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Abstract

Graphical abstract

Partial shading (PS) has a significant impact on the decrease in efficiency of
photovoltaic (PV) array and performance of maximum power point tracking
(MPPT) that must be addressed. We conduct an analysis and evaluation of
local maximum power point (LMPP) in terms of quantity, and global maximum
power point (GMPP) in terms of magnitude and diversity. Simulation is carried
out using single diode ideal model and nine generic PS patterns that are
specifically designed to bring up the substantial characteristics of the LMPP and
GMPP and applied to series-parallel (SP) and total cross-tied (TCT)
configurations. The SP configuration has LMPP with two, three, and four peaks,
appearing three times each. The TCT configuration has two peaks that appear
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& GMPP six imes, three peaks that appear once, and four peaks that appear twice. The

GMPP LMPP SP configuration experiences power losses ranging from 56% to 72%, while the

400 TCT configuration has power losses ranging from 52% to 64%. The SP

% . Xl configuration generates a maximum voltage of 76.64 volts and a minimum of
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2 39.20 volts, while the TCT configuration generates a maximum voltage of 77.62

= 5 volts and a minimum of 58.21 volts. With a smaller number of LMPP, a larger
magnitude of GMPP parameters, and lower diversity, TCT exhibits better
100 characteristics and performance compared to SP.
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1.0 INTRODUCTION 2023 [3], [4]. Solar panel electrical energy is produced

from the direct transformation of solar radiation, where

Nowadays solar panel system power plants are one of
the most suppliers of renewable electrical energy which
is already being used in a mass compared to other
renewable energy sources. In addition to being derived
from abundant and eco-friendly solar sources, the low
costs of operation and maintenance, as well as the
ease of construction, render it a promising prospect for
future access to renewable electrical energy worldwide
[11, [2]. In recent years, solar panel technology has
become popular with a total installed power of 627 GW
in 2019 and in some reports predicting growth of 46% by

this energy conversion is conducted using PV cells
based on a physical phenomenon known as the
photovoltaic effect [5]. PV cells generates a potential
difference and become a source of electric current
when the surface of this cell is exposed o the sunlight
[6].

The performance of PV cells is determined by
internal and external parameters. The main influence of
external factors is solar irradiation and surface
temperature of the PV cells [7], [8]. The influence of
internal parameters such as photogenerated current,
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reverse saturation current, and ideality factor
distinguishes the performance of one PV cell from
another. The parasitic resistances of the PV cell are
involved in the calculations, causing power losses in
practical PV modules [9]-[11]. A good PV cell must have
a smalll series resistance and a large parallel resistance
value to approach ideal conditions.

To obtain the desired output voltage and power,
solar panel system power plants are usually developed
by forming a configuration of PV modules known as
arrays [12], [13]. The PV module itself is built from a series-
parallel connection of PV cells. Configurations of arrays
connection that are often used include series-parallel
(SP), totfal cross-tied (TCT), bridge-linked (BL), and
honeycomb (HC) [14], [15]. This configuration is primarily
fo address the potential of PS occurring on the surface
of the solar panel arrays. The PS condition occurs when
the solar panel cannot fully receive sunlight irradiation
due to the partial covering of its surface by the shadow
of objects such as buildings, frees, as well as the clouds.
PS condition causes a drasfic decrease in the output
power of the solar panel system, thereby reducing
efficiency and changing the maximum power point
tracking (MPPT) algorithm [16]-[18].

Several ways and methods are applied to overcome
PS conditions with a purpose to keep the solar panel
system operating at MPP. Study and research in
investigating the proper PV arrays connection
configuration is necessary to get an optimum
performance. One practical and useful way to predict
the characteristics and performance of PV arrays is by
means of simulation. Simulation provides an easy and
fast approach to study the characteristics of PV arrays.
Such studies are often used to investigate response of
PV arrays to environmental factors and to develop
maximum power point tfracking (MPPT) algorithms [19]-
[25]. The MPPT itself involves calculating LMPP and
GMPP which are the parameters that determine the
performance of the PV array [16]. The only LMPP is the
GMPP itself, which takes place in non-PS (NPS)
conditions. So, the less the number of LMPPs, the better
the performance of the PV array. The desired GMPP is
one that has a voltage close to the maximum voltage
in the NPS condition. Whereas GMPP with less voltage is
not an option.

The main objective of our research is to complement
the existing methods in analyzing and evaluating the
performance of PV arrays in PS condition in more detail.
The study is applied to the conventional SP and TCT as
frequent and common configurations used. Our
investigation includes: (i) analysis involving the
characteristics of LMPP in terms of peaks number and
frequency of occurrence, as well as GMPP in terms of
magnitude and diversity; (i) designing common PS
patterns for simulafion that can bring out the
distinctiveness of both LMPP and GMPP characteristic of
SP and TCT; (iii) the simulation is conducted on nine
different variations of PS patterns arranged to be equal
shadowed area percentages, so that the losses
incurred can be directly compared. Hence, we will gain
a more complete and detailed understanding of SP
and TCT regarding ease of implementing MPPT. Besides

that, knowing which PS patterns producing the worst,
moderate, and best characteristics, and performance
of PV arrays configuration.

2.0 METHODOLOGY

The configuration characteristic and performance of
the PV array are thoroughly represented by LMPP and
GMPP characteristics. The characteristics of LMPP are
revealed through the number of peaks and their
frequency of occurrence, which indicate diversity. The
characteristics of GMPP, in addition to its magnitude, its
diversity is also important to be identified. The situation is
highly dependent on the type of operating conditions
that occurs. In addition to determining the magnitude
of GMPP parameters, as many previous studies have
done, they also form the LMPP and GMPP topology of
the PV array configuration. In this study, we use SP and
TCT configurations as preliminary in developing the
understanding of PV array characteristic analysis with
various PS patterns. In addition, we also aim to examine
the differences between the two configurations in more
depth and detail. For this purpose, MATLAB simulation
uses an ideal single diode model that is low-cost and
requires minimal resources yet is sufficiently accurate.
The parameters of LMPP and GMPP are obtained by
calculating mathematical equations derived from the
model.

2.1 Mathematical Modelling

A single diode circuit representing an ideal PV cell
excluding parasific resistances is used as the basis for
providing a mathematical model of the SP and TCT
configurations. This is to reduce the complexity of
mathematical formulas that affect computational
numerical iterations. The current-voltage equation of
the PV cellis given as follows [19], [26]:

I =L,—1Ip 7
qV
to = 1o e (7)1
Iph = 6[Isc - Ct(T - To)] - €Y

T3 gk, /1 1
o= s <T0> exp[Ak T, T

where [ and V are the output current and voltage of PV
cell, respectively. Ipn, Ip, lo, lo, Isc are the photo-
generated current, diode current, dark saturatfion
current, diode saturation current, and short circuit
current of PV cell, respectively. T, To, Eg, A, Ct, g, and k
are the ambient temperature, standard test
temperature, bandgap, ideality factor, temperature
coefficient, electronic charge, and Boltzmann
constant, respectively. The § = §/So is the ratio of actual
and standard test irradiances (So = 1000 watt/m2, To = 25
°C).
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An electrical circuit analysis of the ideal PV array is
based on Figure 1, which explains the series and parallel
connection of the identical PV modules at the same
iradiatfion value. Due to the existence of current sources
in series connection, the occurrence of local
overheating of modules in PS condition can be avoided
by connecting them through the external bypass
diodes [27]. The total photo-generated current in series
connection is generally taken as the minimum value
expressed as:

Ipns = min[Ly |, @)
Np
|
[ -
o N | 1N

Nyl _
D wolien
KYARA /Y,
™ :

Figure 1 Equivalent circuit of ideal PV arrays
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where i and Ns are the number of the it PV module
and the total number of PV modules connected in
series, respectively. If the PV cells are identical and the
temperature of each PV module are considered equal,
so by using the irradiance ratio 6, Equation (2) can be
rewritten as:

Iph,s = lpn” min [Sl]ivi1 (3)

The total voltage is Vs = Vi + Vo + ... + Vi + ... + Vi,
and the diode current in the series connection for
identical modules can also be written as Equation (1),
Ips = Ip. Hence, the total current in series connection is:

Iy = Iph,s - ID,s- 4)
In a parallel connection, the PV module voltages are
Vi=Vz=..=Vj=..=Vn=Vp and the total photo-

generated current is the sum of the currents of each PV

module as follows:
Np
Iph,p = Iph ]_16] (5)

On the other hand, the total diode current is given
by the Equation:

Np
qV;,
o=l ) [ew(h) -1 ©
j=1

So, if each PV module are identical, Equation (7) can be
rewritten as:

Ip, = N,I, |ex ﬂ—1 7
Dp = *'pfo pAkT ’ ()

where j and Np are the number of the jih PV module
and the total number of PV modules connected in

parallel, repectively. The total current in parallel
connection is:

Iy = Ippp = Ipp 3

The SP and TCT configurations equipped with bypass
diodes are shown in Figure 2 (a) and (b), respectively.
Both SP and TCT configurations are built from PV module
in series-parallel connections forming rows and columns.
The bypass-diode is used to bypass the module's current
in PS conditions.

In deriving mathematical model of SP configuration,
the first step is to connect the number of PV modules in
series for each column. Using Equation (3), the photo-
generated current in the i series connection of the jih
column is:

. Ns
Iongijy = Ton - min|[8;].° )

and if
. N
A= mm[di‘j]i:l , (10)

then (9) can be written as follows:
Ipnijy = Tonbij - (11)

Whereas the diode current has the same value for all
columns which is given by:

qvi
Injy = 1o [exp (ﬁ) - 1]. (12)

FaTeTa
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Figure 2 (a) SP and (b) TCT configuration equipped with bypass
diodes
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Hence, using (4) the PV current of the jth column is sum
of (11) an (12) yielding the following:

Loy (ijy = Ippbij — 1o [exp <AkT) — 1] (13)
The voltage of PV modules in the it series connection is
obtained by changing (13) to be:
_ AkT n (IphAi,j
q

The voltage in series connection of Ns modules for each
column is then the sum of (14) as follows:

— Iyt 1o
I,

) as

Ny
AkT Lpdi i — Ipyin + 1
Vt — ln( ph?=i,j PV(i,j) 0) (15)
q & Iy
From (14) and (15) we have:
Vi =V,/1, (16)

The second step is to connect in parallel the
photogenerated current using (5) and (11) as follows:
Np
Iph(i) = Iph jzlAi'j. (17)

Using (12) and (16), the diode current is connected in
parallel yielding to the equo‘rion

wo=b Yo (25 oo

Hence, rewriting (18) in the form of (7), and then by
summing (17) and (18) for identical PV modules, the I-V
characteristic for each increase of the it row is
determined by the equation:

1:1,121_ Ay — Ny, [exp(AkT>—1] (19)

The above equation is used to determine local MPP
(LMPP) in which V: reflects the output voltage of PV
array. The global MPP (GMPP) current Iemer is then taken
as the maximum value of the LMPP current.

The |-V equation of the TCT configuration is derived
first from the parallel connection, and then connected
in series for the i row. The photogenerated current is
obtained by using (5) for the ith row as follows:

Np
Iph(i,]') = Iph j_lai’j- (20)

To get the series-connected current magnitude, we
take the smallest value of (20) and write it as in Equation

(2), we get:
Np Ns
Iph(l) =1 ph “min [Iphz ) 61-'}' (21)
J=rdimy
If we take:
Np Ns
Vi= min [Iph Z 6i,j] , (22)
=1 =g

Equation (21) can be simplified as:
Iph(i) = Ipth-. (23)

By freating the identical PV module, the diode current is
given by using (7) and (16) as follows:

qvt
In;i = Npl, [exp (2£) — 1]. (24)
Hence, the array current of TCT configuration is then the
sum of (23) and (24):
qVi

1= IphVi - Nplo [exp (m) - 1] (25)
As with the SP configuration, Equation (25) is used to
determine both LMPP and GMPP current as well.

2.2 Partial Shading Patterns

We use PS patterns that are most likely to form on the
surface of the PV array. To make a valid comparison of
the LMPP and GMPP parameters for each PS pattern,
the portion of the PV array surface exposed to the PS is
made to be 45% of the testing standard. The PV array
used for simulation has size of 4rows and 3 columns (4x3)
with the pattern of the PS experienced by é modules of
20%, 2 modules of 50%, and 4 modules of 80% to achieve
a 45% proportion ratio. Figure 3 (a) - (i) shows the nine PS
patterns which is presented by the ratfio of received
iradiation to the standard test §ijin a 4x3 PV array.

Uyl 0.8

[X] o5 o2

Figure 3 Partial shading patterns used for the 4x3 size PV array
simulation

2.3 Computational Procedure

We utilize the conventional perturb and observe (P&O)
method, which is well-known for its reliability, without
emphasizing on improving the MPPT method itself. We
used the P&O method to obtain the LMPP and GMPP
parameters as illustrated in Figure 4. Vimer(k), luver(k),
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Pwer(k) are voltage, current, and power, as LMPP
parameters of the PV array, respectively, in the step of
k. Vumer(k-1) and Puver(k-1) are voltage and power of
LMPP, respectively, in the step of k-1. The constant ¢
denotes the perturbation voltage. On the other hand,
Paomee(k), Vemer(k), and lemee(k) are power, voltage, and
current as the parameters of GMPP of the PV arrays,
respectively, in the step of k. The boxes labeled SP and
TCT indicate the calculation process of LMPP and GMPP
parameters using Equations (19) and (25).

[Panial shading (PS) patterns ]

|

Vimep(K) = Vivpp(k) + €

|

Vimpe(k) > Vimpp(k-1)

Yes

Pampp(k) = PLyvpp(k)
Vampe(K) = Vimpp(k)
lampp(K) = Ivpp(k)

Figure 4 The flowchart shows the process of calculating the
LMPP and GMPP parameters

3.0 RESULTS AND DISCUSSION

To ensure that the programming algorithm works
correctly, we compare the simulation results to the
previous research [28] as shown in Table 1. We tested
6x4 size arrays in two different patterns (Pat-1 and Pat-2)
using Equation (19) and (25). The simulation results
showed good suitability for pattern 1 produced by the
SP and TCT configurations, as well as pattern 2 that
provided by the TCT. Meanwhile, the SP just showed
discrepancies in pattern 2 since we did not find a total
current of up to 10.01 A. In the pattern 2, our simulation

resulted in the highest current of just up to 6.46 A,
corresponded to the maximum total current that can
be generated in that pattern. The slight difference in
the results is probably due to the use of different model
in the calculations. We used an ideal single diode
model without internal series and parallel resistances,
while in [28] a two-diode model involving internal
resistances was used. Here we still believe that our
calculation results are correct, where in the pattern 2, it
is impossible for the current generated by SP to reach
the range of 10 A if we assume that several current
sources are connected in series, then the total current is
equal to the source with the smallest current.

Table 1 The simulation test result

This work Previous work

Pm Vm Im Pm Vm Im
Pat -1
SP 11942 103.50 11.54 1229.1 103.44 11.88
TCT 11942 103.50 11.54 1268.6 103.89 12.21
Pat-2
SP 366.6 100.40 3.65 532.9 53.25 10.01
TCT 654.8 105.12  6.23 662.1 105.23  6.29

For simulation process in this work, we use the
datasheet of the ICAT00P Solar panel at the standard
test of 25°C, A.M 1.5, 1000 W/m?2 as shown in Table 2 [1].
Im and Vm are current and voltage at Pm, respectively,
whereas Pm is maximum power (MPP).

Table 2 Parameters of the KC200GT Solar Array at 25 °C, AM
1.5, 1000 W/m?2

Im 5.69 A

Vm 17.6 A

Pm 100 W

Ise 6.09 A

Voc 226V

Ci 0.003958 A/K
Iso 8.99 - 107 A
A 1.25052

Figure 5 shows the -V and P-V characteristic of the
standard testing of 4x3 PV array in NPS condition using
the parameters in the Table 2. The MPP shifts fowards a
larger value due to the ideal model excluding parasitic
resistances. The PV array generates a power of 1,394
watts, a voltage of 80.68 volts, and a current of 17.28
amperes at MPP. The following simulation results for
various PS pafttern variations are referenced and
compared to these standard parameters.
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Figure 5 The |-V and P-V characteristic of the 4x3 PV array
standard testing

By first converting the PS patterns info 6 matrix form
and substituting them into Equations (19) and (25),
simulations are carried out and calculating the power in
watts, voltage in volts, and current in amperes as GMPP
parameters of the configurations for all PS patterns.
Figure 6 shows the P-V characteristic curves of the SP
configuration (thin blue line) and TCT configuration
(thick red line) with their LMPP and GMMP using PS
pattern in Figure 3(g). The empty and filled small blue
circles mark the LMPP and GMPP of the SP
configuration, respectively. Meanwhile, the empty and
filled small red circles indicate the LMPP and GMPP of
the TCT configuration, respectively. In the PS pattern,
both the SP and TCT configurations have four LMPP
peaks. The GMPP of the SP configuration takes place
the second peak, while the GMPP of the TCT
configuration can be found at the third peak.

600 v
GMPP
GMPP

500

W [watts]
w B
o o
o o

N

o

o
T

100

0 20 40 60 80 100
V [volts]

Figure 6 The P-V characteristic of SP (thin blue line) and TCT
(thick red line) configurations with LMPPs and GMPPs

Table 3 shows the simulation results in the form of
GMPP and LMPP parameters for both SP and TCT
configurations for all PS patterns shown in Figure 3 (a) -
(). According to the simulation study, when the PS
coverage on the surface of PV arrays is set to 45% of the
average, the SP configuration generally incurs higher
power losses in ferms of GMPP than the TCT
configuration across most PS patterns. Specifically, the
SP configuration suffers from GMPP power losses of 56%

and 72% at the lowest and highest values, respectively,
while the TCT configuration experiences power losses of
52% and 64% at the lowest and highest values,
respectively. Nevertheless, there are also losses shown
by the SP configuration that are the same as those
experienced by the TCT configuration, namely on the PS
pattern in Figures 3 (a) dan (b). Apart from that, the
losses experienced by the SP show a higher value
compared to TCT. One interesting thing to note is that in
the PS that forms a diagonal pattern, the SP
configuration shows the highest losses, whereas in the
TCT configuration, the pattern results in the lowest losses.
The analysis also reveals that the GMPP voltages of the
SP and TCT configurations vary significantly, with the SP
configuration having the lowest GMPP voltage of 39.20
volts and the highest of 76.54 volts. On the other hand,
the TCT configuration has the lowest GMPP voltage of
58.21 volts, and the highest of 77.62 volts. Asis the case
with losses, there are also voltages generated by the SP
configuration that are the same as those generated by
the TCT configuration on the PS pattern in Figures 3(a)-
(c). The TCT configuration for PV arrays can provide a
higher output voltage compared to the SP
configuration under similar partial shading conditions.
This is because the TCT configuration allows for a more
even distribution of current among the PV modules,
reducing the impact of shading on the performance of
the array. In contrast, the SP configuration can result in
voltage mismatches between the shaded and
unshaded modules, leading to a reduced output
voltage and power. As a result, the TCT configuration
can provide better performance than the SP
configuration in terms of output voltage and power
under partial shading conditions.

Another important thing is the GMPP diversity, which
is determined by how many of the same GMPPs and
their frequency of occurrence. The SP configuration
delivers power outputs of 608.8, 528.2, 501.9, and 477.8
watts individually, twice with 389.3 watts, and three
fimes with 405.9 watts. The TCT configuration generates
power outputs of 669.2 watts individually, twice with
608.8 and 501.9 watts, and four times with 528.2 watts.
The SP configuration produces voltages of 76.64, 58.82,
58.21, and 39.56 volts individually, twice with 75.38 volts,
and three times with 39.20 volts. The current follows the
voltage variation. The TCT setup generates voltages of
77.62 volts individually, twice with 58.82 and 58.21 volts,
and four times with 76.64 volts. The current variation also
corresponds to the voltage. The data above clearly
shows that SP has more diversity than TCT. Therefore, SP
and TCT has GMPP diversity of 6 and 4, respectively.

Table 3 also provides the information about LMPP
with different peak numbers and their frequency of
occurrence in the SP and TCT configurations. This
provides valuable insights into the performance of these
PV array configurations under partial shading
conditions. The fact that the SP configuration produces
LMPP with two, three, and four peaks, each appearing
three times, suggests that this configuration may not be
able to track the LMPP accurately, leading to significant
power losses.
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Table 3 GMPP and LMPP parameters of SP and TCT configuration under various PS patterns as in Figure 3 (a) - (i)

Config. Parameter Pattern
a b c d e f g h i
SP Pomee (watts) 608.8 528.2 501.88 477.8 405.9 405.9 405.9 389.3 389.3
Vowmep (VOIts) 58.82 76.64 58.21 39.56 39.20 39.20 39.20 75.38 75.38
lempe (QMPS) 10.35 6.89 8.62 12.08 10.35 10.35 10.35 5.16 5.16
Loss 56% 62% 64% 66% 71% 71% 71% 72% 72%
Numpp 3 2 4 2 3 4 4 2 3
i e a b d f h c g
TCT Pomee (watts) 669.18 608.8 608.8 528.22 528.22 528.22 528.2 501.88 501.88
Vamer (VOIts) 77.62 58.82 58.82 76.64 76.64 76.64 76.64 58.21 58.21
lempe (QMPS) 8.62 10.35 10.35 6.89 6.89 6.89 6.89 8.62 8.62
Loss 52% 56% 56% 62% 62% 62% 62% 64% 64%
Nimep 2 2 3 2 2 2 2 4 4

On the other hand, the TCT configuration produces
two peaks that appears six times, three peaks that
appears only once, and four peaks that appears only
twice, indicating a better ability to track the LMPP and
potentially reducing power losses due to partial
shading. The number of LMPP can affect the complexity
of the Maximum Power Point Tracking (MPPT) algorithm.
In general, a PV array with fewer LMPPs will have a
simpler MPPT algorithm. This is because the algorithm
only needs to frack the single or limited number of LMPPs
to determine the optimal operating point of the array.

In addition, both the SP and TCT configurations can
have the same GMPP parameters, but with different
numbers of LMPP for some PS patterns. SP configuration
with PS patterns as shown in Figures 3 (e), (f), and (g)
have the same GMPP parameters but different numbers
of LMPP, namely 3, 4, and 4, respectively; the same goes
for patterns in Figures 3 (h) and (i), with 2 and 3 LMPPs,
respectively. As for the TCT configuration with PS
patterns in Figures 3 (e) and (a), they have 2 and 3
LMPPs, respectively.

4.0 CONCLUSION

Simulation using nine different PS patterns with 45%
shadowed area resulted in LMPP of SP configuration
with 2, 3, and 4 peaks occurring three fimes each,
resulting in total peaks of 27. On the other hand, TCT
configuration provided 2 peaks occurring six times, 3
peaks occurring three times, and 4 peaks occurring
twice, resulting in total peaks of 24. In terms of GMPP
magnitude, the SP configuration experienced power
losses ranging from 56% to 72%, generating voltage of
39.20 to 76.64 volts. The TCT configuration experienced
power loss of 52% to 64%, generating voltage of 58.21 to
77.62 volts. The diversity of GMPP for the SP and TCT
configurations was 6 and 4, respectively. The SP
configuration had two pairs of GMPP with different
numbers of LMPP, while the TCT configuration only had
one pair. In conclusion, the TCT outperforms SP which is

presented with the more detailed and integrated
analysis concerning the efficiency and effectiveness of
MPPT.
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