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A B S T R A C T

Mismatch losses ignore the performance of individual photovoltaic (PV) modules and cut back most of the power
from the PV array. These losses mainly due to partial shading condition (PSC), are caused by the reduction of
spacing between PV modules, passing clouds, and near buildings, etc. Several techniques are present in the
literature to cut back the partial shading issues. One of the most effective methods is the reconfiguration
techniques, namely reconfigure the location of PV modules in PV array so as to distribute partial shading effects
and increase the maximum power output. This paper proposes an Improved SuDoKu reconfiguration pattern for
9 9× Total-Cross-Tied (TCT) PV array to enhance maximum power output under partial shading conditions. The
main aim of this approach is to arrange the PV modules in TCT array according to the SuDoKu pattern without
altering the electrical connections. Further, the performance of the proposed pattern is evaluated with different
existing PV array configurations by comparing the Global Maximum Power Point (GMPP), Mismatch Losses
(ML), Fill Factor (FF) and Efficiency (η). Based on the results of this paper, it is concluded that the proposed
improved SuDoKu PV array arrangement enhances the global maximum power under all shading conditions.

1. Introduction

In the recent years, the renewable energy sources (RES) become
more popular and broadly replaced conventional energy sources.
Examples of RES are the solar, the wind, the biomass and the geo-
thermal energy sources. Among all, solar energy is the most essential
and prerequisite sustainable resource because of its ubiquity and
abundance in nature [1,2]. The energy from photovoltaic (PV) arrays,
in addition to requiring little Maintenance, is fuel free and pollution
free. Also, the PV energy is employed in several scenarios such as: re-
sidential buildings, street lights, integration of power systems and rural
areas. The efficiency of PV modules is affected by various factors, but
one of the most significant issues is partial shadings. Partial shading
occurs if the PV modules are shaded in PV array by cause of flying birds,
passing clouds and adjacent buildings, etc. Under PSCs, the amount of
irradiance received by the shaded module is smaller than that received
by the unshaded module. Since the shaded PV module limit the output
current of an array, the entire PV system is affected by mismatch losses,
that might cause the damage to the PV cells or modules [3,4]. One of
the ways to protect the shaded PV modules from the damage is by
connecting bypass diodes across the terminals. Insertion of bypass
diodes causes multiple steps in I-V and multiple peaks in P-V char-
acteristics of the PV array [5]. Among the multiple peaks, there is only

one global peak (GP) which produces the highest maximum power,
which is also known as Global Maximum Power Point (GMPP) and rest
of all Local Maximum Power Points (LMPPs). The existence of multiple
peaks may mislead the maximum power point tracking (MPPT) tech-
nique by tracking the LMPPs instead of GMPP; this would add extra
power loss to the PV system [6,7].

The power loss as a result of partial shading is dictated by the
chosen array configuration, shading pattern and physical location of PV
modules in the PV array. However, the effect of PV array configuration
shows a severe impact on maximum power output. Therefore, choosing
the right configuration is necessary under PSCs. Various PV array
configurations are reported in the literature to reduce mismatch losses
caused by partial shadings such as “simple-series (SS), parallel (P),
series-parallel (SP), total-cross-tied (TCT), bridge-link (BL) and honey-
comb (HC) [8,9]. In Ref. [10], the authors have considered three PV
array configurations, such as SP, TCT and BL, to evaluate reliability,
using a probabilistic approach under mismatch effects due to manu-
facturing tolerance. This paper indicates that TCT and BL PV array
configurations minimize the mismatch losses and increase the relia-
bility as compared to the SP PV array. In Ref. [11], analysis and com-
parison of different PV array configurations such as “SS, SP, TCT, BL,
and HC” under partial shading conditions are presented. During the
study, the authors have adopted various parameters to evaluate the
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performance of each configuration. The obtained result shows that the
TCT PV array is defeating the mismatch losses as compared to other
configurations. In Ref. [12], modelling and simulation of “SS, P, SP,
TCT, BL and HC” PV array configurations under various partial shading
conditions is presented. In this paper, the performance analysis is car-
ried out for each configuration by considered the GMPP, ML, FF, and
efficiency. This paper is assuring that the TCT PV array is enhancing the
maximum global power as compared to the other PV array configura-
tions. Therefore, according to the literature, the TCT PV array is pro-
ducing the highest maximum power as compared to the existing con-
figurations under PSCs. However, a critical issue with the TCT
configuration is that if the number of PV modules are shaded in a row,
that limits the output current of an array [13]. However, to unravel this
issue, many authors have been proposed reconfiguration techniques for
TCT array to distribute shading effects from one row into different rows
uniformly, to scale back mismatch losses under PSCs [14,15].

According to the literature, the reconfiguration techniques are
classified into dynamic and static techniques. In dynamic techniques,
the PV modules are reconfigured dynamically within the PV array to
increase maximum power output under PSCs. In Refs. [16,17], an
Electrical Array Reconfiguration (EAR) controller is developed to
change the connections between among the PV modules based on ir-
radiance levels for providing input current to the motor. This approach
is also employed for an electric car to improve the performance at
different driving states such as initial, acceleration, and high-speed
[18]. In this paper, the fuzzy logic controller is applied to choose the
EAR automatically according to driving states. In Refs. [19,20], a PV
system with an electrical array reconfiguration controlled by irradiance
equalization algorithm (IE) has been presented. The EAR PV system act
as a static part to satisfy the inverter constraints and reconfigurable
part; each PV module can connect with any of the rows in the array
based on the proposed algorithm. In Ref. [21], proposed an optimal
reconfiguration approach to reduce irradiance mismatch index (IMI).
The main aim of this reconfiguration is to shift the location of shaded
PV modules from one place to different places within the PV array to
improve maximum power output under PSCs. In Ref. [22], a new
adaptive PV cell array technique is proposed to reduce PSCs. It consists
of a fixed part, an adaptive part, and a switching matrix. In this tech-
nique, the switching matrix plays a crucial role to connect adaptive PV
cells into the fixed cells in order to compensate irradiance drop in each
row [23]. Many authors in the literature have discussed dynamic re-
configuration techniques, which are presented in Table .1. According to
the literature, a dynamic reconfiguration technique requires the sensors
to identify the shading and faulty conditions, reconfiguration algorithm
to optimize the maximum power and switching matrix to connect
switching between the PV modules. All these tasks increase the cost of a
dynamic technique, as well as the configuration of the system becomes
complex [14,24,25].

A static technique utilizes a fixed interconnection scheme, namely,
the physical location of the PV modules is changed in the PV array
without altering electrical connections. This technique does not require
any sensors, reconfiguration algorithm or switching matrix, in opposi-
tion to the dynamic technique case. However, it needs an effective re-
configurable pattern for arranging the location of PV modules so as to
distribute shading effects over the array. In Ref. [38], the authors
proposed a novel interconnection scheme to distribute partial shading
effects over the array. The proposed scheme is implemented on a
3×3 PV array, and the result shows that the proposed scheme enhances
the global maximum power as compared to the SP, TCT and BL PV array
configurations. In Ref. [39], a magic-square arrangement is proposed
for TCT PV array to increase maximum power output under PSCs. In
this paper, various existing PV array configurations are considered and
compared to the proposed arrangement. The obtained result shows that
the magic-square arrangement reduces the mismatch losses as com-
pared to other configurations under all shading cases. Consequently,
the same authors [40] introduced two non-symmetrical PV array ar-
rangements for TCT PV array to distribute PSCs. This paper indicates
that the proposed arrangements are diminishing the mismatch loss and
increasing the fill-factor. In Ref. [41], the authors proposed a SuDoKu
arrangement for TCT PV array to enhance maximum power under PSCs.
In this approach, the physical location of PV modules in TCT array is
adjusted according to SuDoKu arrangement to distribute PSCs. Simi-
larly, an optimal SuDoKu arrangement is developed to distribute partial
shading effects [42]. During this study, it is observed that the optimal
SuDoKu arrangement is characterized by superior performance than the
SuDoKu [41]. Still, many reconfigurable patterns have been reported in
the literature, which are presented in Table .2. However, according to
Refs. [41,42] few shortcomings are found; (i) The first column of the
reconfigurable patterns remains unaltered (see Fig. 1). It means that if
the shadow falls on the left side of the array it will remain un-
distributed; this leads to a reduction in power output and also causes
multiple peaks in P-V characteristics. (ii) These patterns have issues
with repeated row-number modules in the diagonal (For example, 9th

row of the PV modules 91,97,96 are connected in diagonal shown in
Fig. 1, highlighted). As a result, the shaded PV modules in the same row
(i.e., after shading dispersion) are increased and the output current of
the array is reduced. Therefore, to overcome these problems, this paper
develops an improved SuDoKu arrangement for 9 9× TCT array to
enhance maximum power output under PSCs. In this approach, the
physical location of PV modules in the TCT array is adjusted according
to the improved SuDoKu arrangement without altering the electrical
connections. It follows that, the shading effects in the same row dis-
tribute over the PV array. Moreover, the performance of the proposed
arrangement is evaluated with “SP, TCT, BL, HC, SuDoKu [41] and
optimal SuDoKu” [42] PV array configurations by comparing the
GMPP, ML (%), FF(%) and η(%) under various shading conditions using

Nomenclature

Vcell/Vm/Va PV cell/module/array voltage (V)
Icell/Im/Ia PV cell/module/array current(A)
ILcell light generated current in PV cell
Id diode current
Ish Shunt current
Tc PV module operating temperature
TSTC Standard operating temperature at 298.15 K
Io saturation current of the diode
Rs &Rsh series and shunt resistance of the PV cell
a Ideality factor
k Boltzmann's constant 1.3805 10 23× J/K
q Electron charge 1.6 10 19× C
G Actual Irradiance of the PV module

Go Standard PV module irradiance at 1000 W m/ 2

Npv Number of PV modules
m Number of rows
η Efficiency

Abbreviations

GMPP Global Maximum Power Point
ML Mismatch Losses
FF Fill factor
TCT Total-Cross-Tied
SP Series-Parallel
BL Bridge-Link
HC Honey-Comb
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MATLAB-SIMULINK.
The following Sections of this paper is organized as follows: Section

2, presents detailed modelling of PV array. In Section 3, formation of an
Improved SuDoKu puzzle and pattern arrangement are discussed. In
Section 3.1, the description of partial shading conditions considered in

this paper are reported. In Section 4, results and discussions of im-
proved SuDoKu arrangement under different shading conditions are
explained in detailed. The conclusion is presented in Section 5.

2. Mathematical modelling of PV array

Modelling is the first step for analyzing the behavior of PV systems.
In fact, good and accurate mathematical models are necessary to
achieve the operation at an optimum point under partial shadings [51].
The modelling of PV arrays starts with the mathematical model of a
single PV cell. Many PV cell models have been reported in the literature
[52]. Two of them are the one diode PV cell and the two diode PV cell
models. As it is mentioned in the literature, the one diode PV cell model
requires less computational efforts as compared to the two diode model
[53]. Hence, many researchers are widely using one diode PV cell
model because it is very easy to model as compared to the other models.
The equivalent circuit of single diode PV cell model is shown in Fig. 2.
The modelling equations are as follows;

By applying KCL to node ‘c’ in Fig. 2, Icell can be written as,

I I I Icell Lcell d sh= (1)

The general representation of I-V characteristics for the PV cell is
given by,

Fig. 1. SuDoKu and optimal SuDoKu pattern.

Fig. 2. Equivalent circuit of single diode PV cell model.

Fig. 3. PV array composed of N NS P×

Table 3
PV module data sheet parameters [40].

Parameters Ratings

Rated Power P( )mpp 170W
Open-Circuit Voltage V( )oc 44.2 V
Short-Circuit Current I( )sc 5.2 amps
Current at Maximum Power I( )mp 4.75 amps
Voltage at Maximum Power V( )mp 35.8 V
Number of Cells 72
PV Module Area 62.2inc×31.9 inc

Fig. 4. 9 9× TCT PV array Configuration.
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I I I exp q V I R
kaT

V I R
R

( ) 1 ( )
cell Lcell o

cell cell s

c

cell cell s

sh
= + +

(2)

To form a PV module is by connecting the number of solar cells in
series (ns). The mathematical representation of I-V characteristics for
the PV module is given in Eq. (3),

I I I exp q V I R
n kaT

V I R
R

( ) 1 ( )
m L o

m m S

s c

m m S

SH
= + +

(3)

where RS and RSH are series and shunt resistance of the PV module and
IL is light generated current of the module, which can be represented as,

[ ]I G
G

I K T T( )L
o

L isc c STCSTC= +
(4)

where Kisc is short-circuit co-efficient of the PV module, ILSTC is the light
generated current at standard test condition (STC).

Eq. (3) is a transcendental equation and by using this, one can find
the output current of a PV module. However, the use of Eq. (3) is not
restricted to one PV module; it can also be used to describe many
modules connected in series to form a string. Such strings are connected
in parallel to form a PV array is shown in Fig. 3. The simplified
mathematical equation of I-V characteristics for the PV array is pre-
sented in Ref. [54]and it is given by

( ) ( )
I N I N I exp

q V I R

N kaT

V I R

R
. . 1a P L P o

a
N
N a S

S c

a
N
N a S

N
N SH

S
P

S
P

S
P

=
+ +

(5)

where NS and NP are the number of modules connected in series and
parallel of the PV array, respectively. The above set of equations is used
to model the PV array and to simulate I-V and P-V characteristics with

Fig. 5. PV array configurations: (a) Series-Parallel (SP), (b)Bridge-Link (BL), (c) Honey-Comb (HC).

Fig. 6. Illustration of proposed algorithm (a)partially filled 9×9 array(b)filling digits in the unassigned cells (i.e., pink colour), and (c) digit 1 already exists in the 9th

column so that exchange the cells using backtracking. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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the help of data sheet parameters presented in Table 3.

2.1. Total-cross-tied PV array configuration

As it is mentioned in section 1, TCT PV array reduces mismatch
losses as compared to the other configurations. In TCT, first PV modules
are connected in parallel to make tiers (rows), and then all tiers are
combined in series to form a string. The general layout of TCT config-
uration is shown in Fig. 4. It consists of 81 PV modules, arranged into
nine rows and nine columns. In each row nine PV modules are con-
nected in parallel. The voltage across each row is same as the open-
circuit voltage of a single PV module, and the overall output voltage of
the array is equal to the sum of row voltages. The output voltage of a
TCT array can be obtained by applying Kirchhoff's Voltage Law (KVL) to
the network in Fig. 4,

V Va
p

mp
1

9

=
= (6)

where Vmp refers to the maximum voltage at the pth row. The PV array
current is equal to the sum of all currents of the modules which are
connected in parallel in a row; this can be calculated by applying KCL to
each node in Fig. 4, the output current of an array (Ia) can be written as;

I I I p( ) 0 1,2,3, 9a
q

pq p q
1

9

( 1)= = = …
=

+
(7)

where p and q are the number of rows and columns of the PV array. The
other 9×9 SP, BL and HC PV array configurations are shown in Fig. 5.

3. Improved SuDoKu Puzzle and Pattern arrangement

9×9 Improved SuDoKu is a logic-based number placement puzzle.
It consists of nine 3×3 sub-array matrices. The formation of this logic
puzzle is based on the Backtracking method. Backtracking is an algo-
rithm for finding solutions to some computational problems, notably
constraints satisfaction problems. The constraint of this problem is to
place the digits 1 to 9 in 9×9 array so that each row, each column, each
3 3× sub array and diagonal contains the same number only once. The
proposed algorithm works as follows. This algorithm mainly is con-
stituted of four consecutive steps to achieve the solution. (i) Choose
partially filled 9×9 array as shown in Fig. 6(a). (ii) Try to fill each
unassigned cell with the digits from 1 to 9 (see Fig. 6(b)). (iii) If the
assigned digit satisfies the condition (i.e., the aforementioned con-
straint), then try to fill each unassigned cell by performing recursive
checking until build the solution (see Fig. 6(b)). (iv) Otherwise, the

Fig. 7. Flowchart of the proposed algorithm for developing the puzzle.

Fig. 8. 9 9× Improved SuDoKu Puzzle and Pattern arrange-
ment.
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Fig. 9. Group-I shading; (a) TCT PV array arrangement, (b) Improved SuDoKu arrangement, (c) Shading dispersion of improved SuDoKu arrangement.

Fig. 10. Simulation for Group-I shading condition.

Fig. 11. Group-II shading; (a) TCT PV array arrangement, (b) Improved SuDoKu arrangement, (c) Shading dispersion of improved SuDoKu arrangement.
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Fig. 12. Simulation for Group-II shading condition.

Fig. 13. Group-III shading; (a) TCT PV array arrangement, (b) Improved SuDoKu arrangement, (c) Shading dispersion of improved SuDoKu arrangement.

Fig. 14. Simulation for Group-III shading condition.
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Fig. 15. Group-IV shading; (a) TCT PV array arrangement, (b) Improved SuDoKu arrangement, (c) Shading dispersion of improved SuDoKu arrangement.

Fig. 16. Simulation for Group-IV shading condition.

Fig. 17. Group-V shading; (a) TCT PV array arrangement, (b) Improved SuDoKu arrangement, (c) Shading dispersion of improved SuDoKu arrangement.
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backtracking algorithm takes place to exchange the assigned cells (see
Fig. 6(c)), and tracks the final solution. The flowchart of proposed al-
gorithm is shown in Fig. 7, and the pseudo code is as follows.

Algorithm 1
Pseudo code.

Initialize SolveSudoku int grid N N( [ ][ ])
If there is no unassigned location

loop If (FindUnassignedLocation(grid, row, col)); return true
Consider digits 1 to 9
for (int num=1; num≤ 9; num++); return true
If looks promising
if (isSafe (grid, row, col, num))
Make tentative assignment
If (grid row col num[ ][ ] = );return, if success
if (SolveSudoku (grid)) return true;

end loop
failure, try again
grid[row][col]=Unassigned;return false

this triggers backtracking

The speciality of this puzzle is that by adding any numbers in a row,
column, diagonal and 3 3× sub-array 45 is returned as a result. The
developed improved SuDoKu puzzle and pattern arrangement are
shown in Fig. 8(a) and (b) respectively. In pattern arrangement, the first
digit in the box contains logic number and the second digit refers to a
column. The improved SuDoKu arrangement is applied to the TCT PV
array by changing the physical location of PV modules without altering
the electrical connections. It means that the module number 42 is lo-
cated at the fourth row-second column of the TCT PV array, but it is
physically shifted to the first row-second column in improved SuDoKu
arrangement (see Fig. 8(b)) without altering the electrical connections.
Similarly, all PV modules in the TCT PV array are arranged according to
the improved SuDoKu manner. This enables to distribute the shaded PV
modules from the same row into different rows uniformly over the PV
array. Therefore, the power output of the PV array is enhanced for the
same shading condition.

3.1. Discerption of PSCs

In this article, different partial shading conditions are considered to
verify the proposed improved SuDoKu arrangement. They are divided

into Group-I, Group-II, Group-III, Group-IV and Group-V and they are
shown in Figs. 9, 11, 13, 15 and 17 respectively. In each group, the
4 4× sub-array matrix is subjected to partial shading over 9 9× PV
array with different irradiance levels.

3.2. Performance parameters under PSCs

In this paper, four main parameters are considered such as GMPP,
mismatch losses (%), fill-factor (%) and efficiency (%) to evaluate the
performance of proposed arrangement on 9 9× array under different
shading conditions.

3.2.1. Fill factor
Fill factor (FF) measures the area of the PV module or array. FF is

depends on the open-circuit voltage V( )oc , short-circuit current I( )sc ,
maximum power at voltage V( )mp and maximum power at current I( )mp .
The FF can be determined as,

FF Power at GMPP
V I

(%)
.oc sc

=
(8)

3.2.2. Mismatch losses
Mismatch loss is the difference between maximum power under

uniform irradiance (MPPuni) and the global maximum power under PSCs
(GMPPPSCs). Mismatch loss can be determined as:

ML MPP GMPP
GMPP

(%) uni PSCs

PSCs
=

(9)

3.2.3. Efficiency
Efficiency is the ratio between the maximum available power output

and the solar input. Efficiency can be calculated by,

Efficiency Power at GMPP
P

( )
in

=
(10)

where Pin is the solar irradiance that falls on the PV array.

4. Results and discussions

In this article, an improved SuDoKu arrangement is proposed for
TCT PV array to enhance the maximum power output under different

Fig. 18. Simulation for Group-V shading condition.
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shading conditions. Each shading condition, the location of global
maximum power point (GMPP) are calculated for TCT, SuDoKu [41],
optimal SuDoKu [42] and improved SuDoKu arrangements and vali-
dated using Matlab/Simulink. Comparisons are performed also with the
SP, BL and HC PV array configurations by evaluating the GMPP, ML
(%), FF(%) and η(%).

Group-I Shading: In group-I, the bottom of right corner 4 4× sub-
array matrix is subjected to partial shading with different irradiance
levels as shown in Fig. 9(a). In this condition, the location of GMPP for
TCT, improved SuDoKu, SuDoKu and optimal SuDoKu PV array ar-
rangements are calculated by theoretically as follows.

Location of GMPP for TCT arrangement:To find the location of
GMPP, it is necessary to calculate the current generated by each row of
the PV array.

In group-I shading, all PV modules in row1 are receiving 1000W m/ 2

irradiance is shown in Fig. 9(a).

I B I B I B I B I B Irow1 11 11 12 12 13 13 14 14 19 19= + + + + + (11)

B G
G11 o

11= =1; where G11 is solar irradiance falls on the 11th module of
the TCT arrangement and I11 is current generated by the PV module.
Assume that the current generated by each module at Standard Test
Condition (STC) is Im.Therefore, the current generated by the row1 is,

I I9row m1 = × (12)

All PV modules in row2, row3, row4 and row5 are receiving uniform
irradiance 1000 W m/ 2. So that, the current generated by these rows,

I I I I I9row row row row m2 3 4 5= = = = (13)

In row6 and row7, first five PV modules are receiving 1000 W m/ 2
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Fig. 19. GMPP for PV array configurations under all shading conditions.

Fig. 20. Mismatch loss, fill factor and efficiency for Group-I shading condition.
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irradiance. Remaining four modules, two modules each are receiving
600 W m/ 2 and 400 W m/ 2 irradiance respectively. The current gener-
ated by the row6 and row7 is,

I I I I I5 2 0.6 2 0.4row row m m m6 7= = × + × + × (14)

In row8 and row9, last four PV modules are receiving 600 W m/ 2

irradiance and the rest of the modules is receiving 1000 W m/ 2 irra-
diance. The current generated by the row8 and row9 is,

I I I I5 4 0.6row row m m8 9= = × + × (15)

Since the current generated by each row is different, there exist
multiple peaks in P-V characteristics. Now to find the location of GMPP
is a multiplication of voltage and current of the highest peak. The
current depends on the amount of irradiance that falls on the PV
modules in a row. However, as the voltage across each row is the same
(by neglecting voltage drop), the PV array voltage becomes,

V V9a m= × (16)

Power generated by the PV array is,

P V I V I. 9 .a a m m m= = (17)

The obtained current, voltage and corresponding power for TCT
arrangement is noted in Table 4. The location of GMPP for improved
SuDoKu arrangement is calculated as follows.

Location of GMPP for Improved SuDoKu arrangement: Improved
SuDoKu arrangement distributes the shading effects over the array
under same shading condition, as shown in Fig. 9(c). The current
generated by each row is calculated as follows.

In row1 and row2, only one PV module is receiving 600 W m/ 2 ir-
radiance and the rest of the PV modules is receiving 1000 W m/ 2 irra-
diance. The current generated by row1 and row2 is,

I I I I8 0.6row row m m1 2= = × + (18)

In row3, row4 and row7, two PV modules are receiving 600 W m/ 2

irradiance and the rest of the PV modules is receiving 1000 W m/ 2 ir-
radiance. The current generated by row3, row4 and row7 is,

I I I I I7 2 0.6row row row m m3 4 7= = = × + × (19)

In row5, row6, row8 and row9, two PV modules are receiving dif-
ferent irradiances such as 600 W m/ 2 and 400 W m/ 2 respectively. The
rest of the modules is receiving 1000 W m/ 2 irradiance. The current
generated by these rows,

I I I I I I I7 0.6 0.4row row row row m m m5 6 8 9= = = = × + + (20)

The obtained current, voltage and corresponding power for im-
proved SuDoKu arrangement is noted in Table 4. Similarly, the location
of GMPP for SuDoKu [41] and optimal SuDoKu [42] arrangements are
calculated theoretically under the same shading condition and are
presented in Table 4. From the table, it is observed that the highest
GMPP 72 V I.m m is produced by the improved SuDoKu arrangement asTa
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compared to TCT, SuDoKu and optimal SuDoKu PV array arrangements.
The theoretical GMPP validated by plotting the simulated I-V and P-V
characteristics is shown in Fig. 10. In addition, SP, BL and HC PV array
configurations also simulated under the same shading condition is
shown in Fig. 10. Under this condition, the obtained parameters such as
GMPP, ML (%), FF(%) and η(%) for all configurations are graphically
represented in Figs. 19 and 20. From the figures, it is noticed that the
improved SuDoKu arrangement enhances the global maximum power
by 15.3%, 13.9%, 11.13%, 9.67%, 2.8%, and 2.3% as compared to SP,
BL, HC, TCT, SuDoKu and optimal SuDoKu PV array configurations.

Group-II Shading: In group-II, the bottom of left corner 4 4× sub-
array matrix is subjected to partial shading with various irradiance
levels as shown in Fig. 11(a).

Location of GMPP for TCT arrangement: In row1 to row5, all PV
modules are receiving uniform irradiance 1000 W m/ 2 is shown in
Fig. 11(a). The current generated by these rows,

I I I I I I9row row row row row m1 2 3 4 5= = = = = × (21)

In row6 and row7, first four PV modules, each two are receiving 400
W m/ 2 and 700W m/ 2 irradiance respectively, the rest of the PV modules
is receiving 1000 W m/ 2 irradiance. The current generated by the row6
and row7 is,

I I I I I5 2 0.4 2 0.7row row m m m6 7= = × + × + × (22)

In row8 and row9, first four modules, each two are receiving 400
W m/ 2 and 300W m/ 2 irradiance respectively, the rest of the PV modules
is receiving 1000 W m/ 2 irradiance. The current generated by the row8
and row9 is,

I I I I I5 2 0.4 2 0.3row row m m m8 9= = × + × + × (23)

The obtained current, voltage and corresponding power for TCT
arrangement is noted in Table 5.

Location of GMPP for Improved SuDoKu arrangement: Improved
SuDoKu arrangement distributes the shading effects over the array
under same shading condition, as shown in Fig. 11(c). The current
generated by each row is calculated as follows.

In row1 and row9, only two PV modules are receiving individual
irradiance such as 700W m/ 2 and 300W m/ 2, the rest of the PV modules
is receiving 1000 W m/ 2 irradiance. The current generated by row1 and
row9 is,

I I I I I7 0.7 0.3row row m m m1 9= = × + + (24)

Similarly, the current generated by row2 is,

I I I I I6 0.4 0.7 0.3row m m m m2 = × + + + (25)

The current generated by row3, row5 and row8,
I I I I I8 0.4row row row m m3 5 8= = = × + (26)

The current generated by row4 is,Ta
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I I I I7 0.7 0.4row m m m4 = × + + (27)

The current generated by row6 and row7,

I I I I7 0.4 0.3row m m m6 = × + + (28)

I I I7 2 0.4row m m7 = × + × (29)

The obtained current, voltage and corresponding power for
Improved SuDoKu arrangement is noted in Table 5. Similarly, the lo-
cation of GMPP for SuDoKu [41], optimal SuDoKu [42] arrangements
are calculated theoretically under the same shading condition and are
presented in Table 5. From the table, it is clearly observed that the
highest GMPP 66.6V I.m m is produced by the improved SuDoKu ar-
rangement as compared to TCT, SuDoKu and optimal SuDoKu PV array
arrangements. The theoretical GMPP validated by plotting the simu-
lated I-V and P-V characteristics is shown in Fig. 12. In addition, SP, BL
and HC PV array configurations also simulated under the same shading
condition is shown in Fig. 12. Under this condition, the obtained
parameters such as GMPP, ML (%), FF(%) and η(%) for all PV array
configurations are graphically represented in Figs. 19 and 21. From the
figures, it is noticed that the improved SuDoKu arrangement enhances
the global maximum power by 24.9%, 24.1%, 24.6%, 19.2%, 6.9% and
4.4% as compared to SP, BL, HC, TCT, SuDoKu and optimal SuDoKu PV
array configurations.

The same procedure is applied to other shading conditions to find
the location of GMPP.

Group-III Shading: In group-III, the top most right corner 4 4× sub-
array matrix is subjected to partial shading with different irradiance
levels as shown in Fig. 13(a). The location of GMPP for TCT, SuDoKu
[38], optimal SuDoKu [42], and improved SuDoKu arrangements are
calculated theoretically and are presented in Table 6. From the table, it
is observed that the highest GMPP 64.8V I.m m is produced by the im-
proved SuDoKu arrangement as compared to TCT, SuDoKu and optimal
SuDoKu arrangements. The theoretical GMPP validated by plotting the
simulated I-V and P-V characteristics is shown in Fig. 14. In addition,
SP, BL and HC PV array configurations also simulated under the same
shading condition is shown in Fig. 14. Under this condition, the ob-
tained parameters such as GMPP, ML (%), FF(%) and η(%) for all PV
array configurations are graphically represented in Figs. 19 and 22.
From the figures, it is noticed that the improved SuDoKu arrangement
enhances the global maximum power by 25.7%, 19.3%, 22.3%, 18.5%,
8.8% and 4.2% as compared to SP, BL, HC, TCT, SuDoKu and optimal
SuDoKu PV array configurations.

Group-IV Shading: Group-IV, the top most left corner 4 4× sub-
array matrix is subjected to partial shading with different irradiance
levels as shown in Fig. 15(a). The location of GMPP for TCT, SuDoKu,
optimal SuDoKu, and improved SuDoKu arrangements are calculated
theoretically and are presented in Table 7. From the table, it is observed
that the highest GMPP 60.3V I.m m is produced by the improved SuDoKuTa
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arrangement as compared to TCT, SuDoKu and optimal SuDoKu PV
array arrangements. The theoretical GMPP validated by plotting the
simulated I-V and P-V characteristics is shown in Fig. 16. In addition,
SP, BL and HC PV array configurations also simulated under the same
shading condition is shown in Fig. 16. Under this condition, the ob-
tained parameters such as GMPP, ML (%), FF(%) and η(%) for all PV
array configurations are graphically represented in Figs. 19 and 23.
From the figures, it is noticed that the improved SuDoKu arrangement
enhances the global maximum power by 28.6%, 22.1%, 22.8%, 17.2%,
6.2% and 5.2% as compared to SP, BL, HC, TCT, SuDoKu and optimal
SuDoKu PV array configurations.

Group-V Shading: In group-V, the 4 4× sub-array matrix is sub-
jected to partial shading at the center with various irradiance levels as
shown in Fig. 17(a). The location of GMPP for TCT, SuDoKu, optimal
SuDoKu, and improved SuDoKu arrangements are calculated theoreti-
cally and are presented in Table 8. From the table, it is observed that
the highest GMPP 67.5V I.m m is produced by the improved SuDoKu ar-
rangement as compared to TCT, SuDoKu and optimal SuDoKu PV array
arrangements. The theoretical GMPP validated by plotting the simu-
lated I-V and P-V characteristics is shown in Fig. 18. In addition, SP, BL
and HC PV array configurations also simulated under the same shading
condition is shown in Fig. 18. Under this condition, the obtained
parameters such as GMPP, ML (%), FF(%) and η(%) for all PV array
configurations are graphically represented in Figs. 19 and 24. From the
figures, it is noticed that the improved SuDoKu arrangement enhances
the global maximum power by 26.9%, 30.3%, 30.8%, 16.8%, 4.2%, and
6.3% as compared to SP, BL, HC, TCT, SuDoKu and optimal SuDoKu PV
array configurations.

From the studies mentioned above, it is inferred that the improved
SuDoKu arrangement is enhancing the global maximum power as
compared to SP, TCT, BL, HC, SuDoKu [41] and optimal SuDoKu [42]
PV array configurations under all shading conditions.

5. Conclusion

This paper proposed an improved SuDoKu arrangement for TCT PV
array to increase maximum power output under partial shading con-
ditions. In this paper, five important shading conditions are considered.
In each condition, the location of GMPP is calculated and validated by
using MATLAB/SIMULINK. Also, the performance of the proposed ar-
rangement is investigated along with SP, TCT, BL, HC, SuDoKu and
optimal SuDoKu PV array configurations by comparing the GMPP,
mismatch losses, fill factor and efficiency. From the results mentioned
above, it is clearly observed that the improved SuDoKu arrangement
enhances the global maximum power and reduces the mismatch losses
as compared to SP, TCT, BL, HC, SuDoKu and optimal SuDoKu PV array
configurations under all shading conditions. Moreover, the proposed
arrangement defeated the multiple peaks under most shading condi-
tions.Ta
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.rser.2019.04.037.
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