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ABSTRACT Solar Photovoltaic array may often be subjected to partial shading, which may lead to uneven
row current and creates local maximum power point on the power-voltage characteristics. One of the
effective approaches to dilute the concentration of partial shading is the array reconfiguration technique. This
study proposes a ken-ken puzzle-based reconfiguration technique for 4 x 4 total-cross-tied configuration to
rearrange the position of modules within the array and to improve the maximum power under partial shading
conditions. Further, the performance of the ken-ken puzzle arrangement is compared with the total-cross-tied
configuration and existing reconfiguration techniques namely odd-even, Latin Square, and Sudoku reported
in the literature. The performance of all these configurations is evaluated in terms of fill factor, mismatch
loss, power loss, execution ratio, and performance enhancement ratio. The proposed ken-ken puzzle-based
reconfiguration technique mitigates the occurrence of local maximum power point and eliminates the need
for a complex algorithm to track the global maximum power point. The simulation result shows that the
KK puzzle-based reconfiguration technique has obtained an improved PE of 10.85 % compared to TCT
configuration, followed by LS, Sudoku, and OE. Also, the experimental result shows the effectiveness of the
ken-ken in diluting the effects of partial shading when the rows of the photovoltaic array are shaded. The ken-
ken puzzle-based reconfiguration technique reduces the complexity, maintenance and increases reliability,
scalability of the PV array.

INDEX TERMS Shade dispersion, ken-ken puzzle pattern, global maximum power point, local maximum
power point, and performance enhancement ratio.

I. INTRODUCTION
The partial shading can occur in a photovoltaic (PV) mod-
ule due to shading of nearby buildings, clouds, dust, and
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dirt, etc. The shaded modules consume power from the
non-shaded modules and dissipate energy in the form of
heat. Therefore, the bypass diodes are connected across the
modules [1]-[3]. However, this introduces local maximum
power point (LMPP) in power-voltage (P-V) characteris-
tics, which misleads the maximum power point tracking
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controller in tracking the global maximum power point
(GMPP) [4]-[7].

One of the approaches used to dilute the concentration
of partial shading on the PV array is the reconfiguration
technique. The reconfiguration technique aims to distribute
the effects of partial shading uniformly throughout the array
to obtain the uniform row current. Hence, the maximum
power point of the shaded and unshaded modules can be
utilized. Since the effectiveness of the reconfiguration tech-
nique depends on the type and position of the partial shading.
Hence, it is crucial to find out the favorable configura-
tion to improve the GMPP under partial shading conditions
(PSCs) [8], [9].

The author of [10] has conducted a comprehensive analy-
sis of series, parallel, series-parallel, total-cross-tied (TCT),
bridge link, and honeycomb configurations to find out the
favorable configuration under the PSCs. This study indicates
that TCT configuration has obtained superior performance
under most of the PSCs. The author of [11] has conducted
a comprehensive analysis of series, parallel, series-parallel,
TCT, bridge link, and honeycomb configuration under PSCs.
This study result shows that the TCT configuration is favor-
able for the symmetrical array and honeycomb configuration
for the unsymmetrical array.

According to the previous research, the TCT configuration
is a favorable configuration to improve the GMPP under the
PSCs [12]. A major concern with the TCT configuration,
if the modules connected in a row are shaded, results in
the reduction of output current. Hence, it is vital to disperse
the shade uniformly throughout the array to minimize the
mismatch losses (ML).

The reconfiguration scheme can be categorized as
(i) dynamic configuration and (ii) static configuration. In a
dynamic reconfiguration scheme, the physical position of
the modules is rearranged dynamically to improve the out-
put power using switches, sensors, and controllers. The
dynamic reconfiguration can be implemented by (i) electri-
cal array reconfiguration, the modules are rearranged based
on the incident irradiation and shading pattern. The recon-
figuration algorithms are used to rearrange the position of
the modules [13], [14]. (ii) Irradiation equivalence tech-
nique, in which the position of the modules are altered
by employing complex switches and sensors to obtain the
uniform row currents. The relocation of modules is based
on the type of shading pattern, it eliminates the need for
bypass diode. However, finding the appropriate configu-
ration is difficult [15]. (iii)) The adaptive reconfiguration
technique consists of a fixed bank and an adaptive bank.
The modules in the fixed bank are connected in TCT con-
figuration and remain static, whereas the adaptive bank is
reconfigurable by employing a switching matrix to obtain
uniform row current [16]-[18]. The dynamic configura-
tion requires algorithms, switching matrix, and sensors that
increase the complexity in the case of a large-scale PV sys-
tem and economically not feasible for the small-scale PV
system.
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A static configuration utilizes a pre-defined one-time
reconfiguration scheme, in which the physical position of
the module is rearranged without altering the electrical con-
nections. Thus, the effects of partial shading are dispersed
throughout the PV array. Therefore, the static interconnection
scheme eliminates the need for complex algorithms, switch-
ing matrix, sensors, and auxiliary circuits. Sudoku [19], opti-
mal Sudoku [20], Futoshiki [21], and magic square [22] pro-
posed puzzle arrangements to disperse the effects of partial
shading. One common drawback persists in these techniques;
they cannot be extended to array size other than the proposed
configurations. To resolve this issue zig-zag method [23],
adjacent shift [24] and dominance square technique [25]
involves both row and column-based displacement of mod-
ules. However, it increases the complexity of interconnec-
tions. The author of [26] proposed a column index technique,
which is suitable for the symmetrical and asymmetrical PV
array. This method involves a high computational burden to
form the shade dispersion matrix.

The author of [27] proposed an odd-even (OE) puzzle
arrangement for 4 x 4 TCT configuration to disperse the
effects of partial shading throughout the array without alter-
ing the electrical connection. The OE puzzle pattern used in
this study has altered the position of the modules by row
and column-wise. The author has verified the performance
of the OE puzzle arrangements in terms of maximum power,
compared to the TCT configuration. The result shows that the
OE puzzle arrangement has enhanced the output power and
reduced the LMPP.

The author of [28] proposed a Latin square (LS) puzzle
arrangement for a 4 x 4 TCT array to disperse the effects
of partial shading throughout the array without altering the
electrical connections. The author has evaluated the perfor-
mance of the LS puzzle arrangement in terms of GMPP,
power loss (PL), and fill factor (FF). The result shows that
the LS puzzle arrangements have improved the GMPP and
FF with minimum PL compared to the TCT for most of the
PSCs.

The author of [29] proposed a two-step reconfiguration
technique with a reduced number of switches compared to
existing methods. The author has compared the performance
of the Sudoku puzzle arrangement with the TCT configura-
tion. The study result shows that the Sudoku puzzle pattern
has performed superior under most of the PSCs.

Based on the observation from the papers [27]-[29], a few
short-comings are observed: In [27], if any row or column
is shaded, the modules are rearranged in two rows, thus
the shade is not uniformly dispersed throughout the array.
Further, the row and column-based module displacement
increase the complexity of interconnection. In [28], the mod-
ules in the first column of the PV array (11, 21, 31, and 41)
have remained unaltered. If the shadow falls on the 1st col-
umn of the array it will remain unaltered. Also, the modules
connected in the 1st row of the PV array (11, 12, 13, and 14)
are connected in the diagonal. If the shade occurs on the diag-
onal, after reconfiguration the shaded modules are displaced

65825



IEEE Access

M. Palpandian et al.: New Ken-Ken Puzzle Pattern Based Reconfiguration Technique for Maximum Power Extraction

in the Ist-row results in the reduction of the output current.
In [29], the complex algorithm and matrix switches are used
to rearrange the position of the modules within the array,
which increases the cost and complexity of the system. Also,
the row and column-based module displacement increase
the complexity of interconnection. Hence, it increases the
wire length and complexity of the system and causes
additional PL.

From the literature, it is evident that the one-time
reconfiguration technique is superior to the electric array
reconfiguration. However, the complexity of the one-time
reconfiguration technique should be reduced. On this note,
this study proposes a ken-ken (KK) puzzle-based reconfig-
uration technique that suitably mitigates the computational
burden, complexity and increases flexibility. The KK puzzle
arrangement can effectively rearrange the position of the
modules within the TCT array, to dilute the effects of partial
shading without altering the electrical connection. Further,
the performance of the KK configuration is compared with
TCT and OE [27], LS [28], and Sudoku [29] puzzle arrange-
ment (Fig.1). The performance of the proposed and exist-
ing reconfiguration techniques are evaluated in terms of FF,
ML, PL, execution ratio (ER), and performance enhancement
ratio (PE).

1113|3133 114213324 1112213344
42122 (44|24 21112(43]34 213214314
1213214 | 34 3112213 | 44 1212334 | 41

412114323 4113212314 31142113 |24
(a) (b) (c)
FIGURE 1. Puzzle pattern: (a) OE (b) LS (c) Sudoku.

The organization of the study is described as follows;
In Section II, mathematical modeling of PV array is dis-
cussed. Section II. A describes the TCT configuration.
In Section III.A, the Formation of the KK puzzle and pat-
tern arrangement is discussed. In Section III.B, the Physical
rearrangement of modules based on the KK puzzle patterns
discussed. Section III.C describes the various shading pattern
considered for simulation. Section ITII.D describes the perfor-
mance parameter to analyze the performance of the PV array.
Theoretical validation and simulation results are analyzed in
Section IV. Section IV. A describes the comparison between
various PV reconfiguration techniques. Section V describes
the experimental verification along with a conclusion in
Section V.

Il. MATHEMATICAL MODELING OF PV ARRAY

In this study, the single diode PV model is used because of
its simplicity [30]. The single diode PV model is simulated
in MATLAB Simulink environment for analyzing the per-
formance of the PV array configuration. Fig.2. shows the
equivalent circuit of the single diode PV cell. It consists of

65826

Iph 1)

FIGURE 2. Single diode PV cell.

a current source, diode connected in anti-parallel with series
(R) and parallel (R;,) resistance.

By applying Kirchhoff’s current law, the current generated
by the PV cell is given as

I=1I,,—1Ip—1Ig (1

where I, is the photo-current generated by the incident irra-
diation, Ip represents the non-linearity of the diode, Iy, is the
current flowing through the shunt resistor.

The current generated by the PV cell is given as [31]

q (V +IRy) V + IR
I=1Ip,—1 —_— | -1 — (2
pn— 1o [eXp < pr R @

where I, is the saturation current of the diode, a is the ideality
constant, q is the electron charge (1.602 x 1071 C), k is the
Boltzmann constant (1.3806503 x 10723 J/K) and T is the
cell temperature.

The PV module consists of series-connected cells (Nge) to
form a module. The current flowing through the module is
given as

q Vin + Rslm)
]m = Iph — Np]() |:exp (]VWT —1
_ Vm + RSII’MNSE

3
NseRsh

where I, is the module current and Vi, is the module voltage
(V) with Nge.

N
—
N‘F NI‘ R"
A"
— +
I
Nolw | T T T
N,
CD N&» N: R-‘“' ¥V

rey s |

FIGURE 3. Equivalent circuit of PV array.

The PV modules consist of series-connected modules (Ny)
and parallel-connected modules (Np) to form a PV array as
shown in Fig.3. The PV array current (I;) in terms of array
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TABLE 1. Specifications of the PV module at STC.

Electrical characteristics Ratings
Maximum Power (P.x) 200W
Open circuit voltage (V) 329V
The voltage at maximum power (V) 26.3V
Short circuit current (1) 8.21A
Current at maximum power (L) 7.61A
Number of cells connected in series (N;) 54
voltage (V,) is given as
g (v R, —)
I, = N,,Iph — Npl, | exp W -1
Va+ Rl 32
p T
Np " sh

The commercially available PV module Kyocera
KC200GTis considered for the validation of simulation
results in the MATLAB/Simulink environment. Table. 1 rep-
resents the specification of the PV module at standard test
conditions (STC) at 1000W/m? and 25°C.

et @%m*}
123 +

V_21 ﬁ V_22 ﬁ V23 23ﬁ V24 24ﬁ

33 34

?@@%@mﬁ

143 144

142
V41 #ﬁ V42 V43ﬁ V-:tMﬁ

+ 31 +
V31 V32

)

FIGURE 4. TCT PV array configuration.

A. TOTAL-CROSS-TIEDPV ARRAY CONFIGURATION

In TCT configuration, the PV modules are connected in par-
allel to make ties and then all the ties are connected in series to
form a string. Fig. 4. shows the 4 x4 PV configuration consist-
ing of 16 modules consisting of four rows and four columns.
In each string, four modules are connected in parallel to form
a row and each row are connected in series to form an array.
The array current is the sum of current flowing the modules
connected in parallel in a row [32]. During uniform irradia-
tion conditions, the row current of the PV array is found to
be equal. However, during the PSCs, the row current of the
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PV array differs. Therefore, it is essential to calculate the row
current to understand the severity of shade occurrences. The
calculation of row current is used to determine the GMPP.
The current is generated in the PV module at an irradiance

condition.
G
I = I ©)
(GSTC ) "

By Kirchhoff’scurrent law, the current generated by each
row can be expressed as [33]

4
Iarray = . (Iij
j=1

The array voltage can be is equal to the sum of the voltage
across each row. By Kirchhoff’svoltage law, the voltage of
the PV array is calculated as

—I(i+1)j)=0 i=1,2,3,4 (6)

4
Varray = Z Vi )

i=1

The output power developed by the array can be expressed
as

Parmy = (Varray) (Iarray) =16Vuly 3)

where G is the incident irradiation, Gstc irradiation at STC,
i is the number of a row of the array, and jis the number of
columns of the array.

lll. METHODOLOGY

A. FORMATION OFKEN-KEN PUZZLE AND PATTERN
ARRANGEMENT

KK s alogic puzzle that belongs to the family of Sudoku. The
KK puzzle has an m x n grid, in which the grid is separated
into individual cages or groups of cages belong to different
rows and columns. The size of the grid determines the logic
number used in the puzzle. For the 4 x 4 grid, the numbers
from 1 to 4 should be filled in the cage by an arithmetic
operation such as addition, subtraction, multiplication, and
division. Each cage is assigned with a digit and arithmetic
operation. If the cage consists of only one square, the digit
itself should be placed in the square. Each number should not
repeat in a row or column. Fig. 5(a) shows the 4 x 4 puzzle
considered for this study. The rules for solving the puzzle are
as follows.

(i) In the second-row second column, the cage consists of
digit 2 is assigned to one square, so this square is assigned
with number 2.

(i1) In the third-row third column, the cage is assigned
with digit 6 with an addition operation, since digit 2 already
exists in the column so that column is filled with number 1,
3 and the remaining square is filled with number 2 as shown
in Fig. 5(b).

(iii) In the first-row first column the cage consists of digit
48 with multiplication operator, the first column is filled with
number 4, and the remaining square is filled with 1 and 3 as
shown in Fig. 5(c).
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48 x : 10+ 10+ 48 x : 10+ 10+
| |
Y ) N /Y i R
R D 21 1
6+ 6+
I U I IS S I I I
| 30 2
(a) (b)
48 x | 10+ 10 48 % | 10+ 10+
a1 1 [ " o 4. 1 |73 | T2
2+ T w | T
2 3 1 | 23 | 4 [__1_
6+ 6+
14 1 | __ 1| 4 T I
30 2 3 2 1 4
(c) (d)

FIGURE 5. Formation of 4 x 4 KK puzzle (a). Arithmetic operation (b). Filling of the block with addition operation (2 and
6) (). Filling of the block with multiplication operator 48 (d). Filling the two blocks with an arithmetic operation (10).

(iv) Similarly, the third and fourth column is filled by
using the arithmetic operation as shown in Fig. 5. (d). Fig. 6.
(a) shows obtained 4 x 4 KK puzzle and Fig. 6. (b) shows
the pattern arrangement for the puzzle considered for further
analysis.

4(1]3]2 41(12|33(24

2(3]4f1 21(32|43(14

11423 11]42)23]| 34

3214 312213 |44
(@) (b)

FIGURE 6. (a). KK puzzle and (b). KK puzzle arrangement.

B. PHYSICAL REARRANGEMENT OF MODULES BASED ON
KEN-KEN PUZZLE PATTERN

The puzzle arrangement of the KK configurations is rep-
resented in Fig. 6(b). In the puzzle pattern, the first digit
represents the position of the module and the second digit
refers to a column number. Fig. 7(a) shows the position of
the modules in the TCT configuration and the rearrangement
of TCT configuration based on the KK puzzle pattern without
altering the electrical connection is shown in Fig. 7 (b).

C. DESCRIPTION OF PARTIAL SHADING CONDITION

To validate the performance of the proposed and existing
reconfiguration techniques, four types of shading patterns
namely short narrow (SN), long narrow (LN), short wide
(SW), and long wide (LW) are considered in this study. This
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FIGURE 7. Physical location (a). TCT array and (b). KK array.

type of shading pattern is applied on 4 x 4KK and existing
puzzle arrangements and its effect of shade dispersion on the
P-V characteristics of the PV array is analyzed.

1) SHORT NARROW CONDITION

In SN condition, the PV array is subjected to three dif-
ferent irradiation levels such as 200 W/mz, 600 W/m? for
shaded modules, and 1000 W/m? for unshaded modules.
Fig. 8 (a) represents the SN shading pattern on TCT con-
figuration, the shading pattern and shade dispersion on KK
arrangement is represented in Fig. 8 (b-c). Similarly, this
type of shading pattern and shade dispersion is applied to the
existing PV puzzle pattern.

2) LONG NARROW CONDITION

IIn LN condition, the PV array is subjected to four different
irradiation levels as 400 W/m?, 700 W/m?, 900 W/m? for
shaded modules, and 1000 W/m? for unshaded modules.
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112 13 14 41 12 33 24 n 12 13 14
21 22 23 24 21 32 43 14 210 2 23 4
31 32 33 34 11 42 23 34 31 32 33 34
41 42 43 44 31 2 13 44 41 42 43 44
(a) (b) (¢)
200 W/m? 600 W/m? 1000 W/m?

FIGURE 8. Shading pattern for SN: (a). TCT arrangement (b-c).
KK arrangement and shade dispersion.

11| 12| 13| 14 41| 12| 33| 24 11| 12| 13| 14
21| 22| 23| 24 21| 32| 43| 14 21| 22| 23| 24
31| 32| 33| 34 11| 42| 23| 34 31| 32| 33| 34
41| 42| 43| 44 31| 22| 13| 44 41| 42| 43| 44

(a) (b) (©)
D 400 W/m? D 700 W/m? D 900 W/m? |:| 1000 W/m?

FIGURE 9. Shading pattern for LN: (a). TCT arrangement (b-c).
KK arrangement and shade dispersion.

Fig. 9 (a) represents the LN shading pattern on TCT con-
figuration, the shading pattern and shade dispersion on KK
arrangement is represented in Fig. 9 (b-c). In LN, the more
number rows are shaded compared to SN.

3) SHORT WIDE CONDITION

In SW condition, the PV array is subjected to four different
irradiation levels such as 400 W/m?, 600 W/m?, 700 W/m?
for shaded modules, and 1000 W/m? for unshaded modules.
Fig. 10 (a) represents the SW shading pattern on TCT con-
figuration, the shading pattern and shade dispersion on KK
arrangement is represented in Fig. 10 (b-c). In SW, the impact
of partial shading on the PV array is high compared to SN and
LN, which results in a high reduction in output power.

11| 12| 13| 14 41| 12| 33| 24 11| 12| 13| 14
21| 22| 23| 24 21| 32| 43| 14 21| 22] 23| 24
31| 32| 33| 34 11| 42| 23| 34 31| 32| 33| 34
41| 42| 43| 44 31| 22| 13| 44 41| 42| 43| 44

(a) (b) (¢)

L sowm? ] eoowsme| | oo wim? | 1000 wim?

FIGURE 10. Shading pattern for SW: (a). TCT arrangement (b-c).
KK arrangement and shade dispersion.

4) LONG WIDE CONDITION

In LW condition, the PV array is subjected to four different
irradiation levels as 400 W/m?, 500 W/m?, 700 W/m? for
shaded modules, and 1000 W/m? for unshaded modules.
Fig. 11 (a) represents the LW shading pattern on TCT con-
figuration, the shading pattern and shade dispersion on KK
arrangement is represented in Fig. 11 (b-c). The impact of
shading on the PV array is high compared to other shading
patterns.
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11| 12| 13| 14 41| 12| 33| 24 11| 12| 13| 14
21| 22| 23| 24 21| 32| 43| 14| | 21| 22 23| 24
31| 32| 33| 34 11| 42| 23| 34| | 31| 32| 33| 34
41| 42| 43| 44 31| 22| 13| 44| | 41| 42| 43| 44

(a) (b)

(¢)
2 2 2 2
D 400 W/m D 500 W/m D 700 W/m' D 1000 W/m

FIGURE 11. Shading pattern for LW: (a). TCT arrangement (b-c).
KK arrangement and shade dispersion.

D. PERFORMANCE PARAMETER UNDER PARTIAL
SHADING CONDITIONS

The performance parameters are a clear indication of analyz-
ing the performance of PV configuration under PSCs. The
performance of the PV configurations is evaluated in terms
of FF, ML, PL, ER, and PE. The performance parameters are
elaborated in the subsequent subsections.

1) FILL FACTOR

Fill factor is the ratio GMPP at PSC to the product of
open-circuit voltage(Vo.) and short circuit current (Ig)
at STC.

VmppImpp (at PSC) 9)
Vaclse

Fill factor =

2) MISMATCH LOSS
The partial shading leads to the GMPP and LMPP on the P-V
characteristics

Mismatch loss = Maximum power at STC
—Maximum power at the shaded condition
(10)

3) POWER LOSS
Power loss is the ratio of the difference between maximum
power at STC and PSC to the maximum power at STC.

Power loss

maximum power (STC) -maximum power (PSC) 100
= X
maximum power (STC)
(11)

4) EXECUTION RATIO (%)
The execution ratio is the ratio of GMPP at the PSC and
GMPP at STC. The execution ratio is defined as:

Vmpp X Impp(at PSC)

Execution Ratio = x 100  (12)

mpp X Impp (at STC)

5) PERFORMANCE ENHANCEMENT RATIO COMPARED TO
TCT (%)
Performance enhancement is defined as the ratio of the dif-
ference in power between GMPP at STC and PSCs.
Performance enhancement ratio
_ Pgupp (OE, KK) — Pgypp (TCT)
- Peupp (OE, KK)

(13)
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IV. RESULTS AND DISCUSSION

In this study, the KK puzzle pattern-based reconfiguration
technique is proposed for the 4 x 4 PV array to improve
the GMPP under the PSCs. The performance of the KK
reconfiguration is tested for SN, LN, SW, and LW PSCs.
For each PSC, the row currents are theoretically calculated
to locate the GMPP. To validate the effectiveness of the KK
reconfiguration technique, its performance is compared with
existing reconfiguration techniques like OE, LS, Sudoku, and
TCT configuration in terms of FF, ML, PL, ER, and PE.

A. SHORT NARROW CONDITION

The location of GMPPsare identified by calculating the cur-
rent produced by each row of the PV array. The location of
GMPP indicates the number of rows bypassed from the array
to extract the maximum power. In the SN case, the shaded
modules receive irradiation of 200 W/m2, 600 W/m? and
1000 W/m? for unshaded modules as shown in Fig. 8. In this
study, theoretical GMPPsarecalculated for TCT, OE, LS,
Sudoku, and KK.

1) ROW CURRENT CALCULATION FOR TCT CONFIGURATION
The row current for the 1% row of TCT configuration can be
calculated as,

I =|2x 200 XLy )+ (2 x 1000 x I
rowl = 1000/ = 1000) =™
=241, (14)

The row current for the 2™ row of TCT configuration can
be calculated as,

I =(2X% 600 x I + (2% 1000 x I
row2 = 1000 m 1000 m
=3.21, (15)

The row current for the 3" and 4™ row of TCT configura-
tion can be calculated as,

1000
Irows = Irowa = <4X <m> X Im> =4I, (16)

2) ROW CURRENT CALCULATION FOR OE CONFIGURATION
The row current for the 1% row of OE configuration can be
calculated as,

I =|2x 200 XLy )+ (2 x 1000 x I
rowl = 1000/ = 1000) =™
= 2.4I, (17)

The row current for the 2" row of OE configuration can be
calculated as,

I = 600 x I + (3% 1000 x I
rov2 =\ \ 1000 m 1000 m
=361, (18)

The row current for the 3" row of OE configuration can be
calculated as,

1000
Ir()w3 = (4 X (m) X Im> = 41m (19)
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The row current for the 4™ row of OE configuration can be
calculated as,

I = 600 x 1 + (3% 1000 x I
rovd =\ \ 1000 m 1000 m

= 3.6I,, (20)

3) ROW CURRENT CALCULATION FOR LS CONFIGURATION
The row current for the 1% row of LS configuration can be
calculated as,

1 = 200 x L, | + 600 x I,
vl =\ \ 1000 " 1000 "

1000
2 — I, ) =32l 21
+< X <1000> X m) m (21)

The row current for the 2" row of LS configuration can be
calculated as,

I = 600 x I + (3% 1000 x I
rov2 =\ \ 1000 m 1000 m
=3.61, (22)

The row current for the 3™ row of LS configuration can be
calculated as,

1000
Liow3 = <4 S (m) S Im) =4l (23)

The row current for the 4™ row of LS configuration can be
calculated as,

I = 200 x I + (3% 1000 x I
rovd =\ \ 1000 m 1000 m

=3.21, (24)

4) ROW CURRENT CALCULATION FOR SUDOKU
CONFIGURATION

The row current for the 1% row of Sudoku configuration can
be calculated as,

1 = 200 x I + (3% 1000 x I
rovl = \\ 1000 m 1000 m
=3.21, (25)

The row current for the 2"4 row of Sudoku configuration
can be calculated as,

o= ((ion) 1) * (o) )
1000 1000
+ (2 x <@> x Im) =281, (26)
1000

The row current for the 3" row of Sudoku configuration
can be calculated as,

1 = 600 x 1 + (3% 1000 x I
rowd =\ \ 1000 m 1000 m
—3.61, 27)

The row current for the 4™ row of Sudoku configuration
can be calculated as,

1000
Imw4=<4x <m) X1m>=41m (28)
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TABLE 2. Location of GMPPs in TCT, OE, LS, Sudoku, and KK configuration for PSCs.

TCT OE [27] LS [28] Sudoku [29 KK
L I R R R R
—~ Ny ab ~ Ny ab ~ Ny Ak ~ Ny At ~ Ny Ak
In 24| 4| 96 |In| 24 | 4 | 96 [l |28 4 fygp |2 )28 4 fqpp | In |32 | 4 | 128
I, | 32 3 9.6 Ir, 3.6 3 108 | Ird | 3.2 3 9.6 Irl | 32 3 9.6 I, | 32 4 12.8
% Ir; 4 2 8 Ir, 3.6 3 108 | Ir2 | 3.6 2 72 I3 | 3.6 2 7.2 I, | 36 2 72
Iy | 4 2 8 Irs 4 1 4 I3 | 4 1 4 Ird | 4 1 4 Is | 36 2 72
I | 28 4 112 I 25 4 10 Irl | 3.1 4 124 | Ir2 | 2.5 4 10 I | 31 4 12.4
I | 31 2 93 Iy 33 3 9.9 Ir2 | 3.1 4 124 | Irl | 3.1 3 9.3 I, | 31 4 12.4
E Irs | 34 2 6.8 Ir, 3.6 2 72 Ird | 33 2 6.6 | Ir3 | 3.6 2 7.2 I, | 33 2 9.9
Iry | 38 1 3.8 Irs 3.7 1 37 Ir3 | 3.6 1 36 | Ird | 39 1 39 | Is | 36 1 3.6
Iy 2 4 8 Iy 22 4 38 Irl | 25 4 10 Ir2 | 25 4 10 I | 27 4 10.8
Ir, 2 4 8 Ir; 2.6 3 7.8 Ir2 | 2.7 3 8.1 Irl | 2.7 3 8.1 I, | 27 4 10.8
E Ir; | 238 2 5.6 Ir, 3 2 6 Ir4 | 2.7 3 8.1 I3 | 2.7 3 8.1 Ir; | 27 4 10.8
Iry 4 1 4 Iry 3 2 6 Ir3 | 2.9 1 29 [ Ird | 29 1 2.9 Iy | 27 4 10.8
I | 25 4 10 I 1.9 4 7.6 Ir, | 25 4 10 Ir2 | 22 4 88 | I3 | 25 4 10
I, | 25 4 10 Iry 23 3 3.1 Ir, | 2.5 4 10 I3 | 23 3 6.9 Iy, | 25 4 10
E Is | 25 4 10 Ir, 2.9 2 5.8 Ir; | 2.6 2 52 | Irl | 25 2 50 | I | 26 2 52
Ity | 27 1 2.7 Ir; 3.1 1 6.9 Ity | 2.6 2 5.2 Ir4 | 32 1 32 I, | 26 2 52

5) ROW CURRENT CALCULATION FOR KK CONFIGURATION
The row current for the 1% and 4™ row of KK configuration
can be calculated as,

Irow1 = Irowa

=(1x 200 x 1 + (3% 1000 x 1
- 1000 " 1000 "
= 3.21,, (29)

2nd 3rd

The row current for the and 3" row of KK configuration

can be calculated as,

Irow2 = IrowS

=[1xXx 600 x 1 + (3% 1000 x I
- 1000 " 1000 "

= 3.6I,, (30)

The theoretically calculated current, voltage, and power for
each row of TCT, OE, LS, Sudoku, and KK configuration for
SN condition are tabulated in Table 2. From Table. 2, it is
observed that the KK configuration has produced a GMPP
of 12.8 VuIin. The LS, Sudoku, OE, and TCT configuration
follows the GMPP by 11.2 VI, 11.2 VI, 10.8 Vi Iy,
and 9.6 Vyl, respectively. Further, the bypass diodes are
provided to provide an alternate path for the flow of the
current of the shaded modules.
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In the existing reconfiguration techniques, two shades are
dispersed on the same row even after reconfiguration. How-
ever, in the KK configuration, the effects of partial shad-
ings are effectively dispersed throughout the array, which
results in improved GMPP.Table.2 indicates the occurrence
of LMPPon the P-V characteristics of TCT, OE, LS, Sudoku,
and KK configuration. The KK reconfiguration technique has
obtained only 2 LMPP on the P-V characteristics.

From the P-V characteristics (Fig.12), it is noticed that
the TCT, OE, LS and Sudoku, and KK have obtained the
GMPP of 2165 W, 2187 W, 2453 W, 2454 W, and 2653W
respectively. From the Table. 3, it is understood that the KK
has attained the maximum GMPP of 2653 W with FF, ML,
PL, ER, and PE of 61.37 %, 547 W, 17.11 %, 82.89 %, and
18.37 % respectively.

B. LONG NARROW CONDITION

The theoretically calculated current, voltage, and power of
each row of TCT, OE, LS, Sudoku, and KK configurations
for LN conditions are tabulated in Table 2. From Table 2,
it is observed that the KK and LS configuration has pro-
duced a GMPP of 12.4 V. The TCT, OE, and Sudoku
configuration follow the GMPP by 11.2 V311 10 VI, and
10 VI, respectively. From Table 2, it is clear that the KK
and LS configuration has effectively dispersed the effects
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TABLE 3. Simulation result for PSCs.

Shading | Configuration | Vv, P, FF | ML | PL | ER PE | | vipp Best
pattern (A) V) (W) (%) (W) (%) (%) (%) Configuration
TCT 19.26 | 112.44 | 2165 | 50.10 | 1035 | 32.34 | 67.66 | NA 2
OE 2791 | 7838 | 2187 | 50.61 | 1013 | 31.65 | 6835 | 1.01 3
SN LS 2251 | 10898 | 2453 | 56.76 | 747 | 23.34 | 76.66 | 11.73 4 KK
Sudoku 2246 | 109.29 | 2454 | 56.79 | 746 | 23.30 | 76.70 | 11.78 4
KK 25.09 | 105.71 | 2653 | 6137 | 547 | 17.11 | 82.89 | 18.37 2
TCT 22.11 | 109.73 | 2426 | 56.12 | 774 | 24.20 | 75.80 | NA 4
OE 20.14 | 110.72 | 2229 | 51.58 | 971 | 30.33 | 69.67 | -8.81 4
LN LS 2421 | 10571 | 2559 | 59.21 | 641 | 20.03 | 79.97 | 5.21 3 LS /KK
Sudoku 20.11 | 110.67 | 2226 | 51.50 | 974 | 30.44 | 69.56 | -8.97 4
KK 2423 | 105.62 | 2559 | 59.21 | 641 | 20.03 | 79.97 | 5.21 3
TCT 1575 | 108.96 | 1716 | 39.71 | 1484 | 4637 | 53.63 | Na 3
OE 17.51 | 109.92 | 1925 | 44.53 | 1275 | 39.85 | 60.15 | [0 .84 3
SW LS 19.71 | 10638 | 2097 | 48.52 | 1103 | 3447 | 6553 | 13.16 3 KK
Sudoku 19.71 | 106.38 | 2097 | 48.52 | 1103 | 34.47 | 65.53 | 13.16 3
KK 2041 | 104.84 | 2140 | 49.51 | 1060 | 33.13 | 66.88 | 193] 1
TCT 19.43 | 103.48 | 2011 | 46.52 | 1189 | 37.17 | 62.83 | NA 2
OE 1527 | 109.87 | 1678 | 38.82 | 1522 | 47.56 | 52.44 | -19.83 4
Lw LS 19.10 | 10524 | 2011 | 46.52 | 1189 | 37.17 | 62.83 | 0.01 2 TCT/LS/ KK
Sudoku 17.52 | 106.58 | 1867 | 43.20 | 1333 | 41.65 | 58.35 | -7.69 4
KK 19.40 | 103.66 | 2011 | 46.53 | 1189 | 37.16 | 62.84 | 0.01 2
300 ——————— 300 ——————
— TCT —TCT
— OE — OE
2400 | s | 24001 Ls 1
g —Slzli()ku § _illtioku
< 1800 ' Z 180¢ -
2 )
6007 y 600 ]
0 \ \ \ \
0 30 60 90 120 150 0 ' ' ! ’
Voltage (V) 0 30 60 90 120 150
Voltage (V)

FIGURE 12. P-V characteristics for SN condition.

of partial shading than the TCT, OE, and Sudoku config-
uration. Also, Table.2 indicates the occurrence of LMPPs
on the P-V characteristics. The KK and LS configuration
has obtained 3 LMPPs, whereas the 4 LMPPs have been
obtained by the TCT, OE, and Sudoku configuration on the
P-V characteristics.

65832

FIGURE 13. P-V characteristics for LN condition.

From the P-V characteristics (Fig.13), it is noticed that the
TCT, OE, LS, Sudoku, and KK configuration has obtained
GMPP of 2426 W, 2229 W, 2559 W, 2226 W, and 2559 W
respectively. From the Table. 3, it is understood that the
KK and LS configuration has attained the maximum GMPP
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of 2559 W with FF, ML, PL, ER, and PE of 59.21 %, 641 W,
20.03 %, 79.97 %, and 5.27 %.

C. SHORT WIDE CONDITION

The theoretically calculated current, voltage, and power of
each row of TCT, OE, LS, Sudoku, and KK configuration for
SW conditions are tabulated in Table 2. From Table 2, it is
observed that the KK configuration has produced a GMPP
of 10.8 VuI. The LS, Sudoku, OE, and TCT configuration
follows the GMPP by 10 VI, 10 Vipln, 8.8 Viln, and
8 Vmln. From Fig. 10, it is clear that the KK configura-
tion has dispersed effectively than the other configurations.
In addition, Table.2 indicates the occurrence of LMPP on
the P-V characteristics of TCT, OE, LS, Sudoku, and KK
configurations. The KK configuration has obtained a single
GMPP on the P-V characteristics.

3000 ‘
—TCT
-—OE
2400 LS
=——Sudoku
~ — KK
Elsoo —
S
2
21200
=N
600 |
0

0 30 60 90 120 150

Voltage (V)

FIGURE 14. P-V characteristics for SW condition.

From the P-V characteristics (Fig.14), it is noticed that the
TCT, OE, LS, Sudoku, and KK configuration has obtained
GMPP of 1716 W, 1925 W, 2097 W, 2097 W, and 2140 W
respectively. From the Table. 3, it is understood that the KK
configuration has attained the maximum GMPP of 2140 W
with FF, ML, PL, ER, and PE of 49.51 %, 1060 W, 33.13 %,
66.88 %, and 19.81 % respectively.

D. LONG WIDE CONDITION

The theoretically calculated current, voltage, and power of
each row of TCT, OE, LS, Sudoku, and KK configuration
for LW conditions are tabulated in Table 2. From Table 2,
it is observed that the KK, LS, and TCT configurations have
obtained GMPP of 10 V,I,. The Sudoku and OE configura-
tion follow the GMPP by8.8 VI, and 7.6 VI, respectively.
In addition, Table. 2 indicates the occurrence of LMPP on the
P-V characteristics. The KK, LS, and TCT configuration has
obtained GMPP with 2 LMPPs on the P-V characteristics.
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FIGURE 15. P-V characteristics for LW condition.

From the P-V characteristics (Fig.15), it is noticed that the
TCT, OE, LS, Sudoku, and KK configuration has obtained
maximum power of 2011 W, 1678 W, 2011 W, 1867 W,
and 2011 W respectively. From the Table. 3, it is understood
that the KK, LS, and TCT configuration has attained the
maximum GMPP of 2011 W with FF, ML, PL, ER, and
PE of 46.53 %, 1189 W, 37.16 %, 62.84 %, and 0.10 %
respectively.

E. COMPARISON BETWEEN VARIOUSPV
RECONFIGURATION TECHNIQUES

The performance of the various reconfiguration techniques
is compared in terms of displacement of modules in puz-
zle pattern, LMPP, PL, and PE. The PV modules are dis-
placed on the column-wise in KK and LS, whereas row
and column-wise in OE and Sudoku puzzle arrangements.
The row and column-wise module displacement increases the
wire length and complexity of the interconnections. In the
SN condition, all the existing reconfiguration techniques have
dispersed the shade on the three rows of the array. However,
in the KK the shades are dispersed on the four rows of
the array. Therefore, KK has obtained improved PE and a
lesser number of LMPPs (Fig. 16) by dispersing the shade
effectively compared to other configurations. In the LN con-
dition, the shaded modules are dispersed effectively in the KK
and LS compared to OE and Sudoku. In the SW condition,
the KK configuration has obtained a single GMPP on the P-V
characteristics. In the LW condition, KK, LS, and TCT have
obtained improved PE with less LMPP compared to OE and
Sudoku.

Fig. 17 shows the percentage power loss produced by the
PV configuration under PSCs. The KK configuration has
the least power loss compared to other configurations. The
power loss is high in the SW and LW shading conditions,
due to the increase in the occurrence of shade on the rows
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FIGURE 16. The occurrence of LMPPs on-V characteristics.
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FIGURE 17. Percentage power loss for PSCs.

of the PV array. The KK puzzle arrangements are found to
superior followed by the LS in improving the GMPP under
the considered PSCs.

V. EXPERIMENTAL RESULTS
A detailed experimental study has been conducted using the
proposed ken-ken puzzle-based reconfiguration technique of
4 x 4 PV array as shown in Fig. 18. The electrical parameters
of the considered solar PV module are Power 10 W, V. =
2196 V, Iic =0.59 A, Viyp = 18.25 V, I;yp = 0.55 A. The
performance of the proposed and existing reconfiguration
techniques, tested on different PSCs like SN, LN, SW and
LW. The irradiation of the shaded modules are maintained as
per the Fig. 8 — 11. The irradiation of the unshaded modules
of SN, LN, SW, LW are 862 W/m?, 832 W/m?, 817 W/m? and
847 W/m? respectively. The experimental results of PSCs are
reported in Table. 4.

For the SN condition, KK has generated maximum power
of 99 W followed by the OE, LS, Sudoku and TCT by 83 W,
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FIGURE 18. Experimental verification of PV configurations.

TABLE 4. Experimental results.

Types of Different types of configurations
Shading | Tcr | OF | LS | Sudoku |
Pattern 27] 28] 29]
Generated Power (W)
SN 71 83 82 82 99
LN 77 72 97 73 97
SW 66 64 69 69 86
LW 80 56 80 59 80

82 W, 82 W and 71 W. The KK has enhanced the maximum
power by 28 % compared to TCT configuration. For the
LN condition, KK and LS has generated maximum power
of 97 W followed by TCT, Sudoku, OE by 77 W, 73 W
and 72 W respectively. The KK has enhanced the maximum
power by 20.61 % compared to TCT configuration. For the
SW condition, KK has generated maximum power of 86 W
followed by LS, Sudoku, TCT, OE by 69 W, 69 W, 66 W
and 64 W respectively. The KK has enhanced the maximum
power by 23.25 % compared to TCT configuration. For the
LW condition, KK, TCT and LS has generated maximum
power of 80 W followed by Sudoku and OE by 59 W
and 56 W.

Overall, comparative analysis of the reconfiguration meth-
ods are reported in Table 5. From the Table 5, it is observed
that the KK configuration has reduced the shading loss by
dispersing the occurrence of the shade uniformly throughout
the array and improves the power generation with reduced
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TABLE 5. Overall comparative analysis of the reconfiguration methods.

LS Sudoku

Parameter TCT OE [27] 28] [29] KK
Physical %
reconfiguration v v v v
Alter electrical % % % J %
connection
Shade Medium | Medium | Medium | Medium | High
dispersion
Size of PV xd | e | ad | ad | 4
array
Sensor X X X v X
Switching % % % J %
matrix
Redgce Medium | Medium | Medium Low High
shading loss
Increase
generated Medium | Medium | Medium Low High
power
Complexity Medium | Medium | Medium High Medium
Use intelligent % % % J %
algorithm
Time . . . . .
consuming High High High High Medium
Cost Low Low Low High Low
Wire length Medium High Medium High Medium
Maintenance Medium | Medium | Medium High Medium

complexity. The proposed KK configuration, relocates the
physical position of the modules within the array without
altering the electrical connection. Hence, it eliminates the
need of complex algorithm, switching circuit and sensors.
The KK and LS reconfiguration technique are found to be
simple and economical compared to other OE and Sudoku.

VI. CONCLUSION

In this study, a KK puzzle-based reconfiguration technique is
proposed for a 4 x 4 TCT array to improve the GMPP under
PSCs. The KK configuration relocates the position of the
module column-wise within the TCT array without altering
the electrical connections. The row current is derived for all
the configurations to locate the theoretical GMPP. The inves-
tigation is carried out in MATLAB/Simulink environment.
The performance of the KK configuration is compared with
the TCT and existing configurations like OE, LS, and Sudoku
configurations in terms of FF, ML, PL, ER, and PE. The
simulation result of the study are as follows:

« For SN condition, the KK configuration has obtained PE
of 18.37% followed by the Sudoku, LS, and OE config-
urations by 11.78 %, 11.73 %, and 1.01 % compared
toTCT configuration.

o For the LN condition, the KK and LS configurations
have PE of 5.21% followed by the OE and Sudoku
configurations by —8.81 % and —8.97 % compared to
TCT configuration.

o For SW condition, the KK configuration has a PE
of 19.81 % followed by the LS, Sudoku, OE config-
urations by 18.16 %, 18.16%, and 10.86 % compared to
TCT configuration.
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o For LW conditions, the KK, LS, and TCT configurations
have obtained the same output power and PE, followed
by the Sudoku and OE configurations by —7.69% and
—19.83 %.

o Opverall, the KK configuration has obtained an improved
PE of 10.85% followed by LS, Sudoku, and OE config-
urations by 8.78 %, 3.32 %, and —4.20 % compared to
the TCT configuration under-considered PSCs.

Based on the simulation results, it is observed that the pro-
posed KK puzzle arrangement can effectively disperse the
shade throughout the array to improve GMPP with less num-
ber of LMPPs on the P-V characteristics. The KK is found to
be an alternative for the existing puzzle-based reconfiguration
techniques like OE, LS, Sudoku, and TCT configuration.
The experimental verification shows the ability of the KK
in diluting the effects of partial shading under the PSCs.
The KK reconfiguration technique reduces the complexity,
maintenance and increases reliability, scalability of the PV
array. Therefore, the KK reconfiguration scheme economi-
cally viable for small scale and large scale, in which large
array can be divided into a number of the small array.
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