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Abstract- Partial shading on solar photovoltaic (PV) arrays is a prevalent problem in photovoltaic systems that impair the performance of PV modules and is responsible 
for reduced power output as compared to that in standard irradiance conditions thereby resulting in the appearance of multiple maximas on panel output power 
characteristics. These maxims contribute to mismatch power losses among PV modules. The mismatch losses depend on shading characteristics together with different 
interconnected configuration schemes of PV modules. The research presents a comparative analysis of partial shading effects on a 4 x4 PV array system connected in 
series(S), parallel (P), serries-parallel (SP),total-cross-tied (TCT),central-cross-tied(CCT),bridge-linked(BL),bridge-linked total cross-tied (BLTCT) ,honey-comb(HC), 
honey-comb total-cross-tied (HCTCT)  and ladder (LD) configurations using MATLAB/Simulink. The PV module SPR-X20-250-BLK was used for modeling and 
simulation analysis. Each module is comprised of 72 number of PV cells and a combination of 16 PV modules was employed for the contextual analysis. Accurate 
mathematical modeling for the HCTCT configuration under partial shading conditions (PSCs) is provided for the first time and is verified from the simulation. The 
different configuration schemes were investigated under short-narrow,short-wide,long-narrow,long-wide, diagonal, entire row distribution, and entire column 
distribution partial shading condition patterns with mathematical implementation and simulation of passing clouds. The performance of array configurations is compared 
in terms of maximum power generated (𝑃௠௣), mismatch power loss (∆𝑃௠௟), relative power loss (𝑃௥௟) and the fill factor (FF). It was inferred that on average, TCT 
configuration yielded maximum power generation under all shading patterns among all PV modules interconnection configurations with minimum mismatch power 
losses followed by hybrid and conventional PV array configurations respectively. 
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1. Introduction 

   In recent years, renewable energy resources (RERs) have gained a  peculiar interest to procure cost-effective energy production. RERs have been 
deployed significantly at a wider scale by several nations to offset electricity generation prices taking into account the fact of ever-increasing energy 
demand [1-5]. Among RERs, solar generation has gained special attention and remarkable research is headway in the photovoltaic(PV) area [6,7]. 
According to International Energy Agency (IEA), France report, by the end of 2020 the cumulative global installation capacity of the photovoltaic 
system is  𝟕𝟕𝟓 𝑮𝑾𝒑 and this could cross 𝟏𝟎𝟎𝟎 𝑮𝑾𝒑 in 2022 [8]. The primary factor in an exponential deployment of PV systems is the abundant 
availability of solar insolation in all geographical regions, the efficacy of PV systems to meet energy demands, advancements in power electronics 
aided hybrid converters, and economic sustainability [9-11]. 

  The solar modules employ the PV effect to generate electrical energy. The performance and efficiency of PV system depend on the solar insolation 
available to the PV arrays, partial shading (PS) effects, temperature variations, mismatch losses, aging effects and degradation losses [12-14].  
However, the variation in solar irradiance and temperature are the key factors that affect the PV energy yield. Under uniform irradiance conditions  
or standard testing conditions STC (1000 W/mଶ irradiance level and 25℃ ambient temperature),PV system depicts a unique global maximum power 
point (GMPP) with nonlinear current-voltage (I-V) and power –voltage (P-V) characteristics as shown in Figure 1.It has been accounted that output 
power and efficiency of the PV system is significantly reduced due to partial shading effect [15]. Partial shading effects are mainly due to the passing 
clouds and the existence of trees, poles, towers, and buildings around the PV array[16]. Partial shading contributes to the non-uniform distribution 
of irradiance over the surface of PV modules interconnected in array or string. This limits the current of the shaded module and subsequently affects 
the module characteristics connected in series. Therefore bypass diodes are used across the modules to mitigate the effect of mismatch power 
losses(∆P୫୪) .The impact of partial shading results in the emergence of multiple maximas on output power characteristics of solar modules. Instead 
of a unique maximum power point, along with GMPP, local maximum power points (LMPP) will also appear on the output power characteristics 
as shown in Figure 1. Due to partial shading effects, the I-V curve also exhibits multiple maxima and the corresponding fill factor (FF) area is also 
reduced as shown in Figure 2. The voltage value at the maximum power point (𝑉௠௣) from P-V curve aid in computing current value at the maximum 
power point (𝐼௠௣) from I-V curve.Open circuit voltage (𝑉௢௖) corresponds to the point where voltage exists the maximum voltage respective to the 
minimum current value at zero crossings of the axis . Similarly shortcircuit current (𝐼௦௖) corresponds to the point where current exhibits maximum 
value respective to minimum voltage value at zero crossing of the axis. The four parameters ; 𝑉௠௣, 𝐼௠௣, 𝑉௢௖ and  𝐼௦௖ help in determining the maximum 
power generated (P୫୮), mismatch power losses (∆P୫୪) , relative power losses (P୰୪), relative power gain(P୰୥) and the fill factor (FF)  of PV modules 
interconnection configuration schemes in later sections.  

    With the passage of time, researches have been in progress to mitigate the effect of mismatch losses that are not entirely due to partial shading 
conditions (PSCs) but also due to the defect of bypass diodes, soiling and dust over the surface of PV modules, distinct positioning of PV modules 
in strings and sub-strings with respect to solar insolation, irregularities in physical parameters of PV cell and manufacturing tolerances [17-21]. 
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The mismatch losses can be considerably reduced by employing the subsequent approaches; PV modules interconnection configuration schemes, 
maximum power point tracking (MPPT) algorithms, system architecture, and converter topologies. However, PV modules interconnection 
configuration schemes have been accounted as an optimal and cost-effective solution that considerably reduces the effects of mismatch losses due 
to PSCs [22–25]. 

 
1.1 Comparison of  Previous  PV array topologies 

A significant literature is being reported on the adoption of various topologies to combat mismatch losses under PSCs. In this section, the prime 
focus is to provide a  comprehensive review of specifically the simulation-based case studies pertaining to the exploration of PV array configurations 
behavior under PSCs in the past as well as to highlight the novel aspects of current research effort. Alonso-García, et al. [26]  detailed a brief 
comparative analysis of the impact of PSCs on output characteristics of series-connected PV modules with cell variants. The results revealed that a 
slight increase in shading rate results in higher deformations in I-V characteristics. Performance analysis parameters (PAPs) in the case study were 
the V୫୮ and I୫୮. Nguyen and Lehman, [27]  proposed a mathematical model to implement passing clouds to generate specific partial shading patterns 
for different PV array configuration schemes. The model is extendable to any of the PV array configuration schemes. Karatepe, et al. [28] investigated 
the impact of by-pass diodes for series-parallel (SP), bridge link (BL), and total cross-tied (TCT) PV array topologies under the non-uniform 
distribution of solar irradiation on solar arrays. TCT configuration depicted superior performance among all configurations in terms of low ∆P୫୪ . 
The case study of  Dio et al., [29]  on S, P, and series-parallel (SP) PV array configurations under unequal solar radiation inferred that SP configuration 

 

Fig.1. Output power-voltage (P-V) characteristics of photovoltaic modules under STC and partial shading conditions 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2. Output current-voltage (P-V) characteristics of photovoltaic modules under STC and partial shading conditions 
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is the optimal PV configuration design and P PV configuration is not suitable for practical approaches as it draws higher current in the system. PAPs 
were the GMPP,V୫୮ and I୫୮. Ramaprabha and Mathur [30]  reviewed S, P, SP, TCT, and honeycomb (HC) PV array configurations and PAPs included 
P୫୮,V୫୮ and I୫୮. HC PV configuration dominated among all array topologies. .Salam and Ramli [31]  proposed an electronic circuit alternative of 
by-pass diodes for PV modules interconnected in S configuration. The performance evaluation parameter was only the efficiency. Belhachat and 
Larbes [32]   comprehensively elaborated modeling and investigation of six different PV array configurations; S, P, SP, TCT, BL, and HC under seven 
different shading patterns. PAPs were the  P୫୮, V୫୮, I୫୮ and  ∆P୫୪ . TCT PV configuration exhibited superior performance in all shading conditions. 
Mohammadnejad, et al. [33]  proposed a mathematical model for TCT configuration for four different shading condition patterns as well as performed 
comparative investigation for SP, TCT, BL, and HC PV array configurations. TCT PV array configuration appeared to be the optimal choice in 
perspective of maximum  P୫୮ and low ∆P୫୪ . Vijayalekshmy, et al.[34]   reviewed TCT and Sudoku Puzzle (SuP) PV arrays for mathematically 
generated six different  passing clouds shading patterns  and PAPs were the ∆P୫୪ and FF. Pendem and Mikkili [ 35] analyzed the performance of  S, 
SP, and HC PV array schemes. HC PV array topology yielded maximum power followed by SP and S. Bingöl and Özkaya [36]  discussed modeling 
and assessment of S, SP, TCT, BL, HC  PV modules interconnection configurations considering six PAPs ; P୫୮, V୭ୡ, Iୱୡ , ∆P୫୪ and the FF. Analysis 
confirmed TCT PV array configuration to be a better choice under different PSCs. Pendem and Mikkili [37] detailed a comprehensive comparative 
analysis of conventional PV array configurations; S, P, SP, TCT and hybrid PV array topologies ; BL and HC under eight different shading conditions 
and PAPs; V୭ୡ, Iୱୡ , GMPP, LMPP, voltage and current values at GMPP and LMPP, FF and the efficiency. Similarly  Premkumar, et al [38], Huang et 
al. [39]; Kreft et al. [40], Reddy and Yammani  [41], Wang et al., [42] and Yang et al [43]  also provided comprehensive quantitative assessments to 
reduce ∆P୫୪.   
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

    This research effort discusses the modeling,simulation and performance assessment of  the 4 x4 PV array system connected in series(S), parallel 
(P), serries-parallel (SP),total-cross-tied(TCT),central-cross-tied(CCT),bridge-linked(BL),honey-comb(HC), honey-comb total-cross-tied (HCTCT) 
and ladder (LD) configurations under STC and partial shading conditions (PSCs) using MATLAB/Simulink without considering the physical site 
temperature effects. The assumption of taking fixed temperature for varying incident light intensity is in line with the literature reported studies [26-
43]. Adoption of a small 4 ×4 PV array system for simulation investigation is practically feasible according to the studies [44,45] wherein authors 
detailed both the simulation and practical investigations in this particular contextual analysis. This case study is more comprehensive towards the 
discussion of PV modules interconnection configurations as compared to the PV array topologies highlighted in the literature to the best of the 
author's acquaintance. Moreover, accurate mathematical modeling has been performed for HCTCT configuration which depicts one of the novelties 
of this paper. Simulation implementation of passing clouds to generate shading patterns is also elaborated. The above mentioned PV configuration 
schemes were investigated in short-narrow(SN),short-wide (SW),long-narrow(LN),long-wide(LW), diagonal(D), entire row distribution (ERD), an 
entire column distribution (ECD) shading conditions and the comparative performance will be discussed in terms of maximum power generated 
(P୫୮), mismatch power losses (∆P୫୪), relative power losses (P୰୪), relative power gain(P୰୥) and the fill factor (FF). 

 

2.  Mathematical Modeling of a PV Cell, Module, and Array 
 
 

 

               Fig.3. PV Modules interconnection configuration schemes, shading patterns and performance assessment parameters employed in this case-study 
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This section discusses an equivalent circuit of a single diode model (SDM) for PV cell and then subsequently discusses the modeling for PV module 
and array. The equivalent circuit modeling of PV  cell, module, and array helps in a basic understanding of output power characteristics. 
 
2.1 Modeling of a PV Cell Based on SDM 
 
   A PV cell is considered as a current source and the current produced by the PV cell is proportional to the light incident on the cell. An electrical 
equivalent circuit of a PV cell based on SDM is shown in Figure 4. The photo-generated current is represented by 𝐼௣௚ and is proportional to the light 
falling on the cell. The optical losses of the PV cell are represented by the current source itself and recombination losses are represented by connecting 
the anti-parallel diode to the current source. The Ohmic losses are denoted by series resistance (𝑅௦) and shunt resistance (𝑅௣).The 𝑅௦ is the resistance 
offered by PV cell in the path of current flow and𝑅௣ is leakage resistance of the cell and therefore connected in parallel to the current source. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Therefore current equation for a PV cell based on SDM can be written as;  

 
                                                                                                                 𝐼௣௛ = 𝐼௣௚ − 𝐼ௗ − 𝐼௣                                                                                              (1) 
where 𝐼ௗ is the diode current and 𝐼௣ is the shunt current and I-V relation can be expressed as; 
 

                                                                                          𝐼௣௛ = 𝐼௣௚ − 𝐼௢ ቀ𝑒𝑥𝑝 ቀ
௤(௏ାூ೛೓ோೞ)

௡௞்
ቁ − 1ቁ − ൬

௏ାூ೛೓ோೞ

ோ೛
൰                                                          (2) 

 
Where 𝑞 is the electron charge and equals 1.602 × 10ିଵଽ𝐶 ,𝐼௢the saturation is current of the diode, 𝑛 is the ideality factor, 𝑘 is the Boltzmann constant 
and equals to 1.3806053 × 10ିଶଷ 𝐽 𝐾⁄  and T is the PV cell temperature. 
 
2.2 Modeling of a PV Module Based on SDM 
 
 The PV module consists of series-connected PV cells and is denoted by𝑁௦. Considering 𝐼௣௛,௠ to be module output current, 𝑉௠ to be the module 
voltage and 𝑁௦  to be the series-connected cells, then the current voltage equation for a PV module based on SDM is expressed as; 
 

                                                                                  𝐼௣௛,௠ = 𝐼௣௚ − 𝐼௢ ቀ𝑒𝑥𝑝 ቀ
௤(௏ାூ೛೓,೘ேೞோೞ)

ேೞ௡௞்
ቁ − 1ቁ − ൬

௏ାூ೛೓,೘ಿೞோೞ

ேೞோ೛
൰                                                                           (3)

        
It is to be noted that for the case of several series-connected PV modules (𝑁௦௠)  with several connected series cells(𝑁௦௖), then 𝑁௦ can be expressed 
as; 
 
                                                                                                                      𝑁௦ = 𝑁௦௖ × 𝑁௦௠                                                                                                              (4) 
 
 
2.3 Modeling of a PV Array Based on SDM 
    
PV array is comprised of series and parallel combinations of PV modules. In the present case, consider 𝑁௦ to be the series-connected PV modules 
and 𝑁௣ to be the parallel combination of modules to form a PV string, 𝐼௣௛,௔ to be the array output current and 𝑉௔ to be the array output voltage, then 
I-V relation can be written as equation as; 
 

                                                                                      𝐼௣௛,௔ = 𝐼௣௚ − 𝐼௢ ൭𝑒𝑥𝑝 ൭
௤൬௏ାூ೛೓,ೌ ൬

ಿೞ
ಿ೛

൰ோೞ൰

ேೞ௡௞்
൱ − 1൱ − ൭

௏ାூ೛೓,ೌ ൬
ಿೞ
ಿ೛

൰ோೞ

ேೞோ೛
൱                                                          (5) 

 
 
   It is important to mention here that MATLAB/Simulink modeling of PV arrays is performed based on Equation (5). The PV module SPR-X20-250-
BLK is being used for the modeling and simulation analysis of4 × 4 PV modules inter-connection configuration. Each module is comprised of 72 

 

Fig.4. Electrical equivalent circuit model of a photovoltaic cell  
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number of PV cells and a sum number of 16 PV modules are being employed for the simulation analysis. The module detail parameters are enlisted 
in Table 1. 

Table 1 
Parameters of SPR-X20-250-BLK PV Module at STC (1000 𝑊/𝑚ଶand 25℃) 

S.No Parameters Values 

1 Maximum power, 𝑃௠௔௫ 249.952 W 
2 Voltage at maximum power, 𝑉௠௣ 42.8 V 
3 Current at maximum power, 𝑉௠௣ 5.84 A 
4 Open circuit voltage, 𝑉௢௖  50.93 V 
5 Short circuit current, 𝐼௦௖ 6.2 A 

6 Temperature co-efficient of open circuit voltage, 
(%/℃) 

-0.35602 

7 Temperature co-efficient of short circuit current, 
(%/℃) 

0.07 

8 Number of cells per module, ns 72 
9 Series resistance, 𝑅௦ 0.301 Ω 
10 Shunt resistance, 𝑅௣ 621.2034 Ω 
11 Diode ideality factor, n 1.1367 
12 Dimensions of the PV module (=Area) 61.4in x 31.4in 
13 Module technology 

 
Mono-

Crystalline 

 

 

 

3 Performance Assessment Parameters 
 
   This section provides a brief overview of the performance evaluation parameters that have been taken into account for PV array topologies under 
STC or uniform irradiation conditions and PSCs in later sections. The focus of the study is to investigate the key parameters that can comprehensively 
differentiate the performance of PV arrays under PSCs to have an idea of optimal PV array topology that yields more energy output under particular 
shading conditions and are discussed here. 
 
3.1 Power Generated at Maximum PowerPoint  
 
   The maximum power that can be extracted from PV cell, module, or array is termed as power generated at maximum power point denoted by 𝑃௠௣ 
. It equals the global maximum power point (GMPP) of the module non-linear P-V curve. Alternatively, it can be obtained from the product of 
voltage at the maximum power point and current at the maximum power point. 𝑃௠௣ can be mathematically expressed as; 
 
                                                                                                                    𝑃௠௣ = 𝑉௠௣ × 𝐼௠௣    (W)                                                                             (6) 
                     
3.2 Mismatch Power Loss 
 
       It equals the difference of the power generated at the maximum power point at STC to the peak power generated under PSC divided by 
maximum power generated under uniform irradiance conditions. Mismatch power loss is denoted as ∆P୫୪ and is expressed in percentage. Under 
PSC, 𝑃௠௣ corresponds to the GMPP among global maximum power point and local maximum power points. Mismatch power loss mathematical can 
be given as; 
 
                                                                                                              ∆𝑃௠௟ =

௉೘೛,ೄ೅಴ି௉೘೛,ುೄ಴

௉೘೛,ೄ೅಴
  (%)                                                                            (7)

                              
3.3 Relative Power Loss 
 
    In order to compute relative power loss(𝑃௥௟), theoretical power yield (𝑃௧௬) evaluation is an earlier step in the calculation of 𝑃௥௟ for a particular PV 
array topology under specific PSCs. 𝑃௧௬ can be computed using Equation (8) in which S is the solar irradiation of the individual module under 
particular partial shading condition,𝑆௢ is the solar irradiation under STC, 𝑖 indicates the respective PV module and 𝑁 is the total number of modules 
in a PV array system. 
 
                                                                                                             𝑃௧௬ = ∑ ቀ

ௌ

ௌ೚
× 𝑃௠௣,௜ቁ

ே
௜ୀଵ      (W)                                                                            (8)                  

 
Now the relative power loss of a certain PV array topology under partial PSC can be expressed as; 
 
                                                                                                               𝑃௥௟ = 𝑃௧௬ − 𝑃௠௣,௉ௌ஼          (W)                                                                                (9) 
         
3.4 Fill Factor 
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Fill factor (FF) is the ratio of  the maximum power (𝑃௠௣) that can be extracted from a PV cell, module, or array to the ideal achievable power (𝑉௢௖ × 𝐼௦௖), 
expressed in percentage and is given as; 
 
                                                                                                                  𝐹𝐹 =

௉೘೛

(௏೚೎×ூೞ೎) 
=

௏೘೛×ூ೘೛

(௏೚೎×ூೞ೎)
                                                                                                  (10)                             

 

4 PV Modules Interconnection Configuration Schemes and the Shading Patterns 
 
   This section discusses the different PV array topologies and the shading patterns that have been considered for the case study. The PV modules 
are connected in S, P, SP, TCT, CCT, BL, BLTCT, HC, LD configurations, and in the proposed HCTCT topology. Also, the PV array configurations 
are evaluated under short-narrow (SN), short wide (SW), long-narrow (LN), long wide (LW), diagonal (D), entire row distribution (ERD), and entire 
column distribution (ECD) shading conditions. Further insight regarding array configurations and shading conditions is a provider in the subsection 
discussed here. 
 
 
4.1  PV Modules Interconnection Configuration Schemes 
 
4.1.1 Series (S) PV Array Configuration  
 
   In series (S) PV array configuration, the PV modules are interconnected in a way to extract the maximum cumulative voltage of PV modules while 
having the same current value as the output put current of the array configuration as that of an individual module. The 4 × 4 series PV array topology 
is shown in Figure 5 (a). Under PSCs, the mismatch losses due to the emergence of GMPP and LMPP are mitigated by employing bypass diodes and 
blocking diodes. Further insight regarding the use of bypass diodes is provided in section 5.  
 
4.1.2  Parallel (P) PV Array Configuration  
 
   In parallel (P) PV array configuration, the PV modules are interconnected in a way to extract the maximum cumulative current of PV modules 
while having the same voltage value as the output voltage of the array configuration as that of individual module voltage. The 4 × 4 series PV array 
topology is shown in Figure 5 (b). It has been accounted that parallel PV modules interconnection configuration scheme is lesser prone to mismatch 
losses and relative power losses as compared to S PV array configuration and this will be more clear in later sections discussing the detailed 
simulation analysis of PV array topologies.  
 
4.1.3 Series-Parallel (SP) PV Array Configuration  
 
The PV modules are first interconnected in a series configuration to acquire the desired output voltage to form a PV string and subsequently 
interconnected in parallel fashion to have the desired output current. The 4 × 4 series-parallel (SP) PV array topology is shown in Figure 5 (c). The 
SP PV array configuration is the most commonly used PV array topology because of its additional pros over other technologies such as ease to 
manufacture, economical and redundant connections.  
 
4.1.4 Total Cross Tied (TCT) PV Array Configuration  
 
In total cross-tied (TCT) configuration, PV modules are connected in a way so that voltage across each row is equal to the 𝑉௢௖ of a single module and 
PV array voltage is the cumulative voltage of each row. The output current of the PV array is the cumulative current of all the PV modules 
interconnected in a row. The 4 × 4 total cross-tied (TCT) PV array topology is shown in Figure 5 (d). As it can be observed from the figure that TCT 
configuration employs more number of electrical connections and thus its architecture is a bit complex as compared to other PV array topologies. 
 
4.1.5 Central Cross Tied (CCT) PV Array Configuration  
 
The central cross-tied (CCT) configuration is similar to SP array configuration and is distinguished as CCT array configuration has electrical 
connections in the middle row of the SP PV array topology. In this way, CCT inherently takes the advantage of SP and TCT configurations as CCT 
array topology has a lesser number of PV modules connection in series as that of SP configuration and less  
number of electrical connections as in TCT. The 4 × 4 central cross-tied (TCT) PV array topology is shown in Figure 5 (e). 
 
4.1.6 Bridge Linked (BL) PV Array Configuration  
 
Bridge linked (BL) PV array configuration utilizes less number of series-connected modules as compared to S and SP configurations and the The PV 
modules are first interconnected in a series configuration and then in parallel to achieve the desired output voltage and current characteristics. The 
4 × 4 bridge linked (BL) PV array topology is shown in Figure 5 (f). 
 
4.1.7 Bridge Linked Total Cross Tied (BLTCT) PV Array Configuration 

The bridge-linked total cross-tied (BLTCT) configuration is similar to the BL PV array configuration with the exception that in BLTCT configuration 
is cross-tied from the middle of the row.BLTCT  utilizes less number of series-connected modules as compared to BL and has a lesser number of 
electrical connections than TCT. BLTCT is a hybrid configuration as it is a combination of BL PV array topology and CCT array configuration. The 
4 × 4 bridge linked total cross-tied (BLTCT) PV array topology is shown in Figure 5 (g). 
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4.1.8 Honey Comb (HC) PV Array Configuration 

The honeycomb (HC) PV array configuration utilizes less number of series-connected PV modules as compared to  S and  SP  array topologies and 
a high number of  PV modules connected in series than TCT configuration. So HC PV array configuration has overcome the drawbacks that a user 
face in S, P, SP, and BL configurations. HC PC array topology architecture is similar to the hexagon structure of a honeycomb. The 4 × 4 Honeycomb 
(HC) PV array topology is shown in Figure 5 (h).  
 
4.1.9 Honey Comb Total Cross Tied (HCTCT) PV Array Configuration 

The honeycomb total cross-tied (HCTCT) PV array configuration is similar to HC PV array topology except it is cross-tied from the middle rows of 
the HC configuration. HCTCT array topology utilizes less number of series-connected PV modules to that of S and SP configurations and the higher 
number of series connections than BL, BLTCT, and HC PV array configurations. The 4 × 4 Honeycomb total cross-tied (HCTCT) PV array topology 
is shown in Figure 5 (i). The detailed mathematical modeling for HCTCT configuration taking into account the  effects of PSCs has been done and 
will be discussed in section 5.  
 
4.1.10 Ladder (LD) PV Array Configuration 

In ladder(LD) PV array configuration the PV modules are connected in SP array configuration and then one of the consecutive columns have has an 
entire series-connected PV modules row and has an architecture similar to that of a ladder.LD array configuration has a lesser number of modules 
connected in series as compared to that of TCT. The 4 × 4 ladder (LD) PV array topology is shown in Figure 5 (j). 
 
 
4.2 Mathematical Modeling of Passing Clouds and Partial Shading Patterns 
 
  The PV modules are subjected to various partial shading conditions to have a comprehensive performance assessment of the PV array topologies. 
The PV modules are partially shaded by the passing clouds to obtain partial shading variants. The shadow of the passing clouds results in non-
uniform distribution of solar insolation over the PV modules. For this particular case study, solar irradiance is varied from 1000 𝑊 𝑚ଶ⁄  to 
900 𝑊 𝑚ଶ,⁄ 700 𝑊 𝑚ଶ⁄ , 500 𝑊 𝑚ଶ⁄ and300 𝑊 𝑚ଶ⁄ . The change in solar irradiance level due to passing clouds from STC conditions changes the 𝑉௢௖ and 
𝐼௦௖  of each PV cell and the PV module. 
 
    To have mathematical modeling and simulation of passing clouds a method has been proposed in [8]. The partial shading methods employed for 
this case-study include short narrow (SN), short wide (SW), long-narrow (LN), long wide (LW), diagonal (D), entire row distribution (ERD) and 
entire column distribution (ECD) partial shading patterns. Further details regarding each shading pattern are discussed later in this section. The 
distance 𝑅௝,௞ between the PV modules with index (j,k) at instant of time 𝑡௖ and the center of cloud is determined by solving Equation 11. 
 
                                                                                                            𝑅௝,௞ = ඥ(𝑗 − 𝑡௖  × 𝑣)ଶ + (𝑘 − 𝑡௖  × 𝑣)                                                                                    (11) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5.  PV modules interconnection configuration schemes schematics; (a)S (b) P (c) SP (d) TCT (e )CCT (f) BL (g) BLTCT (h) HC (i) HCTCT (j) LD 
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The cloud is moving with speed  𝑣 and the realistic values for the ratio of solar irradiance for each PV module range from 0 to 1 and can be specified 
using the sine function as given in subsequent equation wherein 𝐼௦௖,௢ is the short-circuit current of the unshaded PV cell and 𝐼௦௖(௝,௞) is the short-circuit 
current of the module at position(𝑗, 𝑘). 
                                                                                                                        ூೞ೎(ೕ,ೖ)

ூೞ೎,೚
= 0.5 +

௦௜௡(ோೕ,ೖ)

ଵାோೕ,ೖ
                                                                                                   (12) 

  The short circuit current of the PV cell is approximately proportional to the available solar insolation. Therefore, the effect of passing cloud to the 
PV modules interconnection configuration schemes may be modeled as the change of short circuit current all PV strings. The implementation of 
passing clouds according to a particular shading pattern is illustrated in Figure 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       
    To provide further insight on a particular shading pattern corresponding to the passing clouds to generate specific shading condition, PV modules 
have been placed in 4 × 4 arrangement and for ease, a matrix form pattern is taken into account as given by Equation 13 to have the exact location 
of the module and the shading patterns wherein  𝑀௝௞ denotes module (M) location in the specific row (j) and column (k). Figure 7 (a) illustrates the 
solar insolation levels being employed and PV module's location. The detailed characteristics of all shading patterns are illustrated in Figure 7 (b) 
 

                                                                                                            𝑀௝௞=൥

𝑀ଵଵ ⋯ 𝑀ଵ௞

⋮ ⋱ ⋮
𝑀௝ଵ ⋯ 𝑀௝௞

൩                                                                                                                                                (13) 

       
where                      𝑗=1,2,3,4   and     𝑘=1,2,3,4   
 
 
4.2.1 Short-Narrow (SN) Shading  Pattern 
 
  Short narrow (SN) shading condition has been named so as PSC effects will appear so that shaded modules length is short compared to the length 
of the PV string and is narrow compared to the width of the PV string.SN shading condition has been shown in Figure 7(b).  In this case the module 
at the place of  𝑀ଵଵ is subjected to an irradiation level of 300 𝑊 𝑚ଶ⁄  and module at  𝑀ଶଵ will receive 500 𝑊 𝑚ଶ⁄  of radiation while the rest of the 
modules placed at 𝑀ଵଶ, 𝑀ଵଷ, 𝑀ଵସ,𝑀ଶଶ,𝑀ଶଷ,𝑀ଶସ,𝑀ଷଵ, 𝑀ଷଶ,𝑀ଷଷ,𝑀ଷସ,𝑀ସଵ , 𝑀ସଵ , 𝑀ସଶ , 𝑀ସଷ and 𝑀ସସ positions will receive uniform irradiance or the irradiance at 
STC.  
 
4.2.2 Short-Wide (SW) Shading  Pattern 
   
  Short-wide (SW) shading condition has been named so as PSC effects will appear so that shaded modules length is short compared to PV array 
length and wide compared to the width of the PV string. In this case the modules at the  
place of  𝑀ଵଵ, 𝑀ଵଶ are  subjected to irradiation level of         300 𝑊 𝑚ଶ⁄  and modules at  𝑀ଶଵ, 𝑀ଶଶ will receive 500  𝑊 𝑚ଶ⁄  of solar irradiation while the 
rest of the modules placed at 𝑀ଵଷ, 𝑀ଵସ,𝑀ଶଷ,𝑀ଶସ,𝑀ଷଵ, 𝑀ଷଶ,𝑀ଷଷ,𝑀ଷସ,𝑀ସଵ, 𝑀ସଶ, 𝑀ସଷ and 𝑀ସସ positions will receive uniform solar insolation or the irradiance 
at STC.SW shading condition pattern has been shown in Figure 7(b) 
4.2.3 Long Narrow (LN) Shading Condition Pattern 
 
   Long narrow (LN) shading condition has been named so as PSC effects will appear so that shaded modules length is long compared to PV string 
and narrow compared to the width of the PV array.   In this case the modules at the place of  𝑀ଵଵ, 𝑀ଵଶ, 𝑀ଶଵ are  subjected to irradiation level of   300 
𝑊 𝑚ଶ⁄  and modules at  𝑀ଶଶ, 𝑀ଷଵ , 𝑀ଷଶ will receive 500  𝑊 𝑚ଶ⁄  of solar irradiation, 𝑀ସଵ, 𝑀ସଶ are subjected to solar insolation of 700 𝑊 𝑚ଶ⁄  while the rest 
of the modules placed at 𝑀ଵଷ, 𝑀ଵସ,𝑀ଶଷ,𝑀ଶସ,𝑀ଷଷ,𝑀ଷସ, 𝑀ସଷ and 𝑀ସସ positions will receive uniform solar insolation or the irradiance at STC.LN shading 
condition pattern has been shown in Figure 7 (b). 

 

Fig.6. Partial shading patterns (a) short narrow (SN) (b) short wide (SW) (c) long narrow (LN) (d) long wide (LW) (e) diagonal (D) (f) entire row distribution (ERD) (g) entire column distribution 
(ECD) 
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4.2.4 Long Wide (LW) Shading Pattern 
 
       Long narrow (LW) shading condition has been named so as PSC effects will appear so that shaded modules length is long compared to PV string 
and wide compared to the width of the PV array.   In this case the modules at the place of  𝑀ଵଵ, 𝑀ଵଶ, 𝑀ଶଵ, 𝑀ଶଶ are  subjected to irradiation level of   
300 𝑊 𝑚ଶ⁄  and modules at  𝑀ଵଷ, 𝑀ଶଷ, 𝑀ଷଷ will receive 500  𝑊 𝑚ଶ⁄  of  solar irradiation, 𝑀ସଵ, 𝑀ସଶ are subjected to solar insolation of 700 𝑊 𝑚ଶ⁄  , 𝑀ସଷ is 
subjected to solar insolation of 900 𝑊 𝑚ଶ⁄  while the rest of the modules placed  
uniform solar insolation or the irradiance at STC.D shading condition pattern has been shown in Figure 7(b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.2.5 Entire Row Distribution (ERD) Shading  Pattern 
 
In the case of the entire row distribution (ERD) shading condition pattern, the modules in the entire single row are shaded.  In this case the modules 
at the place of  𝑀ଵଵ, 𝑀ଵଶ, 𝑀ଵଷ, 𝑀ଵସ are  subjected to irradiation level of   300 𝑊 𝑚ଶ⁄  , 500 𝑊 𝑚ଶ⁄ , 700 𝑊 𝑚ଶ⁄  and  900 𝑊 𝑚ଶ⁄  while the rest of the modules 
will receive uniform solar insolation or the irradiance at STC.ERD shading condition pattern has been shown in Figure 7(b). 
 
 
4.2.6 Entire Column Distribution (ECD) Shading  Pattern 
 
In the case of the entire column distribution (ERD) shading condition pattern, the modules in the entire single column are shaded. In this case the 
modules at the place of  𝑀ଵଵ, 𝑀ଵଶ, 𝑀ଵଷ, 𝑀ଵସ are  subjected to irradiation level of   300 𝑊 𝑚ଶ⁄  , 500 𝑊 𝑚ଶ⁄ , 700 𝑊 𝑚ଶ⁄  and  900 𝑊 𝑚ଶ⁄  while the rest of 
the modules will receive uniform solar insolation or the irradiance at STC.ECD shading condition pattern has been shown in Figure 7(b). 
 
5 Mathematical Modeling of HCTCT Configuration under PSCs 
 
The mathematical modeling for the 4 × 4  honeycomb total cross-tied (HCTCT) hybrid PV configuration is being done to have detailed insight into 
the HCTCT configuration scheme characteristics under uniform and PSCs. The mathematical modeling has been performed for ERD and ECD 
shading condition patterns and the same concept can be extended for subsequent shading patterns or even to more possible partial shading patterns 
and size of the PV array system. The broader picture of the HCTCT PV array configuration is shown in Figure 8 
 
 
 

 

Fig.7.  Partial shading patterns (a) schematic to show position of PV modules and the solar insolation level (b) partial shading patterns  
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From Figure 8, by applying Kirchhoff’s current law at nodes 𝑁ଵ and 𝑁ଶ , we have; 
 
                                                                                                                            𝐼ଵ + 𝐼ହ = 𝐼ଶ + 𝐼଺                                                                                             (14) 
                                                                                                                       𝐼ଶ + 𝐼଺ = 𝐼ଷ + 𝐼଻ + 𝐼                                                                                                      (15)                                
Similarly, the nodal equations at 𝑁ଷ and 𝑁ସ can be given as. 
 
                                                                                                                    𝐼଻ + 𝐼ଵଵ = 𝐼ହ + 𝐼 + 𝐼ଽ + 𝐼ଵ଴                                                                          (16) 
                                                                                                                         𝐼଻ + 𝐼ଵଵ = 𝐼 + 𝐼ଵଶ                                                                          (17)    
                   
The nodal equations for nodes 𝑁ହ and 𝑁଺ can be written as;  
                                                                                                                         𝐼ଽ + 𝐼ଵଷ = 𝐼ଵ଴ + 𝐼ଵସ                                                         (18) 
                                                                                                                   𝐼ଵ଴ + 𝐼ଵସ = 𝐼ଵଵ + 𝐼ଵଶ + 𝐼ଵହ + 𝐼ଵ଺                                                         (19)
       
To have voltage equations, applying Kirchhoff’s voltage for each loop and we have;  
                                                                                                                                  𝑉ଵ = 𝑉ହ                                                                                            (20) 

               𝑉ଶ = 𝑉଺                                                                                                             (21) 
       𝑉ଷ + 𝑉ସ = 𝑉଻ + 𝑉                                                                             (22) 
               𝑉ଽ = 𝑉ଵଷ                                                          (23) 
             𝑉ଵ଴ = 𝑉ଵସ                                                             (24) 
   𝑉ଵଵ + 𝑉ଵଶ = 𝑉ଵହ+𝑉ଵ଺                                                                             (25) 

 
    Now, applying Kirchhoff’s voltage for the four modules in the first column considering them in a loop, the total output voltage (𝑉௢) in the first 
column PV modules will be; 
                                                                                                                        ∑ 𝑉௡ = 𝑉௢

ସ
௡ୀଵ                                                                             (26) 

     The above-mentioned voltage equation is implementable for the PV modules operating under uniform irradiance conditions and also under PSCs. 
Based on the above considerations for the voltage and current equations, we can conclude the total output voltage (𝑉௢௨௧,௧) and total output current 
(𝐼௢௨௧,௧) equations for the HCTCT PV array configuration as; 
 
                                                                                       𝑉௢௨௧,௧ = 𝑉ଵ+𝑉ଶ + 𝑉ଷ + 𝑉ସ = 𝑉ଵଷ+𝑉ଵସ + 𝑉ଵହ + 𝑉ଵ଺                                                                                 (27)
                  
                                                                                                                  𝐼௢௨௧,௧ = 𝐼ଵ + 𝐼ହ + 𝐼ଽ + 𝐼ଵଷ                                                                           (28)
   
  In addition, the shading factor (𝛼) for the ERD and ECD shading condition patterns can be given by Equation (29), wherein 𝑆 is the solar irradiance 
under PSCs and 𝑆௢ is the solar irradiance at STC. 
 
                                                                                                                             𝛼 = 1 −

ௌ

ௌ೚
                                                                            (29)

                 
   Considering the shading factor photo-generated current relation with respect to solar irradiance can be given by Equation (30), wherein 𝐼௣௚,௢ 
corresponds to the photo-generated current under STC without any mismatch losses. 
 

 

Fig.8. HCTCT PV array configuration broader picture 
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                                                                                                                      𝐼௣௚(𝑆) =
ௌ

ௌ೚
𝐼௣௚,௢                                                          (30)

       
    The above relation can be extendable to incorporate the short-circuit current (𝐼௦௖) and photogenerated current(𝐼௣௚) relation considering the shading 
factor (𝛼) under STC and PSCs and is given by Equation (31) and Equation (32) respectively. 
                                                                                                                         𝐼௦௖ = 1 −

ௌ

ଵ଴଴଴
𝐼௣௚                                                                           (31)                             

                                                                                                                         𝐼௦௖ =
(ଵିఈ)ௌ

ଵ଴଴଴
𝐼௣௚                                                                           (32)              

 
Now based on the above considerations we will compute the output voltage and output current relations for the ERD and ECD shading condition 

patterns. The HCTCT PV array configuration with respective shading pattern, current, and voltages is shown in Figure 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.1 Mathematical Modeling for ERD Shading Condition Pattern 
 
For the case of ERD shading condition, the current expressions can be derived and are given by Equations (33)-(37). 
 
                                                                                  𝐼ଶ = 𝐼ଷ=𝐼ସ = 𝐼଺ = 𝐼଻ = 𝐼 = 𝐼ଵ଴ = 𝐼ଵଵ = 𝐼ଵଶ = 𝐼ଵସ = 𝐼ଵହ = 𝐼ଵ଺                                                                                              (33) 
 

                                                                                   𝐼ଵ଺ = 𝐼௣௚ − 𝐼௢ ቀ𝑒𝑥𝑝 ቀ
௤(௏ೆೄାூ೛೓,೘ேೞோೞ)

ேೞ௡௞்
ቁ − 1ቁ − ൬

௏ାூ೛೓,೘ಿೞோೞ

ேೞோ೛
൰                                                                           (34) 

   
                                                                                                          𝑉௎ௌ = 𝑉ଶ,ଷ,ସ,଺,଻,଼,ଵ଴,ଵଵ,ଵଶ,ଵସ,ଵହ,ଵ଺                                                                           (35)
    
Here 𝑉௎ௌ represents the voltage across unshaded modules. 
  

                                                               𝐼ଵ = 𝐼ଶ = 𝐼ଷ = 𝐼ସ = 𝐼௣௚ − 𝐼௣௚
ఈௌ

ଵ଴଴଴
− 𝐼௢ ቀ𝑒𝑥𝑝 ቀ

௤൫௏ೄಾାூ೛೓,೘ேೞோೞ൯

ேೞ௡௞்
ቁ − 1ቁ − ൬

௏ାூ೛೓,೘ேೞோೞ

ேೞோ೛
൰                                                      (36)

  
                                                                                                                     𝑉ௌெ = 𝑉ଵ,ହ,ଽ,ଵଷ                                                                                                              (37)
      
Here 𝑉ௌெ  represents the voltage across unshaded modules. Substituting the Equations (33)-(37) in Equations (27) and (28), the current and voltage 
relation can be written as; 

                                                                   𝐼௢௨௧,௧ = 4𝐼௣௚ − 4𝐼௣௚
ఈௌ

ଵ଴଴଴
− 4𝐼௢ ቀ𝑒𝑥𝑝 ቀ

௤൫௏ೄಾାூ೛೓,೘ேೞோೞ൯

ேೞ௡௞்
ቁ − 1ቁ − 4 ൬

௏ೄಾାூ೛೓,೘ேೞோೞ

ேೞோ೛
൰                                                         (38) 

 
Here 𝐼௢௨௧,௧ is the total output current. Now considering Equation (27), substitute the Equation (37) in the above equation, we can have the expression 
as given by Equation (39), wherein 𝑉ௌெଵ is the shaded module 𝑀ଵ at position 𝑀ଵଵ in PV array system. 

                                                              𝐼௢௨௧,௧ = 4𝐼௣௚ − 4𝐼௣௚
ఈௌ

ଵ଴଴଴
− 4𝐼௢ ቀ𝑒𝑥𝑝 ቀ

௤൫௏ೄಾభାூ೛೓,೘ேೞோೞ൯

ேೞ௡௞்
ቁ − 1ቁ − 4 ൬

௏ೄಾభାூ೛೓,೘ேೞோೞ

ேೞோ೛
൰                                                           (39) 

 
𝑉ௌெ = 𝑉௢௨௧,௧ − (𝑉ଶ + 𝑉ଷ) − 𝑉ସ 

 

 

Fig.9. HCTCT configuration (a) ERD shading pattern (b) ECD Shading pattern 
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From Equations (27) and (30), we can have the nodal voltage values as given by Equations (40) and (41). Substituting the nodal voltage values in 
Equation (39) gives the total output current of the HCTCT configuration under ERD shading condition patterns. 
 

                                                                                             𝑉ସ =
ேೞ௡௞௧

௤
ቈln ቆ

ூ೛೓,೘ାூ೚ାூ೛೓,೘
ೃೞ

ೃ೛
ି

಺೚ೠ೟,೟
ర

ூ೚
ቇ቉ − 𝐼௣௛,௠𝑁௦𝑅௦                                                                            (40) 

  

                                                                                 (𝑉ଶ + 𝑉ଷ) = 2
ேೞ௡௞௧

௤
ቈln ቆ

ூ೛೓,೘ାூ೚ାூ೛೓,೘
ೃೞ

ೃ೛
ି

಺೚ೠ೟,೟
ర

ூ೚
ቇ቉ − 2𝐼௣௛,௠𝑁௦𝑅௦                                                                        (41) 

 
5.2   Mathematical Modeling for ECD Shading Condition Pattern 
 
For the case of the ECD shading condition, the current expressions can be derived and are given by   Equations (42)-(45). 
 
                                                                                       𝐼ହ = 𝐼଺ =  𝐼଻ = 𝐼 = 𝐼ଽ = 𝐼ଵ଴ = 𝐼ଵଵ = 𝐼ଵଶ = 𝐼ଵଷ = 𝐼ଵସ = 𝐼ଵହ = 𝐼ଵ଺                                                                (42)  
                                 

                                                                                            𝐼ଵ଺ = 𝐼௣௚ − 𝐼௢ ቀ𝑒𝑥𝑝 ቀ
௤(௏ೆೄାூ೛೓,೘ேೞோೞ)

ேೞ௡௞்
ቁ − 1ቁ − ൬

௏ାூ೛೓,೘ேೞோೞ

ேೞோ೛
൰                                                        (43) 

 
                                                                                                               𝑉௎ௌ = 𝑉ହ,଺.଻,଼,ଽ,ଵ଴,ଵଵ,ଵଶ,ଵଷ,ଵସ,ଵହ,ଵ଺                                                                           (44)   
        

                                                              𝐼ଵ = 𝐼ଶ = 𝐼ଷ = 𝐼ସ = 𝐼௣௚ − 𝐼௣௚
ఈௌ

ଵ଴଴଴
− 𝐼௢ ቀ𝑒𝑥𝑝 ቀ

௤൫௏ೄಾାூ೛೓,೘ேೞோೞ൯

ேೞ௡௞்
ቁ − 1ቁ − ൬

௏ାூ೛೓,೘ಿೞோೞ

ேೞோ೛
൰                                                      (45)

  
                                                                                                                         𝑉ௌெ = 𝑉ଵ,ଶ,ଷ,ସ                                                                                             (46)
       
 Substituting the Equations (42)-(46) in Equations (27) and (28), the current and voltage relation can be written as; 
 

                                                                  𝐼௢௨௧,௧ = 4𝐼௣௚ − 𝐼௣௚
ఈௌ

ଵ଴଴଴
− 4𝐼௢ ቀ𝑒𝑥𝑝 ቀ

௤൫௏భ,మ,య,రାூ೛೓,೘ேೞோೞ൯

ேೞ௡௞்
ቁ − 1ቁ −   4 ൬

௏భ,మ,య,రାூ೛೓,೘ேೞோೞ

ேೞோ೛
൰                                                      (47) 

 
And , Now considering Equation (46), substitute the Equation (46) in the above equation, we can have the expression as given by Equations (49), 
(51), and (53). 
 

 𝐼௢௨௧,௧ = 4𝐼௣௚ − 𝐼௣௚
ఈௌ

ଵ଴଴଴
− 4𝐼௢ ቀ𝑒𝑥𝑝 ቀ

௤൫௏భାூ೛೓,೘ேೞோೞ൯

ேೞ௡௞்
ቁ − 1ቁ − 4 ൬

௏భାூ೛೓,೘ேೞோೞ

ேೞோ೛
൰ = 4𝐼௣௚ − 𝐼௣௚

ఈௌ

ଵ଴଴଴
− 4𝐼௢ ቀ𝑒𝑥𝑝 ቀ

௤൫௏మାூ೛೓,೘ேೞோೞ൯

ேೞ௡௞்
ቁ − 1ቁ −    4 ൬

௏మ,య,రାூ೛೓,೘ேೞோೞ

ேೞோ೛
൰            (48) 

 
                                                                                                                            𝑉ଵ = 𝑉ଶ                                                                                                               (49) 
 

 𝐼௢௨௧,௧ = 4𝐼௣௚ − 𝐼௣௚
ఈௌ

ଵ଴଴଴
− 4𝐼௢ ቀ𝑒𝑥𝑝 ቀ

௤൫௏భାூ೛೓,೘ேೞோೞ൯

ேೞ௡௞்
ቁ − 1ቁ − 4 ൬

௏భାூ೛೓,೘ேೞோೞ

ேೞோ೛
൰ = 4𝐼௣௚ − 𝐼௣௚

ఈௌ

ଵ଴଴଴
− 4𝐼௢ ቀ𝑒𝑥𝑝 ቀ

௤൫௏యାூ೛೓,೘ேೞோೞ൯

ேೞ௡௞்
ቁ − 1ቁ −    4 ൬

௏మ,య,రାூ೛೓,೘ேೞோೞ

ேೞோ೛
൰             (50)                                               

 
                                                                                                                            𝑉ଵ = 𝑉ଷ                                                                                                               (51) 
 

  𝐼௢௨ ,௧ = 4𝐼௣௚ − 𝐼௣௚
ఈௌ

ଵ଴଴଴
− 4𝐼௢ ቀ𝑒𝑥𝑝 ቀ

௤(௏భାூ೛೓,೘ேೞோೞ)

ேೞ௡௞்
ቁ − 1ቁ − 4 ൬

௏భାூ೛೓,೘ேೞோೞ

ேೞோ೛
൰ = 4𝐼௣௚ − 𝐼௣௚

ఈௌ

ଵ଴଴଴
− 4𝐼௢ ቀ𝑒𝑥𝑝 ቀ

௤൫௏యାூ೛೓,೘ேೞோೞ൯

ேೞ௡௞்
ቁ − 1ቁ −   4 ൬

௏మ,య,రାூ೛೓,೘ேೞோೞ

ேೞோ೛
൰            (52) 

                                
                                                                                         𝑉ଵ = 𝑉ସ                                                                               (53)
                   

Considering the Equations (49), (51) and (53), we can have the following expression. 
 
                                                                                                                   𝑉ଵ = 𝑉ଶ = 𝑉ଷ = 𝑉ସ                                                                                   (54)
                  
Substituting the expression for voltage relation as obtained from the above expression in Equation (27), we can write voltage expression as; 
 
                                                                                                            𝑉௢௨௧,௧ = 𝑉ଵ + 𝑉ଶ + 𝑉ଷ+𝑉ସ= 4𝑉ଵ                                                                                                (55) 
 
Substituting the voltage expression in Equation (55) in Equation (28) gives the total output current of the HCTCT configuration under ERD shading 
condition patterns.  

                                                                     𝐼௢௨௧,௧ = 4𝐼௣௚ − 𝐼௣௚
ఈௌ

ଵ଴଴଴
− 4𝐼௢ ቆ𝑒𝑥𝑝 ቆ

௤ቀ
ೇ೚ೠ೟,೟

ర
ାூ೛೓,೘ேೞோೞቁ

ேೞ௡௞்
ቇ − 1ቇ −  4 ൬

௏భାூ೛೓,೘ேೞோೞ

ேೞோ೛
൰                                                       (56) 

5.3 Mathematical Analysis for ERD and ECD shading Cases 

 
  This section discusses the numerical analysis of the results obtained in sections 5.1 and 5.2. The investigation for the HCTCT configuration under 
ERD and ECD shading condition patterns is as follows; 
1. For the case of ERD shading condition, the study concludes that under the PSCs compared to the unshaded case, the value of short circuit 

current (𝐼௦௖) is not changed and due to 𝑙𝑛 relation in Equation (32), HCTCT configuration I-V relation has 4 peaks. The point where the current-
voltage (I-V) curve changes (𝐼௦௛ௗ) its direction is given by 4𝐼௣௚ −

ସఈௌ

ଵ଴଴
𝐼௣௚. It is to be noted that 𝐼௦௛ௗ corresponds to the current where current-
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voltage characteristics change path or direction because of the shading effects and the emergence of the new peak depends upon the shading 
factor(𝛼). 

 
2. For the case of ERD shading condition, the study concludes that under the PSCs compared to the unshaded case, the value of short circuit 

current (𝐼௦௖) is changed and equals to 4𝐼௣௚ −
ఈௌ

ଵ଴଴
𝐼௣௚. In this case, HCTCT configuration has 2 peaks and there will change in the current direction 

(𝐼௦௛ௗ) under this particular shading condition. 

  The numerical analysis summarized in Table 2 is verified able with the simulation results discussed in sections 6.7 and 6.8 respectively and the 
mathematical modeling results for the HCTCT configuration under ERD and ECD shading conditions are quite satisfied with the simulation results 
showing that accurate modeling has been performed for the proposed HCTCT hybrid PV array configuration. 

 

 

Table 2 
Numerical Analysis Summary of HCTCT Configuration under ERD and ECD Shading Patterns 

Tested Shading 
Conditions 

𝑰𝒔𝒄 
(𝑨) 

𝑰𝒔𝒉𝒅 
(𝑨) 

Number of Peaks 

ERD 4𝐼௣௚ 4𝐼௣௚ − 4𝛼𝐼௣௚ 4(3GMPP +1 
LMPP) 

ECD 4𝐼௣௚ − 𝛼𝐼௣௚ 4𝐼௣௚ − 𝛼𝐼௣௚ 2(1GMPP +1 
LMPP) 

 

6. Simulation Results and Performance Assessment 
 
The performance assessment of each of the PV array topologies under partial shading pattern variants considering the maximum power generated 
(P୫୮), mismatch power loss (∆P୫୪) , relative power loss (P୰୪) and the fill factor (FF) is discussed in this section. The values have been extracted by 
simulating each of the PV array topologies under shading patterns based on the methodology illustrated in Figure 1 and Figure 2. 
 
6.1. Standard Test Conditions (STC)  
 
  Under uniform irradiance conditions or STC (1000 𝑊 𝑚ଶ⁄  and 25℃), there will be no emergence of multiple maxima and all the PV array 
configurations exhibit unique global maximum power point (GMPP). The LMPP does not exist under STC conditions. The maximum power 
generated by all PV array is the same and is equal to 3997 W. The fill factor of all PV array configuration is approximately  the same and is equal to 
79.02%. Further details regarding the open-circuit voltage(𝑉௢௖), short circuit current(𝐼௦௖), global and peak point parameters including the power 
generated at maximum power point (𝑃௠௣), the voltage at maximum power point(𝑉௠௣), the current produced at the maximum power point(𝐼௠௣) is 
are provided in Table 3.The mismatch power loss (∆P୫୪) for all the array configurations is quite less and is 0.058%.For standard test conditions, ∆P୫୪ 
is calculated based on the rated parameters of the module. Moreover, the series(S) and parallel (P) array configurations show differentiating voltage 
and current characteristics as compared to the rest of the PV array topologies. Figure 10 graphically depicts the comparative analysis of all the array 
configurations in terms of maximum power generated and the mismatch power losses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.10. Maximum power generation and mismatch power losses of PV modules interconnection configuration schemes under standard testing conditions 
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6.2. SN Shading Pattern 
  
  Under SN partial shading conditions compared to the STC, it has been observed that all the PV array configurations are prone to multiple maximas 
and as a result power mismatch losses are significant in each configuration except the parallel (P) array configuration which still exhibits the unique 
GMPP with minimum ∆P୫୪ among all configurations and is 7.6% with maximum power generation. However, after P configuration, TCT  array 
topology yields the maximum power generation with the value 3501 W and mismatch power losses are 12.41%. Moreover, HCTCT configuration 
also yields the maximum power generation after P and TCT array configurations. The number of peaks (NOPs) generated in each configuration 
under SN PSC  are two except P configuration which gives a single peak Further details regarding the open-circuit voltage(𝑉௢௖), short circuit 
current(𝐼௦௖), global and peak point parameters including the power generated at maximum power point (𝑃௠௣), the voltage at maximum power 
point(𝑉௠௣), the current produced at the maximum power point(𝐼௠௣) is are provided in Table 3. The comparative analysis of all the array 
configurations in terms of maximum power generated and the mismatch power losses have been illustrated in Figure 11 and Figure 12 respectively. 
The relative power loss (P୰୪)  is calculated based on  Equations (8) and (9).The relative power loss (P୰୪)  for the S, P, SP, TCT, BL,BLTCT ,HC,HCTCT 
and LD PV modules interconnection configuration schemes is 211 ,7 ,383 ,199 ,241 307 ,241 ,293  and 222 respectively and is graphically illustrated 
in Figure 13.It can be observed TCT configuration gives the better energy output and has the least mismatch power loss and relative power loss after 
P array configuration. 
 
6.3. SW Shading Pattern 
The Series PV array configuration I-V and I-P characteristics are significantly affected under SW partial shading pattern and the mismatch power 
losses reach to 50.91% and the generated power drops down to 1962 W. The parallel configuration is least affected under this shading pattern and 
has minimal mismatch losses. However, TCT configuration yields more energy output equals to 2833 W and has minimal mismatch losses as 
compared to other configurations after P array configuration. However, BLTCT configuration also yields maximum power generation quite closer 
to the TCT configuration with the value 2803 W. CCT and HCTCT generated 2783W whereas LD yields minimal power after S array configuration. 
The number of peaks generated in S array configuration is four while all other configurations tend to produce two peaks except P array configuration 
which again exhibits a unique peak under SN PSC. Further details regarding the open-circuit voltage(𝑉௢௖), short circuit current(𝐼௦௖), global and peak 
point parameters including the power generated at maximum power point (𝑃௠௣), the voltage at maximum power point(𝑉௠௣), the current produced 
at the maximum power point(𝐼௠௣) is are provided in Table 3 
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Table 3  
PV Modules Configurations Parameter variations under Shading Conditions  

 
 

Topology 

 
 

𝑽𝒐𝒄 
(𝐕) 

 
 

𝑰𝒔𝒄 
(𝐀) 

 
Global  Peak Point Parameters 

 
Local Peak Point Parameters 

 
FF 

 
(%) 

 
∆𝐏𝐦𝐥 

 

(%) 
𝑷𝒎𝒑 
(𝐖) 

𝑽𝒎𝒑 
(𝐕) 

𝑰𝒎𝒑 
(𝑨) 

𝑷𝒎𝒑 
(𝐖) 

𝑽𝒎𝒑 
(𝐕) 

𝑰𝒎𝒑 
(𝐀) 

  

 
a. STC conditions 

 
S 814.8 6.207 3997.0 688.0 5.81 - - - 79.03 0.058 
P 50.93 99.31 3997.0 43.0 94.96 - - - 79.02 0.058 

SP 203.7 24.83 3997.0 172.2 23.22 - - - 79.02 0.058 

TCT 203.6 24.83 3997.0 171.5 23.32 - - - 79.06 0.058 

CCT 203.7 24.83 3997.0 172.5 23.17 - - - 79.02 0.058 

BL 203.7 24.83 3997.0 170.0 23.51 - - - 79.02 0.058 

BLTCT 203.7 24.83 3997.0 172.5 23.17 - - - 79.02 0.058 

HC 203.7 24.83 3997.0 172.5 23.17 - - - 79.02 0.058 

HCTCT 203.7 24.83 3997.0 171.5 23.3 - - - 79.02 0.058 
LD 203.6 24.83 3997.0 172.5 23.11 - - - 79.06 0.058 

 
b. SN shading Pattern 

S 810.2 6.207 3489 600 5.809 2189 
1430 

712 
776 

3.071 
776 

69.37 12.70 

P 50.75 91.87 3693 42.84 86.24 - - - 79.20 7.60 

SP 202.8 24.83 3317 172.3 19.25 2980 
2110 

141.1 
90.32 

21.07 
23.47 

65.87 17.01 

TCT 202.9 24.82 3501 174.9 20.01 2746 
1960 

129.9 
84.96 

21.14 
23.07 

69.51 12.40 

CCT 202.9 24.82 3459 175 19.76 2834 
1960 

135 
84.96 

20.98 
23.06 

68.68 13.46 

BL 202.9 24.82 3393 175.2 19.37 2883 
2014 

137.5 
86.02 

20.98 
23.42 

67.37 15.11 

BLTCT 202.9 24.82 3459 175 19.76 2833 
1960 

134.9 
84.97 

21.0 
23.07 

68.6 13.46 

HC 202.9 24.83 3407 175 19.46 2709 
2117 

130.2 
90.01 

20.08 
23.52 

67.62 14.76 

HCTCT 202.9 24.82 3478 175.1 19.86 2789 
1960 

132.4 
85.01 

21.06 
23.06 

69.06 12.98 

LD 202.9 24.82 3385 175 19.34 2856 
2040 

135.2 
87.5 

21.15 
23.31 

67.21 15.31 

 
c. SW shading Pattern 

S 800.07 6.205 1962 336 336 1917 
1810 
1338 

448 
600 
760 

 

4.227 
3.016 
1.760 

39.52 50.91 

P 50.57 84.42 3388 42.97 78.84 - - - 79.3 15.23 

SP 201.9 24.83 2636 174.3 15.12 2155 
2034 

138.5 
85.79 

18.16 
23.75 

52.58 34.05 

TCT 202.1 24.82 2833 179.9 15.75 2407 
1959 

132.4 
85.07 

18.18 
23.02 

56.4 29.12 

CCT 202.1 24.82 2783 179 15.55 2452 
1958 

134.9 
83.68 

18.17 
23.45 

55.48 30.37 

BL 202.0 24.82 2758 177.5 15.51 23.67 
2342 
2015 

139.8 
132.2 
87.08 

16.92 
17.72 
23.11 

55.01 30.99 

BLTCT 202.1 24.82 2808 180 15.6 2421 
1960 

133.4 
84.97 

18.17 
23.07 

55.97 29.74 

HC 202 24.82 2702 177.5 15.22 2469 
1989 

137.3 
85.69 

17.97 
23.23 

53.89 32.39 

HCTCT 202.1 24.82 2783 178.5 15.59 2452 
1958 

135 
83.06 

18.17 
23.35 

55.48 30.37 

LD 201.9 24.82 2363 172.6 15.27 2040 
2512 

87.46 
139.8 

23.32 
17.97 

48.35 40.88 

 
d.         LN shading Pattern 

S 806.1 6.21 2980 512 5.823 2005 
1394 

656 
768 

3.057 
1.815 

59.5 25.44 

P 50.26 73.24 2932 42.79 68.51 - - - 79.6 26.64 
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Topology 

 
 

𝑽𝒐𝒄 
(𝐕) 

 
 

𝑰𝒔𝒄 
(𝐀) 

 
           Global  Peak Point Parameters 

 

 
Local Peak Point Parameters 

 
FF  

 
(%) 

 
∆𝐏𝐦𝐥 

 

 (%) 
𝑷𝒎𝒑 
(𝐖) 

𝑽𝒎𝒑 
(𝐕) 

𝑰𝒎𝒑 
(𝑨) 

𝑷𝒎𝒑 
(𝐖) 

𝑽𝒎𝒑 
(𝐕) 

𝑰𝒎𝒑 
(𝐀) 

  

SP 200.9 21.09 2627 174.7 15.04 2277 
1619 
829.1 

135.9 
88.08 
40.69 

16.67 
18.22 
20.39 

62.00 34.27 

TCT 201.0 21.08 2754 175.1 15.72 2181 
1520 
799.4 

130 
85.39 
40.11 

16.77 
17.83 
19.91 

64.99 31.09 

CCT 200.9 21.09 2711 174.9 15.50 2235 
1480 
838.9 

132.6 
83.8 
42.46 

16.86 
17.83 
19.76 

63.98 32.17 

BL 210 21.09 2725 175.1 15.55 2167 
1574 
811.1 

131.3 
87.66 
40.08 

16.5 
17.96 
20.23 

61.2 31.82 

BLTCT 201 21.09 2733 174.9 15.63 2202 
1499 
807.3 

130 
83.52 
39.73 

16.94 
17.95 
20.32 

64.47 31.62 

HC 200.9 21.09 2678 174.6 15.34 2210 
1631 
811.1 

132.8 
90.48 
39.98 

16.64 
18.01 
20.29 

63.20 32.99 

HCTCT 201 21.09 2724 175.1 15.55 2215 
1502 
813.3 

131.5 
84.1 
41.37 

16.84 
17.7 
19.68 

64.25 31.84 

LD 200.9 21.09 2635 173.2 15.22 2286 
1592 
832 

135.4 
88.34 
41.24 

16.88 
18.02 
20.19 

62.19 34.07 

 
a. LW shading Pattern            

S 793.1 6.202 1361 448 3.039 1299 
1142 
1353 
1305 
942.4 

304 
208 
456 
128 
160 

4.273 
5.489 
2.965 
6.143 
5.844 

27.66 65.94 

P 49.82 59.59 2376 42.33 56.12 - - - 80.03 40.55 

SP 199.9 20.47 2119 171.9 12.33 779.1 42.37 18.41 51.78 46.98 

TCT 199.1 20.46 2141 172.1 12.44 774 40.18 19.18 52.56 46.43 

CCT 199.1 20.47 2115 172.1 12.29 787 40.06 19.42 51.89 47.08 

BL 199 20.47 2116 171.7 12.32 785.2 40.94 19.21 51.94 47.06 

BLTCT 199 20.47 2115 172.4 12.27 786 40.57 19.39 51.92 47.08 

HC 199 20.47 2118 172.2 12.3 785.7 40.91 19.2 51.99 47.01 

HCTCT 199 20.47 2115 172.2 12.28 786.1 40.54 19.41 51.92 47.08 

LD 199 20.46 2137 172.4 12.39 775.9 40.01 19.4 52.48 46.53 

 
f.        D  shading Pattern 

S 809.2       6.207 3131 568 5.531          2976 
2773 
2184 
1427 

504 
648 
712 
776 

5.905 
4.279 
3.068 
1.834 

62.33 21.66 

P 50.73 89.38 3592 42.84 83.85 - - - 79.21 10.13 

SP 202.5 24.83 2980 128.2 23.2 2582 178.6 14.45 59.26 25.44 

TCT 202.7 24.19 3474 174.9 19.87 2703 
1840 
907.2 

129 
82.38 
39.1 

20.95 
22.31 
23.3 

70.85 13.08 

CCT 202.6 24.82 2979 177.5 16.77 2808 
2033 

131.1 
85.65 

21.4 
23.74 

59.24 25.46 

BL 202.5 24.83 2981 127.5 23.37 2617 180 14.54 59.28 25.41 

BLTCT 202.6 24.82 3011 180 16.72 2809 
1994 

130.2 
85.06 

27.56 
23.46 

59.87 24.66 

HC 202.7 24.82 3389 175.3 19.33 2704 
1833 
969.2 

130.1 
85.23 
40.56 

20.78 
22.9 

23.98 

67.36 15.21 

HCTCT 202.7 24.81 3446 174.9 19.72 2730 
1781 
954.7 

129.9 
81.58 
40.71 

21.02 
21.84 
22.94 

68.52 13.78 

LD 202.7 24.82 3219 177.6 18.12 2645 
1988 

130 
86.75 

20.35 
22.93 

63.98 19.46 

 
g.         ERD shading Pattern 
 

S 809.1 6.207 3132 569.7 5.50 2980 
2769 
2182 
1425 

510.7 
644.5 
713.1 
772.7 

5.84 
4.29 
3.05 
1.84 

62.36 21.64 

P 50.69 89.38 3592 42.73 84.10 - - - 79.28 10.13 

SP 202.7 24.2 3316 172.5 19.24 2933 
2002 
976 

138.5 
89.55 
41.38 

21.17 
22.35 
23.61 

67.59 17.03 
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The comparative analysis of all the array configurations in terms of maximum power generated and the mismatch power losses graphically have 
been shown in Figure 11 and Figure 12 respectively. The relative power loss (P୰୪)  is calculated based on  Equations (8) and (9).The relative power 
loss (P୰୪) for the S, P, SP, TCT, BL,BLTCT ,HC,HCTCT and LD PV modules interconnection configuration schemes is 1438, 12 , 764, 567, 617, 642, 592,   
698, 617 and 1037 respectively and is graphically shown in Figure 13.It can be observed TCT configuration gives the better energy output and has 
the least mismatch power loss and relative power loss after P array configuration. 
 
 
6.4. LN Pattern 

 
  Under LN shading condition, S configuration yields maximum power equals 2980 W. Parallel and total cross-tied array configurations yield the 
maximum power 2932 W and 2754 W respectively after S configuration. Maximum mismatch power loss is in LD configuration. In this case, S 
configuration generated three NOP on output I-V and P-V characteristics while all other PV array configurations generated four NOPs except P 
array topology which exhibits a unique peak powerpoint. Further details regarding PV array topology characteristics are given in Table 3. The 
comparative analysis of all the array configurations in terms of maximum power generated and the mismatch power losses has been illustrated in 
Figure 11 and Figure 12 respectively. The relative power loss (P୰୪)  is calculated based on  Equations (8) and (9).The relative power loss (P୰୪)  for the 
S, P, SP, TCT, BL, BLTCT,HC, HCTCT, and LD PV modules interconnection configuration schemes is 1 , 18, 323, 196, 239, 225, 217 , 272, 216, and 315 
respectively and is illustrated in Figure 13.  
 
 
6.5   LW Pattern 
 
  Under LW shading condition, the third fourth of the PV modules in array configurations are shaded. S configuration power is drastically reduced 
under LW shading conditions due to the series connection of modules. P configuration yields maximum power equals 2376 W. TCT and LD array 
configurations yield the maximum power 2141 W and 2137 W respectively after P configuration. Maximum mismatch power loss is in S 
configuration. In this case, S configuration generated six NOPs on output I-V and P-V characteristics while all other PV array configurations 
generated two NOP except P array topology which exhibits a unique peak powerpoint. Further details regarding PV array topology characteristics 

 
 

Topology 

 
 

𝑽𝒐𝒄 
(𝐕) 

 
 

𝑰𝒔𝒄 
(𝐀) 

Global  Peak Point Parameters Local Peak Point Parameters  
FF  

 
(%) 

 
∆𝐏𝐦𝐥 

 

 (%) 
𝑷𝒎𝒑 
(𝐖) 

𝑽𝒎𝒑 
(𝐕) 

𝑰𝒎𝒑 
(𝑨) 

𝑷𝒎𝒑 
(𝐖) 

𝑽𝒎𝒑 
(𝐕) 

𝑰𝒎𝒑 
(𝐀) 

  

TCT 202.7 24.19 3474 175 19.85 2701 
1832 
896 

127.0 
81.82 
38.22 

21.23 
22.39 
23.45 

70.85 13.08 

CCT 202.7 24.2 3428 175 19.56 2771 
1815 
9825 

130.2 
82.12 
41.91 

21.28 
22.12 
23.45 

69.88 14.23 

BL 202.7 24.2 3383 174.5 19.4 2837 
1878 
976 

135 
84.55 
41.45 

21.01 
22.21 
23.56 

68.96 15.36 

BLTCT 202.7 24.2 3428 175.0 19.59 2766 
1813 
978.2 

131.0 
81.92 
41.64 

21.19 
22.13 
23.5 

69.88 14.23 

HC 202.7 24.20 3404 174.5 19.51 2708 
2002 
1035 

130.4 
89.66 
41.84 

20.76 
22.33 
23.49 

69.39 14.83 

HCTCT 202.7 24.20 3448 174.5 19.75 2731 
1802 
970 

129.1 
81.06 
41.12 

21.15 
22.22 
23.54 

70.29 13.7 

LD 
 
 

202.7 24.20 3382 174.9 19.34 2806 
1920 
947.2 

132.1 
86.26 
40.36 

 

21.25 
22.25 
23.47 

68.94 15.38 

 
h.      ECD shading Pattern 
 

S 809.2 6.207 3133 569.5 5.501 2974 
2772 
2182 
1417 

503.2 
645.2 
713.0 
775.5 

5.91 
4.29 
3.05 

1.825 

62.37 21.61 

P 50.69 89.38 3592 42.73 84.10 - - - 79.28 10.10 

SP 202.5 24.83 2981 127.5 23.38 2582 179.9 14.36 59.28 25.41 

TCT 202.6 24.83 2981 127.7 23.34 2660 184.3 14.53 59.23 25.44 

CCT 202.6 24.83 2981 127.5 23.38 2647 182.5 14.49 59.25 25.41 

BL 202.5 24.83 2981 127.5 23.39 2637 182.0 14.49 59.28 25.41 

BLTCT 202.5 24.83 2982 127.5 23.38 2648 182.5 14.51 59.30 25.39 

HC 202.5 24.83 2981 127.5 23.38 2642 182.3 14.49 59.28 25.41 

HCTCT 202.6 24.83 2981 127.5 23.39 2655 182.4 14.55 59.25 25.41 

LD 202.5 24.83 2981 127.5 23.37 2611 179.7 14.53 59.28 25.41 
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are given in Table 3. The comparative analysis of all the array configurations in terms of maximum power generated and the mismatch power losses 
have been illustrated in Figure 11 and Figure 12 respectively. The relative power loss (P୰୪)  is calculated based on  Equations (8) and (9).The relative 
power loss (P୰୪)  for the S, P, SP, TCT, BL,BLTCT ,HC,HCTCT and LD PV modules interconnection configuration schemes is 1039, 24, 281, 259, 285, 
284, 285, 282, 285 and 263 respectively and is illustrated in Figure 13. 
 
6.6  D Pattern 

   In this case, the P array configuration yields the maximum power out among all configurations and is 3592 W. Afterwards, TCT and HCTCT 
configuration generated the maximum power equals to  3474 W and 3446 W respectively. SP yields the minimum power generation. . In this case S 
configuration generated five NOP on output I-V and P-V characteristics while S exhibited a unique number of a peak, SP and BL configurations 
generated two NOP, CCT and  BLTCT generated two NOPs, and TCT, HC, and TCT generated four NOP. Further details regarding PV array 
topology characteristics are given in Table 4. The comparative analysis of all the array configurations in terms of maximum power generated and 
the mismatch power losses have been illustrated in Figure 11 and Figure 12 respectively. The relative power loss (P୰୪)  is calculated based on  
Equations (8) and (9).The relative power loss (P୰୪)  for the S, P, SP, TCT, BL,BLTCT ,HC,HCTCT and LD PV modules interconnection configuration 
schemes is 469, 8, 620, 126, 621, 619, 589, 211, 154 and 381 respectively and is graphically shown in Figure 13.           
 
6.7 ERD Pattern 

 
   The mathematical modeling for the HCTCT array topology discussed in sub-section 5.2 is verifiable from the simulation results enlisted in Table 
3. The numerical analysis discussed in section 5.3 pointed out that there will be four NOPs for HCTCT configuration under ERD shading condition 
and the table depicts that simulation results verified the mathematical modeling. From the maximum power generation perspective, the P array 
configuration yields the maximum power output among all configurations with the value 3592W, and then TCT, HCTCT, CCT, BL subsequently 
extract the maximum power output. In this case, the S configuration generated five NOP on output I-V and P-V characteristics while all other 
configurations generated four NOP except P array configuration which exhibited the unique number of the peak. The comparative analysis of all 
the array configurations in terms of maximum power generated and the mismatch power losses have been shown graphically  in has been illustrated 
in Figure 11 and Figure 12 respectively.. The relative power loss (P୰୪)  is calculated based on  Equations (8) and (9).The relative power loss (P୰୪)  for 
the S, P, SP, TCT, BL,BLTCT ,HC,HCTCT and LD PV modules interconnection configuration schemes is 468, 8, 284, 126, 172, 217, 172, 196, 152 and 
218 respectively and is depicted  in Figure 13. 
 
6.8 ECD Pattern 
  The mathematical modeling for HCTCT array topology discussed in sub-section 5.3 is verifiable from the simulation results enlisted in Table 3. 
The numerical analysis discussed in section 5.3 pointed out that there will be four NOPs for HCTCT configuration under ECD shading condition 
and the table depicts that simulation results verified the mathematical modeling. From the maximum power generation perspective, P array 
configuration yields the maximum power output among all configurations with the value 3592W. In this case S configuration generated five NOP 
on output I-V and P-V characteristics while all other configurations generated two NOP except P array configuration which exhibited unique number 
of peak. The comparative analysis of all the array configurations in terms of maximum power generated and the mismatch power losses has been 
illustrated in Figure 11 and Figure 12 respectively. The relative power loss (P୰୪)  is calculated based on  Equations (8) and (9).The relative power loss 
(P୰୪)  for the S, P, SP, TCT, BL,BLTCT ,HC,HCTCT and LD PV modules interconnection configuration schemes is 467, 8,6 19, 620, 619, 619, 618, 619, 
619 and 619 respectively and is graphically shown in Figure 13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 

Fig.11. Comparative illustration of Maximum power generation of PV modules interconnection configuration schemes under partial shading patterns 
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7 PV Array Configurations Output Voltage and Current Expressions 
 
The mathematical expressions for the output voltage, current and power of the PV modules interconnection configuration schemes has been enlisted 
in Table 4. The expressions can be obtained on the same patterns as discussed in section 5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig.12. Comparative illustration of Mismatch power loss of PV modules interconnection configuration schemes under partial shading patterns 

Fig.13. Comparative illustration of Relative power loss of PV modules interconnection configuration schemes under partial shading patterns 

Table 4. Different Array topologies Output Voltage, Current and the respective Power expressions 

Topology Array output voltage 
(𝑽) 

Array Output current 
(A) 

Array output power 
(𝐖) 

S Vo = ∑ 𝑉ଵ଺
௣ୀଵ p = 16Vp 

p = module voltage in a PV string 
Io = Iq 

q = module current in a PV string  
Po = 16 x Vp x Iq 

P Vo = Vp 
p =  module voltage in a PV string 

Io= ∑ 𝐼ଵ଺
௤ୀଵ q = 16Iq 

q =  module current in a PV string 
Po = 16 x Vp x Iq 

SP Vo = ∑ 𝑉ସ
௣ୀଵ p = 4Vp 

p = module voltage in a PV string 
Io = I1+ I5 + I9 + I13 = 4 Iq 

q = individual  PV string current  
Po = 16 x Vp x Iq 

TCT Vo = Vr1+ Vr2 Vr3 + Vr4=4Vr 

r = individual PV row voltage 
Io = Iq1+ Iq5 + Iq9 + Iq13 = 4 Iq 

q = individual PV string current 
Po = 16 x Vr x Iq 

CCT Vo = ∑ 𝑉ସ
௣ୀଵ p = 4Vp 

p =  module voltage in a PV string 
Io = I1+ I5 + I9 + I13 = 4 Iq 

q =  PV string current 
Po = 16 x Vp x Iq 

BL Vo = ∑ 𝑉ସ
௣ୀଵ p = 4Vp 

p =  module voltage in a PV string 
Io = I1+ I5 + I9 + I13 = 4 Iq 

q =  PV string current 
Po = 16 x Vp x Iq 

BLTCT Vo = ∑ 𝑉ସ
௣ୀଵ p = 4Vp 

p =  module voltage in a PV string 
Io= I1+ I5 + I9 + I13 = 4 Iq 

q =  PV string current 
Po = 16 x Vp x Iq 

HC Vo = ∑ 𝑉ସ
௣ୀଵ p = 4Vp 

p =  module voltage in a PV string 
Io = I1+ I5 + I9 + I13 = 4 Iq 

q =  PV string current 
Po = 16 x Vp x Iq 

HCTCT Vo = ∑ 𝑉ସ
௣ୀଵ p = 4Vp 

p =  module voltage in a PV string 
Io= I1+ I5 + I9 + I13 = 4 Iq 

q =  PV string current   
Po = 16 x Vp x Iq 

LD Vo = ∑ 𝑉ସ
௣ୀଵ p = 4Vp 

p =  module voltage in a PV string 
Io = I1+ I5 + I9 + I13 = 4 Iq 

q = PV string current 
Po = 16 x Vp x Iq 
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8 Conclusion 
 
   A comparative performance analysis of the PV modules interconnection configuration schemes including S, P, SP, TCT, CCT, BL, BLTCT, HC, 
HCTCT, LD under STC, and PSCs is discussed in the paper. The parameters including𝑉௠௣, 𝐼௠௣, 𝑃௠௣ 𝑉௢௖ , 𝐼௦௖,∆P୫୪, 𝑃௥௟, FF, NOP, GMPP, LMPP are 
extracted for each of the array topologies. The paper provides a comprehensive study of the PV array topologies under various PSCs in comparison 
to the work investigated earlier and in the literature review. Accurate mathematical modeling for HCTCT configuration under ERD and ECD partial 
shading pattern has been performed and simulation results verified the numerical analysis. In addition, passing clouds have been simulated and 
shading variants have been obtained based on mathematical modeling. The paper investigates that P configuration yield the maximum power output 
with minimum mismatch power losses and relative power losses but the contribution of high current limits its use for practical PV applications. The 
greater NOPs in S array configuration limits its use for practical application as it is more prone to mismatch power losses and on average, the relative 
power losses are even greater than 580W. The descending trend for PV array configurations in extracting  𝑃௠௣  under different shading patterns is 
summarized below; 

SN Shading Pattern 
      P > TCT > S > HCTCT > CCT = BLTCT > HC > BL >LD > SP 
SW Shading Pattern 
      P > TCT > BLTCT >  CCT = HCTCT > BL > HC > SP >LD > S 
LN Shading Pattern 
       S > P > TCT > BLTCT > BL >  HCTCT > HC > LD > CCT > SP 
LW Shading Pattern 
       P > TCT > LD > BL > SP > HC > BL > CCT = HCTCT = BLTCT > SP 
D Shading Pattern 
       P > TCT > HCTCT > HC > S >  LD > BLTCT > BL > SP > CCT 
ERD Shading Pattern 
       P > TCT > HCTCT > CCT =  HCTCT > S > HC > BL > LD > SP > S 
ERD Shading Pattern 
       P > BLTCT > SP = TCT = CCT =BL =HC = HCTCT = LD > S 
   

   The mismatch power loss trend is a vice versa of maximum power generation trend. It can be observed that TCT array configuration yielded more 
power output and minimum mismatch power losses as well as relative power losses among all configurations after P configuration. The more 
number of series electrical connections makes it less economical. Besides these, the hybrid PV configurations including BLTCT and HCTCT  yielded 
power output quite closer to the TCT configuration in all shading patterns and has a minimum ∆P୫୪ and  𝑃௥௟ and making them superior over 
conventional array topologies. In addition, the comprehensive study regarding PV array topologies investigated in the paper can become a 
satisfactory source in the selection of optimal  PV array topology taking into account the impacts of PSCs for a specific site. 
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