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ABSTRACT Partial shading (PS) phenomena significantly degrade the power output from the photovoltaic
(PV) array. Due to the PS effect, there is a mismatch in current between the PV modules of a series-connected
PV string. As a result, in-shaded module power dissipates, resulting in increased module temperature and
the creation of local hotspots. To avoid the hotspot effect, bypass diodes are connected anti-parallel to the
PV modules. But the activation of bypass diodes creates multiple peaks in I-V and P-V characteristics.
The effect of PS can be reduced by using a suitable array configuration and the performance of the
PV array gets improved. Among all the existing PV array configurations, the total cross-tied (TCT)
configuration performs better under partial shading conditions (PSCs). But the disadvantage of TCT is
that it has an enormous number of tie connections, creating complexity in an array configuration and,
therefore, more cable losses. The main objective of this paper is to propose a novel array configuration
named benzene (BZ) configuration, which eliminates the demerits of the TCT array configuration. Benzene
configuration has improved performance with fewer tie connections compared to conventional tie-connected
configurations such as TCT, bridge link (BL), and honeycomb (HC). The performance of the tie-connected
array configurations is analyzed under different PSCs by considering the various performance parameters
such as global maximum power (GMP), the voltage at maximum power (Vmp), current at maximum power
(Imp), mismatch loss (ML), shading loss (SL), fill factor (FF) and performance ratio. It is observed that the
proposed benzene array configuration gives better output performance, even having lower mismatch losses
with a reduced amount of tie connections. Further, the effect of the bypass diode on a partially shaded PV
string is investigated through MATLAB Simulation and experimental analysis.

INDEX TERMS PV array configurations, benzene array configuration, maximum output power, fill factor
(FF), shading loss (SL), mismatch loss (ML), partial shading condition (PSC).

NOMENCLATURE
BZ Benzene

k Boltzmann constant BL  Bridge link

Iy, Current at maximum power (A)
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a Diode ideality factor

T Diode junction temperature (°C)

1, Diode saturation current (A)

q Electron charge of 1.602 x 10~1°C
Iy, Module output current (A)

STC Standard test condition

Vi Voltage at maximum power (V)

KCL Kirchhoff current law
LMPP  Local maximum power point
o Shading factor

Pompp ~ Maximum power at global MPP (W)
MPP Maximum Power Point

TCT Total cross-tied

PS Partial shading

ML Mismatch loss (W)

I Module leakage current (A)

N, Number of strings connected in parallel

Vv Module output voltage (V)
HC Honeycomb

Voe Open circuit voltage (V)

P parallel

P, Maximum available power (W)
PSC Partial shading condition

Ipn Photo generated current (A)

Doho Photo-generated current at STC (A)
PV Photovoltaic

ng Number of series cells in a module
1; Current flowing through the diode (A)
FF Fill Factor

S series

Ry Series resistant (£2)

MPPT  Maximum power point tracking

SL Shading loss (W)

L Short circuit current (A)

R, Shunt resistant (£2)

pP-v Power-Voltage

Vr Thermal voltage

GMPP Global Maximum Power Point

I. INTRODUCTION
The proliferation of the human population and industries,
technological advancement, and livelihood modernization
has led to increasing energy demand for human activities.
In modern times, fossil fuels provide most of the world’s
energy. But the limited availability of fossil fuel resources and
their harmful environmental impact necessitates renewable
energy as an alternative energy source. Despite all other
renewable sources, the solar photovoltaic (PV) system has
emerged as the most convenient one due to its wide availabil-
ity, free of cost, and eco-friendly nature [1]. Although it has
disadvantages like low conversion efficiency and dependency
on atmospheric conditions, it is still popularly used for its
advantages, as mentioned above [2].

The partial shading condition (PSC) predominantly affects
the solar PV system. Partial shadowing of PV arrays is
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FIGURE 1. I-V characteristics of a PV string with bypass diode under PSC.

typically caused by shadows cast by shifting clouds, trees,
nearby buildings, dust or dirt on PV modules, and bird drop-
pings [3]. Under Partial shading conditions, some of the PV
modules of a PV series string do not receive uniform irra-
diance. Due to this, a mismatch in current flow between the
shaded and unshaded modules in the PV series string occurs.
Under mismatch conditions, the shaded module operates in
a reverse-biased region to match the current value of the
unshaded modules [4]. FIGURE 1 shows how the shaded
module operates in a reverse-biased region to match the
current of the unshaded module. Under shading conditions,
the shaded module in the series string behaves more like a
load than a source. As a result, powers generated from the
unshaded modules are dissipated through the shaded mod-
ule. Due to this, a rise in temperature occurs in the shaded
module and hotspot heating occurs in it [5]. Hotspot heating
in modules may lead to cracks and damage the module.
To overcome the hotspot effect, bypass diodes are configured
in anti-parallel to the modules, as discussed in [6] and [7].

In a series string of modules, the connections of bypass
diodes are always parallel with modules with opposite polar-
ity. The bypass diode of the shaded module allows the string
current from the unshaded modules to flow through when
shading occurs in any of the modules in the series string.
But due to the presence of a bypass diode, multiple peaks
affect the I-V and P-V characteristics curve [8], [9]. Among
multiple peaks, one is a global peak, and the others are
local peaks. Multiple peaks create difficulty in designing
the maximum power point tracking (MPPT) algorithm [10].
Therefore to mitigate the partial shading (PS) effect and to
improve the performance of the PV system, suitable array
configurations and proper MPPT controllers are required [4],
[11]. The cause of PS effects on PV array and their mitigation
techniques to get the maximum output power from the PV
array is illustrated in FIGURE 2.

There are several array configurations presented by the
literature, including the series (S), parallel (P), series-parallel
(SP), bridge link (BL), honeycomb and Total cross tie (TCT),
configurations [12], [13], [14]. In a series configuration, mod-
ules are connected as a series string. In a series configuration,
an equal amount of current flows through all the modules in
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FIGURE 2. Block diagram representation of the effect and causes of partial shading on PV arrays and mitigation techniques.

the string and the array voltage is equal to the total sum of the
module’s string voltages.

If shading occurs on any module in the series string, there is
a current mismatch in the entire string, and the output power
decreases [15], [16]. In a parallel array configuration, mod-
ules are connected parallel to each other; therefore, there is no
chance of a current mismatch. In a parallel configuration, the
output array voltage is the same as the individual module volt-
age, while the output current is the sum of parallel-connected
modules’ current [17]. As the output current is less in a series
array configuration and the output voltage is less in a parallel
array configuration; therefore series (S) and parallel (P) con-
figurations are combined to form a series-parallel (SP) array
configuration to acquire the desired amount of voltage and
current at its output from the PV system [18].

Modules are first connected in series to create a series
string, which is followed by the parallel connection of
series strings to create the SP array. SP configuration is the
basic conventional array configuration. But the presence of
more series strings in the SP array makes it prone to cur-
rent mismatch while operating under PSC [19]. Therefore,
the performance of the SP configuration is less under the
PSC. To minimize current mismatch, different array con-
figurations are introduced in the literature, such as Honey-
comb (HC), Bridge Link (BL), and Total cross-tied (TCT)
array configurations [20]. For interconnection configurations,
tie connections are present between the SP configuration’s
parallel strings. Due to intertie connections, the number
of series-connected modules is reduced in a series string.
As a result, mismatch losses are reduced and the perfor-
mance of the PV array got increased in interconnected array
configurations [21], [22].
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In the TCT array configuration, cross ties are coupled
in each row junction of the SP configuration. Because
of the presence of cross-tie connections, each module in
an array is interconnected with others and there is less
chance of conduction of bypass diodes. Therefore mismatch
losses and occurrence of multiple peaks are less under PSC
for TCT, and it gives a higher performance compared to
SP array configuration [23]. But due to more intercon-
nection in TCT, cable losses are and even it is hard to
detect the faulty module under fault conditions. To reduce
cable losses and array complexity, the number of inter-
connections is decreased in the BL and honeycomb array
configuration [24].

In BL array design, the number of cross-tie links is cut
in half compared to TCT. Although BL has fewer tie con-
nections, BL configurations give less output power under
PSC [20]. By increasing the number of ties in the configura-
tion, the BL array is changed to the HC array to increase the
performance under PSC [13]. To further improve the perfor-
mance of PV array under PSC, hybrid array configurations
are introduced by combining the conventional structure as
BL-TCT, BL-HC, HC-TCT, and SP-TCT as discussed in [25]
and [26]. Although these hybrid array arrangements perform
better than conventional array configurations, there are more
tie connections in the hybrid structures than in the traditional
setups [27].

To enhance the performance of PV arrays with fewer tie
connections, a novel array design known as the benzene (BZ)
structured array arrangement has been presented in this paper.
In comparison to modified PV array configurations like TCT,
BL, and HC, the BZ array has fewer tie connections but offers
better output performance.

VOLUME 10, 2022



C. Saiprakash et al.: Novel BZ Structured Array Configuration for Harnessing Maximum Power

IEEE Access

T'ph "d ¢ lsh

® ¢ R

O €

FIGURE 3. Equivalent circuit model of a photovoltaic module.

Il. MATHEMATICAL MODELLING

A. MATHEMATICAL MODELING OF PV MODULE

The equivalent circuit of the PV module can be represented
with the single diode in parallel to the photo-generated cur-
rent, as shown in FIGURE 3. By applying the KCL, the PV
module’s output current is stated as an equation (1) [28]

Ipv = Iph — Ig — I (D

I, is the module output current, I,y is the photo-generated
current of the PV module, /; is the current flowing through
the diode, and it is expressed as the equation (2).

Voo + 1uR
=1 [exp (M) _ 1} @

ngVra
where, I, is the diode saturation current, ng; denotes the
number of series cells in the module, V), is the module
output voltage, a is the ideality factor of the diode, R; and
Ry, are equivalent series and shunt resistances and it can be
calculated using equation (3).

kT
V= —
q

where, k is the Boltzmann constant having the value of
1.3807 x 10.23 J/K, T represents the junction temperature
of the diode in Kevin, and ¢ is the electron charge having
the value of 1.602 x 10.19 C. The leakage current of the PV
module is written as an equation (4).
_ va + IpvRs
Rsp

From the equation(1), (2) and (4), the output current of a

PV module is stated as an equation (5) [28].

V, IR V IR
Ipv:lph—lo[exp<—pv+ s S>—1:|——’W;pv >
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B. MATHEMATICAL MODELLING OF PV ARRAY

PV modules are coupled in series (S), parallel (P), and series-
parallel (S-P) configurations to make the array that fulfills the
high-power demand. PV array is an interconnection system
of PV modules. In a PV array, PV modules are connected in
series to form the series string, and string-connected modules
are connected in parallel to create the array. The equivalent
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FIGURE 4. Equivalent circuit of a PV array.

circuit of a PV array is shown in FIGURE 4. The PV array
output current is expressed as the equation(6)[29].

Va + (Nv/Np)IaRx> ~ 1}

lq = Nplpn — Nplo |:6XP ( NVoa
svVT

_ Va+ (No/NpaRs
(Ns/Np)R,

Q)

IlIl. EXPERIMENTAL ANALYSIS OF THE EFFECT OF
BYPASS DIODE ON PARTIAL SHADED PV STRING

If the shaded module operates for a long time in a reverse-
biased region, the temperature rises and reaches the break-
down voltage due to power dissipation. As a result, the
hotspot effect occurs and damages the shaded PV module.
To overcome the hotspot effect, bypass diodes are connected
anti-parallel to the PV modules. Due to the presence of bypass
diodes, there is an occurrence of multiple peaks happens in
the I-V and P-V characteristics of the PV array. The multiple
peak effect due to the bypass diode under partial shading
conditions is analyzed through simulation and experimen-
tal setup, and these are shown in FIGURE 5, FIGURE 6,
FIGURE 7, and FIGURE 8.

Two series-connected PV modules are taken into con-
sideration with and without bypass diodes, as shown in
FIGURE 5(a) and FIGURE 5(b), respectively, to examine the
impact of bypass diodes in PV strings. The KC200GT
PV module specifications were used for analysis through
simulation for series-connected PV modules, including and
excluding bypass diodes. The KC200GT PV module param-
eters are shown in Table 1. Under uniform irradiance con-
ditions, PV modules are operated at their rated voltages and
generate the global maximum power of 390.33W, as shown
in FIGURE 5(c). From the obtained results, it is observed
that under uniform irradiance conditions, the output power of
the PV array is the same with and without the bypass diode,
as shown in FIGURE 5(c).

Under shading condition, PV module 1(M1) and
module 2(M2) receives irradiance of 1000 W/m? and
600 W/m? as shown in FIGURE 6(a) and FIGURE 6(b),
respectively. When bypass diodes are not connected to the
modules, as shown in FIGURE 6(a), the M2 will operate
under a reversed biased region to match the string cur-
rent, resulting in a hotspot. Bypass diodes are connected

129715



l E E E ACC@SS C. Saiprakash et al.: Novel BZ Structured Array Configuration for Harnessing Maximum Power

TABLE 1. KC200GT PV module parameters at STC[30].

Parameter Value
Maximum power of the module, Pmax 200.13W
Open circuit voltage, Voc 329V
Voltage at MPP, Vinp 264V
Current at MPP, Imp 7.58 A
Short circuit current, Isc 821 A
Temperature coefficient of voltage, Kv -0.1230 V/K
Temperature coefficient of current, Ki 0.0032 A/K
No. of cells connected in series, Ns 54

BD BD

300
mi D1 Mi | 1000
250

Power (W)

0 10 20

30 0 50 60 70
Voltage (V)

@) (b) (©

FIGURE 5. Series connected PV string with and without bypass diodes
under uniform irradiance (a) PV string with bypass diodes (D1,D2), (b) PV
string without bypass diode, (c) P-V curves.

with the modules to avoid hotspot formation, as shown in
FIGURE 6(b). The bypass diode connected in the module
provides an alternate path to current flow resulting in the
creation of various power crests in the power-voltage (P-V)
characteristics curve as LMPP and GMPP, as shown in
FIGURE 6(c). Without a bypass diode under shading con-
ditions, the power output is less compared to the conduction
of the bypass diode, as shown in FIGURE 6(c).

An experimental setup is developed to verify the simulation
results as presented in FIGURE 9. The set up associated with
two series-connected PV modules of Eldora 40 make and
two regulated lamps, which are used to illuminate the PV
modules with variable irradiance. It has a voltage, current,
and temperature measuring unit. For the analysis of the effect
of the bypass diode, modules are connected with and with-
out the bypass diode. The pot meter is used as a variable
resistive load. A polythene color sheet is covered on PV the
module to create artificial shading conditions. To record the
measured values of current and voltages, the Data logger
and plotter box is connected to the output of the measuring
unit. The recorded data from the logger plotter box is plotted
through the ECOSENSE real-time plotter by connecting to
the personal computer. The plotted P-V curves are shown in
FIGURE 7 and FIGURE 8 with and without bypass diodes
respectively. From the obtained P-V curves, it is observed
that under shading conditions, multiple peaks occur with the
bypass diode. Without a bypass diode, the temperature of
the shaded module got increased and degraded the output
power.
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FIGURE 8. Experimental P-V curves of a PV string under PSC with bypass
diodes.

IV. CONVENTIONAL PV ARRAY CONFIGURATIONS
In PV systems, solar modules are wired in series or in par-
allel to get the desired output power. In string-connected PV
string, the loss is more due to current mismatch and more
mismatch loss under the shading condition. The limitation of
a parallel-connected PV array is that it operates at low voltage
and high current, which needs proper power conditioning.
To overcome the demerits of series and parallel connected
PV arrays, PV modules are coupled in the SP fashion to get
the desired output current and voltage. The primary SP and
its derived array configurations are HC, BL, and TCT.
Among conventional array configurations, the SP configu-
ration as shown in FIGURE 10(a), is the most economical and
widely used configuration. But under PSC, SP configuration
gives lower performance due to the presence of large series
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FIGURE 9. An experimental setup consisting of two ELDORA-40 PV module connected in series.

strings. To reduce the size of the series strings, tie connections
are added to SP configurations and derived array configura-
tions such as HC, BL, and TCT configurations come into the
picture [20].

TCT array configurations as depicted in FIGURE 10(b),
have many cross-ties across each series string of the mod-
ule’s junction. Due to large interconnection, initial cost, cable
losses are more and detection of fault is also difficult.

In BL configuration, as shown in FIGURE 10(c), the tie
connections are connected to the SP configuration in a bridge
rectifier way. Each 2 x 2 sub-array is treated as one bridge
unit, and each bridge is connected with cross ties. The BL
array configuration has decreased performance under the
PSC. It is modified as an HC configuration to overcome the
drawbacks of BL array configuration [12]. HC configuration
is shown in FIGURE 10(d). The HC array configuration is
inspired by the honey bees’ house structure. A honeycomb
structure is created by placing the cross ties between the SP
configuration series strings to form the HC configuration. The
HC array configuration performs better than the SP and BL
configurations with more tie connections [13].

V. PROPOSED PV ARRAY CONFIGURATION

The proposed configuration is inspired by the chemical com-
pound Benzene (BZ) structure as shown in FIGURE 11(a).
Benzene is an organic hydrocarbon molecule; it has six
hydrogen and six carbon atoms, and its chemical formula is
CgsHg. In this structure, six carbon atoms make a ring, and
each carbon atom makes a single bond with a hydrogen atom,
as shown in FIGURE 11(b). The benzene cluster is config-
ured as an array formation and is shown in FIGURE 11(c).
In the proposed array configuration, the modules are placed

VOLUME 10, 2022

TABLE 2. Comparison of the number of tie connections present for
different PV array configurations.

Array configurations

Array size TCT HC BL BZ
5X5 16 10 10 9
6X6 25 13 12 11
7X7 36 18 18 18
8X8 49 24 24 20

between the carbon atoms i.e., at the sides of the hexagon. The
bonding between the carbon and hydrogen atom is taken as
the tie connection as shown in FIGURE 11(d). The simplified
6 x 6 Benzene array configuration is represented as shown in
FIGURE 11¢(e).

The main advantages of the proposed benzene structured
array configuration are greater performance and fewer tie
connections than the conventional tie array configuration.
The cable cost for the proposed array configuration is smaller
since there are fewer tie connections present in it. The num-
bers of tie connections present in different array configura-
tions with varying sizes of the array are compared in Table 2.
Table 2 demonstrates that as the array size increases, the tie
connection significantly decreases, which lowers the cost of
the array.

VI. ANALYSIS OF PARTIAL SHADING CONDITION

Ten distinct shading situations have been considered to exam-
ine the effectiveness of the various tie-linked array topologies.
These shading conditions are categorized as columns, rows,
and diagonal patterns shown in FIGURE 12. For analysis
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FIGURE 10. Conventional PV array configurations (a) SP, (b) TCT, (c) BL and (d) HC.
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FIGURE 11. Proposed benzene array configuration. (a) Benzene structure, (b) Benzene ring structure, (c) configured cluster of benzene structures,
(d) Modules arranged, (e) simplified benzene structured 6 x 6 array configuration.

purpose, a 6 x 6 PV array has been considered in which are exposed to different irradiance levels of 1000 W/m?,
modules are shaded with different irradiance levels. Modules 700 W/m?, and 500 W/m? by keeping the temperature
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FIGURE 12. Different Partial shading conditions, column wise(case-A to case-E), row wise (case-F to case-l), diagonal shading (case-J).

constant at 25°C. Shading case-A to case-E as column pattern
and row pattern is from case-F to case-I. Case-J is called a
diagonal pattern. For the performance analysis, all the array
configurations under different shading cases are simulated
in MATLAB Simulink by considering the KC200GT PV
modules. The parameter values of the KC200GT PV module
are shown in Table 1.

VII. RESULTS AND DISCUSSIONS
The performance of the proposed BZ array configuration
is analyzed under various shading situations to determine
the global maximum power, mismatch loss, shading loss,
performance ratio, and Fill factor. The obtained PV charac-
teristics curves of the different array configurations under
considered shading conditions are shown in FIGURE 13.
From the PV characteristic curves, values for the global peak
power (Pgmpp), current at peak power (Imp), and voltage at
peak power (Vmp) were gathered and tabulated in Table 4.
Through observation of PV characteristics, all array con-
figurations under uniform insolation conditions generate an
equal amount of global maximum power of 7164.979 W.
As opposed to TCT, BL, and HC topologies, the proposed
benzene (BZ) PV array configuration has the highest max-
imum power of 6796.616 W in case-A shading condition.
In shading case-B, the BZ array structure provides the peak
power of 6631.650 W with improved efficiency than the
HC and BL topologies. In the shading case-C, peak power
yields from the BZ topology is 6427.981 W, which proves
superiority over HC, TCT and BL array structure. In shading
case-D, the BZ configuration generates a higher maximum
power of 6177.945 W in comparison to the conventional
PV array configurations. In shading case-E situations, the
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peak power of 6063.768 W is generated from the BZ array
topology, which is higher than the power generated from
traditional topologies. The highest power from the BZ con-
figuration is 5925.764 W in case-F shading conditions, which
is comparable to the TCT array arrangement and greater than
BL and HC topologies. The BZ topology produces a peak
power of 5925.038 W in shading case-G and is compara-
ble to the HC and TCT configurations and greater than the
BL configuration. For shading case-H, the BZ arrangement
provides the highest maximum power of 5530.919 W and
is comparable to the TCT, BL, and HC configurations. For
the shading case-I pattern, BZ gives better results than the
BL and yields a peak power of 4690.858 W. In the shading
case-J condition, the performance of the BZ configuration
proves superior to the HC and BL configurations, and it
generates a maximum power of 6462.616 W. According to the
obtained results, the proposed BZ array arrangement provides
superior performance with less number of ties connections
with reduced cost.

A. SHADING LOSS

Shading losses in solar PV arrays occur due to partial shading
on PV modules. The difference between the amounts of maxi-
mum available power under STC to the sum of each module’s
available power under PSC gives the shading loss (SL) [31].
The shading loss is calculated using the equation(7).

Shading Loss(SL) = Pmax,STC - PmaX,im @)

Here, Pyyux, sTc is the array’s maximum power under stan-
dard test conditions, and Py, i 1S the sum of individual
available power under partial shading conditions. Under STC,
the available maximum power for the considered PV array
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configuration is 7164.98W. Table 3 lists the sum of the
individual available maximum power under different shad-
ing conditions. The calculated shading loss values for the
considered array configurations are tabulated in Table 5. The
shading loss for case-A, case-F, and case-J are the same and
calculated as 332.006W, in which six modules are shaded
with an equal amount of irradiance with different shading
patterns. For case-B and case-G, modules are shaded with
an equal amount of irradiance with different patterns and the
calculated shading loss is 455.726W. For case-C and case-H,
shading loss is the same and its value is 699.026W.
Similarly, case-D and case-I have the same shading loss
value of 946.466W with different shading patterns. Shad-
ing loss for case-E is significantly high and calculated as
1066.046, from which it is observed that the shading loss
mainly depends on the intensity of irradiance received by the
PV modules of an array irrespective of the shading pattern.
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TABLE 3. The sum of individual available maximum power under
different shading conditions.

Shading cases > Pmax,im

case-A 6832.98

case-B 6709.26

case-C 6465.96

case-D 6218.52

case-E 6098.94

case-F 6832.98

case-G 6709.26

case-H 6465.96

case-1 6218.52

case-J 6832.98
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FIGURE 14. Representation of mismatch and shading loss resulting from
partial shading.

The shading losses for all array configurations for ten shading
cases are graphically represented in FIGURE 15.

B. MISMATCH LOSS

Mismatch losses are occurred in PV array configurations
under PSC due to the current mismatch in the PV series string.
The performance of the PV array configuration is analyzed
by calculating the mismatch losses [32]. Mismatch loss is
calculated using the equation (8). Shading loss is inherently
there in the PV system if the PV array is exposed to PSC.
Mismatch loss can be minimized by intelligent selection of
PV array configurations. The difference between the shad-
ing and mismatch loss is clearly visualized as shown in
FIGURE 14.

Mismatch loss(ML) = Pax,im — Pgmpp max,ps 3

where, P, im 1s defined for the equation(7), and Pgupp, ps
is the generated global maximum power under PSC. The
calculated ML values for the entire PV array configurations
under studied shading cases are tabulated in Table 6. The
following conclusions can be drawn from the findings that
mismatch losses (MLs) are less in the column-wise shading
condition (i.e., case-A to case-E), in which shade is concen-
trated on particular strings only. Mismatch losses are more
in row-wise shading conditions (i.e., case-F to case-I) and
diagonal shading conditions (i.e., case-J), in which shade
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TABLE 4. Maximum power generated by the PV array under various shading conditions.

configurations
Shading condition parameters
TCT BL HC BZ
uniform Vinpp (V) 157.86 157.86 157.86 157.86
Tnpp (I) 45.388 45.388 45.388 45.388
Prpp (W) 7164.979 7164.979 7164.979 7164.979
case-A Vopp (V) 157.213 157.652 157.397 157.382
Tinpp (1) 43.23 43.108 43.18 43.186
Prpp (W) 6796.318 6796.078 6796.415 6796.616
case-B Vinpp (V) 157.039 157.854 156.264 155.819
Tinpp (1) 42.383 41.94 42.319 42.56
Py (W) 6655.721 6620.407 6612.932 6631.65
case-C Vinpp (V) 155.259 157.45 157.341 157.416
Tinpp (1) 41.367 40.82 40.852 40.829
Py (W) 6422.623 6427.078 6427.643 6427.981
case-D Vopp (V) 155.014 158.483 158.491 157.615
Tinpp (1) 39.832 38.952 38.954 39.196
Prpp (W) 6174.452 6173.194 6173.842 6177.945
case-E Vopp (V) 158.536 158.461 155.149 158.443
Tinpp (I) 38.245 38.266 39.081 38.271
Propp (W) 6063.182 6063.645 6063.378 6063.768
case-F Vinpp (V) 129.259 129.099 129.06 129.123
Tinpp (1) 45.849 45.9 45912 45.892
Py (W) 5926.439 5925.63 5925.415 5925.764
case-G Vinpp (V) 129.244 131.383 130.487 129.586
Tinpp (1) 45.854 45.098 45.434 45.931
Py (W) 5926.341 5925.115 5928.494 5925.038
case-H Vopp (V) 164.596 167.324 166.996 165.387
Tinpp (I) 33.57 33.028 33.11 33.442
Prpp (W) 5525.448 5526.434 5529.207 5530.919
case-I Vinpp (V) 139.738 104.797 140.681 138.163
Tinpp (1) 33.682 44.68 33.424 33.952
Popp (W) 4706.684 4682.357 4702.087 4690.858
case-J Vinpp (V) 158.533 128.932 161.224 159.922
Tinpp (1) 42.868 48.953 40.087 40411
Py (W) 6795.981 6311.674 6462.91 6462.616

is distributed among all strings. From the obtained results,
it is observed that ML is 25 times more in case-F compared

to case-A, but the intensity of irradiance received by the
modules for both cases is identical, but the distribution of
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TABLE 5. shading loss(W) of PV array configurations under various partial shading conditions.

Configuration case-A case-B case-C case-D case-E case-F case-G case-H case-I case-J
TCT 332.006 455.726 699.026 946.466 1066.046 332.006 455.726 699.026 946.466 332.006
BL 332.006 455.726 699.026 946.466 1066.046 332.006 455.726 699.026 946.466 332.006
HC 332.006 455.726 699.026 946.466 1066.046 332.006 455.726 699.026 946.466 332.006
Benzene 332.006 455.726 699.026 946.466 1066.046 332.006 455.726 699.026 946.466 332.006
TABLE 6. Mismatch loss(W) of PV array configurations under various partial shading conditions.
Configuration case-A case-B case-C case-D case-E case-F case-G case-H case-I case-J
TCT 36.646 53.532 43.343 44.070 35.763 906.538 782.924 940.513 1511.832 307.001
BL 36.896 88.858 38.891 45332 35.289 907.346 784.141 939.532 1536.158 908.308
HC 36.570 96.324 38.323 44.672 35.569 907.560 780.762 936.755 1516.437 370.076
Benzene 36.367 77.610 38.770 40.568 35.176 907.216 784.215 935.046 1514.656 370.359
TABLE 7. Fill factor of PV array configurations under various partial shading conditions.
configuration  Uniform  case-A case-B case-C case-D case-E case-F case-G case-H case-1 case-J
TCT 0.7366 0.6989 0.6845 0.6605 0.6350 0.6235 0.6095 0.6095 0.5682 0.4840 0.6989
BL 0.7367 0.6989 0.6808 0.6610 0.6348 0.6236 0.6094 0.6093 0.5683 0.4815 0.6093
HC 0.7365 0.6989 0.6801 0.6610 0.6349 0.6236 0.6094 0.6097 0.5686 0.4836 0.6646
Benzene 0.7368 0.6990 0.6820 0.6610 0.6353 0.6236 0.6094 0.6093 0.5688 0.4824 0.6645
TABLE 8. Performance ratio of PV array configurations under various partial shading conditions.
configuration case-A case-B case-C case-D case-E case-F case-G case-H case-1 case-J
TCT 94.855 92.892 89.639 86.175 84.622 82.714 82.712 77.117 65.690 94.850
BL 94.851 92.399 89.701 86.158 84.629 82.703 82.695 77.131 65.351 82.689
HC 94.856 92.295 89.709 86.167 84.625 82.700 82.743 77.170 65.626 90.201
Benzene 94.859 92.556 89.703 86.224 84.631 82.704 82.694 77.194 65.469 90.183

shade among the strings is different. From this, it is concluded
that MLs are more whenever the shade is distributed on more
stings in a PV array. Mismatch losses can be minimized
with proper PV array design and location for various shading
circumstances.

Table 6 further shows that for most shading scenarios,
MLs are lower in the BZ array arrangement than in all other
array topologies. Compared to the HC, BL, and TCT con-
figurations, the ML for the BZ configuration is the lowest
at 36.367 W for the shadowing condition in pattern A. For
the shading condition of case B, TCT has the lowest ML of
53.532 W, and BZ has the second-lowest value of 77.610W,
which is lower than the BL and HC array configurations.
BZ has the lowest ML of 38.770 W and 40.568 W, respec-
tively, for case-C and case-D shading conditions. In case-E
shading, all configurations have a similar mismatch loss in
which BZ has the lowest ML of 35.176 W. In case-F, the
BZ configuration gives the lowest ML of 907.216 W after
TCT has the value of 906.538W. For shading case-G, the
proposed BZ array configuration gives similar performance
to other configurations having an ML of 784.215 W. In the
case-H shading scenario, the BZ array gives the lowest ML
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of 935.046 W. In case-I shading, ML for BZ configuration is
1514.656W and has improved results than HC and BL array
structure. When there is case-J shading, the BL configuration
has a maximum ML of 908.308W and it is two times more
than that of the proposed BZ array configuration, which has
an ML of 370.359W. For the proposed BZ array configu-
ration, MLs are lowest compared to the other configuration
giving better performance even having less number of tie
connections. Mismatch loss for all PV array configurations
under different shading conditions is graphically represented
as shown in FIGURE 16.

C. FILL FACTOR

Fill factor (FF) is the ratio of the product of the PV sys-
tem’s maximum voltage and current to the product of the
system’s open-circuit voltage and short-circuit current, and it
is denoted by the equation (9) [33]. FF indicates the efficiency
of a PV module. The higher FF represents the better power
conversion efficiency of the PV module.

Vinax * Imax

Fill Factor(FF) =
VOC * ISC

©)
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FIGURE 15. Shading loss of different array configurations under different
shading cases.

Table 7 lists the FF values for various array configurations.
The results show that the BZ array configuration provides
better FF for column-wise shading conditions (i.e., case-A,
case-B, case-D, and case-E) compared to TCT, BL, and HC
configurations. For row and diagonal shading conditions, the
BZ array configuration gives a better FF value compared to
the BL array and nearly the same results as HC and TCT
array configurations. For the studied shading conditions, the
proposed BZ array gives better FF, even having fewer counts
of tie connections. Fill factors of all array configurations
under numerous shading conditions are graphically repre-
sented in FIGURE 17.

D. PERFORMANCE RATIO

The performance ratio is the ratio of the maximum power
yield under PSC to the maximum accessible amount of power
from the PV system and it is shown in equation (10) [34].
It represents the percentage of energy actually available after
deducting energy losses. The calculated performance ratio
values are tabulated in Table 8.

P m (available)

Performance Ratio (%) = x 100  (10)

P m (reference)

Here, Pyavailable) 15 the maximum power yield under the
PSC, and Ppreferencey is the maximum accessible power
from the PV array. The results show that the proposed
BZ array configuration gives a better performance ratio
for column-wise shading conditions (i.e., case-A, case-C,
case-D, and case-E) in comparison to the BL, HC, and TCT
configurations. For row-wise and diagonal shading condi-
tions, the BZ array configuration gives a better performance
ratio than the HC and BL array configuration and gives a
good result as TCT array configurations. For the studied
shading conditions, the proposed BZ array configuration pro-
vides a better performance ratio than the BL array topology
despite having fewer tie connections. The performance ratio
for all the array configurations under different shading cases
is graphically represented in FIGURE 18.

VIIl. COMPARATIVE STUDY

The proposed benzene array arrangement and discussed ties-
connected array configurations, such as HC, BL, and TCT
are compared in terms of their performance when a 6x6
array size is taken into consideration. The performance is
analyzed under uniform and various PSCs with respect to
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FIGURE 18. Performance ratio of different array configurations under
different shading cases.

global maximum power, shading loss, fill factor (FF), power
loss, and mismatch loss. Under uniform irradiance condi-
tions, it is observed that all the PV array configurations gen-
erate the same amount of global maximum power (GMPP) of
7164.97 W, a fill factor of 0.74, and zero (0) mismatch power
loss. In comparison to other PV array configurations, the BZ
configuration produces the highest global peak power, lowest
mismatch power losses, best performance ratio, and better
Fill Factors (FF) under the column-wise shading condition.
For row-wise and diagonal shading conditions, the BZ PV
array configuration has proven to be the best next to TCT.
Even with fewer crossed ties, BZ produces maximum power
closer to that of TCT, hence reducing the cost of wiring and
minimizing losses. In comparison, the TCT PV array con-
figuration requires 25 cross-ties for the 6 x 6 array whereas
the BZ PV array configuration requires only 11 crossed—ties.
Despite having less than half of the number of cross—ties
in comparison to TCT, BZ array configuration still provides
comparable results with TCT. In addition, BZ array configu-
ration provides better performance in comparison to BL and
HC under different shading conditions despite having fewer
tie connections, as given in Table.2
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IX. CONCLUSION

The performance comparison of the proposed benzene (BZ)
array configurations is evaluated with the other configura-
tions such as TCT, BL, and HC. BZ has been modeled and
simulated in MATLAB Simulink and the obtained results
are compared with all conventional tie configurations. When
compared to TCT, BL, and HC configurations, BZ has fewer
tie connections; still, it gives better performances in most
of the shading scenarios. The BZ configuration provides
a higher peak power for column-wise shading cases than
TCT, BL, and HC. For row-wise shading cases, BZ gives
a comparable performance with the TCT and gives better
results when compared to HC and BL. Mismatch losses and
power losses are less in BZ even though it has fewer tie
connections than the BL and HC configurations. The number
of tie connections for large array sizes is reduced to more
than half in the BZ configuration compared to the TCT
configuration. The BZ array configuration is the most cost-
effective, with fewer cable connections and better perfor-
mance, justifying its superiority over other traditional array
configurations. From the above discussion, the proposed
Benzene (BZ) structured PV array configuration is the best
choice for large PV arrays that experience partial shading
frequently.

In addition, in this article, the effect of bypass diode under
PSC has been analyzed through experimental and MATLAB
simulation. From the experimental results, it is observed that
without the usage of bypass diodes, module temperature rises
and leads to permanent damage to the PV module. To avoid
the hotspots effect, bypass diodes are always connected to
the module, although it creates multiple peaks on P-V char-
acteristics curves. For this reason, PV array configurations
must be properly designed to reduce the effect of multiple
peaks.
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