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The conventional Total-Cross-Tied (TCT) Solar photovoltaic (SPV) array
configuration has the highest power output as compared to other
configurations or topologies in most cases of partial shading. But the
performance of TCT configuration is affected under shading conditions,
resulting in multiple peaks occurring in the output PV characteristics. To
improve the performance of TCT array configuration under different
shading scenarios, it is only necessary to reposition or rearrange the PV
modules in the TCT Solar PV array based on the arrangement of puzzle
numbers, without altering the electrical contacts of the TCT array
configuration. The main objective of this study is to investigate the
performance of rearrangement of modules in SPV array based new TCT
array configurations with shade dispersion techniqgue and compare the
global maximum peak power (GMPP) of SPV array, mismatch losses,
Fill-Factor, efficiency and number of required electrical connections or
ties between array modules with proposed optimal arrangement of
modules under shading (non-uniform irradiance) conditions. For this
study, one uniform irradiance case and total 14 partial shading patterns
were considered. MATLAB/Simulink software was used for modeling and
simulation of 6x6 size different rearrangement based TCT array and
proposed optimal SPV array configurations.

Keywords: Photovoltaic cells and modules; Array output power; Interconnections; Mismatch power
losses; Fill-factor; Efficiency; Partial shading

1. Introduction

The freely available irradiance in the atmosphere is directly converted into
electricity through the photovoltaic (PV) effect with the help of solar photovoltaic (SPV)
cells in a PV module. The freely available solar energy is used for different applications
in our daily life. The first solar photovoltaic cell was developed in 1954 with a very low
efficiency of 5% which has now reached up to 25%. The efficiency of PV modules
gradually reduced to a lower value of less than 10%, because of partial shading effect in
an array [1-4]. The performance of a SPV array under shading conditions can be
improved by means of reconfiguration methods. The main conventional PV array
configurations are parallel, series, series-parallel(S-P), Honeycomb (HC), bridge linked
(BL) and total cross-tied (TCT) type [5-6] of connections. Among all conventional type,
the TCT has the highest power output and minimum mismatch losses under various
shading scenarios as presented in the literature [6-8]. The main |-V characteristic
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parameters are Voc, Vi, Isc, Im and Pm. The factors including manufacturer tolerance,
uneven surface soiling, light-induced power degradation, discoloration and cracking are
responsible for the 1-V mismatch (differences of I-V parameters of PV modules in the
SPV array) in modules, which causes mismatch losses in the SPV array and typically 4%
to 7% energy loss. The performance of the TCT configuration is improved under shading
conditions by repositioning or rearrangement of the modules based on puzzle patterns in
an array configuration. In the TCT configuration based on number puzzles, the
arrangement of modules mainly includes Sudoku, Arrow Sudoku, Ken-Ken, Skyscrapers,
Non-symmetric, Chaotic-Based-Map, Odd-Even, Futoshiki, Latin square, Magic square,
current based arrangement (Im based TCT) and voltage based arrangement (Vm based
TCT) photovoltaic configurations [8-10]. Based on the shading pattern, the optimal
location of each module in the TCT SPV array is determined with the help of puzzle
number analysis without modifying the electrical interconnections among the modules. In
this article, the various rearrangement methods used for enhancing the maximum power
of the SPV array under shaded conditions presented in the literature are analyzed, and the
parameters such as global maximum power (PGMPP), mismatch losses (mmlosses), fill-
factor (FF) and efficiency are compared. This paper proposes an optimal interconnection
for a 6>6 size TCT array configuration under 14 different possible shading scenarios.
Compared to S-P and rearrangement-based TCT SPV array connections, the proposed
optimal interconnection technique minimizes the requirement of number of electrical
interconnections or ties among modules and also reduces mismatched power losses. The
optimal method proposed creates an alternative path for current distribution between
modules under unshaded and partially shaded conditions with minimum number of
interconnections or ties. The performance of the TCT array topology is improved by
rearrangement of modules to the optimal location, but wiring losses increase due to
repositioning of every module in an entire array configuration. The proposed method
minimizes the installation cost, requirement of wires, wiring installation time and
complexity of interconnections among modules as compared to rearrangement modules
based TCT configurations of the SPV system. The output array power of the optimal
method is nearly same as rearranged based TCT configuration by considering wiring
losses of repositioning modules in an array.

2. System Design

2.1 Mathematical Modelling of Solar PV Cell and Array
The solar PV cell converts solar PV energy into electrical energy. Figure 1 shows the
equivalent circuit of a single diode PV cell and symbol of PV cell.
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Figure 1. Modeling of solar PV cell: (a) symbol (b) equivalent circuit of a PV cell
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The mathematical representation of the solar photovoltaic cell is given by in
Equationl [11].

V+IR V + IR
=1, — Igg [exp {%} — 1] — % e e (1)

Where V and | are the solar PV cell voltage and current respectively. I. is the photo
generated current of the PV module and represented as

G
I, = G_O[ILSTC + Ko (T, — Tro)] e e e e (2)

Kisc 1s the module short-circuit co-efficient. I stc is the module light generated current at
standard test conditions (STC). G is the incident irradiation and G is standard irradiation.
Tc and Tstc are the actual and STC temperatures in Kelvin.

The PV array consists of Np and Ns number of PV modules that are connected in
parallel and series, respectively, is shown in Figure 2.
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Figure 2. Solar PV array with number of modules

The PV array current is mathematically represented in Equation 3[12].

q(VA+RS (E—;)IA) V, + Ry (g—:)IA
T |- |—x— | B3
Th Rp (N_IS))

Ipn = I;nNp — IrsNp [exp

where |a: array current; Va: array voltage [V]; lph and Irs are solar cell photo current[A]
and diode reverse saturation current [A], respectively; Rs and Rp are series and parallel
resistances[Q2], respectively; A: Diode ideality factor (value 1 to 5); V. cell thermal
voltage [V] as Vth=kTc/q; Tc: solar cell absolute operating temperature [K]; g: electron
charge [1.602>10*° coulombs]; k: Boltzmann’s constant [91.38065¢ 2 J/K].

The simple 6>6 size PV plant with series-parallel (SP) connection is shown in
Figure 3. Each string consists of 6 (M) series connection modules and connects 6 number
of strings (N) in parallel to form a SP configuration.
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Figure 3. Simple 6 x 6 size series-parallel connection type PV Plant
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Solar PV array configuration is formed by number of modules connected in
parallel and series [12-13]. Vm and Im are the un-shaded SPV module voltage and current,
respectively. If the n number of modules are connected in series, the current through
series modules is the same, but the voltage across the array is the sum of individual
module voltages. In series connection, the total power is calculated by Equation 4,

Iarray = Istring = Imi =1Imz = =Iyn = Iy
I/;array =Vm1 + Vmz + Vinz + -+ Vipn = nly, — (4)
Parray = nhnly

When the SPV modules are connected in parallel, the voltage across each module
is the same, but the total current of array is the sum of currents of each module. In
parallel connection, the total power is calculated by Equation 5,

I/élrray =Vmi=Vmz=""=Van =V
Iarray =In1 + Imy + -+ [y =y — (5)
Parray = NVnlm

The current and voltage of the SPV array for i row and j™ column (i xj =n) in
array configuration are given by Equation 6.

Iarray = JjlIn
Varray = iV ---- (6)
Parray = (ix)) Vulm = n Viply

The power will be reduced, when all modules in the SPV array configuration are
uniformly shaded with shading factor St. The array power is given by Equation 7,
Pirray = Sgxn X VipX Iy ----(7)

Tr Ren Energy, 2020, Vol.6, No.1, 37-60. doi: 10.17737/tre.2020.6.1.00111 40



Peer-Reviewed Article Trends in Renewable Energy, 6

2.2 Specifications of Solar PV Module

In this paper, in order to model and simulate different rearranged based SPV array
configurations, the Vikram Solar ELDORA 270 PV module available in MATLAB/
Simulink is considered. The PV module specifications under STC (1000 W/m? and 25°C)
are tabulated in Table 1.

Table 1. Specifications of Vikram Solar ELDORA 270 module

Parameters ‘ | Values
Maximum Power 270 W
Cells per module Neen 72
Open circuit voltage Voc 44V
Short-circuit current Isc 8.1A

Voltage at maximum power point ~ Vyp 347V
Current at maximum power point I 7.8A

Temperature coefficient of Voe  -0.3583% /°C
Temperature coefficient of Lee 0.024975%/°C
Light generated current I 8.1924 A
Diode saturation current Io 2.4871e-10
Diode ideality factor 0.98223

Shunt resistance Ra 3126.5623 Q
Series resistance R 0.52303 O
Module Area (LxWxH) mm 1955x982x36

2.3 Solar Photovoltaic Array Configurations
The main conventional configurations or topologies based on type of connections
of PV modules in SPV array are classified as:

a. Series (S) connection type configuration

b. Parallel (P) connection type configuration

c. Series-Parallel (S-P) connection type configuration

d. Bridge-Linked (B-L) connection type configuration

e. Honey-Comb (H-C) connection type configuration

f. Total-Cross-Tied (TCT) connection type configuration

In the series connection type, all modules are connected in series. In the parallel
connection type, all modules are connected in parallel as shown in Figure 3. The S and P
type of connections are not suitable for applications, because high currents exist in the
parallel type and high voltages in the series type [14-15]. In the SP connection, series
connected modules known as strings are connected in parallel. In the TCT type of
connection, ties are connected among modules to get more power. The formation of
different types of SPV array topologies from photovoltaic cell to array configurations is
shown in Figure 4.
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Figure 4. Formation of 4x4 size solar PV array topologies

2.4 Rearrangement of SPV modules based Total Cross Tied (TCT)
configurations:

The modules in each row and column of TCT topologies are rearranged for
enhancing the output power of the SPV array. Based on the rearrangement of modules,
the TCT topologies are classified into,

i. Su-Do-Ku based TCT configuration

ii. Arrow Su-Do-Ku based TCT configuration

iii. Ken Ken- TCT configuration

iv. Skyscrapers- TCT configuration

v. Non-Symmetric TCT configuration

vi. Chaotic Baker Map (CBM)-TCT configuration
vii. Odd-Even TCT configuration

viii. Futoshiki — TCT configuration

ix. Latin Square-TCT configuration

X. Magic square-TCT configuration

xi. Current based (Im based) TCT configuration
xii. Voltage based (Vm based) TCT configuration

The above module re-arrangements in a 6>6 SPV array are based on the puzzle
pattern arrangement. In this method, the electrical contacts of modules in the SPV array
configuration are un-changed and repositioning the existing modules to new place
according to puzzle-based numbers [6-10]. The performance of TCT configuration under
this rearranged method is improved compared to conventional TCT configuration.

Proposed Optimal Configuration

The proposed optimal interconnection topology for the TCT array is developed
from the connection switch (CS= 0 or 1) method as explained in Section 3.1. In this
proposed method, the electrical connections between modules in SPV array
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configurations are minimized. These interconnections are based on the shading pattern in
the array configuration.

3. Proposed Optimal TCT Array Configuration

3.1 Methodology

In the proposed optimal interconnections among modules, the entire PV array
system (any PV plant has a capacity of few KW to MW) is sub-divided into a small 2>
size SPV sub arrays. The simulation results of a 2>2 sub array with tie connection switch
(TCS=0/1) analysis [11], i.e., if tie connection (tie) or interconnection is present means
TCS=1 or absent means TCS=0, among the PV modules under seven possible shading
cases for irradiances 500 W/m? and 700 W/m? are tabulated in Table 2. Figure 5 shows
the PV modules S1, S2, S3 and S4 of 2>2 sub array with possible shading cases [11].

In Case 1, all modules receive a constant solar irradiance of 1000 W/m? and the
maximum power generated with tie connection and without tie connection is 6676 W. So,
a tie connection is required. In Case I, the irradiance of module S1 is 500 W/m?and S2,
S3, S4 modules receive an irradiance of 1000 W/m?. Under this case the array power
without tie connection is less than that with tie connection, so a tie is required among
modules. In Cases 11, 1V and V, two modules are shaded as shown in Figure-5. If the two
modules are shaded in horizontal (S1, S2) or vertical (S1, S3) positions in four positions,
the array output power is the same, so tie is not required. If the diagonally connected
modules are shaded, a tie between the SPV modules is required for the maximum array
power. In Case VI: modules S1, S2 and S3 are shaded and module S4 is un-shaded. The
output power of 2>2 array with tie connection is higher than that without tie connection,
so a tie is required. In Case VII: all four modules are shaded and the power of SPV array
with and without tie is the same, so a tie connection is not required among the modules.

I 1000 W/m?
sll S

In Cases I, Ill, V and VII, the array power is equal in with and without the tie
connection, so the tie is not required. But in Cases 11, 1V, VI, the global maximum power
of the SPV array with a tie connection is higher than that without a tie connection. In this
condition, a tie connection is required among modules for maximizing power. According
to the above cases, it can be concluded that the power output of the SPV array depends on
the location of number of shaded modules in an array configuration. In most cases, the
requirement of a tie among SPV modules in the proposed optimal method is less and the
number of electrical connections among the modules is minimized. From Table 2, it is
concluded that the tie among the modules in an array is required for one shaded module,

Case-1 Case-II Case-IIT Case-IV Case-V Case-VI Case-VII
Figure 5. Possible shaded cases for 2x2 PV array
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two diagonally shaded modules or three shaded modules cases, while the interconnection
or tie is not necessary among modules for other cases.

Table 2. Maximum powers for different irradiance levels

Maximum Power P, (W) of Maximum Power P, (W) of Tie
Case Shadow type shaded modules ofirradiance ~ shaded modules of irradiance ~ Required
500 W/m? 700 W/m? (Yes/No)
CS8=0 C58=1 CS8=0 Cs=1
I No Shade 1062 1062 1062 1062 No
II One shaded module 815 8515 9302 948.4 Yes
111 Two shaded modules in Series 8016 8016 908.1 908.1 No
v Two diagonally shaded modules  589.8 801.6 8043 908.1 Yes
\Y Two shaded modules in Parallel  589.8 5898 8043 8043 No
VI Three Shaded module 560.6 579.2 7769 7909 Yes
VII  Allmodules are shaded 5427 5427 7553 7553 No

3.2 Modeling of Optimal Interconnection Configuration for Shading Case 9 and
Case 14

In this section, the modeling of 6>6 size solar PV array configurations by the
proposed optimal interconnection method are presented.
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Figure 6. 6x6 size solar S-P PV array with interconnections among modules

In the proposed method, the entire 6>6 size PV array is sub-divided into a small
number of 2>2 arrays, and the number of electrical connections, i.e., interconnections
required for connection of modules in an array configuration, is developed with the
concept of proposed tie connection switch (TCS) method as described in Figure 6 in
Section 3.1. TCS=1 means a tie connection present and TCS=0 means a tie connection
absent between SPV array modules. The a, b, c,d, e, f, g, h,i,j,k, I, m,n,0,p,q, 1,8, 1t U,
v, W, X and y are the proposed interconnections/ties among the modules in the 6>6 size
PV array system. The number of inter-connections required in the SP configuration is 0,
while the number of interconnects required in the TCT array configuration is a maximum
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of 25. In the proposed optimal topology, it depends on the number of shaded modules in
the SPV array configuration. If the shaded modules in a 2>2 sub array are one, diagonally
shaded two modules or three shaded modules, the tie/ interconnection required. In other
cases, 1.e., two shaded modules either horizontally shaded or vertically shaded, all four
modules shaded or all four modules unshaded conditions, the tie is not required. This
method reduces the wiring losses and wiring cost at the time of installation. The array
output power of the proposed optimal topology is higher than that of the SP configuration
and less than that of the TCT topology. By considering the wiring losses of rearranged
based TCT configurations, the power output of proposed optimal configuration method is
almost equal to that of the TCT configuration. The different partial shading cases (1 to
14) and uniform case-U are shown in Figure 7. The number of interconnections in SP, re-
arranged based TCT and optimal TCT configurations for cases 9 and 14 are tabulated in
Table 3 and for all cases 1 to 14 are tabulated in Table 4.

Table 3. Optimal interconnection results for cases 9 and 14

Interconnections/ Ties between PV Modules in 6x6 Array

Cotgutons [ [c[a e[ g 001 j [k[t]w nlolplalsls t]ulv]wlsly|Tou

SP 0 00O0O0O0O0DO0DO0OO0OO0OOODTODOODODOODODOODODT OO O
TCT/Sudoku/Arrow Sudoku/ Ken-
ken/ Skyscrapers/ NS/ CBM/Odd-

Even/ Futoshiki/LS/MS/ Im / Vm 1111111111111 111111111111| 25

based TCT

Optimal TCT

For Case-9 1000100000000 O0CO0O0CODO0OOCO0OT1IO0O0TO0T1| 04

For Case-14 1100001100001 100001100001 09
Table 4. Optimal interconnection results for different cases

Interconnections/ Ties between PV Modules in 6x6 Array

Cases a|b\c\d|e\l’\g|h\i\j\k|l\m|n\0\p|q|1‘|s|t||1|v|w|x\y Total

U 00 00O0OOOOT OOOO OO OOT OO OOOOOOTOOOTGQO 0

1 00 00 o0O0O0OOOOO OO OOOUOOOUOOOOTOOOTGO 0 0

2 oo 00 0o0OOTOOOOOTOOOOOOOOOTOOO0OO0 0

3 6111010111110 00®90011111111 10 17

4 11 000111 00011 1 00©O0111000 11 13

5 oo 00011000100 00O0O0O0OO0OCO0OO0OTUO0OO0OO0OO0O] 0

6 060 000011 0O0O0OO0OO0OTO0OO0OOTOOOTOOOOTI1ITO0OO0OTO0O] 0

7 6o 0ooo00o0O0O0OO0OT1O0 O0O0OO0ODTI1I O0OO0OCO0OOO0OO0OO0OTO0O] 02

8 oo 0o0o0O0OOOOW OOOTI1TO0O O0OO0OOOOOOOO0OO0O O0OO0] 01

9 1 0 00 100O0OO0OO0OO0OTOOTOOOOOOO0OTI1I OO0 01 04

10 1 0 00100O0OO0ODO0OO0ODOOTO®OOOOO0OO0OT1I OO0 01 04

11 o0 00 0000 O0OOOO0OOTOOOOOOOOTOOO0OO0 0

12 11011110110 O0O0TO0OO0ODI11O01111O40 11 16

13 1 0 00 00O0OOOOOOOOOOOOOO0OOO0OOO0OO0OC 0N

14 11 00 0011 00O0OO0O1 1 00 00110 00 0 1] 09

3.3 Partial Shaded Photovoltaic Array

The irradiance received by an SPV array is less than 1000 W/m?, i.e., non-
uniform irradiance due to the shading effect. The main reason for shading is due to
changes in tilt angles of modules, shading nearby buildings, clouds, bird litters, falling
tree leaves on modules, and dust formed on modules because of pollution. In this work,
for the performance analysis of 6>6 size re-arrangement based TCT SPV array
configurations and proposed optimal TCT configurations, total fourteen partial shading

Tr Ren Energy, 2020, Vol.6, No.1, 37-60. doi: 10.17737/tre.2020.6.1.00111 45



Peer-Reviewed Article Trends in Renewable Energy, 6

scenarios and one uniform case-U are considered, and the results including global
maximum peak array power, shading losses, fill-factor, efficiency and number of ties
required among modules in SPV array configurations are compared. Figure 7 shows the
different irradiance values for partial shaded photovoltaic array for cases 1 to 14.
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Figure 7. Proposed patrtial shading cases for 6x6 SPV TCT array configurations

4. Modeling and Simulation of Re-arrangement of Solar PV Modules Based
TCT Configurations

4.1 Rearrangement of Modules in 6x6 TCT Solar PV Array

As shown in Figure 8, the photovoltaic modules are arranged in row and column
wise for a 6>6 size conventional TCT array configuration. The number 11 indicates 1%
row and 1 column, 12 indicates 1 row and 2" column and similarly for 66 means 6"
row and 6™ column. In SP,TCT and optimal TCT type of configurations the modules
doesn’t change their positions in an SPV array, whereas in remaining rearranged based
TCT array configurations the position of modules is rearranged based on the puzzle
number pattern. In this rearrangement module-based configurations, the modules in every
column or row are changed to other columns or rows in the entire 6>6 size array
depending on the type of puzzle used. As shown in Figure 9, the rearrangement of
modules is based on the puzzle number patterns, including Sudoku, Arrow Sudoku, Ken-
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Ken type, skyscrapers type, Non-symmetric, CBM, Odd-Even, Futoshiki, Latin Square,
Magic Square, Im based (current based arrangement) and Vm based (voltage based
arrangement) method [15-16]. For the Im based method, let’s consider a 6>6 TCT array
with 36 modules which are rearranged by Im values of SPVV module as shown in Figure
9. In the proposed rearrangement method, only modules are rearranged in different rows
or columns without altering the electrical connections of SPV array configurations. So,
the shade will be dispersed to a new row or column in the array. It improves the
performance of photovoltaic array configurations, compared to other conventional
configurations. In this rearrangement-based configuration, the performance will be
improved but it requires more wires for repositioning of modules to a new row or column
in an array. It leads to wiring losses and increases the installation cost of the solar plant.
The rearrangement of modules based on Sudoku puzzle for TCT configuration is shown
in Figure 8. In a similar way, remaining SPV TCT array configurations are rearranged
based on puzzle patterns shown in Figure 9.

In the Series-Parallel configuration, series connection of modules (strings) are
connected in parallel shown in Figure 4(c). The TCT array topology is formed from
interconnecting the rows of the junction of SP scheme through ties. In the optimal TCT
configuration type, ties are connected between modules, depending on the number of
shaded modules and their locations in an array configuration. In Sudoku, Arrow Sudoku,
Ken-Ken, Non-symmetric and Latin square type, modules in 1% column are unchanged,
while the positions of 2™, 3 4™ 5" and 6™ column modules are changed and based on
the puzzle pattern. In skyscraper, CBM, Odd-Even and Futoshiki type of TCT array
configurations, all modules in each row and column are changed to the new optimal
location in an array according to puzzle arrangement shown in Figure 9.

o) (] (5] P () D] () G B ] ] 5]
[ [ [ [ [ | [ T | = M= ]
i [ B G ) ] G [ B ] ]
aiajaiaiciaalo| o |5 ol
——T—T— T 1T e
\41 ‘ [42 |43 44 45 46 \41 | L'éd—bs_[ LSM E%J M
Tt et
ool o))k o
[ [ [ | [ | — — == 1

] B &) (0 & &) [ 5] 1605 =]
(a) 6x6 TCT PV Array Configuration (b) 6x6 SuDoKu based Re-arranged TCT Configuration

Figure 8. Proposed Su-Do-Ku puzzle based re-arranged TCT SPV array configuration
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Series-Parallel Total-Cross-Tied (TCT) Optimal TCT Sudoku -TCT
11 12 (13 | 14| 15| 16 111213 |14 |15 | 16 1112 |13 [ 14 |15 | 16 1152 |63 |44 |35 26
M 22232425126 M 2223242526 2122 2324|2526 21 42|33 |14 | 65 | 46
3113233343536 31 3233343536 31 32 |33 (343536 31223 |54 | 45| 66
41 |42 |43 | 44| 45| 46 41 142143 (44|45 | 46 41142 | 43 | 44 | 45 | 46 416253 34| 25|16
51 | 52 | 53| 54|55 | 56 51 | 52 | 53 | 54 | 55 | 56 51 |52 | 53 |54 | 55 | 56 51|22 |13 | 64 | 55 | 36
61 | 62 | 63 | 64 | 65 | 66 61 | 62 | 63 | 64 | 65 | 66 61 ] 62 | 63 | 64 | 65 | 66 613243 |24 | 15| 56

Arrow Sudoku-TCT Ken Ken-TCT Skyscrapers-TCT Non-symmetric-TCT

Chaotic baker Map (CBM)-TCT ODD-EVEN TCT Futoshiki-TCT Latin Square (LS)-TCT
35|25 1536|2616 1113 115313335 61 |52 | 43 | 14|25 | 36 11162 |53 | 44(35]26
65 | 55 | 45 | 66 | 56 | 46 5153 (55|22 24|12 31 |62 |53 | 44 15| 26 21 112 163 54|45 36
64 | 54 | 44 |34 | 24 | 14 42 | 44 | 46 | 62 | 64 | 66 21 |32 | 63 |54 45|16 31 122 |13 64|55 46
211122 1223 |13 12 | 14 | 16 | 32 | 34 | 36 11122 33 [ 64|55 46 4132 2314|6556
41| 31| 4232|4333 52154 |56 | 2123|125 41 12| 23| 34| 65 | 56 51 14233 | 24|15 66
61 | 51|62 |52|63)53 41143 | 45| 61|63 |65 51 |42 |13 |24 | 35 | 66 61 52 |43 3425|116

Magic Square (MS)- TCT Im based TCT Vm based TCT

11 ] 56 | 46 | 31 | 26 | 61 11] 6213 |64 15] 66 1116 |12 [ 15 | 13 | 14| [ Elements mn means ->
65|22 | 45| 35|52 12 21 | 52| 23 | 54 | 25 | 56 66 | 61 | 65 | 62 | 64 | 63 | | mrow & n® column
64 | 54 | 33 | 43| 23 | 14 31|42 33| 4435 48 M| 22|53
135334 |44 24| 63 41 3243|3445 36 56 | 51 | 55 | 52| 54 | 53 | | Example:
622532425 |15 512253 | 24|55 | 26 3136323533 34 11-> 1% row 1% column
16 | 21 | 41 | 36 | 51 | 66 61 | 12| 63 | 14| 65 | 16 46 | 41| 45 | 42| 44 | 43 | | 61->6"row 1% column

Figure 9. Rearrangement of modules in TCT SPV array Configurations based on puzzle patterns

4.2 Shade Dispersion Analysis of Su-Do-Ku Puzzle Based TCT SPV Array
Configuration

Figure 10 shows the shade dispersion analysis for the Sudoku puzzle based TCT
configuration. As shown in Figure 10(a), a 6>6 size TCT PV array consists of 6 rows and
6 columns of modules. In this method, the PV modules are repositioned in each row and
column based on puzzle patterns without altering electrical connections. These electrical
interconnections are the same as that of the TCT array topology. The module
arrangement in Sudoku pattern is shown in Figure 10(b). The modules in the 1% column
remain unchanged and modules in remaining five columns are changed their positions as
shown in Figure 10(c). For the 5" row of the TCT array configuration that is completely
shaded, the modules are repositioned to new optimal location in a same column by
rearrangement of modules based on Sudoku puzzle. In the Sudoku arrangement, the
modules are re-arranged to a new position, compare to previous positions as shown in
Figure 10(a). In this arrangement, the position of the shaded modules is changed, and the
shade will be dispersed to a new position, as shown in Figure 10(d) of shade dispersion
with Sudoku-TCT configuration. By this shade dispersion technique, the shading on the
TCT array configuration is dispersed without altering the electrical connections by
simply repositioning of existing modules in an array, and it improves the output power of
array as compared to the conventional TCT configuration.
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(a) Total-Cross-Tied (TCT) (b) Su-Do-Ku Pattern (¢} Su-Do-Ku Arrangement  (d) Shade Dispersion: Sudoku-TCT
Figure 10. Su-Do-Ku based TCT configuration with shade dispersion technique

4.3. Performance of Rearrangement Modules Based TCT SPV Array
Configuration

This section describes the comprehensive study on SP, TCT, optimal TCT and
puzzle-based rearrangement of TCT array configurations [8-10] under one uniform case-
U and 14 number of shading scenarios (Cases 1-14). The proposed optimal
interconnection technique is applicable for PV systems of any size, improves the array
power, and requires a minimum number of ties and low shading losses, compared to SP
and TCT configurations. This optimal method doesn't require any switches or sensors, so
it is simple to implement [9-13].

The interconnections or ties among modules are a, b, ¢, d, e, f, g, h, i, J, k, I, m, n,
0,p,q s tu v,w xandy, as shown in Figure 6. For SP configurations, no tie
connections are required, and in puzzle based rearranged TCT configurations, a total 25
ties are required among modules. In the case of the proposed optimal configuration, only
a smaller number of ties is required, which depends on the shading pattern. In this
proposed optimal method, the mismatch losses given in Equation 8 are reduced compared
to the series-parallel configuration, and the number of interconnections or ties are
minimized compared to the TCT array configuration. It also reduces the installation time,
cost, cable losses, and wiring required for installation of PV system.

Mismatch power 10ss Pmioss (W) = Py — Pmpsc S - )

% Power loss = Mx 100 R ()

Fill-Factor (FF) = —nzemee e (10)
. Vinp * Imp

Efficiency, n = P—_xlOO e (11)

Where Pin = Number of SPV modules x Area of Module, and Area of module= 1952>082
mm (given in Table 1: specifications of solar ELDORA 270W PV module). Pmy is the
global maximum power (GMPP) of the SPV array at uniform irradiation of 1000 W/m?
and Pmpsc IS the array power at different shading cases. Vmp is the maximum voltage and
Imp IS the current at maximum power point. Voc and lsc are open circuit voltage and short
circuit currents of the SPV module, respectively [11-15].

Wiring Losses for Solar PV Array Configurations

The repositioning of modules to the optimal location within an array increases the
distance of wiring requirement for electrical connections of modules in each column in an
array configuration. So, the wire resistance is increased, which causes a wiring loss and
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increases the voltage drop. The additional length of wires required for each module
depends on the physical location of the previous and next modules in the same column.
Compared to the optimal interconnections of the TCT configuration under different
partial shading conditions, it increases the wiring losses in a rearrangement based TCT
array configuration. If the connections or ties among modules in an array are less, the
wiring requirement for the PV system installation can be reduced. But in the TCT array
configuration, the number of ties or interconnections among modules are more, so the
wiring requirement is more. In the TCT type of configuration system, the cost of the
installation increases and wiring losses are more due to the additional length of wires
used for interconnection among modules in array configuration.

5. Results and Discussion

The output PV (Power-Voltage) characteristics of SP, proposed rearranged based
TCT and proposed optimal topology under 14 different shading and one un-shaded are
shown in Figures 11 to 25. The global maximum powers of the array of SP, rearranged
based TCT and proposed optimal interconnection topology are shown in Figure 26. In the
uniform irradiance case-U, the global maximum peak power of SP, rearranged TCT and
proposed optimal configurations or topology are the same i.e., 9620 W and the maximum
power will be changed in different shading scenarios. The array global maximum power
and mismatch or shading losses, fill-factor, efficiency of TCT array configurations under
14 different partial shading cases (Cases 1 to 14) are tabulated in Table 5.

Table 5. Array power, fill-Factor and efficiency of different configurations

Configura- | Parameters Cases
tions 1 J2 ]3] 4] 5617l s]oJwjunlnlnlu
Uniform Peupp (W) | 9620 9620 9620 9620 9620 9620 9620 5620 9620 9620 9620 9620 9620 9620
Puntess (W) |0 0 0 0 0 0 0 0 0 0 0 0 0 0
%Power Loss | 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fill Factor 0.743 0743 0743 0743 0743 0743 0743 0743 0743 0743 0743 0743 0743 0743
1 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0
1L Pempp (W) [ 7974 8834 5550 7974 8123 7339 5441 5154 6617 5346 4113 6328 8869 5190
Pumiloss (W) | 1646 786 4070 1646 1457 2281 4179 Ad66 3003 4274 5507 3292 751 4430
5P %PowerLoss | 1711 817 423 1711 1556 2371 4344 4642 3121 4442 5724 3422 780  46.05
Fill Factor 0.6139 0744 0431 0.619 0.627 0567 0424 0485 0511 050 0.341 049 0.685 0439
1 1257 1394 1014 1257 1261 127 9.76 1117 1229 1069 977 1097 130 10.59
2. Peupp (W) | 7974 8834 7082 8834 B35 7687 57 5285 6778 5433 5704 8043 9352 5510
Pumiess (W) | 1646 786 2538 786 1062 1933 3895 4335 2842 4187 3916 1571 268 4110
ICT %PowerLoss | 1711 817 2638 817 1103 2010 4048 4506 2954 4352 4070 1633 278 4272
Fill Factor 0.613 0747 0.602 0747 0.663 0098 0447 0498 053 0511 0675 0752 0722 0472
1 1258 1394 1294 139 1330 1334 1028 1147 1260 1088 1356 1397 1372 1125
3. Peupp (W) | 7974 8334 7042 B8R34  B257 7493 5441 5213 6752 5410 419 8043 8930 5254
Pumiss (W) | 1646 786 2578 786 1363 2127 4179 4407 2868 4210 5424 1571 630 4326
Optimal- | %PowerLoss | 1711 &17 2679 &17 1416 2211 4344 4581 2981 4376 5638 1633 654 4.9
IcT Fill Factor 0.619 0744 0558 0746 0.638 0579 0424 049 0526 0.506 0335 0752 0.694 045
1 1258 1394 1287 1394 1283 130 9.77 1131 1256 10.83 9.98 13.97 1319 10.81
4. Peupp (W) | 8834 8334 7082 8599  BRE1 B4 7618 6075 7422 6815 5704 7173 9352 6716
Pumiloss (W) | 786 786 2538 1021 740 1571 2002 3545 2198 2805 3916 2447 268 2904
SuDo Ku- ["o;Power Loss | 8.17 817 2638 1061 7.69 1633 20.81 36.85 22.84 2015 4070 2543 278 3018
IcT Fill Factor 0.747 0747 0.603 0.667 0.683 0752 0712 0635 0695 0711 0675 061 0722 0.701
1 13.54 1354 1254 1357 1380 1397 1368 1406 1380 1365 1356 1352 1372 1371
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5. Peagpp (W) | 8834 8834 6334 8013 8916 7702 7618 6480 7057 6752 5704 7058 9352 6716
Arrow Pumiloss (W) | 786 786 3226 1607 704 1918 2002 3140 2563 2868 3916 2562 268 2904
SuDoKu- | 94Power Loss | 8.17 8.17 3353 1670 731 19.93 20.81 3264 2664 29.81 4070 2663 278 30.18
ICT Fill Factor 0.745 0.745 0544 0521 0.691 0.654 0712 0962 0.66 0.635 0.675 0.54% 0722 0.70
n 13.94 13.94 11.68 1264 13.86 1337 13.68 1406 13.12 13.52 1356 1225 1372 1371
6. Peagp (W) | 8704 8334 7082 8599 8916 7790 7617 64580 7057 6692 5704 7687 9352 6716

Pumiloss (W) | 916 786 2338 1021 704 1830 2003 3140 2563 2928 3916 1933 268 2904
KenKen- [o4Power Loss | 9.52 8.17 2638 1061 731 19.02 20.82 3264 2664 3043 4070 201 2,78 30.18

ICT Fill Factor 0.736 0.747  0.60 0.667 0.691 0.661 0711 0762 0.66 0.623 0.675 0599 0722 0701
L] 13.73 13.94 125 1357 13.86 1352 13.68 1406 1312 1340 1356 1334 1372 1371
7. Peagp (W) | B34 8834 7082 8030 8558 8049 7618 6075 7057 6752 5704 7167 9352 6262

Prmioss (W) | 786 786 2538 1530 1062 1571 2002 3545 2563 2868 3916 2453 268 3358

Skyscrape ["o;powerLoss | 817 817 2638 1652 11.03 1633 20.81 3685 26.64 29.81 4070 2549 278  34.90
= ICT  FiiFactor 0747 0747 0.602 0.623 0.663 0752 0712 0.635 0.66 0.634 0.675 0558 0723  0.653
n 13.94 1394 1294 1267 1330 1397 13.68 1318 1312 1352 1356 1244 1372 1279
8. Peupe (W) | 8834 8834 7097 8511 8916 7790 7618 6480 7057 6752 5704 7687 9352 6716
Non Pumies (W) | 786 786 2523 1109 704 1830 2002 3140 2563 2868 3916 1933 268 2904
Symmetric |"o;PowerLoss | 817 817 2622 1152 7.3 19.02 20.81 3264 2664 2981 4070 201 278  30.18
-ICT Fill Factor 0747 0747 0.664 0.659 0.691 0.662 0711 0762 0.66 0.634 0.675 0.598 0723 070
n 13.54  13.94 12.97 1343 13.86 13.52 13.68 14.06 1312 13.52 13.56 13.34 1372 1371
9 Poampp (W) | 7899 8030 6442 8511 8650 8049 7499 6075 7041 6284 5704 7701 9352 6150

Chaotic Pumiloss (W) | 1711 15590 3178 1109 70 1571 221 3545 2579 3336 3916 1919 268 3470
baker map | % Power Loss | 17.88 16.52 33.03 1152 10.08 1633 22.04 3685 2680 34.67 4070 1994 278 36.07

(CBM)-  "FilFactor 0.613 0.623 0549 0.66 0.67 0752 0.638 0.636 0.60 053  0.675 0.654 0.723 0.578
TCT 1 1246 1267 1L77 1343 1344 1397 1346 1318 13.09 1258 1356 1337 1372 1256
10. Pempp (W) | 7899 8442 7082 8834 8558 6310 7486 6011 6967 6698 5704 8049 9352 5510
0DD Puumloss W) | 711 1178 2538 786 1062 3310 2134 3609 2653 2922 3916 1571 268 4110
EVEN- %PowerLoss |17.88 1224 2638 817 1103 3440 2218 3751 2757 3037 4070 1633 278 4227
ICT Fill Factor 0.613 0.654 0.60 0747 0.663 049 0.58 0.628 0.653 0.629 0.675 0.752 0722 0471

L 12.46 13.32 1294 1394 1330 1095 1344 13.04 1296 1341 1356 1397 1372 1135
11. Pempp (W) | 8834 8834 6381 7974 8630 8049 7618 6075 7057 6752 5704 6925 9352 5510

Puumioss (W) | 786 786 3239 1846 570 1571 2002 3545 2563 2868 3916 2695 268 4110
Futoshiki- ["o4Power Loss | 8.17 817 3366 1711 1008 1633 20.81 36.85 26,64 1981 4070 28.01 278 427

IcT Fill Factor 0747 0747 0543 0619 0671 0752 0711 0636 066 0.634 0675 0539 0723 0471

n 13.94 13.94 1166 1258 1344 1397 1368 1318 1312 1352 1356 1202 1372 1125
12, Pempe (W) [ 8834 8834 6381 7974 8649 8049 7618 6075 7057 6752 5704 6925 9352 5510

Pumos (W) | 786 786 3239 1646 971 1571 2002 3545 2563 2868 3916 2695 268 4110
Latin %PowerLoss | 817 817 33.66 1711 10.09 1633 2081 3685 2664 2081 4070 2801 2785 4272
Square-  "Fi Factor 0747 0747 0543 0.619 0.669 0752 0712 0.635 0.66 0.635 0675 0541 0722 0472
IcT n 13.94 13.94 1166 1258 1344 1397 1368 1318 1312 1352 1356 1202 1372 1125
13. Peap, (W) | 8834 7899 7460 8834 8650 7687 7618 6075 6778 5433 5704 8049 9352 6716

Pumiee (W) | 786 1721 2160 786 970 1933 2002 3545 2842 3887 3916 1571 268 2904
Magic %PowerLoss | 817 17.88 2245 817 1008 20.09 20.81 3685 2954 4040 4070 1633 278  30.18
Square-  "EN Factor 0747 0612 0635 0747 067 0599 0711 065 053 0511 0674 0752 072 070
IcT ) 1394 1246 1363 1394 1344 1334 1368 1318 1260 1088 1356 13.97 1372 1371
4. Pompp (W) | 7899 8834 7097 8442 8316 7790 7499 6480 6778 5433 5704 8049 9352 6716
Pumis (W) | 1721 786 2523 1178 704 1830 2121 3140 2842 4187 3916 1571 268 2904
Imbased | o;PowerLoss |17.88 817 2622 1224 731 1002 2204 3264 2050 4352 4070 1633 278  30.18

IcT Fill Factor 0.612 0747 055 0.654 0.691 0662 0.638 0762 053 0511 0675 0752 072 070
L] 1246 1394 1297 1332 1386 1352 1346 14060 1260 1088 1356 1397 1372 1371
15. Pgapp (W) | 7974 8834 7082 8834 8558 7687 5725 55 6778 5433 3704 8049 9332 5510

Pume: (W) | 1645 786 2538 786 1062 1933 3835 4335 2842 4187 3516 1571 268 4110
Vmbased | ojPowerLoss |17.11 817 2638 817 1103 201 4048 4506 2954 4352 4070 1633 273 4272
TCT Fill Factor 0.619 0747 060 0747 0.663 0598 0447 0498 053 0511 0675 0752 072 0472
1 1258 1394 1294 1354 1330 1334 108 1147 1260 1088 1356 1397 1372 1135

From the simulation results, it can be concluded that,

> In partial shading case-1: Sudoku, Arrow Sudoku, skyscrapers, non-symmetrical,
Futoshiki, LS and MS type of TCT array configurations have the maximum
global peak power of 8834 W.

» In partial shading case-2: SP, TCT, proposed optimal TCT, Sudoku, Arrow
Sudoku, Ken-Ken, skyscrapers, Non-symmetrical, futoshiki, LS, Im based and
Vm based TCT configurations have the maximum power of 8834 W.
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In partial shading case-3: Magic Square (MS) TCT array configuration has the
maximum power of 7460 W.

In partial shading case-4: TCT, proposed optimal TCT, Odd-Even, MS, Vm based
TCT configurations have the maximum power of 8834 W.

In partial shading case-5: Arrow Sudoku, Ken-Ken, Non-symmetric, Im based
TCT configurations have the maximum power of 8916 W.

In partial shading case-6: Sudoku, skyscraper, CBM, Futoshiki, LS type
configurations have the maximum power of 8049 W.

In partial shading case-7: Sudoku, Arrow Sudoku, skyscraper, Non-symmetric,
Futoshiki, LS and MS type of SPV array configurations have the maximum power
of 7618 W.

In shading case-8: Arrow Sudoku, Ken-Ken, Non-symmetric, Im based TCT
configurations have the maximum power of 6480 W.

In partial shading case-9: Sudoku type TCT SPV array configuration has the
maximum power of 7422 W.

In partial shading case-10: Sudoku type TCT has the maximum power of 6815 W.
In partial shading case-11: all rearrangement-based puzzle TCT configurations
have the maximum global power of 5704 W.

In partial shading case-12: TCT, optimal TCT, Odd-Even, MS, Im based and Vm
based TCT configurations have the maximum power of 8049 W.

In partial shading case-13: all rearrangement-based puzzle TCT configurations
have the maximum global power of 9352 W.

In partial shading case-14: Sudoku, Arrow Sudoku, Ken-Ken, Non-symmetric,
MS, Im based TCT configurations have the maximum global power of 6716 W.
Under partial shading conditions, rearrangement-based Total- Cross-Tied (TCT)
array configurations show improved results compared to the conventional array
topologies.

In the proposed method of optimal configuration, the requirement of ties or
interconnections for electrical connections of modules in an array configuration
are changed based on the shading pattern in the array.

Considering wiring losses in TCT and rearranged based TCT array topologies, the
proposed optimal TCT array configuration has the better results compared to
other rearranged based TCT array topologies. From the simulation results
tabulated in Table 5, it can be concluded that the proposed optimal TCT array
configuration, Sudoku, Arrow Sudoku, MS type of puzzle based TCT
configurations have the highest global maximum peak power.

5.1 Simulation Results:
Power-Voltage Characteristics of SPV TCT Array Configurations

The performance characteristics (Power-Voltage) for different 6x6 size TCT SPV

array configurations or topologies are shown in Figures 11 to 25. The global maximum
peak powers of PV configurations under various shading cases are represented in Figure
26. The global maximum peak powers (GMPP) of each topology are tabulated in Table 5.
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a. Series(S)-Parallel (P) Configuration:

P-V Characteristics for S-P Configuration
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Figure 11. Output characteristics of 6 x 6 array S-P configuration

b. Total (T)-Cross(C)-Tied (T) configuration:

P-V Characteristics for T-C-T Configuration
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Figure 12. Output characteristics of 6 x 6 size TCT SPV array configuration

c. Proposed optimal array configuration:

P-V Characteristics for Optimal TCT Configuration
T

10000 T T T T
— Case-1
9000 | Case-2 .
Case-3
— Case-4
BN Case-5
3 Case-6
7000 Case-7
666 — Case-8
= — Case-9
= Case-10
g 5000 | — — case-11 N
i —— Case-12
4000 | —— Case-13 7
— Case-14
3000 [|—-—- Case-U 7
2000 - = i
/
F
1000 = b
0 I L L L L
0 50 100 150 200 250

Voltage(V)
Figure 13. Output characteristics for proposed optimal configuration
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d. Su-Do-Ku based T-C-T configuration:
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Figure 14. 6 x 6 array Sudoku-TCT configuration characteristics

e. Arrow Su-Do-Ku based TCT configuration:
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Figure 15. 6x6 array Arrow Sudoku TCT configuration characteristics

f. Ken-Ken based TCT configuration:
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Figure 16. P-V characteristics for Modified Ken Ken-TCT configuration
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g. Skyscrapers-TCT configuration:

P-V Characteristics for Skyscraper Configurations
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Figure 17. P-V characteristics for Skyscrapers TCT configuration

h. Non-Symmetric TCT configuration:
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Figure 18. P-V characteristics for Non- Symmetric TCT Re-configuration

i. Chaotic Baker Map (CBM) TCT configuration:
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Figure 19. P-V characteristics for CBM TCT Re-configuration
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j. ODD-EVEN based TCT configuration:

P-V Characteristics for ODD-EVEN TCT Configuration
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Figure 20. P-V characteristics for Odd Even TCT configuration

k. Futoshiki-TCT configuration:
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Figure 21. P-V characteristics for Futoshiki TCT configuration

I. Latin Square (LS) based TCT configuration:
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Figure 22. P-V characteristics for LS based TCT configuration
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m. Magic Square (MS) TCT topology:
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Figure 23. P-V characteristics for MS TCT configuration

n. Im based TCT configuration:

P-V Characteristics for Im based Configurations
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Figure 24. P-V characteristics for Im based TCT configuration
0. Vm based TCT configuration:
P-V Characteristics for Vm based Configurations
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Figure 25. P-V characteristics for Vm based TCT configuration
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Figure 26. Global maximum powers of different TCT SPV array configurations

CONCLUSIONS

The proposed optimal array configuration method can be applied to an array of
any size by simply dividing the PV system into a number of 2>2 sub arrays. The
performance of rearranged array TCT configurations based on puzzle patterns including
Sudoku, Arrow Sudoku, Ken-Ken, CBM, Odd-Even, Futoshiki, LS, MS, Im based and
Vm based array TCT configurations are compared with the proposed optimal TCT
configuration under fourteen different partial shading cases and one uniform un-shaded
case-U. In the rearrangement method, the positioning of modules is changed, but
electrical connections are unchanged. The wiring losses and requirement of wires for the
rearrangement of modules are more due to repositioning of photovoltaic modules without
altering electrical connections. Compared to rearranged based TCT array configurations,
the proposed optimal method slightly reduces the mismatch losses, improves the array
global maximum power and the fill factor, and minimizes the number of interconnections
among modules, time required for wiring at the time of installation of PV system,
installation cost of photovoltaic system and complexity of modules interconnection in an
array. The rearranged based configurations have greater array power in all proposed
partial shading conditions, but due to the extra wire length required for module
interconnections in the array configuration, there is more wiring loss.
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