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A B S T R A C T 

 

In the present day, a significant portion of the world's energy demand can be satisfied through the utilization of 

renewable energy sources. Solar energy, in particular, holds a pivotal position owing to its numerous merits. 

However, it faces a challenge known as mismatch response within the photovoltaic (PV) modules of an array 
when subjected to partial shading. This issue restricts power output, leads to the formation of local hot spots, 

and results in the underutilization of PV modules within the array. One of the most effective solutions to address 

this problem is optimizing the PV array (PVA) configuration to maximize output power under partial shading 
(PS) conditions. In this research paper, we commence with a thorough numerical analysis under uniform shading 

conditions. Following that, we scrutinize the performance of six traditional PVA configurations and three hybrid 

PVA configurations under PS conditions. The results consistently indicate that the Total Cross Tied (TCT) 
configuration outperforms others in all shading scenarios in terms of mitigating mismatch power loss, enhancing 

the fill factor, and improving overall efficiency. 

                   Doi: https://doi.org/10.30501/jree.2023.400223.1599 

1. INTRODUCTION1 

Energy is absolutely necessary for the expansion and prosperity 

of the economy. Because of the swift acceleration of 

industrialization and the push toward economic expansion, the 

world has a massive demand for power [Husain 2018]. These 

days, consumers around the world are demanding uninterrupted 

power supply. Many factors such as lack of fuel, load shedding, 

internal failures, and many other factors can cause disruption in 

a conventional electrical system. Therefore, the integration of 

renewable resources has become more popular, and their 

functions are to meet global demand [Krishna 2019]. Among 

several renewable resources, solar energy gains greater 

importance because of its merits like abundance, eco-

friendliness, and also advancements in semiconductor 

technology [Tatabhatla 2019]. In spite of these merits, solar 

systems suffer from low efficiency, large susceptance to 

environmental changes, partial shading, and dust deposition, 

which leads to a reduction in the output power of the solar 

system. Among these, partial shading creates a huge impact on 

the system's efficiency. The key factors that contribute to partial 

shade conditions include tree shadows, towers and other 

structures, moving clouds, aging-related cell damage, bird 

droppings, and soiling [Harish Kumar Varma 2021]. In order to 

get the correct voltage and current as required by the load, a 

large number of modules are connected in series and parallel to 

form the PV arrays. The electrical characteristics of shaded and 

unshaded panels differ under shading conditions, and this 

characteristic discrepancy increases as the illumination 
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intensities change. The mismatching causes a drastic drop in 

output power under real-world operating conditions. The 

amount of power lost due to shading depends on a number of 

variables, including the intensity of shading, where in the PV 

array the shaded panels are located, and, most crucially, the 

arrangement of the PV panels themselves. 

Over the years, many partial shade mitigation strategies have 

been developed in order to extend the lifetime of PV modules 

as well as to maximize the amount of energy that can be 

harvested from solar PV modules. Despite having poor 

efficiency, these methods have allowed the PV system to be 

employed in systems for water pumping, commercial and 

residential buildings, electric vehicles, etc. There are primarily 

two categories for partial shade mitigation, which are 1) passive 

mitigation solutions, such as bypass diodes and PV array 

topologies, and 2) active mitigation methods, such as multilevel 

inverters, distributed MPPT approaches, and static and 

dynamic reconfiguration strategies. (i) According to the 

literature, the partial shading effects can be mitigated by: (i) 

Connection of bypass diodes [Bhadoria 2020] ï which 

mitigates the formation of local hot spots but results in the 

formation of many peak power points on the I-V and P-V 

characteristics. Because of this, conventional maximum power 

point tracking (also known as MPPT) does not successfully 

track the global peak value. (ii) Usage of Global maximum 

power tracking techniques [Goud 2018] - Because of this, the 

total number of sensors in the system must be increased, as 

must the cost of these sensors. Furthermore, this raises the 
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computational difficulty and memory necessity. (iii) 

Distributed MPPT converter system [Zhou 2020] - Each PV 

module's power electronic converters with MPPT allow it to 

function at maximum power. However, the high number of 

converters needed raises the overall system price. (iv) 

Implementing PV array configuration scheme [Kho 2018] ï In 

[F. Belhachat 2015], Comprehensive research on S, P, SP, 

TCT, BL, and HC topologies has been presented by the authors. 

Under conditions of partial shading, the authors found that the 

results unequivocally demonstrate that the performances of the 

various PV array configurations are variable and strongly 

depend on the intensity of shading, the shading pattern, the 

location of the shading pattern, and the type of shading that is 

affecting the PV array. It is concluded in [Okan Bingol 2018] 

that the T-C-T PV array topology generates the maximum 

power by mitigating the mismatching power losses due to a 

smaller number of series interconnections compared with S, P, 

S-P, T-C-T, B-L, and H-C topologies under uniform and 

various shading patterns like uneven row, uneven column, 

diagonal, and random shading patterns. The authors of [Prem 

kumar 2020] discussed the performance of the conventional 

and hybrid topologies and came to the conclusion that the TCT 

configuration was superior to the other topologies in terms of 

delivering the highest output power. In this paper, Conventional 

and Hybrid configurations are analyzed using a 6 × 6 PV array 

using the SunPower SPR-76R-BLK-U PV module, and 

specifications are mentioned in Table - 1. The main objective 

of this research work is, 

Mathematical representation of conventional and hybrid 

topologies in partial shading. 

Analyze conventional and hybrid topologies by shading factor, 

operating panels, array voltage, array current, and array power 

at each string voltage interval. 

Economic study of conventional and hybrid topologies. 

This paper is arranged as follows: Section 2 analyzes TCT PV 

Array Configurations under uniform shading condition. Section 

3 represents the numerical analysis of PVA configuration under 

different shading conditions. Section 4 compares conventional 

and hybrid PV array configurations for different shading 

conditions, including performance and economic analysis. 

Finally, section 5 ends with a conclusion. 
 

Table 1 Specifications of SunPower SPR-76R-BLK-U PV module 
S. no Specifications Values 

1 Peak Power (0 ) 76.275 (W) 

2 Open circuit voltage (6 ) 16.2 (V) 

3 Short-circuit current () ) 6.02 (A) 

4 Peak power point voltage (6 ) 13.5 (V) 

5 Peak power point current () ) 5.65 (A) 

6 Module area (A) )2(m0.54  

 

2. CONFIGURATIONS AND SHADING PATTERNS 
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   (a) SP          
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(b) TCT 
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(c)  LD  
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  (d) TrCT    
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(e) BL 
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(f) HC 
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(g) SPTCT 
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(h) BLTCT                                        
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(i) HCTCT  

 
 

Figure 1 PV Array Configurations 
 



 

 

 
 

 

 
 

 

 
 

(a) Diagonal (DIA) 
 

 

 
 

 

 
 

 

 
 

      (b) Short Narrow (SN) 

 

 

 
 

 
 

 

 
 

(c) Short Wide (SW) 
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(d) Long Narrow (LN) 

 
 

 
 

 

 
 

 

 
 

 

 

        (e) Long Wide (LW) 
 
 

Figure 2 Shading Patterns 
 

In this work, six conventional PVA configurations such as 

Series Parallel (SP), Total Cross Tied (TCT), Bridge Link (BL), 

Honey Comb (HC), Ladder (LD), Triple Cross Tied (TrCT) and 

three hybrid PVA configurations such as Series Parallel - Total 

Cross Tied (SPTCT), Bridge Link - Total Cross Tied (BLTCT), 

Honey Comb - Total Cross Tied (HCTCT) configurations are 

considered, as shown in Fig 1. The mentioned PVA 

configurations are analyzed under diagonal (DIA), short narrow 

(SN), short 

wide (SW), 

long narrow 

(LN) and long 

wide (LW) 

shading 

conditions, as shown in Fig 2. 
 

2.1 

Numerical representation of TCT Configurations 
under uniform shading  
 

The equivalent photo current under the unshaded condition 

ȟ)  is expressed as  

)  = )  å  )    (1) 

where ) , '  : Photo current and Irradiance in Standard Test 

Conditions (STC) & '  = 1000 W/m2; ': Irradiance falling 

on the module under shading condition, ) : Short circuit 

current of the PV Module. 

 

The equivalent photo current under the shaded condition ȟ)  

is expressed as 

) )  = )  )  )    (2) 

where ɼ: Shading factor and it is expressed as ɼ ρ    and 

' : Irradiance on shading condition 
 

 
 
 
2.1.1 TCT configuration under the Diagonal (DIA) 
shading condition:  
 
As can be seen in Fig. 3, diagonal modules, i.e., 1,8,15,22,29 

and 36, are under the shading condition and it is assumed that 

shading intensity is 600 W/m2, meaning that ɼ πȢτȢ  
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Figure 3 TCT configuration under diagonal shading 
 

 

From the equivalent circuit of PV module [S.R.Pendem 2018], 

[AA. Desai 2021] the unshaded module current ()  and shaded 

module current (IB) are expressed as  

     )  )  ) ÅØÐ ρ (3) 

 

Where (V, I) USH = Voltage & Currents of the Unshaded 

modules = (V, I)2-6, 7, 9-12, 13,14, 16-18, 19-21, 23,24, 25-28,30, 31-35 (4) 

  

Similarly,  )  )  ) ÅØÐ ρ  (5) 

 

Where (V, I) SH = Voltage & Currents of the Shaded 

modules = (V, I)1,8,15,22,29,36    (6) 

 

From Fig (4), the array current (ITe) is expressed as:  

 

) ) ) ) ) ) )      (7) 

where   
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; )  )  )  )  )  )  )  ; )  )
 )  )  )  )  )  ; )  )  )  )
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and the row voltages can be expressed as,  
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From Eq. (7) and Eq. (8),   
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 ) ÅØÐ ȟ ȟ ȟ ȟ ρ    (11) 

 

From Eq. (9) and Eq. (11), the modified (ITe) is given as    
 

= φ) )  φ) ÅØÐ ρ (12) 

 

Similarly  
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2.1.2 TCT configuration under Short Narrow (SN) 
shading condition:  
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Figure 4 TCT configuration under Short Narrow (SN) shading 
 

Based on the shading condition shown in Fig. 4, the total array 

current can be divided into unshaded row current (ITe)ush and 

shaded row current (ITe)sh. 

 

)ȟ  ) ) ) ) ) )  )

 ) ÅØÐ ρ       (14) 

 

and  )ȟ  ) ) ) ) ) )  

 )  )    ) ÅØÐ ρ  + )

 )    ) ÅØÐ ρ + )  )   

 ) ÅØÐ ρ + )  )   

 ) ÅØÐ ρ + )  )   

 ) ÅØÐ ρ + )  )   

 ) ÅØÐ ρ 

 

From Eq. (9), )ȟ  can be rewritten as  

 

)ȟ  = φ)  )   φ) ÅØÐ ρ        (15) 

 

Similarly, from Eq. (14) and Eq. (15), we have: 
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From Eqs. (12,13) and Eqs. (15-17), the short circuit current 

(Isc) and the point at which I-V curve changes its path (Icp), 

number of maximum values for ɼ = 0.4 and G = 1000 W/m2 are 

mentioned in Table 2 and simulated results are shown in Fig. 5. 

In addition, the same analysis is extended for the remaining 

shading patterns. 

 



 

 

Table 2 Numerical analysis results of TCT configuration in the 

uniform shading condition 

 

Topology 
Shading 

Pattern 
I sc (A) I cp (A) 

Maximum 

Values 

TCT 

DIA 6Isc - 2 ɼ Isc -- 1 

SN 6Isc 6Isc - 2 ɼ Isc 2 

SW 6Isc 6Isc - 4 ɼ Isc 2 

LN 6Isc 6Isc - 2 ɼ Isc 2 

LW 6Isc 6Isc - 4 ɼ Isc 2 

 

 
 

 
 

Figure 5 Output characteristics of TCT Configurations for ɼ = 0.4 

  



 

 

 

3. NUMERICAL ANALYSIS OF PV ARRAY CONFIGURATIONS UNDER PARTIAL SHADING CONDITONS 
 
6 x 6 PVA topologies are simulated in the MATLAB/Simulink 

software under 5 partial shade situations, and numerical 

analysis is conducted in terms of the working modules, peak 

voltage (Vpe), peak current (Ipe), and peak power (Ppe) as 

mentioned in Table [3-11]. 

 

3.1 Series-Parallel (SP) Configuration:  
This configuration aims to balance the benefits of both series 

and parallel connections. The array is divided into smaller sub-

arrays connected in parallel, with each sub-array having 

multiple modules connected in series. This configuration 

reduces the impact of shading on the entire array. If one sub-

array is shaded, only that sub-array's performance is 

significantly affected, while other sub-arrays continue to 

operate at a higher efficiency. This allows the unaffected sub-

arrays to contribute more to the overall power output, reducing 

the performance loss caused by shading. The MATLAB 

simulation connection is shown in Fig. 6, and the simulated I-

V and P-V curves are presented in Fig. 7. 

 
Figure 6 Simulink® connection diagram for the configuration of the SP PV array 

 
conditionsRepresentation of PV array parameters for SP Configuration under various shading Table 3  

Shading 

Scheme 
Interval at which Array Voltage, Current and Power change   

DIA PeÒ 5VTe Ò V 0 PeÒ 6VTe Ò VPe 5V 

Working 

modules 
2-6, 7,9-12,13,14,16-18, 19-21,23,24,25-28,30, 31-35 1,8,15,22,29,36 

TeV Pe5 V PeV 6 

TeI PeI 6 PeI3.3  

TeP PeIPe V30  PeIPe V 19.8 

SN PeÒ 4V Te0 Ò V PeÒ 5V TeÒ VPe 4V PeÒ 6V TeÒ VP 5V 

Working 

modules 
1-4,7-10,13-36 2,12,13-36 5,11, 13-36 

TeV PeV 4 PeV 5 PeV 6 

TeI eP6 I Pe5.4 I Pe4.4 I 

TeP PeIPe 24 V PeIP 27 V PeIPe 26.4 V 

SW PeÒ 4V Te0 Ò V PeÒ 5V TeÒ VPe 4V PeÒ 6V TeÒ VPe 5V 

Working 

modules 
1-4,7-10,13-16,19-22,25-36 5,11,17,23,25-36 6,12,18,24,25-36 

TeV PeV 4 PeV 5 PeV 6 

TeI Pe6 I Pe4 I Pe3.6 I 

TeP PeIPe 24 V PeIPe20 V PeIPe 21.6 V 

LN PeÒ 2V Te0 Ò V 
Ò  TeÒ VPe 2V

Pe3V 

Ò  TeÒ VPe 3V

Pe4V 
PeÒ 5V TeÒ VPe 4V PeÒ 6V TeÒ VPe 5V 

Working 

modules 
1,2,7,8,13-36 

1,2,6,7,8,12,13-

36 
5,6,11,12,13-36 4,10,13-36 3,9,13-36 

TeV Pe2V PeV 3 PeV 4 PeV 5 PeV 6 

TeI Pe6 I Pe5.8 I Pe5.4 I Pe5 I Pe4.4 I 

TeP PeIPe 12 V PIP 17.4 V PeIPe 21.6 V PeIPe 25 V PeIPe 26.4 V 

LW PeÒ 2V Te0 Ò V PeÒ 4V TeÒ VPe 2V PeÒ 6V TeÒ VPe 4V 

Working 

modules 
1,2,7,8,13,14,19,20,25-36 4,6,10,12,16,18,22,24,25-36 3,5,9,11,15,17,21,23,25-36 

TeV Pe2V PeV 4 PeV 6 



 

 

TeI Pe6 I Pe5.1I Pe3.4 I 

TeP PeIPe 12 V PeIPe 20.4 V PeIPe 20.4 V 

              
  

(b)        (a) 

 
Figure 7 (a) Output Power - Voltage Curve (b) Output Current - Voltage Curve of SP Configuration 

 

The number of local peaks generated is 1, 2, 2, 4, and 2 under 

DIA, SN, SW, LN, and LW shading conditions, respectively, 

and the global peak of 30 VpeIpe is produced by the SP 

configuration under diagonal shading conditions, as mentioned 

in Table 3. 

 

3.2 Total Cross Tied (TCT) PV array configuration:  
 
The Total Cross Tied (TCT) PV array configuration, also 

known as Full Cross Tied or Fully Cross Tied, is a layout design  

 

used in photovoltaic (PV) systems. In a TCT configuration, 

each module is connected in both series and parallel to its 

neighboring modules. In a TCT configuration, each module has 

multiple parallel paths, and bypass diodes are often 

strategically placed within each module to allow current to flow 

around shaded modules. This helps prevent the shaded module 

from significantly affecting the entire string's performance. The 

MATLAB simulation connection is shown in Fig. 8, and the 

simulated I-V and P-V curves are presented in Fig. 9. 

 

 
 

Figure 8 Simulink® connection diagram for the configuration of the TCT PV array 

 
 

Table 4 Representation of PV array parameters for TCT Configuration under various shading conditions 

 

Shading 

Scheme 
Interval at which Array Voltage, Current and Power change   

DIA  0 Ò VTe Ò VPe VP Ò VTe Ò 2VPe 
2VP Ò VTe Ò  

3 VPe 

3 VPe Ò VTe Ò  

4 VPe 

4 VPe Ò VTe Ò 5 

VPe 

5 VPe Ò VTe Ò  

6 VPe 

Working 

modules 

6,12,18,24,30, 

36 

5,11,17,23,29, 

35 

4,10,16,22,28, 

34 
3,9,15,21,27,33 2,8,14,20,26,32 1,7,13,19,25,31 



 

 

VTe VPe 2 VPe 3 VPe 4 VPe 5 VPe 6 VPe 

ITe 5.8 IPe 5.7 IPe 5.6 IPe 5.5 IPe 5.4 IPe 5.3 IPe 

PTe 5.8 VPe IPe 11.4 VPe IPe 16.8 VPe IPe 22 VPe IPe 27 VPe IPe 31.8 VPe IPe 

SN 0 Ò VTe Ò 4VPe 4VPe Ò VTe Ò 5VPe 5VPeÒ VTe Ò 6VPe 

Working 

modules 
1-4,7-10,13-16,19-22,25-28,31-34 

6,12,18,24,30, 

36 

5,11,17,23,29, 

35 

VTe 4 VPe 5 VPe 6 VPe 

ITe 6 IPe 5.6 IPe 4.8 IPe 

PTe 24 VPe IPe 28 VPe IPe 28.8 VPe IPe 

SW 0 Ò VTe Ò 4VPe 4VPe Ò VTe Ò 5VPe 5VPe Ò VTe Ò 6VPe 

Working 

modules 
1-4,7-10,13-16,19-22,25-28,31-34 

5,11,17,23,29, 

35 

6,12,18,24,30, 

36 

VTe 4 VPe 5 VPe 6 VPe 

ITe 6 IPe 4.2 IPe 3.8 IPe 

PTe 24 VPe IPe 21 VPe IPe 22.8 VPe IPe 

LN  0 Ò VTe Ò 2VPe 
2VPe Ò VTe Ò 

3VPe 
3VPe Ò VTe Ò 4VPe 4VPe Ò VTe Ò 5VPe 5VPe Ò VTe Ò 6VPe 

Working 

modules 
1,2,7,8,13,14,19,20,25,26,31,32 

6,12,18,24,30, 

36 
5,11,17,23,29,35 

4,10,16,22,28, 

34 
3,9,15,21,27,33 

VTe 2VPe 3 VPe 4 VPe 5 VPe 6 VPe 

ITe 6 IPe 5.9 IPe 5.4 IPe 5.1 IPe 4.6 IPe 

PTe 12 VPe IPe 17.7 VPe IPe 21.6 VPe IPe 25.5 VPe IPe 27.6 VPe IPe 

LW  0 Ò VTe Ò 2VPe 
2VPe Ò VTe Ò 

3VPe 
3VPe Ò VTe Ò 4VPe 4VPe Ò VTe Ò 5VPe 5VPe Ò VTe Ò 6VPe 

Working 

modules 
1,2,7,8,13,14,19,20,25,26,31,32 4,6,10,12,16,18,22,24,28,30,34,36 3,5,9,11,15,17,21,23,27,29,33,35 

VTe 2VPe 4 VPe 6 VPe 

ITe 6 IPe 5.1 IPe 3.4 IPe 

PTe 12 VPe IPe 20.4 VPe IPe 20.4 VPe IPe 

   

 

 

 

             
 

(a)       (b) 

 

Figure 9 (a) Output Power  - Voltage Curve; (b) Output - Voltage Curve of TCT Configuration 
 
 

The number of local peaks generated is 1, 2, 2, 4, and 2 under 

DIA, SN, SW, LN, and LW shading conditions, respectively, 

and the global peak of 30 VpeIpe is produced by the SP 

configuration under diagonal shading conditions, as mentioned 

in Table 3. 

 

3.3 Bridge ɀ Link (BL) PV Array Configuration  
 

The Total Cross Tied (TCT) PV array configuration, also 

known as Full Cross Tied or Fully Cross Tied, is a layout design 

used in photovoltaic (PV) systems. In a TCT configuration, 

each module is connected in both series and parallel to its 

neighboring modules. In a TCT configuration, each module has 

multiple parallel paths, and bypass diodes are often 

strategically placed within each module to allow current to flow 

around shaded modules. This helps prevent the shaded module 

from significantly affecting the entire string's performance. The 

MATLAB simulation  connection is shown in Fig. 8, and the 

simulated I-V and P-V curves are presented in Fig. 9. 

 

 



 

 

The number of local peaks generated is 1, 2, 2, 4, and 2 under 

DIA, SN, SW, LN, and LW shading conditions, respectively, 

with a global peak of 30 VpeIpe produced by the BL       

configuration under diagonal shading conditions, as mentioned 

in Table 5. 

 
Figure 10 Simulink® connection diagram for the configuration of the BL PV array 

 

Table 5 Representation of PV array parameters for BL Configuration under various shading conditions 

 

Shading 

Scheme 
Interval at which Array Voltage, Current and Power change   

DIA  0 Ò VTe Ò 5VPe 5VPe Ò VTe Ò 6VPe 

Working 

modules 
2-6, 7,9-12,13,14,16-18, 19-21,23,24,25-28,30, 31-35 1,8,15,22,29,36 

VTe 5VPe 6VPe 

ITe 6 IPe 3.3 IPe 

PTe 30 VPe IPe 19.8 VPe IPe 

SN 0 Ò VTe Ò 4VPe 4VPe Ò VTe Ò 5VPe 5VPe Ò VTe Ò 6VPe 

Working 

modules 
1-4,7-10,13-17,19-36 

6,12,16-18, 

19-36 

5,11,16,17,21-

24,26-30,31-36 

VTe 4 VPe 5 VPe 6 VPe 

ITe 6 IPe 5.6 IPe 4.6 IPe 

PTe 24 VPe IPe 28 VP IPe 27.6 VPe IPe 

SW 0 Ò VTe Ò 4VP 4VP Ò VTe Ò 5VP 5VP Ò VTe Ò 6VP 

Working 

modules 
1-4,7-10,13-16,19-22,25-29,31-36 

5,11,17,23,28, 

29,33-36 

6,12,18,24,30, 

36 

VTe 4 VPe 5 VPe 6 VPe 

ITe  6 IPe 4.1 IPe  3.7 IPe 

PTe 24 VPe IPe 20.5 VPe IPe 22.2 VPe IPe 

LN  0 Ò VTe Ò 2VPe 
2VPe Ò VTe Ò 

3VPe 
3VPe Ò VTe Ò 4VPe 4VPe Ò VTe Ò 5VPe 5VPe Ò VTe Ò 6VPe 

Working 

modules 

1,2,7,8,13,14,15,19-22,25-29, 

31-36 

6,12,14,15,18,19

-36, 
5,11,14-17,19-36 4,10,14-17,19-36 3,9,14,15,19-36 

VTe 2VPe 3 VPe 4 VPe 5 VPe 6 VPe 

ITe 6 IPe 5.8 IPe 5.4 IPe 4.7 IPe 4.5 IPe 

PTe 12 VPe IPe 17.4 VPe IPe 21.6 VPe IPe 23.5 VPe IPe 27 VPe IPe 

LW  0 Ò VTe Ò 2VPe 2VPe Ò VTe Ò 4VPe 4VPe Ò VTe Ò 6VPe 

Working 

modules 
1,2,7,8,13,14,19,20,25-27,31-34 4,6,10,12,16,18,22,24,26-30,31-36 3,5,9,11,15,17,21,23,26-29,31-36 

VTe 2VPe 4 VPe 6 VPe 

ITe 6 IPe 5.1 IPe 3.4 IPe 

PTe 12 VPe IPe 20.4 VPe IPe 20.4 VPe IPe 

 
 

 

 
 
 




































