
Received December 29, 2021, accepted January 26, 2022, date of publication January 31, 2022, date of current version February 10, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3148065

A Novel Array Configuration Technique for
Improving the Power Output of the Partial
Shaded Photovoltaic System
SANTHAN KUMAR CHERUKURI 1, B. PRAVEEN KUMAR 2, (Member, IEEE),
KALYAN RAJ KANIGANTI3, S. MUTHUBALAJI4,
GHANTA DEVADASU4, THANIKANTI SUDHAKAR BABU 5, (Senior Member, IEEE),
AND HASSAN HAES ALHELOU 6,7, (Senior Member, IEEE)
1Department of EEE, Lords Institute of Engineering and Technology, Hyderabad, Telangana 500091, India
2Department of EEE, Vardhaman College of Engineering, Hyderabad, Telangana 501218, India
3Department of EEE, Gudlavalleru College of Engineering, Vijayawada, Gudlavalleru, Andhra Pradesh 521356, India
4Department of EEE, CMR College of Engineering & Technology, Hyderabad, Telangana 501401, India
5Department of Electrical and Electronics Engineering, Chaitanya Bharathi Institute of Technology, Hyderabad 500075, India
6School of Electrical and Electronic Engineering, University College Dublin (UCD), Dublin 4, D04 V1W8 Ireland
7Department of Electrical Power Engineering, Faculty of Mechanical and Electrical Engineering, Tishreen University, Lattakia 2230, Syria

Corresponding authors: Hassan Haes Alhelou (alhelou@ieee.org) and B. Praveen Kumar (praveenbala038@gmail.com)

ABSTRACT Power conversion efficiency is the most important factor to be considered in PV systems
because it is affected by various environmental conditions. The effect of partial shading is themost influenced
factor in the reduction of power output. Various research schemes like Maximum Power Point Tracking
(MPPT), array configuration scheme, reconfiguration, etc., work on the PV system to reduce the impact of
partial shading. This paper presents a new kind of array configuration scheme that forms the PV array based
on the moves of the Knight coin in the chess game. This arrangement creates the squared PV array of rows
with distinct PV modules which is capable of evenly dispersing the shading in the partially shaded PV array.
Also, this scheme is applicable for the non-squared PV arrays to create PV rows with the PV modules from a
distinct location or from the same rowwith optimized distance to disperse themaximum level of shading. The
proposedmethod has been discussed with the proper mathematical formulation with all necessary constraints
and also it been validated with the hardware arrangements and MATLAB/Simulink R© model.

INDEX TERMS Array configuration, maximum power point, partial shading (PS), photovoltaic system
(PV), screw pattern, series-parallel (Se-P), Sudoku pattern, total cross tied (TCT).

I. INTRODUCTION
In recent years, the energy demand and the depletion of fossil
fuels lead to the utilization of renewable energy sources. Solar
Photovoltaic System is the finest energy source among other
renewable sources based on its benefits [1]–[4]. PV system
converts the photons in the sunlight to electrical energy by
the photovoltaic effect. The revolution in semiconducting
technology increases the hope of Solar PV systems [5].
Researchers in the Photovoltaic field were working to reduce
the cost, increase the user-friendly nature, resist the effect
of hard-charging environmental conditions, and enhance
the power conversion efficiency [6]. Various environmental
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factors are influencing the reduction of PV’s power con-
version efficiency. Among these factors, partial shading is
the major one in reducing the PV efficiency. PV cells and
PV modules are connected in series and parallel to generate
efficient power to meet the energy demand. The partial shad-
ing on a cell or module limits the current of the unshaded
cell/module connected series with it. Due to this limiting
current in the string directly reduces the power generation
of the PV array [7]. In earlier, the bypass diode technique
has been used to avoid the effect of shaded PV cells over
the unshaded ones. The bypass diode offers a high resisting
path under the normal operating condition and in the shading
condition, it offers a low resistance path than the PV cell,
which avoids the isolate the shaded PV cell. This technique
reduces the effect of partial shading. but the major drawback
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is the current generation from the shaded PV cell is com-
pletely unavailable in the output power [8], [9]. Later the
Maximum Power Point Tracking (MPPT) technique has been
developed by the researchers. MPPT algorithms make the PV
cell resistance (source resistance) and the Load resistance
to be equal by changing the duty cycle of the power con-
verter connected with it. The conventional algorithms have
been integrated with soft computing methods like Artificial
Intelligence (AI), Ant Colony Optimization (ACO), Neural
Network (NN), Fuzzy Logic Control, etc., with it. How-
ever, under the uneven partial shading condition, the PV
system operates with multiple Local MPP and the MPPT
algorithm fails to obtain the Global MPP among multiple
LMPP [10]–[12]. The reduction in output power depends on
the array configuration and the shading pattern that occurred
on it. The series array configuration scheme has poor per-
formance during the shading because the shaded module in
series limits the string current. Different array configuration
methods had been developed such as Series parallel, (Se-P),
Total Cross Ties (TCT), Bridge-Linked (B-L), Honeycomb
(HC), Sudoku puzzle pattern (SPP), Futoshiki Puzzle Pat-
tern (FPP) by the researchers to limit the influence of shaded
PVmodule in the PV array [13]–[16]. The electrical reconfig-
uration method has been developed for PV array in [17]–[22].
EAR rearranges the PV module’s interconnection by the
power electronic switches to generate maximum power with
the corresponding shading pattern. The controller operates
the switches based on the shading patterns and the inner
faults in the PV modules. The reconfiguration has been done
by various parameters such as short circuit current, power
output from each PV row, shading pattern. Also, the recon-
figuration technique has been developed by image processing
as presented in [22]. Also, the power electronic optimizers
are used with the PV array to compensates for the lim-
iting current of the shaded module. The DC optimizer is
connected with each PV module/ PV string that injects the
reduced current caused by the shading and enhances the out-
put power [23]. But in the large PV plant, the concept of EAR
and DC optimizers are complicated to implement, because
this arrangement requires more sensors, switches, and
controllers.

This paper proposes a novel array configuration scheme
like TCT, with the enhanced capability of shade dispersion.
The movement of the chess coin is the basic ideology behind
this array configuration scheme. The array configuration
has been defined with the proper mathematical formulation
with all necessary constraints. There are various factors are
defined as the mathematical expresseion, that satisfies the
all assumption has taken on the knight pattern array con-
figuration. For any kind of PV arrays such as squared and
non-squared, this configuration frames each row by distinct
PV modules or the PV modules from the same row with
an optimized location without affecting the shade dispersion
rate using the mathematical function. This proposed knight
pattern array configuration scheme has been implemented
in 4 × 4 (squared) and 4 × 5 (non-squared) PV arrays

in both hardware and MATLAB/Simulink R©. The enhanced
performance of the proposed knight pattern array configura-
tion has been analyzed with all possible shading patterns and
it’s been compared with the conventional array configuration
scheme.

This paper is organized as follows: Section II discusses
the mathematical model of the PV cell and the conventional
array configuration schemes. The mathematical formulation
and the methodology of the proposed knight pattern array
configuration are presented in Section III. The result and
discussion of the proposed method with convention schemes
on the 4 × 4 and 4 × 5 PV array have been discussed in
Section IV. The inference and the advantages of the proposed
scheme have been discussed in the conclusion and presented
in Section V.

II. SYSTEM DESCRIPTION
A. MATHEMATICAL MODEL OF PV MODULE
The mathematical model of a PV system can be written
as the equation (1). Where a shunt resistance Rsh is con-
nected parallel with the current source of Iph, as shown in
the equivalent circuit of the solar cell. A single PV cell
alone cannot supply the energy demands. For balancing the
energy demand, n number of PV cells are connected in
series, parallel, and series-parallel combinations. These com-
binations allowed the PV cells to group as a large power
source. The single diode model of the Solar PV cell is con-
structed with the single current source with a shunt-connected
resistance [24].

Im = Iph − Isat

[
exp

(
Vm + ImRs
(nKT

/
q

)
− 1

]
−
Vm + ImRs

Rsh
(1)

FIGURE 1. Equivalent circuit of solar cell.

where,
Im - Maximum output current
Vm- Maximum output voltage
Iph - Photoelectric Current
Isat - Saturation current
Rs - Series Resistance
Rsh - Shunt Resistance
T - Ambient Temperature
n - Number of PV cells connected in series
K - Boltzmann’s constant.
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FIGURE 2. 4 × 4 PV array with (a) Series-Parallel (b) TCT (c) Sudoku puzzle pattern.

B. CONVENTIONAL ARRAY CONFIGURATIONS
The PV modules are grouped as PV arrays to meet the
energy requirement. The PV array has been formed based
on the various array configuration schemes. In the earlier
days, PV cells are connected in series and series parallel, and
these schemes are experienced more electrical stress due to
the partial shading, hotspots, and other factors. The current
and voltage equation for the array configuration has given in
equation (2)-(5) for the n×mPVarray, For series connection,

Vmax =

m∑
i=1

Vi (2)

Imax = I1 = I2 = I3 = . . . .. = In (3)

For Parallel array configuration

Vmax = V1 = V2 = V3 = . . . .. = Vm (4)

Imax =

n∑
i=1

Ii (5)

The main drawback associated with this array configura-
tion is, if one panel in series connection is affected by any
kind of defects, then the power output from the entire PV
string will be reduced and also causes the high electrical
stress on the string. Later the Total Cross Tied (TCT) array
configuration has been developed. For the n × m PV array,
‘m’ numbers of PV modules have been connected in parallel
as 1 × m PV array. Totally ‘n’ numbers of 1 × m PV
rows have been further connected in parallel to form an
n × m PV array. This TCT array configuration reduces the
electrical stress and the mismatch loss associated with the
series-parallel configuration and it can be further reduced
by the configuration of the SUDOKU puzzle pattern. In the
sudoku pattern, each row of PV array has been constructed
with the PV panels belongs to distinct PV rows and columns
of TCT. The pictorial representation 4 × 4 PV array with
series-parallel, TCT, and Sudoku puzzle patterns has shown
in Fig.2. These strategies reduce the mismatch loss in the
PV system with the series or series-parallel array

configuration. Equation (6) represents the mismatch loss
calculation,

MismatchLoss, (ML) = PRmax − PRmin (6)

The main objective of the MPPT tracking and array con-
figuration schemes on the PV system was to minimize the
mismatch losses present on it. The mismatch loss is never
dependent only on the shading level but also on the shading
patterns. The shading pattern differs from the types of objects
that cause the shading. The shading cannot be avoided ormin-
imized, but the shading pattern can be altered to disperse the
shading uniformly over the PV array by the static and fixed
array configuration. The TCT, Sudoku array configurations
were some techniques in the fixed array configuration and the
reconfiguration methods (to change the electrical connection
between panels based on the shading) is the technique in the
static configuration.

III. PROPOSED ARRAY CONFIGURATION
The research work discussed in this paper proposes a novel
array configuration like TCT, Sudoku to evenly disperse the
shading in the partially shaded PV array, where the array
size is not a constraint on its effectiveness. This work created
PV rows using a pattern that is related to a strategical game.
The knight coin in the Chess game follows a pattern like ‘L’
for its moments towards and backward as shown in Fig.3(b).
This pattern has been used in the PV array to create every
PV row with the PV modules from a different place with
uniform propagation.

The number of propagations is based on the number of
columns in the PV array. The ultimate aim of this method
is to create a PV row (i.e. 1 × m) with distinct PV modules
with uniform optimized distance so that the array can evenly
disperse the shading in the PV array. For the n×m PV array,
(m-1) numbers of ‘L’ propagations will be made by the knight
pattern optimization algorithm. Figure 5. represents a 5 × 5
PV array, where the number of columns is 5. The algorithm
makes four numbers of ‘L’ propagations from the starting
node in this case.
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FIGURE 3. (a) Knight coin of chess game (b) Knight pattern.

There are two possibilities in the PV array size such as a
squared-PV array, Non-Squared-PV array. Based on the array
size with an odd number of columns and even number of
columns the mathematical formulation has slightly differed
but the optimization problem remains the same.

A. METHODOLOGY
For any kind of PV array, the PVmodules are reallocated with
respect to its functional equation. The functional equation is
differing from the array size. The number of columns is the
factor to be considered for choosing the functional equation.
For the n × m PV array, Pij will be the position of each
PV module, where i represents the row and j represents the
columns (for example, P35 is the module in the 3rd row of
the 5th column). The functional equation modifies the i and j
of each module to make each row with PV modules from
distinct rows and columns or the same rowwith themaximum
possible distance. So that each PV row is capable to evenly
disperse the shading in the array, and thus improve the output
power.

Three different factors had been used such as Propagation
Control Factor (PgF), Row Factor (RF), and Column factor
(CF), for the row creation in the Knight Pattern Propagation
algorithm. The propagation factor has been defined by the
number of columns in the PV array. For the PV array with
odd numbers of the column, the PgF will be (m-1)/2 and for
the PV array with even numbers of the column, the PgF will
be (m-2)/2, wherem is the number of columns of the PV array.
This factor defines the limit of ‘L’ propagation. Secondly, the
row factor (RF) has been used for altering the PV module’s
row position by propagation. Finally, the column factor (CF)
is used for defining the position for PV modules at their
column position. For the PV array with an odd number of
columns, the CF will be varied from j to j+PgF and j-PgF to
(j-1) and for the even numbers of the column, the CF will be
varied from j to j+PgF and j-PgF to j.

The Propagation factor for PV array with odd no of
columns and even no of columns can be defined as,

PropagationFactor(PgF)odd =
Numberofcolumns− 1

2

=
m− 1
2

(7)

PropagationFactor(PgF)even =
Numberofcolumns− 2

2

=
m− 2
2

(8)

The Row factor is the same for the PV array with both odd
and even numbers of columns and it is defined as,

RowFactor, (RF) = i+ j− 1 (9)

The column factor that can be defined for odd and even
propagations is given in equation 10 and equation 11, as
shown at the bottom of the next page.

The functional equation of the knight pattern algorithm can
be defined by combining these factors. The row factor and
column factor were deciding the position of the PV array and
the propagation factor limits its propagation. The functional
equation of the PV array with an odd no of columns and
even number of columns be expressed as equation 12 and
equation 13, as shown at the bottom of the next page.

B. PV ARRAY WITH ODD NO OF COLUMNS
The main objective function for the n × m PV array is,

(i) To evenly disperse the shading in the partially shaded
PV array

(ii) Create a PV row by PV modules from the dis-
tinct location or the PV modules from the same row
with maximum possible distance, as by the following
function

The constraints for the above functional equation are given
as follows, If the row factor is exceeding the number of rows
in the PV array, then Row Factornew, (RF)new should be
used in the array for further propagation. The mathematical
representation has given below as,

If RowFactor(RF) > n, then

RowFactor, (RF)new = RF − n = (i+ j− 1)− n

where n - the no of rows in the PV array.
Let consider a 9 × 9 PV array,

Step-1: Obtain the no of propagation = (m-1) = 8
Step-2: Find the Propagation factor (PgFodd)

PgFodd =
m− 1
2
=

9− 1
2
= 4

Step-3: Frame the PV rows propagates from j to (j+PgFodd)
and (j-PgFodd) to j

Step-4: If, Row Factor, RF > n, then find RFnew as,
RFnew = RF – n

For example: i = 6 and j = 6,
(i+j-1) = 6+6-1 = 11

(i+j-1) new = 11 - n
= 11 – 9 = 2

A pictorial representation of the proposed method for
9 × 9 PV array has shown in fig.4.
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TABLE 1. Propagation table for 9 × 9 PV array.

C. PV ARRAY WITH EVEN NO OF COLUMNS
The main objective function for the n × m PV array is,
(i) To evenly disperse the shading in the partially shaded

PV array Create a PV row with PV modules from the
distinct location or the PV modules from the same row
with maximum possible distance, as by the following
function

The constraint for the above functional equation is given as
follows, If, the row factor is exceeding the number of rows in
the PV array, then Row Factornew, (RF)new should be used
in the array for the further propagation. The mathematical
representation has given below as,

If RowFactor(RF) > n, then

RowFactor, (RF)new = RF − n = (i+ j− 1)− n

where n is the number of rows in the PV array.
Let consider for a 6 × 6 PV array,

IV. HARDWARE SETUP
The knight pattern algorithm has been implemented for the
4× 4 PV array and 4× 5 PV as shown in Fig.5(a) for exper-
imenting with the effectiveness of the proposed array con-
figuration with all other existing configurations. The panel
rating has been given in table.3. There are twenty numbers
of Monocrystalline type of PV modules of 250Wp/each has
been used for the experimental setup.

A solar power meter has been used along with this setup for
measuring the irradiation level in W/m2. For validating the

Step-1: obtain the no of propagation = (m-1) = 7
Step-2: Find the propagation factor, PgFeven

PgFeven =
m− 1
2
=

8− 2
2
= 3

Step-3: Frame the PV rows propagates from j to
(j+PgFeven) and (j-PgFeven) to j

Step-4: If, Row Factor, RF > n, then find RFnew as, RFnew
= RF – n

For example: i = 6 and j = 6,
(i+j-1) = 6+6-1 = 11

(i+j-1) new = 11 - n
= 11 – 8 = 3

TABLE 2. Propagation table for 8 × 8 PV array.

TABLE 3. Rating of PV module.

proposedmethod, a reference atmospheric condition has been
framed by considering the temperature and solar irradiation.
The output has been observed from the inverter when the
atmospheric condition and irradiation are nearly the same
with the ±10% of reference. Generally, at 11 am-2 pm the
atmospheric condition laid near the reference atmospheric
condition. At this time, the irradiance and output current and
power have been stored and the power output relies on or

ColumnFactor, (CF)odd = j, (j+ 1), (j+ 2), . . . , (j+ PgFodd ), (j− PgFodd ), . . . , (j− 2), (j− 1) (10)

ColumnFactor, (CF)even = j, (j+ 1), (j+ 2), . . . , (j+ PgFeven), (j− PgFeven), . . . , (j− 2), (j− 1), j (11)

PRiODD = [P(i+j−1)(j) P(i+j−1)(j+1) P(i+j−1)(j+2) P(i+j−1)(j+3) . . . P(i+j−1)(j+PgFodd−2)
× P(i+j−1)(j+(PgFodd−1)) P(i+j−1)(j+(PgFodd )) P(i+j−1)(j−(PgFodd )) P(i+j−1)(j−(PgFodd−1))
× . . . P(i+j−1)(j−3) P(i+j−1)(j−2) P(i+j−1)(j−1)] (12)

PRiEVEN = [P(i+j−1)(j) P(i+j−1)(j+1) P(i+j−1)(j+2) P(i+j−1)(j+3) . . . P(i+j−1)(j+(PgFeven−2))
× P(i+j−1)(j+(PgFeven−1)) P(i+j−1)(j+(PgFeven)) P(i+j−1)(j−(PgFeven)) P(i+j−1)(j−(PgFeven−1))
× . . . P(i+j−1)(j−3) P(i+j−1)(j−2) P(i+j−1)(j−1) P(i+j−1)(j) ] (13)
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FIGURE 4. Propagation of ‘L’ for 9 × 9 PV array.

FIGURE 5. 5kWp PV system for the experimental verification.

nearly on the reference atmospheric conditions. For the 4× 4
PV array, four kind of array configurations such as Series-
Parallel, TCT, Sudoku, and the proposed Knight pattern has
been validated and compared and for the 4 × 5 PV array,
three kind of array configurations has been validated except
Sudoku due to its limitations. Six kinds of shading patterns
have been manually created on the PV array for validating
the performance of the proposed knight patter array configu-
ration over others.

V. RESULTS AND DISCUSSION
The performance of the proposed Knight Pattern method
has been compared with the conventional methods under the

six possible shading patterns as short and narrow (S&N),
short and wide (S&W), diagonal, random, long and nar-
row (L&N), and long & wide (L&W) as shown in
Fig.6. These shading patterns have been applied to the
PV array by covering it using the cardboard sheet. The
experimental output has been compared with the simula-
tion result. The output analysis has been carried out by
calculating the mismatch losses caused by the shading
pattern.

The random shading pattern has happened in the PV array
due to the taller objects, trees, or nearby objects. The shading
and its pattern are unpredictable and uncontrollable phe-
nomenon by nature. The objective of the proposed method
is to evenly disperse the shading in the partially shaded PV
array. Proposed method directly influenced the mismatch
loss generation by the partial shading. The even dispersion
of shading reduces the mismatch loss and improved output
power. The 4× 4 PV array for with the knight pattern method
has been framed by the function equation of knight pattern
algorithm as (i) number of propagation will be 3 (ii) the
propagation factor is 1 ((m-2)/2) (iii) Frame each row of PV
array as follows, PRow(4×5) shown at the bottom of the next
page.

For the 4× 5 PV array (i) number of propagation will be 4
(ii) The propagation factor is 2 ((m-1)/2) (iii) Frame each row
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FIGURE 6. Shading patterns of (a) Short and narrow (b) Short and wide (c) Diagonal (d) Long and narrow
(e) Long and wide (f) Random (g) Shading density.

of PV array as, PRow(4×5) shown at the bottom of the next
page.

Let us consider the random shading pattern as shown in
figure.7 that has been occurred in the PV array. The shade
dispersion rate can be measured by calculating the current
generation of every individual PV row. The current generation
of a single panel can be measured by the equation. The row
current can be measured by the equation,

Imactual = S × Im (14)

where S is the irradiance factor that can be defined as the ratio
between the actual irradiance available in the environment to
the irradiance value at the STC and it can be expressed as,

S =
Sactual
SSTC

=
Sactual
1000

(15)

The row current can bemeasured by the following equation

ImRi =
n∑
j=1

((
Sa
SSTC

)
× Imj

)
(16)

The row current in the TCT array configuration has been
calculated as,

ImR1 =
[(

950
1000

× Im

)
+

(
200
1000

× Im

)
+

(
950
1000

× Im

)
+

(
200
1000

× Im

)]
= 2.3Im

ImR2 =
[(

950
1000

× Im

)
+

(
600
1000

× Im

)
+

(
950
1000

× Im

)
+

(
800
1000

× Im

)]
= 3.3Im

ImR3 =
[(

950
1000

× Im

)
+

(
400
1000

× Im

)
+

(
800
1000

× Im

)
+

(
950
1000

× Im

)]
= 3.1Im

ImR4 =
[(

200
1000

× Im

)
+

(
950
1000

× Im

)
+

(
400
1000

× Im

)
+

(
600
1000

× Im

)]
= 2.15Im

The row current in the Sudoku array configuration has been
calculated as,

ImR1 =
[(

950
1000

× Im

)
+

(
600
1000

× Im

)
+

(
800
1000

× Im

)
+

(
600
1000

× Im

)]
= 2.95Im

ImR2 =
[(

950
1000

× Im

)
+

(
400
1000

× Im

)
+

(
400
1000

× Im

)
+

(
200
1000

× Im

)]
= 1.95Im

PRow(4×5) = [ (i+ j− 1)(j) (i+ j− 1)(j+ 1) (i+ j− 1)(j− 1) (i+ j− 1)(j) ]

PRow(4×5) = [ (j+ i− 1)(j) (j+ i− 1)(j+ 1) (j+ i− 1)(j+ 2) (j+ i− 1)(j− 2) (j+ i− 1)(j− 1) ]
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TABLE 4. Mismatch loss calculation under random shading pattern.

TABLE 5. Performance of 4 × 4 PV array in various shading conditions.

ImR3 =
[(

950
1000

× Im

)
+

(
950
1000

× Im

)
+

(
950
1000

× Im

)
+

(
800
1000

× Im

)]
= 3.65Im

ImR4 =
[(

200
1000

× Im

)
+

(
200
1000

× Im

)
+

(
950
1000

× Im

)
+

(
950
1000

× Im

)]
= 2.3Im

The row current in the Knight pattern array configuration
has been calculated as,

ImR1 =
[(

950
1000

× Im

)
+

(
950
1000

× Im

)
+

(
400
1000

× Im

)
+

(
600
1000

× Im

)]
= 2.7Im

ImR2 =
[(

950
1000

× Im

)
+

(
800
1000

× Im

)
+

(
950
1000

× Im

)
+

(
200
1000

× Im

)]
= 2.9Im

ImR3 =
[(

950
1000

× Im

)
+

(
400
1000

× Im

)
+

(
200
1000

× Im

)
+

(
800
1000

× Im

)]
= 2.35Im

FIGURE 7. (a) Array formation diagram of 4 × 4 PV array
(b) Representation of proposed configuration on 4 × 4 (c) Array
formation diagram of 4 × 5 (d) Representation of proposed array
configuration on 4 × 5.

FIGURE 8. Random shading pattern on 4 × 4 PV array.

ImR4 =
[(

200
1000

× Im

)
+

(
950
1000

× Im

)
+

(
600
1000

× Im

)
+

(
950
1000

× Im

)]
= 2.7Im

In the Series parallel array configuration, PV modules are
connected in series and the mismatch loss has been calcu-
lated by the PV module which generating maximum power
and minimum power in the same string. And in the parallel
connection, the PV string current has been summed on the
output terminal. So that the mismatch loss has been varied
for every string. The mismatch loss of string is completely
depending on the type of shading pattern. The theoretical
values of mismatch loss calculation based on the shading
pattern and the current generation of rows for TCT, Sudoku,
and the proposed array has given in Table.4.

The I-V (Current-Voltage) and P-V(Power-Voltage) char-
acteristics of the various array configurations and the
proposed method have been obtained by the MATLAB/
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FIGURE 9. P-V Characteristics of 4 × 4 PV array under (a) Short and narrow (b) Short and wide (c) Diagonal (e) Random (f) Long
and narrow (g) Long and wide.

FIGURE 10. I-V Characteristics of 4 × 4 PV array under (a) Short and narrow (b) Short and wide (c) Diagonal (e) Random (f) Long
and narrow (g) Long and wide.

Simulink R© as shown in Fig.9 and Fig.10. Six kinds of shad-
ing patterns have been created and plotted as the P-V, I-V
Characteristic curves. The smoothness of the curve shows the
various LMPP present in the output which directly indicates
the shading present in the PV array. Series parallel array
configuration has a poor performance than the other three
methods in all shading conditions. The TCT configuration
scheme equally generates power and had a smooth curve

near the proposed configuration scheme in short and nar-
row, long, and narrow and in the diagonal shading patterns.
The sudoku configuration gives a better performance equal
with the proposed method on short and narrow, short, and
wide, long, and wide shading patterns. In all the cases, the
proposed knight pattern array configuration method obtains
the best performance than other configurations and, in some
cases, it gives them equal performances to the TCT and
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Sudoku. Also, in all cases, the proposed array configuration
scheme has smooth P-V and I-V curves which shows its
shade dispersing ability it. In reference [15], the author states
that the sudoku puzzle pattern gives the best performance
than the TCT, BL. HC, SP array configuration schemes with
detailed experimental investigations. From the P-V and I-V
curves under the shading conditions, it is observed that the
proposed knight pattern array configuration scheme gives the
best performance than the Sudoku puzzle pattern.

The output analysis has been carried out in a 4 × 4 PV
array (Squared PV array) and 4 × 5 PV array (Non-Squared
PV array). A solar power meter is been used for measuring
irradiation in real-time. A lux meter is used with some addi-
tional circuit in this meter, that measures the solar irradia-
tion in terms of lux and gives the value in terms of W/m2.
Also, the results were carried out in not a single day. It’s
been taken almost 10days for us to achieve the hardware
results. We have taken the results of each shading pattern
on every single day. Every day we have created the shading
pattern using the cardboard sheets as in Figure.6, and we
have waiting for the reference value of atmosphere irradiation
and atmospheric temperature. When the reference value is
between ±10%, the results were been noted and they are
presented in Table 5 and Table 6. The simulation and hard-
ware output under the six kinds of shading conditions are
given in Table.5. Fig.10 represents the output power compar-
ison chart of the proposed configuration with others under
six shading conditions. Among the conventional PV array
configuration methods, the sudoku puzzle pattern generates
more power than the TCT and SP in the long and narrow,
short, and wide long and wide shading conditions. And the
TCT generates more power than the Sudoku and SP array
configuration schemes in the random and Diagonal shading
patterns. Under the short and narrow shading conditions,
all the three conventional configuration schemes give the
same output power but the proposed knight pattern scheme
generates more power by evenly dispersed the shading in all
the PV rows. In the short and narrow and long and narrow
the proposed method gives the best performance because the
propagation of L always skips the column between two nodes.
So, at the narrow shading patterns, it works more efficiently
than the other configuration schemes. At the diagonal shading
pattern, the sudoku failed in dispersing the shading, due to
the row creating a pattern of it. The output power is not
much affected in the TCT and SP configuration schemes,
because the shading pattern itself disperse it uniformly over it.
The proposed configuration scheme does not generate more
power than TCT and SP in the diagonal shading pattern, also
it never failed like the sudoku configuration. In all cases, the
proposed method effectively disperses the shading over the
PV array and generates maximum power as it can be.

The proposed knight propagation algorithm is also imple-
mented in the 4 × 5 PV array and its output has given in
Table.6. Fig.11 represents the output power comparison chart
of the proposed configuration with others under six shading
patterns. The Sudoku configuration scheme is not considered

FIGURE 11. Output power of 4 × 4 PV array various shading patterns.

FIGURE 12. Output power of 4 × 5 PV array various shading patterns.

TABLE 6. Performance of 4 × 5 PV array in various shading conditions.

for this array size due to its limitation. The 4 × 5 PV array
has been framed with the given mathematical formulation
and it has been analyzed by creating the six shading patterns.
In the diagonal shading condition, the TCT array configura-
tion method generates more power than the proposed method
because the proposed method has the repeated PV modules
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from the same row. This could happen in the non-squared
PV array, but it has an enhanced shade dispersing ability.
The power conversion efficiency of the proposed method for
non-squared PV array may be lesser than the effectiveness of
the squared PV array, but it can generate more power than the
series-parallel configuration. In some kind of shading pattern,
this may occur but, in most cases, the proposedmethod gener-
ates more power than the SP and the TCT array configuration
schemes. It is inferred that in the non-squared PV array the
mathematical function of the proposed method creates a PV
row with the repeated PV modules with optimized distance,
which will reduce the effectiveness but not lesser than the
convention array configuration schemes. In some cases, the
TCT configuration scheme generates more power or nearly
to the proposed configuration scheme.

VI. CONCLUSION
The knight pattern array configuration scheme has been
proposed in this work for enhancing the power conversion
efficiency of partial shaded photovoltaic system. The proper
mathematical formulation with necessary constraints for the
row and array creation has been discussed in this paper.
Based on the number of columns in the PV array, two kinds
of mathematical function have been defined with examples.
The performance of the proposed configuration scheme has
been validated for various shading patterns. For the random,
diagonal, SN, SW, LN and LW shading condition the pro-
posed method has the generated more power than the series
parallel array configurations as, 1402.1W, 566.3W, 376.7W,
900.9W, 344.1W, 383.1W respectively. The percentage of
power enhancement over the existing method is also greater.
From the simulation and hardware validation, the power
generation of the proposed scheme in all kind of shading
condition is greater than the other existing array configu-
ration schemes. Also, the mismatch power between the PV
rows of knight pattern array configuration is very lesser
than the mismatch losses of existing methods. The proposed
scheme does not require any special arrangements like sen-
sors, switches, controllers, or any other special devices. It is
very simple and economic to install the proposed schemewith
high resistivity to power distortion during the partial shading
conditions.

REFERENCES
[1] D. Gielena, F. Boshella, D. Saygin, M. D. Bazilian, N. Wagner, and

R. Gorini, ‘‘The role of renewable energy in the global energy trans-
formation,’’ Energy Strategy Rev., vol. 24, pp. 38–50, Apr. 2019, doi:
10.1016/j.esr.2019.01.006.

[2] D. Yousri, S. B. Thanikanti, K. Balasubramanian, A. Osama, and A. Fathy,
‘‘Multi-objective grey wolf optimizer for optimal design of switching
matrix for shaded PV array dynamic reconfiguration,’’ IEEE Access, vol. 8,
pp. 159931–159946, 2020.

[3] W. C. Sinke, ‘‘Development of photovoltaic technologies for global
impact,’’ Renew. Energy, vol. 138, pp. 911–914, Aug. 2019, doi:
10.1016/j.renene.2019.02.030.

[4] P. R. Satpathy, T. S. Babu, A. Mahmoud, R. Sharma, and B. Nastasi,
‘‘A TCT-SC hybridized voltage equalizer for partial shading mitigation in
PV arrays,’’ IEEE Trans. Sustain. Energy, vol. 12, no. 4, pp. 2268–2281,
Oct. 2021.

[5] B. Parida, S. Iniyan, and R. Goic, ‘‘A review of solar photovoltaic technolo-
gies,’’Renew. Sustain. Energy Rev., vol. 15, pp. 1625–1636, Apr. 2011, doi:
10.1016/j.rser.2010.11.032.

[6] M. Gul, Y. Kotak, and T. Muneer, ‘‘Review on recent trend of solar
photovoltaic technology,’’ Energy Explor. Exploitation, vol. 34, no. 4,
pp. 485–526, Jul. 2016, doi: 10.1177/0144598716650552.

[7] R. Ahmad, A. F. Murtaza, H. A. Sher, U. T. Shami, and S. Olalekan,
‘‘An analytical approach to study partial shading effects on PV array sup-
ported by literature,’’ Renew. Sustain. Energy Rev., vol. 74, pp. 721–732,
Jul. 2017, doi: 10.1016/j.rser.2017.02.078.

[8] J. C. Teo, R. H. G. Tan, V. H. Mok, V. K. Ramachandaramurthy, and
C. Tan, ‘‘Impact of bypass diode forward voltage on maximum power of
a photovoltaic system under partial shading conditions,’’ Energy, vol. 191,
Jan. 2020, Art. no. 116491, doi: 10.1016/j.energy.2019.116491.

[9] V. d’Alessandro, P. Guerriero, and S. Daliento, ‘‘A simple bipolar
transistor-based bypass approach for photovoltaic modules,’’ IEEE J.
Photovolt., vol. 4, no. 1, pp. 505–513, Jan. 2014, doi: 10.1109/JPHO-
TOV.2013.2282736.

[10] B.-R. Peng, K.-C. Ho, and Y.-H. Liu, ‘‘A novel and fast MPPT method
suitable for both fast changing and partially shaded conditions,’’ IEEE
Trans. Ind. Electron., vol. 65, no. 4, pp. 3240–3251, Apr. 2018, doi:
10.1109/TIE.2017.2736484.

[11] A. K. Podder, N. K. Roy, and H. R. Pota, ‘‘MPPT methods for solar
PV systems: A critical review based on tracking nature,’’ IET Renew.
Power Gener., vol. 13, no. 10, pp. 1615–1632, Jul. 2019, doi: 10.1049/iet-
rpg.2018.5946.

[12] N. A. Kamarzaman and C. W. Tan, ‘‘A comprehensive review of
maximum power point tracking algorithms for photovoltaic systems,’’
Renew. Sustain. Energy Rev., vol. 37, pp. 585–598, Sep. 2014, doi:
10.1016/j.rser.2014.05.045.

[13] S. R. Pendem and S. Mikkili, ‘‘Modeling, simulation and perfor-
mance analysis of solar PV array configurations (series, series–parallel
and honey-comb) to extract maximum power under partial shad-
ing conditions,’’ Energy Rep., vol. 4, pp. 274–287, Nov. 2018, doi:
10.1016/j.egyr.2018.03.003.

[14] S. K. Cherukuri, P. K. Balachandran, K. R. Kaniganti, M. K. Buddi,
D. Butti, S. Devakirubakaran, T. S. Babu, and H. H. Alhelou, ‘‘Power
enhancement in partial shaded photovoltaic system using spiral pattern
array configuration scheme,’’ IEEE Access, vol. 9, pp. 123103–123116,
2021, doi: 10.1109/access.2021.3109248.

[15] M. A. Elaziz, S. B. Thanikanti, I. A. Ibrahim, S. Lu, B. Nastasi,
M. A. Alotaibi, M. A. Hossain, and D. Yousri, ‘‘Enhanced marine
predators algorithm for identifying static and dynamic photovoltaic
models parameters,’’ Energy Convers. Manage., vol. 236, May 2021,
Art. no. 113971.

[16] S. G. Krishna and T. Moger, ‘‘Optimal SuDoKu reconfiguration technique
for total-cross-tied PV array to increase power output under non-uniform
irradiance,’’ IEEE Trans. Energy Convers., vol. 34, no. 4, pp. 1973–1984,
Dec. 2019, doi: 10.1109/TEC.2019.2921625.

[17] K. Ş. Parlak, ‘‘PV array reconfiguration method under partial shading
conditions,’’ Int. J. Electr. Power Energy Syst., vol. 63, pp. 713–721,
Dec. 2014, doi: 10.1016/j.ijepes.2014.06.042.

[18] G. Madhusudanan, N. Rakesh, S. S. Kumar, and S. S. Mary, ‘‘Solar photo-
voltaic array reconfiguration using MAGIC Su-Do-Ku algorithm for max-
imum power production under partial shading conditions,’’ Int. J. Ambient
Energy, pp. 1–29, Nov. 2019, doi: 10.1080/01430750.2019.1691654.

[19] D. L. Manna, V. L. Vigni, E. R. Sanseverino, V. D. Dio, and P. Romano,
‘‘Reconfigurable electrical interconnection strategies for photovoltaic
arrays: A review,’’ Renew. Sustain. Energy Rev., vol. 33, pp. 412–426,
May 2014, doi: 10.1016/j.rser.2014.01.070.

[20] D. P. Winston, S. Kumaravel, B. P. Kumar, and S. Devakirubakaran,
‘‘Performance improvement of solar PV array topologies during various
partial shading conditions,’’ Sol. Energy, vol. 196, pp. 228–242, Jan. 2020,
doi: 10.1016/j.solener.2019.12.007.

[21] A. Srinivasan, S. Devakirubakaran, and B. Meenakshi Sundaram, ‘‘Mit-
igation of mismatch losses in solar PV system—Two-step reconfigu-
ration approach,’’ Sol. Energy, vol. 206, pp. 640–654, Aug. 2020, doi:
10.1016/j.solener.2020.06.004.

[22] D. P. Winston, K. Ganesan, B. P. Kumar, D. Samithas, and
C. B. Baladhanautham, ‘‘Experimental investigation on output power
enhancement of partial shaded solar photovoltaic system,’’ Energy
Sources A, Recovery, Utilization, Environ. Effects, pp. 1–17, Jun. 2020,
doi: 10.1080/15567036.2020.1779872.

15066 VOLUME 10, 2022

http://dx.doi.org/10.1016/j.esr.2019.01.006
http://dx.doi.org/10.1016/j.renene.2019.02.030
http://dx.doi.org/10.1016/j.rser.2010.11.032
http://dx.doi.org/10.1177/0144598716650552
http://dx.doi.org/10.1016/j.rser.2017.02.078
http://dx.doi.org/10.1016/j.energy.2019.116491
http://dx.doi.org/10.1109/JPHOTOV.2013.2282736
http://dx.doi.org/10.1109/JPHOTOV.2013.2282736
http://dx.doi.org/10.1109/TIE.2017.2736484
http://dx.doi.org/10.1049/iet-rpg.2018.5946
http://dx.doi.org/10.1049/iet-rpg.2018.5946
http://dx.doi.org/10.1016/j.rser.2014.05.045
http://dx.doi.org/10.1016/j.egyr.2018.03.003
http://dx.doi.org/10.1109/access.2021.3109248
http://dx.doi.org/10.1109/TEC.2019.2921625
http://dx.doi.org/10.1016/j.ijepes.2014.06.042
http://dx.doi.org/10.1080/01430750.2019.1691654
http://dx.doi.org/10.1016/j.rser.2014.01.070
http://dx.doi.org/10.1016/j.solener.2019.12.007
http://dx.doi.org/10.1016/j.solener.2020.06.004
http://dx.doi.org/10.1080/15567036.2020.1779872


S. K. Cherukuri et al.: Novel Array Configuration Technique for Improving Power Output

[23] M. Z. Ramli and Z. Salam, ‘‘Performance evaluation of DC power
optimizer (DCPO) for photovoltaic (PV) system during partial shad-
ing,’’ Renew. Energy, vol. 139, pp. 1336–1354, Aug. 2019, doi:
10.1016/j.renene.2019.02.072.

[24] D. Yousri, T. S. Babu, S. Mirjalili, N. Rajasekar, and M. A. Elaziz,
‘‘A novel objective function with artificial ecosystem-based optimization
for relieving themismatching power loss of large-scale photovoltaic array,’’
Energy Convers. Manage., vol. 225, Dec. 2020, Art. no. 113385.

SANTHAN KUMAR CHERUKURI received the
B.Tech. degree in electrical and electronics engi-
neering from JNTUK Kakinada, Kakinada, India,
in 2009, the M.Tech. degree in power systems
engineering from Acharya Nagarjuna University,
Guntur, India, in 2012, and the Ph.D. degree
in electrical and electronics engineering from
JNTUK Kakinada, in 2019. He is currently work-
ing as a Professor and the Head of the Department
of Electrical and Electronics Engineering, Lords

Institute of Engineering and Technology, Hyderabad, India. His current
research interests include solar PV systems, PV reconfiguration, optimiza-
tion of power systems, and hybrid energy systems.

B. PRAVEEN KUMAR (Member, IEEE) received
the B.E. degree in electrical and electronics engi-
neering and the M.E. and Ph.D. degrees in
power systems engineering from Anna University,
Chennai, India, in 2014, 2016, and 2019, respec-
tively. He is currently working as an Associate
Professor with the Department of EEE, Vard-
haman College of Engineering, Hyderabad, India.
His current research interests include solar photo-
voltaics, solar still, and renewable energy systems.

KALYAN RAJ KANIGANTI received the B.Tech.
degree in electrical and electronics engineering
from ANU, Kakinada, India, in 2008, the M.Tech.
degree in power electronics and power systems
engineering from KL University, Guntur, India,
in 2011, and the Ph.D. degree in electrical and
electronics engineering from JNTUK Kakinada,
Kakinada, in 2018. He is currently working as an
Assistant Professor with the Department of Elec-
trical and Electronics, Gudlavalleru Engineering

College, Gudlavalleru, India. His current research interests include machine
learning to power systems, solar PV systems, optimization of power systems,
and hybrid energy systems.

S. MUTHUBALAJI received the B.E. degree in
electrical & electronics engineering from the Uni-
versity of Madras, Tamil Nadu, India, the M.E.
degree in power electronics & drives and the Ph.D.
degree in power system engineering from Anna
University, Chennai, Tamil Nadu, India. He is
currently working as a Professor with the CMR
College of Engineering&Technology, Hyderabad,
Telangana, India. His research interests include
power electronics, intelligent techniques, power

quality, and distributed generation. He is a member of the Institution of
Engineers, India.

GHANTA DEVADASU received the B.Tech.
degree from Nagarjuna University, the M.Tech.
degree with a specialization in power sys-
tems and automation from Andhra University,
Visakhapatnam, India, and the Ph.D. degree in
power systems from JNTUHyderabad, Telangana,
India. He has 21 years of teaching experience
and currently working as a Professor with the
Department of EEE, CMR College of Engineering
& Technology, Hyderabad, Telangana, India. His

research interests include power quality, wavelet transforms, and neural &
fuzzy expert systems.

THANIKANTI SUDHAKAR BABU (Senior
Member, IEEE) received the B.Tech. degree
from Jawaharlal Nehru Technological University
Anantapur, Anantapur, India, in 2009, theM.Tech.
degree in power electronics and industrial drives
from Anna University, Chennai, India, in 2011,
and the Ph.D. degree fromVITUniversity, Vellore,
India, in 2017.

He is currently working as an Associate Pro-
fessor with the Department of Electrical Engi-

neering, Chaitanya Bharathi Institute of Technology (CBIT), Hyderabad,
India. He had completed his Postdoctoral Researcher Fellowship with the
Institute of Power Engineering, Universiti Tenaga Nasional (UNITEN),
Malaysia. Before to that, he was worked as an Assistant Professor with
the School of Electrical Engineering, VIT University. He has published
more than 80 research articles in various renowned international journals.
His research interests include the design and implementation of solar PV
systems, renewable energy resources, power management for hybrid energy
systems, storage systems, fuel cell technologies, electric vehicles, and smart
grids. He has been acting as an Associate Editor of IET RPG, IEEE ACCESS,
ITEES (Willey), and Energy Research (Frontiers). He is a Section Editor of
Energies and Sustainability (MDPI). He is a reviewer for various reputed
journals.

HASSAN HAES ALHELOU (Senior Member,
IEEE) is currently a Faculty Member with Tisheen
University, Lattakia, Syria. He was a Ph.D.
Researcher with the Isfahan University of Tech-
nology (IUT), Isfahan, Iran. He is included in
the 2018 and 2019 Publons list of the top 1%
best reviewer and researchers in the field of engi-
neering. He was a recipient of the Outstanding
Reviewer Award from Energy Conversion and
Management journal, in 2016, ISA Transactions

journal, in 2018, Applied Energy journal, in 2019, and many other awards.
He was a recipient of the best young researcher in the Arab student forum
creative among 61 researchers from 16 countries at Alexandria Univer-
sity, Egypt, in 2011. He has published more than 30 research papers
in the high-quality peer-reviewed journals and international conferences.
He has also performed more than 160 reviews for high prestigious journals,
including IEEE TRANSACTIONSON INDUSTRIAL INFORMATICS, IEEE TRANSACTIONS

ON INDUSTRIAL ELECTRONICS, Energy Conversion and Management, Applied
Energy, and International Journal of Electrical Power & Energy Systems.
He has participated in more than 15 industrial projects. His research interests
include power systems, power system dynamics, power system operation
and control, dynamic state estimation, frequency control, smart grids, micro-
grids, demand response, load shedding, and power system protection.

VOLUME 10, 2022 15067

http://dx.doi.org/10.1016/j.renene.2019.02.072

