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Abstract- Partial shading can significantly hamper the output performance of field installed PV arrays. In this study a 
procedure is reported to mitigate the adverse impact of partial shading on PV array and improve its efficiency by opting for a 
PV configuration which has the least susceptibility to partial shading losses and can produce maximum power. For this 
purpose, a new configuration of PV array (of size 145 Wp), which is a hybrid of total-cross-tied and series (TCT-S), has been 
designed and studied. TCT-S array has series configuration at module level and total cross tied configuration at cell level. 
Experimental investigations in real field conditions have been conducted on the novel hybrid array without and with bypass 
diodes under unshaded and partial shaded conditions. The results have been compared with the conventional pure series 
configuration of PV array.  Twelve distinct partial shading conditions, ranging from only a single shaded cell in the entire array 
to partially shading all the modules within the array have been considered for this work. The output power, power loss, 
utilization factor and power enhancement of the proposed configuration is investigated without and with bypass diode under 
the considered partial shading scenarios. The maximum enhancement achieved by proposed novel configuration of PV array in 
comparison to conventional array, is 55.4% and 62.8% without and with bypass diodes respectively. Moreover, it is also 
observed that in the absence of bypass diode, while the conventional array output power is dragged down to zero with only one 
cell failure, the proposed TCT-S array can still generate approx. 90% power.  

Keywords Novel configuration, total cross tied, partial shading, power loss, hybrid array. 

 

 

1. Introduction 

Partial shading (PS) and its effect on photovoltaic system 
has received due attention as it is a commonly occurring 
condition for the field installed PV array which can 

significantly hamper its output performance [1-3]. Partial 
shading is a condition in which presence of any nearby 
structure, bird dropping, moving cloud or soiling etc. cast 
shadow on some area of installed PV panels due to which 
there is a mismatch in the level of irradiance among its  

NOMENCLATURE 

Abbreviations 

 

PSC           partial shading condition 

PV             photovoltaic 

BL             bridge-linked 
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SP              series-parallel  

SS              standard series 

TCT           total-cross-tied 

STC           standard test conditions 

BIPV         building integrated photovoltaic 

UF             utilization factor 

PE             power enhancement 

BPD          bypass diode 

Symbols 

n              diode ideality factor 

 

 

 

I               PV cell current (A) 

Io              reverse saturation current (A) 

Iph            photo generated current (A)  

Isc            short circuit current (A) 

Im             PV module current (A) 

Iarray         PV array current (A) 

Pmax      maximum power generated by the array under 
shaded condition (W) 

Rs             series resistance of the cell (Ω) 

Rsh           shunt resistance of the cell (Ω) 

V              PV cell voltage (V) 

Vm            PV module voltage (V) 

Varray        PV array voltage (V) 

Vth            thermal voltage of solar cell (V) 

 

 
cells/modules [4-7]. PSCs results in reduced efficiency of PV 
module and if prolonged can destruct the cells due to hot 
spots and reduce their lifetime. Hence, it has been motivating 
researchers to explore different methods and technique to 
alleviate the adverse effect of partial shading and to enhance 
the output power [8-13]. 

Altering interconnections of modules/cells in an array in 
different fashion (array configuration) is a fine strategy for 
maximizing power generation from partially shaded PV 
array. Various types of PV array configurations such as 
conventional configurations (series (S), parallel (P), series-
parallel (SP), total cross tied (TCT), bridge linked (BL), 
honey comb (HC)), hybrid configurations, reconfigured and 
mathematical puzzle-based configurations have been 
tested/studied by the researchers over a period of time [14-
29]. 

 Matlab/Simulink based investigation of the performance 
of conventional configurations (S, P, SP, BL, TCT) of the 
PV array under partial shadow conditions have been 
conducted in ref [14-18]. Further the authors of ref [19] 
conducted a comparative performance investigation of SP, 
BL, HC, TCT and a novel configuration in real outdoor 
conditions. The results of these studies have shown that TCT 
configuration of PV array exhibits least mismatch losses and 
delivers maximum power under nearly all types of shading 
conditions. However, implementation of larger size TCT 
configured PV array needs to be examined in terms of 
complexity, installation time and cost. As large number of 
cross ties are present, therefore implementation of bigger size 
TCT configured array may become more complex, costly 
and need more time to install. Hybrid configurations i.e., 
combination of two configurations in a PV array have also 
been tested by some researchers. The authors of [20] 
compared the performance of SP, HC, TCT, BL and LD 
configurations with hybrid configuration like BLTCT (a 
combination of bridge-linked and total cross tied), SPTCT (a 

combination of series-parallel and total cross tied), and 
BLHC (a combination of bridge-linked and honey-comb), 
under static and dynamic shading patterns. The results 
showed that TCT followed by BLHC is the optimum 
configuration under shading conditions. In ref. [21] authors 
presented a Matlab/Simulink based comparative performance 
analysis of conventional and hybrid configurations (SP-TCT, 
BL-TCT and HC-TCT) under partial shading conditions. The 
authors concluded that though TCT configuration exhibits 
the best performance under PSCs, the hybrid configurations 
are more economical than TCT configuration and also 
deliver satisfactory performance.  

Reconfiguration techniques of PV arrays based on 
mathematical puzzles like sudoku puzzle and its variant, 
magic square etc. have also been proposed and examined in 
an attempt to increase the efficiency of partially shaded PV 
arrays [22-28]. The result of these studies show that 
reconfigured arrays have better efficacy in comparison to 
other configurations. However, reconfiguring by physically 
relocating the modules implies arduous interconnections, 
increase in complexity and line losses due to increases in 
interconnecting wires length.   

 In ref [29], the authors presented a technique of 
nullifying the mismatch losses under partial shading by 
connecting converters with each row of TCT PV array, 
which extract the mismatch power and store it in battery 
bank, which can feed the power to the grid during night time. 
Though the results show zero mismatch loss and decreased 
power loss, implementation of the proposed method requires 
additional circuit components which would escalate the 
system cost. 

Although the above-mentioned mitigation strategies 
have their own advantages and disadvantages/limitations, 
still it is important to point out here an assumption made in 
all these works. A PV module rather than cell has been 
considered as the basic unit of PV array. Hence it is always 
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assumed that at any time all cells in a module receive same 
level of irradiance. This however is not generally true in real 
life situation especially in building integrated photovoltaic 
(BIPV) system and residential rooftop installed PV system. 
For such installations, shading from fallen leaf, bird litter, 
overhead transmission wire, nearby pole, chimney or any 
fixed object, self-shading between rows of PV modules etc. 
can shade only a few cells i.e., a portion of PV modules 
within the array. Therefore, for an extensive 
investigation/analysis of non-homogenously irradiated PV 
array it is important to consider cell level shading and its 
effect on PV array performance. Moreover, as seen from the 
literature most of the investigations for PV array 
configuration under different shading scenarios have been 
conducted in simulated environment. The results of 
simulated environment cannot be considered same as that of 
real field condition. Therefore, it is also required to conduct 
more of experimental investigations in real outdoor 
conditions, which at present are only few. 

The brief literature survey highlights the following 
points: 

1. Need for shading mitigation strategy which is easy to 
implement and doesn’t escalate the cost of PV system.  

2. Requirement of exhaustive study of partially shaded 
PV performance by considering shading phenomenon at cell 
level rather than module in real field conditions.  

The authors in their previous work presented the concept 
of implementing different cell interconnections inside the 
module. An experimental study of performance of different 
configuration of PV modules (series, series-parallel, bridge-
linked and total-cross-tied) of 50 Wp each was conducted 
[30]. It was found that TCT module has much better 
performance in comparison to other configurations under 
partial shading conditions. The study was conducted only on 
single module of each type. However, for most of the 
practical applications an array of modules is required to fulfil 
the power requirement. Therefore, extending our previous 
work, we present a novel configuration of PV array which is 
the hybrid of TCT and S configuration. It is called total-
cross-tied in series or TCT-S configuration of the PV array. 
Pure series is the simplest configuration to implement but, 
because of low output current its application is limited. TCT 
configuration is the one which is most sustainable under 
partial shading conditions. However, it’s implementation 
may become complex and difficult for larger PV array size 
due to large installation wires. The proposed hybrid 
configuration aims to combine the advantages of both the 
configurations-ease of implement (S) and high performance 
under PSCs (TCT). TCT-S array is constituted by series 
connected PV modules but here each module inside has solar 
cells interconnected in total cross tied fashion. Moreover, the 
role of bypass diodes in such a hybrid configuration is also 
investigated.  

For this research work, an array of TCT-S configuration 
of 145 Wp has been developed, investigated and compared 
with the conventional S-S array. By S-S configuration we 
mean a PV array composed of series connected module 

having series connected solar cells inside. Experimental 
investigation on both types of arrays have been done in real 
operating conditions under unshaded and twelve partial 
shaded conditions. These partial shading scenarios widely 
range from only a single shaded cell in the entire array to 
shade partially covering all the modules within the array. The 
shadow conditions have been generated artificially by 
masking cells/modules with different sheets. The 
performance of the proposed configuration is investigated in 
terms of output power, power loss, utilization factor and 
power enhancement (defined in section 4.3) in the absence 
and presence of bypass diodes. The present study will help in 
understanding (i) cell level shading phenomena and its 
repercussions on the entire PV array’s output performance. 
(ii)  the behaviour of TCT-S array under different cell level 
shading scenarios in comparison to conventional array.  

The insights provided by this study is of great 
significance for BIPV, rooftop PV system and any other 
installed PV system where partial shading of installed panels 
is commonly encountered. The proposed TCT-S array has 
less requirement of bypass diodes in comparison to the 
conventional configuration. 

2. PV System Components 

2.1 Modelling of PV cell 

 

 

 

 Fig. 1. Single diode model of a solar cell. 

 

A solar cell is the fundamental unit of PV system, which 
is widely represented by the single diode model (Fig.1). The 
five parameters of the model are: Iph, Io, n, Rs and Rsh. Based 
on this model, the current-voltage characteristic of a PV cell 
is given by Eq.(1) [31,32]. 

                     (1) 

Power generated by a single PV cell is low (less than 2-3 
Watt). To enhance the power output, cells are interconnected 
to form PV modules, which are further interconnected to 
form PV arrays. 
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2.2 PV array configuration 

2.2.1 Standard series in series array (S-S Array) 

 S-S array is composed of ‘n’ standard series PV 
modules (S-module) connected in series as shown in Fig. 2.a. 
Standard series module is the one which is composed of 36 
solar cells connected in series (Fig. 2.b). The current across 
all the cells inside is same, equal to module current (Im). 
Module voltage (Vm) is the sum of the voltages of individual 
cells. 

                         (2) 

                                                                     (3) 

          

PV modules are further interconnected in series, therefore 
current and voltage of S-S configured array can be written as: 

                                       (4) 

 

                                                              (5)    

   

2.2.2 Total-cross-tied in series array (TCT-S array) 

 TCT-S array is formed by ‘n’ total -cross-tied modules 
(TCT-module) connected in series as shown in Fig. 2.c. TCT 
module is the one which is made up of 36 solar cells 
interconnected in TCT fashion i.e., ties are connected across 
each row of junction. Each row has 4 cells in connected in 
parallel. There are 9 such rows in total which are connected 
in series (Fig. 2.d). 

The current and voltage equations for a single TCT- 
module is, obtained by applying KCL at the nodes, and is 
presented by Eq.(6) and (7) respectively. 

                 (6) 

                                                                      (7) 

 

        
               (a) 

     

        

   
 

                  (b) 

      
               (c)                             

 

                    

 
           

                     (d)                      

 

Fig. 2. Schematic of (a) S-S array (b) S-module cell 
interconnections (c) TCT-S array (d) TCT-module cell 
interconnections. 

 

 

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

     Parameters S-module  TCT-module 

Maximum power rating 
[Wp] 

49 Wp 48.5 Wp 

Maximum power voltage 
(Vmp) 

19.21 V 4.48 V 

Maximum power current 
(Imp) 

2.55 A 10.81 A 

Open circuit voltage (Voc) 23.06 V 5.76 V 

Short circuit current (Isc) 2. 72 A 11.66 A 

No. of cells 36 36 

Interconnection scheme of 
cells 

Series Total-cross-
tied 

 

Where, Vr  represents to the voltage of the rth row consisting 
of four parallel connected cells. 

TCT-modules are further interconnected in series, 
therefore current and voltage of TCT-S configured array can 
be written as: 

 

                                      (8) 

                                                              (9) 

For the present work three S-modules and three TCT-
modules have been used to construct S-S array and TCT-S 
array respectively of 145Wp. The electrical parameters of S- 
module and TCT- module used is given in Table 1.                

Both S-modules and TCT-modules were procured from a 
certified and reputed PV manufacturer. While TCT-modules 
have been designed and manufactured especially for this 
research work, S-modules are commercially available. 

2.3 Formation of artificial shading scenarios  

The paper aims to compare the performance of the 
proposed configuration with the conventional PV array under 
different cell level shading conditions and understand the 
impact on array performance. For this, different shading 
scenarios have been generated artificially using sheets of 
paper. A shading pattern can be characterized on the basis its 
shape, size, distribution as well as shade strength. Shade 
strength of any shadow can range from 0% to 100%, and is 
found using Eq. (10). 

 
                                                                                          (10) 

Three different shade strengths, viz. 100%, 60%, 40% have 
been created for this work using sheets of paper.  

2.4 Impact of Bypass diode 

During partial shading, the unshaded PV modules 
operate at current levels higher than those of shaded PV 
module.  As a consequence, the shaded cells in the module 
are forced into reverse bias and starts to dissipate power, 
with a consequent temperature increase termed as Hotspot. 
So, in order to avoid the destructive effect of the hotspot and 
to enhance the power output, bypass diodes are placed in 
parallel with a group of cells, but with opposite polarity. 
Bypass diodes conduct the extra current generated by the 
unshaded modules to prevent mismatching among modules, 
and hotspots. 

TCT-S being a novel configuration with different 
interconnections and hence role of bypass diode on its output 
power is investigated under shadowed conditions. 

3. Field Set Up 

All the testing and measurements of the arrays have been 
done at National institute of Solar Energy (NISE), Gurgaon, 
Haryana (India). For the field measurements, both the arrays 
were put on fixed support structure facing south. The I-V 
measurements of the arrays have been done with Solmetric 
P-V Analyser (PVA-1000S) which is a portable test 
instrument. The details of the same is presented in author’s 
previous work [30]. The photograph of the experimental set 
up used is presented in Fig. 3. 

4. Experimental Procedures 

 

  
Fig. 3. Outdoor experimental setup used. 

 

       TCT-S array 
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Fig. 4. One cell of the array shaded with 100% strength to 
mimic cell failure. 

 

4.1 Outdoor investigations under partial shading conditions 

Following investigations have been conducted on both 
the configurations of PV array: 

4.1.1 Investigation under Shading Conditions Without 
Bypass Diode (Cell / Module Failure) 

Under this investigation, one cell of the module within 
S-S and TCT-S array without bypass diodes has been 
completely shaded with 100% strength to mimic the effect of 
cell failure/damage (as shown in Fig. 4). By cell failure we 
mean any condition, which may or may not be permanent, 
because of which the cell is not able to generate any power. 
The shading is then extended to other cells till one row is 
completely shaded. The objective of this investigation is to 
look for the condition where TCT module fails to generate 
power in the absence of bypass diodes and to compare it with 
the S-module. 
Case I  :   one cell or 25% of the row of the module shaded 
with 100% strength. 
Case II  :  two cells or 50% of the row of the module shaded 
with 100% strength. 
Case III  : three cells or 75% of the row of the module shaded 
with 100% strength. 
Case IV : four cells or 100% of the row of the module shaded 
with 100% strength. 

4.1.2. Investigation under Various Random Partial Shading 
Conditions Without and With Bypass Diode 

 Under this investigation 12 diverse random shading 
patterns are created ranging from single shaded cell in the 
array to shade patterns extending over all the modules within 
the array. These shading patterns are inspired from the real-
life situations like fallen leaf, poles, chimney, overhead 
transmission wires, nearby buildings, inter row shading etc 
which shade only a portion of the array. The schematic of all 
the shading scenarios used is presented in Fig. 5.  For TCT-S 
array the performance under these partial shading conditions 
is investigated without as well as with bypass diode for the 
better understanding of the impact of bypass diode on output 

power. For S-S array the output performance is observed 
only with bypass diode as this is the conventional 
configuration and all commercially available modules 
incorporates bypass diodes. One bypass diode per module 
has been implemented in the array.  

4.2 Data measurement and processing 

  The output current-voltage and power-voltage curves 
for both the arrays are obtained under considered partial 
shading scenarios using Solmetric P-V Analyser when the 
natural irradiance was more than 850 W/m2.  However, 
owing to the environmental fluctuations, the value of 
irradiance and temperature for the recorded data varied. 
Therefore, for the comparative analysis, all the measured 
data is translated to standard conditions of 1000 W/m2 and 
25ºC using the following translation equations specified in   
IEC 60891 [33].  

              (11) 

                                                                                        (12) 

where, subscript ‘ref’ and ‘m’ refers to the reference and 
measured values respectively. ‘V’ is the voltage, ‘I’ is the 
current, ‘Isc’ is the short circuit current, ‘G’ is the solar 
irradiance, ‘T’ is the temperature, ‘RS’ is the internal series 
resistance of the module, ‘α’ and ‘β’ are the current and 
voltage temperature coefficients of the module and κ is a 
curve correction factor. 

4.3 Comparative performance 

     A comparative analysis is carried out for S-S array 
with bypass, TCT-S array without bypass and TCT-S array 
with bypass diodes on the basis of utilization factor, power 
loss sustained and power enhancement (PE) under various 
partial shading scenarios. These parameters are defined 
below [19, 34]. 

 

                                                                                           (13) 
  

                                                                                           (14) 

   

                                                                                           (15) 
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Fig. 5. Different shading scenarios considered. 

 

   

         (1) 

    

           (2) 

    

           (3) 

   

          (4) 

   

          (5) 

   

           (6) 

    

          (7) 

   

           (8) 

    

            (9) 

    

            (10) 

    

         (11) 

   

             (12) 

0% shade strength 40% shade strength 

60% shade strength 100% shade strength 
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Table 2.  Comparative output power for S-S array and TCT-
S array both without bypass diode. 

Shading case Output power (%) 

 S-S array TCT-S array 

Case I 0 89.3 

Case II 0 65.0 

Case III 0 36.1 

Case IV 0 0 

5. Results and Discussion 

5.1. Comparative Performance Assessment of S-S and TCT-S 
Array under Shading Conditions Without Bypass Diode (Cell 
Failure) 

The results obtained for this test conducted on S-S and 
TCT-S array, both without bypass diode is presented in 
Table 2. The results illustrate that novel TCT-S array has 
much higher fault tolerance due to shading than conventional 
S-S array. The maximum power of the TCT-S arrays without 
any shading in the field has been obtained as 143.9 Wp. With 
only one cell shaded to 100% strength (analogous to cell 
failure), the output of the TCT-S array drops to only 128.5 
Wp, while the power of entire S-S array is dragged down to 
zero. With one cell failure, TCT-S array can still generate 
90% of the power even in the absence of bypass diodes.  This 
is because of the presence of cross ties which provides 
additional paths for the current to flow even when current is 
restricted in one branch due to cell failure.  This is clearly not 
achieved in series configuration because of presence of only 
one current path. As this shading is progressed to two and 
three cells in a row, the output power obtained by TCT-S 
array is 93.5 Wp and 51.9 Wp respectively. When complete 
row i.e., all four cells are shaded with 100% strength (failure 
of four cells together) only then it is observed that output 
power of TCT-S array drops to zero in the absence of bypass 
diode. This is because in a TCT module, these shaded 4 
parallelly connected cells in a row are in series with other 
parallel block of cells. As this TCT module fails to generate 
power, it brings down the power of the entire array. The 
obtained power output of S-S array under all these four cases 
is 0 W. 

5.2. Comparative Performance Assessment of S-S Array And 
TCT-S Array Without and With Bypass Diode Under Partial 
Shading Conditions 

The output power obtained from S-S array with bypass and 
TCT-S array without and with bypass under various shading 
scenarios is presented in Table 3. As previously mentioned in 
section 4.1.2, performance of TCT-S array without and with 
bypass diode has been compared to only S-S array with 
bypass. The case of S-S array without bypass diode under 
these 12 shading patterns has not been considered. The 
obtained results clearly demonstrates that in general TCT-S 
array with as well as without bypass diode generates much 
higher power than S-S array under all shading scenarios. The 
only exception is shading scenario 12 where TCT-S array 
without bypass doesn’t generate power. But it is observed 
that in the presence of bypass diodes TCT-S array generates 
60% of power, similar to S-S array. 

The comparative utilization factor for the arrays under 
all the shading scenarios considered is presented in Fig. 6. 
The obtained results show that utilization of the array under 
partial shading conditions is more in the case of proposed 
TCT-S configuration than S-S configuration. It is observed 
that S-S configuration is utilized least (51.4%) for shading 
scenario 10 when the one row each of two modules within 
the array is shaded non uniformly. Under the same shading 
scenario, utilization factor for TCT-S array is 68.3% and 
77.7% without bypass and with bypass diodes respectively. 
The maximum enhancement in utilization factor is seen for 
shading scenario 2. Under this shading condition, utilization 
factor of S-S array is only 56.4%, which is enhanced to 
85.3% & 91.9% in case of TCT-S array without and with 
bypass diodes respectively. 

Further, the power loss sustained by the arrays under 
different partial shading scenarios are presented in Fig. 7. It 
is evident from the obtained results that the conventional S-S 
array is highly susceptible to power loss under shading 
conditions. When one row each of two modules is shaded 
with strength 40% (scenario 7), S-S array sustains a power 
loss of 25.3%.  The power loss incurred by TCT-S array 
under same shading is reduced to 18.6% & 14.2% without 
and with bypass diodes respectively. When the shading 
strength of only half of each row is increased to 60% 
(scenario 10), S-S power loss is increased to 48.3%. TCT-S 
displays power loss of 29.3% & 21.7% under same scenario 
without and with bypass diodes respectively.  It is also 
observed for column wise shading (scenario 3, 4 & 6; 
shading strength 40%), S-S array sustains much higher 
power loss than proposed TCT-S array. The power loss 
exhibited by S-S array for shading cases 3, 4 & 6 is 20.9%, 
20.3% & 34.5% respectively. For the same shading scenarios 
while TCT-S array without bypass diode exhibits just 3.3%, 
4.5% & 20.4%, TCT-S with bypass diode further reduces it 
to 2.7%, 3.9% & 19.7% respectively. For shading scenario 
11, again in which shade is distributed column wise but with  
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Table 3. Maximum output power, power loss and power enhancement (w.r.t S-S array) obtained by S-S and TCT-S array 
under various partial shading scenarios. 

 

 

 

S-S with BPD TCT-S without BPD TCT-S with BPD 

Shading 
scenario 

Pmax 
(W) 

Power loss 
(%) 

Pmax 
(W) 

Power 
loss (%) 

Power 

Enhancement 

(W) 

Pmax 
(W) 

Power 
loss (%) 

Power 

Enhancement 

(W) 

Case-1 102.0 29.3 127.9 11.1 25.9 133.3 7.4 31.3 

Case-2   81.8 43.2 127.1 11.6 45.3 133.2 7.4 51.4 

Case-3 114.0 20.9 139.2   3.3 25.2 140.0 2.7 26.0 

Case-4 114.9 20.3 137.4   4.5 22.5 138.2 3.9 23.3 

Case-5 107.3 25.5 110.9 22.9  3.6 120.1 16.5 12.8 

Case-6   94.4 34.5 114.5 20.4 20.1 115.5 19.7 21.1 

Case-7 110.8 23.1 113.7 21.0  2.9 123.9 13.9 13.1 

Case-8   98.9 31.4 109.8 23.7 10.9 118.8 17.4 19.9 

Case-9 107.6 25.3 117.1 18.6   9.4 123.5 14.2 15.8 

Case-10 74.5 48.3 101.8 29.3 27.3 112.7 21.7 38.2 

Case-11   90.6 37.2 135.7   5.7 45.2 136.1   5.4 45.5 

Case-12  85.6 40.6    2.9 97.9           -85.6   85.7 40.4 0.03 

 

 

 
 

Fig 6. Utilization factor for the investigated arrays under 
considered shading scenarios. 

 

 

 

 

strength 60%, S-S array suffer a power loss of 37.2% which 
is reduced to merely 5.7% & 5.4% in case of TCT-S array 
without bypass and with bypass diodes respectively. In 
general, novel TCT-S array under all partial shading 
scenarios sustains much less power loss in comparison to 
conventional S-S array. 

The power enhancement achieved under all shading 
scenarios using the proposed TCT-S configuration without 
and with bypass w.r.t conventional S-S array with bypass 
diode is presented in bar chart in Fig. 8. The results show 
that for shading scenarios 2 & 11, highest power 
enhancement (equal or greater than 50%) is achieved by 
using novel TCT-S configuration with as well as without 
using bypass diodes. For shading scenario 12, as the TCT-S 
array doesn’t generate any power in the absence of bypass 
diode, hence its enhancement is displayed as negative (-
)100%. With bypass diodes TCT-S array power generation is 
same as S-S array, hence no power enhancement is shown. In 
general, power is enhanced under shading conditions by the 
proposed TCT-S array in comparison to S-S array. 
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Fig 7. Power loss for the investigated arrays under 
considered shading scenarios. 

 

5.3. Impact of Bypass Diode on the Output Performance of 
TCT-S Array 

Performance of TCT-S array with and without bypass 
diode is observed under all shading scenarios. The obtained 
results reveal that in general the output power obtained from 
TCT-S array without and with bypass diode doesn’t differ 
significantly. It is observed that when the shade is distributed 
column wise (shading scenario 3, 4 & 11), the power output 
obtained without and with bypass is approximately same 
(139.2 Wp, 140.0 Wp; 137.4 Wp, 138 Wp; 135.7 Wp, 136.1 
Wp respectively). This is because of the presence of cross 
ties which already provide additional paths for the current to 
flow along with the one provided by bypass diode in 
conducting state. Even when one path gets restricted because 
of shading within the module, current is not restricted to 
flow. However, when the shade is distributed over the entire 
row of any TCT module in the array (shading scenarios 5, 7 
& 10), the losses are observed to be somewhat higher than 
the other patterns. The obtained enhancement in the output 
power of TCT-S array by using bypass diodes is 6.4%, 7.6% 
& 7.1% for shading scenarios 5, 7 &10 respectively. For 
shading scenario 12 where the entire row gets shaded with 
100% strength, the presence of bypass diode has been found 
to be most important, producing power enhancement of 40% 
w.r.t to power without bypass diode. This is because in a 
TCT module, four cells in a row are parallelly connected and 
are in series with other parallel block of cells. When entire 
one or more rows within the array gets impacted with 
shading of higher strength, the role of bypass diode becomes 
significant. 

5.4 Statistical Error  

The uncertainty in repetition of obtained output power is 
estimated in terms of the deviations from the indoor 
measured power obtained using sun simulator at standard 
conditions of 1000 W/m2 and 25oC. The same is presented in  

 

 
 

 

 

Fig. 8. Power enhancement obtained from TCT-S array 
without and with bypass diode w.r.t S-S array with bypass 
under considered shading scenarios. 

 

terms of standard deviation (SD) and standard error (SE) in 
Table 4. The estimated uncertainty for indoor measurement 
of power is approximately 3% which has been reported in 
author’s previous work [30]. 

6. Conclusion 

The output power generation of a field installed PV array 
is severely affected by the frequently occurring partial 
shading conditions. In this paper a novel TCT-S 
configuration of PV array, which is the hybrid of total cross 
tied and series configuration, is presented to enhance the 
power generation of the PV array under partial shadings. An 
array of 145 Wp of the TCT-S configuration has been 
developed, implemented and studied experimentally in real 
outdoor conditions under various partial shading scenarios. 
The shading phenomenon has been considered at cell level 
rather than module which is a more realistic approach.  The 
output performance of the novel configuration of PV array is 
investigated without and with bypass diodes, and compared 
to the conventional S-S array under partial shading 
conditions. It is substantiated from the obtained results that  

 

Table 4. Statistical error sustained in estimating output 
power of different PV array configurations.  

 

PV configuration SD SE 

 

S-S array with BPD 

 

0.265 

 

0.037 

TCT-S array without BPD 0.212 0.029 

TCT-S array with BPD 0.214 0.029 
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TCT-S configured PV array has much superior flaw tolerance 
due to shading and produces higher power than S-S array 
under all shading scenarios. Even in the absence of bypass 
diode there are lesser chances of failure in TCT-S array as 
compared to conventional S-S array. In the absence of bypass 
diode, while the conventional array output power is dragged 
down to zero only with one cell failure, proposed TCT-S 
array can still generate approx. 90% power. A TCT-S array 
can fail to produce any power only when a complete row of 
cells is shaded with 100% strength. Performance of the novel 
configuration without and with bypass diode is observed 
under 12 diverse shading patterns ranging from only a single 
shaded cell in the array to extending over all the modules. 
The performance assessment is carried out in terms output 
power, power loss, utilization factor and power enhancement. 
The maximum power loss sustained by S-S array with bypass 
diodes is 48.3%. This loss is greatly reduced to 29.3% and 
21.7% in case of TCT-S array without and with bypass diode 
respectively. The minimum power loss exhibited by S-S array 
in the presence of bypass diodes is 20.3% which reduces to 
just 4.5% and 3.9% in case of TCT-S array without and with 
bypass diode respectively. TCT-S array even in the absence 
of bypass diodes enhances the power in comparison to 
conventional array with bypass diodes. With bypass diodes 
attached, power is enhanced to some extent in those cases 
where entire row of the array gets shaded. While for column 
wise shading output power without and with bypass diodes is 
nearly same. To protect the array from extreme condition of 
module failure arising from complete row shading with 100% 
strength, bypass diodes can be implemented. However, in 
general the need of bypass diodes is less in the proposed 
array due to the multiple paths provided by the design of the 
proposed configuration. 

The new configuration alleviates the power loss incurred 
due to partial shading and increase the efficiency of PV array 
only on the basis of the change in interconnection of cells. 
The proposed configuration is an easy to implement power 
loss mitigation strategy which doesn’t exert additional cost 
burden on PV system and hence is of high practical 
significance to PV industry, solar project developers as well 
as customers.  

Future scope of our study includes estimating annual 
energy yield of the proposed configuration. Also, this being a 
novel configuration authors also intend to conduct its long - 
term reliability analysis in future. 
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