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Abstract

Partial shading condition (PSC) has a detrimental effect on the output performance of a photovoltaic (PV)
system. The output performance of a partially shaded PV array depends not only on the pattern, intensity,
and location of the shadow but also on its configuration. In this paper, the output performance of two
configurations namely series-parallel (SP), a commonly used configuration, and total-cross-tied (TCT) have
been compared under diverse PSCs. A Lambert W-function-based technique has been developed to model,
simulate, and estimate the performance of both the configurations of the PV array. The developed program
can evaluate the current, voltage, and power for the arrays of different sizes under uniform and different
PSCs. A detailed investigation has been carried out for the output performance of both the configurations
under nine diverse shading patterns and different sizes of the arrays. Comparative analysis for the
configurations is presented based on parameters such as maximum power obtained, partial shading power
loss percentage, efficiency, and fill factor. It has been found from the obtained results that output
performance of a PV array under PSC is enhanced by using TCT configuration compared to SP

configuration.
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1. Introduction

In the current global scenario, the gap between
demand and supply of energy is continually
increasing. Solar photovoltaic (PV) is a potential
source, which can provide the long-term
sustainable solution to the energy crisis, which the
world is witnessing today. Solar cell is the basic
photovoltaic device, which converts sunlight into
electricity. For the desired outdoor energy
generation, clusters of solar cells are
interconnected to form the PV module, which are
further interconnected to form PV arrays.

A PV solar cell can be represented either by the
single diode model [1, 2] or double diode model
[3, 4]. Single diode model is widely used because
it is a simple and accurate model, consisting of
five parameters [1, 5]. These five parameters are-
ideality factor, series resistance, shunt resistance,
photo current, and saturation current. Several
types of methods such as numerical and
analytical, have been proposed by the researchers
to evaluate the model parameters [6-11].
Numerical methods are dependent on the initial
values chosen and sometimes there may be

convergence issues. Analytical methods express
the PV -V transcendental equation explicitly.
Analytical method is faster and has a better
accuracy in comparison to numerical methods [10,
11]. Lambert W function is a valuable tool, as it
solves the transcendental 1-V equation of the solar
cell/module [12-14]. Using Lambert W function,
the PV current is obtained in terms of PV voltage
(and vice versa) explicitly, thus bringing along
computational advantage in terms of accuracy and
time [11, 15, 16]. Many researchers have used
Lambert W function for different applications,
e.g. the authors of [17] presented an exact explicit
solution based on the Lambert W-function to
calculate the optimum load of an illuminated solar
cell containing a parasitic series resistance and a
shunt resistance. In [18] an optimized technique,
using Lambert W-function and polynomial curve
fitting method to describe the I-V and P-V
characteristics of solar cell, and module was
presented. Cubas et al. presented a method based
on analytical formulation, which turns the series
resistor equation explicitly by using Lambert W
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function [19]. The expression was used to analyse
performance of two commercial solar panel at
different values of irradiation and temperature.
Tripathy et al. modelled a PV system using
Lambert W function technique [20]. The model
was simulated under sunny and cloudy day
condition. Authors found that the Lambert W
function-based mathematical model was accurate
and achieved good agreement between calculated
and simulated outputs. Li et al. reduced the
explicit equation of the single diode model
expressed by the Lambert W function to its
simplified form [21]. To estimate the model
parameters of solar cells and PV modules, the
authors combined the simplified explicit equation
with an intelligent optimization algorithm. The
accuracy of parameter extraction was improved,
and also the robustness and convergence speed
were increased.

For the field installed PV arrays, partial shading
condition (PSC) or the condition where the
irradiance received by the entire PV array is not
uniform, is a huge challenge. This type of
condition is commonly confronted by the installed
PV array because of the presence of any nearby
structure like building or tree or due to
accumulation of dust, fallen leaves, bird
droppings, etc. Partial shading of solar panels
results in mismatching power loss [22-25]. Hence,
the efficiency and capacity of a PV system to
generate maximum power is reduced. Bastidas et
al. presented a model for photovoltaic fields and a
procedure for calculating the parameters of the PV
modules of a string (PV modules connected in
series) [26]. By using the Lambert-W function,
the string voltage was expressed as an explicit
function of the load current. Batzelis and
Routsolias also presented a PV string model,
where the terminal voltage was expressed as an
explicit function of the current using Lambert W
function, resulting in significantly reduced
calculation times and improved robustness of
simulation [27]. Simplified formulae were also
presented, which can calculate the maximum
power points of a PV string operating under PSCs.
In [28], a technique for tracking the MPP of PV
modules connected in series, parallel and series-
parallel configurations under shading effect was
proposed. The author used the Lambert W
function to express the output characteristics of
various configured PV modules. The obtained
equations were converted into the discrete form,
and the maximum output power of each
configuration was calculated by numerically
solving the discrete equations. In [29], the
comparative effect of partial shading on series and
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parallel configuration of PV array using Lambert
W-function was presented. These previous studies
employing Lambert W function are limited to
only series, parallel and series-parallel
configuration under the impact of PSCs. In an
effort to alleviate power loss due to shading, the
researchers have tried different configurations and
reconfiguration of PV array [30-43]. In open
literature, different configurations such as honey
comb, bridge linked, and total cross tied are
present [36-37, 39]. Researchers have tested these
configurations using different methodologies to
find the configuration least susceptible to power
loss under PSC, e.g. simulation studies based on
computational network analysis approach [33],
solving the simultaneous nonlinear equations
using Newton Raphson algorithm [34],
developing Matlab M-code based on numerical
method techniques [35]. These methods are either
computationally complex or convergence can
become an issue when obtaining numerical
solution for large system of equations. Studies
based on simulation using MATLAB/SIMULINK
platform [30, 32, 35] and few experimental
studies [41-43] have also been conducted in this
regard. Study of effect of PSC on PV array in real
field conditions is expensive, needs lot of time,
and depends strongly on the existing weather
conditions. In addition, for a comparative study of
different configuration, it is not possible to
maintain same natural shading pattern on different
arrays throughout the experiment in field
conditions. Studies based on simulation work are
easier to conduct. However, study of different
configurations of PV array using Lambert W
function under PSC is still lacking.

As presented in the literature survey, Lambert W
is a strong tool, which can express PV I-V
equation explicitly with better accuracy. However,
its application to model and simulate the
performance of different PV array configurations
is still lacking. This has motivated the author to
develop a method based on Lambert W-function
to simulate the output performance of different
PV array configurations under PSCs. The present
work would be beneficial for researchers/
engineers/solar project developers in gaining
knowledge of performance of PV array in field
conditions by reproducing their behaviour for any
working condition. The results of this work are
also significant in developing future technique for
power loss minimization.

In the present work, a technique based on Lambert
W-function has been developed to simulate the
output performance of Series-parallel (SP) and
Total cross tied (TCT) PV array configurations
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under uniform as well as partial shaded
conditions. Comparative analysis for SP and TCT
configuration on the basis of maximum power
was obtained; partial shading power loss
percentage, efficiency, and fill factor is presented
thereafter. For this study, the MATLAB software
has been used to develop programs for evaluating
the current, voltage, and power for both the
arrays. The core of the programs essentially
comprises of determining explicitly 1-V relation
for each PV module using Lambert W-function.
The detailed flowchart of the algorithm is
presented in Section 4.

The structure of this research paper is as follows:
Section 2 presents the mathematical modelling of
PV module, Section 3 describes the mathematical
modelling of a string of PV modules connected
with bypass diodes; Section 4 presents the
modelling and simulation of PV arrays using the
method developed. Section 5 presents output
performance analysis of SP and TCT configured
PV array, Conclusions are drawn in Section 6.

2. Modelling of PV module using Lambert W-
function

Solar cell is extensively represented by the single
diode model owing to its simplicity (Fig. 1) [1, 5].
On the bases of this model, the current-voltage
characteristic of a PV module having Ns solar
cells in series is obtained by (1) [26].

Vin+ ImRg Ng

I == o [exp (e mie®e) — 1] - O
(Vm+lm Rg NS)

RshNs

]D ]sah

(1) ¢ ¢

Figure 1. Single diode model of a solar cell.

Using Lambert W-function, the explicit solution
of transcendental current-voltage equation of PV
module is obtained by (2).

Vm = IoRsh Ns + lthsth - ImRst - ImRsth -

(lo+lph—lm)Rsh]

nNthhLambertW<(—l::",‘l°) e[ NsVin )
th

For any module temperature T and solar

irradiation G, the photo-generated current of the
module is given by (3) [1].
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n

The short-circuit current of the PV module using
Lambert W function is obtained by (4).

Rsh(lo + Iph) _ (n Vth)

I.. =
s¢ Rs + Ry Rq
RshloRsNs ] (4)
(RS+RSh)nNSVth
*
Lambert W [Rsh(RsIoNs+Rstth)]
(Rs+Rsp)nNgVip

3. Modelling of PV module string with by-pass
diodes

A PV string is a cluster of PV modules connected
in series. When a PV string is partially shaded,
even the fully illuminated modules are forced to
operate at lower current dictated by the short
circuit current of the most shaded module (Iscmsh)
in the string. This results in huge loss in the output
power. This power loss is minimized to an extent
by incorporating bypass diodes in parallel to the
module, as shown in figure 2.

(ks

str

Figure 2. A string of PV modules with by-pass diodes
connected in parallel.

In the absence of partial shading, the bypass diode
remains in the non-conducting state. Under partial
shading, the shaded module become reverse
biased and the negative voltage developed across
the module makes the bypass diode forward
biased [27]. The diode then conducts the
difference between the string current (lsy) and
Iscmsh. Hence, for any string current, voltage
across any module (V) is calculated as follows:

If Iy < Isc msn by-pass diode is in OFF state.
Vm is given by (2).

If Iy > Isc s by-pass diode is in ON state. Vi,
is equal to the forward voltage drop across the
bypass diode, given by (5) [27].

Iy — 1

V, = —apg.In (“—SC“‘S“ + 1> (5)
Lsba

Voltage across the complete string (Vsr) is equal

to the sum of voltages of all the individual

modules connected in that string.

Vir = ) Vi (6)
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4. Modelling and simulation of PV array
configurations

In this section, a brief review of Series-parallel
(SP) and Total cross-tied (TCT) configuration of
PV array is presented, followed by the flowchart
of the programs used to simulate their output
performance under unshaded and shaded
conditions.

Rows of PV modules
L

String of PV modules

I
MV
- MV
MMM UL
MV

(a)

Figure 3. Schematic representation of PV array
configurations (a) SP (b) TCT.

4.1. Series-parallel (SP) PV array configuration
To form the series-parallel array configuration,
the modules are first connected in series to form
series string, and then these strings are connected
in parallel, as shown in figure 3(a). Array current
(I2) is equal to the sum of currents of individual
strings. Array voltage (V,) is equal to the voltage
across any string.

I, = Z Lier

Vo = Vg

(7a)
(7b)

This configuration is widely used owing to its
simplicity and ease of construction. Fig. 4a shows
the flowchart to simulate the output characteristics
of SP configured PV array. One by-pass diode per
module in the array has been considered in this
work.

4.2. Total-cross-tied
configuration

Total cross-tied array configuration is a derivative
of series-parallel configuration. When ties are
connected across each row of junction TCT
configuration is obtained, as shown in figure 3(b)
[33]. In this configuration, all the modules in a
row are connected in parallel. Several such rows
are then connected in series. For any row, current
(Iow) is equal to the sum of currents of all the
modules in it, and voltage (Vrww) is equivalent to
voltage across any module in a row. Array current
is equivalent to any row current. Array voltage is
equal to the sum of voltages across each row.

(TCT) PV array
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(8a)
(8b)

I, = Liow

V, = Z Viow

figure 4a and 4b present the flowchart to simulate
the output characteristics of SP and TCT
configured PV array respectively. In this work,
one by-pass diode per module in the array has
been considered.

4.3. Shading patterns used

For this study, nine random different shading
patterns (shd-1 — shd-9) are used, as illustrated in
figure 5. Shd-0 represents the case of no shading
with uniform irradiance of 1000 W/m? falling on
PV array. Array size used for this investigation is
5X5.

Next, the impact of same shadow pattern on SP
and TCT arrays of different sizes-3 x 3,3 x4, 4 X
3, as illustrated in Figure 6, has been investigated.
The purpose of this part of the study is to
investigate the role of array size on its output
performance in terms of maximum power
obtained, partial shading, efficiency, and fill
factor, and to draw a comparison between both the
configurations.

4.4. Performance parameters of SP and TCT
configured PV array

For this study, parameters of KYOCERA
KC200GT PV module (given in Appendix A.1.)
has been used for simulation. Size of the array
used is 5 x 5. One by-pass diode per module in the
array has been considered. The comparative
performance analysis of SP and TCT PV arrays
under PSCs has been conducted in terms of
maximum power obtained, partial shading power
loss percentage, efficiency, and fill factor.

The partial shading power loss of the PV array
(APpy) is given by equation (9).

Max

Pytax — P
—“d) x 100 9)

APps(%4) = (2%
Max

Fill factor (FF), an indicative of the performance
of PV array, is given by equation (10).

FF — Vinp X Imp

= 10
Voc X Igc (10)

Efficiency (n) is the ratio of the maximum output
power generated by the PV array to the input
power from sun and is calculated using equation

(11).
Lmp

Vip X
n(%) =—(r7

x 100
GXxA

(11)
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where ‘G’ is the input solar irradiance per unit
area (W/m?) and ‘A’ is the area of the PV array on
which it falls.

Begin

y

Begin
v

Get all input parameters of the module

v

Construct a ‘G’ matrix containing input irradiance
for all the modules

v

Get all input parameters of the module

y

Compute Ipn using (3) and Isc using (4) for all
modules

Construct a ‘G’ matrix containing input
irradiance for all the modules

Compute Iph using (3) and Isc using (4) for all
modules

Compute module voltage Vm by varying |
from zero to maximum value

ForI< Isc, compute Vm using (2)
For I > Isc, compute Vm using (5)

v

Compute voltage across each string (Vst)
and find its max value

A

Interpolate to find the current of each
string (Istr) using max value of Vs

v

Compute short-circuit current for each row lsc row

v

Vary | from zero to maximum value and
compute module voltage Vi, using (2)

v

Find the max voltage across each row

v

For each row, perform interpolation to find current
through modules using max row voltage

v

Compute current of each row (lyow) and find
the max row current

Equate array current to max row current,
Ia = maX (Irow)

v

Vary I, from zero to max value and compute
voltage across each row Vow

v

A4
Compute voltage and current of array
Va=max (Vstr) , la =X Lstr
A 4
Compute power of array using
Pa = Va X |a

y

Plot I-V and P-V characteristics of an
array

End

(@)
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For la <TIsrow Interpolate using max value of
la to find Viow
For Ia > Iscrow Use by-pass diode equation to
find Vyow

v

Compute voltage of array, Va=2X Viow

v

Compute power of array using Pa=VaX la

v

Plot I-V and P-V characteristics of an array

v

End

(b)

Figure 4. Flowchart to simulate the output characteristics

of (a) SP (b) TCT PV array.
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Figure 5. lllustration of different shading patterns.
(@ 3X3 (b) 3X4 (c) 4X3
Figure 6. Different array sizes with same shading pattern.

4.5. Validation of the proposed technique reported in a previous work [30] has been
To validate the proposed method, the output estimated using the present method and is
power, efficiency (%) and fill factor of SP and presented in table 1. The obtained results are in
TCT configured PV array under different PSCs close agreement with the previous results.
Table 1. Parameters of partially shaded SP and TCT array configuration reported in Ref. [30] and obtained using the present method.
Shading case Max. power (W) Efficiency (%) Fill factor
SP configuration
Ref. [30] Present method Ref. [30] Present method | Ref. [30] Present method
Uneven column shading 4296.4 4325.1 13.38 13.47 0.681 0.685
Uneven row shading 3939.3 3961.1 12.27 12.34 0.588 0.591
Short & wide shading 27254 2732.4 10.14 10.27 0.406 0.412
TCT configuration
Uneven column shading 4490.9 4489.4 13.99 13.98 0.713 0.711
Uneven row shading 3970.0 3958.3 12.37 12.33 0.592 0.591
Short & wide shading 2862.9 2851.0 10.66 10.72 0.432 0.430
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5. Results and discussion

5.1. Under uniform irradiance

The obtained output 1-V and P-V characteristics
of SP and TCT configuration under uniform
irradiance is presented in figure 7. Both the
configurations display a single power peak in their
P-V characteristics and generate same maximum
output power of 5000.5 W.

45 shd-o

40 F —— I

as |
30

25}

Array Current (A)
N

o 20 40 60 80 100 120 140 160
Array Voltage (V)

shd-0

Array Voltage (V)

Figure 7. 1-V and P-V characteristics of SP and TCT
configured arrays under uniform irradiance of 1000
(W/m?2).

5.2. Impact of different shading patterns on
arrays of same size

Simulated output 1-V and P-V characteristics
under different shading patterns for SP and TCT
configurations are shown in figures 8 and 9,
respectively. Under PSC, the output P-V
characteristic exhibits more than one power peak.
The number of power peaks appearing in the
output characteristics depends on the shading
pattern.

Simulated values of maximum output power,
efficiency, and fill factor for SP and TCT
configurations is presented in table 2. Among all
the shading patterns considered, maximum power
is generated by both SP and TCT configurations
under shd-1. SP configuration generated 4421.1
W, while TCT generated 4512.8 W. Only one
shaded module, receiving 100W/m? irradiance, in
the array resulted in a power loss of 11.59% in SP
and 9.75% in case of TCT configuration. This
type of small-localized shading can commonly
occur due to fallen leaf or bird dropping on the PV
panel. Least power is generated by both the
configuration under shd-9 under, which 15
modules in the array received only 100W/m?
irradiance. However, TCT still generated 46.5 W
more than SP configuration.

Table 2. Simulated values of various parameters of SP and TCT array configuration under different shading patterns.

. SP PV array TCT PV array
Shading
case . . - .
Max. power (W) Efficiency (%) Fill factor Max. power (W) Efficiency (%) Fill factor

Shd-0 5000.5 14.14 0.74 5000.5 14.14 0.74
Shd-1 4421.1 12.97 0.66 4512.8 13.24 0.70
Shd-2 34114 11.77 0.51 3415.6 11.78 0.51
Shd-3 3960.2 12.28 0.59 4488.4 13.92 0.68
Shd-4 3726.4 11.66 0.56 4003.6 12.53 0.60
Shd-5 2264.1 9.95 0.36 2372.3 10.42 0.44
Shd-6 2679.4 11.70 0.49 2733.2 11.93 0.50
Shd-7 3642.5 12.74 0.62 3857.3 13.50 0.66
Shd-8 2741.2 10.21 0.41 2862.1 10.65 0.43
Shd-9 1423.7 8.76 0.28 1470.2 9.04 0.28

Under both shd-5 and shd-6, though 80% of the
array is shaded, but the shadow distribution over
the array surface is different. It has been observed
that the individual output power of both the
configurations obtained under these two shading
scenarios is very different (2372.3W, 2733.2W for
TCT,; 2264.1W, 2679.4W for SP for shd-5 and
shd-6, respectively). TCT still generated more
power than SP under both the shading patterns.
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On the other hand, under shd-6 and shd-8 the
arrays are 80% and 48% shaded respectively yet
the output power obtained for any array is not
very different from each other (2733.2 W, 2862.1
W for TCT; 2679.4 W, 2741.2 W for SP for shd-6
and shd-8 respectively). As is evident, TCT
generated more power than SP in these cases also.
SP configuration’s obtained maximum efficiency
and fill factor is 14.14% and 0.66, which is
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increased to 13.24% and 0.70, respectively, for
TCT configuration under shd-1. Under shd-9, both
SP and TCT exhibited least efficiency and fill
factor (8.76% and 0.28 for SP; 9.04% and 0.28 for
TCT). In comparison to SP, TCT output
performance is marginally improved under shd-9.
In general, efficiency and fill factor of TCT

, No 1, 2025, 61-73

configuration is better than SP under different
shading cases.

The power loss incurred by both the PV array
configurations under different shading cases is
presented in figure 10. The results clearly
demonstrate that TCT configured PV array suffers
less power loss than SP under different PSCs.
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Figure 8. 1-V output characteristics of SP and TCT configured arrays under different shading patterns.

68



A. Niti / Renewable Energy Research and Applications, Vol. 6, No 1, 2025, 61-73

shd-1

shd-1 shd-2 shd-3 shd-4 shd-5 shd-6 shd-7 shd-8 shd-9

Figure 10. Partial shading power loss (%) for SP and
TCT configured PV array under different shading
scenarios.

69

5500 5500 shd-2 oo
5000 5000 4 o
4500 4500 1 a0
4000 4000 1000
g0 g 3500 1 380
%3000 8 2000 1 & 3000
‘%2500 “o;zsuo 1 i:zs(m
Z 200 2 200 1§ 20 /
1500 1500 1500 /l
1000 1000 1000 Y 4
500 500 500
0 . y y X X ] . 0 Un zlu 4l0 5‘0 E‘O 160 1éo
0 20 40 60 80 100 120
0 20 40 EOA"ay E\iﬂag; ?\0,) 120 140 160 Avray Voltage (V] Array Voltage (V)
5500 hid 3500 shd5 5500 shd-5
S0 S . — 5000 . ;E
4500 4500
4000 2500 4000
g 3500 s 2590
?3000 ~ §2MU EIM]OD
§2500 7 - \\ %1500 %zsun
Z 2000 s Lo z <2000
1500 p / 1000 1800
/, 1000
1000 ’ 50
V. 500
500 Y, . J . ‘ . ‘ ‘
0 L L L . . L L A 0 - - - - - - ; % 20 4 60 8 00 120 140 160
0 20 40 80 80 100 120 140 160 D20 S0 S0 A0 e Array Votage (V)
Array Voltage (V) Array Voltage (V)
5500 shd-7 550 she$ 250 shd-9
5000 010 -—m
4500 4500 2000 =
4000 4000
ggsgg gSSDO § "
2 = Z 15
§ 3000 %; 3000 - g
‘Ezson %2500 N 3\ §
Z 2000 % 200 £ 1000
1500 ~ 1500 "’
1000 1000 500
500 500
U % @ o o a0 2 1o 1w m w @ @ w o@m w W %m0 0w m m
Array Voltage (V) Array Voltage (V) Array Voltage (V)
igure 9. P-V output characteristics o an configured arrays under different shading patterns.
Figure 9. P-V output ch teristics of SP and TCT configured ys under diff t shading patt
* [ (e 5.2. Impact of same shading pattern on
70k | — e d ff i d
iIfferent-size arrays
6o The simulated results for different sized SP and
%ﬁ ol TCT configurations of PV array under the impact
2 sl of same shading pattern is presented in table 3.
= The results clearly demonstrate that for all array
g sizes under constant shading pattern, TCT
20} configured PV  array exhibits  superior
1of performance than SP. For the array size 3 X 3,
power generated by the SP configuration is 1120.9

W, which in case of TCT is increased to 1180.01
W. Considering 3 X 3 as the base size, it is
observed that the impact of the addition of one
column (array size-3X4) on the output
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performance of PV array is different from the
impact of the addition of one row (array size-
4X3). The output power of 3 X 4 SP configured
array is 596.5W more than 3 X 3 sized array, an
increase of 53.2%. In case of TCT, it is 632.8W,
an increase of 53.6%. The output power of 4 X 3

SP configured array is 379W more than 3 X 3
sized array, an increase of 33.8%. In case of TCT,
it is 433.9 W, an increase of 36.8%. For both the
configurations, efficiency and fill factor in case of
3 X 4 size is more than 4 X 3.

SP PV array TCT PV array
Array
size Max. power (W) Efficiency(%)  Fill factor Max. power (W) Efficiency (%) Fill factor
3X3 1120.9 11.33 0.47 1180.1 11.92 0.49
3X4 1717.4 12.14 0.54 1812.9 12.82 0.57
4X3 1499.9 10.60 0.47 1614.0 11.41 0.50

It is inferred from the obtained results that for any
configuration, power loss due to partial shading
cannot be determined in a direct way as it is not
proportional to the shaded area but depends on the
pattern, distribution, intensity of the shade, and its
configuration. However, under PSCs, PV array
with TCT configuration is less susceptible to
power loss than SP configuration. This is due to
the presence of a greater number of cross ties in
TCT configuration, which provide more current
paths. Therefore, even when the current is reduced
in other branches due to PSC, the total current
restriction is prevented due to the presence of
alternate current paths. This makes the
configuration more reliable in case of PSCs or
interconnection fault. For a large-scale PV system,
though SP is a simpler configuration to
implement, its performance is inferior to TCT
under PSCs. On the other hand, implementation of
TCT configuration in a large-scale PV system can
increase the complexity due to the presence of
larger number of ties. However, TCT is more
partial shading tolerant in comparison to SP
Repeated partial shadings can result in significant
loss in the annual energy yield the of PV array
[44, 45]. Therefore, to get the required energy
yield, installation of more PV modules would be
needed, which implies higher cost of electricity
for the end users. Therefore, implementing TCT
configuration can minimize the loss of energy
yield, especially under repeated PSCs, benefitting
the consumers as well as solar project developers.
The program developed in the present work is
based on the single diode model of PV cell and
Lambert W function. A comparison of programs
to simulate the output performance of different
arrays under PSC based on single diode and
double diode model of PV cell needs to be done in
terms of accuracy, complexity and speed, which is
the scope of the author’s future work.
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6. Conclusions

Comparison of output performance of SP and
TCT configured PV arrays under the impact of
PSC by developing a Lambert W function-based
technique has been presented. Using this
technique, output 1-V and P-V characteristics of
both the array configuration have been obtained
under diverse shading patterns and different array
sizes. Maximum output power, partial shading
power loss (%), efficiency, and fill factor for both
the configurations have been estimated. After
analyzing the performance of both the
configurations, it is concluded that under PSCs
performance of TCT configuration excels over
SP. Therefore, mitigation of power loss and
performance enhancement of PV system under
PSCs can be achieved using TCT configured PV
array instead of commonly used SP array
configuration. The program developed for
conducting this study is a user friendly and
reliable method, which can be used to simulate
performance of arrays of different sizes under
uniform irradiance condition and different shading
patterns. The insight provided by this research
work will contribute to future technique
development for power losses minimization.

7. Nomenclature

G Solar irradiance (W/m?)

Gn Solar irradiance at STC (W/m?)

la PV array current (A)

Im PV module current (A)

Imp PV array current at maximum power point

(A)

lo Reverse saturation current (A)

lph Photo-generated current by PV module (A)

Lphn Photo-generated current by PV module at
nominal STC (A)

Current in row of parallel connected PV
modules (A)

I row

Short circuit current of row of parallel
connected PV modules (A)

| Sc,row

[ By-pass diode coefficient (A)
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Isc Short circuit current of PV module (A)

Short circuit current of most shaded module
in a string of PV modules (A)

Isc,msc

Isr Current of string of PV modules (A)

K, Current/temperature  coefficient of PV
module (A/K)

N; Number of solar cells in series in a PV
module

P, PV array power (W)

Pmax  Maximum power generated by PV array at
STC (W)

Psha  Maximum power generated by shaded PV
array (W)

Rs Series resistance of solar cell ()

Rsh Shunt resistance of solar cell (Q)

T Temperature of the PV module (K)

Th Temperature of the PV module at STC (K)

Va PV array voltage (V)

Vi PV module voltage (V)

Vmp PV array voltage at maximum power point
V)

Voc Open-circuit voltage of PV module (V)

Vs Voltage across string of PV modules (V)

Viow  Voltage across row of parallel connected PV

modules (V)

Vin Thermal voltage ( = kT/q) of solar cell (V)

abp By-pass diode coefficient (V)

Kk Boltzmann’s constant

n Diode ideality factor

q Charge of the electron
8. Appendix A

Parameters of KYOCERA KC200GT PV module
used for simulation are given in table Al.

Table A.1 Parameters of KYOCERA KC200GT PV module.

S.No.  Parameters values

1 Maximum power, Pmax 200.143 W

2 Voltage at maximum power, Vp, 26.3V

3 Current at maximum power, Inmp 761 A

4 Open-circuit voltage, Vo 329V

5 Short-circuit current, lg 821 A

6 Temperature coefficient of open -0.1230 VIK
circuit voltage, Ky

7 Temperature coefficient of short 0.0032 A/K
circuit current, K,

8 Series resistance, Rs 0.2318 Q

9 Shunt resistance, Rsh 603.4349 Q

10 Diode ideality factor, n 13

11 Number of cells per module,Ns 54

12 Area of PV module (56.2 X 39.0) sq. in.
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