
1.56%, -3.66%, and -5.85%, in comparison with
the CSPTCT.

Table 2. Simulation results for case 1.

Short Puzzle Vmp Imp GMPP PL ML FF ER PE

Narrow Pattern V) (A) W)

(%) W) (B () ()

CTCT 18.27 109.66 2005

37.34 1195.00 46.84 62.66 NA

KK 2422 102.77 2490 2220 71033 58.16 77.80 19.49
= SS 19.19 11045 2120 33.76 1080.34 49.52 66.24 543
8 OE 18.23 112.07 2043 36.16 1157.26 47.72 63.84 1.87
LS 19.24 110.17 2119 33.77 1080.70 49.51 66.23 541
JS 23.99 10392 2493 22,10 707.30 58.23 77.90 19.58
CSPTCT 18.09 109.66 1984 38.00 1216.02 46.35 62.00 NA
KK 17.78 105.41 1874 41.43 1325.62 43.79 58.57 -5.85
5 SS 18.25 107.03 1954 3895 124643 45.64 61.05 -1.56
a OE 23.84 80.30 1914 40.19 1286.04 44.71 59.81 -3.66
LS 1891 107.53 2033 36.45 1166.53 47.50 63.55 2.43
JS 2393 103.92 2487 2229 71326 58.09 77.71 20.22
CBLTCT 18.15 109.66 1991 37.79 1209.29 46.50 62.21 NA
KK 23.52 105.41 2479 2253 72090 5791 77.47 19.70
5 SS 18.66 109.66 2046 36.07 1154.10 47.79 63.93 2.70
E OE 18.51 109.44 2026 36.70 1174.27 4732 63.30 1.73
LS 19.07 107.53 2051 3591 1149.06 4791 64.09 2.94
IS 2397 103.92 2491 22.15 708.81 58.19 77.85 20.09
= CHCTCT 18.15 109.66 1991 37.79 1209.29 46.50 62.21 NA
% KK 23.54 105.41 2482 2245 718.32 5797 77.55 19.78
e

SS 19.16 110.28 2113

13
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Short Puzzle Vmp Imp GMPP PL ML FF ER PE
Narrow Pattern (V) (A) W) %) W) (%) (%) (%)
OE 18.54 109.44 2029 36.59 1170.73 47.40 63.41 1.90
LS 18.66 110.17 2056 35.76 1144.26 48.02 64.24 3.16
JS 2399 103.92 2493 22,10 707.30 58.23 77.90 20.14
300 300 -
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— OE
—~ —_ — LS
= 2000 = 2000 —ss
R B
1500
z z
=] =]
& 1000 ~
500r
G r r r r
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z z
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Fig. 15 P-V characteristics: a TCT configuration, b SPTCT configuration, ¢ BLTCT configuration, d

SPTCT configuration for case 1

4.1.3 BLTCT configuration

Results obtained from the conventional
bridge-link total-cross-tied (CBLTCT)
RBLTCT configurations for the various puzzle
pattern with short narrow shading condition
indicates that the JS puzzle pattern performs
superior and generates GMPP of 2491 W (Fig.

and
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15¢c). The GMPP of the KK is very close to the
JS puzzle pattern with a GMPP of 2479 W. The
LS, SS, OE and CBLTCT pattern follows the
performance by 2051 W, 2046 W, 2026 W and
1991 W. Hence, it is noticed that the JS puzzle
pattern of BLTCT configuration generates
relatively higher maximum power output power



under short narrow condition. Here, the
number of parallel-connected modules in a row
is reduced compared to TCT configuration and
hence the maximum power is reduced.

From Table 2, it is observed that the JS
puzzle pattern has an ER ratio of 77.85%,
followed by the KK, LS, SS, OE and CBLTCT
pattern by 77.47%, 64.09%, 63.93%, 63.30%
and 62.21%. Also, the JS puzzle pattern has a PE
ratio of 20.09% in comparison with the C-
BLTCT, followed by the KK, LS, SS, OE and
CBLTCT pattern by 19.70%, 2.94%, 2.70% and
1.73% respectively.

4.1.4 HCTCT configuration

Results obtained from the conventional
honey-comb total-cross-tied (CHCTCT) and
RHCTCT configurations for the various puzzle
pattern with short narrow shading condition
indicates that the JS puzzle pattern performs
superior and generates GMPP of 2493 W (Fig.

15d). The GMPP of the KK is very close to the
JS puzzle pattern with a GMPP of 2482 W. The
SS, LS, OE and CHCTCT pattern follows the
performance by 2113 W, 2056 W, 2029 W and
1991 W. Thus, it is noticed that the JS puzzle
pattern of HCTCT configuration has generated
relatively higher maximum power output power
under short narrow condition. Here, the number
of parallel-connected modules in a row is high
compared to the BLTCT and hence the obtained
GMPP is improved.

From Table 2, it is observed that the JS
puzzle pattern has an ER ratio of 77.90%,
followed by the KK, SS, LS and OE and
CHCTCT by 77.55%, 66.03%, 64.24%, 63.41%
and 62.21%. Also, the JS puzzle pattern has a PE
ratio of 20.14% in comparison with the
CHCTCT, followed by the KK, SS, LS and OE
by 19.78%, 5.78%, 3.16%, 1.90% and 1.73%
respectively.

Table 3 Simulation results for case 2.

Short Puzzle Vmp Imp GMPP PL ML FF ER PE
Wide Pattern (V) (A) W) (%) W) (%) (%) (%)
CTCT 3038 5028 1527 5226 167232 35.69 47.74 NA
KK 18.77 107.08 2010 37.19 1190.01 46.95 62.81 24.00
. SS 1840 106.69 1963 38.65 1236.69 45.86 61.35 22.19
= oF 18.89 10823 2044 36.12 115577 47.75 63.88 2527
LS 18.06 108.64 1963 38.67 123749 4584 61.33 22.16
JS 18.98 105.80 2008 3724 1191.82 4691 62.76 23.93
CSPTCT 18.97 8322 1579 50.67 1621.40 36.88 49.33 NA
KK 30.00 52.04 1561 5120 1638.55 36.48 48.80 -1.10
=SS 1334 10932 1459 5442 174147 34.07 4558 -8.23
a OE 3023 5169 1563 51.17 1637.39 36.50 48.83 -1.02
LS 1939 8030 1557 51.33 164271 3638 48.67 -1.37
JS 18.10 105.80 1915 40.17 128533 44.73 59.83 17.55
EB CBLTCT 18.97 8322 1579 50.67 1621.40 36.88 4933 NA
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Short Puzzle Vmp Imp GMPP PL ML FF ER PE
Wide Pattern (V) (A) (W) (%) W) (%) (%) (%)
KK 18.50 107.08 1981 38.09 1218.73 46.28 61.91 20.32
SS 17.64 106.69 1882 41.19 1318.01 43.96 58.81 16.12
OE 18.35 105.60 1937 39.45 1262.53 4526 60.55 18.52
LS 19.79 81.21 1607 49.77 159251 37.55 5023 1.80
7S 18.74 105.80 1982 38.05 1217.68 4631 61.95 20.37
CHCTCT 1897 8322 1579 50.67 1621.40 36.88 49.33 NA
— KK 18.63 107.08 1995 37.65 1204.69 46.61 62.35 20.88
% SS 18.18 106.69 1939 39.40 1260.85 4530 60.60 18.59
= O 18.15 10823 1964 38.62 1235.69 45.89 61.38 19.64
LS 2443 7601 1857 4198 134325 4337 58.02 14.98
JS 18.86 105.80 1995 37.65 1204.85 46.61 62.35 20.88

4.2 Case 2 Short wide
4.2.1 TCT configuration

Results obtained from the CTCT and RTCT
configurations for the various puzzle pattern with
short wide shading condition indicates that the
OE puzzle pattern performs superior and
generates GMPP of 2044 W (Fig. 16a). The
GMPP of the KK and JS puzzle patterns are close
with the OE pattern with GMPP of 2010 W and
2008 W. The SS, LS, and CTCT pattern follow
the performance by 1963 W, 1963 W and 1527
W. Thus, it is noticed that the OE puzzle pattern
of TCT configuration has generated relatively
higher maximum power output power under
short narrow condition.

From Table 3, it is observed that the OE
pattern has an ER ratio of 63.88%, followed by
the KK, JS, SS, LS, and CTCT pattern by
62.81%, 62.76%, 61.35%, 61.33% and 47.74%.
Also, the OE puzzle pattern has a PE ratio of
25.27% in comparison with the CTCT, followed
by the KK, JS, SS and LS by 24.00%, 23.93%,
22.19%, 22.16% respectively.
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4.2.2 SPTCT configuration

Results obtained from the CSPTCT and
RSPTCT configurations for the various puzzle
pattern with short wide shading condition
indicates that the JS puzzle pattern performs
superior and generates GMPP of 1915 W (Fig.
16b). The CSPTCT, OE, KK, LS and SS follows
the performance by 1579 W, 1563 W, 1561 W,
1557 W and 1459 W. Thus, it is noticed that the
JS puzzle pattern of SPTCT configuration has
generated relatively higher maximum output
power under short narrow condition.

From Table 3, it is observed that the
proposed puzzle pattern has an ER ratio of
59.83%, followed by the CSPTCT, OE, KK, LS
and SS by 49.33%, 48.83%, 48.80%, 48.67% and
45.58%. Also, the proposed puzzle pattern has a
PE ratio of 17.55% in comparison with the
conventional followed by a
reduction in performance of the OE, KK, LS and
SS by -1.02%, -1.10%, -1.37%, and -8.23%
respectively.

configuration,



4.2.3 BLTCT configuration

Results obtained from the CBLTCT and
RBLTCT configurations for the various puzzle
pattern with short wide shading condition
indicates that the JS puzzle pattern performs
superior and generates GMPP of 1982 W (Fig.
16¢). The GMPP of the KK is very close to the
JS puzzle pattern with GMPP of 1981 W. The
OE, SS, LS and CBLTCT follows the
performance by 1937 W, 1882 W, 1607 W and
1579 W. Thus, it is noticed that the proposed and
KK puzzle pattern of BLTCT configuration has
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generated almost similar maximum output power
under short wide condition.

From Table 3, it is observed that the
proposed puzzle pattern has an ER ratio of
61.95%, followed by the KK, OE, SS, LS and
CBLTCT configuration by 61.91%, 60.55%,
58.81%, 50.23% and 49.33%. Also, the JS
puzzle pattern has a PE ratio of 20.37% in
comparison with the CBLTCT, followed by a
reduction in performance of the KK, OE, SS, and
LS by 20.32%, 18.52%, 16.12%, and 1.80%
respectively.
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Fig. 16 P-V characteristics: a TCT configuration, b SPTCT configuration, ¢ BLTCT configuration, d

SPTCT configuration for case 2
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4.2.4 HCTCT configuration

Results obtained from the CHCTCT and
RHCTCT configurations for the various puzzle
pattern with short wide shading condition
indicates that the proposed and KK pattern
performs superior and generates GMPP of 1995
W (Fig. 16d). The OE, SS, LS and CHCTCT
follows the performance by 1964 W, 1939 W,
1857 W and 1579 W. Thus, it is noticed that the
proposed and KK puzzle pattern of HCTCT
configuration has generated almost similar
maximum output power under short wide
condition.

From Table 3, it is observed that the JS and
KK puzzle pattern has an ER ratio of 62.35%,
followed by the OE, SS, LS and CHCTCT by
61.38%, 60.60%, 58.02% and 49.33%. Also, the
JS and KK puzzle pattern has a PE ratio of
20.88% in comparison with the CHCTCT,
followed by a reduction in performance of the
OE, SS, LS by 19.64%, 18.59% and 14.98%
respectively.

4.3 Case 3 Long narrow
4.3.1 TCT configuration

Results obtained from the CTCT and RTCT
configurations for the various puzzle pattern with
long narrow shading condition indicates that the
JS puzzle pattern performs superior and
generates GMPP of 2148 W (Fig. 17a). The KK,
LS, SS, CTCT and OE pattern follows the
performance by 2085 W, 1993 W, 1900 W, 1985

generated a relatively higher maximum output
power under short narrow condition.

From Table 4, it is observed that the JS
puzzle pattern has an ER ratio of 67.14%,
followed by the KK, LS, SS, CTCT and OE by
65.16%, 62.68%, 62.03%, 59.47% and 59.38%.
Also, the JS puzzle pattern has a PE ratio of
11.41% in comparison with the CTCT, followed
by a reduction in performance of the KK, LS, SS
and OE by 8.73%, 4.51%, 4.12% and reduction
in performance by -0.16% respectively.

4.3.2 SPTCT configuration

Results obtained from the CSPTCT and
RSPTCT configurations for the various puzzle
pattern with long narrow shading condition
indicates that the JS puzzle pattern performs
superior and generates GMPP of 2000 W (Fig.
17b). The OE, LS, CSPTCT, SS and KK pattern
follows the performance by 1924 W, 1896 W,
1865 W, 1844 W and 1832 W. Thus, it is noticed
that the JS puzzle pattern of SPTCT
configuration has generated a relatively higher
maximum output power under long narrow
condition.

From Table 4, it is observed that the
proposed puzzle pattern has an ER ratio of
62.50%, followed by the OE, LS, CSPTCT, SS
and KK pattern by 60.14%, 59.26%, 58.27%,
57.62% and 57.26%. Also, the JS puzzle pattern
has a PE ratio of 6.77% in comparison with the
CSPTCT, followed by a reduction in
performance of the OE, LS, SS and KK pattern

W and 1903 W. Thus, it is noticed that the JS vy 310%, 1.67%, -1.13%, and -1.76%
puzzle pattern of SPTCT configuration has  regpectively.
Table 4 Simulation results for case 3.

Long Puzzle  Vmp Imp GMPP PL ML FF ER PE
Narrow Pattern V) (A) W) (%) W) (%) (%) (%)
CTCT 17.56 108.36 1903 40.53 1296.84 44.46 5947 NA
= KK 19.72 105.77 2085 34.84 1114.72 48.71 65.16 8.73
= SS 18.24 108.81 1985 37.97 1215.00 4637 62.03 4.12
OE 2472 76.88 1900 40.62 1299.92 4439 59.38 -0.16
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Long Puzzle Vmp Imp GMPP PL ML FF ER PE
Narrow Pattern (V) (A) W) (%) (W) (%) (%) (%)
LS 18.39 108.36 1993 37.72 1207.02 46.56 62.28 4.51

JS 20.28 105.94 2148 32.86 1051.65 50.19 67.14 11.41
CSPTCT 17.21 108.36 1865 41.73 133531 43.56 58.27 NA

KK 17.32 105.77 1832 42.74 1367.60 42.81 57.26 -1.76

5 SS 17.37 106.18 1844 42.38 1356.11 43.07 57.62 -1.13
a OE 2420 79.51 1924 39.86 1275.63 4495 60.14 3.10
LS 17.94 105.73 1896 40.74 1303.67 44.30 59.26 1.67

IS 18.88 105.94 2000 37.50 1199.87 46.72 62.50 6.77
CBLTCT 17.21 108.36 1865 41.73 133531 43.56 58.27 NA

KK 18.96 105.77 2005 37.33 1194.60 46.85 62.67 7.02

5 SS 17.99 108.81 1958 38.82 124221 45.73 61.18 4.76
E OE 24.62 76.88 1892 40.86 1307.54 4421 59.14 1.47
LS 18.05 108.36 1955 38.89 1244.51 45.68 61.11 4.64

JS 19.69 105.94 2086 34.80 1113.61 48.74 65.20 10.63
CHCTCT 17.31 108.36 1876 41.37 1323.89 43.83 58.63 NA

= KK 19.31 105.77 2042 36.18 1157.63 47.71 63.82 8.14
% SS 18.24 108.81 1985 37.98 121547 46.36 62.02 5.46
= OE 2472 76.88 1900 40.62 1299.92 4439 59.38 1.26
LS 18.06 108.36 1957 38.86 1243.49 4570 61.14 4.11

JS 19.96 105.94 2114 33.92 1085.57 49.39 66.08 11.27

4.3.3 BLTCT configuration

Results obtained from the CBLTCT and
RBLTCT configurations for the various puzzle
pattern with long narrow shading condition
indicates that the JS puzzle pattern performs
superior and generates GMPP of 2086 W (Fig.
17¢). The GMPP of the KK is very close to the
JS puzzle pattern with GMPP of 2005 W. The
SS, LS, OE and CBLTCT pattern follows the
performance by 1958 W, 1955 W, 1892 W and
1865 W. Thus, it is noticed that the JS puzzle
pattern of BLTCT configuration has generated
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relatively higher maximum output power under
long narrow condition.

From Table 4, it is observed that the JS
puzzle pattern has an ER ratio of 62.67%,
followed by the KK, SS, LS, OE and CBLTCT
by 62.67%, 61.18%, 61.11%, 59.14% and
58.27%. Also, the JS puzzle pattern has a PE
ratio of 10.63% in comparison with the
CBLTCT, followed by a reduction in
performance of the KK, SS, LS, OE pattern by
7.02%, 4.76%, 4.64% and 1.47% respectively.



4.3.4 HCTCT configuration

Results obtained from the CHCTCT and
RHCTCT configurations for the various puzzle
pattern with long narrow shading condition
indicates that the JS puzzle pattern performs
superior and generates GMPP of 2114 W (Fig.
17d). The GMPP of the KK is very close to the
JS puzzle pattern with GMPP of 2042 W. The
SS, LS, OE and CHCTCT follows the
performance by 1985 W, 1957 W, 1900 W and
1876 W. Thus, it is noticed that the performance
of the JS puzzle pattern generates 72W more
output power than the KK pattern. Thus, it is
noticed that the JS puzzle pattern of HCTCT
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configuration has generated relatively higher
maximum power output power under long
narrow condition.

From Table 4, it is observed that the JS
puzzle pattern has an ER ratio of 66.08%,
followed by the KK, SS, LS, OE and CHCTCT
by 63.82%, 62.02%, 61.14%, 59.38% and
58.63%. Also, the JS puzzle pattern has a PE
ratio of 11.27% in comparison with the
CHCTCT, followed by a reduction in
performance of the KK, SS, LS, OE and
CHCTCT by 8.14%, 5.46%, 4.11% and 1.26%
respectively.
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Fig. 17 P-V characteristics: a TCT configuration, b SPTCT configuration, ¢ BLTCT configuration, d

SPTCT configuration for case 3



4.4 Case 4 Long wide
4.4.1 TCT configuration

Results obtained from the CTCT and RTCT
configurations for the various puzzle pattern with
long wide shading condition indicates that the
KK, SS, LS and JS puzzle pattern performs
superior and generates GMPP of 1390 W (Fig.
18a). The CTCT and OE pattern follows the
performance by 1306 W and 980 W.

From Table 5, it is observed that the KK, SS,
LS and JS puzzle pattern has an ER ratio of
43.43% followed by the CTCT and OE by
40.81%, and 30.64%. Also, the KK, SS, LS and
JS puzzle pattern has a PE ratio of 6.03% in
comparison with the CTCT, followed by a
reduction in performance of the OE pattern by -
33.20% respectively.
4.4.2 SPTCT configuration

Results obtained from the CSPTCT and
RSPTCT configurations for the various puzzle

pattern with long wide shading condition
indicates that the LS and the JS puzzle pattern
performs superior and generates GMPP of 1349
W (Fig. 18b). The KK, SS, CSPTCT and OE
pattern follows the performance by 1339 W,
1339 W, 1305 W and 985 W. Thus, it is noticed
that LS and the JS puzzle pattern of SPTCT
configuration has generated relatively higher
maximum output power under long narrow
condition.

From Table 5, it is observed that the LS and
the JS puzzle pattern has an ER ratio of 42.17%,
followed by the KK, SS, CSPTCT and OE
pattern by 41.85%, 41.85%, 40.78% and
30.79%. Also, the LS and the JS puzzle pattern
has a PE ratio of 3.28% in comparison with the
CSPTCT, followed by the reduction
performance of the KK, SS and OE pattern by
2.54%, 2.54% and -32.45% respectively.

in

Table 5 Simulation results for case 4.

Long Puzzle  Vmp Imp GMPP PL ML FF ER PE
Wide Fattern (V) @A) W) ) WM ) (o) ")
CTCT 12.46 104.82 1306 59.19 1894.14 30.51 40.81 NA
KK 13.60 102.19 1390 56.57 1810.35 32.46 43.43 6.03
= SS 13.60 102.19 1390 56.57 1810.35 32.46 43.43 6.03
8 OE 19.75  49.65 980  69.36 2219.59 2290 30.64 -33.20
LS 13.60 102.19 1390 56.57 1810.35 32.46 43.43 6.03
JS 13.60 102.19 1390 56.57 1810.35 32.46 43.43 6.03
CSPTCT 12.57 103.81 1305 59.22 189492 30.49 40.78 NA
KK 12.90 103.81 1339 58.15 1860.85 31.28 41.85 2.54
S SS 1290 103.81 1339 58.15 1860.85 31.28 41.85 2.54
; OE 19.30 51.06 985  69.21 2214.64 23.02 30.79 -32.45
LS 13.00 103.81 1349 57.83 1850.62 31.52 42.17 3.28
JS 13.00 13.00 1349 57.83 1850.62 31.52 42.17 3.28
E 5 CBLTCT 12.56 103.96 1305 5921 1894.63 30.49 40.79 NA
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Long Puzzle  Vmp Imp GMPP PL ML FF ER PE
Wide Pattern (V) (A) (W) %) (W) %) (%) (%)
KK 13.71 101.33 1389 56.59 1810.76 32.45 4341 6.04
SS 13.09 103.96 1361 57.47 1839.08 31.79 42.53 4.08
OE 19.68 49.82 980  69.36 2219.56 2290 30.64 -33.14
LS 13.09 103.96 1361 57.47 1839.01 31.79 4253 4.09
JS 13.71 101.33 1389 56.59 1810.76 32.45 43.41 6.04
CHCTCT 12.56 103.95 1305 59.21 1894.64 30.49 40.79 NA
— KK 13.71 101.32 1389 56.59 1810.77 32.45 43.41 6.04
% SS 13.19 103.95 1372 57.14 1828.35 32.04 4286 4.83
= OE 19.66 49.87 980  69.36 2219.56 22.90 30.64 -33.14
LS 13.19 103.95 1371 57.14 1828.53 32.04 4286 4.2
JS 13.71 101.32 1389 56.59 1810.76 32.45 4341 6.04

4.4.3 BLTCT configuration

Results obtained from the CBLTCT and
RBLTCT configurations for the various puzzle
pattern with long wide shading condition
indicates that the KK and JS puzzle pattern
performs superior and generates GMPP of 1389
W (Fig. 18c). The SS, LS, CBLTCT and OE
pattern follows the performance by 1361 W,
1361 W, 1305 W and 980 W. Thus, it is noticed
that the KK and JS puzzle pattern of BLTCT
configuration has generated relatively higher
maximum output power under long narrow
condition.

From Table 5, it is observed that the KK and
JS puzzle pattern has an ER ratio of 43.41%,
followed by the SS, LS, CBLTCT and OE by
42.53%, 42.53%, 40.79% and 30.64%. Also, the
KK and JS puzzle pattern have a PE ratio of
6.04% in comparison with the CBLTCT,
followed by a reduction in performance of the
LS, SS and OE pattern by 4.09%, 4.28% and -
33.14% respectively.
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4.4.4 HCTCT configuration

Results obtained from the CHCTCT and
RHCTCT configurations for the various puzzle
pattern with long wide shading condition
indicates that the KK and JS puzzle pattern
performs superior and generates GMPP of 1389
W (Fig. 18d). The SS, LS, CHCTCT and OE
pattern follows the performance by 1372 W,
1371 W, 1305 W and 980 W. Thus, it is noticed
that the KK and JS puzzle pattern of HCTCT
configuration has generated relatively higher
maximum power output power under long
narrow condition.

From Table 5, it is observed that the KK and
JS puzzle pattern has an ER ratio of 43.41%,
followed by the SS, LS, CHCTCT, and OE
pattern by 42.86%, 42.86%, 40.79% and
30.64%. Also, the KK and JS puzzle pattern have
a PE ratio of 6.04% in comparison with the
CHCTCT, followed by a reduction
performance of the SS, LS and OE pattern by
4.83%, 4.82% and -33.14% respectively.

in
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Fig. 18. P-V characteristics: (a) TCT configuration; (b) SPTCT configuration; (¢c) BLTCT
configuration; (d) SPTCT configuration for case 4.

5 Experimental Verification Table 6 Electrical characteristics of the PV
module for experimental verification

A detailed experimental setup has been Electrical characteristics Ratings
conducted on the 4x4 PV array configuration to
validate the effectiveness of the proposed JS Maximum Power (Pmax) 10W
puzzle arrangements. The specification of the PV Open circuit voltage (Voc) 21.96 V
modules considered for the experimental setup is Voltage at maximum power (Vipp) 1825V
represented in Table 6. Fig. 19 shows the Short circuit current () 0.59 A
experimental setup of 4x4 PV array Current at maximum power (Impp)  0.55 A
configurations. Each module of 10 W is grouped Number of cells connected in series 36

to form a 4x4 PV array configuration. The (Ny)
experimental results for the increasing shading
on rows are represented in Table 7.
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Fig. 19 Experimental setup of 4x4 TCT PV array

In the TCT configuration, KK, SS, LS and
JS has produced superior performance followed
by the CTCT and OE. In the SPTCT
configuration, CSPTCT has produced superior
performance followed by the JS, KK, OE, SS and
LS. In the BLTCT configuration, SS, LS has
produced superior performance followed by the
CBLTCT, KK and OE. In the HCTCT

configuration SS, LS has produced superior
performance followed by the CHCTCT, JS, KK
and OE. From the experimental results, it is
observed that the TCT configuration has
produced superior performance compared to
other configuration under the PSCs. The
performance of the TCT is followed by the
HCTCT, BLTCT and SPTCT configurations

Table 7 Experimental results

fi
Con. rgur (One (Two (Three (Four
ation module
Puzzle shaded) modules modules modules
Pattern Power shaded) shaded) shaded)
Power (W) Power (W) Power (W)
W)
CTCT 110 110 110 110
KK 110 117 116 115
TCT SS 110 117 116 115
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Configur (One (Two (Three (Four
ation Puzzle module modules modules modules
Pattern 8323;? shaded) shaded) shaded)
W) Power (W) Power (W) Power (W)

OE 110 117 79 79

LS 110 117 116 115

JS 110 117 116 115

CSPTCT 116 112 115 110

KK 116 114 84 76

SPTCT  sg 116 112 84 76

OE 116 114 84 76

LS 116 112 84 76

IS 116 114 84 76

CBLTCT 112 112 110 110

KK 112 115 81 79

BLICT  gs 112 117 115 115

OE 112 115 81 79

LS 112 117 115 115

JS 112 115 81 79

CHCTCT 110 110 110 110

KK 112 114 115 84

HCTCT  gg 112 117 116 115

OE 110 114 81 79

LS 110 117 115 115

IS 110 114 115 84

6 Conclusion

In this study, the performance analysis of
4x4 PV array with TCT and hybrid-rearranged
configuration is carried out on considered PSCs.
The hybrid configuration has fewer numbers ties
compared to the conventional configuration to
reduce the wiring losses. The mathematical
analysis is carried out for a clear understanding

25

of the PV array configurations. Here, the position
of the modules in the PV array altered according
to the proposed JS puzzle pattern. The
investigation is  carried out i the
MATLAB/SIMULINK environment with a
bypass diode connected across each module. The
performance of the JS puzzle pattern on hybrid-
rearranged configuration is compared to the

mn



existing puzzle patterns in terms of GMPP, PL,
ML, FF, ER and PE. Overall, the simulation
results obtained by the hybrid-rearranged
configuration  with JS based
reconfiguration technique has improved the
maximum power by 14.01% under the PSCs.
The performance of the JS puzzle based
reconfiguration technique is followed by the KK,
SS, LS and OE puzzle based reconfiguration
technique of 10.00%, 5.73%, 5.29% and -3.88%
respectively. From the experimental results, it is
observed that the KK, SS, LS and JS puzzle
pattern based TCT configuration has produced
superior results. Overall, the TCT configuration
has produced superior performance compared to
other configuration under the PSCs. The
performance of the TCT is followed by the
HCTCT, BLTCT and SPTCT configurations.
The results show the effectiveness of the JS
puzzle based reconfiguration technique
dispersing the partial shading effects throughout
the array compared to existing puzzle based
reconfiguration techniques. The JS puzzle based
reconfiguration technique reduces the mismatch
losses between the rows and mitigates the
occurrence of local MPP the P-V
characteristics. In addition, the proposed
technique eliminates the need for the complex
algorithm, switching matrix and sensors, which
is economically viable for the small-scale PV
array, whereas the large-scale PV array can be
divided into number sub-array. The experimental
testing may be conducted to assess the
performance of the PV configuration under
various shading factors and other experimental
factors.

puzzle
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