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Reconfiguration of PV Arrays (T-C-T, B-L, H-C)
Considering Wiring Resistance
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Abstract—Partial shadings on the photovoltaic (PV) array
causes reduction in maximum power generation. Reconfiguration
of PV arrays plays an important role in increasing the maximum
power generation from PV array configurations under partial
shadings. In general, partial shadings on the PV arrays are
concentrated on a group of modules. Therefore, the distribution
of shading over the array increases the maximum power genera-
tion. This paper uses a modified Sudoku pattern to increase the
maximum power generation from the PV array configurations.
The PV array configurations are analyzed by considering column
wiring resistance and cross ties resistance. The modified Sudoku
pattern is applied to Total-Cross-Tied (T-C-T), Bridge-Link (B-L)
and Honey-Comb (H-C) configurations and their performances
are analyzed under various shading patterns, such as short nar-
row, short wide, long narrow, long wide, middle and diagonal. The
specifications, such as Global Maximum Power (GMP), Mismatch
losses, Fill Factor, Efficiency are considered to see the efficacy of
various PV array configurations and their reconfigurations. From
the results, it can be concluded that reconfigured T-C-T PV array
generates the highest GMP compared to other configurations
under considered shading patterns.

Index Terms—Bridge-link, efficiency, fill factor, global
maximum power, honey-comb, photovoltaic array,
reconfiguration, Sudoku, Total-Cross-Tied.

I. INTRODUCTION

THE effective electricity supply is one of the important
factors in economic growth of any country. In the 1950 s,

India implemented a program for supporting economic growth
and enhancing the quality of life by electrifying the rural
areas [1]. The demand of renewable energy sources increases
day by day due to the shortage of fossil fuels and global
warming. Among all the renewable energy sources, solar
energy is plentiful in nature and free of pollution [2], [3]. By
installing photovoltaic (PV) generation systems, solar energy
can be converted into electrical energy. Therefore, it can be
helpful in upgrading the agriculture, education, healthcare and
domestic sectors etc. [4].

Extraction of maximum power from PV systems is an
important task, even when there is no change in irradiance.
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Maximum power can be extracted from PV systems by using
Maximum Power Point techniques (MPPT), such as Perturb
& Observe, Incremental conductance etc. [5]. All the conven-
tional MPPTs are efficient if and only if one maximum power
point is present in Power-Voltage (P-V) curves. Sometimes
multiple peaks present in P-V curves damaged panels and
partial shadings on panels with bypass diodes. The partial
shadings on PV panels are generally due to poles, trees,
other PV panels, buildings, dust, bird’s droppings and passing
clouds, etc. The irradiance on PV systems is not constant
throughout the day due to partial shadings [6]. Shaded PV
modules behave like resistors and will consume the energy of
nearby modules. Therefore, heat will be generated from shaded
module and this effect is called hotspot on the PV module. By
using bypass diodes, this problem can be resolved, but multiple
peaks on P-V curves happen due to these bypass diodes under
shading. Multiple peaks in PV curves reduce the efficiency
of PV systems. Therefore, under partial shading to track the
Global Maximum Power (GMP) point, various AI and Hybrid
MPPT techniques have been proposed [7], [8]. The problems
involved in identifying the GMP under partial shadings are
reported in [9]. The advanced MPPT methods give accurate
tracing of the GMP point. But these methods are costly and
require complex control arrangements. Professional skills are
required to create a greater number of parameters [10].

Partial shadings on PV panels causes mismatch losses. The
differences between maximum powers generated under stan-
dard test conditions and partial shading conditions are called
mismatch losses. These losses are proportional to the pattern
of shading, configuration of the PV array and the position
of the shaded panel in an array. To minimize the mismatch
losses, various array configurations are listed in literature [11],
[12]. Series (S), Series-Parallel (S-P), Bridge-Link (B-L) and
Honey-Comb (H-C) are compared under different shading
patterns and it has been concluded, that the H-C configuration
is superior to the remaining three in [13]. In [14] modeling
and performance of various PV array configurations (S, P, S-
P, B-L, H-C and T-C-T) under various partial shadings were
analyzed. It was observed from the results that the T-C-T
configuration performs better in terms of producing maximum
power and a lesser number of LMP points. Comparison of
different PV array configurations were carried out in [15]
and it was concluded that Total-Cross-Tied (T-C-T), B-L and
H-C configurations reduce mismatch losses compared with
a S-P configuration. However, the reduction is low in the
case of B-L and H-C configurations than in the case of
a T-C-T configuration. In [16] various array configurations
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are compared under different shading patterns and it was
concluded that anti parallel bypass diodes to the panel are
mandatory under partial shading. In most of the shading
patterns, T-C-T generates the highest GMP, except in some
shading patterns, such as the number of columns receiving
the same irradiance is more than the number of rows. In this
case, H-C configuration generates the highest GMP because
of less ties [17]. In [18], a novel Triple-Tied-Cross-Linked (T-
T-C-L) PV array configuration was proposed with a reduced
number of cross ties to enhance the maximum power. A novel
fixed PV array configuration was proposed in [19] to harvest
the maximum power from the PV array with reduced number
of cross ties. In [20], Alternate Total Cross Tied - Bridge
Linked (A-TCT-BL) PV array configurations were modeled
and compared with S, S-P, H-C, T-C-T and B-L. A current
source in each row of the 4X4 T-C-T PV array was considered
and analyzed in [21].

Further, improvement of GMP under partial shading can
be obtained by changing the architecture of the system and
reconfiguration of the PV arrays. Changing system architec-
ture means changing the inverter [22] and converter topolo-
gies [23], [24]. By using different electrical row currents,
equalizing the generated currents is called the reconfiguration
of the PV arrays [25]. Reconfiguration methods are primarily
classified into static and dynamic reconfigurations. Dynamic
reconfiguration sensors are used to detect the partially shaded
PV panel and switches are used to change the electrical
interconnection of the PV array [26]–[28]. Static reconfigu-
ration physical locations of PV modules are changed without
effecting its electrical connection. In the static method, there is
no need of additional equipment, such as switches, sensors and
monitoring devices for switching control. In [29], a Sudoku
puzzle based rearrangement of PV panels for T-C-T was pro-
posed and it analyzed the performance of the PV array under
different shading patterns. An optimized Sudoku based con-
figuration was proposed in [30] by considering mutual shadow
patterns on T-C-T PV arrays. This method has high complexity
in construction. An Improved Sudoku configuration for a T-
C-T PV array was proposed in [31] to improve GMP under
various shading patterns. An odd-even structure of static recon-
figuration was used for enhancement of maximum power from
the PV array in [32]. In [33], a novel Magic-Square puzzle PV
array reconfiguration was proposed. In [34], a Sudoku puzzle
reconfiguration was applied to a hybrid BL-TCT PV array
configuration. A zig-zag static reconfiguration was proposed
in [35] to distribute the shading throughout the array instead of
for a single column. The drawback of the zig-zag technique
is complex in construction and more wiring is required. In
Sudoku and optimal Sudoku reconfiguration techniques, the
first column modules are not distributed. Therefore, shading
on the first column modules remains undistributed. In [36], a
Modified Sudoku reconfiguration pattern was proposed for a
9 × 9 T-C-T PV array. In this paper, by considering Cross
ties resistance and column wiring resistance, the performance
analysis of various PV array configurations (B-L, H-C and
T-C-T) using a Modified Sudoku reconfiguration was done.

The remainder of this paper is organized as follows: Sec-
tion II describes the mathematical modeling of the PV array

and array configurations; Section III presents reconfiguration
of the PV array, calculation of column wiring resistance and
cross ties resistance; Results and discussions are presented in
Section IV and Section V concludes this paper.

II. DESCRIPTION OF PV SYSTEM

A. Mathematical Modeling of PV Module

A PV module is formed by connecting PV cells in series. In
general, a PV cell is modeled with a current source in parallel
with a diode [37], [38]. The equivalent circuit of the PV cell
is represented in Fig. 1. Rsh is the shunt resistance, it carries
leakage current and Rs, which is the series resistance, it carries
the terminal current of the PV cell. The terminal current of
the PV cell can be represented by (1).

Icell = IL,cell − ID

[
exp

(
Vcell +RsIcell

VTa
− 1

)]
− Vcell +RsIcell

Rsh
(1)

where IL,cell is the photo current generated, Icell is the terminal
current of the PV cell, ID is the saturation current, Vcell is the
terminal voltage of the PV cell, VT = KT/q, is the thermal
voltage of the PV cell, “k” is the Bolzmann’s constant, “T ” is
the temperature of PV cell, “q” is the charge of electron and
“a” is the ideality factor.

IL,cell

Id
Rsh

Rs

Vcell

Icell

Ish

G

T

Fig. 1. PV cell equivalent circuit.

If the ns number of the PV cells are connected in series in
a PV module, then the terminal current of the PV module (I)
is obtained by modifying (1).

I = IL − ID

[
exp

(
q(V +RSI)

nskTa
− 1

)]
− V +RSI

RSH
(2)

where RS and RSH are the series and shunt resistance of
the PV module, IL is the photo current generated from the
PV module and it generally depends on solar insolation or
irradiance and temperature on the PV module. It is represented
by (3).

IL =
G

Go
[IL,SO +KSO(TC − To)] (3)

where KSO is the module temperature coefficient under the
standard test condition (STC), IL,SO is the generated current
under standard solar irradiance Go (1000 W/m2) and standard
temperature To (25◦C).
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B. PV Array Configurations

To obtain the required amount of voltage, the number of
modules is connected in series and it is called a string. To
obtain thet required amount of current, the number of strings
are connected in parallel and it is called a PV array. Several
types of PV array configurations are listed in literature [11]–
[21]. Among all the configurations, three important configura-
tions are considered as shown in Fig. 2. During partial shad-
ing conditions, the shaded module comes under overheating
conditions. To protect the module from overheating, bypass
diodes are connected antiparallel to the PV modules. A diode
is connected in series to each string in an array to avoid
the reversal of current. In a PV array, all the modules are
interconnected in a bridge architecture form, then the array is
called a Bridge-Link (B-L) configuration. This configuration
can be represented as shown in Fig. 2(a). If all the modules
are connected in a honey comb structure or hexogen shape
as shown in Fig. 2(b), it is called a Honey-Comb (H-C)
configuration. If all modules in strings are cross-tied, then
the connection is called a Total- Cross-Tied (T-C-T). Output
voltage and current in a PV array are calculated by adding
voltages in series and adding currents in parallel. The terminal
voltage (Vj), current (Ij) and power (Po) of this PV array are:

Vo =

9∑
j=1

Vj1 = V11 + V21 + V31 + · · ·+ V91 = 9Vj (4)

Io =

9∑
j=1

I1j = I11 + I12 + I13 + · · ·+ I19 = 9Ij (5)

Po = 81VjIj (6)

III. RECONFIGURATION OF PV ARRAY

A. Modified Sudoku Reconfiguration Pattern

To extract the maximum power from the PV array, a modi-
fied sudoku reconfiguration pattern [38] as shown in Fig. 3(b)
is used in this paper. A modified sudoku pattern is obtained by
using fthe ollowing steps: 1) first consider the partially filled

(a) (b) (c)

5 4 7 2

3 4 9

7 9 1

6 5 7

4 7 8

2

8 5 1 4

2

5 6 3

51 42 93 34 75 16 67 88 29

11 32 83 24 45 66 77 58 99

21 62 73 94 55 86 47 38 19

61 92 13 54 25 46 87 78 39

41 72 23 64 85 36 17 98 59

31 82 53 14 95 76 27 48 69

71 22 33 84 65 56 97 18 49

91 12 43 74 35 26 57 68 89

81 52 63 44 15 96 37 28 79

1 7 3 5 8 0 4 6 2

1 1 1 4 5 7 1 2 2

3 5 2 1 4 3 3 6 3

1 1 1 8 6 1 6 3 3

4 8 2 5 1 3 5 4 2

3 6 3 1 4 5 7 6 1

3 2 6 3 6 4 1 4 3

2 1 1 1 4 3 2 3 1

1 2 1 4 1 6 3 4 6

2 6 9 7 4 1 3 5 8

Fig. 3. (a) Partially filled Sudoku puzzle. (b) Modified Sudoku Reconfigu-
ration pattern. (c) Multiplication factor table of column wiring resistance.

Sudoku puzzle as shown Fig. 3(a). 2) Then apply the recursive
back tracking algorithm [36]. This algorithm allots the 1 to 9
numbers in unfilled cells and then checks whether there is any
number repeats in the row, column and 3 × 3 grids or not.
3) If yes, it will go for back tracking, otherwise it will go to
recursive checking for unfilled cells till all cells are filled.

To analyze the performance of PV array configurations
(B-L, H-C, T-C-T) using the modified sudoku pattern, six
shading patterns have been considered. Considered shadings
are: short narrow, short wide, long narrow, long wide, middle
and diagonal shadings as shown in Figs. 5, 6, 7, 8 respectively.
Depending on the shaded number of rows and columns and
the number of modules shaded per row and column, shading
patterns are defined [13], [14].

B. Column Wiring Resistance Calculation

KYOCERA-KC200GT PV module of size 1.425 m ×
0.99 m is considered for the PV array. The continuous ar-
rangement is taken for modules in a column as shown in
Fig. 4(a). The wiring arrangement of column 1 and column 2
of the modified Sudoku reconfiguration are shown in Fig. 4(a).
The Isc of each PV module is 8.21 A and therefore, in a
column to connect the modules in series, the wire must have
an ampacity of 1.56 × Isc = 12.8 A as per National Electrical
Code (NEC) [40]. For the ampacity of 12.8 A, 16 AWG
(American Wire Gauge) wires are used and the resistance per
km wire length is 13.2 ohm. Wire covering the length of one
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Fig. 2. The 9 × 9 PV arrays connected in: (a) Bridge-Link, (b) Honey- Comb, and (c) Total-Cross-Tied.
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Fig. 4. (a) Modified Sudoku reconfiguration wiring diagram of column 1 and
column 2. (b) Circuit for Modified Sudoku reconfiguration. (c) Representation
of PV string width calculation.

module has a resistance R = 0.0132 × 1.425 = 0.0187 ohms.
The multiplication factor for R is shown in Fig. 3(b). By
multiplying resistance R with the numbers in the multiplication
factor table, it will determine the column resistance of the
wire inbetween the modules. Module-11 is rearranged by one
row and for the wire required for connecting to the positive
terminal, the wire has to cover one module length and its
resistance is R. When module-12 is arranged next to module-
11, the wire has to cover one module length. Therefore, the
resistance of the wire required for connecting the module-11
negative terminal to the positive terminal of module-12 is R.
To connect the negative terminal of module-12 to the positive
module-13, the wire has to cover three modules. Therefore,
the length of the wire having resistance is 3R. Module-16 is
placed in its original position only and the positive terminal of
module-16 is directly connected to the positive terminal of an
array, and the resistance of the wire which covers the length
is 0R. In a similar way, the entire multiplication factor table is
formed. The circuit connection of the 9 × 9 T-C-T PV array
as per the modified Sudoku reconfiguration, by including the
column wiring resistance and cross ties resistance, is shown
in Fig. 4(b).

C. Cross Ties Resistance Calculation

To determine the cross ties resistance, spacing between

strings [41] was considered as shown in Fig. 4(c). String Width
can be calculated as:

String Width = Minimum Module String Spacing + Cos
(Tilt Angle) × Module Width

Where, Minimum Module String Spacing = Module String
Spacing × Cos (Azimuth Correction Angle), Module String
Spacing = Height Difference / Tan (solar elevation angle),
Height Difference = Sin (Tilt Angle) × Module Width.

For 15◦ tilt angle and 0.99 m module width, the height
difference of the module is 10 inches. If we consider 17◦

of the solar elevation angle and 44◦ Azimuth Correction
angle for the calculation of the Module String Spacing and
Minimum Module String Spacing, then the value is 33 inches
and 24 inches respectively. String width is 1.5748 m for a
module width of 0.99 m. Therefore, the length of the wire
required for cross ties is 1.5748 m, and the crossties resistance
is RC = 0.0132 × 1.5748 = 0.0207 ohms.

IV. RESULTS AND DISCUSSION

For the performance analysis of the proposed Sudoku re-
configuration, the PV array configurations T-C-T, B-L, H-C
under different shading patterns was considered. By using
measures, such as GMP [42], mismatch losses, fill factor and
efficiencies, the effectiveness of the proposed method wasd
analyzed. The KYOCERA-KC200GT PV module was used in
MATLAB/Simulink for modeling and simulation of PV array
configurations. The parameters of the PV module are given in
Table I in the appendix. The mismatch losses of a PV array
can be calculated by (7).

Loss =
Pmu − Pmps

Pmu
× 100 (7)

where Pmps is the global maximum power under PSCs and
Pmu is the maximum power at uniform irradiance. For a PV
module, maximum current and voltage are the short circuit
current (Isc) and open circuit voltage (Voc). For practical
purposes, the power generated from the PV module is zero
at these operating points. Maximum power from the solar cell
can be determined by using the Fill Factor (FF), which is the
ratio of the maximum power to the product of Voc and Isc.

FF =
Vmp × Imp

Voc × Isc
× 100 (8)

TABLE I
PV MODULE DATA AND MODEL PARAMETERS

S. no. Parameters Values
1 Maximum power: Pm 200.143 W
2 Current at maximum power point: Imp 7.61 A
3 Voltage at maximum power point: Vmp 26.3 V
4 Short circuit current: ISC 8.21 A
5 Open circuit voltage: VOC 32.9 V
6 Temperature co-efficient of ISC: KI 0.0032 A/K
7 Temperature co-efficient of VOC: KV −0.1230 V/K
8 Diode emission coefficient: ‘a’ 1.3
9 PV module dimensions (Area) 1425 mm × 990 mm
10 Cells per module: ns 54
11 Shunt resistance, RSH 603.4349 Ω
12 Series resistance, RS 0.2318 Ω
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where Vmp is the voltage at maximum power and Imp is the
current at maximum power generated by the PV array. The
efficiency of a PV module depends on the spectrum, intensity
of the incident sunlight and the temperature [43] of the PV
module. Therefore, efficiency (η) is defined as the ratio of
maximum power generated to the solar power input to panels.

η =
Vmp × Imp

I ×A
× 100 (9)

where A is the area of the PV array on which solar irradiance
falls and I is the solar irradiance per unit area.

A. Short Narrow Shading (SN)

In SN shading, a lesser number of modules in a row
and column are shaded; five groups of modules shaded with
0.3 kW/m2, three group of modules shaded with 0.7 kW/m2

and the remaining seventy three group of modules are shaded
with 1 kW/m2 as shown in Fig. 5. The PV curves of T-C-
T, B-L, H-C configurations and reconfigurations under short
narrow shading are shown in Fig. 6. From the results, it
can be observed that the highest GMP of 14,013.76 W
is generated by reconfigured T-C-T by considering wiring
losses (column wiring resistance and cross ties resistance
losses). It can be observed from Table II that the T-C-T
configuration has 570.19 W and 535.12 W enhancement in
generated power when compared to the B-L and H-C config-
urations. Reconfigured T-C-T has 975.7 W and 1236.34 W
improvement in generated power than the reconfigured B-
L and H-C configurations. Reconfigured T-C-T, along with
wiring losses, has 730.47 W and 759.23 W improvement in
generated power when compared to the reconfigured B-L and

11 12 13 14 15 16 17 18 19

21 22 23 24 25 26 27 28 29

31 32 33 34 35 36 37 38 39

41 42 43 44 45 46 47 48 49

51 52 53 54 55 56 57 58 59

61 62 63 64 65 66 67 68 69

71 72 73 74 75 76 77 78 79

81 82 83 84 85 86 87 88 89

91 92 93 94 95 96 97 98 99

51 42 93 34 75 16 67 88 29

11 32 83 24 45 66 77 58 99

21 62 73 94 55 86 47 38 19

61 92 13 54 25 46 87 78 39

41 72 23 64 85 36 17 98 59

31 82 53 14 95 76 27 48 69

71 22 33 84 65 56 97 18 49

91 12 43 74 35 26 57 68 89

81 52 63 44 15 96 37 28 79

11 12 13 14 15 16 17 18 19

21 22 23 24 25 26 27 28 29

31 32 33 34 35 36 37 38 39

41 42 43 44 45 46 47 48 49

51 52 53 54 55 56 57 58 59

61 62 63 64 65 66 67 68 69

71 72 73 74 75 76 77 78 79

81 82 83 84 85 86 87 88 89

91 92 93 94 95 96 97 98 99

(a) (b) (c)

0.3kW /m2 0.7kW /m2 1kW /m2

Fig. 5. Short narrow shading on: (a) 9 × 9 PV array, (b) Reconfigured 9 ×
9 PV array, and (c) Shading dispersion by Sudoku.
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TABLE II
PERFORMANCE ANALYSIS SPECIFICATIONS UNDER SN SHADING

Configurations Pmp ML (%) FF (%) η (%)
B-L 13288.07 17.78 60.74 11.63
H-C 13323.14 17.57 60.90 11.66
T-C-T 13858.26 14.26 63.42 12.13
re-BL 14132.81 12.56 64.67 12.37
re-HC 13872.05 14.17 63.48 12.14
re-TCT 15108.48 6.52 69.22 13.22
re-B-L-with loss 13283.29 17.81 60.79 11.62
re-H-C-with loss 13254.53 17.99 60.66 11.60
re-T-C-T-with loss 14013.76 13.29 66.50 12.26

H-C configurations. Therefore, wiring losses in reconfigured
B-L, H-C, T-C-T are 849.52 W, 617.52 W and 1,094.72 W
respectively. Reconfigured T-C-T has the least mismatch losses
of 6.52% without considering wiring losses. There are 13.29%
mismatch losses in the T-C-T reconfiguration by considering
wiring losses. The 12.6% highest efficiency was obtained by
reconfigured T-C-T with wiring losses.

B. Short Wide Shading (SW)

In SW shading, seven columns out of nine columns are
shaded, six rows out of nine rows are shaded and no row
and column are completely shaded. Therefore, this type of
shading is called short wide shading. Seven groups of modules
are shaded with 0.3 kW/m2, eight group of modules are
shaded with 0.5 kW/m2, fourteen group of modules are shaded
with 0.7 kW/m2, twelve group of modules are shaded with
0.9 kW/m2 and the remaining thirty nine group of modules
are shaded with 1 kW/m2 as shown in Fig. 7. The PV curves
of T-C-T, B-L, H-C configurations, and reconfigurations under
short wide shading are shown in Fig. 8. From the results, it
can be observed that the highest GMP of 12,766.08 W was
generated by reconfigured T-C-T by considering wiring losses
(column wiring resistance and cross ties resistance losses). It
can be observed from Table III that the T-C-T configuration
has 589.08 W and 635.02 W enhancements in generated power
when compared to the B-L and H-C configurations. Reconfig-
ured T-C-T has 1,219.4 W and 1,479.12 W improvement in
generated power than the reconfigured B-L and H-C config-
urations. Reconfigured T-C-T, along with wiring losses, has
1,120.81 W and 1,402.07 W improvement in generated power
than the reconfigured B-L and H-C configurations. Therefore,
wiring losses in reconfigured B-L, H-C, T-C-T are 551.69 W,
573.26 W and 650.31 W respectively. Reconfigured T-C-T
has the least mismatch losses of 16.9% without considering
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Fig. 7. Short wide shading on: (a) 9 × 9 PV array, (b) Reconfigured 9 ×
9 PV array, and (c) Shading dispersion by Sudoku.



RAJANI et al.: RECONFIGURATION OF PV ARRAYS (T-C-T, B-L, H-C) CONSIDERING WIRING RESISTANCE 1413

10000

8000

6000

4000

2000

0

12000

14000

50 150

G
en

er
at

ed
 p

o
w

er
 (

W
)

250200 3001000

Voltage (V)

BL

re-HC

re-HC-with loss

re-TCT

re-TCT-with loss

re-BL

re-BL-with loss

HC

TCT

220 240

1.3

1.2

1.1

1

×104
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reconfigurations under SW shading.

TABLE III
PERFORMANCE ANALYSIS SPECIFICATIONS UNDER SW SHADING

Configurations Pmp ML (%) FF (%) η (%)
B-L 11581.46 28.34 53.23 10.14
H-C 11535.52 28.63 53.02 10.09
T-C-T 12170.54 24.70 55.95 10.65
re-BL 12196.96 24.54 58.96 10.67
re-HC 11937.27 26.14 56.27 10.45
re-TCT 13416.39 16.99 67.96 11.74
re-B-L-with loss 11645.27 27.95 56.52 10.19
re-H-C-with loss 11364.01 29.69 53.74 9.94
re-T-C-T-with loss 12766.08 21.01 64.92 11.17

wiring losses. There are 21.01% mismatch losses in the T-C-
T reconfiguration when considering wiring losses. The 11.1%
highest efficiency was obtained by the reconfigured T-C-T with
wiring losses.

C. Long Narrow Shading (LN)

In LN shading, three columns out of nine columns are
completely shaded, nine rows are shaded and no row is
completely shaded. Therefore, this type of shading is called
long narrow shading. Seven groups of modules are shaded
with 0.3 kW/m2, eight groups of modules are shaded with
0.5 kW/m2, six groups of modules are shaded with 0.7 kW/m2,
six groups of modules are shaded with 0.9 kW/m2 and
the remaining fifty four groups of modules are shaded with
1 kW/m2 as shown in Fig. 9. The PV curves of T-C-T, B-L,
H-C configurations, and reconfigurations under Long Narrow
shading are shown in Fig. 10. From the results, it can be
observed that the highest GMP of 13,282.38 W was gener-
ated by the reconfigured T-C-T by considering wiring losses
(column wiring resistance and cross ties resistance losses). It
can be observed from Table IV that the T-C-T configuration
has 386.21 W and 426.64 W enhancements in generated
power when compared to the B-L and H-C configurations.
Reconfigured T-C-T has 790.25 W and 823.3 W improvement
in generated power than the reconfigured B-L and H-C con-
figurations. Reconfigured T-C-T, along with wiring losses, has
668.54 W and 692.13 W improvement in generated power
than the reconfigured B-L and H-C configurations. Therefore,
wiring losses in reconfigured B-L, H-C, T-C-T are 471.44 W,
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Fig. 9. Long Narrow shading on: (a) 9 × 9 PV array, (b) Reconfigured 9
× 9 PV array, and (c) Shading dispersion by Sudoku.
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TABLE IV
PERFORMANCE ANALYSIS SPECIFICATIONS UNDER LN SHADING

Configurations Pmp ML (%) FF (%) η (%)
B-L 12956.14 19.84 61.40 11.34
H-C 12915.71 20.09 61.14 11.30
T-C-T 13342.35 17.45 63.45 11.68
re-BL 13084.44 19.04 65.22 11.45
re-HC 13051.39 19.25 64.84 11.42
re-TCT 13874.69 14.15 70.88 12.14
re-B-L-with loss 12613.84 21.96 62.68 11.04
re-H-C-with loss 12590.25 22.10 62.49 11.02
re-T-C-T-with loss 13282.38 17.82 67.87 11.62

461.14 W, and 592.31 W respectively. Reconfigured T-C-T
has the least mismatch losses of 17.82% without considering
wiring losses. There are 14.15% mismatch losses in the T-C-
T reconfiguration by considering wiring losses. The 11.62%
highest efficiency was obtained by the reconfigured T-C-T with
wiring losses.

D. Long Wide Shading (LW)

In LW shading, six columns out of nine columns are
completely shaded, nine rows are shaded and no row
is completely shaded. Therefore, this type of shading is
called long wide shading. Eighteen groups of modules are
shaded with 0.3 kW/m2, eighteen groups of modules are
shaded with 0.5 kW/m2, nine groups of modules are shaded
with 0.7 kW/m2, nine groups of modules are shaded with
0.9 kW/m2 and the remaining twenty seven groups of modules
are shaded with 1 kW/m2 as shown in Fig. 11. The PV curves
of T-C-T, B-L, H-C configurations, and reconfigurations under
long wide shading are shown in Fig. 12. From the results, it
can be observed that the highest GMP of 10,681.36 W was
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Fig. 11. Long wide shading on: (a) 9 × 9 PV array, (b) Reconfigured 9 ×
9 PV array, and (c) Shading dispersion by Sudoku.
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TABLE V
PERFORMANCE ANALYSIS SPECIFICATIONS UNDER LW SHADING

Configurations Pmp ML (%) FF (%) η (%)
B-L 10049.07 37.82 53.42 8.79
H-C 10015.12 38.03 53.12 8.76
T-C-T 10185.82 36.98 54.51 8.91
re-BL 10046.42 37.84 59.51 8.79
re-HC 10065.47 37.72 59.56 8.81
re-TCT 11005.35 31.91 69.61 9.63
re-B-L-with loss 9794.08 39.40 58.02 8.57
re-H-C-with loss 9826.04 39.20 58.15 8.60
re-T-C-T-with loss 10681.36 33.91 67.50 9.35

generated by the reconfigured T-C-T by considering wiring
losses (column wiring resistance and cross ties resistance
losses). It can be observed from Table V that the T-C-T
configuration has 136.75 W and 170.7 W enhancements in
generated power when compared to the B-L and H-C con-
figurations. Reconfigured T-C-T has 958.93 W and 939.88 W
improvement in generated power when compared to the re-
configured B-L and H-C configurations. Reconfigured T-C-
T, along with wiring losses, has 887.28 W and 855.32 W
improvement in generated power when compared to the re-
configured B-L and H-C configurations. Therefore, wiring
losses in the reconfigured B-L, H-C, T-C-T are 252.34 W,
239.43 W, and 323.99 W respectively. Reconfigured T-C-T
has the least mismatch losses of 33.91% without considering
wiring losses. There are 31.91% mismatch losses in the T-
C-T reconfiguration by considering wiring losses. The 9.35%
highest efficiency was obtained by reconfigured T-C-T with
wiring losses.

E. Middle Shading (M)

In M shading, the group of middle modules are shaded.
Therefore, this type of shading is called middle shading. Four

groups of modules are shaded with 0.3 kW/m2, four groups of
modules are shaded with 0.5 kW/m2, four groups of modules
are shaded with 0.7 kW/m2, four groups of modules are
shaded with 0.9 kW/m2 and the remaining sixty five groups
of modules are shaded with 1 kW/m2 as shown in Fig. 13.
The PV curves of the T-C-T, B-L, H-C configurations, and
reconfigurations under Middle shading are shown in Fig. 14.
From the results, it can be observed that the highest GMP
of 14,068.75 W was generated by the reconfigured T-C-T by
considering wiring losses (column wiring resistance and cross
ties resistance losses). It can be observed from Table VI that
the T-C-T configuration has 378.69 W and 876.16 W enhance-
ments in generated power when compared to the B-L and
H-C configurations. Reconfigured T-C-T has 199.01 W and
708.81 W improvement in generated power when compared
to the reconfigured B-L and H-C configurations. Reconfigured
T-C-T, along with wiring losses, has 141.54 W and 581.63 W
improvement in generated power when compared to the recon-
figured B-L and H-C configurations. Therefore, wiring losses
in reconfigured B-L, H-C, T-C-T are 599.75 W, 530.04 W,
and 657.22 W respectively. Reconfigured T-C-T has the least
mismatch losses of 12.95% without considering wiring losses.
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Fig. 13. Middle shading on: (a) 9 × 9 PV array, (b) Reconfigured 9 × 9
PV array, and (c) Shading dispersion by Sudoku.
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Fig. 14. Comparison of PV curves of T-C-T, B-L, H-C configuration, and
reconfigurations under Middle shading.

TABLE VI
PERFORMANCE ANALYSIS SPECIFICATIONS UNDER M SHADING

Configurations Pmp ML (%) FF (%) η (%)
B-L 13712.22 15.16 62.82 12.00
H-C 13214.75 18.24 60.54 11.56
T-C-T 14090.91 12.82 64.63 12.33
re-BL 14526.96 10.12 66.63 12.71
re-HC 14017.16 13.27 64.22 12.27
re-TCT 14725.97 8.89 68.31 12.89
re-B-L-with loss 13927.21 13.83 63.82 12.19
re-H-C-with loss 13487.12 16.55 61.81 11.80
re-T-C-T-with loss 14068.75 12.95 65.28 12.31
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There are 8.89% mismatch losses in the T-C-T reconfiguration
by considering wiring losses. The 12.31% highest efficiency
was obtained by the reconfigured T-C-T with wiring losses.

F. Diagonal Shading (D)

In D shading, the group of diagonal modules are shaded.
Therefore, this type of shading is called diagonal shading.
Twenty one groups of modules are shaded with 0.1 kW/m2

and the remaining sixty groups of modules are shaded with
1 kW/m2 as shown in Fig. 15. The PV curves of the T-C-T,
B-L, H-C configurations and reconfigurations under Diagonal
shading are shown in Fig. 16. From the results, it can be
observed that highest GMP of 10,553.95 W was generated by
the reconfigured T-C-T by considering wiring losses (column
wiring resistance and cross ties resistance losses). It can be
observed from Table VI that the T-C-T configuration has
1,033.88 W and 1,032.43 W enhancements in generated power
when compared to the B-L and H-C configurations. The re-
configured T-C-T has 1,471.36 W and 659.99 W improvement
in generated power than the reconfigured B-L and H-C con-
figurations. The reconfigured T-C-T, along with wiring losses,
has 1,453.36 W and 773.92 W improvements in generated
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Fig. 15. Diagonal shading on: (a) 9 × 9 PV array, (b) Reconfigured 9 × 9
PV array, and (c) Shading dispersion by Sudoku.
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Fig. 16. Comparison of PV curves of T-C-T, B-L, H-C configuration, and
reconfigurations under diagonal shading.

TABLE VII
PERFORMANCE ANALYSIS SPECIFICATIONS UNDER D SHADING

Configurations Pmp ML (%) FF (%) η (%)
B-L 9454.46 41.50 43.70 8.27
H-C 9167.91 43.28 42.38 8.02
T-C-T 10488.34 35.11 48.60 9.18
re-BL 9405.81 41.80 43.33 8.23
re-HC 10217.18 36.78 47.18 8.94
re-TCT 10877.17 32.70 50.40 9.52
re-B-L-with loss 9100.59 43.69 41.98 7.96
re-H-C-with loss 9780.03 39.49 45.16 8.56
re-T-C-T-with loss 10553.95 34.70 48.92 9.24

power than the reconfigured B-L and H-C configurations.
Therefore, wiring losses in the reconfigured B-L, H-C, T-C-
T are 305.22 W, 437.15 W, and 323.22 W respectively. The
reconfigured T-C-T has the least mismatch losses of 34.7%
without considering wiring losses. There are 32.7% mismatch
losses in the T-C-T reconfiguration when considering wiring
losses. The 9.24% highest efficiency was obtained by the
reconfigured T-C-T with wiring losses.

V. CONCLUSION

In this paper, the Modified Sudoku reconfiguration is ap-
plied to 9 × 9 PV array configurations (B-L, H-C, and T-
C-T) by considering cross ties resistance and column wiring
resistance. The performance of PV array configurations under
various shading patterns, such as short narrow, short wide, long
narrow, long wide, middle, and diagonal shadings are analyzed
with performance measures, such as GMP, mismatch losses,
fill factor, efficiency, and P-V curves. From the results, it can
be observed that the T-C-T configuration generated the highest
GMP compared to B-L and H-C configurations under all shad-
ings. The reconfigured T-C-T PV array generated the highest
GMP under all considered shadings. The power enhancement
in the reconfigured T-C-T with wiring losses is high when
compared to reconfigured B-L and H-C configurations. But
wiring losses are more in the T-C-T reconfiguration due to
the greater number of cross ties. Under short narrow shading,
the H-C configuration has more GMP compared to B-L. The
reconfiguration of the H-C PV array generates more power
compared to the reconfigured B-L PV array under long wide,
diagonal shadings. In short narrow shadings, wiring losses
(including both column wiring and cross ties) are greater in the
reconfigured PV array configurations because a lesser number
of modules are shaded. Therefore, the reconfiguration of the
PV array has more effectiveness when a greater number of
modules are shaded.
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