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ABSTRACT Partial shading is the commonly encountered scenario of building roof-top based PV arrays that
mainly occur due to the shadow of the neighbouring buildings and clouds resulting in unexpected losses and
deteriorated system performance. The arrays are connected in various configurations to enhance the system
performance during shading. In this paper, various conventional and hybrid interconnection configurations
based on series-parallel (SP), bridge-linked (BL), and total cross tied (TCT) topologies of the roof-top PV
arrays are examined under various partial shading scenarios caused by the neighbouring building and clouds.
The investigation is done for a 9 x 9 roof-top array in MATLAB/Simulink environment considering various
comparison parameters. It has been found that during 1.23%, 7.40%, 11.11%, 17.75%, 18.51%%, 22.22%,
and 24.69% of total array shading, SP generated the maximum power whereas, during 30.86%, 61.72%
shading, TCT has the generated only a slightly higher power as compared to SP. Hence, the study concludes
that the configurations have a puny effect on the power generation of the arrays during uneven shading
patterns caused by buildings and clouds.

INDEX TERMS Array configurations, mismatch loss, partial shading, photovoltaic, power generation, and
roof-top PV system.
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VM Voltage at MPP.

Im Current at MPP.

Voc Open-Circuit Voltage.

Isc Short-Circuit Current.

ML Mismatch Loss.

Punshaded Power at unshaded scenario.

Pshaded Power at shaded scenario.
Pr Theoretical Power.

MPPripst Maximum Power Point at first peak.
MPPpctuat  Actual Maximum Power Point.
PL Power Loss.

TL Tracking Loss.

Mo Operational Efficiency.

Ne Conversion Efficiency.

A Area of Module.

W Watt.

kW Kilowatt.

A% Voltage.

A Ampere.

Ipy Output Current of Module.

Ipv stc Output Current of Module at STC.
Vpv Output Voltage of Module.

Rg Series Resistance.

Rgsh Shunt Resistance.

Vi Thermal Voltage.

n Diode factor.

I. INTRODUCTION

The demand for solar photovoltaic (PV) generation is contin-
uously rising at a faster pace due to higher source availability,
low maintenance and higher reliability. However, the higher
setup cost and larger land requirement of the PV system has
inspired the consumers to opt for a roof-top based system to
reduce extra land cost and higher initial cost [1]. However,
the PV array constituents of modules installed at the building
roof-top encounter a critical scenario of partial shading that is
mainly caused by the neighbouring buildings and cloud pas-
sage [2]. These scenarios can reduce the overall performance
of the array by either generating very low power output or cre-
ating a hotspot among the shaded modules whose long-term
existence leads to physical damage to the PV module [3].
Generally, for hotspot reduction in modules, bypass diodes
are implemented in parallel with the modules that allow the
current generated by unshaded modules to flow through it
preventing hotspots [4]. However, in most of the shading
cases, the bypass diodes distort the characteristics curves of
the array by forming multiple peaks having lower power peak
at the first position and hence, mislead the maximum power
point tracker algorithms towards false tracking [4]. Various
MPPT algorithms for effective tracking of true maximum
power point (MPP) are proposed in the literature and tested
under various shading scenarios [5]. Some of these algo-
rithms follow techniques such as fusion fly [6], Harish hawk
optimization [7], grasshopper optimization [8], salp-swarm
optimization [9], dynamic particle method [10], hybrid
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evolutionary methods [11], improved grey wolf optimiza-
tion [12], bat algorithm [13], chaotic flower pollination [14],
marine predators algorithm [15] etc. But, the adoption of
these algorithms in the PV system can add to system cost
and complexity due to the requirement of large numbers of
switches, sensors, powerful micro-controllers and complex
algorithms. Also, the algorithms encounter reliability issues
under fluctuating or complex shading cases by sometimes
tracking the false MPP.

Hence, to mitigate the partial shading issues, module
interconnection configuration and reconfiguration among the
modules is in the current trend [16]. Generally, modules in
a PV array are either connected in series or series-parallel
configurations based on the requirement among which
series-parallel (SP) has gained wide acceptance for the
roof-top system due to the low loss factors [17]. Besides
these, bridge-linked (BL) and total cross tied (TCT) are con-
ventionally widely accepted for effective shading mitigation
in PV arrays that require extra wires and knots connected
across the modules to disperse the current throughout the
array [18]. Various studies have been performed in the lit-
erature to study the effectiveness of these configurations
under partial shading and found that the TCT configuration
excelled in the performance during all shading scenarios
by reducing the losses caused by shading [19]-[21]. How-
ever, the study shows that the configurations have a min-
imal effect on the mismatch losses caused by the moving
clouds [22]. Recently, reconfiguration techniques are playing
a major role in combatting the effect of partial shading that
adopt the principle of either changing the electrical connec-
tion or placement of PV modules to disperse the effect of
shading in the entire array [23]. Some of these techniques
include: shade dispersion scheme [24], magic square [25],
SDP [26], SD-PAR [27], optimal Sudoku [28], fixed electrical
reconfiguration [29], Lo Shu technique [30], etc. However,
these techniques directly or indirectly adopt the existing TCT
configuration and create wiring complexities and difficulties
in fault diagnosis. Hence, these techniques remain inapplica-
ble for most of the system installations. Various configura-
tions based on hybridization of SP, BL, HC and TCT have
been proposed and tested under shading scenarios [31]. The
hybrid topologies i.e. bridge-linked honey-comb (BLHC),
bridge-linked total-cross-tied (BLTCT) and series-parallel
total-cross-tied (SPTCT) are studied under shading and found
that BLHC has a similar performance to that of TCT with
less wiring complexities [32]. All the above interconnection
topologies are generally studied under various even types
of partial shading patterns such as row or column shadings.
However, in the real-time environment, the considered pat-
terns are quite unrealistic as the arrays encounter uneven
shading patterns caused by the buildings or clouds especially
in case of roof-top systems. Also, the arrays operate under
different temperatures of the shaded and unshaded modules
which are not considered in the above studies.

Hence, in this paper, the above research gap has been
addressed for conventional and hybrid array configurations

VOLUME 9, 2021



P. R. Satpathy et al.: Impact of Uneven Shading by Neighboring Buildings and Clouds

IEEE Access

by considering various realistic uneven shading scenarios
caused by the shadow of buildings and clouds in roof-top
systems. Also, the temperature differences between the
shaded and unshaded modules during partial shading is con-
sidered for approximate estimation of power generation.
The conventional configurations include series-parallel (SP),
bridge-linked (BL) and total-cross tied (TCT) whereas SP-SP,
SP-BL, SP-TCT, BL-SP, BL-BL, BL-TCT, TCT-SP, TCT-BL
and TCT-TCT are hybrid configurations. The entire study is
done in the MATLAB/Simulink environment for a 9 x 9 PV
array having sub-arrays of size 3 x 3 (for hybrid configu-
rations) with a total system size of 26.3kW installed at the
roof-top of a residential building. The performance of the
configurations has been studied in terms of power-voltage
(P~V) characteristics curves, power generation, mismatch
losses, power losses, tracking losses, number of peaks in the
P~V curves, operational efficiency, conversion efficiency,
extra wires and knots requirement.

Il. SYSTEM DESCRIPTION

A. MODELING OF PV MODULE

A PV module mainly comprises of a number of cells that
are semiconductors to generate electricity from solar irradi-
ance (G) by mean of the photoelectric effect represented by a
current source with a parallel diode (D) and some resistances.
The equivalent electrical circuit of the module is depicted in
FIGURE 1 where Ip, is the photogenerated current, Ipy is
the output current, Vpy is the output voltage, Rg is the series
resistance and Rgy, is the shunt resistance of the module.

Ipy =1Ipp — 1, [CXP (VPV + Rslpv/vt) - 1]
- [(va + IpVRS) /RSh] ()

11) % RSh VPV

(1

FIGURE 1. Equivalent circuit of a PV module.

The mathematical expression to model the PV cells has
been given in equation (1) where Ip symbolizes diode cur-
rent, I, = G/Gsrc * (Ipv_STC + K; AT) indicate photonic
current, V; = nkT /q represents the thermal voltage, n, k, T,
g, Ki, G and Ggtc symbolizes diode factors, Boltzmann’s
constant, module temperature, electron charge, short-circuit
current temperature coefficient, irradiance received by the
module, and irradiance at the standard testing condi-
tion (STC) respectively.

The specification of the module used in the study at stan-
dard testing condition (STC) i.e. 1000W/m? and 25°C has
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been represented in TABLE 1. In this study, eighty-one mod-
ules are connected in different configurations to form the
PV arrays.

TABLE 1. Specification of the module at STC (1000W/m? and 25°C).

Parameters Rating at STC
Power at MPP (Pm) 325 W
Voltage at MPP (Vm) 37.80 V
Current at MPP (Im) 8.60 A
Open-Circuit Voltage (Voc) 46.40 V
Short-Circuit Current (Isc) 920 A
No. of Series Connected Cells 72

B. CONVENTIONAL 9 x 9 ARRAY INTERCONNECTION
CONFIGURATIONS

Basically, modules are electrically connected in various con-
figurations to achieve the desired voltage and current out-
put. Series-parallel (SP) is the most common and widely
accepted interconnection configuration where several mod-
ules are connected in the series to increase the system voltage
output forming string and similar strings are connected in
parallel for higher current output resulting in higher power
output. The bridge-linked (BL) configuration is formed by
connecting the wire ties across the series-parallel connected
modules in a bridging manner. Total cross tied (TCT) config-
uration can be obtained by connecting wire ties across each
junction (or positive and negative connection knot) of the
PV modules that provide an extra path for the higher current
generated by the unshaded modules to flow through. The
schematic diagrams of 9 x 9 PV arrays with SP, BL and TCT
configurations have been shown in FIGURE 2 (a), (b), and (c)
respectively. The arrays generated a maximum power
of 26.325kW with 340.2V, 77.40A, 417.60V and 86.4A as
maximum voltage (Vy1), maximum current (In), open-circuit
voltage (Voc), and short-current (Isc) respectively at STC.

C. HYBRID 9 x 9 ARRAY INTERCONNECTION
CONFIGURATIONS

In this study, various hybrid PV array configurations based
on the conventional configurations i.e. SP, BL, and TCT
have been tested under the various neighbouring building and
cloud-based shading scenarios. The hybrid configurations are
formed by dividing the 9 x 9 PV array into 9 different blocks
(called sub-arrays) having 9 modules in each (3 x 3 array)
as shown in FIGURE 3. The interconnection configurations
are applied to the sub-arrays and then sub-array blocks are
connected in different architectures forming the hybrid inter-
connection configurations.

The hybrid configurations considered in the study mainly
include SP-SP, SP-BL, SP-TCT, BL-SP, BL-BL, BL-TCT,
TCT-SP, TCT-BL, and TCT-TCT as shown in FIGURE 4.
In SP-SP, SP-BL and SP-TCT, the modules of the sub-arrays
are connected in a common configuration i.e. SP whereas the
sub-arrays are connected in different configurations such as
SP, BL and TCT. Similarly, in the case of BL-SP, BL-BL
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FIGURE 2. Schematic representation of a 9 x 9 PV array with different conventional module interconnection configurations.
(a) Series-parallel (SP), (b) Bridge-linked (BL), and (c) Total cross tied (TCT).
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FIGURE 3. Evolution of 3 x 3 sub-arrays from 9 x 9 PV array.

and BL-TCT, modules of the sub-arrays are connected in BL
with sub-arrays connected in SP, BL and TCT whereas in the
case of TCT-SP, TCT-BL and TCT-TCT, TCT is the com-
mon configuration for the modules of the sub-arrays and the
sub-arrays are connected in SP, BL and TCT configurations.

D. PERFORMANCE COMPARISON PARAMETERS

The performance of various PV modules interconnection con-
figurations under partial shading is compared using various
parameters such as power generation, mismatch loss, power
loss, tracking loss, number of peaks in P~V curves, opera-
tional efficiency, power conversion efficiency, extra wires and
knots requirement [33].

The P~V characteristics curve of a configuration can
be extracted by using a variable resistor in the simulation
whereas the number of peaks and location of actual MPP
depends upon the nature and pattern of shading. The power
(Pwm) generation of PV array during particular shading is the
product of maximum voltage (V) and current (Ig) given as

PM =VM XIM (2)
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The mismatch loss (ML) is the difference between the
maximum power generated by the PV array under unshaded
scenario (Punshaded) and shaded (Pshaged) Scenario given as

ML = Pynshaded — PShaded 3)

The power loss (PL) is calculated as the difference between
the theoretical power (Pt) and actual power generated by
the array under the shaded scenario (Pspaded) represented in
equation (4). The theoretical power of the array is the sum
of power generated by individual modules during shading
scenarios.

PL = P7 — Pspaded @

The tracking loss (TL) is the power loss encountered by
the maximum power point tracking (MPPT) algorithms due
to false tracking of local MPP (if lies in the first position)
instead of actual MPP of the array and can be determined as

TL = MPPFirss — MPPaciual &)

The operational efficiency (n,) of the PV array can be
calculated as the percentile of the ratio between output
power during shading to the input i.e. product of receiving
irradiance (G) and area of the modules (A) given as

Pshaded
GxA

The power conversion efficiency (7.) is the percentile of
the ratio between the actual maximum power generated by
the array during the unshaded scenario to the theoretical
power i.e.

x 100 (©6)

no =

P
Ne = " Shaded - @)
Pr

The wires required to form the BL and TCT configurations
from the SP configuration are mainly termed as the extra
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FIGURE 4. Various hybrid module interconnection configurations for 9 x 9 PV arrays.

wires connected to junctions using knots as represented in
FIGURE 5. This parameter is mainly used to compare the
redundancy level and wiring losses of the configurations. The
higher the wires and knots count, the higher will be the wiring
losses and redundancy level in the system.

Ill. PERFORMANCE EVALUATION UNDER BUILDING
SHADOW SCENARIO

The conventional module interconnection configurations i.e.
SP, BL, and TCT are studied under various real-time based
shading scenarios that are mainly caused by the nearby
buildings. The shading scenario has been categorized into
four cases where the shadow formed by the nearby building
changes concerning the time of the day and position of the
sun covering a total area of 1.96% to 61.72% of the 9 x 9
PV array. The 9 x 9 PV arrays have generated a maximum
power of 22.88kW during shadow-free or unshaded condi-
tions i.e. 800W/m? irradiance and 45°C module operating
temperature. The irradiance and operating temperature of the

VOLUME 9, 2021

Extra Wire

FIGURE 5. Schematic diagram of a 3 x 3 sub-array representing extra
wires and knots required in PV array configurations.

modules operating under shading scenario have been consid-
ered as 200W/m? and 35°C respectively.

The building shading case A has been shown in
FIGURE 6 (a) where the shadow of the neighbouring building
covered one module i.e.1.23% of the array. The P~V char-
acteristics of the array with SP, BL and TCT configurations
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FIGURE 6. Neighbouring building shading case A for roof-top based 9 x 9 PV array configurations. (a) Shading
scenario (drawn using SketchUp tool) and, (b) P~V characteristics curves.
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FIGURE 7. Neighbouring building shading case B for roof-top based 9 x 9 PV array configurations. (a) Shading
scenario (drawn using SketchUp tool) and, (b) P~V characteristics curves.
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FIGURE 8. Neighbouring building shading case C for roof-top based 9 x 9 PV array configurations. (a) Shading
scenario (drawn using SketchUp tool) and, (b) P~V characteristics curves.

has been depicted in FIGURE 6 (b) where the SP array
exhibited a convex characteristics curve and the other two
i.e. BL and TCT have non-convex curves with two peaks.
The theoretical power generation of the array during shading
case A has been calculated as 22.46kW. The power output of
SPis higheri.e. 21.84kW as compared to TCT (21.68kW) and
BL (20.97kW). The mismatch losses of the SP, BL and TCT
configurations are found as 1.04kW, 1.91kW and 1.20kW
whereas the power losses have been calculated as 0.62kW,
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1.49kW and 0.78kW respectively. The SP has the highest
operation and power conversion efficiencies of 19.87% and
97.23% as compared to the BL (19.08% and 93.36%) and
TCT (19.72% and 96.52%) respectively. The SP encountered
zero MPPT tracking loss due to the presence of a single peak
in the P~V curve however, the tracking losses of BL and TCT
have been found as 0.19kW and 1.38kW due to the presence
of multiple peaks with true MPP at the second position of
the characteristics curves. Hence, during this particular kind
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FIGURE 9. Neighbouring building shading case D for roof-top based 9 x 9 PV array configurations. (a) Shading
scenario (drawn using SketchUp tool) and, (b) P~V characteristics curves.
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FIGURE 10. Cloud shadow scenarios considered for 9 x 9 PV array configurations. (a) Shading case A (11.11%), (b) Shading case B
(30.86%), (c) Shading case C (24.69%), (d) Shading case D (22.22%), (e) Shading case E (18.51%), and (f) Shading case F (11.11%).

TABLE 2. Performance summarization of different conventional PV array configurations during building shadow cases.

Building Shading Case A
Configuration Pr (kW) Pm (KW) ML (kW) PL (kW) | TL (kW) | 10 (%) | Mc (%) No. of Peaks
SpP 21.84 1.04 0.62 0 19.87 97.23 1
BL 22.46 20.97 1.91 1.49 0.19 19.08 93.36 2
TCT 21.68 1.20 0.78 1.38 19.72 96.52 2
Building Shading Case B
Configuration Pr (kW) Pum (kW) ML (kW) PL (kW) | TL (kW) | 10 (%) | M (%) No. of Peaks
SP 19.51 3.37 1.87 5.85 17.75 91.25 3
BL 21.38 19.02 3.86 2.36 5.90 17.30 88.96 3
TCT 19.20 3.68 2.18 6.70 17.47 89.80 3
Building Shading Case C
Configuration Pr (kW) Pum (kW) ML (kW) PL (kW) | TL (kW) | no (%) | 1c (%) No. of Peaks
SP 13.49 9.39 7.22 0.52 12.27 65.13 4
BL 20.71 13.84 9.04 6.87 1.16 12.59 66.82 4
TCT 14.14 8.74 6.57 12.22 12.86 68.27 4
Building Shading Case D
Configuration Pr (kW) Pum (kW) ML (kW) PL (kW) | TL (kW) | 10 (%) | nc (%) No. of Peaks
SP 8.76 14.12 3.81 7.1 7.97 69.68 7
BL 12.57 8.60 14.28 3.97 6.94 7.82 68.41 5
TCT 8.86 14.02 3.71 7.31 8.06 70.48 5

of shading case, the SP configuration has shown excellence theoretical power generation of the array during this shadow
over BL and TCT. condition has been calculated as 21.38kW. The P~V charac-

The building shading case B has been represented teristics curves of the SP, BL and TCT array configurations
in FIGURE 7 (a) where 7.40% of the array encountered have been depicted in FIGURE 7 (b) where SP (19.51kW)
shadow due to the shadow of the nearby building. The total has generated a significantly higher power than that of
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TABLE 3. Performance summarization of different hybrid PV array configurations during building shadow cases.

Building Shading Case A
Configuration Pr (kW) Pum (KW) ML (kW) PL (kW) | TL (kW) [ 10 (%) | nc (%) No. of Peaks
SP-SP 21.28 1.60 1.18 0 19.36 94.76 2
SP-BL 21.10 1.78 1.36 0.25 19.19 93.94 2
SP-TCT 21.27 1.61 1.19 0.53 19.35 94.70 2
BL-SP 22 46 21.10 1.78 1.36 0 19.19 93.94 2
BL-BL ’ 21.14 1.74 1.32 0.49 19.23 94.12 2
BL-TCT 21.20 1.68 1.26 0.65 19.29 94.39 2
TCT-SP 21.05 1.83 1.41 0 19.15 93.72 2
TCT-BL 21.14 1.74 1.32 0.53 19.23 94.12 2
TCT-TCT 21.30 1.58 1.16 0.80 19.38 94.83 2
Building Shading Case B
Configuration Pr (kW) Pum (KW) ML (kW) PL (kW) | TL (kW) | 10 (%) | M (%) No. of Peaks
SP-SP 19.76 3.12 1.62 6.50 17.97 92.42 3
SP-BL 19.09 3.79 2.29 5.83 17.37 89.28 3
SP-TCT 19.16 3.72 2.22 6.20 17.43 89.61 3
BL-SP 2138 19.94 2.94 1.44 6.88 18.14 93.26 3
BL-BL ’ 19.10 3.78 2.28 6.04 17.37 89.33 3
BL-TCT 19.19 3.69 2.19 6.43 17.46 89.75 3
TCT-SP 20.00 2.88 1.38 6.98 18.19 93.54 3
TCT-BL 19.10 3.78 2.28 6.09 17.37 89.33 3
TCT-TCT 19.20 6.68 2.18 6.49 17.47 89.80 3
Building Shading Case C
Configuration Pr (kW) Py (kW) ML (kW) PL (kW) | TL (kW) | m (%) N (%) No. of Peaks
SP-SP 14.60 8.28 6.11 2.05 13.28 70.49 3
SP-BL 14.59 8.29 6.12 2.15 13.27 70.44 3
SP-TCT 14.46 8.42 6.25 2.15 13.15 69.82 3
BL-SP 14.45 8.43 6.26 1.85 13.14 69.77 3
BL-BL 20.71 14.44 8.44 6.27 1.96 13.13 69.72 3
BL-TCT 14.32 8.56 6.39 1.96 13.02 69.14 3
TCT-SP 14.50 8.38 6.21 1.88 13.19 70.01 3
TCT-BL 14.49 8.39 6.22 2.06 13.18 69.96 3
TCT-TCT 14.37 8.51 6.34 1.99 13.07 69.38 3
Building Shading Case D
Configuration | Pr(kW) | Pu(kW) | ML (kW) | PL (kW) | TL (kW) [ 1 (%) | nc(%) | No. of Peaks
SP-SP 8.76 14.12 3.81 5.86 7.97 69.68 5
SP-BL 8.80 14.08 3.77 5.23 8.00 70.00 5
SP-TCT 8.56 14.32 4.01 5.65 7.78 68.09 5
BL-SP 8.76 14.12 3.81 5.86 7.97 69.68 5
BL-BL 12.57 8.80 14.08 3.77 5.23 8.00 70.00 5
BL-TCT 8.58 14.30 3.99 5.63 7.80 68.25 5
TCT-SP 8.76 14.12 3.81 5.86 7.97 69.68 5
TCT-BL 8.80 14.08 3.77 5.23 8.00 70.00 5
TCT-TCT 8.59 14.29 3.98 5.62 7.81 68.33 5

TCT (19.20kW) and BL (19.02kW). Also, the SP has the
lowest mismatch and power losses of 3.37kW and 1.87kW
respectively as compared to the TCT (3.68kW and 2.18kW)
and BL (3.86kW and 2.36kW). The tracking losses of
SP, BL and TCT have been found as 5.85kW, 5.90kW
and 6.70kW respectively as all the configurations exhibited
non-convex curves with three peaks having local MPP at the
first position. The SP configuration has the highest operation
and conversion efficiencies i.e. 17.75% and 91.25% respec-
tively than BL (17.30% and 88.96%) and TCT (17.47% and
89.80%). The SP has shown a better performance during this
shading case as compared to BL and TCT configurations.

During building shading case C, 30.86% of the total array
has been subjected to shading as shown in FIGURE 8 (a) with
theoretical power output calculated as 20.7 1kW.

The array configurations have generated non-convex
P~V characteristics curves with four peaks as shown

139066

in FIGURE 8 (b). In this case, the TCT configuration has
generated the maximum power output of 14.14kW followed
by BL (13.84kW) and SP (13,49kW). Similarly, the TCT
has the lowest mismatch and power losses of 8.7kW and
6.57kW respectively with higher operational and power con-
version efficiencies of 12.86% and 68.27% as compared to SP
and BL. However, the TCT array encountered a higher MPPT
tracking loss of 12.22kW as compared to the BL (1.16kW)
and SP (0.52kW).

During building shading case D as shown in
FIGURE 9 (a), 61.72% of the array has been covered
with the shadow generating a theoretical power output
of 12.57kW. The TCT array has the highest power gen-
eration (8.86kW), operation efficiency (8.06%), conversion
efficiency (70.48%) with the lowest mismatch (14.02kW) and
power (3.71kW) losses. The SP array has generated a lower
power output (8.76kW) with higher mismatch (14.12kW)
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FIGURE 11. Power-Voltage (P~V) characteristics curves of conventional configurations during various cloud shading scenarios.
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TABLE 4. Performance summarization of different conventional PV array configurations during cloud shading cases.

Cloud Shading Case A
Configuration Pr (kW) Py (KW) ML (kW) PL (kW) | TL (kW) | 10 (%) | 1nc (%) No. of Peaks
SP 19.14 3.74 1.32 0 17.41 93.54 3
BL 20.46 18.87 4.01 1.59 0.83 17.17 92.22 3
TCT 19.37 3.51 1.09 1.68 17.62 94.67 3
Cloud Shading Case B
Configuration Pr (kW) Pu (kW) ML (kW) PL (kW) | TL (kW) | 10 (%) | M (%) No. of Peaks
Sp 13.70 9.18 2.81 0.07 12.26 82.98 4
BL 16.51 13.91 8.97 2.60 1.02 12.65 84.25 4
TCT 14.36 8.52 2.15 1.90 13.06 86.97 4
Cloud Shading Case C
Configuration Pr (kW) Pum (kW) ML (kW) PL (kW) | TL (kW) | Mo (%) | nc (%) No. of Peaks
Sp 15.54 7.34 3.19 0 14.14 82.96 4
BL 18.73 15.14 7.74 3.59 0 13.77 80.83 4
TCT 15.10 7.78 3.63 0 13.73 80.61 4
Cloud Shading Case D
Configuration Pr (kW) Pm (kW) ML (kW) PL (kW) | TL (kW) | 10 (%) | M (%) No. of Peaks
Sp 15.70 7.18 2.54 0 14.28 86.07 4
BL 18.24 15.18 7.70 3.06 0 13.81 83.22 4
TCT 15.10 7.78 3.14 0 13.73 82.78 4
Cloud Shading Case E
Configuration Pr (kW) Pm (kW) ML (kW) PL (kW) | TL (kW) | 1o (%) | nc (%) No. of Peaks
Sp 17.94 4.94 1.04 0 16.32 94.52 3
BL 18.98 17.73 5.15 1.25 0 16.13 93.41 3
TCT 17.69 5.19 1.29 0 16.09 93.20 3
Cloud Shading Case F
Configuration Pr (kW) Pu (kW) ML (kW) PL (kW) | TL (kW) | 10 (%) | M (%) No. of Peaks
Sp 20.37 2.51 0.09 0 18.53 99.56 2
BL 20.46 20.30 2.58 0.16 0 18.47 99.21 2
TCT 20.29 2.59 0.17 0 18.46 99.16 2
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FIGURE 12. Comparison of maximum power generation by conventional and hybrid configurations during (a) building, and (b) cloud shading.

and power (3.81kW) losses. However, the TCT configura-
tion has the highest tracking loss (7.31kW) as compared
to SP (7.1kW) and BL (6.94kW) configurations as the
P~V characteristics curves exhibits multiple peaks as shown
in FIGURE 9 (b).

The overall performance of the conventional array config-
urations i.e. SP, BL and TCT during building shading cases
are given in Table 2. The performance evaluation of the hybrid
topologies during the four building shading cases have been
given in Table 3.

Among the hybrid configurations, TCT-TCT has gen-
erated the higher power whereas SP-SP, SP-BL, SP-TCT,
BL-SP, BL-BL, BL-TCT, TCT-SP, and TCT-BL configura-
tions have generated 21.28kW, 21.10kW, 21.27kW, 21.10kW,
21.14kW, 21.20kW, 21.05kW, and 21.14kW respectively.
During shading B, TCT-SP has the highest power gener-
ation followed by BL-SP i.e. 19.94kW whereas SP-BL,
BL-BL and TCT-BL have the lowest power genera-
tion nearly equal to 19.09kW. SP-SP configuration has
the generated higher power output of 14.60kW whereas
BL-BL generated a lower power output of 14.32kW dur-
ing shading case C. Similarly, SP-BL, BL-BL, and TCT-BL
have generated the higher power of 8.80kW followed by
SP-SP, BL-SP and TCT-SP i.e. 8.76kW during shading
case D.
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IV. PERFORMANCE EVALUATION UNDER CLOUDS
SHADOW SCENARIO

The array configurations are tested under cloud scenarios
shown in FIGURE 10 where the clouds are assumed to be
flowing from the top of the array to the bottom. The mod-
ules under cloud shadow are considered to operate under
100W/m? and 40°C whereas unshaded modules are operated
at 800W/m? and 45°C.

During cloud shading case A (FIGURE 10 (a)), the maxi-
mum theoretical power generation of the 9 x 9 PV array has
been calculated as 20.46kW. The maximum power generation
of TCT configuration is higher i.e. 19.37kW as compared to
SP (19.14kW) and BL (18.87kW). The P~V characteristics
curves depicted in FIGURE 11 (a) clearly states the presence
of three peaks due to which the BL and TCT configurations
encountered tracking losses equal to 0.83kW and 1.68kW
respectively. However, the TCT configuration encountered
the lowest mismatch and power losses of 3.51kW and 1.09kW
respectively as compared to SP and BL.

Similarly, the power generation of TCT configuration dur-
ing cloud shading case B (as shown in FIGURE 10 (b))
is higher i.e. 14.36kW as compared to BL (13.91kW) and
SP (13.70kW) configurations. However, TCT configuration
encountered a higher tracking loss of 1.90kW as com-
pared to the BL (1.02kW) and SP (0.07kW) configurations.
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TABLE 5. Performance summarization of different hybrid PV array configurations during cloud shading cases.

Cloud Shading Case A
Configuration Pr (kW) Pum (KW) ML (kW) PL (kW) [ TL (kW) [ 10 (%) | nc (%) No. of Peaks
SP-SP 18.54 434 1.92 1.62 16.86 90.61 3
SP-BL 19.00 3.88 1.46 1.64 17.28 92.86 3
SP-TCT 19.18 3.70 1.28 1.32 17.45 93.74 3
BL-SP 18.53 4.35 1.93 1.54 16.86 90.56 3
BL-BL 20.46 19.00 3.88 1.46 1.64 17.28 92.86 3
BL-TCT 19.20 3.68 1.26 1.44 17.47 93.84 3
TCT-SP 18.51 437 1.95 1.74 16.84 90.46 3
TCT-BL 19.01 3.87 1.45 1.62 17.29 9291 3
TCT-TCT 19.20 3.68 1.26 1.44 17.47 93.84 3
Cloud Shading Case B
Configuration Pr (kW) Pum (KW) ML (kW) PL (kW) | TL (kW) | 10 (%) | M (%) No. of Peaks
SP-SP 15.14 7.74 1.37 0 13.77 91.70 3
SP-BL 15.12 7.76 1.39 0 13.75 91.58 3
SP-TCT 15.13 7.75 1.38 0 13.76 91.64 3
BL-SP 13.79 9.09 2.72 0.74 12.54 83.52 4
BL-BL 16.51 13.85 9.03 2.66 0.86 12.60 83.88 4
BL-TCT 14.20 8.68 231 1.55 12.92 86.00 4
TCT-SP 13.77 9.11 2.74 0.76 12.52 83.40 4
TCT-BL 13.84 9.04 2.67 0.90 12.59 83.82 4
TCT-TCT 14.21 8.67 2.30 1.60 12.92 86.06 4
Cloud Shading Case C
Configuration Pr (kW) Py (KW) ML (kW) PL (kW) | TL (kW) | m (%) N (%) No. of Peaks
SP-SP 15.42 7.46 3.31 0 14.03 93.39 4
SP-BL 15.20 7.68 3.53 0 13.83 92.06 4
SP-TCT 15.23 7.65 3.50 0 13.85 92.24 4
BL-SP 15.34 7.54 3.39 0 13.95 9291 4
BL-BL 18.73 15.19 7.69 3.54 0 13.82 92.00 4
BL-TCT 15.18 7.70 3.55 0 13.81 91.94 4
TCT-SP 15.31 7.57 3.42 0 13.93 92.73 4
TCT-BL 15.15 7.73 3.58 0 13.78 91.76 4
TCT-TCT 15.14 7.74 3.59 0 13.77 91.70 4
Cloud Shading Case D
Configuration Pr (kW) Py (KW) ML (kW) PL (kW) | TL (kW) [ 10 (%) | Mc (%) No. of Peaks
SP-SP 15.45 743 3.28 0 14.05 82.48 4
SP-BL 15.22 7.66 3.51 0 13.84 81.26 4
SP-TCT 15.22 7.66 3.51 0 13.84 81.26 4
BL-SP 15.70 7.18 3.03 0 14.28 83.82 4
BL-BL 15.28 7.60 3.45 0 13.90 81.58 4
BL-TCT 18.24 15.21 7.67 3.52 0 13.83 81.20 4
TCT-SP 15.69 7.19 3.04 0 14.27 83.76 4
TCT-BL 15.28 7.60 3.45 0 13.90 81.58 4
TCT-TCT 15.20 7.68 3.53 0 13.83 81.15 4
Cloud Shading Case E
Configuration Pr (kW) Pm (kW) ML (kW) PL (kW) | TL (kW) | 1o (%) | nc (%) No. of Peaks
SP-SP 17.74 5.14 1.24 0 16.14 93.46 3
SP-BL 17.74 5.14 1.24 0 16.14 93.46 3
SP-TCT 17.73 5.15 1.25 0 16.13 93.41 3
BL-SP 17.73 5.15 1.25 0 16.13 93.41 3
BL-BL 18.98 17.72 5.16 1.26 0 16.12 93.36 3
BL-TCT 17.72 5.16 1.26 0 16.12 93.36 3
TCT-SP 17.70 5.18 1.28 0 16.10 93.25 3
TCT-BL 17.69 5.19 1.29 0 16.09 93.20 3
TCT-TCT 17.69 5.19 1.29 0 16.09 93.20 3
Cloud Shading Case F
Configuration Pr (kW) Pu (kW) ML (kW) PL (kW) | TL (kW) | 10 (%) | M (%) No. of Peaks
SP-SP 20.31 2.57 0.15 0 18.48 99.26 2
SP-BL 20.31 2.57 0.15 0 18.48 99.26 2
SP-TCT 20.31 2.57 0.15 0 18.48 99.26 2
BL-SP 17.73 5.15 2.73 0 16.13 86.65 3
BL-BL 20.46 17.72 5.16 2.74 0 16.12 86.60 3
BL-TCT 17.72 5.16 2.74 0 16.12 86.60 3
TCT-SP 20.29 2.59 0.17 0 18.46 99.16 2
TCT-BL 20.29 2.59 0.17 0 18.46 99.16 2
TCT-TCT 20.29 2.59 0.17 0 18.46 99.16 2
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The P~V curves of the configurations exhibited four peaks
as shown in FIGURE 11 (b) with SP experiencing the higher
mismatch (3.74kW) and power (1.32kW) losses.

The cloud shading case C has been represented in
FIGURE 10 (c) and the P~V curves of the configurations dur-
ing that particular scenario are represented in FIGURE 11 (c).
The power generation of the SP array is found to be maxi-
mum i.e. 15.54kW with lower mismatch (7.34kW) and power
(3.19kW) losses as compared to the BL and TCT. Similarly,
the array with SP configuration has higher operational and
conversion efficiencies of 14.14% and 82.96%. Also, all the
array configurations have encountered zero tracking losses as
the actual MPP is located at the first position in the curves.

Similarly, the cloud shading cases D, E, and F for the
9 x 9 PV array configurations have been shown in
FIGURE 10 (d), (e), and (f) respectively. The P~V char-
acteristics curves of the shading D, E, and F are depicted
in FIGURE 11 (d), (e), and (f) respectively. The SP con-
figuration has the highest power generation during shading
D, E, and F i.e. 15.70kW, 17.94kW, and 20.37kW respec-
tively as compared to BL and TCT. Also, the SP has the
lower mismatch and power losses with higher operational
and power conversion efficiencies during shading cases D,
E and F as compared to BL and TCT configurations. The
configurations encountered zero tracking losses during the
three cloud shading cases as the actual MPP of the system
lies in the first peak of the characteristics curves.

The performances of the conventional interconnection con-
figurations during all the cloud shading cases have been
summarized in TABLE 4.

TABLE 5 represents the summarized performances of
all the hybrid interconnection configurations during dif-
ferent cloud shading cases. During shading A and B,
the BL-TCT and TCT-TCT have equally generated higher
power of 19.20kW and 14.21kW respectively. The SP-SP
array has generated higher power during shading C whereas
BL-SP has the higher performance during shading D. During
shading F, SP-SP and SP-BL have the higher power genera-
tion of 17.74kW whereas the SP-SP, SP-BL and SP-TCT have
generated maximum power (20.31kW) during shading G.

V. PERFORMANCE COMPARISON OF PV ARRAY
CONFIGURATIONS

The performance comparison of conventional and hybrid
configurations are done in term of power generation, tracking
losses and redundancy level. The comparison has been done
to determine the most optimal configuration for a roof-top PV
array system during partial shading scenarios caused by the
neighbouring buildings and clouds.

FIGURE 12 (a) and (b) represents the maximum power
generation comparisons of the 9 x 9 arrays during building
and cloud coverage shading scenarios. From the graphs, it can
be established that in most of the shading cases, SP has the
higher maximum power generation. During building shading
cases, SP has the higher power generation during all the
cases whereas, in the case of the cloud coverage, the power
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TABLE 6. Extra wires, Knots and losses probability of array
configurations.

Configurations | Extra Wires Extra Knots Redundancy level
and Wiring Losses
Sp 0 0 Low
BL 32 64 High
TCT 64 72 High
SP-SP 0 0 Low
SP-BL 2 4 Low
SP-TCT 4 6 Low
BL-SP 18 36 Medium
BL-BL 20 40 Medium
BL-TCT 22 42 Medium
TCT-SP 36 54 High
TCT-BL 38 58 High
TCT-TCT 40 60 High

generation of SP is found to be maximum during all shading
cases except shading B.

FIGURE 13 (a) and (b) indicates the comparative graphs
of tracking losses encountered by the array configurations
during neighbouring building and cloud scenarios. During
building shading cases, SP has encountered the lowest MPPT
tracking power losses except for shading D which is nearly
equal to all other scenarios. However, during cloud scenarios,
SP has generated zero tracking losses during all the cases.’

The SP array configuration has encountered the lowest
mismatch and power losses in most of the shading cases. It is
found that the SP configuration has encountered the lowest
mismatch and power losses during building shading cases A
and B as compared to all other configurations whereas there
is a slightly higher mismatch and power loss as compared to
TCT during cases C and D. Similarly, SP have the lowest mis-
match and power losses during all the shading cases caused
by the clouds except case A and B where TCT has slightly
lower losses.

The redundancy levels of all the configurations in terms
of extra wires, extra knots and wiring losses probability
have been given in TABLE 6. SP and SP-SP configura-
tions require no extra wires and hence, the redundancy level
and wiring losses are low. In the case of the SP-BL and
SP-TCT, the extra wires required in the configurations have
been found as 0, 2 and 4 respectively and hence, encounter
low wiring losses and redundancy. The BL, TCT, TCT-SP,
TCT-BL and TCT-TCT configurations have higher wiring
losses and redundancy levels due to the presence of a higher
number of wires in the system.

Hence, from the above study and results obtained, it can be
concluded that the SP configuration has the maximum power
generation with low system losses and redundancy levels.
TCT architectures have encountered higher losses probability
and redundancy and hence can add complexity to the sys-
tem. The BL configuration has shown medium performance
and cannot be considered as reliable topology during partial
shading scenarios in the roof-top PV system. Hence, for better
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FIGURE 13. Comparison of MPPT tracking losses encountered by conventional and hybrid configurations during (a) building, and (b) cloud shading.

performance, reliability and reduced complexity, the SP can
be the most optimal configuration for implementing in the
roof-top PV arrays.

VI. CONCLUSION

In this study, the widely accepted conventional and hybrid
array interconnection configurations are studied for a 9 x 9
roof-top based array. The configurations mainly include SP,
BL, TCT, SP-SP, SP-BL, SP-TCT, BL-SP, BL-BL, BL-TCT,
TCT-SP, TCT-BL and TCT-TCT configurations. The investi-
gation is conducted for uneven shading scenarios caused by
neighbouring buildings and cloud shadows for a 9 x 9 array
in the MATLAB/Simulink environment. The major findings
of the conducted analysis are as follows:

> Series-Parallel (SP) has generated notable higher power
during most of the building based shading scenarios cov-
ering 1.23%, and 7.40% whereas total cross tied (TCT)
has generated only a slightly higher power (in some W
from kW system) during 30.86% and 61.72% shadings.

> During the cloud shading scenario, SP generated the
maximum power during most of the shading cases
with shading strength of 11.11%, 18.51%, 24.69%, and
22.22% whereas TCT generated a slightly higher power
than SP during 30.86% shading.

> SP configuration has the higher power conversion and
operational efficiencies during most of the shading com-
pared to any conventional and hybrid configurations.

VOLUME 9, 2021

> SP configuration has a very low redundancy due to
the presence of no extra wires and knots indicating
zero wiring losses possibility. However, TCT and other
topologies have higher possibilities of wiring losses
due to the presence of wires and knots. Also, these
configurations have higher redundancy that can lead to
complexity and difficulties in fault diagnosis.

> In the existing literature, TCT configuration has been
proved to yield higher power during shading as com-
pared to any other configuration. However, the higher
power generation of TCT is limited to even shading
patterns and remains inapplicable in case of uneven
shadings caused by buildings and clouds shadows.

> The performance of the configurations depends on the
pattern, strength and area of the shading.

Hence, from the investigation, it can be concluded that the
interconnection configurations has a puny effect on the power
generation of the roof-top PV array during uneven shading
scenarios caused by neighbouring buildings. So, SP is found
to be the most optimal configuration for roof-top based arrays
due to its higher power generation capability during uneven
shading cases, low losses, low redundancy, low complexity
and easy fault detection characteristics.
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