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Abstract: Renewable energy sources are receiving wide
popularity due to the shortage of fossil fuels and environ-
mental problems caused by conventional energy sources.
Solar photovoltaic energy is a widely used sustainable
energy source. The power developed by a solar cell is
greatly influenced by the insolation level. Partial shading
occurs when one or more photovoltaic (PV) cells receive
lesser radiation as compared to other cells, which in turn
affects the overall electrical performance of PV cells
including reduced generated power. This paper proposes a
newly developed configuration known as Reformed-Total
cross-tied (R-TCT) to improve the power generation during
partially shaded conditions in small-scale PV systems,
especially for urban and rural area applications. The basic
idea of this paper is to redistribute the shadedmodules of a
row to other rows such that the number of shaded solar PV
modules of each row are nearly same. The proposed
method is validated by simulation and also by hardware
implementation. The simulations and experiments are
done on eight different shading cases and found that the
proposed method gives either superior or same perfor-
mance as that of existing TCT, LS (Latin Square)-TCT, and
D-TCT configurations.

Keywords: partial shading issue; power improvement; PV
array reconfiguration; solar energy; total cross tied
configuration.

Introduction

The ever-increasing requirement for electricity can be ful-
filled by the use of Photo Voltaic (PV) technology, which is
the conversion of solar energy into electricity with low
carbon emission and without any moving parts (Ellabban,
Abu-Rub, and Blaabjerg 2014). The generated power of a
PV system is unpredictable due to the variation of atmo-
spheric conditions (Yang, Zhou, and Lou 2009). Partial
shading is a significant problem that causes a reduction in
power generated by PV systems (Yang, Zhou, and Lou
2009). Residential PV systems in urban and rural areas are
affected by partial shading with an annual performance
loss of 10–20% (Hanson et al. 2014). Due to localisation of
heat during partial shading, hot spots are created on PV
modules, which can be avoided by using bypass diodes
(Kim and Krein 2013; Reinoso, Milone, and Buitrago 2013).
However, the use of bypass diodes will lead to the plurality
in maximum power points in the electrical features of PV
system (Ishaque, Salam, and Taheri 2011). The shadowing
of PV array directly influences the power output and energy
yield byminimising the reception of solar energy as well as
hiking energy loss from the shaded cells. Even though we
avoid partial shadings during the installation time, the
chances of shading occurrences cannot be ruled out
permanently, and so strategies for improving the generated
power and enhancing performances of PV system are
receiving great importance.

The two ways of limiting the reduction in power due to
partial shading are (i) passive methods, and (ii) active
methods (El-Dein, Kazerani, and Salama 2012). Connecting
bypass diodes across the cells is the most commonly used
passive method. However, a high economic inconsistency
and practical difficulty are caused if bypass diodes are
affixed across individual PV cell for gaining better perfor-
mance under shading conditions (Roman et al. 2006).
Hence, a single bypass diode for a group of cells is the
normally accepted method. The electrical redesigning of
PV array is the activemethodused in encountering shading
issues (Wang and Hsu 2011).
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PV arrays with requisite power capacity are derived by
connecting the PV modules in series and parallel combi-
nations. Classical interconnection methods are series (S),
parallel (P), series-parallel (SP), total cross tied (TCT), honey
comb (HC) and bridge link (BL) (Said et al. 2018). Combi-
nations of these classical methods lead to the formation of
hybrid configurations like SP-TCT, BL-TCT, and BL-HC
(Yadav, Pachauri, and Chauhan 2015). TCT performs well in
almost all shading patterns among the classical and hybrid
methods. A rigid type interconnection method is adopted in
rearranging the PV modules in an array to distribute the
shading effects to minimise the shading losses (Rao, Ilango,
andNagamani 2014). InMoballeghand Jiang (2013), authors
discussed the prediction and identification of global
maximum power point (GMPP) under partial shading con-
ditions. The Su Du Ko puzzle (Rani, Ilango, and Nagamani
2013) based rearrangement is developed to reduce the
mismatch losses in PV arrays by distributing shading effects
and this particular method is further modified to reduce the
line losses during installation (Rao et al. 2015). A zig-zag
arrangement (Vijayalekshmy, Bindu, and Iyer 2016) of PV
modules in a PV array is analysed for different shading
patterns including corner shading. The performance of zig-
zag method is analysed by considering performance ratios
and fill factor. In Pareek, Chaturvedi, and Dahiya (2017),
interconnection laws are presented by making use of the
comparison of SP and TCT configuration. Practical imple-
mentation of this method is difficult as it requires many
sensors and switching circuits. A novel structure (NS) by
physical relocation of PV modules is developed and the
performance of this method is compared with classical TCT
and hybrid TCT configurations for shading patterns
including diagonal shading (Mishra et al. 2017). A magic
square puzzle (Yadav et al. 2017) basedphysical reallocation
of PV modules in SP, TCT, BL, and HC configurations is
considered for vertical, horizontal, and diagonal shading.
Position of GMPP, power losses and fill factors are used for
analyzing and comparing the results. In Pachauri et al.
(2018), Latin square puzzle based TCT arrangement is
developed by the physical movement of PV panels for
shading patterns including progressive shading and zig-zag
shading. The physical relocation of PV modules, based on
Latin square puzzle, performs better than the conventional
TCT arrangement. An innovative technique of reconfigura-
tion based on the ‘chaotic bakermap’ (Tatabhatla, Agarwal,
and Kanumuri 2019) image processing technique is pro-
posed to minimise the power loss of partially shaded PV
arrays and reduce the number of peak points. Recent work
by (Madhanmohan, Nandakumar, and Saleem 2020) pro-
posed a method known as diagonally dispersed total cross-
tied configuration (D-TCT) which performs better than

existing methods for most of the shading cases. On verifi-
cation, it is found that a modification to this method is
required for the cases where the shades are in the first two
columns so as to generate maximum power.

From the literature review, it can be concluded that the
existing methods need modification due to one or more of
the following factors: (i) The implementation cost is high,
(ii) requires complex thinking like solving puzzles, (iii)
frequent movements of PV modules based on particular
shading patterns. This paper presents an easily realisable
and simple method known as Reformed Total Cross Tied
(R-TCT) configuration to minimise the power losses caused
by partial shadings on PV modules. In this method, the
shaded modules are redistributed among other rows such
that the goal of achieving nearly equal shaded modules in
all rows is attained. In this work, a row means all the PV
modules which are joined in parallel and not the physical
row. Hence, there is no requirement that the physical lo-
cations of modules be changed as suggested in some pa-
pers. The method requires a special configuration of
electrical connections, which can be done at the time of
installation.

The remainder of this paper is arranged as follows: The
partial shading issue is presented in Section 2. Section 3
discusses the modeling of PV configuration and factors
affecting generated power. The proposed methodology is
narrated in Section 4. Section 5 confers the numerical
simulation and experimental results.

Problem formulation

Series and parallel arrangements of PV modules are the
basics of PV array configuration. Let n be the number of
unshaded PV modules, Ig be the generated current and Vg

be the generated voltage of each module. Considering the
case where all the n modules are unshaded, the current,
voltage and generated power can be derived as

For series PV configuration,

Iarray = Ig1 = Ig2 = Ig3 = ………… = Ign = Ig (1)

Varray = Vg1 + Vg2 + Vg3 +………… +Vgn = nVg (2)

Parray = nVgIg (3)

and for parallel PV configuration,

Iarray = Ig1 + Ig2 + Ig3 +………… +Ign = nIg (4)

Varray = Vg1 = Vg2 = Vg3 = ………… = Vgn = Vg (5)

Parray = nVgIg (6)

For a general PV configuration with i rows and j columns
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Iarray = jIg (7)

Varray = iVg (8)

Parray = (i × j) VgIg = nVgIg (9)

For uniformly shaded conditionwith shading parameter Sf,
the generated current of each module is reduced to sfIg.
Neglecting the voltage drop across bypass diode, the
generated voltage is same as Vg. Then the generated power
is reduced to

Parray = Sf nVgIg (10)

where,

Sf = g
gSTC

(11)

is the shading factor. g is the actual insolation and gSTC is the
insolation at standard testing condition (1000 W/m2).
Equation (10) implies that partial shading causes a decrease
in the generated power. The objective of this paper is to
develop a methodology that guarantees an improvement in
the generated power under partial shading conditions.

Modeling of PV array and factors
affecting power generation

Modeling of PV array configuration

A PV module or PV panel is made by connecting a number
of PV cells in series as shown in Figure 1. The shade on the
panels signifies amajor decrease in the energy producedby
the cells (Kalogirou 2013). Shading on the panels leads to
the formation of hot spots. To minimise the effects of hot-
spots on PV panels, bypass diodes are connected in anti-
parallel (He et al. 2015). Each PV cell might need one
bypass diode for optimal efficiency. Since it is uneconom-
ical, a single diode is usually fixed for a small number of
series cells (Zheng et al. 2014). Figure 1 depicts the analo-
gous circuit of a PV panel with a bypass diode. For a panel
with a bypass diode, the generated current is given by

Ig = [Iph − I0(eq(Vg+RsIpv)
AKTNs − 1) − Vg + RsIpv

RshNs
]

+[Iobypass( −qVg

eAbypassKT
− 1)] (12)

where, I0 is reverse saturation current (A), q is the
electron charge, A is a dimensionless material quantity, T
is the temperature in Kelvin,Vg is the output voltage of the

module (V), Ns is the number of solar cells in series,
I0bypass is the reverse saturation current of bypass diode
(A) (Varghese and Reji 2019; Vijayalekshmy, Bindu, and
Iyer 2015). Table 1 gives the parameters of PVmodule used
for the Matlab simulation.

Factors affecting generating power

The best choice of PV configuration depends on the type,
pattern, location, and intensity of shading. The basic con-
figurations used for interconnection of PV modules are
(i) series (S), (ii) Parallel (P), (iii) Series-Parallel (SP), (iv)
Bridge Linked (BL), (v) Honey comb (HC). Another approach
to interconnection of PV modules is Total Cross Tied (TCT)
configuration which is obtained from SP configuration as
shown in Figure 2. Studies prove that TCT configuration is
the best interconnection method among the available basic
configurations, for reducing losses due to partial shading.
Consider a TCT PV array with q rows and q columns.The
voltage and currents of the array are represented by

Varray = ∑
q

i=1
Vi (13)

By Kirchhoff’s current law, the current delivered by ith row
can be expressed as

Figure 1: Circuit representation of PV panel with a bypass diode.

Table : Specifications of designed PV module used for
simulation at  W/m,  °C.

PV module parameters Values

Maximum power . W
Open circuit voltage . V
Short circuit current . A
Current at MPP . A
Voltage at MPP . V
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Iarray = ∑
q

j=1
Iij (14)

where Iij is the current of PV module in ith and jth column.
When the impact of solar insolation is taken into account,
the current provided by a PV module is

I = Sf Ig (15)

Under normal insolation condition, g = gSTC and for a q × q
TCT setup, the current provided by each row can be written
as

IRj = qIg , where, j = 1, 2, 3, 4,……….q (16)

Whenmmodules in a row are shaded, the row current can
be calculated as

IRj = [mSf + (q −m)]Ig (17)

Neglecting the variations in the voltage drop across indi-
vidual rows, Equation (13) can be used to calculate the PV
array voltage.

Varray = qVg (18)

multiplying Equation (17) and (18) results in

Parray = qVgIg[(mSf ) + (q −m)] (19)

In this work the analysis is accomplished by using a
4 × 4 PV array. Figure 2 shows representation of TCT
configuration. Consider a case where three modules (say

modules 11, 12, 13) are partially shaded. Let the insolation
level be 60%, then by Equation (15) the currents generated
by these modules are

I11 = I12 = I13 = 600
1000

Ig = 0.6Ig (20)

and

IIJ = Ig , IJ ≠ 11, 12  and  13 (21)

Hence,

IR1 = 2.8Ig ,  and (22)

IR2 = IR3 = IR4 = 4Ig (23)

The current supplied to the load is just 2.8Ig, and the
power is limited to 11.2VgIg since all the rows are con-
nected in series. An improvement in the power can be
achieved if the three shaded modules are connected in
three separate rows. Let us connect module 12 in the
second row, module 13 in the third row, and keep module
11 in the first row itself. It may be noted that modules in a
row mean modules that are joined in parallel. As a result,
each one of the shaded modules appears in the first,
second, and third rows and so

IR1 = IR2 = IR3 = 3.6Ig (24)

then, the array current is then raised to 3.6Ig, and the power
to 14.4VgIg. The number of shaded solar PV modules in a
row is designated in this paper as row shading number, and
the maximum among all row shading numbers is desig-
nated as maximum row shadings. In Table 2 Nshj is row
shading number, Nm is maximum row shadings. Table 2
considers nine different shading patterns with diverse row
shading numbers. The table illustrates that as Nm in-
creases, power decreases. The same observation can be
obtained from the PV characteristics as shown in Figure 3.

The above observation gives us an idea for the solu-
tion of partial shading effect which can be stated as
redistributing of shaded modules of a row to other rows
such that the maximum number of shaded modules of a
row is decreased, gives an improved power. The proposed
work utilizes this basic idea, which is discussed in next
section.

Proposed methodology

Let the PV array is arrangedwith n rows and n columns. Let
the module at ith row and jth column of TCT is denoted by
Tij and that of RTCT is denoted by Rij. Then the RTCT
configuration is defined as follows:Figure 2: Representation of a 4 × 4 TCT PV array.
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Rjj = T1j, j = 1, 2, 3,…, n
Rkj = Tnj, j = 1, 2, 3,…, n  and k = n − j + 1
R1j = Tkj, j = 2, 3,…, n − 1, k = n − 1
R2j = Tkj, j = 1, n,   and k = n − 1
Rnj = Tkj, j = 2, 3,…, n − 1, k = 2
Rnj = Tkj, j = 1, n,  and  k = 2

For all other cases

Rij = Tij

It may be noted that only the electrical connections
of modules are changed and their physical locations are
unaltered. Using the above definition, any n × n PV array
TCT configurations can be converted into an RTCT
configuration. Figure 4(B) and (D) shows the RTCT con-
giguartion for 4 × 4 and 6 × 6 PV array configurations,
respectively. A comparative performance of TCT and
RTCT configurations in terms of the maximum power
generated for a typical shading case can be analyzed
from Figure 5(A) and (B) and it is obvious that RTCT
performs well as compared to TCT.

Results and discussions

This section addresses the results of a comparison analysis
of the electrical performance of TCT, LS-TCT, D-TCT, and
R-TCTarrangements indifferent cases. The shadingpatterns
displayed in Figure 6 are considered for the study,which are
selected based on a theoretical and practical point of view.
In Case 1, three modules in the top corner of the array are
shaded. Case 2 depicts the shading on the left bottom corner
of a 4 × 4 PV array. Cases 3–8 depicts the most realistic
shading situations. The shading cases for TCT and R-TCT
configurations are shown in Figure 6, which are included in
the relative analysis. All of the R-TCT structures in thisfigure
depict a representative view of analogous electrical
connection rather than the physical structure.

Table : Effects of number of shaded solar PV modules in a row.

Case Row shading number (Nshj) Maximum row shading Row currents (A) Array currents (A) Array power (W)

Nsh Nsh Nsh Nsh Nm IR IR IR IR

      Ig Ig Ig Ig Ig VgIg
      .Ig Ig Ig Ig .Ig .VgIg
      .Ig Ig Ig Ig .Ig .VgIg
      .Ig Ig Ig Ig .Ig .VgIg
      .Ig Ig Ig Ig .Ig .VgIg
      .Ig .Ig Ig Ig .Ig .VgIg
      .Ig .Ig .Ig Ig .Ig .VgIg
      .Ig .Ig .Ig .Ig .Ig .VgIg
      .Ig .Ig .Ig .Ig .Ig .VgIg

Figure 3: Comparison of maximum power for diverse number of
shaded panels per row. Figure 4: TCT and R-TCT arrangement for 4 × 4 and 6 × 6 PV array.
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For these four configurations, the different shading
patterns are analysed and studied. At a temperature of
25 °C, it is assumed that unshaded panels receive
1000 W/m2 of insolation and shaded panels receive
500 W/m2. Hence, as determined by Equation (15), the
current generated by a shaded module is 0.5Ig. The cor-
responding peak powers of TCT and proposed R-TCT
configurations for eight different partially shaded con-
ditions are given in Table 3.

Let c be the number of rows for which atleast one of the
bypass diode is conducting,

Varray = (q − c) Vg (25)

Consider TCT configuration Case 1 of Figure 6,
Case 1(a)

Iarray = 3Ig (26)

Then, no diodes are bypassed and hence;

c = 0 ; Varray = (q − c) Vg = 4Vg (27)

Parray = 4Vg3Ig = 12VgIg (28)

Case 1(b)
Let Iarray = 3.5Ig, Then row 1will be bypassed and hence

c = 1

Varray = (4 − 1) Vg = 3Vg (29)
Parray = 3Vg3.5Ig = 10.5VgIg (30)

Case 1(c)
Let Iarray = 4Ig, Then row 1 and row 2 are bypassed and

hence c = 2

Varray = (4 − 2)Vg = 2Vg (31)

Parray = 2Vg4Ig = 8VgIg (32)

For all other cases peak powers are calculated and tabu-
lated in Table 4.

Comparison of maximum power generated

Figures 7 and 8 show the P-V and I-V characteristics of TCT,
LS-TCT, D-TCT, and proposed R-TCT configurations. The
maximum power for each case is marked in the P-V charac-
teristics. For all the cases expect cases 3 and 4 being consid-
ered the proposed method generates the highest power. For
case 3maximumpowergenerated forD-TCT ismorecompared
to othermethods. For case 4 the LS-TCT andD-TCT have equal
performance. Figure 9 shows the comparison of maximum
power generated for TCT, LS-TCT, D-TCT, and R-TCT.

Comparison of partial shading losses

Partial shading losses are defined as the difference be-
tween the maximum power generated under the standard
testing condition to the maximum power generated for
partial shading conditions (PSC).

PSClosses = MPPStrandard testing condition

−MPPPartial shading condition (33)

Here the maximum power generated for standard testing
conditions for TCT arrangement of 4 × 4 PV array is
321.40 W. The PSC losses of TCT and RTCT are compared
in Table 4. It is clear from the Table that the power losses
are much reduced for the R-TCT arrangement. It is very
clear from Figure 10 partial shading losses of the pro-
posed R-TCTmethod are reduced by 36.2, 36.2, 78.5, 78.5,
78.5, and 72.10W for the Cases 1, 2, 5, 6, 7, 8, respectively.

Performance ratio

The performance ratio of proposed PV array is obtained by
Equation (34). The performance of proposed method can be
compared with existing methods using a performance ratio.

Figure 5: Power voltage charateristics for 4 × 4 and 6 × 6 PV array.
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Figure 6: Representation of shading patterns in TCT and proposed configurations.
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Performance ratio PVarray =
Pmpp under partialshading conditions

Pmpp under uniform conditions at STC

(34)

Performance ratios of TCT, LS-TCT, D-TCT, and R-TCT are
compared in Table 4 and Figure 11. Improvements in the per-

formance ratio when compared to TCT configuration are 6.97,

6.97, 9.46, 7.53, 7.81, and 9.09% for the Cases 1, 2, 5, 6, 7, 8.

Percentage of power enhancement

Power enhancement ratio is the percentage increase

in power produced by using proposed method of

reconfiguration.

The power enhancement of proposed with existing

methods are given in Table 4. The percentage of power

enhancement when compared TCT configuration are 7.85,

7.85, 0.69, 20.82, 12.52, 9.92, 10.33, and 11.71%.

Table : Peak power calculations of shading patterns in Figure .

Cases Type Row  Row  Row  Row  Peak powers

IR IR IR IR Peak  Peak  Peak  Peak 

Case  TCT Ig .Ig Ig Ig IgVg .IgVg VgIg –
R-TCT .Ig .Ig .Ig Ig IgVg VgIg – –

Case  TCT Ig Ig .Ig Ig VgIg .VgIg VgIg –
R-TCT Ig .Ig .Ig .Ig VgIg VgIg – –

Case  TCT Ig Ig Ig Ig VgIg VgIg – –
R-TCT .Ig .Ig Ig Ig VgIg VgIg – –

Case  TCT .Ig .Ig Ig Ig VgIg VgIg VgIg –
R-TCT .Ig Ig Ig .Ig VgIg VgIg .VgIg –

Case  TCT .Ig .Ig .Ig Ig VgIg VgIg VgIg –
R-TCT .Ig Ig Ig Ig VgIg VgIg – –

Case  TCT .Ig Ig .Ig .Ig VgIg VgIg VgIg –
R-TCT .Ig Ig Ig Ig VgIg .VgIg –

Case  TCT Ig Ig Ig .Ig VgIg VgIg VgIg –
R-TCT Ig Ig Ig .Ig VgIg .VgIg – –

Case  TCT Ig .Ig Ig .Ig VgIg VgIg VgIg VgIg
R-TCT .Ig Ig Ig .Ig VgIg VgIg – –

Table : Performance analysis.

Performance parameter Type Case  Case  Case  Case  Case  Case  Case  Case 

Maximum power generated (W) TCT . . . . . . . .
LS-TCT . . . . . . . .
D-TCT . . . . . . . .
R-TCT . . . . . . . .

Partial shading losses (W) TCT . . . . . . . .
LS-TCT . . . . . . . .
D-TCT . . .  . . . .
R-TCT . . . . . . . .

Performance ratio TCT . . . . . . . .
LS-TCT . . . . . . . .
D-TCT . . . . . . . .
R-TCT . . . . . . . .

Power enhancement TCT . . . . . . . .

Power enhancement = GMPPProposed method − GMPPExisting method (TCT)
GMPPProposed method

(35)
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Figure 7: Power-voltage characteristics.
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Figure 8: Current-voltage characteristics.
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Experimental results

The 4× 4PV array in the prototypefield experiment ismade
up 16 of 20WPV panels and connecting wires. Transparent
sheets are used for creating the partially shaded condi-
tions. The experimental setup for R-TCT configuration for

Case 2 is represented in Figure 12. A variable rheostat is
connected across the PV array as load. The experiment has
been conducted on a particularly sunny day and irradiance
ismeasured as 780W/m2 using a solar powermeter and the
temperature is measured as 35 °C using an infrared ther-
mometer. The maximum power generated is calculated by

Figure 9: Comparison of maximum power generated.

Figure 10: Comparison of partial shading losses.
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changing the load rheostat and power is measured using a
power meter. The maximum power produced by TCT and
R-TCT configurations is tabulated under almost the same
irradiance conditions. Figure 13 compares the maximum
power generated in TCT and R-TCT configurations during
the experimental analysis. The results of experiments also
demonstrate that the proposed R-TCT design performs well
compared to basic TCT configurations.

Conclusion

This paper proposes a method known as Reformed-total
cross tied (R-TCT) to reduce the power losses on PV arrays
due to partial shading. The basic idea of this work is to
achieve a nearly equal number of shaded modules on each
group of the parallel connected cells of TCT connection and
the method is applicable to any n × n PV array. The con-
nections of the proposed configuration are made at the

time of installation and do not require the physical relo-
cation of modules for various shading conditions. This
work considered eight different shading cases and verified
the effectiveness of the proposed method, by both simu-
lation and experiments. A comparative analysis is carried
out using the performance parameters maximum gener-
ated power, partial shading losses, performance ratio and
power enhancement ratio. Among the four configurations
(TCT, LS-TCT, D-TCT, R-TCT) the proposed R-TCT gives best
generated power for all cases of shadings being
considered.
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responsibility for the entire content of this submitted
manuscript and approved submission.
Research funding: None declared.
Conflict of interest statement: The authors declare no
conflicts of interest regarding this article.
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Figure 12: Experimental setup.

Figure 13: Comparison of maximum power produced.
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