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ABSTRACT In this paper, the significance of cross-tied link between the solar photovoltaic (PV) modules
in an array during partial shading conditions (PSCs) is introduced. In order to conduct a detailed analysis,
twenty numbers of 20W PV modules (4 x 5) are arranged in a series-parallel (SP) configuration. The change
in the pre-arranged SP configured PV array is implemented using a cross-link matrix switch between parallels
based on shadow patterns. The switch matrix based modified PV array configuration is called Adaptive-
cross-tied (A-CT) configuration. An embedded system based adaptive switch matrix (ASM) controller is
developed to control the cross-linking connections between the PV modules under the PSCs to improve
global maximum power. In addition, a performance analysis is carried out and compared all PV modules
arranged in conventional SP and A-CT configurations. Moreover, realistic shadow test cases are under
consideration to characterize current-voltage (I-V) and power-voltage (P-V) characteristics. The output
power of the PV array decreases as well as the P-V curves show multiple power maxima points., such as
the local maximum power point (LMPP) and the global maximum power point (GMPP). LMPP and GMPP
locations, mismatch loss (ML), enhanced fill factor (FF), decreased power loss (PL) and performance ratio
(PR) are indicators of performance during experimental and MATLAB/Simulink studies.

INDEX TERMS PV system, power loss, fill factor, current sensor, partial shading conditions, switch matrix
controller.

I. INTRODUCTION

In this technological era, electricity plays a key role in
the growth of the nation’s economy. Most energy demand
still relies on fossil fuels, which face major problems with
scarcity, limited storage, pollution and high costs for extract
and supply, etc. Due to the ongoing shortage of fossil fuels,
the popularity of renewable energy (RE) sources have risen
over the last few decades. In the context of the urgent need
to explore more alternative energy sources and it is found
that RE sources are the best choice. Today, PV technology is
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gaining high attention due to such advantages features as the
wide availability of solar energy, simple installation methods
and environmentally friendly [1], [2]. Users do not need as
much high skills to install and use the PV systems in distin-
guish low power capacities (10W- 500W), and low mainte-
nance costs. In this sense, the PV industries have continuously
growing at a rapid pace in manufacturing and installation
fields. In 2018, PV systems can carry the worldwide supply of
electricity and a hundred of GW power capacity were added.
Thus, the total power capacity of the deployed PV systems
worldwide exceeds 505 GW [3].

As far as environmental challenges are concerned and their
effects on solar PV efficiency are involved. Moreover, these
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climatically issues can be ignored only for short time period.
However, on the higher level of the PV power plant side,
these environmental problems are resolved with a significant
solution. For example, mismatch power losses are a major
issue due to hot spot conditions caused by PSCs to limit
the PV power output. Moreover, due to the influence of the
PSCs, the non-linear behavior of the I-V and P-V curves is
observed. The main reasons for this shading are nearby high-
rise commercial buildings, telecommunications towers and
passing clouds, etc., particularly in urban areas.

Researchers are highly disincentive of the impact of shad-
owing on PV output. Different methodologies are required to
solve these shading issues to enhance System performance.
In addition, changing the electrical connections of the PV
module in array is one of the strongest approach to enhance
the power output under PSCs [4]. In addition, series, SP,
total-cross-tied (TCT), bridge link (BL), honey-comb (HC)
and many more game /mathematical puzzles based configura-
tions e.g. Su-Do-Ku, Magic square, Latin square and Lo-Shu
square etc. are required for extracting maximum power from
PV array systems [5]. However, adopted methods to reconfig-
ure PV modules are required high wire length, which is also
cause of line losses.

Il. LITERATURE REVEIW

The paper consists of a literature study of the most relevant
research work, which are reviewed in order to retrieve sub-
stantial research gaps [6]-[31]. The different types of PV
array configurations are examined in terms of performance,
reliability and implementation scope.

In [6], the systematic analysis is carried out and exam-
ines the effect of shading with MATLAB/Simulation and
experimental testing on I-V and P-V characteristics for series
and SP configurations. The performance is further measured
in terms of losses (power and current), and improvement
in FF, etc. In [7], analyzed the impact of PSCs on various
conventional PV array configurations e.g. SP, TCT, HC, BL.
In addition, results were calculated with respect to minimal
PL and improved FF. In [8], a SP configured PV array is tested
experimentally to explore the shadow effect under outdoor
and laboratory environment. Obscured sun irradiance level
is considered during the investigation, and found parallel
connections of PV system have better efficiency. The authors
of [9]-[11] developed an ASM for PV array reconfiguration
to reduce the shadow effect on PV modules. The research
discussed is focused on experimental study of PV array
Series, SP, and TCT interconnections. In [12], the authors
have compared the outcomes obtained from SP, TCT, and BL
configured PV array under climatic conditions. In addition,
TCT has the best performance in terms of improved FF and
minimized power losses. In [13], a mathematical analysis is
undertaken to predict the I-V characteristic behavior under
PSCs. For the experimental testing, the findings are matched
to show efficient performance. For the analysis of the shad-
ing effect, the PV array sizes 6 x 4 such as SP, and TCT
are used. Furthermore, the results obtained from the TCT
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set-up indicate dominance over the SP set-up in [14]. For
performance assessment, an investigation on I-V and P-V
curves is studied [15]-[18]. Moreover, an experimental setup
is developed to verify the findings obtained from mathe-
matical analysis. The efficiency of the PV system is also
evaluated as per variations in temperature and irradiations.
In [19], PV module results based on MATLAB simulations
are verified for the P-V characteristics under PSCs by outside
experimental results. The PV array is reconfigured and the
control of the array optimized by dynamic switch matrix
dependent electric connections. A detailed analysis is per-
formed under shaded conditions [20]. The authors of [21]
investigated swam optimization approaches based PV array
re-configurations to reduce the required wire length as used
in puzzle based reconfiguration. Performance matrices are
computed for conventional 9 x 9 size TCT, competence square
to show the effective response during PSCs. Flow regime
algorithm (FRA) has best performance with the GMPP
value 2731W under 400W/m?, 600W/m? and 900W/m? com-
pare to Genetic algorithm, social mimic optimization algo-
rithm (SMO), and the Rao optimization algorithms. GMPP
location is identified as 4.297kW, 5.04212kW; 3.712kW
and 4.863kW under four distinguish non-uniform irradia-
tion levels from 200-900W/m?. The grasshopper optimiza-
tion algorithm (GOA) is proposed to enhance the PV array
performance compared to TCT, Su-Do-Ku and GA based
configurations. With respect to TCT configuration, power
enhancement is observed as 3.361%, 10.949%, 0.8647% and
6.7481% under all four shading scenarios [22]. Using Latin
Square puzzle, TCT arrangement is reconfigured and enti-
tled LS-TCT configuration. Investigated under four progres-
sive shading conditions. LS-TCT has best performance in
term of GMPP (2279W, 2139W, 1806W, 1680W), FF (9.91,
9.26, 7.85, 7.30) and reduced power losses (330W, 470W,
803W, 929W) respectively [23]. In [24, 25], conventional
Su-Do-Ku pattern is improved to enhance shade dispersion
property under shading conditions from 100-700W/m? and
1000W/m?. Improve So-Do-Ku configuration has best per-
formance in terms of efficiency, FF and mismatch losses
11.79%, 65.8% and 11.25% compared with SP, BL, HC,
TCT, Su-Do-Ku and Optimal Su-Do-Ku configurations under
shading case-III. In [26], proposed reconfigure method (RM)
arrangement is carried out to reconfigure PV array and com-
pared with existing SP, BL and TCT configurations under
non-uniform irradiations 400W/m?, 500W/m2, 700W/m? and
1000W/m?. Highest peak power is achieved in case of RM
configuration as 3.71kW compared to SP, BL and TCT
(3.6kW, 3.42kW and 3.6kW) respectively under shading fault
case-II. In [27], modified Harris hawks optimizer (HHO)
is helpful to enhance the shade dispersion as compared
TCT, CS, HHO based configurations. GMPP location of
MHHO configuration is observed as 2475.99W. Minimized
PL 31.76%, 41.114%, 18.701% and 21.729% during all
four PSCs (200W/m?2, 400W/m2, 600W/m?2, 800W/m? and
900W/m?). In [28], an efficient approach based on artifi-
cial ecosystem-based optimization (AEO) is used to reduce
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PL. In addition, the proposed AEO method is compared
with TCT, HHO and conventional PSO methods to show
higher GMPP values at 89504W, 84927W, 88554W and
88554W respectively under 200W/m?, 450W/m?, 600W/m?>
and 900W/m?. Gray wolf optimizing technique is correlated
with TCT, Su-Do-Ku configurations in terms of GMPPs
such as 1308.39W, 12074.41W and 12982.28W respectively
under non-uniform irradiation as 400W/m?, 600W/m? and
1000W/m? [29], [30]. Comprehensive study is performed on
conventional SP, BL, HC and TCT PV array configurations,
and compared to the three possible integer number combi-
nations of Su-Do-Ku configurations under PSCs. Improved
Su-Do-Ku configuration has higher side GMPP and different
performance aspects are analyzed effectively [31].

PV power plants have been widely used in power indus-
try with advanced technological aspects such as battery
system integration, energy internet and sensor network sys-
tems [32]-[34]. However, the performance of PV power
plants still has the potential to improve. The proposed recon-
figuration scheme for PV modules is particularly advanta-
geous for the design of large PV plants.

A. NOVELTY OF WORK

It is observed that from last five years, the authors have
focused on the reconfiguration methods to enhance the PV
system performance. However, the authors have neglected
the disadvantage of this reconfiguration process, such as
the high wire length needed and the permanent risk of line
losses. In this context, an idea is raised to avoid mathematical
puzzle based reconfiguration of PV array system. An ASM
is considered to reform the PV module connections in an
array system to avoid the effect of PSCs. During experimental
and MATLAB/Simulink study, following salient points are
claimed as a novelty of work,

o The modifications in 4 x 5 size SP configured PV array
are carried using embedded system based ASM.

o Proposed A-CT configuration is compared with the con-
ventional SP, BL, HC configurations under distinguish
PSCs in terms of hardware and performance reliability.

o LMPP and GMPP locations, ML, improved FF, reduced
PL and PR are shown as remarkable performance indices
comprehensively.

o Proposed A-CT configuration has best results under cli-
matically shading scenarios with respect to conventional
configurations and require less wire length to reconfig-
ure using ASM approach.

This paper is arranged in a total of six sections. Section II
concerns the literature review and the novelty of the work.
In addition, the experimental setup and specifications of
the supporting components are defined in section III. The
PV array modelling, performance assessment and shadow-
ing pattern analysis are discussed in Section IV. Section V
contains the conclusions and discussion of this article.
Section VI is accompanied by a conclusion at the end of the
manuscript.
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IlIl. EXPERIMENTAL SETUP AND SPECIFICATIONS

The developed hardware model consisted mainly of three
sections such as (i) 4 x 5 size PV array (ii) Electrical param-
eters measurement unit (iii) SMC unit (iv) Data acquisition
system (DAS). The experimental setup, schematic diagram
and flow chart to represent the system operation are given
in Fig. 1-3 respectively. In addition, the specifications and
supporting role of all the components used during the exper-
imental study are reported in Table 1 as,

IV. SOLAR PV TECHNOLOGY

A. PV SYSTEM MODELLING

Here the PV equivalent model is based on the single diode
model [35]. PV cell is considered to be a variable current
source parallel to photodiode — current (I,;) and can be
expressed as,

ey

S R R
Iph _ (ISC —l—Kl'AT)( ) ( sh + se)

Rsp

where, Ry, and Ry, are PV cell series and shunt resistance
respectively, short circuit (S. C.) current and solar irradi-
ance are expressed as Isc and Sy, K; — Cell temperature
coefficient [35]. PV surface temperature is determined with
help of actual temperature (7)) and standard test condition
temperature (Ts7) as,

AT = (T —Tsr) 2

Sstc

Similar PV cells and bypass diodes are inter linked in the
PV module to avoid damage from hot spot phenomenon
under PSCs. An electrical equivalent model of PV module is
depicted in Fig. 4 [35]. The module current expression with
bypass diode is shown in Eq. (3) as,

9V mod +Rslpy V.. +R.I
Imod = {Iph-lo <e AR~ 1> _ M}
Rl 3)

“4(Vmod
+ {Iobypass (e Aoypass 1) }

where, A and [, are ideality factor and reverse satura-
tion current respectively. K — Boltzmann constant (1.38 x
10723 J/K), T states Kelvin temperature, and g is electron
charge (1.6 x 107 C), Vmodule— module output voltage.
N;— Cascaded connection of solar cells to design a PV mod-
ule, Rs.mod and Rgp.mod are series and shunt module resis-
tances respectively.

B. PV SYSTEM MODELLING
Researchers are thoroughly studying the design of the PV
module arrays. The design methodologies for all the PV array
configurations are given with the aspect of structure and
voltage and current analysis.

1) SERIES-PARALLEL

PV modules are arranged in series connections to form a
string, followed by parallel modules, as shown in Fig. 5(a).
These multiple strings are referred to as the SP circuit, which
increases the current for load output matching.
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TABLE 1. Role of supporting components used in the experimental setup evolved.

Section Components Specifications Role/function
e PV module max. power: 20W 20 numbers of PV modules are arranged with
o I _:1.19A,V, : 2258V a switch matrix to be reconfigured.
e [ :1.08A,V, :18.82V
1. Solar PV e No. of PV module: 4 (2x2)
system PV modules in array e Cell technology: Poly-Si
(4%5 size) e Dimension (mm): 356x490x25
e Manf.: Spark Solar Pvt. Ltd.
e Model: SS2018P
e Number of voltage sensor: 1 e  Sensor module enables the measurement of
VOltagF sensor e Input voltage: 0 to 120V DC 0-120V.
(Arduino compatible) (Modified). e The actual voltage of the PV module is
e Voltage detection range: obtained after calibration.

0.02445 -120 V.

e Analog voltage resolution:

0.00489
e No. of current sensor: 1 e Sensor module is based on hall effect
Current sensor e Measurement range: 0.01 to operation.
(Arduino compatible) 20A DC
e Scale Factor: 100 mV per Amp
e Model: ACS712ELC
2. Electrical e Microcontroller: ATmega328 e Open source Arduino-nano (16 MHz
parameters e Required supply voltage: +5V frequency oscillator) system utilized in data
megsurement Arduino —Nano e Digital I/O pins: 14 logger system.
unit .
e Analog I/P pins: 8
e Flash memory: 16 KB
e Temperature Range:-40°C to
85°C
Liquid crystal display e  Size: 16x2 e To display real time voltage and current values
e Supply voltage: +5V during the investigation.
e  Data pins: 8- bit
Personal Computer e Windows PC system with e Needed to write and upload code to the setup of
system Arduino open source. Arduino-UNO.
e Use to real time data recording.
3. Switch  Electro-mechanical e +5V DC operated e  Used as switches to reconfigure PV array
matrix control relay
unit Arduino- mega e Input output terminals: 54 e Open source Arduino-Mega (16 MHz
e Analog inputs: 16 frequency oscillator) system utilized to
e Operating voltage: 6-12 V DC control relay operation in switch matrix.
e Range: 0-360Q,5 A e  Used to characterize the solar PV array from 0
Variable decade Q to maximum value of resistive load.
4. Load and resistive load
solar irradiation Pyrometer e Sun Irradiation measurement e During experimentation to measure solar
measurement up to 1999 W/m> irradiation in W/m?.

e Resolution: 1 W/m?

2) BRIDGE-LINK

The bridge architecture is being used for connecting PV mod-
ules as shown in Fig. 5(b). If configurations of this kind are
partially shaded, the adjacent modules will also be affected,
increasing the total voltage and current output.

3) HONEY-COMB

In the honeycomb configuration, PV modules are visualized
in Fig. 5(c). In some, but not all, shading conditions, these
configurations can cause common power output losses. Con-
sequently, HC architecture vulnerability lacks robustness.
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4) ADAPTIVE CROSS-TIED

All parallel strings are cross-linked and this design includes
a mechanism for linking the modules in parallel and in
sequence. This mechanism can solve drawbacks in series and
parallel arrays. Relay switches are used to transform current
SP configurations as shown in Fig. 5(d).

The voltage, current, and power outputs of the four PV
module connection schemes are summarized in Table 2. The
power outputs of the four configurations mentioned previ-
ously are approximately equal at identical irradiation levels
when no shading or malfunctions occur. However, when
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FIGURE 1. Experimental setup.

Current
Sensor

]

Real time performance
monitoring and data storage

Controller
u)

Switch matrix

I-V curves under uniform
and non-uniform irradiations

[

Real time measured data to MC

FIGURE 2. Schematic diagram of system.

shading or malfunctions occur, the power outputs of the
configurations differ primarily because of differences in the
connection schemes. When a PV module is shaded, its voltage
and current outputs are reduced, which further lowers the
voltage and current outputs of neighboring series- or parallel-
connected PV modules, thereby inducing a decline in the
overall power output. Accordingly, this study proposes a
strategy for optimizing the configuration of module arrays
when shading or malfunctions occur to improve the power
output of PV module arrays even in shaded or malfunction
conditions. In Table 3, number of functional cross-tied during
shading cases for all the PV array configurations are depicted.

C. PERFORMANCE PARAMETERS AND PARTIAL SHADING
ANALYSIS

The current produced by 5 x 4 size PV array system depends
on the solar irradiation directly and shown in Eq. (4) as,

1=< S >Im

where, I, is the PV module current at STC (Ss7¢

“)
Ssrc
1000W /m? and T = 25°C. S, stands for actual irradiation.
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Current —p—
Current =

Non-uniform Uniform
Irradiation Irradiation
Voltage — Voltage =

Applying Kirchhoff’s Voltage Law, the assessment of PV
array voltage can be done and expressed as Eq. (5) as,

5
V=> Vi
n=1

where, V,,;, is the maximum voltage of n™ row of the PV
array and PL can be expressed, PL = Power at MPP during
uniform irradiation — Power at GMPP during non-uniform
irradiation

Due to this PL condition under non-uniform irradiation,
FF changes are caused, which depend on the PV array’s V.
and /.. With the variation of shading, affected FF is evaluated
using Eq. (6) as,

&)

FF = Vinpp Lmpp
Voclsc
PE is the increment in power produced in the reconfigured

scheme of PV array due to shade dispersion and expressed in
Eq. (7) as,

Q)

GMPPs_ct — GMPPrcr
GMPPus_cr

%PE = x 100

@)
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TABLE 2. Voltage, current and power under ideal conditions.

Configuration Electrical Performance
V:zrray array array
SP 4 5 P=2011
V=YV =4V 1=>1 =5]
n=l1 n=1
BL 4 5 P=20V1
V=V =4V 1=31=5]
n=l n=1
HC 4 5 P=2011
V=V =4V 1=31,=5]
n=l1 n=1
A-CT 4 5 P=2011
V=V =4V 1=>1=5]
n=1 n=1

*V, I are the output voltage and current respectively

TABLE 3. Number of functional cross-tied during shading cases.

Number of functional cross-ties during shading cases

PV array  Total cross-ties % Utilization
Case- 1 Case-II Case-III Case-1V
SP - - - - - -
BL 6 6 6 6 6 100
HC 4 4 4 4 4 100
A-CT 12 4 5 4 4 30-35
In high density urban areas, most of the shadow causes are = 2.661, (10)
inltroduce;d due t? hligght-riﬁethbuﬂ}(lliggs,.shopping Elal}s aI.ltd I, = I, = I, = 0.881, + 0.881, + 0.881, + 0.881,
elecom towers etc. But all the shadowing causes having its
predefined shading patterns due to dynamic position of sun +0.4450, = 3.9631, an
irradiance over a day-time period. In Fig. 6, the four realistic For shading case-I11
shading patterns are acknowledged in this article viz. building
corner shading, single row-column shading, street light pole I, = 0.881, + 0.881, + 0.881, + 0.881, + 0.881,
shading and random shading scenario. Moreover, these con- = 4.41, (12)
sidered shading patterns are suitable and likely to appear in a I, = I, = 0.881, + 0.881, + 0.4451, + 0.4451, + 0.881,
5 x 4 size of PV array. This research article comprehensively — 3.531, (13)
discusses the impact on shading conditions and perceived on
performance output of PV system configurations. Iry = 04451, + 0.4451, + 0.4451, + 04451, + 0.881,
= 2.661, (14)
V. RESULTS AND DISCUSSION ' ' For shading case-IV
In present study, the effects of the considered shading cases
I-IV on the performance of the SP and A-CT configurations I, = 0.3051, 4 0.881, 4 0.4451, + 0.305I, + 0.3051,
are investigated through experimental and simulation aspects. = 2.241, (15)
Under STC, the curr@nt generated from 1nte;grated all PV I, = I, = 04451, + 0.881, -+ 0.881, + 0.881, + 0.4551,
modules in an array is assumed I,,. Theoretically, the row :
currents in PV array systems are expressed under shading = 3.531, (16)
cases I- IV are given from Eq. (8)-(17) as, I, = 0.881, + 0.881, + 0.881, + 0.88/,, + 0.881,
For shading case-1 = 4.4, (17)

I,, = I,, =0.445I, + 0.4451, + 0.881, + 0.881, + 0.881,

= 3.5571, 3
I, = I, = 0.881, + 0.881, + 0.881, + 0.881, + 0.881,
= 4.4I, ©))

For shading case-11
I, = 0.881, + 0.4451,, 4 0.445I, + 0.4451, + 0.4451,
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Ignorance of all the little bit voltage imbalances found across
each row and that of the voltage observed across PV array is

represented in Eq. (18) as,
Parray = Varray X 5V, (18)

For the purpose of performance parameter assessment, it is
necessary to understand the behavior of P-V and I-V charac-
teristics, shown in Fig. 6 as,
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Measure {Voltage, current}
of PV Array and display at LCD,

PV system is
working in

If measured
Power = Power at

ideal condition

STC

¢ N
Measure {Voltage, current}
for each string

p Y f measured string
‘'wN
Identified the string

(Shaded PV modules)

v

A
r Relay circuit ‘ON’ to change
the PV array configurations
from SP to A-CT

Measure {Voltage, current}
for each string

f measured string
Power = Power a

All relay circuits
‘ON’ at identified

R XN

R, XNy 2\ V

module

FIGURE 4. Electrical equivalent circuit of a PV cell [35].

The hardware setup is useful for detailed analysis to ver-
ify the findings of the MATLAB/Simulink study. Both effects
of the PSCs on the PV system are critically studied in order
to obtain output parameters due to the smooth action of the
P-V and I-V characteristics. Investigation carried out during
the PSCs, obviously a high change of existence of numbers
of LMPP and GMPP on I-V and P-V performance character-
istics. The multi peaks such as LMPP and GMPP create a big
disturbance to track actual MPP (higher value) by the maxi-
mum power point tracking (MPPT) devices. In present study,
switching control methodology for electrical interconnection
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FIGURE 5. (a)-(d).PV array configurations.

between PV modules is adopted to minimize the multiple

MPP on P-V characteristics.

VOLUME 9, 2021



R. K. Pachauri et al.: ASM for PV Module Connections to Avoid Permanent Cross-Tied Link in PV Array System

IEEE Access

31|32

41 | 42

(a) Case-l: Building corner shading

(c) Case-lll: Street light shading pattern

(b) Case-ll: Single row-column shading

(d) Case-lIV: Random- miscellaneous shading

FIGURE 6. (a)-(d).Distinguish shadow patterns for PV performance investigation.

A. P-V AND I-V CHARACTERISTICS OF SOLAR PV ARRAY
UNDER SHADING CASE-I

A detailed analysis on the accomplished performance of
SP, BL, HC and proposed A-CT configurations is delib-
erated. For MATLAB/Simulink and experimental analysis
under shading cases I-IV, the behaviour of obtained P-V
and I-V curves for PV array configurations is studied and
shown in figure 7(a)-(b). The SP, BL and HC configura-
tions are experiencing a considerable amount of shading
due to the lack of coherence between the module’s maxima
power and GMPP of PV array compared to proposed A-CT
configuration.

In shading case-I, the GMPP of the SP, BL, and HC con-
figurations are observed as 283.4W, 288.7W, 284.1W at two
different irradiation levels such as 880W/m? and 445W/m?.
For the suggested A-CT configuration, the GMPP is observed
on the higher side as 291.3W relative to conventional PV
array configurations. The GMPP of the SP, BL, and HC
configurations are reported as 281W, 288.2W, and 284W
as result of the experimental study to verify the simulation
results.

In addition, for A-CT configuration, the GMPP is observed
as 288.7W compared to conventional PV array configura-
tions. During MATLAB simulation and experiment, the per-
formance output of considered PV array configurations is
contrasted based on the smoothness of the P-V curves under
PSCs.

In addition, the non-linear aspect of the I-V characteristics
of SP, BL, and HC arrangements for different shading cases
of the PV array is observed. The acquired S. C. current of
A-TCT configuration is found to be similar to other configu-
rations for simulation and experimental studies under all the
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FIGURE 7. Electrical characteristics of PV system.

PSCs. For all PV array configurations, such as 5.982A for
simulation and 5.96A, 5.97A, 5.96A and 5.98A for experi-
mental studies, the values of S. C. current are observed under
shading case-I.
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B. P-V AND I-V CHARACTERISTICS OF SOLAR PV ARRAY
UNDER SHADING CASE-II

A study on how well the SP, BL, HC, and A-CT config-
urations worked is deliberated. The behaviour of P-V and
I-V curves obtained from PV array configurations is inves-
tigated for MATLAB/Simulink and experimental analysis
under shading case- II and shown in figure 8(a)- (b). The SP,
BL and HC configurations are experienced the PL because
of non-coherence phenomenon of GMPP between PV arrays
compared to A-CT configuration.

The GMPP position of the SP, BL, and HC configurations
is noted as 231.1W, 234.4W, 233W under non-uniform irradi-
ation levels in shading case-II. The GMPP is observed on the
higher side as 238.2W in the proposed A-CT configuration.
The GMPP position of the SP, BL, and HC configurations is
specified as 227.7W, 233.2W, 232.6W under similar irradia-
tion levels as part of the experimental analysis. In addition,
the GMPP for the A-CT configuration is noted as 234.3W.

In addition, under PSCs, the I-V features of SP, BL,
and HC arrangements are observed. During simulation and
experimental studies, the acquired S. C. current of A-TCT
was found to be identical to other configurations. S. C. cur-
rent values for all PV array configurations, such as 5.392A
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FIGURE 9. (a)-(b) Performance characteristics under shading case-II.

for simulation and 5.435A, 5.383A, 5.40A and 5.365A for
experimental studies, are found to be identical under shading
case-II.

C. P-V AND I-V CHARACTERISTICS OF SOLAR PV ARRAY
UNDER SHADING CASE-Ill

Power observation at GMPP is determined by the occurrence
of several maximum points on P-V curves. Under the shading
case-III, for simulation analysis, power at GMPPs is observed
for SP, BL, HC and A-CT configurations as 218.2W, 219.8W,
224.TW and 234.7W respectively. In addition, during experi-
mental analysis, GMPP positions are observed to confirm the
effects of shading as 216.5W, 217.9W, 220.9W, and 232W.
Among the considered PV array configurations during simu-
lation testing, the A-TCT configuration has the highest power
at GMPP.

Under shading case-III, the behaviour of the I-V character-
istic of SP, BL, HC and A-CT configurations is investigated.
In addition, the obtained S. C. current of the A-TCT is found
to be identical to other configurations during simulation and
experimental studies. In fact, S. C. current values are identical
for all PV array configuration such as 5.982A for simula-
tion and 5.97A, 5.96A, 5.965A and 5.96A for experimental
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studies respectively. The behaviour of P-V and I-V curves
obtained from PV array configurations is investigated for
MATLAB/Simulink and experimental study under shading
case- III and shown in figure 9(a)-(b).

D. P-V AND I-V CHARACTERISTICS OF SOLAR PV ARRAY
UNDER SHADING CASE-IV

The estimation of the GMPP location is carried out via
the presence of several P-V maxima points. For SP, BL,
HC and A-CT configurations, power at GMPPs is observed
as 190.4W, 198.2W, 192.3W and 202.14W respectively for
simulation analysis under the shading case-IV. In addition,
during experimental tests, GMPP positions are recognized as
189.4W, 197.5W, 192.80W, and 199.5W to check the effects
of simulation. Among the considered PV array configurations
during simulation analysis, the A-TCT configuration has the
highest power at GMPP.

The behaviour of the I-V characteristic of the SP, BL,
HC and A-CT configurations is studied in the case-IV shad-
ing. In addition, the SC current obtained from A-TCT is found
to be identical to other configurations during simulation and
experimental studies. In this sense, the existing SC values
are 5.98A, 5.96A, 5.98A and 5.98A for all simulation PV
array configurations and 5.96A, 5.96A, 5.89A and 5.96A for
experimental studies, respectively. The P-V and I-V curves
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obtained from the PV array configurations are investigated in
the MATLAB/Simulink and experimental analysis and shown
in Figure 10(a) - (b).

E. POWER AT GMPP

Investigation to identify the GMPP location in between local
and global values of power maxima is analyzed. Simulation
and experimental results in terms of power at GMPP are
shown in figure 11 and Table 4. Highest power at GMPP
is obtained as 291.3W, 238.2W 234.7W and 202.14W for
A-CT configuration under shading cases I-IV during MAT-
LAB/Simulink study. In addition, higher power at GMPP is
obtained as 288.7W, 234.3W, 232W and 199.5W for A-CT
as related to classical SP, BL, and HC configurations under
shading cases [-IV during experimentation.

F. VOLTAGE AT GMPP

Voltage at GMPP is very important parameters for delivering
power to the load side. In MATLAB/Simulation study, volt-
age at GMPP for SP, BL, HC and A-CT Configurations have
distinguishing values under shading case-I (65.5V, 65.73W,
65.5V and 65.9V), case-II (50.26V, 68.13V, 48.58V and
68.13V), case-1II (51.64V, 67.39V, 51.64V and 67.39V) and
case-IV (49.86V, 68.04V, 68.52V and 68.81) respectively.

45987



l E E E ACC@SS R. K. Pachauri et al.: ASM for PV Module Connections to Avoid Permanent Cross-Tied Link in PV Array System

TABLE 4. Power at GMPP of PV array configurations under shading cases.

Shading Simulation Experimental
cases SP BL HC A-CT SP BL HC A-CT
Case-1 5.982 5.982 5.982 5.982 5.96 597 5.96 5.98

Case-II 5.392 5.392 5.392 5.392 5.435 5.383 5.40 5.365
Case-III 5.982 5.982 5.982 5.982 5.97 5.965 5.965 5.96
Case-1V 5.98 5.96 5.98 5.98 5.96 5.96 5.89 5.96

TABLE 5. Voltage at GMPP of PV array configurations under shading cases.

Shading Simulation Experimental
cases SP BL HC A-CT SP BL HC A-CT
Case-1 65.5 65.73 65.5 65.9 65.18 66.24 66.66 65.73

Case-II 50.26 68.13 48.58 68.13 69.15 69.45 69.05 67.66
Case-II1 51.64 67.39 51.64 67.39 52.98 51.39 51.92 66.87
Case-IV 49.86 68.04 68.52 68.81 49.86 68.42 68.42 68.84

TABLE 6. Power losses of PV array configurations under shading cases.

Shading Simulation Experimental

cases SP BL HC A-CT SP BL HC A-CT
Case-1 63.5 58.2 62.8 55.6 65.9 58.7 62.9 58.2
Case-11 115.8 112.5 113.9 108.7 119.2 113.7 114.3 112.6
Case-III 128.6 127.1 122.2 112.2 130.4 129 126 114.9

Case-1V 156.5 148.7 154.6 144.76 157.5 149.4 154.1 147.4

TABLE 7. FF of PV array configurations under shading cases.

Shading Simulation Experimental
cases SP BL HC A-CT SP BL HC A-CT
Case-1 0.57 0.581 0.57 0.586 0.569 0.566 0.575 0.581

Case-II 0.523 0.525 0.521 0.535 0.513 0.523 0.520 0.526
Case-II1 0.442 0.446 0.4536 0.4744 0.4395 0.4456 0.4491 0.4689
Case-IV 0.390 0.404 0.389 0.410 0.396 0.404 0.399 0.409
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(a) Power at GMPP for MATLAB/Simulink study (b) Power at GMPP for experimental study

FIGURE 12. (a)-(b) Power at GMPP.

During experimental study, voltage at GMPP for SP, BL, quantitative analysis, the bar chart representation of the volt-
HC and A-CT configurations have distinguishing values age at GMPP is shown in Fig. 12 and Table 5.
under shading case-I (65.18V, 66.24V, 66.66V and 65.73V),
case-II (69.15V, 69.45V, 69.05V and 67.66V) and case-III G. POWER LOSSES
(52.98V, 51.39V, 51.92V and 66.87V), and case-IV (49.86V, The power losses due to the shading effect on PV sys-
68.42V, 68.42V and 68.84) respectively. For a detailed tems such as SP, BL, HC and A-CT were recorded during
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MATLAB/Simulink study. Under shading cases I-IV,
the A-CT configuration has minimum power losses of 55.6W,
108.7W, 112.2W and 144.76W. In addition, experimental
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work is conducted and power losses are observed for all
PV array configurations due to the shading effect. Minimum
power losses such as 58.2W, 112.6W, 114.9W, and 147.4W
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TABLE 8. PE (%) of PV array configurations under shading cases.

Shading Simulation Experimental

cases SP BL HC A-CT SP BL HC A-CT
Case-I -- 1.83 0.875 2.71 -- 2.49 1.05 2.66
Case-11 - 1.40 0.815 2.98 - 2.35 2.10 2.816
Case-III - 0.68 2.84 6.98 - 0.642 1.99 6.59
Case-1V - 3.9 0.98 5.80 - 4.10 1.35 5.06

TABLE 9. PR (%) of PV array configurations under shading cases.

Shading Simulation Experimental

cases SP BL HC A-CT SP BL HC A-CT
Case-1 81.69 83.22 81.89 83.97 81.00 83.07 81.86 83.22
Case-I1 66.81 67.56 67.16 68.66 65.63 67.22 67.05 67.54
Case-I11 62.92 63.36 64.77 67.65 62.40 62.81 63.67 66.87
Case-IV 54.88 57.13 55.43 58.34 54.59 56.93 55.57 57.50
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FIGURE 16. (a)-(b) PE assessment under PSCs.
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(a) PR for MATLAB/Simulink study

Case-II Case-IlI Case-IV

FIGURE 17. (a)-(b) PR assessment under PSCs.

were reported under shading scenarios for the A-CT config-
uration. In Table 6, quantitative analysis is shown along with
the representation of the bar chart in Fig. 13.

H. FILL FACTOR
Dissimilarities in the FF due to the specific shading cases
for the SP, BL, HC and A-CT arrangements compared

45990

Case-I Case-Il Case-Ill Case-IV
(b) PE for experimental study

Case-I Case-II Case-IIl Case-IV
(b) PR for experimental study

to the bar chart in Figure 14. In shading cases I-IV in
the MATLAB/Simulink analysis, A-CT improved FF by
0.586,.535, 0.474 and 0.410, respectively. The FF evaluation
was conducted and it was found that A-CT had the highest
values of 0.581, 0.526 and 0.468 and 0.409 for experimental
studies in similar shading situations. The quantitative analysis
of FF is depicted in Table 7.
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I. POWER ENHANCEMENT

PE is the increment in power produced by the reconfigured
PV array system due to shading dispersion and assessment is
carried out with MATLAB/Simulink and experimental stud-
ies. During shading cases-I-IV, A-CT has highest PE with
respect to SP configuration such as 2.71%, 2.98%, 6.98% and
5.80% respectively.

Furthermore, PE is observed as 2.66%, 2.816%, 6.59% and
5.06% during the experimental study. The PE for all the cases
are shown in Table 8. Bar chart representation for PE is shown
in figure 15 as,

J. PERFORMANCE RATIO

The performance of a PV array is determined by the perfor-
mance ratio as indicated in Eq. (19). The quantitative analysis
of PR is depicted in Table 9 and bar chart representation is
shown in Fig. 16.

%PR = Py, under shading conditions

19
Py, at full irradiation (19

VI. CONCLUSION

This paper analysed and compared the performance of con-
ventional SP, BL, HC configurations with new A-CT configu-
ration under realistic shading cases: I-IV. The method used as
a simplified reconfiguration technique can be extended to any
size of the PV array, and performance key parameters such as
power loss, PE, and FF were assessed with comprehensive
comparative MATLAB/Simulink and experimental studies.

Thus, the proposed reconfiguration scheme for PV mod-

ules is particularly advantageous for the design of large PV
plant. Novel A-CT configuration has lower number cross-
tied connections between the parallel strings. Following key
points of both the studies are as follows,

« For case-I: the performance parameters such as power at
GMPP, FF, PE (w.r.t. SP) and minimized PL, and PR
are found best as 291.3W, 0.586, 2.71%, 55.6W and
83.97% respectively for A-CT configuration through
MATLAB/Simulation study under shading case-I. Dur-
ing experimental validation, similar performance param-
eters are observed and found as 288.7W, 0.581, 2.66%,
58.2W and 83.22%.

e Overall, A-CT has best values during MATLAB/
Simulink and experimental studies under shading cases-
II- IV for similar performance index.

The present study will be beneficial for commercial PV

plants and new beginners in this area as a standard for future
research work.
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