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Abstract: We present the comparison of the solar PV array efficiency using four different methods such as Total Cross Tied (TCT),
Minimum Distance Average (MDA), Index Squaring Method (ISM) and Calcudoku method (CM). TCT and MDA are considered as
conventional method and each method is discussed for the four different cases such as Short Narrow (SN), Short Wide (SW), Long
Narrow (LN), and Long Wide (LW) respectively. The PV array is configured using the ISM in which they are arranged according to
their impact of shading approach for various irradiances. CM uses a mathematical puzzle- based approach for PV array reconfiguration
to improve their array currents. The proposed techniques for reconfiguration of PV arrays can improve PV power under different partial
shading conditions. The performance of PV arrays for the mentioned methods are discussed and analyzed. The efficiency of the PV
panels are compared using the Monte Carlo technique for various irradiance values and the results of the comparisons are presented to
show the best suited techniques with respect to their power enhancement.

Keywords: Solar photovoltaics, partial shading, Index square method (ISM), Calkudoku method (CM), Montecarlo estimation.

1 Introduction

Solar power is one of the emerging technologies in recent
years. It is invented particularly to power the satellites and
space station to decrease the use of non-renewable energy
and in recent times solar panels are also used for
household needs too. The solar panel installation ranges
from few KW (off grid system) to MW (solar power
station). But the major problem being faced in solar
power station is partial shading due to movement of
clouds, shadow of towers, buildings etc.

Due to the partial shading of solar panels, the strings
current of solar panel gets affected. To reduce the factors
that affect the solar panel efficiency, different techniques
such as maximum power point tracking, PV architecture,
array reconfiguration[1,2,3], convertor topologies and so
on are used among various techniques. Some of the
commonly used inter connection schemes are series
parallel, TCT,MDA and bridge linked. TCT& MDA are
conventional inter connection scheme used in recent days.

To improve the efficiency of the solar power plants, two
methods are proposed namely Index Squaring Method
(ISM) and Calcudoku method (CM) [4,5].

In this paper Section 2 deals with system description
of TCT, ISM arrangement is based on squaring the index
of the matrixes and arranging them in ascending order.
CM uses calcudoku puzzle to reconfigure the solar panels.
All the proposed methods[6]are compared with respect to
TCT and MDA for four cases such as Short Wide (SW),
Short Narrow (SN), Long Wide (LW), Long Narrow
(LN). For all these cases, array current equations,
interconnection schemes, global peak curve, shading
pattern are explained in MDA, ISM and Calcudoku.
Section 3 shows the comparison and the performance of
all four methods with different solar irradiance using
Monte Carlo technique.

The performances of all the three methods are
analysed [7,8,9,10]. The results of all the methods are
compared using the Monte Carlo method that relies on the
random sampling and discrete uniform distribution. The
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results obtained are compared with their variance values
calculated from the Monte Carlo technique and the
suitable results are achieved [11,12,13,14,15].

2 System Description

2.1 Total Cross Tied (TCT)

TCT configuration is a simple series-parallel connection
across each row in a mxn matrix, where all the panels in
the column are connected in series and each panel in a
row isnotes the number of column in which the panels are
connected Fig 1 shows the TCT arrangement pattern. The
current generated by each module with respect to the
irradiance value is given by

I =KIy (D

Where 1, is the current generated by the module and
k = G/Gy where Gy = 1000W /m? at null partial shading
condition Hence, the solar irradiation is directly
proportional to the current generated by the panel. The
voltage across the panel is given by the sum of voltages of
the row in a mxn matrix and is given by equation 2.

9
V=Y Vi )

m=1

Where V is the voltage across PV array and the V,,
implies the voltage of other panels in m'"row. Applying
Kirchhoff’s law, the array current equation at each row is
given by the following expression 3.

9
I=Y (Iyn—1Ipi1yy) =0m=1,23,....8 (3
m=1

The power generated by the PV array is the product of
nominal voltage and nominal current generated by the
panels with respect to the solar irradiance. Thus, the
power obtained in each row is given by the following
expression 4.

P= ImV (4)

Table 1: Solar panel specification
PV power 8OW
Open circuit Voltage | 22V
Short circuit current | 4.7A
Nominal Voltage 18V
Nominal Current 4.4A
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Fig. 1: TCT arrangement pattern

2.2 Minimum Distance Average (MDA)

Consider a mxn matrix, where m = 1,2,3..i and
n=1,2,3,4..j, let us consider a 9x9 matrix.The distance
from one panels to other panels are calculated by equation

(5)-

Dij= \/(lj —1)? + (wj —wi)? ®)

Using equation 5 and considering each panel as origin,
the distance of other panels are calculated. The distance
values are added and divided with the total number of
panels present in an array. Thus the distance average (DA)
value are obtained based on equation 6.

- D(i.J)
DA = 6
,; ~ 6)

All these values are compared and the least value panel is
taken as radix panel and that is placed in the right-side
bottom of the array. Assuming radix panel as origin, the
distance of other panels are calculated with respect to the
distance values and the panels are arranged in ascending
order filled in column wise. The steps shows the
determination of MDA fixation of panels.

Step 1: Calculate distances between the solar panels to
every other solar panels in the network.

Step 2: Assume each panel in the matrix as origin and
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calculate the distance value from 5.

Step 3: Calculate the DA of every solar panels to other
panels from 5.

Step 4: Compare the DA values in which the least value is
assumed as radix panel.

Step 5: Now assuming radix panel as origin the distance
between the other panels are calculated.

Step 6: The radix panel is placed at the right-side bottom
of the matrix.

Step 7: With referencing to the distance values, the panels
are arranged in ascending order as shown in Fig.1.

The array current equations of 9X9 matrix is given for the
irradiance values such as 900 W/m? and 600 W /m? in
each partial shading condition i.e., SN, SW, LN and LW
following with the power comparison with TCT and the
proposed methods along with a graphical representation
of location of global peak (GP) for MDA methods
discussed in section 3.

2.2.1 Cabling

According to the different techniques proposed the
physical location of the panels remains the same but
electrical connection of the each panels change according
to MDA algorithm. For example, panels 12, 33,42, 91 are
connected in a string similarly panels 51, 22, 53, 93 are
connected in a string with reference to the shading pattern
as shown in Fig 2 panel 45 implies panel location i.e. 4"
row 5th column, similarly the other panels of their
respective panel location are connected in their following
string. This connection is done as mentioned for all m
rows of the PV array and by doing so the shaded panels
are equally dispersed in the mxn array resulting in
increase of power generation in a solar PV array.

The distance average of all the panels with respect to its
origin are tabulated in 2.The panel with minimum
distance is considered as radix panel; here panel 55 is
taken as radix panel. Thus considering radix panel as
origin and the panel distance values are arranged in an
ascending order and they are tabulated in Table 3 and are
arranged in 9x9 matrix as shown in Fig 2.

2.3 Index Squaring Method (ISM)

In a mxn matrix each element has its own index i,j in
which ‘i’ indicates row and ‘j’ indicates column. It is used
to identify an element easily in the following mxn matrix.
According to ISM method, the indices i and j are squared
and added with respect to the equation 7.

Pj=0+) ™

The index squaring values are arranged in ascending
order and the values are tabulated in the table with respect
to those values the panels are arranged in the following

Table 2: Distance of all panels 9X9 PV array

Panell D |Panel| D |Panel| D [Panel] D |Panel| D
45 1 47 12.236| 83 [3.605| 69 |4.123| 21 5
65 1 43 12.236| 87 [3.605| 49 |4.123| 29 5
56 1 73 (2.828| 27 |3.605| 22 (4.242| 89 5

5

54 1 77 |2.828| 23 (3.605| 82 |4.242| 81
44 |1.414| 37 |2.828| 32 |3.605| 88 |4.242| 11 |5.657
46 |1.414| 33 |2.828| 72 [3.605| 28 [4.242| 19 |(5.657
66 |1.414| 25 3 78 (3.605| 93 [4.472| 99 |(5.657
64 (1.414| 85 3 38 |3.605| 97 |4.472| 91 |5.657
35 2 58 3 15 4 17 |4.472
75 2 52 3 95 4 13 [(4.472
57 2 24 13.162| 59 4 31 |4.472
53 2 84 |3.162| 51 4 71 (4.472
34 |2.236| 86 |3.162| 14 [4.123| 79 |4.472
36 |2.236| 26 |3.162| 94 [4.123| 39 |4.472
76 |2.236| 42 (3.162| 96 |4.123| 12 5
74 12.236| 62 (3.162| 16 |4.123| 92 5
63 [2.236| 68 |[3.162| 41 |4.123| 98 5
67 |2.236| 48 |(3.162| 61 |4.123| 18 5
*D-Distance

Table 3: Distance of all panels with respect to min-panel

panel| D |panel| D |panel| D |panel| D |panel| D
11 16.237| 31 [5.276] 51 |4.943| 71 |5.276| 91 |6.238
12 |5.683| 32 |4.649| 52 |4.293| 72 |4.649| 92 |5.683
13 |5.276| 33 |4.188| 53 |3.814| 73 [4.189| 93 |5.276
14 |5.027| 34 |3.908| 54 |3.522| 74 [3.908| 94 (5.027
15 14.943| 35 [3.814| 55 |3.424| 75 |3.814| 95 (4.943
16 |5.027| 36 [3.908| 56 |3.522| 76 |3.908| 96 |(5.027
17 |5.275| 37 |4.188| 57 |3.814| 77 |4.188| 97 (5.276
18 |5.683| 38 [4.649| 58 |4.293| 78 |4.649| 98 |(5.683
19 16.238| 39 [5.276| 59 |4.943| 79 |5.276| 99 |6.238
21 |5.683| 41 [5.026| 61 |5.027| 81 |5.683
22 |5.086| 42 |4.382| 62 |4.382| 82 |5.083
23 14.649| 43 (3.908| 63 |3.908| 83 |4.649
24 14.382| 44 (3.619| 64 |3.619| 84 |4.382
25 |4.293| 45 |3.522| 65 |3.522| 85 |4.292
26 |4.382| 46 (3.619| 66 |3.619| 86 [4.382
27 |4.648| 47 (3.908| 67 |3.908| 87 |4.649
28 |5.086| 48 (4.382| 68 |4.382| 88 |5.086
29 |5.683| 49 [5.027| 69 |5.027| 89 |5.683
*D-Distance

mxn matrix from top to bottom (column wise) as shown
in Fig 3.

Step 1: Identify the indices of all the panels.

Step 2: Square i and j values of each panel.

Step 3: Add the squares of i and j values of each panels
with respect to equation 7 and the values are tabulated as
shown in Table 4.

Step 4: Compare the Index square values of the panel and
arrange it in ascending order (column wise) as shown in
Table 20.

Step 5: With reference to the index square values the
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Table 4: Index squares of all panels 9x9 array

Panel Index Panel Index Panel Index Panel Index Panel Inde>
squares squares squares squares square

11 2 31 29 51 26 71 50 91 82
12 5 32 32 52 29 72 53 92 85
13 10 33 34 53 34 73 58 93 90
14 17 34 34 54 41 74 65 94 97

15 26 35 37 55 50 75 74 95 | 106

16 37 36 37 56 61 76 85 9 | 117

17 50 37 40 57 74 77 100 | 97 | 130

18 65 38 40 58 89 78 117 | 98 | 145

19 82 39 41 59 | 106 | 79 130 | 99 | 162
21 5 41 41 61 37 81 63

22 8 42 45 62 40 82 38

23 13 43 45 63 45 83 73

24 20 44 50 64 52 84 74

25 29 45 50 65 61 85 85

26 40 46 50 66 72 86 98

27 53 47 52 67 85 87 | 113

28 68 48 52 68 100 | 88 | 128

29 85 49 53 69 | 117 | 89 145

Table 5: Index square panel arranged in ascending order
Pancl Index b’ane Index Pancl Index Pancl Index Pancl Index
squares squares| squares| squares| squares|

11 2 52 29 | 72| 53 19| 8 |87 | 117

12 5 44 | 32 | 37| 58 |91 82 | 69 | 117

21 5 351 34 | 73| 58 [ 29| 8 |96 | 117

22 8 53| 34 | 56 | 6l 67 | 85 | 88 | 128

13 10 |16 | 37 | 65| 61 76 | 8 | 79| 130

31 10 | 61 37 181 65 | 92| 8 |97 | 130

23 13 [ 26| 40 | 74| 65 |58 | 85 | 89 | 145

32 13 [ 62| 40 | 47| 65 |8 | 8 |98 | 145

14 17 | 45| 41 81| 65 (39| 90 |99 | 162

41 17 | 54| 41 | 28| 68 |93 | 90

33 18 [ 36| 45 | 82| 68 |49 | 97

24| 20 | 63| 45 |66 | T2 |94 | 97

421 20 (17| 50 |83 | 73 | 77| 98

341 25 | 55| 50 [38] 73 |68 | 98

431 25 | 71 50 |57 74 | 8 | 98

15| 26 (46| 52 | 75| 74 | 59 | 106

51 26 | 64 | 52 |48 | 74 | 95| 106

251 29 | 27| 53 |84 | 74 |78 | 117

panels are arranged in ascending order in mxn matrix
from top to bottom as shown in Fig 3.

The panels in 9x9 matrix are subjected to two different
irradiance values such as 900 W/m? and 600 W /m?in
each partial shading condition ie. SN, SW, LN and LW In
regard to power comparison with the proposed
configuration along with a graphical representation that
reveals the location of global peak for ISM method.

—41

R
X

Fig. 2: MDA arrangement pattern

2.3.1 Cabling

According to ISM configuration the physical location of
the panels remains the same but electrical connection of
the module changes according to ISM algorithm. For
example, panels 91, 12, 33 are connected in a string
similarly panels 11, 52, 19are connected in a string with
reference to the Fig.3,11 implies panel location i.e.1% row
1°t column, similarly the other panels of their respective
panel location are connected in their following string.
This connection is done as mentioned for all 'm’ rows of
the PV array and by doing so the shaded panels are
equally dispersed in the mxn array resulting in increase of
power generation in a solar power plant.

2.4 Calcudoku Method (CM)

Calcudoku is a logic-based number placement puzzle,
where a number must not be repeated more than once,
both in row and column for a given arithmetic or logical
condition, and the number ranges from 1 to n, here n
denotes the number of rows or column. For this method
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Fig. 3: ISM arrangement pattern

The number of rows and column are equal, thus it is
applicable only for square matrix configuration.In this
method the array current equations of 9x9 matrix is given
for the irradiance values such as 900 W/m? and 600
W/m2 for each partial shading conditions i.e. SN, SW,
LN and LW.

2.4.1 Cabling

According to CM configuration, the physical location of
the panels remain the same but electrical connections of
the module changes according to CM algorithm. For
example, panels 31, 22, 19 are connected in a string
similarly 41, 93, 23 are connected in a string with
reference to the Fig 4, Here 71 implies panel location
i.e.7"" row 1* column, similarly the other panels of their
respective panel location are connected in their following
string. This connection is done as mentioned for all m
rows of the PV array and by doing so the shaded panels
are equally dispersed in the mxn array resulting in
increase of power generation in a solar power plant. The

proposed methods are verified for four different shading
condition i.e. Short wide, Long wide, Short narrow and
Long narrow. The shading pattern are represented in
section 3 along with the array current equation, power
calculation and its graphical representation which
provides the location of global peaks to all the proposed
methods for each shading conditions. Finally TCT, MDA,
ISM, ICM are compared using Monte Carlo estimator
technique, which provides the results by their respective
variance values. Thus the PV array characteristics are
obtained for each shading condition for both conventional
and proposed methods and their results are shown in
section 3.
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Fig. 4: CM arrangement pattern

3 Results and Discussion

This section deals with the performance and comparison
of the proposed methods for four shading pattern namely
SN, SW, LW and LN with the array current equation,
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power calculation and location of GP in PV
characteristics graph. The theoretical results are verified
from Monte Carlo estimator technique using MATLAB/
Simulink environment and the following graph is
obtained for each shading pattern and the results are
presented.

3.1 Case 1: Short Wide
3.1.1 Shading Pattern

Tthe shading pattern for short wide arrangement of TCT,
MDA, ISM and CM are tablulated in tables 6, 7, 8 and 9
respectively

Table 6: TCT
11 |12 (13|14 | 15|16 | 17 | 18 | 19
21 |22 |23 | 24 | 25|26 | 27 | 28 | 29
31 [ 32|33 | 34 |34 |36 |37 | 38| 39
41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49
51 | 52| 53 | 54 |55 |56 |57 |58 |59
66 | 67 | 68 | 69

Table 7: MDA with Shade dispersion

3.1.2 Array Current Equation

The array current equations for the irradiance values of
900 W /m? and 600 W /m? are represented for Short wide
shading pattern of MDA, ISM and CM where k= 0.9 for
900 W /m? and 0.6 for 600 W /m?, from equation 3 the
array current given is given as

Table 8: ISM with Shade dispersion
11| 14 | 52 | 54
12 | 33 | 44 | 36
21 | 24| 35

| 66 | 29 |

24253
13[34]16 38

31 [ 43 ] 6l 57 97
23 [ 15126

32 [ 51

41 ] 25

Table 9: CM with shade dispersion

Iry = Kiiln + Ki2lio + Kizhis + Kialia + Kialia +
Kis5his + Kieli6 + Ki7117 + K18l

Ir1 =9x0.91,, = 8.11,

Iro = Koy + Kply + Kozhs + Kyaly + Kyshs +
Kyxshe + Kyily; + Kyghg + Kxhy = 8.1I,
Irs = K31l31 + K3zl + K333z + Kzl + Kishis +
K36l36 + K37137 + K3glag + K39l39 = 8.11,

After Reconfiguration(MDA)
Rl = Kuslys + Kuzlyy + Kishis + Ksplsp + Kgslgs +
Koslos + Keolgo + Ki3113 + Ko1hy = 7.21,

Rr2 = Kgsles + Ks7l57 + Kazlaz + Koalog + Kgrlgy +
Ksolsg + Kyolso + K31131 + Koolog = 7.51,

After Reconfiguration (ISM)

Ipy = Kithi + Kalyy + Ksplsy + Ksalsq + Kpplp +
Koghg + Kiol19 + Koslyz + Kgzls7 = 7.21,

Iy = Kiohy + K33lz33 + Kyalsy + Kielze + K37l37 +
K132 + Kyolag + Ko1lo1 + Keoleg = 7.51

After Reconfiguration (CM)

Iry = Kyl + Ki2lio + Kesles + Kaalaa + Koshs +
Koglog + Ks7157 + K3glag + Kgolgg = 6.91,

Iro = Kgilg1 + Kexlex + Ks3lsz + Kialia + Kyslys +
K36136 + Ko7lg7 + Koglog + K79179 = 6.91,

From equation 3 the array current equations for the
irradiance values of 900W/m?> and 600 W /m? are
represented for Short wide shading pattern of MDA , ISM
and CM, The global peak values for CM, ISM, MDA,
TCT are 4918W, 4705W, 4491W, 3849W respectively.
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The power enhancement percentage with respect to TCT
configuration is tabulated in Table 26 for the four shading
patterns. Secondly, the power calculation of TCT , MDA,
ISM, CM are calculated from expression and are
tabulated in Table 10, following with the location of GP
in PV characteristics graph. The least array current values
in a string of TCT, MDA, ISM, CM are 5.41,, 6.31,,
6.61,, and 6.91,,. Comparing the least array current values
of the three proposed methods, CM seems to be efficient
than ISM, MDA and TCT; ISM is efficient than MDA and
TCT; finally MDA is efficient than TCT configuration.
From Table 10 the global peak of CM is greater than ISM,
Further ISM is greater than MDA and MDA is greater
than TCT configuration. This shows that CM, ISM, MDA
has the capability of extracting maximum power with
high efficiency when compared to TCT configuration in
shortwide condition. In Fig 6. the PV characteristics of
CM, ISM, MDA and TCT is plotted in a graph in that the
maximum power value plotted in the graph is noted as
Global peak(GP).

GP

ok

0 50 100 150 200
l"pn‘{v.ﬂl

—TeT
(W) so000 -

- MDA
I5M

|
=
|
|
|

cM

Fig. 5: PV array characteristics of TCT MDA, ISM and CM
method

3.2 Case 2: Long Wide
3.2.1 Shading Pattern

The shading pattern for long wide arrangement of TCT,
MDA, ISM and CM methods are shown in the tables 11,
12, 13 and14 respectively.

3.2.2 Array Current Equation

Under conventional configuration (TCT)

Ipy = Kl + Kiolio + Kizhs + Kialis + Kialis +
Kishs + Kiele + Ki7117 + Kiglig = 8.11,

Iy = Koy + Kyl + Ky3hs + Kyshy + Kashs +
Koelr6 + Ky7ly7 + Koglog + Kyolrg = 8.11,

Table 10: Location of GP in TCT, MDA, ISM and CM
TCT ARRANGEMENT MDA ARRANGEMENT
Row current Row current
in the order in the order

Voltage| Power Voltage| Power

in which in which

panels V) (W) panels V) (W)
are bypassed are bypassed
IR9| 5.41, | 9V, |48.6Viulu|IR7| 6.31, | Vi [56.7Viuly
IR8| 5.41, - - IR8| 6.31, - -
IR7| 5.41, - - IR4| 6.61,, | TV, |46.2V,uly
IR6| 6.61, | 6V, |39.6V,,I,4{IR3| 691, | 6V, (41.4V,1,
IRS| 8.11, | 5Vin |40.5Viuln|IR1| 7.2L, | 5V | 36V
IR4| 8.11, - - IR6| 7.21, - -
IR3| 8.11, - - IR2| 7.5L, | 3V |22.5Vuly
IR2| 8.11, - - IRS5| 7.51, - -
IR1| 8.11, - - IR9| 7.81, Vin | 7.8Viln

ISM ARRANGEMEN CM ARRANGEMENT

Row current
in the order
in which

Row current
in the order

in which Voltage| Power

Voltage| Power

panels N W) panels N (W)

are bypassed are bypassed

IR6| 6.61, | 9V, (56.7Vuly|IR1| 6.9, | Vi (62.1Vily
IR8| 6.61, - - IR2| 6.91, - -
IR3| 691, | 7V, |46.2V,1,|IR4| 6.91, - -
IR9| 6.91, IR5| 6.91, - -
IR1| 7.2, | 5Vin | 36Vul, |IR7| 6.91, - -
IR4| 7.21, - - IR3| 7.2L, | 4V, (28.8Vuiy,
IRS| 7.21, - - IR6| 7.21, - -
IR7| 7.2, - IR8| 7.21, - -
IR2| 7.5, | Vi | 7.8Vl (IR 7.2, - -

| 900W /m* | 600W /m” |

Table 11: TCT
111213 (14 | 15|16 | 17 | 18 | 19
21 [ 22 |23 |24 | 25|26 |27 |28 |29
31 | 32 |33 |34 |34 (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
T1 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

After Reconfiguration(MDA)

Ipy = Kuslys + Ky7lys + Kishis + Ksplsp + Kgslgs +
Koslos + Keolgo + Ki13113 + Ka11b1 = 6.6,

Iy = Kesles + Ks7ls7 + Kyzlys + Kpalry + Kg7lg7 +
Ks9l59 + Kyglyo + K31131 + Kz9lh9 = 6.61,

After Reconfiguration (ISM)
Ipy = Kl + Kalsy + Ksolsy + Ksalsy + Kp2l72 +
Koghhs + Ki9l19 + Kozloz + Kg7ls7 = 6.6l
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Iy = Kiohy + K33lz3 + Kyalsy + Kielze + Kz7l37 +
Kgolgo + Kaglag + Ko1lo1 + Keolsg = 7.2y,

After Reconfiguration (CM)

Iry = Kl + Kiolio + Kesles + Kyalas + Koshs +
Koelos + Ks7157 + K338 + Kgolgg = 6.6l

Iy = Kgils1 + Kealeo + Ksalss + Kialia + Kaslys +
K36136 + Ko7l97 + Kaglag + K79179 = 6.6l

Array current equations are represented for long wide
shading pattern and the least array current values are
compared. The least array current value for CM, ISM,
MDA, TCTis 6.31,, 6.31,, 6.0l,, and 5.41,,. From Table
15 the global peak of TCT, MDA, CM and ISM are
known from the PV curve that is plotted and represented
in Fig 8. The GP values of CM, ISM, MDA, TCT .Hence
comparing the values of least array current and GP, CM
and ISM are equal and are efficient than MDA and MDA
is efficient than TCT configuration.

5000 -
5000
Py 4000 Ter
M)MED . —— MDA
2000 —[EM
1000 - ™
0 T T T }
o 50 100 150 200
ViV

Fig. 6: PV array characteristics of TCT, MDA, ISM and CM
method

Table 15: Location of GP in TCT, MDA, ISM and CM

TCT ARRANGEMENT MDA ARRANGEMENT
Row current Row current
1nirtlh;}(l)ircciler Voltage| Power mir:hv?/l(l)irc(:ler Voltage| Power
panels ™) (W) panels ™) (W)
are bypassed are bypassed
IR9| 691, | 9V, (62.1Vulu|IR4| 7.21, | OV, [64.8Viuly
IR8| 6.91, - - IR7| 7.21, - -
IR7| 6.91, - - IR8| 7.21, - -
IR6| 6.91, - - IR6| 7.2L, | 6V | 45Viuly
IR5| 8.1L, | 5V, |[40.5V,ulu|IR1| 7.5L, | 5V | 39Viin
IR4| 8.11, - - IR2| 7.5, - -
IR3| 8.11, - - IR3| 7.81, - -
IR2| 8.11, - - IR5| 7.81, - -
IR1| 8.11, - - IR9| 7.81, - -
ISM ARRANGEMENT CM ARRANGEMENT
Row current Row current
mirtlh\;}i)il;(:::r Voltage| Power H;;h;;:iiier Voltage| Power
panels V) (W) panels V) W)
are bypassed are bypassed
IR4| 7.2L, | 9V, |64.8Viulu|IR3| 7.21, | OV, [64.8Vinly
IR5| 7.21, - - IR9| 7.21, - -
IR3| 7.5L, | TVin |52.5Viulw|IR1| 7.5L, | TV |52.5Viuly
IR6| 7.51, IR2| 7.5, - -
IR9| 7.51, - - IR6| 7.5, - -
IR1| 7.8L, | 4V, 312V, 1,|IR4| 7.81, | 4V (31.2V1,
IR2| 7.81, - - IR5| 7.81, - -
IR7| 7.81, IR7| 7.81, - -
IR8| 7.81, - - IR8| 7.81, - -

3.3 Case 3: Short Narrow

3.3.1 Shading Pattern

The shading pattern for shot narrow arrangement of TCT,
MDA, ISM and CM methods are shown in the tables 16,
17, 18 and19 respectively.
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| 900w /m* | 600W /m> |

Table 16: TCT
111213 (14 | 15|16 | 17 | 18 | 19
21 [ 22 |23 |24 | 25|26 |27 |28 |29
31 | 32 |33 |34 |34 (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
1| 72 | 73 | 74 | 75 [ 76 | 71 | 718 | 79
81 | 82 | 83 | 84 | 85 | 86 | 87 | 88 | 89
91 [ 92 | 93194 |95 196 | 97 | 98 [ 99

Table 17: MDA with shading pattern
45 | 75 | 47 | 52 | 83 | 95 | 69 | 13 | 21
65 | 57 | 43 | 24 | 87 | 59 | 49 | 31 | 29
56 | 53 | 73 | 84 | 27 | 51 | 22 | 71 | 89
54 134 | 77 | 86 | 23 | 14 | 82 | 79 | 81
44 | 36 | 37 | 26 | 32 | 94 | 88 | 39 | 11
46 | 76 | 33 | 42 | 72 1 96 | 28 | 12 | 19
66 | 74 | 25 | 62 [ 78 | 16 | 93 | 92 | 99
64 | 63 | 8 [ 68 | 38 | 41 | 97 | 98 | 91
35 167 | 58 | 48 | 15 (61 | 17 | 18 | 55

Table 18: ISM with shading pattern
11| 14 | 52 | 54 | 72 | 28 | 19 | 93 | &7
12 | 33 | 44 | 36 | 37 | 82 |91 | 49 | 69
21 | 24 | 35|63 | 73 [ 66 | 29 | 94 | 96
22 | 42 | 53 | 17 | 56 | 83 [ 67 | 77 | 88
13 |34 |16 | 55|65 | 38 | 76 | 68 | 79
31 1 43|61 | 71| 18 | 57 | 92 | 86 | 97
23 | 15|26 | 46 | 74 | 75 | 58 | 59 | 89
32 | 51 | 62| 64 | 47 | 48 | 85| 95 | 98
41 | 25 | 45| 27 | 81 | 84 | 39| 78 | 99

3.3.2 Array Current Equation

Under Conventional Configuration (TCT)
Iri = Kily + Kioliz + Kizhz + Kialis + Kiglig +
Kislis + Kielie + Ki7117 + Kiglig = 8.11,
Iry = Ky + Kby + Kozhz + Kby + Koshs +
Koslr6 + Ky7ly7 + Koglog + Kpolpg = 8.11,

After Reconfiguration(MDA)

Ipi = Kuslys + Ky7ly7 + Kislis + Ksplsy + Kgszlgs +
Koslos + Keolso + K13113 + Kz 11p1 = 7.81,

Iro = Kesles + Ks7ls7 + Kazlys + Koalrs + Kgrlgr +
Ksolso + Kaolyo + K31131 + Kpolpg = 7.81,

After Reconfiguration (ISM)

Ipi = Kithi + Kyilyt + Ksplsy + Ksalsa + Kyol7p +
Kaghg + Kol + Koszloz + Kg7lg7 = 7.81,

Iy = Kiohy + K3zl + Kaalss + Kzgle + K37l37 +
KgoIgo + Kaolyo + Ko1lo1 + Keolso = 7.81,

Table 19: CM with shading pattern
71 | 12 | 63 | 44 | 25 | 96 | 57 | 38 | 89
81 | 62 | 53 | 14 | 45 |36 | 97 | 28 | 79
21 | 82 | 13 | 54 | 35 [ 66 | 77 | 98 | 49
61 | 92 | 83 | 24 | 55|46 | 17 | 18 | 39
41 132 (93|74 | 65|16 | 87 | 58 | 29
51142 |23 |8 |95 76| 37 | 18 [ 69
91 | 72 | 33 | 64 | 15 | 26 | 47 | 88 | 59
31 1 22|73 |94 | 8 | 56 | 67 | 48 | 19
11 | 52 | 43 | 34|75 [ 86 | 27 | 68 | 99

After Reconfiguration (CM)

Iri = Kyl + Kiolio + Kezles + Kaalss + Koshs +
Koglos + Ks7157 + K338 + Kgolgg = 7.51,

Iro = Kgilg1 + Kealsy + Ks3lsz + Kialis + Kaslys +
K36136 + Ko7lo7 + Kogog + K79179 = 7.5,

Table 8 show the least array current values of CM,
ISM, MDA, TCT as 6.91,, 7.21,, 7.2L,, and 7.21,
respectively.The GP of TCT, MDA, ISM, CM are 4918
W, 5132 W, 5132 W, 5132 W respectively as shown in Fig
7. Comparing the least array current values and GP values
CM, ISM and MDA are equally efficient and in turn more
efficient than TCT configuration for under short narrow
condition.

6000 -

5000 - GP

o
3. 400 TGP
= —TCT
I 3000
- MDA
2000 - o SN
t/..
1000 - . cM
a - —
o 50 100 150 200
VPV{VJ

Fig. 7: PV array characteristics of TCTMDA, ISM and CM
methods

3.4 Case 4: Long Narrow
3.4.1 Shading Pattern

The shading pattern for long narrow arrangement of TCT,
MDA, ISM and CM methods are shown in the tables 21,
22,23 and24, respectively.
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Table 20: Location of GP in TCT, MDA, ISM and CM

TCT ARRANGEMENT MDA ARRANGEMENT
Row current Row current
in the order in the order
in which Voltage| Power in which Voltage| Power
panels W (W) panels W (W)
are bypassed are bypassed
IR9| 691, | 9V, |62.1V,,[,|IR2| 7.2L,, | 9V,, |64.8V;, 1,
IR8| 6.91,, - - IR4| 7.21, - -
IR7| 6.91, - - IR7| 7.21, - -
IR6| 6.91, - - IR8| 7.2I, - -
IRS| 7.8L,, | 5V, | 39Vl [IRS| 7.5, | 5V, |37.5Vul,
IR4| 7.81, - - IR6| 7.51, - -
IR3| 7.81, - - IR1| 7.8L, | 3V, (23.4V,1,
IR2| 8.11, | 2V, |16.2V,1,|IR3| 7.8, - -
IR1| 8.11, - - IR9| 7.81, - -
ISM ARRANGEMEN CM ARRANGEMENT
Row current Row current
mi;h‘iﬁ)ircclller Voltage| Power lrlirthvil?ircc:ler Voltage| Power
panels W (W) panels are W (W)
are bypassed bypassed
IR4| 7.21, | 9V, |64.8V,ul,|IR4| 691, | 9V, 621V, 1,
IR5| 7.21, - - IRS| 7.21, | 8V, [57.6Vyl,
IR9| 7.21, - - IR9| 7.5L,, | 7V, [52.5Vyul,
IR2| 7.51,, | 6V, | 45V,1l, |IR2| 7.51, - -
IR3| 7.51, - - IR3| 7.51, - -
IR6| 7.51, - - IR6| 7.51, - -
IR7| 7.51, - - IR7| 7.51, - -
IR1| 7.81, | 2V, |15.6V,,I,|IR1| 7.8L, | 2V,, |15.6V,, I,
IR8| 7.81, - - IR8| 7.8, - -
| 900w /m* | 600W /m> |
Table 21: TCT
11 |12 (13|14 15|16 | 17 | 18 | 19
21 | 22 |23 |24 | 25|26 | 27 | 28 | 29
31 1 32|33 |34 | 34|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
T1 | 72 | 73 | 74 | 75 [ 76 | 17T | 18 [ 79
81 | 82 | 83 | 84 | 85 | 86 | 87 | 88 | 89
91 | 92 |93 |94 |95 (96 | 97 | 98 [ 99

3.4.2 Array Current Equation

Iy = Kuli + K2l + Kizhis + Kiahy + Kialis +

Kishis+ Kielig + Ki7117 + Kiglhg = 8.11

Iry = Koy + Knby + Kazhs + Kby + Koshs +

Kaehhe + Ka7lo7 + Koglog + Kool = 8.11,
After Reconfiguration(MDA)

Ipi = Kuslys + Kyzly7 + Kyslis + Ksalsy + Kgzlgs +

Koslos + Keolgo + K13113 + Kp1 b1 = 7.81

Iry = Kesles + Ks7ls7 + Kazlyz + Koaly + Kg7lg7 +

Ksolso + Kyolyo + K31131 + Kz9lag = 7.81,

Table 22: MDA with shading pattern

45 | 75 | 47 | 52 | 83 | 95 | 69 | 13 | 21
65 |57 |43 | 24 [ 87 | 59 | 49 | 31 | 29
56 | 53 | 73 | 84 | 27 |51 (22|71 | 89
54 | 34 [ 797 [ 86 | 23 | 14 | 82 [ 79 | 81
44 |1 36 | 37 | 26 | 32 | 94 | 88 | 39 | 11
46 | 76 | 33 | 42 | 72 |1 96 | 28 | 12 | 19
66 | 74 | 25 | 62 [ 78 | 16 | 93 | 92 | 99
64 | 63 | 85 [ 68 [ 38 | 41 [ 97 | 98 | 91
35 167 | 58 | 48 | 15 | 61 | 17 | 18 | 55
Table 23: ISM with shading pattern
11 | 14 | 52 | 54 | 72 | 28 | 19 | 93 | 87
12 | 33 | 44 | 36 | 37 | 82 | 91 | 49 | 69
21 [ 24 |35 [ 63 | 73 [ 66 | 29 | 94 | 96
22 |42 |53 |17 | 56 | 83 [ 67 | 77 | 88
13 134 |16 | 55| 65|38 |76 68 | 79
31 |43 |61 |71 | 18 | 57 | 92 | 8 | 97
23 |15 | 26 |46 | 74 | 75 | 58 | 59 | 89
32 | 51 | 62 | 64 | 47 | 48 | 85 | 95 | 98
41 | 25 | 45 | 27 | 81 | 84 | 39 | 78 | 99
Table 24: CM with shading pattern
71 | 12 | 63 | 44 | 25 [ 96 | 57 | 38 | 89
81 | 62 | 53 | 14 | 45| 36 | 97 | 28 | 79
21 | 82 | 13 | 54 | 35 [ 66 [ 77 | 98 | 49
61 | 92 | 83 |24 |55 |46 | 17 | 718 | 39
41 | 32 |93 | 74 | 65| 16 | 87 | 58 | 29
51 (42 (23 |84 |95 76 | 37 | 18 | 69
91 | 72 | 33 | 64 | 15 | 26 | 47 | 88 | 59
31 |22 |73 | 94| 8 | 56 | 67 | 48 | 19
11 | 52 | 43 |34 | 75 [ 86 | 27 | 68 | 99

After Reconfiguration (ISM)

Iry = Kiili1 + Kalyy + Ksolsy + Ksalsa + Kpal7n +
Koghhg + Kiol19 + Ko3lo3 + Kg7lg7 = 7.81,

Iro = Kioho + K3zl + Kaalys + Kzelze + K37lz7 +
KgolIgr + Kaolyo + Kooy + Keolsg = 7.81,

After Reconfiguration (CM)

Ipi = Kyl + Kiolio + Keszles + Kaalss + Koshs +
Koslog + Ks7157 + K38138 + Kgolgg = 7.51,

Iro = Kgilg1 + Kepler + Kszlsz + Kialig + Kyslys +
K36136 + Ko7lg7 + Koglog + K79l79 = 7.51,

Fig 8 shows the array currents of all the methods.
Among all the four methods, ISM and CM performs well
when compared to MDA and TCT (with respect to global
peak points).In few case ISM and CM performs similar to
MDA configuration more than TCT configuration. In all
the cases the proposed methods perform better than TCT
method.
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Table 25: Power calculation for all the four cases Mean of MCE is
Case Maximum Power Power Enhancement (%) | |
TCT MDA | ISM | CM MDA |ISM CM E X)) =E[= X)) =Y Elo(X)] = E(o(X
LN [41985132[5132]4918] 182 [182] NC (&a(X)) [n l.;)g( il nl; (X)) = E(s(X))
LW |3849| 4277 |4491 |4704| 10 |14.3 18.17 9)
SW |3849| 4491 (4705|4918 14.3 |18.2| 21.73 Variance of MCE is
SN 4918|5132 (5132|5132| 4.17 |18.2 18.2 1o
*NC ( No change ) Var(gn(X)) = Var(; Zg(Xi)) (10)
i=0
Table 26: Array currents of all methods n
TCT | ISM | MDA | CM 1 2
S.NO = - x)—E(g(x dx 12
) | G | ) | G ”x;( [g(x) — E(s(x))] " fz (12)

SW 5.4 6.6 6.3 6.9
SN 6.9 72 72 7.2
LW 5.4 6.3 6 6.6
LN 6.9 72 72 6.9

1] 1 2 3 4 5 6

7 8
Array currents

Fig. 8: Array currents for TCT, MDA, ISM,CM methods

3.5 Monte Carlo Estimator (MCE)

A Monte Carlo method is based on the analogy between
probability and volume. The mathematics of measure
formalizes the intuitive notion of probability, associating
an event with a set of outcomes and defining the
probability of the event to be its volume or measure
relative to that of a universe of possible outcomes. Monte
Carlo uses this identity in reverse, calculating the volume
of a set by interpreting volume as a probability.
Evaluating the function f at n of these random points and
averaging the results produces the Monte Carlo estimate.

n

&)= =Y flx] ®)

where N is the number of samples in each matrix

fIXi] is a sample matrix framed from the array current
analysis g,(X) is called the Monte Carlo estimator (MCE)
of f[Xl]

The values of the mean and variance are calculated
using expression 9 and 10, for all the four cases such as
SN, SW, LN and LW, from which a graph is plotted as
shown in Fig 9.

Table 27: Variance of MCE for SW with respect to various
irradiances

Solar SW
Irradiance TCT MDA ISM CM
1000 1.735 0.295 | 0.0925 | 0.0625
750 0.9633 | 0.1659 | 0.052 | 0.0352
500 0.4337 | 0.0738 | 0.0231 | 0.0156
250 0.1084 | 0.0184 | 0.0058 | 0.0039
¥ Short Narrow Short Wide
- TCT TCcT
g 03 MDA o 15 MDA
2 1SM 2 1SM
% 0.2 cM .g 1 cM
Z 0 .- > 05
o ] 0 —
200 400 BOD 8O0 1000 200 400 600 8OO 1000
Solar Iradiance(\W/m?) Solar Irradiance(W/m?)
Long Narrow Long Wide
0.4 3
TCT TCT
o 03— MDA @ MDA
2 1SM ois 1S
g 0.2 cM g oM
>0, _d =i

o 0
200 400 600 BOO 1000 200 400
Solar Irradia nce(WJ‘mZ)

600 800 1000
Solar Irradiance(WﬂmZ)

Fig. 9: Variance of MCE for a proposed TCT, ISM, CM and MDA
method

4 Conclusion

The least array current values of CM, ISM, MDA, TCT
are 6.9Im,7.2Im,7.2Im, and 7.2Im respectively the GP of
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TCT,MDA,ISM and CM as 4198W,
5132W,5132W,5132W  respectively.  The  power
enhancement for LN is 18.2% for ISM. For LW , the
proposed ISM is14.3% and CM is about 18.17%. For SW
the proposed CM has the power enhancement value is
about 21.73% is greater.Comparing the least array current
values and GP values it is found that ISM and MDA are
equally efficient and in turn more efficient than TCT and
CM, and TCT and CM are equally efficient under long
narrow condition. Further Monte Carlo analysis shows
that the proposed ISM and CM techniques improves PV
power under various solar irradiances.
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