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Abstract: The analysis and the assessment of interconnected photovoltaic (PV) modules under
different shading conditions and various shading patterns are presented in this paper. The partial
shading conditions (PSCs) due to the various factors reduce the power output of PV arrays, and its
characteristics have multiple peaks due to the mismatching losses between PV panels. The principal
objective of this paper is to model, analyze, simulate and evaluate the performance of PV array
topologies such as series-parallel (SP), honey-comb (HC), total-cross-tied (TCT), ladder (LD) and
bridge-linked (BL) under different shading patterns to produce the maximum power by reducing
the mismatching losses (MLs). Along with the conventional PV array topologies, this paper also
discusses the hybrid PV array topologies such as bridge-linked honey-comb (BLHC), bridge-linked
total-cross-tied (BLTCT) and series-parallel total-cross-tied (SPTCT). The performance analysis of
the traditional PV array topologies along with the hybrid topologies is carried out during static and
dynamic shading patterns by comparing the various parameters such as the global peak (GP), local
peaks (LPs), corresponding voltage and current at GP and LPs, fill factor (FF) and ML. In addition,
the voltage and current equations of the HC configuration under two shading conditions are
derived, which represents one of the novelties of this paper. The various parameters of the SPR-200-
BLK-U PV module are used for PV modeling and simulation in MATLAB/Simulink software. Thus,
the obtained results provide useful information to the researchers for healthy operation and power
maximization of PV systems.

Keywords: GP; LPs; mismatching loss; partial shading; power maximization; PV array

1. Introduction

India has always been a prominent country in terms of renewable energy aspects especially solar
and wind in comparison with other countries in the world [1]. There are also some significant states
in India, where solar energy resource was a vital source and whose solar potential is also high [2,3].
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The solar photovoltaic (PV) power generation has been attracting because of the reduction in the PV
module price, government incentives and innovative commercial models. However, the solar PV
power generation systems have demerits, such as low energy conversion and high installation cost.
The PV module has a non-linear voltage—current (V-I) characteristic, and there must be a maximum
operating point on the power—voltage (P-V) characteristic. The power output of the PV module
depends on the temperature and solar insolation. To improve the efficiency of the PV system, the
module should be operated at the maximum power point [4-7]. However, the effectiveness of the
system is reduced by a partial shading effect on the module/array. This shading effect is due to
various factors such as building, tree, cloud, dust, etc. Due to partial shading conditions (PSCs), there
are many peaks on the V-T and P-V characteristics of the PV module/array, which reduces the output
power of the PV system [8,9].

Out of various factors that affect the performance of the PV module, the change in solar
insolation and temperature are considered as critical factors. Under uniform irradiation, the PV panel
exhibits a single maximum power point (MPP). Additionally, the MPP can be tracked using
conventional methods such as perturb & observation, incremental conductance algorithm, etc.
[10,11]. During PSCs, the PV panels exhibit multiple local peaks (LPs) and one global peak (GP), as
discussed earlier. Due to multiple LPs, the PV system misleads the conventional maximum power
point tracking (MPPT) techniques. In order to track the GP, the advanced MPPT techniques are
effectively used [12-20]. Due to PSCs, the panel mismatching power loss is more, and hence the
efficiency and capability to generate the maximum power are reduced. These problems can be
overcome by connecting bypass diodes across the panel. However, the total effects can be overcome
by connecting bypass diodes across each cell. Since it is not economical, the bypass diodes are
connected across the group of cells. Some of the manufacturers are providing the PV module with
two or three bypass diodes. In addition to PSC, power loss is also due to other factors, such as soiling,
dust, bypass diode degradation, etc. [21]. The power loss can be reduced by the different PV array
configurations, MPPTs, PV system architecture and converter topologies. Out of which, the different
PV array configuration is one of the optimum ways that can reduce mismatching losses under PSCs.
The PV array configurations are based on different electrical interconnection between the PV panels
[22-28]. The PV architecture defines different methods of connecting power converters to the PV
module/array, i.e., central level inverter, string inverter and microinverter [3]. The various MPPT
techniques, such as distributed MPPT, central-level MPPT, module-level MPPT and reconfigurable
MPPT, are also developed to reduce the mismatching losses (MLs) [29,30]. The PV arrays are formed
using different configurations such as series-parallel (SP), total-cross-tied (TCT), bridge-linked (BL),
honey-comb (HC) and ladder (LD) to attain the desired output voltage and current for grid-tied
systems or standalone systems. The classification of the different configurations is given in Figure 1.
The panels are connected in series to make a string, and the strings are connected in parallel to each
other to get the desired voltage and current in SP array configurations. In the TCT array
configuration, all nodes of rows are shortened in the SP array. The node voltages of all nodes and the
sum of currents at various junctions are the same. In the BL configuration, the modules are connected
in the form of a bridge rectifier in which the first few panels are connected in series and parallel to
each other. By combining the advantages of TCT and BL, a modified BL configuration, named HC, is
formulated [31-34].
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Figure 1. Different photovoltaic (PV) array topologies for the discussions.

The authors of [30,35] have discussed the ladder structure of the PV array to extract high output
power during PSCs. The authors of [36,37] have discussed hybrid solar PV array topologies such as
bridge-linked honey-comb (BLHC), bridge-linked total-cross-tied (BLTCT) and series-parallel total-
cross-tied (SPTCT) configurations. The combination of BL and HC configuration is called BLHC,
which has advantages of both BL and HC array configurations. The combination of BL and TCT
configuration is called BLTCT and the combinations of SP and TCT configuration is called SPTCT
configuration. These hybrid configurations are proposed by the researchers to minimize the panel
mismatching losses, and these configurations are more competitive to the conventional PV array
configurations. The authors of [38,39] investigated the PSC effect on the SP PV array configuration.
The authors of [40] investigated the PSC effects on various PV array configurations such as SP, TCT
and BL (6 x 2, 4 x 3, 2 x 6 and 3 x 4 array size). The authors of [41,42] presented a method to improve
the power output during PSCs. Many studies have been conducted on the various PV array
configurations under PSCs, and from each study, the superiority of the respective configuration is
proved through a sequence of simulations. The researchers use a different method such as different
PV array configurations, reconfigurable PV array topologies and different MPPT techniques to
reduce mismatching loss, and the same can be explained briefly as follows.

(a) Comparison of different PV array configurations

The author of [43] discussed a comparison between the various array configurations such as the
series (S) PV array and SP PV array under PSCs. The modeling is done with the help of
MATLAB/Simulink. The author concluded that the magnitude of GP depends on the shading pattern
and array configurations. A detailed comparison is made on different PV array configurations under
even and uneven column and row shadings [9]. The author concluded that out of different
configurations, TCT array configuration is performing better under the different shading patterns.
However, the author of [44] strongly disagrees with the widely held findings that SP PV array
configuration is a highly efficient configuration in extracting maximum output power from the PV
array. The author of [45] reviewed and generated M-code to study and compare the effects of PSCs
on different PV array configurations. According to the author, HC and TCT are more effective than
the other configurations under symmetric and asymmetric PV array configurations. The author of
[24] discussed the performance comparison of the different PV array configurations such as S, SP,
TCT, BL and HC under PSCs. The author also discussed non-linear equation solving using the
Newton-Raphson algorithm. The authors of [46] discussed various PV array configuration and
suggested to employ current injection technique to diminish the effect of PSCs on the PV array. The
authors of [47] presented two types of PV array configurations, such as TCT and non-symmetrical,
and tested on various shaded patterns to check the effectiveness of the array configurations, and
proved that non-symmetrical configurations perform better than the TCT configuration. The authors
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of [48-51] discussed PV array topologies such as SP, BL, TCT and all authors claimed that TCT
configuration performs better than the other configurations. The authors of [52-56] discussed a
detailed procedure for modeling the PV array of any configuration, which is operating under uniform
or PSCs. The authors of [57] presented an array of parallel-connected PV cells along with a low input
voltage boost converter, and a wide bandwidth MPP technique to improve the output power of the
PV array during PSCs and rapid shadow conditions. The model to find an optimal photovoltaic
system configuration for the specified installation area that makes maximum profit over a lifetime of
the PV energy plant is discussed in [58].

(b) Modern PV array configurations

The author of [59] discussed a dynamic PV array reconfiguration system for the building-
integrated PV systems and large PV plants. However, the operational and running cost of the systems
and system complexity is more. The author of [60] discussed a technique to produce the maximum
output power under PSCs. The method is employed with TCT configurations, but the physical
location of the panel is rearranged based on the SU-DO-KU puzzle. However, due to the additional
wiring requirements and unsuccessful distribution of shading, this method is not preferred. Modified
SU-DO-KU based reconfiguration was proposed by [61]. It uses fixed reconfiguration, and it enhances
the PV output power under mutual shading patterns. It overcomes the drawbacks of the conventional
SU-DO-KU based PV array reconfigurations. The authors of [62-65] presented an adaptive PV
reconfiguration under PSCs and malfunctioning situations. This technique divides the PV panel into
the adaptive bank and fixed panels. If the fixed PV panels are shaded, the shaded panels are
connected to the unshaded panels in the adaptive bank. However, this method requires additional
sensors and switches for the implementation. Recently, the authors of [66] proposed an improved
SU-DO-KU technique, and the technique was tested on 9 x 9 TCT PV array configuration to generate
high output power under PSCs. The authors of [67] discussed a dynamical PV array reconfiguration
strategy for a grid-tied PV system, and this reconfiguration is based on a plant-oriented configuration,
which improves the energy production when the operating environmental situations are different.
The authors of [68] discussed an adaptive reconfiguration scheme to reduce the effect of PSCs, in
which a switching matrix attaches an adaptive bank to a static portion of the PV array based on a
model control algorithm that improves the output power of the PV array. The authors of [69]
proposed a magic square method to increase the output power by reconfiguring the location of the
panels in the TCT PV array configuration. The authors of [70] proposed a new reconfiguration
technique to ensure a minimum deviation from the nominal operating voltage, which improves the
power output, and the same can be tested on a 4 x 4 PV cell array. The authors [71] disperse the power
loss of a partially shaded PV array by reconfiguring a BLTCT hybrid topology-based mostly on the
SU-DO-KU puzzle, which is known as SU-DO-KU 's BLTCT reconfigured configuration. The authors
of [72] proposed a new method to predict the connection of modules into a TCT PV array. In this
approach, shaded and un-shaded modules are placed in an array in such a way that the shading
effects are evenly distributed in each row, thereby increasing the power of the PV array.

(c) MPPT techniques to extract more power

The author of [13,73,74] reviewed different MPPT algorithms such as P&O and incremental
conductance that are implemented on the power converters to produce more energy from the PV
array by matching the input impedance of the converter to match the GP of the array. The authors of
[75] presented a bidirectional DC-DC converter, which helps the renewable energy systems,
especially for the solar PV system to minimize the losses in the system. The author of [76] proposed
a module integrated converter with MPPT architecture to generate the highest power than the
conventional string or central inverter. The converter has its own MPPT controller for the single PV
module, and all the converters are connected to the common bus. The drawback is that the cost of the
microconverter-based PV system is higher. The authors of [77] proposed an accelerated optimization
algorithm to extract the maximum power and minimize the mismatching losses of the PV system.
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The author of [78] reviewed a specific conventional and modern hybrid MPPT technique to extract
the high output power from the PV modules. The study guides the researcher to select the proper
MPPT technique for the PV systems. However, the researchers are confused about choosing the exact
MPPT technique due to the rapid research in the field of MPPTs.

After reviewing various methods, the array configuration-based methods are useful and viable
for the PV systems. Moreover, it helps the conventional/modern MPPT controllers to extract the
maximum output power from the PV string/array and reduces the module MLs. However,
mathematical analysis is required for the readers for a better understanding of the characteristics of
array configurations under PSCs. In this paper, mathematical modeling, analysis, and simulations
are carried out on the various array topologies, and performance assessment is carried out on the 4 x
4 PV array. The different PV array topologies are shown in Figure 2.
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Figure 2. Solar PV array configurations: (a) series-parallel (SP); (b) total-cross-tied (TCT); (c) honey-
comb (HC); (d) bridge-linked (BL); (e) ladder (LD); (f) bridge-linked honey-comb (BLHC); (g) bridge-
linked total-cross-tied (BLTCT) and (h) series-parallel total-cross-tied (SPTCT).

The mathematical modeling of the HC PV array configuration is not discussed in any of the
literature. Therefore, in this paper, the HC PV array configuration is elaborately discussed, and the
same has been analyzed and simulated using MATLAB/Simulink. In most of the literature, the
authors confirmed that TCT configuration is better in terms of ML and FF. However, this paper also
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discusses various hybrid configurations (such as SPTCT, BLHC, and BLTCT) along with one new
conventional LD configuration, which is more competitive to TCT. To validate and assess the
performance of all the conventional topologies and hybrid topologies, an extensive simulation is
carried out under various shading patterns such as an uneven row shading (URS), uneven column
shading (UCS), uneven corner shading (UCRS), diagonal shading (DS) and random shadings (R-I
and R-II). As presented in Figure 1, the performance assessment has been carried out in terms of
open-circuit voltage (Vic), short circuit current (Ii), GP, LPs and its corresponding voltage and current
(Vi and Imy), relative power loss (RPL), relative power generation (RPG), fill factor (FF) and the
panel ML of the PV array configurations [79]. The uniqueness of this paper is that the performance
assessment is carried out on various PV array configurations, including ladder structure along with
the hybrid PV array configurations, which are not covered in any of the published papers so far.

The paper is organized as follows. Section 2 deals with the mathematical modeling of PV
cell/module/array. Section 3 discusses the various shading patterns for the simulation. Section 4
presents the mathematical modeling of the HC PV array configuration under uneven row and column
shading. Section 5 investigates the simulation results of various PV array configurations under and
uniform irradiance and PSCs. Section 5 also discusses the performance of PV array configurations
under dynamic shading conditions. Section 6 discusses the performance assessment of different PV
array topologies, and Section 7 concludes the paper.

2. Mathematical Modeling of the PV Cell/Module/Arrays

The researchers require a reliable, feasible and flexible PV model to precisely forecast the power
generated by PV cells when connected in series/parallel combinations. This section of the paper
discusses a single diode PV model for the cell, and finally, it can be extended to the PV module and
array. To model the PV cell/module/array, the various parameters are taken from the manufacturer’s
datasheet.

2.1. Modeling of a Single PV Cell Based on a Single Diode Model

The equivalent circuit of the single diode PV cell model comprises of a single current source with
one anti-parallel diode, series resistance and shunt resistance [80-87]. The equivalent model of the
single PV cell is shown in Figure 3.

se
Iphoto Liiode Ip """
SO R, I

Incident
<€----’ x

Light
Figure 3. Equivalent PV cell model.

<

Apply Kirchhoff’s current law for the PV cell model shown in Figure 3. The PV cell current is
given in Equation (1).

Ipv = Iphoto — Liioge — Ip (1)

where ot is the photocurrent when the PV cell is subjected to incident sunlight, this current is
varying linearly depends on the solar irradiance at a specific temperature. The anti-parallel diode
current is luiode, and it is responsible for the non-linearity of the PV cell. I, represents the shunt resistor
current, and substitute the expression for I, and lioe in Equation (1). Therefore, the cell current is
derived as per Equation (2).
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4+l R V4 bR
IPU: photo_lo (exp (% —1)= % (2)

14

where g is the electron charge, and its value is 1.602 x 101 C, a is the diode ideality factor, Boltzmann
constant represented as k = 1.3806503 x 102 J/K, L is the saturation current of the diode, T represents
the cell temperature and Ry and R.represent the shunt and series resistance, respectively.

2.2. Modeling of a Single PV Module Based on the Single Diode Model

The PV module is made up of series-connected PV cells, and several series-connected PV cells
are represented as Nw. For example, the SPR-200-BLK-U PV module (SunPower, CA, USA) consists
of 72 PV cells, and SPR-76R-BLK-U panel (SunPower, CA, USA) consists of 24 series-connected PV
cells. The output current (Ip, r) of the PV module in terms of the output voltage (Vr) when N:. cells are
connected in series. The total PV module current is represented in Equation (3).

q(VP + IpvPRse)> ) (VP + IpvPRseNse>
Lyp=1 — Iy exp (— 1) - —=—= 3
pv,P photo 0 ( NseakT NseRp ( )

Equation (3) can be extended to any number of series-connected PV cells, and it applies to any
of the PV modules. It is not restricted to a single panel. If there are several series-connected panels
(Nmo), and there are several series-connected PV cells in each panel (Ns«r), then Ns can be rewritten as
per Equation (4).

Nge = Nppo X Nger 4)

2.3. Modeling of a PV Array Based on the Single Diode Model

In the PV array, the PV panels are connected in series and parallel combinations. To start with
the single PV cell, several PV cells connected in series to derive the PV module and several modules
connected in series to obtain PV string and several strings attached in parallel to form PV array [76].
The equivalent circuit of the PV array is shown in Figure 4. Ns represent the series-connected panels,
and Ny represents the parallel-connected PV strings. The output current (lr) of PV array in terms of
output voltage (V) is presented in Equation (5).

N N,
q(Var + Ia‘r N_;Rse) Va‘r + Ia‘rRse N_:
Iay = Nplyhoto — Nplo | exp NgakT - T v
N, P

The modeling of the PV array in MATLAB/Simulink is done by using Equation (5). With the
help of the following assumptions, such as Nplppoto = z;hotoNpIO =1,, (Ng/ Np)Rse =R, ,
and(NS / NZD)RZ[J = Rz', Equation (5) is modified as Equation (6).

, , q(Vr + 1pR20) Vor + IR,
or = o = 1o e (L o)) ) (or Terfe ©

With the assumptions, Equation (6) is similar to the V-I relation for a single PV cell and, it is
proved that the PV array equivalent circuit is similar to the PV cell equivalent circuit. However, the
variables in Figure 3 and the variables in Equation (6) have different meanings based on the above
assumptions. The various parameters of the SPR-200-BLK-U PV module are used for modeling and
simulating PV array topologies using MATLAB/Simulink and presented in Table 1.
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Table 1. Parameters of SPR-200-BLK-U PV panel.

S. No. Parameters Symbol Unit Value
1 Module type - - Mono-crystalline silicon
2 Number of cells Nse - 72
3 Vocat standard test condition (STC) Ve \Y% 47.8
4 Lic at STC Isc A 54
5 Maximum peak current Imp A 5
6 Maximum peak voltage Vinp \% 40
7 Maximum peak power Puwp 4 200
8 Temperature coefficient on Isc ki % | K 0.022
9 Temperature coefficient on Voc ko % mV /K -0.0648
10 Series resistance Rse Q 0.2488
11 Shunt resistance Ry Q 605.48
12 Ideality factor a - 1.25

3. Effects and Various Shading Patterns under Partial Shading Conditions

3.1. Effects of PSC on PV Arrays

The PSCs of the conventional SP array configuration is considered as reference, and it generates
panel MLs during various shading patterns. The magnitude of the MLs varies with the PV array
operating point. During shading conditions, the PV module voltage is too less, and by-pass diodes
short-circuit the panel to maintain the regular operation throughout the string and prevents the
module from the hot spots. In most cases, the PV panels provided with two bypass diodes to reduce
the power loss, as discussed in [88-92]. The panel mismatching can be noticed from the P-V
characteristic, and the characteristics have multiple peaks. The P-V characteristic curve has multiple
local peaks and one global peak, which misleads the MPPT algorithms. The main reasons for altering
the PV panel interconnections are as follows. (i) The rise in maximum output power and (ii) multiple
peak shedding. Alternative topologies have a smaller number of LPs when compared to the
conventional SP configuration. Throughout the PV array, the impacts of degraded PV modules on
standard operating PV panels are reduced by an extra redundancy in the circuit.

3.2. Shading Patterns

The different shading patterns under PSCs on various PV array topologies such as SP, HC, BL,
TCT, LD, BLHC, BLTCT and SPTCT is described in this section of the paper. Overall, the shading
patterns are grouped into two parts. Group 1, called static shading pattern, consists of four shading
patterns, such as uneven row shading (URS), uneven column shading (UCS), diagonal shading (DS)
and uneven corner shading pattern (UCRS). Group 2, called dynamic shading pattern, consists of two
shading patterns, such as random shading-I (R-I) and random shading-II (R-II). Group 2 shading
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patterns are based on several shaded panels per PV string and several PV strings randomly at any
time. The solar irradiance and the shading patterns on each PV panel under PSCs are shown in Figure
5 for HC PV array configuration, and the same has been applicable for other PV array configurations.

- $ 2
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Pt
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Figure 5. Sketch of different shading patterns under partial shading conditions (PSCs) on HC: (a)
uneven column shading (UCS); (b) uneven row shading (URS); (¢) uneven corner shading pattern
(UCRS); (d) diagonal shading (DS); (e) random shading-I (R-I); (f) random shading-II (R-II) and (g)
illustration of solar irradiance levels.

Figure 5a—f illustrates the shading patterns to be adopted in the analysis of the eight PV array
configurations, as shown in Figure 2. The characteristics of PV array topologies under each shading
pattern was simulated and explained in Section 5.

4. Mathematical Analysis of HC PV Array Configuration under PSCs

In HC PV array configuration, the diagonal PV modules are connected, as shown in Figure 2c.
The HC PV array configuration is a modified version of the BL PV array configuration, which
includes the advantages of both the TCT and BL configurations. The HC configuration is a tradeoff
between TCT and BL topologies, and the main difference between the TCT and HC configuration is
that the HC configuration has half of the interconnections of the TCT array configuration. However,
the BL configuration has a smaller number of interconnections than the HC configurations. Moreover,
all the panels in the PV array behave identically, and the output power of the PV array is similar for
all the topologies when there is no module mismatch. When there is a module mismatch, one of the
solar PV array topologies performance was better than the others. The performance of the HC array
configuration is comparable to TCT and hybrid topologies and better than the conventional BL, LD,
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S, P and SP configurations. To achieve the broad investigation of HC PV array configuration under
PSCs, the mathematical analysis is required under normal operating conditions and then extended
to different operating conditions. So, the most preferred 4 x 4 sized HC structure is considered as
shown in Figure 6a for the mathematical analysis under normal operating conditions and analyzed
at uneven row shading and uneven column shading, as shown in Figure 6b,c. The concept can be
extended to all shading patterns. The module mismatch is caused by irregular solar irradiation
received by each cell/module. From the equivalent circuit of the PV cell, as shown in Figure 3, the
photocurrent, Iwi(G), is directly proportional to the solar irradiance, and it is presented in Equation

@).

G
Iphoto (G) = G_Ipo (7)

o

where, I;o is the photocurrent generated at Go (= 1000 W/m?). The V-I relationship of the cell fulfills
the following function.

@
]out +

Vout

Vout

(b)

Figure 6. Mathematical analysis of HC array configuration: (a) normal operating condition; (b)

uneven row shading condition and (c¢) uneven column shading condition.

V + IR

f(l; V,6) = Iphoto(G) + Liioae(V + IpvRse) - R

-1=0 8)
D

where, Lioi represents the diode current. When analyzing the PV array, one may start with writing
the expressions governing the V-I relationships of the 16 PV modules. Apply Kirchhoff’s current and
voltage laws to nodes and loops to derive the equations for the respective PV array configuration.
Figure 6a shows the HC array configuration, which is more accessible than the SP, TCT, BL, LD and
other hybrid topologies. The V-I relationships of the 16 modules can be given by:

FUnw Ve, G) =0, i=123,.....16 )
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where, subscript ‘m’ represents the current, ‘n’ represents the voltage and ‘i’ represents the PV module
number, which are given by the below equations.

1,fori=1
2,fori=2,3
3,fori=4
m=<i—1for5 < i<12 (10)
12,fori =13
t13, fori= 14,15
14,fori =16
1,for1 <i <4
(5,f0ri=6
6,fori=7
7,fori=10 1)
8,fori=11

i,for13 < i <16

It is observed that there are 12 voltages and 14 currents as variables, and hence 26 equations are
required. In the HC configuration, five nodes are indicated in Figure 6a. For node numbers 1 and 4
the Kirchhoff’s current law is applied, and the equations are written as:

Li+Il,=I,+1Is (12)
Ii+1, =1, +1 (13)

Similarly, for the node number at 3, the equation can be written as:
I¢+ 110 =15+ 1 (14)

Similarly, for node numbers 2 and 5, the equation can be written as:
Ig+ 113 =115 +1g (15)
Iy + 1y = I3+ 14 (16)

For each loop, the Kirchhoff’s voltage law is applied, and the equations are given as,

Vi=VsVy=Vg (17)
Vo +Vs=Vg+V, (18)
Via+Vis=Vio+ V1 (19)
Vo=Vi3:Viz =Vie (20)
Ve+ V=V +V1q (21)

Finally, apply Kirchhoff’s voltage law for the loop containing the four modules in the first
column, and the output voltage is given by,

4
D V= Vou 22)

n=1

The schematic of Figure 6a contains 14 currents and 12 voltages, summing up to 26 unknown
variables. Equation (9) gives 16 V-I relationship Equations, Equations (12)-(16) gives five current
Equations, and Equations (17)—(21) gives five voltage equations, summing up a total of 26 equations,
which is equal to the number of unknown variables. Equations (10)—(22) can be applied for the HC
array configuration under normal operating conditions. This concept can be extended to different
operating conditions.

Based on the above discussions and by considering Figure 6b,c, it is concluded that the sum of
node currents at different nodes and the voltage of parallel modules are equal. The expressions for
the node voltage, total current, and voltage of the array is given in Equations (23)—(25), respectively.
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Vi=V5Vog=Vi3;Va=VgVia =V Vo + V3=V +Vy; Vg +V, =V +Vyy

(23)

=ViatVss
Iout211+15+19+113 (24:)
Vout = V13 + V14 + V15 + V16 = Vl + Vz + V3 + V4_ (25)

The PV modules are shaded by term a for the three-shading pattern of HC configurations, as
shown in Figure 6b,c. The shading factor, a, is given in Equation (26).
=1 ¢ 26
a=1-¢ (26)
where Go is the incoming solar irradiance, and G is the solar irradiance after shading. The panel
currents from Ii-I are obtained from Equation (3). For unshaded PV panels, the photocurrent, Lo
is defined as follows.

Isc = T:’O X Iphoto (27)

where, I« is the short circuit current of the PV module, and for the shaded module, the photocurrent
is defined as follows.

_(1-a6,

Isc - 1000 X Iphoto (28)

4.1. Case-1: Uneven Row Shading

As presented in Figure 6b, the modules in the first row are shaded unevenly, and the expressions
for the currents can be derived and given in Equations (29)—(33).

L=h=I=1lg=I;=Ig=I1g =111 =12 =114 =115 =116 (29)
q(VPU + Ipv PRse) VPU + Ipv PRseNse
Iie=1 -1 - — — - 30
16 photo 0 (exp ( NseakT NseRp ( )
Vpy =V2346781011,12141516 (31)
It =I3=1y =13 : )
aG q VPS + IpvPRse
= Lynoto — Inoto —oe — 1 : ~1
photo ~ Iphoto 750 ~ 10 (exp< N..akT (32)
_ (VPS + Ipv,PRseNse>
No.R,
Vps =Vi5913 (33)

Substitute Equations (29)—(33) in Equations (24)—(25), the V-I relation can be developed as follows:

a6 q(Vps + IpypRse)

Ng.akT
—4 (VPS + Ipv,PRseNse) (34)
N R,
By considering Equation (25), substitute the expression for Vrs in Equation (34), and the expression is
as follows:
aG q(Vp_gl +1 ‘pR )
Tyt = 4'Iph0to - Iphoto m — 41, (exp ( Nsea;;;‘ =) - 1 (35)
—4 (VPSI + Ipv,PRseNse)
N R,

Vps1 = Vour — (V2 +V3) =V, (36)
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From Equations (24)—(25), the expressions for the node voltage are given below.

1 1 'pR
NseaKT [l‘l’l (Iphoto * Xlt * pvR se)] - quv,PRse 37
v, = p (37)

q
I,,pR
2N,,aKT [ln (Iphm o1 y %p“’)] —2qlp,pRs,

q

VZ + V3 = (38)

4.2. Case-1I: Uneven Column Shading

As presented in Figure 6c, the modules in the first column are shaded unevenly, and the
expressions for the currents can be derived and given in Equations (39)—(46).

Is=Il¢=1;=Ig=Ilg=119g =111 =I13 =I13 =114 = I15 = I4¢ (39)
q(VPU + Ipv PRse) VPU + Ipv PRseNse
Lie=1 —I,| ex - - - - 40
16 photo 0 ( P ( NseakT NseRp ( )
Vpy = Vs6789,1011,12,13,14,15,16 (41)
G q(Vps+Iyy pRse)

ILi =L, =I3=1,= Iphoto - Iphotolzm_ Iy (exp (%) - 1) -

Vps+IpypRseNse (42)
NseRyp

Vps =V1234 (43)

Substitute Equations (29)—(33) in Equations (24)—(25), the V-I relation can be developed as follows:
aG q(Vps +1 ’pR )
Loy = 4'Iphoto - Iphoto m - 4'IO (exP < Nseal;(vT =) - 1 (44)
—4 <VPS + Ipv,PRseNse>
Ns.R,

Substitute Equation (30) and Equation (32) in Equations (4)—(5), the relation can be developed as

follows:
aG q(Vse78 + IpypRse)
4 pporo — I — 41, (exp ( Pm ) -1

Photo 1000 N,.akT
—4 (V5,6,7,3 + Ipv,PRseNse> _
NseRp
aG q(Vo1011,12 + IpypRse)
4'Iphoto - Iphoto m - 4'IO (exp ( NseakT -1 (45)
_4 (V9,10,11,12 + Ipv,PRseNse) _
NseRp
aG q(V13141516 + IpvpRse)
4'Iphoto - Iphoto 1000 - 4'IO (exp NseakT -1
_4 (V13,14—,15,16 + Ipv,PRseNse>
NseRp

The output voltage of the array is obtained from Equation (42), Equation (25), and it can be expressed
as follows:

Vour = 4Vs (46)

By using Equation (46) and Equation (25), the output current of the array for the case-II can be
developed as follows:
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aG q (V:)l-ut + Ipv,PRse)

B Y| —1
photoTggg — 10| E¥P N, akT

Loy = 4'Iphoto -1

(47)

vV
( :)l-ut) + Ipv,PRseNse
Ng.R,

-4

4.3. Mathematical Analysis during Two Shading Cases

In Sections 4.1 and 4.2, the mathematical modeling of HC PV array configuration was discussed.
The study of numerical analysis was discussed in this subsection. The investigation was as follows.
¢ By examining case-1, it was concluded that (i) during the shaded situations, compared
to the unshaded case, the value of I« did not change, i.e., the current was almost constant, (ii)
due to the In relation in Equation (35), I-V characteristics of the HC PV array had two peaks.
The point at which the I-V characteristics changed (I») its path could be given by 41,,4¢, —
Lynoto X (@G /1000).
¢ By examining case-2, it was concluded that (i) during the shaded situations, the I.c was
changed compared to unshaded condition (i.e., Isc was equal to 4Ipnoto — Ipnoto X (@G /1000),

(ii) I-V characteristics of the HC PV array had three peaks, and it did not change its directions.

I is the current at which the I-V characteristics change its path due to the shading. Reaching this
current (I») causes I-V characteristics to produce a new peak, and the breaking point current depends
on the shading factor (a). The results of the mathematical analysis are presented in Table 2, and these
values are obtained for Go=1000 W/m?2.

Table 2. Results of mathematical analysis.

Test Cases L (A) I (A) Number of Peaks
Case-1 4l ppoto Hpnoto — 4alypoto 2(1GP+1LP)
Case-I1 4L,n0t0 — 4 ppoto - 3 (1 GP +2 LPs)

5. Simulation Results and Discussions

This section of the paper discussed the simulation of various 4 x 4 PV array topologies such as
SP, HC, BL, TCT, LD, BLHC, BLTCT and SPTCT configurations. The MATLAB/Simulink software
was used to compare various PV array configurations in terms of maximum output power under
PSCs. For the simulation, 16 PV modules were used, and each PV module consisted of series-
connected 72 PV cells. Each PV module was protected by the bypass diode, which was connected in
anti-parallel with the module. Blocking diodes were connected to block the reverse flow of current.
Assuming that the PV modules were operated at 25 °C temperature with different irradiance
conditions, as presented in Figure 5.

5.1. SP PV Array Configuration

In the SP array configuration, four PV modules were connected in series to form a PV string to
get the required output voltage, and then the strings (four PV strings) were connected in parallel to
form the PV array getting the desired output current. This SP array configuration is commonly
employed due to its economical operation and ease of connection. The array output current is the
sum of individual PV string current in an array, and the array output voltage is the sum of the
individual module voltage in a string. Along with bypass diode, the blocking diode was connected
with the individual PV string to protect the string from the short circuit during PSCs. Under PSCs,
the blocking diodes stop the backflow of the current into other string due to the voltage difference
between the PV strings. In standalone systems, the blocking diodes block the reverse current from
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the battery storage unit to PV array at night time or under partial shading condition. The simulation
results of PV array output characteristics such as I-V and P-V under the different shading patterns
are presented in Figure 7. Due to the series connection in a string, the ML was more but less than the
series and parallel PV array configurations.

20
<
15
=
—]
Q
=10
=
<
>
(=9 5!
—STC ==URS «==DS ——=R-II
»—UCS —UCRS R-I
0 20 40 60 80 100 120 140 160 180 200
PV Array Voltage (V)
(a)
3500
—STC ==URS ==DS ==R-II =i~
3000 —UCS=—=UCRS R-I /éi o x 1615
Y: 2740
%2500
S
g 2000 X: 85.55
[-W Y: 1645
)
21500
E
<
> 1000 Y7973
o
500

0 20 40 60 80 100 120 140 160 180 200
PV Array Voltage (V)

(b)

Figure 7. Output characteristics of the SP PV array configuration: (a) current-voltage (I-V)
characteristic and (b) power-voltage (P-V) characteristic.

5.2. TCT PV Array Configuration

This PV configuration can overcome the drawbacks of the SP PV array configuration. In this TCT
configuration, first, all the PV modules in a row were connected in parallel, and then all the rows
were series-connected. In this TCT PV array configuration, the voltage across each module in a row
was equal to the Vi of the individual PV panel, and the PV array or required output voltage was
equal to the sum of row voltages. The output current of the array is the sum of current produced from
the PV panels in a row. The TCT PV array configuration utilizes a higher number of electrical wiring
than the other PV array configurations. The higher number of electrical wiring made the system
complex, increased the cost of the system and produced high power losses. The simulation results of
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TCT PV array output characteristics such as I-V and P-V under the different shading patterns are
depicted in Figure 8.
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PV Array Voltage (V)
(b)

Figure 8. Output characteristics of the TCT PV array configuration: (a) I-V characteristic and (b) P-V
characteristic.

5.3. BL PV Array Configuration

If a few cells in the PV module or a few PV modules in an array are subjected to PSCs, the output
voltage of the whole system is reduced drastically. The SP PV array configuration consists of more
series-connected modules in a string, and hence, the PV system produces more ML. To reduce the
power losses in SP and S configurations, all the panels are connected in the bridge rectifier structure,
as shown in Figure 2d, and this structure generally referred to as BL PV array configuration. The BL
configuration consists of a more series connection than the TCT configuration and less than the S and
SP configurations. So, the ML is higher than the TCT and lower than the S and SP configurations.
From the structure, it can be seen that two modules in a bridge are connected in series and then
connected in parallel. All the bridge structures are tied to get the required output voltage and output
current. The simulation results of BL PV array characteristics such as I-V and P-V under the different
shading patterns are presented in Figure 9.
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Figure 9. Output characteristics of the BL PV array configuration: (a) I-V characteristic and (b) P-V
characteristic.

5.4. HC PV Array Configuration

The drawbacks of the S, P, SP, BL and LD configurations can be overcome by considering HC
PV array configuration. In this HC PV array configuration, the PV modules are a connected like
hexagon of the honeycomb structure. The HC PV array configuration consists of a high number of
series-connected PV modules than the TCT and BL and less than the S and SP PV array configuration.
Therefore, the ML of HC PV array configuration was higher than the TCT, BLHC and BLTCT PV
array configurations and less than the SPTCT, BL, SP and S PV array configurations. The simulation
results of HC PV array output characteristics such as I-V and P-V under the different shading
patterns are presented in Figure 10.
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Figure 10. Output characteristics of the HC PV array configuration: (a) I-V characteristic and (b) P-V
characteristic.

5.5. LD PV Array Configuration

This LD PV configuration can overcome the drawbacks of the BL and SP PV array configuration.
In this LD configuration, the PV modules in a row of the first two columns were connected in parallel,
and then the rows were series-connected. The structure of the LD configuration looks like a ladder.
In LD PV array configuration, the voltage across each module in a row is equal to the Ve of the
individual PV panel. The output current of the array is the sum of current produced from the PV
panels in a row. The structure of the LD is not having any series connected panels; however, the rows
are connected in series. So, the ML is less than the BL, and SP and higher than the TCT, HC and other
hybrid configurations. The simulation results of LD PV array output characteristics such as I-V and
P-V under the different shading patterns are presented in Figure 11.
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Figure 11. Output characteristics of the LD PV array configuration: (a) I-V characteristic and (b) P-V

characteristic.

5.6. BLHC PV Array Configuration

This BLHC PV configuration can overcome the drawbacks of the BL, HC, LD and SP PV array
configuration. In BLHC configuration, the PV modules were connected as similar to the TCT
configuration except for the first-row modules. The BLHC configuration can overcome the drawback
of the conventional BL and HC configurations, i.e., a smaller number of series-connected panels. The
PV modules are tied together to get the desired output voltage. The number of series-connected PV
modules is less than the HC, LD, BL and SP configurations. So, the ML is very less than the HC, BL,
LD, SP, BLTCT, SPTCT and slightly higher than the TCT configuration. The simulation results of
BLHC PV array output characteristics such as I-V and P-V under the different shading patterns are
presented in Figure 12.
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Figure 12. Output characteristics of the BLHC PV array configuration: (a) I-V characteristic and (b)
P-V characteristic.

5.7. BLTCT PV Array Configuration

This BLTCT PV configuration can overcome the drawbacks of the conventional array
configurations except for the TCT configuration. In the BLTCT configuration, the PV modules were
connected in a similar fashion as the BL configuration except for the middle row modules in which
the modules were tightly tied. The BLTCT configuration can overcome the drawback of the
conventional BL and TCT configurations, i.e., a smaller number of the series-connected panels, and a
smaller number of electrical wirings. The number of series-connected PV modules was less than the
HC, LD, BL and SP configurations, but higher than the TCT and BLHC configurations. So, the ML
was lesser than the HC, BL, LD, SP and SPTCT, and higher than the BLHC and TCT configurations.
The simulation results of BLTCT PV array output characteristics such as I-V and P-V under the
different shading patterns are presented in Figure 13.
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Figure 13. Output characteristics of the BLTCT PV array configuration: (a) I-V characteristic and (b)
P-V characteristic.

5.8. SPTCT PV Array Configuration

The SPTCT PV configuration can overcome the drawbacks of the conventional array
configurations except for the HC and TCT configurations. In SPTCT configuration, the PV modules
were connected in a similar fashion as the SP configuration except for the middle row modules in
which the modules were tightly tied. The SPTCT array configuration had a higher number of series-
connected modules as similar to the SP configuration, but less than the SP configuration combined
with the benefits of TCT configuration. The SPTCT configuration can overcome the drawback of the
conventional SP and TCT configurations, i.e., a smaller number of series-connected panels, and a
smaller number of electrical wirings. The number of series-connected PV modules is less than the SP
configurations but higher than the other configurations. So, the ML is lesser than the BL, LD and SP,
and higher than the HC, BLHC, BLTCT and TCT configurations. The simulation results of SPTCT PV
array output characteristics such as I-V and P-V under the different shading patterns are presented
in Figure 14.
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Figure 14. Output characteristics of the SPTCT PV array configuration: (a) I-V characteristic and (b)
P-V characteristic.

The expressions for output array output voltage, array output current and array output power
of various PV array configurations in terms of module/string voltage/current are listed in Table 3.
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Table 3. PV array output voltage, current and power of different PV configurations.

Configurations Array Output Voltage (V) Array Output Current (A) Array Output Power (W)
4
Sp Vout = Z Vi = 4V loue = Tj1 +Ijs + ljo + I3 = 41; P =16XV:xI;
i=1 j =individual string current ° ey

i = individual module voltage

Vour =Ve1 + Vo + Viz + Vpu loug = Iy + Ips + Ipo + Ipi3 = 41,

TCT P,=16 XV, X I,

t = individual row voltage j =individual string current
4
BL Vout=ZVi=4Vi lowe = Iy + Is + I + 13 = 4] P =16xXV: X I
i=1 j=column of the PV array ° e
i =row of the PV array
4
HC Voutzzvi=4vi Iout=11+15+19+113=41j P =16 XV: X I:
i=1 j=column of the PV array ° e
i =row of the PV array
4
LD Vout=ZVi=4Vi Iout211+15+19+113=411 P =16 XV. X I:
i=1 j = column of the PV array ° e
i =row of the PV array
4
BLHC Vout=ZVi=4Vi Iout=11+15+19+113=41j P.=16XV: X I
i=1 j=column of the PV array ° e
i =row of the PV array
4
BLTCT Vour = Z =4 four =t s+ Io + 1z = 4 P, =16 XV X
i=1 j=column of the PV array ° e
i =row of the PV array
4
SPTCT Vour = Z Vi=av foue =L+ 15 + 15+ s = 4 P, =16 X V; x I
i=1 j=column of the PV array ° e

i =row of the PV array

6. Performance Evaluation of Various PV Array Configurations under PSCs

This section of the paper discussed the various comparisons of evaluation parameters of
different PV array topologies such as SP, TCT, BL, HC, LD, BLHC, BLTCT and the SPTCT
configuration under the operating conditions such as uniform irradiance and PSCs to choose the
excellent array configuration that delivers high performance. The assessment was carried out by
calculating the theoretical power generations under different operating conditions, the number of
LPs, fill factor (FF) and mismatching loss. The ML is represented as AP:, and it was calculated as a
percentage. The expression for AP in a percentage is given in Equation (48). The theoretical power
generation was calculated as per Equation (49).

Pmp_PPSC

ML,AP; =
Py

x 100 (48)
where, the maximum power generation under the uniform irradiance condition is represented by
Puwp, and the power generation at certain PSC is represented by Prsc. Prsc can be calculated by
multiplying Vi and Iy of GP at the respective PSC. The theoretical power generation in watts can be
calculated by using Equation (49) in which G is solar irradiance under PSC of the individual module,
Go is solar irradiance under uniform irradiance and i is the total number of PV modules.

=16 -
Pue= ) (g Pup) (49)
s o
i=1
Theoretical power generation (Pw) can be useful for calculating the relative power loss of the

respective PV array configuration. The relative power loss (RPL) in watts of the solar PV array can be
calculated by using Equation (50). The relative power gained (RPG) in percentage concerning the
maximum output power of SP PV array can be calculated by using Equation (51).
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RPL = Py, — P, (at GP) (50)

Pmp,i - Pmp,SP

RPG = x 100 (51)

P mp,SP
where the term ‘i’ represent the various PV array topologies such as TCT, BL, HC, LD, BLHC, BLTCT
and SPTCT, and Puwysp represents the PV array output power of SP configuration. Another vital
assessment parameter of the solar PV system is FF. If FF is near unity, then the performance of the
solar PV system is higher. The FF can be calculated by using Equation (52).

(Vinp * Imp ) at respective PSC
= X
VOC * ISC

FF 100 (52)

At first, the performance assessment of the solar PV topologies could be carried out, and then,
the same was extended to other shading patterns, as shown in Figure 5. For all the assessment, the
temperature was kept constant at 25 °C.

6.1. Standard Test Conditions (STCs)

In general, the standard test condition (STC) of the PV module is given by the manufacturer. The
temperature at STC was 25 °C, and the solar irradiance at STC was 1000 W/m?2. From the simulation
results, as shown in Figures 7-12, various configurations such as SP, TCT, BL, HC, LD, BLHC, BLTCT
and SPTCT produced the maximum array output power of 3200 W with single LP, which is referred
to as GP. The voltages and currents at OC, SC, GP and LPs are listed in Table 4 for STCs. During
STCs, all the topologies produce almost the same voltage and current at GP. The ML was nearly zero,
and FF was roughly equal to 77.3% for all the topologies.

Table 4. Assessment parameters of PV array configurations under the standard test condition (STC).

GP Parameters LP Parameters No.

Configur ML FF
ations oWV B u ) e (A) (1;’\’;’; Vorps Ings Ponp LOPfS %) (%)
Sp 1914 2164 1599 2001 3200 i - 0031 7732
TCT 1912 2162 1604 1998 3200 ; - 0031 7752
BL 1914 2164 1603 1996 3200 ; - 0031 7725
HC 1912 2164 1599 2001 3200 ; - 0031 7733
LD 1912 2164 1599 2002 3200 ; - 0031 7737
BLHC 1912 2164 1601 1998 3200 ; - 0031 7731
BLTCT 1912 2164 1599 2001 3200 ; - 0031 7733
SPTCT 1912 2164 1594 2007 3200 ; - 0031 7732

6.2. URS Pattern

For this assessment, the solar irradiance of the first-row modules is changed as per Figure 5a.
The various performance parameters are listed in Table 5 for all array configurations. Under the URS
pattern, all the configurations exhibited single LP and one GP. All the configurations found GP at
2384 W. The ML of all the configurations was almost equal to 25.5% with the FF varying between
57.89 and 58.08%. From the simulation results and the above discussions, it can be observed that
BLHC was the better option in terms of FF, and TCT was the better option in terms of ML. However,
the performance of both BLHC and TCT configurations were similar. Therefore, the researcher could
select a better configuration based on the electrical wiring connections.
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Table 5. Assessment parameters of PV array configurations under the URS pattern.

Configura Vo (V) I (A) GP Parameters LP Parameters No.of ML FF
tions Vip (V) Imp (A)  Pup (W) Vinp; Imp; Prnp LPs (%) (%)
SP 190.2 21.64 1195 19.94 2384 167.9;12.31;2068 1 2550 57.89
TCT 190.3 21.59 119.3 19.98 2384 171.7;12.45;2138 1 2550 5791
BL 190.2 21.64 1195 19.95 2384 169.6;12.46;2113 1 2550 57.92
HC 190.2 21.64 1194 19.97 2384 169.7;12.48;2119 1 2550 57.93
LD 190.2 21.63 118.8 20.06 2384 167.8;12.47;2092 1 2550 57.93
BLHC 190.2 21.59 119.3 19.99 2384 170.7; 12.46; 2126 1 25.50  58.08
BLTCT 190.2 21.62 119.2 20.01 2384 170.4;12.48;2126 1 25.50 58.00
SPTCT 190.2 21.63 119.2 20.01 2384 170.2;,12.45;2120 1 25.50 57.98

6.3. UCS Pattern

For this assessment, the solar irradiance of the first column modules was changed as per Figure
5b. The various performance parameters are listed in Table 6 for all array configurations. Under UCS
pattern, the TCT produced two LPs at 2219 W; 1483 W and single GP at 163.2 V; 17.53 A; 2859 W. The
ML was equal to 10.65% with FF equal to 71.48%, which was highest among all the array topologies.
In addition, the configurations such as HC and BLHC also exhibited two LPs, the FF of both the
configurations were greater than 70%, and MLs of both configurations were 1% higher than the TCT
configuration. All the hybrid configurations had better values of FF and comparable values of % MLs
but introduced three LPs, which misled the MPPT algorithms. Therefore, in all the aspects, the
configurations such as TCT and BLHC exhibited better performance during the UCS pattern.

Table 6. Assessment parameters of PV array configurations under UCS pattern.

Configura Voe (V) e (A) GP Parameters LP Parameters No. of ML FF
tions Vip (V) Tup (A) Py (W) Vip; Imp; Prnp LPs (%) (%)
131.1; 18.40; 2412
SP 190.5 21.05 161.5 16.96 2740 85.55; 19.23; 1645 3 14.37 6830
38.48; 20.46; 787.3
TCT 190.5 21.01 163.2 17.53 2859 120; 18.49; 2219 2 10.65  71.48

75.24; 19.68; 1483
125.8; 18.55; 2334

BL 190.5 21.09 162.3 17.02 2791 78.03; 1534; 19.65 3 12.78  68.76
37.61; 20.52; 771.2
122.6; 18.28; 2240

HC 190.5 21.08 163.2 17.27 2819 83.15; 19.36; 1610 2 1191  70.19

125; 18.49; 2310

LD 190.5 21.09 163.1 17.11 2791 79.71; 19.66; 1567 3 12.78  69.46
35.38; 20.55; 727.1
121.3; 18.62; 2258

BLHC 190.5 21.08 163 17.44 2842 76.12; 19.62; 1493 2 11.19  70.79

122.3; 18.45; 2257

BLTCT 190.5 21.08 163.8 17.35 2841 74.37;19.73; 1468 3 11.22  70.77
36.33; 20.36; 740
123.4; 18.59; 2295

SPTCT 190.5 21.05 162.9 17.34 2825 73.73;19.72; 1454 3 11.72  70.44
37.34;20.48; 764.9

6.4. UCRS Pattern

For this assessment, the solar irradiance of the four corner modules were changed as per Figure
5c. The various performance parameters are listed in Table 7 for all array configurations. All the
topologies produced two LPs and a single GP. Under the UCRS pattern, the TCT produced LPs at
1568 W; 2246 W and single GP at 165.7 V; 16.75 A; 2748 W. The ML was equal to 14.13% with FF equal
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to 67.48%, which was highest among all the array topologies. The hybrid BLHC and BLTCT array
configuration exhibited LPs at 1568 W; 2259 W, and 2253 W; 1585 W, respectively, and single GP at
2738 W with 14.44% ML and 66.40% FF. The maximum power generation was just 10 W less than the
TCT configuration but it was better than the SP, BL, LD and SPTCT configurations. Moreover, the
HC exhibited GP at 2734 W, which was better than the other topologies except for TCT, BLTCT and
BLHC with decent ML (14.56%) and FF (66.49%), which was comparable to hybrid topologies. From
the simulation results from Figures 7-14, the TCT configuration increased the GP to +4.84%, +2.46%,
+0.51%, +1.25%, +0.36%, +0.36% and +2.15% when compared to SP, TCT, BL, HC, LD, BLHC, BLTCT
and SPTCT, respectively. Here, '+ sign indicates power gain.

Table 7. Assessment parameters of PV array configurations under the UCRS pattern.

No. of ML FF

Cotritf)if:ra Vo (V) L (A) GP Parameters LP Parameters LPs %) %)
Vmp (V) Imp (A) Pmp (W) Vmp; Imp; Pmp
130.7; 18.01; 2354
SP 190.4 21.64 163.5 16.03 2621 30.7;18.01; 235 2 18.09  63.61

84.51; 19.65; 1661

121.4; 18.5; 2246
TCT 190.6 21.58 165.7 16.75 2748 78.28; 20.03; 1568 2 14.13  67.48

125.8; 18.05; 2334
BL 190.5 21.64 164.3 16.32 2682 84.4: 19.68; 1661 2 16.19  65.04

122.6; 18.39; 2255
HC 190.1 21.63 164.7 16.6 2734 80.29; 19.82; 1592 2 1456  66.49

124.8; 18.22; 2275
LD 190.6 21.63 165 16.45 2714 81.72; 19.6; 1602 2 1519  65.84

122.2; 18.48; 2259
BLHC 190.6 21.63 165.9 16.5 2738 78.33; 20.02; 1568 2 1444  66.40

122.8; 18.34; 2253
BLTCT 190.6 21.63 165.4 16.55 2738 79.35; 19.97; 1585 2 1444  66.40

123.7; 18.29; 2263
SPTCT 190.4 21.63 164.5 16.35 2690 82.71:19.91; 1647 2 1594  65.31

6.5. DS Pattern

For this assessment, the solar irradiance of the first diagonal modules was changed as per Figure
5d. The various performance parameters are listed in Table 8 for all array configurations. The
topologies such as SP and BL produced one LP, and other topologies produced two LPs. Under the
UCRS pattern, the TCT produced LPs at 2192 W; 718.6 W, and GP at 162.8 V; 17.51 A; 2851 W. The
ML was equal to 10.90% with FF equal to 71.18%, which was highest among all the array topologies.
The hybrid BLHC array configuration exhibited LPs at 755.2 W; 2198 W and GP at 2849 W with
10.97%, ML and 70.87%, FF. The maximum power generation was just 2 W less than the TCT
configuration, but it was better than other configurations. The BLTCT exhibited GP at 2833 W, which
was better than the other topologies except for TCT and BLHC with an ML equal to 11.47%, and FF
equal to 70.50%. The ML and FF of SP, SPTCT, LD and BL topologies were poor, which was almost
equal to 25.5%; 57.87%, 20.59%,; 61.83%, 16.88%; 64.54% and 16.88%; 64.54%, respectively. From the
simulation results from Figures 7-14, the TCT configuration increased the power generation to
+19.58%, +19.58%, +1.27%, +7.18%, +17.22%, +0.071%, +0.63% and +1.22% when compared to SP, BL,
HC, LD, BLHC, BLTCT and SPTCT, respectively.
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Table 8. Assessment parameters of PV array configurations under the DS pattern.

Configura Voo (V) ILe (A) GP Parameters LP Parameters No. of ML FF
tions OC * Vmp (V) Imp (A) Pmp (W) Vmp; Imp; Pmp LPs (0/0) (0/0)
SP 190.4 21.63 118.7 20.08 2384 167.9;13.36,2243 1 25.5 57.87
117.3;16.2;2192
TCT 190.6 21.01 162.8 17.51 2851 35.75:19.58:718.6 2 1090  71.18
BL 190.5 21.64 119.3 19.98 2384 168.3;13.5;2273 1 2550  57.82
122.5;18.52;2268
HC 191.3 21.08 162.2 17.35 2815 38.11:20.03:763.2 2 1203  69.79
121;17.98;2176
LD 190.5 21.63 165.9 16.03 2660 80.8:19.83,1602 2 16.88  64.54
119;18.47;2198
BLHC 190.6 21.08 162.8 17.49 2849 37.42:20.18.755.2 2 1097  70.87
122;18.34;2237
BLTCT 190.6 21.08 162.6 17.42 2833 37.85:20.07:759.9 2 11.47  70.50
122.7;18.32,2249
SPTCT 190.4 21.58 165.5 15.35 2541 82.71,19.91:1647 2 2059  61.83

6.6. R-I Pattern

For this assessment, the solar irradiance of the random modules was changed as per Figure 5e.
The various performance parameters are listed in Table 9 for all array configurations. The topologies
such as TCT, BLHC and LD produced two LPs, and other topologies produced three LPs. Under R-I
pattern, the TCT produces LPs at 714.7 W; 1926 W and GP at 165.1 V; 14.50 A; 2394 W. The ML was
equal to 25.18% with FF equal to 61.59%, which was highest among all the array topologies. The
hybrid BLHC configuration exhibited LPs at 731 W; 1910 W, and GP at 2389 W with 25.34%, ML, and
61.30%, FF. The maximum power generation was 5 W less than the TCT configuration and better than
other topologies. The BL exhibited GP at 2352 W, which was better than the other topologies except
for TCT and BLHC with ML equal to 26.50% and FF equal to 60.30%. From the simulation results
from Figures 7-14, the TCT configuration increased the power generation to +9.96%, +1.78%, +7.11%,
+9.46%, +0.2%, +3.81% and +4.17% when compared to SP, BL, HC, LD, BLHC, BLTCT and SPTCT,
respectively.
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Table 9. Assessment parameters of PV array configurations under the R-I pattern.

Configura Voc ILsc GP Parameters LP Parameters No. of ML FF
tions (V) (A) Vmp (V) Imp (A) Pmp (W) Vmp; Imp; Pmp LPs (0/0) (0/0)

125.5; 15.87; 1992
80.17; 16.65; 1335
39.26; 19.53;
767.1
121.3; 15.88; 1926
TCT 189.8  20.48 165.1 14.5 2394 37.58;19.02; 2 25.18 61.59

714.7
126; 15.55; 1959
81.33; 16.71; 1359
BL 189.8  20.54 164.4 14.3 2352 38.34; 18.97: 3 26.50 60.30
727.3
124; 15.76; 1955
80.84; 17.07; 1380
HC 189.8  20.54 166.5 13.42 2235 39.22:19.03; 3 30.16 57.32
746.3
125.8; 15.95; 2006
LD 189.7  21.08 163.1 13.41 2187 39.23; 19.18; 2 31.66 54.69
752.5
120.4; 15.86; 1910
39.28; 18.63; 731
122.5; 15.88; 1946
80.66; 16.94; 1367
BLTCT 189.7  21.08 165.4 13.94 2306 39.19; 18.66; 3 27.94 57.66
731.1
122.6; 15.82; 1940
SPTCT 189.7  21.03 165.5 13.88 2298 81.76; 16.91; 1383 3 28.19 57.58

37.98; 19.14; 727

SP 189.7  21.03 164.1 13.26 2177 3 31.96 54.54

BLHC 189.7  20.54 164.6 14.51 2389 2 25.34 61.30

6.7. R-II Pattern

For this assessment, the solar irradiance of the random modules was changed as per Figure 5f.
The various performance parameters are listed in Table 10 for all array configurations. Except for
TCT and BLHC configuration, other topologies such as SP, BL, HC, LD, BLTCT and SPTCT produced
three LPs. Under the R-II pattern, the TCT produced LPs at 750.6 W; 1458 W and GP at 167 V; 11.77
A; 1966 W. The ML was equal to 38.56% with FF equal to 48.11%, which was highest among all the
array topologies. The BLHC array configuration exhibited LPs at 751.7 W; 1458 W, and GP at 1966 W
with 38.56%, ML, and 47.99%, FF. From the simulation results from Figures 7-14, the TCT
configuration increased the power generation to +10.01%, +12.72%, +2.66%, +2.39%, 0%, +2.28% and
+9.04% when compared to SP, BL, HC, LD, BLHC, BLTCT and SPTCT, respectively.
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Table 10. Assessment parameters of PV array configurations under the R-II pattern.
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Configura
tions

Voc (V)

Lsc (A)

GP Parameters

LP Parameters

No. of

Vinp (V)

Imp (A)

Pup (W)

Vmp; Imp; P mp

LPs

ML (%)

EF (%)

SP

TCT

BL

HC

LD

BLHC

BLTCT

SPTCT

189.6

189.5

189.4

189.5

189.5

189.5

189.5

189.6

21.62

21.56

21.62

21.62

21.62

21.62

21.62

21.62

123.9

167

125.2

168.5

167.8

166.2

168.2

124.6

14.42

11.77

13.93

11.37

11.44

11.83

11.42

14.47

1787

1966

1744

1915

1920

1966

1922

1803

171.6;9.35;1606
79.54;18.331458
38.12;19.7,751.2
79.13;18.42;1458
38.24;20.01,750.6
170.9;9.878;1688
79.68;18.3;1458
37.61;19.99;752.6
124.4;12.47;1553
79.48;18.18;1458
37.73;19.94,752.1
125.8;12.42;1563
79.71;18.29;1458
37.6;20;752.1
79.69;18.3;1458
37.42;20.09;751.7
125.8;12.44;1565
79.43;18.36;1458
37.17;20.2,750.6
171.6;9.37;1608
79.32;18.38;1458
37.34;20.12;751.4

3

44.15

38.56

45.50

40.16

40.00

38.56

39.94

43.66

43.58

48.11

42.59

46.76

46.85

47.99

46.88

43.98

6.8. RPL and RPG Comparison

Sections 6.1-6.7. discuss the performance parameters of various PV array topologies under
different shading patterns. For a better understanding of the readers, this section discussed the
comparison of various array topologies based on the RPL and RPG. The comparison table is given in
Table 11 and Table 12. Figure 15 shows the maximum power generation of all the topologies under
various shading patterns. Figure 16 and Figure 17 show a comparison between various PV array
topologies under different shading patterns in terms of RPL and RPG.

Table 11. Relative power loss (RPL) comparison of various array topologies.

URS ucs UCRS DS RS-1 RS-2
Confi (Prne= 2880 (Pine= 2940 (Pne= 2960 (Prhe=2920 (Pne= 2580 (Phe= 2440
. W) W) W) W) W)
gurations

mp  RPL Pwpy  RPL Pwpy  RPL Pwy  RPL Pwpy  RPL Pwy  RPL

w W w) W w) W) W) W) W) W) W) W

SP 2384 496 2740 200 2621 339 2384 536 2177 403 1787 653
TCT 2384 496 2859 81 2748 212 2851 69 2394 186 1966 474
BL 2384 496 2791 149 2682 278 2384 536 2352 228 1744 696
HC 2384 496 2819 121 2734 226 2815 105 2235 345 1915 525
LD 2384 496 2791 149 2714 246 2660 260 2187 393 1920 520
BLHC 2384 496 2842 98 2738 222 2849 71 2389 191 1966 474
BLTCT 2384 496 2841 99 2738 222 2833 87 2306 274 1922 518
SPTCT 2384 496 2825 115 2690 270 2541 379 2298 282 1803 637

Bold values point toward the best performance of PV array configurations.
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Table 12. Relative power gained (RPG) comparison of various array topologies.
Confi URS UCS UCRS DS RS-1 RS-2
rationi Pw RPG Pw RPG Pw RPG Pw RPG Pw RPG Pw RPG
W) () W) () W) () W (R W) () W) (%)
SP 2384 0 2740 0 2621 0 2384 0 2177 0 1787 0
TCT 2384 0 2859 434 2748 4.85 2851 19.58 2394 9.96 1966 10.01
BL 2384 0 2791 186 2682 233 2384 0.00 2352 804 1744 -2.41
HC 2384 0 2819 2.88 2734 431 2815 18.08 2235 266 1915 7.16
LD 2384 0 2791 186 2714 355 2660 11.58 2187 0.46 1920 7.44
BLHC 2384 0 2842 3.72 2738 4.46 2849 19.51 2389 9.74 1966 10.02
BLTCT 2384 0 2841 3.69 2738 446 2833 1883 2306 593 1922 7.55
SPTCT 2384 0 2825 3.10 2690 2.63 2541 6.59 2298 556 1803 0.90
Bold values point toward the best performance of PV array configurations.
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Figure 15. Maximum output power generation under shading conditions.
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Figure 16. Comparison between various configurations in terms of RPL.
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Figure 17. Comparison between various configurations in terms of RPG.

The results obtained from the simulation results described the relationship between the PV array
output power and the type of interconnection within the PV array. From Table 11 and Figure 16, the
PV array topologies were ordered in ascending order in terms of RPL as follows: SP > BL > LD >
SPTCT > HC > BLTCT > BLHC > TCT and from Table 12 and Figure 17, the PV array topologies were
ordered in ascending order in terms of RPG as follows: SP < BL < LD < SPTCT <HC <BLTCT <BLHC
< TCT. Besides, the simulation results concluded that the TCT array configuration was superior to
other PV array topologies with the least power loss, 14%, and high-power gain, 19.51%. Moreover,
the BLHC PV array configuration was performing better than the BL, SP, HC, LD, BLTCT and SPTCT,
and the performance was competitive to TCT with less complexity in electrical wiring than the TCT
configuration. So, the power loss of the PV system with the BLHC PV array configuration was less
than the PV system with the TCT array configuration due to less electrical wiring and hence power
loss.

7. Conclusions

This paper assessed the performance of the conventional and the hybrid topologies that affect the
maximum power generation of the PV system under different shading patterns. Moreover, this paper
discussed the mathematical analysis of the HC PV array topology, which is not covered in previous
publications, and the expressions for the voltage and current were derived for UCS and URS patterns.
The simulation was carried out to check the effectiveness of all the configurations under static and
dynamic shading patterns. The PV array characteristics such as P-V and I-V characteristics were
analyzed under various shading patterns, as discussed above. The performance of the array
configurations was assessed based on the parameters such as Vi, Is, GP, LPs, voltage and current of
the individual GP and LPs, ML, RPG, RPL and FF. All the topologies were simulated with the bypass
diode to maximize the power under PSCs. This paper discussed the reduction of MLs in the PV array
using a bypass diode and stringing arrangement approaches. By using both methods, the PV array
could generate the maximum output by mitigating the ML significantly. Under various shading
patterns, the TCT configuration was superior in producing the maximum output power than the
other topologies. However, this paper also reported that the hybrid BLHC topology could perform
as similar to TCT, and the performance was comparable to TCT in terms of electrical wiring
complexity. From the results, it is noticed that both the BLHC and TCT topology was optimal when
the modules were shaded in a single string. If the shading is spread across the strings, then BLHC is
optimal topology. If shaded modules are spread across half of the total strings, either SP or TCT or
BLHC or HC may be optimal depending on the shading intensity. It is also observed that a greater
number of series-connected modules increased the MLs. Based on this criterion, the descending order
of the configuration was as follows: TCT, BLHC, BLTCT, HC, SPTCT, LD, BL and SP PV array



Energies 2020, 13, 3216 32 of 37

configuration. An alternative configuration increased the output power by 1.2%, 1.8%, 3.2%, 3.4%,
3.3%, 3.1% and 2.8% for BL, LD, HC, TCT, BLHC, BLTCT and SPTCT topologies, respectively as
compared to the SP configuration. Even though the alterations in PV array configuration seemed to
be key to fighting against MLs, the estimation of an additional wiring and frequent maintenance of
the PV plant should be addressed to establish the cost-effective alternative array configuration
designs. The study on various PV array configurations may be tested and verified in the physical site
by considering various shading factors and other experimental factors.
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Nomenclature

List of Symbols

Ipo, Iwpand Iar PV cell, PV module and PV array current in A, respectively

Iphoto Photocurrent in A

Io Diode saturation current in A

q Electron charge in C

V, Vp, and Var PV cell, PV module and PV array voltage in V, respectively

Rse and Rp Series and shunt resistance of the PV cell in (), respectively

Nse and N Number of series connected PV cells and PV modules, respectively

Np Number of parallel connected PV modules

a Diode ideality factor

k Boltzmann constant in J/K

T Cell temperature in K

Voe and L Open circuit voltage in V and short circuit current in A of the PV module/array,
respectively

Vimp and Imp Maximum power point voltage in V and current in A of the PV module/array,
respectively

Py Power at maximum power point in W of the PV module/array

Ipo Photocurrent of PV cell at standard solar irradiance, Go (1000 W/m?)

G Actual solar irradiance during shading conditions in W/m?

Viwand In Voltage in V and current in A of the respective PV module

Vour and Tout Output voltage in V and Output current in A of the PV array, respectively

a Shading factor

In Current at which the I-V characteristic change its path due to shade in A

P, Output power of the PV array in W
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APL
Ptne

Prsc
Prp,i

Pmp,SP

List of Abbreviations
PV
PSC
SP

S

HC
TCT
LD

BL
BLHC
BLTCT
SPTCT
GP

LP

FF

ML
MPP
MPPT
URS
ucCs
UCRS
DS

R-I
R-II
RPL
RPG

References

Mismatching loss in W

Theoretical power generation in W

Power generation at certain PSC in W

Power at MPP of various PV array topologies in W
Power at MPP of SP PV array configuration in W

Photovoltaic

Partial shading condition
Series-Parallel

Series

Honey-Comb

Total-Cross-Tied

Ladder

Bridge-Linked

Bridge-Linked Honey-Comb
Bridge-Linked Total-Cross-Tied
Series-Parallel Total-Cross-Tied
Global peak

Local peak

Fill factor

Mismatching loss

Maximum power point
Maximum power point tracking
Uneven row shading

Uneven column shading
Uneven corner shading
Diagonal shading

Random shading-I

Random shading-II

Relative power loss

Relative power generation
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