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Abstract- Partial shading condition (PSC) is a prevalent effective condition which results in huge power loss in solar
photovoltaic (SPV) system. The power output of SPV under PSC can be improved by altering the interconnections among PV
cells/modules within the PV array i.e., by using different PV array configurations. Many previous studies have assessed the
impact of static PSCs on different configurations and found that the total cross tied (TCT) configuration exhibits better
performance. However, in real conditions, the shadows are neither static nor uniform. The study on the effect of dynamic or
progressing PSCs on TCT configurations has received little attention. In this paper, performance of total cross tied (TCT) PV
configuration have been studied under two realistic scenarios of progressing PSCs. These shading conditions are based on the
shading due passage of cloud and self-shading in roof top installed PV system. For conducting this study, polycrystalline TCT
module has been used. The PV output characteristics have been obtained experimentally using a solar simulator under 6 different
shading cases for cloud passage and 9 for progressing horizontal row shading. Values of open circuit voltage, short circuit current,
voltage at maximum power point, current at maximum power point, series resistance, maximum power, power loss and efficiency
with shadow progression for both the shading scenarios have been obtained. Since the shape of the shadow changes continuously
in real life, the obtained results are of significance in understanding the behaviour of TCT configuration over a long period of

time under PSCs.

Keywords Partial shading, TCT configuration, progressing shading, sun simulator.

1. Introduction

The world energy demand is increasing colossally and the
fossil fuel reserves are getting consumed at an accelerated rate.
Consequently, the world is witnessing two serious challenges-
energy crisis and adverse impact on the environment. To
combat these challenges, global energy system is gradually
shifting to the renewable energy sources like solar, biomass,
wind and hydro. Solar Photovoltaic (SPV) is gaining
popularity globally with technological improvements and
rapidly declining costs. In the last five decades, SPV industry
has evolved at a remarkable rate. In the last decade (2011-
2020) total installed capacity of SPV has increased from 72
GW to 707 GW [1]. By 2050 the cumulative installed capacity
of SPV is expected to increase to 8519 GW at a cumulative
annual growth rate of 9 percent and generate more than 25
percentage of the total electricity need [2].

In congested urban areas, consumers commonly opt for
roof top rack-mounted photovoltaic for electricity generation
as it requires lower set-up cost and land requirement [3].
However, when PV modules are installed in the roof top of the
building, they encounter a troublesome condition called
partial shading condition (PSC) which significantly decreases
it’s output power [4]. Under PSCs, the solar irradiance falls
non-uniformly on PV surface. Partial shading in roof top PV
arrays is mainly caused by the shadow created by clouds
passage or nearby buildings and inter-row/self-shading
[5],[6]. When the PV modules get shaded by the rows of
modules placed in the front, it is known as inter-row or self-
shading. Practically, such shading cannot be prevented in in
limited roof top spaces [7],8]. These scenarios deteriorate the
array performance and can causes hotspot formation which
results in permanent physical damage to the PV module [9].
The PV output characteristics under PSC also becomes
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distorted due to presence of many power peaks [10]. To track
the real maximum power point, sophisticated maximum
power point tracker (MPPT) are required [11-16] which
further increases the system complexity and cost.

Hence, for the mitigation of PS effects, implementation of
different array configuration i.e., different interconnections
among PV cells/modules within the array is the recent trend
[17, 18]. Different PV array configurations such as series (S),
parallel (P), series-parallel (SP), bridge linked (BL), honey
comb (HC) and total cross tied (TCT) can be implemented.
Various studies are present in the literature which have been
conducted to investigate the effectiveness of these
configuration under PSC [19-25]. These studies have found
that under PSCs, TCT configurations suffer lesser power loss
and outperforms other configurations. Array reconfiguration
techniques for power loss mitigation under PSC are also
becoming popular and receiving attention. The
reconfiguration strategy aims to optimize the PV yield by
dispersing shade over the array to equalize the generated
currents by different electrical rows. Reconfiguration can be
either static reconfiguration or the dynamic reconfiguration
[17]. In static reconfiguration the physical location of the
panels is changed keeping the electrical connection same. In
dynamic reconfiguration physical location of the panel
remains the same but electrical connection are changed. Some
of the techniques used for reconfiguration include:
mathematical puzzle like Sudoku [26, 27], optimal sudoku
[28, 29], magic square puzzle [30], dominance square [31],
skyscraper puzzle [32]. However, these techniques also use
TCT configuration and reconfigure it using complex network
of interconnecting wires. Hence these techniques are not very
feasible from the view of practical application owing to the
laborious interconnections, increase complexity, and longer
length of interconnecting wires which can increasing line
losses.

All the above-mentioned studies examined the
performance of different configurations generally under the
impact of static and even type of shading like row, column or
diagonal. However, in real conditions, the shadows are neither
static nor uniform. Despite the extensive literature, the
effectiveness of configurations under the dynamic shadow
received little attention. The impact of varying shadow on
TCT configuration is rarely studied. Hence, to

address the above research gap, the performance of TCT
configuration is studied experimentally under two realistic
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For a PV module composed of N, parallel strings, each having
N; cells connected in series, the module current-voltage (I -
V) relationship is expressed by Eq. (2).

scenarios of progressing PSCs which are based on the passage
of cloud and self-shading in roof top installed PV system. For
this work, a polycrystalline TCT configured module has been
used. The output characteristics of TCT module has been
obtained using a sun simulator. The performance of the
configuration has been studied in terms of the change in the
electrical parameters like maximum power, open circuit
voltage, short circuit current, voltage at maximum power
point, current at maximum power point, series resistance and
efficiency with shadow progression. For the purpose of
comparison, results are also obtained for a conventional S
configured module.

The insight presented in this paper is of great importance
in understanding the behaviour of TCT configuration under
continuously changing PSCs. This is especially significant for
rooftop PV arrays in congested urban environment where it is
highly probable that installed PV array is under the influence
of dynamic PSCs for large number of days in a year.

2. Modelling of PV Cell and Module

Single diode model of a PV cell, as shown in Fig. 1, is an
extensively used model because of its simplicity [33],[34].
This model is also known as five-parameters model. The five
parameters of this model are- photo generated current source
(Iphcen) which depends on the insolation level, reverse
saturation current (Iocenn) of the inherent p-n diode which is in
parallel to the current source, diode ideality factor (ncn), series
resistance (Rscen) and shunt resistance (Rsheen). Using single
diode model the current-voltage characteristics of a PV cell
(Ieeti- Veen) can be represented by Eq. (1).
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Fig. 1. Single diode model of a PV cell.
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where, Vi, = kT/q, k is the Boltzmann constant, ¢ is electron
charge, and T is the cell temperature in Kelvin degrees.
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3. Experimental Set up
All the experimental work for has been conducted at the
National Institute of Solar Energy (NISE), Gurugram,

Haryana, India.

3.1 PV Modules Used

(© (d)

Fig. 2. Module and their interconnections: (a) S-module (b)
cell interconnections of S-module (¢) TCT-module (d) cell
interconnections of TCT-module.

Poly-crystalline Si PV modules with series and total
cross tied interconnection of cell has been used for this study.
The modules have 9x4 architecture i.e., 36 solar cells arranged
in 4 columns, each having 9 cells. The dimension of each solar
cell is 2” x 6”. The PV modules picture and their cell
interconnection design is presented in Fig. 2. The obtained
electrical parameters of both the module at standard test
conditions (STC) of 1000 W/m? and 25°C is presented in
Table. 1.

3.2 Instrument used for the Measurement of PV
Characteristics

The measurement of output characteristics of TCT and S
module has been done using a solar simulator. It is a scientific
equipment which mimics the natural sunlight in a controlled
laboratory environment. It is a pivotal instrument in the field
of photovoltaics. It is used for the indoor measurement of the
electrical characteristics of PV cells and modules [35],[36].

The solar simulator used in this work for the characterisation
of the module is Endeas QuickSun 700A sun simulator (Fig.
3).

Table 1. Electrical parameters of S-module and TCT-module
at STC

Parameters S-module TCT-

module

Maximum power rating 49.8 Wp 46.0 Wp

[Wp]

Maximum power voltage 18.6 V 435V

(Vip)

Maximum power current 2.67A 10.56 A

(Imp)

Open circuit voltage (Voc) 224V 581V

Short circuit current (L) 2.83 A 11.48 A

No. of cells 36 36

Interconnection scheme of Series Total-cross-

cells tied

(a) (b)

Fig. 3. Endeas QuickSun 700A solar simulator at NISE (a)
TCT PV module placed in the testing chamber (b) Xenon
lamp.

It is a large area class AAA solar simulator which
measures the current-voltage characteristics of crystalline or
thin film PV modules. It has the measurement or testing area
ofup to 160 cm x 220 cm. The light source used is the Xenon
flash tube with AM1.5G filter. The irradiance level can be
adjusted from 200-1200 W/m?, with 1 W/m? resolution. The
spectral match, non-uniformity of irradiance and temporal
stability is in accordance with IEC60904-9. The measurement
uncertainty is as per standard IEC60904-1. As per the
manufacturer’s specifications, the current and voltage
measurement accuracy is + 0.2%. The temperature and
irradiance measurement accuracy are + 1% and + 3%
respectively. The power reproducibility is +/- 0.25% [37].
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3.3 Shading Scenarios Considered

Two progressive shading scenarios have been generated
artificially which are based on the real-life shading conditions
encountered by the roof-top PV installations:

Shading scenario 1: Shading due to cloud passage

Roof'top installed PV modules are often encountered with
shading due to cloud passage. The shading due to cloud
passage considered in this study is shown in Fig. 4. The clouds
have been considered to flow from left-top to right-bottom
direction covering different percentage of total module area
ranging from 2.7% to 47.2%. The output characteristics have
been recorded at conditions of 800W/m? irradiance and 45°C
module operating temperature. The irradiance of the cells
under shading is 480 W/m?, which is achieved by using a
paper sheet of 48% transmissivity.

Shading scenario 2: Horizontal shading

The second scenario considered is based on the inter-row
shading of PV modules commonly encountered in field
conditions, as shown in Fig. 5. This is a self-shading of PV
module, where the front PV module cast its shadow on the row
of cells of PV module behind it. This type of shading
commonly occurs when there is a limited space to install roof
top PV array or when the space between rows of PV modules

Fig. 4. Cloud passage shadow scenarios considered: (A)
4.2%, (B) 22.2%, (C) 33.3%, (D) 47.2%, (E) 25%, and (F)
2.7% of the PV module shaded.

Fig. 5. Inter-row or self-shading of PV module in field
conditions (Picture source [38]).
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Fig. 6. Schematic of the shadow progression in horizontal
direction (A) 25% (B) 50% (C) 75% (D) 77.5% (E) 82.5% (F)
87.5% (G) 92.5% (H) 97.5% (I) 100% of the row shaded.

is not optimal. In this work, progression of the shadow is
considered in the horizontal direction. The shading scenario
has been categorized into twelve cases where the shadow
progresses horizontally until it covers one entire row of the
module. The schematic of the shadow progression is presented
in Fig. 6. The output characteristics have been recorded at
conditions of 1000W/m’ irradiance and 25°C module
operating temperature. The solar cells under shading do not
receive any irradiance, which is achieved by using a thick
black sheet of zero transmissivity.

4. Performance Assessment Parameters

The performance of both TCT and S configuration under
PSCs has been assessed in terms of open circuit voltage (Vc),
short circuit current (Is), series resistance (Rs), maximum
output power (Pms), voltage at maximum power point (Vp),
current at maximum power point (Im), power loss due to
shading (Pys) and efficiency (n).

The power generated by the PV module under any particular
shading case (Pus) is the product of voltage and current at
maximum power point.

Pns = I;m XV 3)

The values of series resistances R for the modules are
estimated from the slope of their [-V curve near V=V, using
Eq. (4) [39].

Ry =~ C, () “)

The values of coefficient Cs = 0.34 for multi-crystalline Si.

The PV power loss under any particular shading case is
defined by Eq. (5)

Pus (%) = ~227ms 5100 (5)

max
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Where Py is the maximum output power of the PV module
under unshaded conditions.

Efficiency (1) of a PV module is the ratio of the electrical
power output and the solar irradiance input over the device
area and is given by Eq. (6)

n (%) = 2P X 100 (©)

XA

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.

5. Results and Discussion
5.1 For Shading due to the Cloud Passage

The obtained values of open circuit voltage, short circuit
current, voltage at maximum power point, current at
maximum power point, series resistance, maximum power and
power loss and efficiency for both TCT and S configuration
with cloud passage is presented in Table 2.

For shading case A when 4.2% of module area is covered
by clouds, the power loss of TCT configuration is 28.3% while
for S module it is 38.6%.

For shading case B where 22.2% of module area is
covered by clouds, the power loss suffered by TCT
configuration is 36.1% while for S module it is 46.4%. In
going from case A to case B, the increase in power loss of both
the configuration is 7.8% and efficiency decreases by 10.0%.

When clouds coverage increases to 33.3% i.e., shading
case C, the power loss of TCT configuration is 46.7% while
for S module it is 47.6%. In going from case B to case C, the
increase in power loss of TCT configuration is 10.6% and
efficiency decreases by 1.4%., while for S configuration the
increase in power loss is only 1.2% and efficiency decreases
by 0.1%.

For shading case D where 47.2% of module area is
covered by clouds, the power loss suffered by TCT
configuration is 43.3% while for S module it is 49.2%. It is
interesting to note that while going from case C to case D,
though the percentage of module area shaded by clouds
increased from 33.3% to 47.2%, yet the power loss suffered
by TCT configuration decreased by 3.4% and efficiency
increased by 0.5%. For S configuration, power loss increased
by 1.6% and efficiency decreases by 0.2%.

Under shading case E clouds start receding, shading
25.0% of the module area, the power loss suffered by TCT
configuration is 33.7% while for S module it is 47.0%. In
going from case D to case E, the decrease in power loss of
TCT is 9.6% while for S configuration it is only 2.2%. Also,
the efficiency of TCT and S configuration increases by 1.2%
and 0.3% respectively as shading scenario changes from D to
E.

For shading case F, when clouds are shading only 2.7%
of the module area, the power loss suffered by TCT
configuration is 27.4% while for S module it is 38.2%. In
going from case E to case F, the decrease in power loss of TCT
is 6.3% while for S configuration it is 8.8%. Also, the
efficiency of TCT and S configuration increases by 0.8% and
1.2% respectively as shading scenario changes from E to F.

Table 2. Obtained results for S and TCT configuration under different cases of cloud shading

Cloud Shading Case A (4.2% module area shaded)

Configuration | Voc (V) L (A) Vm (V) Im (A) Rs (2) Pum (W) PL (%) 1] (%)
TCT 5.21 9.05 3.81 8.66 0.055 33.0 28.3 9.3
S 20.9 2.39 19.2 1.59 0.364 30.6 38.6 8.6
Cloud Shading Case B (22.2% module area shaded)
Configuration | Voc (V) L (A) Vm (V) Im(A) Rs (©2) Pm (W) PL (%) 1] (%)
TCT 5.14 7.88 4.03 7.31 0.052 29.4 36.1 8.3
S 20.9 2.44 18.9 1.41 0.482 26.7 46.4 7.5
Cloud Shading Case C (33.3% module area shaded)
Configuration | Voc (V) L (A) Vm (V) Im(A) Rs (©2) Pum (W) PL (%) 1] (%)
TCT 5.10 5.99 4.28 5.71 0.049 24.5 46.7 6.9
S 20.7 1.5 17.85 1.46 0.664 26.1 47.6 7.4
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Cloud Shading Case D (47.2% module area shaded)

Configuration | Voc (V) Le (A) Vm (V) Im(A) Rs () Pn (W) PL (%) 1l (%)
TCT 5.12 6.38 4.22 6.19 0.049 26.1 433 7.4
S 20.3 1.48 17.78 1.43 0.599 253 49.2 7.2
Cloud Shading Case E (25.0% module area shaded)
Configuration | Vo (V) Le (A) Vm (V) Im(A) Rs () Pu (W) PL (%) N (%)
TCT 5.19 8.52 3.93 7.77 0.055 30.5 33.7 8.6
S 20.98 2.4 18.67 1.41 0.557 26.4 47.0 7.5
Cloud Shading Case F (2.7% module area shaded)
Configuration | Vo (V) Lic (A) Vm (V) Im(A) Rs () Pu (W) PL (%) 1l (%)
TCT 5.23 9.03 3.87 8.63 0.054 334 274 9.4
S 20.48 2.39 18.86 1.64 0.336 30.8 38.2 8.7

5.2 For Inter-Row Shading

The obtained values of open circuit voltage, short circuit
current, voltage at maximum power point, current at
maximum power point, series resistance, maximum power and
power loss and efficiency for both TCT and S configuration
with shadow progression in horizontal direction is presented

in Table 3.

For case A, where shadow covers 25% of the row, the
power loss suffered by TCT configuration is 10.7%. The S
configuration suffers a huge power loss of 50.6% with just one
cell shading. The efficiency decreased by 10.6% for TCT and
50.4% for S configuration w.r.t the efficiency under unshaded

condition

Table 3. Obtained results for S and TCT configuration under different cases of horizontal shading

Horizontal Shading Case A (25.0% row shaded)

Configuration Voc (V) | Isc(A) | Vm (V) | Im(A) Rs (0) Pm (W) PL (%) 1 (%)
TCT 5.78 9.25 4.59 8.94 0.045 41.1 10.7 9.3
S 22.32 2.83 9.01 2.73 1.657 24.6 50.6 5.6
Horizontal Shading Case B (50.0% row shaded)
Configuration Voc (V) | ILsc(A) | Vm (V) | Im(A) Rs (0) Pm (W) PL (%) 11 (%)
TCT 5.73 6.31 4.89 6.11 0.047 29.9 35.0 6.8
S 22.31 2.83 9.01 2.73 1.659 24.6 50.8 5.5
Horizontal Shading Case C (75.0% row shaded)
Configuration Voe (V) | Le(A) | Vm(V) | Im(A) Rs (0) Pm (W) PL (%) | 11 (%)
TCT 5.66 3.40 5.11 3.26 0.057 16.6 63.9 3.8
S - - - - 0 100 0
Horizontal Shading Case D (77.5% row shaded)
Configuration Voe (V) | L (A) | Vm(V) | Im(A) Rs (0) Pm (W) PL (%) | 11 (%)
TCT 5.64 3.08 5.13 2.98 0.058 15.3 66.7 3.5
S - - - - 0 100 0

Horizontal Shading Case E (82.5% row shaded)
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Configuration Voc (V) | Isc(A) | Vm(V) | Im(A) Rs (0) Pm (W) PL (%) | 11 (%)
TCT 5.62 2.50 5.16 2.41 0.065 12.5 72.8 2.8
S - - - - 0 100 0
Horizontal Shading Case F (87.5% row shaded)
Configuration Voc (V) | Le(A) | Vm(V) | Im(A) | Rs(0) Pm (W) PL (%) | 11 (%)
TCT 5.61 1.89 5.19 1.82 0.078 9.4 79.6 2.1
S - - - - 0 100 0
Horizontal Shading Case G (92.5% row shaded)
Configuration Voc (V) | Isc(A) | Vm(V) | Im(A) | Rs(0) | Pm(W) | PL(%) | N1 (%)
TCT 5.58 1.36 5.19 1.29 0.103 6.7 85.4 1.5
S - - - - 0 100 0
Horizontal Shading Case H (97.5% row shaded)
Configuration Voe (V) | I (A) | Vm(V) | Im(A) | Rs(0) | Pm(W) | PL(%) | 11 (%)
TCT 5.56 0.77 5.17 0.71 0.187 3.6 92.2 0.8
S - - - - 0 100 0
Horizontal Shading Case I (100% row shaded)
Configuration Voe (V) | T (A) | Vm(V) | Im(A) | Rs(0) | Pm(W) | PL(%) | 1 (%)
TCT 5.56 0.44 5.12 0.39 0.384 0 100 0
S - - - - 0 100 0

For shading case B where 50% of the row is shaded, the
power loss suffered by TCT configuration is 35.0% while for
S module it is 50.8%, approximately same as previous case. In
going from case A to case B, the increase in power loss of TCT
configuration is 24.3%, while for S configuration it is nearly
0%. The efficiency decreases by 2.5% for TCT and 0.1% for
S configuration w.r.t the efficiency obtained under shading
case A.

For shading case C where 75% of the row is shaded, the
power loss suffered by TCT configuration is 63.9% while for
S module it is 100%. In going from case B to case C, the
increase in power loss of TCT configuration is 28.9%, while
for S configuration it is nearly 50%. The decrease in efficiency
of TCT is 3.0% and for S configuration it is 5.5% w.r.t the
efficiency obtained under shading case B.

For shading case D where 77.5% of the row is shaded, the
power loss suffered by TCT configuration is 66.7% while for
S module it is again100%. In going from case C to case D, the
increase in power loss of TCT configuration is 2.8%, and the
decrease in efficiency is 0.3%.

For shading case E where 82.5% of the row is shaded, the
power loss suffered by TCT configuration is 72.8% while for
S module it is again100%. In going from case D to case E, the
power loss of TCT configuration increases by 6.1%, and the
efficiency decreases by 0.7%.

For shading case F where 87.5% of the row is shaded, the
power loss of TCT configuration is 79.6% while for S module
it is again100%. In going from case E to case F, the increase
in power loss of TCT configuration is 6.8%, and the decrease
in efficiency is 0.7%.

For shading case G where 92.5% of the row is shaded, the
power loss suffered by TCT configuration is 85.4% while for
S module it is again100%. In going from case F to case G, the
increase in power loss of TCT configuration is 5.8%, and the
efficiency decreases by 0.6%.

For shading case H where 97.5% of the row is shaded, the
power loss suffered by TCT configuration is 92.2% while for
S module it is again100%. In going from case G to case H, the
increase in power loss of TCT configuration is 6.8%, and the
efficiency decreases by 0.7%.

For shading case I where 100% of the row is shaded, the
power loss suffered by TCT configuration is100%, while for
S module it is also100%. In going from case H to case I, the
increase in power loss of TCT configuration is 7.8%, and the
efficiency decreases by 0.8 %.

The above results clearly demonstrates that when the
shadow progresses horizontally, the power loss of TCT
configuration increases with increase in shaded area. Even
when a fraction of a single cell is shaded, the performance of
TCT configuration gets impacted. However, a TCT
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configured module can generate power even when 97.5% of
the row is shaded with 100% intensity. On the other hand, a S-
configured module stops generating any power as soon as the
two PV cells belonging to two different strings are shaded with
100% (case C and onwards). But, if the two cells of the same
string are shaded with 100% intensity, S module can generate
nearly 50% power, which in case of TCT is 65%.

5.3 Pattern of power loss suffered by TCT configuration under
both the shading scenarios

The power loss suffered by TCT configuration under
different cases of cloud and horizontal shading is presented in
Fig. 7.

® horizontal shading cloud shading
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Fig. 7. Pattern of power loss suffered by TCT configuration
under different cases of cloud and horizontal shading.

In case of progressing horizontal shading or row shading,
the power loss and shading area (%) exhibits a linear
relationship. However, in case of cloud shading it is clear that
increasing the shaded area doesn’t necessarily means increase
in power loss. TCT configuration suffers lower power loss
even if the shaded area of the module is more, as demonstrated
in case D w.r.t C, and case E w.r.t B. This is owing to the cross
tied interconnection scheme, which displays lower power loss
if less rows are shaded even when area shaded is more. TCT
displays higher power loss only if more rows are shaded even
when shaded area of the module is less.

6. Conclusion

In this paper, performance of TCT and S PV configuration
have been studied experimentally under two realistic scenarios
of progressing PSCs. These shading conditions are based on
the shading due passage of cloud and self-shading in roof top
installed PV system. Values of open circuit voltage, short
circuit current, voltage at maximum power point, current at
maximum power point, series resistance, maximum power,
power loss and efficiency for both TCT and S module with
shadow progression under both the shading scenario has been
recorded. In case of progressing horizontal row shading with
constant shading intensity , the power loss (%) exhibits a
linear relationship with the shading area. However, in case of
cloud shading, an increase in the shaded area doesn’t
necessarily means increase in power loss. Even when the
shaded area increases, the power loss can decrease in case of

TCT configuration. This is contrary to S configuration where
the power loss increases as the shading area increases.
However, in general, TCT suffer less power loss than S
configuration under varying PSCs.

Since the shape of the shadow changes continuously in
real life, the insight presented in this paper are of significance
in understanding the behaviour of TCT configuration over a
long period of time under PSCs. The results of this study are
also very significant especially for rooftop PV arrays in
congested urban environment where it is highly probable that
installed PV array is partially shaded for large number of days
in a year.

Future scope of the work includes long-term performance
of roof-top installed TCT PV array configuration under real
dynamic shadow conditions.
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