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Abstract—This Photovoltaic (PV) system displays reduction in 

the output power and efficiency under partial shading conditions 

(PSCs). The losses incurred due to partial shading strongly 

depends on the shading pattern, extent of the shade, size and 

configuration of the PV array. The aim of this paper is to 

investigate the effect of array size on the output performance of 

partially shaded PV arrays having different configuration. For 

this purpose, two different configurations of PV array namely, 

series-parallel (SP) and total-cross-tied (TCT) of seven different 

sizes (three for symmetric array and four for asymmetric array) 

have been considered. The output performances of the PV arrays 

of different sizes have been simulated using a method based on 

Lambert W-function, which is a well-established method to 

tackle transcendental current-voltage relation of a solar cell / 

module. The conclusions are derived based on the obtained 

values of maximum output power, power loss due to PS, fill 

factor and efficiency. 
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I. INTRODUCTION

This Solar photovoltaic (PV) has emerged as the potential 

replacement of the conventional energy resources owing to 

their abundance and green nature. However, partial shading 

(PS) is a phenomenon that adversely impacts the efficiency and 

capacity of a PV system to generate maximum power [1,2]. 

This is a common condition which occurs because of the shade 

created by the nearby building, structures, trees, moving cloud, 

accumulation of debris etc resulting in non-uniform 

distribution of solar irradiance over PV surface. This mismatch 

makes output I-V and P-V characteristics of a PV system under 

PS complex with appearance of multiple Maximum Power 

Point (MPP), resulting in power loss [3-5]. 

Impact of partial shading conditions (PSCs) on the output of 

PV system has been an active area of research. Different 

methods have been used by the researchers to simulate the 

complex characteristics of PV array under PSCs such as 

numerically solving the system of equation [6], using Newton 

Raphson method to model the behaviour of PV field [7], 

solving the simultaneous nonlinear equations [8], using 

artificial neural network (ANN) based methodology [9] to 

detect and assess partial shading conditions in PV array. 

However, these methods are computationally complex and 

convergence can become an issue when obtaining numerical 

solution for large system of equations. 

These problems can primarily be attributed to the fact that 

current-voltage relation of the basic PV cell is transcendental in 

nature. Hence it is not possible to solve it for current as a 

function of voltage explicitly and vice versa [10]. Lambert W 

function W{x} is a mathematical function defined as the 

inverse of the equation W.eW =  x. Using Lambert W function 

the solution of the transcendental current-voltage relation of a 

PV cell or PV module can be obtained explicitly [11].  Lambert 

W function has been used by many researchers in their studies 

e.g., Cubas et al., determined the explicit expression for

equivalent circuit parameters of solar panel [12], Bastidas et

al., modelled the Series-Parallel (SP) configuration of PV

arrays in mismatching conditions [13], Fathabadi  though using

the Lambert W function based tracked the MPP of PV modules

connected in Series, parallel and SP configuration, but didn’t

consider PSCs [14], Batzelis and Routsolias used Lambert W

function to form an efficient explicit model of PV string i.e.,

only series configuration of PV array [15].

In an attempt to minimize power loss under PSCs, different

other configurations of PV arrays can also be found in the

literature such as total cross tied (TCT), honey comb (HC),

bridge linked (BL), hybrid, mathematical puzzle based

configuration [16]-[21].  Study and implementation of different

configuration is gaining importance because under PSC their

output performance is different, unlike uniform irradiation

condition where output performance of different configurations

is similar. However, study of different configurations under

PSC using Lambert W function is still required.  A comparison

between purely series and purely parallel configurations under

PSC using Lambert W function was presented in [22].

Recently, the author presented a technique based on Lambert

W function to simulate and compare the output performance of

SP and TCT configured PV array under PSCs [23]. The effect

of different shading patterns on both the configurations of a

constant size has been studied. In the present paper, the using

the same methodology, the role of array size on its output

performance under PSC is investigated. The output

performance of seven different sized arrays of both SP and

TCT configurations under same specific shadow pattern is

studied. Comparative analysis for SP and TCT configuration is

presented thereafter.
. 
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II. ELECTRICAL MODEL OF A PV MODULE USING

LAMBERT W-FUNCTION 

Fig.1  Representation of a solar cell using single diode model. 

A PV cell is the fundamental PV unit, which is commonly 
modelled using single diode model (Fig.1) [24],[25]. Using this 
model, the electrical characteristic of a PV module which has 
Ns solar cells in series is attained by Eq. (1) [13]. 

  (1) 

where Im and Vm are the output current and output voltage of 
PV module, Iph is the photo generated current, Io is the reverse 
saturation current, Rs and Rsh represents the series and shunt 
resistances of single solar cell of the PV module, n is the 
diode ideality factor, Vth = (kT/q), is the thermal voltage of the 
solar cell, T is the temperature in Kelvin, k is the Boltzmann’s 
constant, q is the fundamental charge. 

The output current-voltage equation of PV module is obtained 
explicitly using Lambert W-function is given by Eq. (2). 

𝑉𝑚 = 𝐼𝑜𝑅𝑠ℎ  𝑁𝑠 + 𝐼𝑝ℎ𝑅𝑠ℎ𝑁𝑠 − 𝐼𝑚𝑅𝑠𝑁𝑠 − 𝐼𝑚𝑅𝑠ℎ𝑁𝑠  

−𝑛𝑁𝑠𝑉𝑡ℎ𝐿𝑎𝑚𝑏𝑒𝑟𝑡𝑊
𝑅𝑠ℎ 𝐼𝑜

𝑛𝑉𝑡ℎ
 𝑒

𝐼𝑜+𝐼𝑝ℎ−𝐼𝑚 𝑅𝑠ℎ

𝑛𝑁𝑠𝑉𝑡ℎ
(2)

                                                                                            

 The photo current generated by the module at any temperature 
T and solar irradiation G, is obtained using Eq. (3) [24].

 (3) 

Where Iphn is the photo current generated by the module at 
STC conditions, KI is the temperature coefficient of short 
circuit current (A/K), Tn and Gn are the module temperatures 
and solar irradiance at STC, respectively. 

The short circuit current of the PV module is given by Eq. (4). 

𝐼𝑠𝑐 =  
𝑅𝑠ℎ 𝐼𝑜 + 𝐼𝑝ℎ 

𝑅𝑠 + 𝑅𝑠ℎ
−  

 𝑛 𝑉𝑡ℎ 

𝑅𝑠

𝐿𝑎𝑚𝑏𝑒𝑟𝑡 𝑊  
𝑅𝑠ℎ𝐼𝑜𝑅𝑠𝑁𝑠

 𝑅𝑠+𝑅𝑠ℎ 𝑛𝑁𝑠𝑉𝑡ℎ
𝑒𝑥𝑝  

𝑅𝑠ℎ 𝑅𝑠𝐼𝑜𝑁𝑠+𝑅𝑠𝐼𝑝ℎ𝑁𝑠

 𝑅𝑠+𝑅𝑠ℎ 𝑛𝑁𝑠𝑉𝑡ℎ
(4) 

III. METHODOLOGY

Finally, complete content and organizational editing before 
formatting. Please take note of the following items when 
proofreading spelling and grammar: 

A. PV array configurations

Two configurations of PV array namely, Series-Parallel (SP) 
and Total Cross Tied (TCT) have been used in this study. A 
brief description of the configurations is given below: 

• Series-Parallel (SP) PV array configuration

Series-parallel configuration of the PV array is the one where 
PV modules are first connected in series to constitute a series 
string. Many such strings are then connected in parallel 
(Fig.2.a). For such a configuration, array current (Ia) is given 
by the addition of currents of individual strings and array 
voltage (Va) is same as the voltage across any string. 

 (7a) 

 (7b) 

• Total-cross-tied (TCT) PV array configuration

Total cross tied array configuration is a modification of
series-parallel configuration (Fig. 2.b.). By connecting ties 
across each row of junction, TCT configuration is formed
[16]. In this configuration all the modules present in a single
row are connected in parallel with each other. Many such
rows are then interconnected in series to constitute TCT
configuration. Here, the PV array current is same as any row 
current, while the array voltage is obtained by adding 
voltages across each row.
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 Fig. 2.    Diagrammatic representation of PV array configurations (a) SP 

(b) TCT

 (8a) 

 (8b) 

B. Simulation of output characteristics of PV arrays

The output characteristics of SP and TCT PV array 
configuration are simulated using a program based on Lambert 
W function. The flow chart of the program to simulate SP and 
TCT PV array is presented in Fig. 3 and Fig. 4 respectively. 
The program is based on determining explicitly I-V relation for 
each PV module using Lambert W-function. PV module is 
modelled using single diode model with series and shunt 
resistances. Linear interpolation is thereafter used to sum up 
currents and/or voltages to simulate the I-V and P-V 
characteristics for the entire array. Further details of the 
program are present in author’s earlier work [23]. For this work 
parameters of KYOCERA KC200GT PV module has been 
used.  

C. Array sizes and shading pattern

To study the role of array size on its output performance, SP 
and TCT PV arrays, each of seven different sizes 3x3, 4x3, 
5x3, 3x4, 5x3, 4x4, 5x5 (Fig.5) have been considered for this 
investigation. Taking 3x3 as the base size, array is extended 
asymmetrically by adding only columns (3x4, 3x5) and then 
only rows (4x3, 5x3). The basic array is also extended 
symmetrically by adding both columns and rows 
simultaneously (4x4, 5x5). All the different sized arrays have 
been considered to be under the impact of a constant square 
shaped shading pattern covering four modules. 

Fig. 3    Flowchart for the simulation of SP PV array. 
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Fig. 4    Flowchart for the simulation of TCT PV array. 
Fig. 5   Different array sizes with same shading pattern. 
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D. Performance analysis of SP and TCT configured PV array

The output performance of SP and TCT configured PV arrays 
of different sizes under partial shading conditions have been 
estimated in terms of maximum output power, power loss, 
efficiency and fill factor. These parameters are defined below: 

The power loss (ΔP) of the PV array under partial shading is 
given by Eq. (9). 

  (9) 

Where Pmax is the maximum power generated by the PV array 
under uniform irradiance of 1000 W/m2 and Pm_shd is the 
maximum power generated by the same array under partial 
shading condition. 

Fill factor (FF) is a parameter which is indicative of PV array 
performance. Fill factor is defined by Eq. (10). 

 (10) 

where Vmp is the voltage at which maximum power is obtained, 
Imp is the current at maximum power point, Voc represents the 
open circuit voltage and Isc is the short circuit current of the PV 
array. 

Efficiency (ɳ) is the ratio of the maximum output power 
generated by the PV array to the input solar power and is 
calculated using Eq. (11).  

 (11) 

Where ‘E’ is the input solar irradiance per unit area (W/m2) and 
‘A’ is the area of the PV array on which it falls.  

IV. RESULTS AND DISCUSSION

The simulated result for different sizes of SP and TCT PV 

array is presented in Table I. The results clearly show that for 

all array sizes under same shading pattern, TCT configured PV 

array output performance excels over SP array. 3X3 TCT array 

generates 1180.0 W while 3X3 SP array generates lesser power 

of 1120.9 W. It is observed that impact of adding columns on 

the output performance of asymmetric arrays is different from 

adding same number of rows. In case of asymmetric TCT 

configured array, addition of two columns increases the output 

power by 1255.1 W (106.4%) whereas by adding two rows 

output power generated increases by 869.5 W (73.7%). In case 

of asymmetric SP array under same shading pattern, addition of 

two columns increases the output power by 1195.2 W 

(106.6%) whereas addition of two rows increase output power 

by 870.9 W (77.7%). For a symmetric TCT configured array, 

increasing its size from 3x3 to 5x5 under same shading pattern 

increases the maximum power by 3014.1 W whereas in case of 

array with SP configuration increase of 2745.5 W in the 

maximum output power is obtained.  

TABLE I.  SIMULATED VALUES OF VARIOUS PARAMETERS OF SP AND 

TCT ARRAY CONFIGURATION UNDER SHADED CONDITION. 

PV Array Configuration 

 SP  TCT 

 Array 

size 
Max. Power 

(W) 
η FF 

 Max. Power 

(W) 
η FF 

3x3 1120.9 11.33 0.47 1180.1 11.92 0.49 

3x4 1717.4 12.14 0.54 1812.9 12.82 0.57 

3x5 2316.1 12.58 0.58 2435.2 13.25 0.61 

4x3 1499.9 10.60 0.47 1614.0 11.41 0.50 

5x3 1991.8 10.83 0.50 2049.6 11.15 0.51 

4x4 2293.5 11.59 0.54 2469.9 12.48 0.58 

5x5 3866.4 11.89 0.58 4194.2 12.90 0.62 

Authors and Affiliations 

Fig.6   Variation of partial shading   power loss with array size for SP and 

TCT (a) asymmetric (b) symmetric configured arrays under constant 

shading pattern. 
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The efficiency of the PV array also increases by adding 

columns than rows. For TCT array, efficiency of 3X5 array is 

13.25% while for 5X3 it is lesser (11.15%). For SP array, 

efficiency of 3X5 array is 12.58% while for 5X3 it is 10.83%. 

Variation of partial shading power loss with array size is 

presented in Fig. 6, which clearly demonstrates that the 

decrease in power loss under constant shading pattern with 

increase in array size is found more in TCT configuration than 

SP. 

V. CONCLUSIONS

In this study the impact of array size on the performance of 

partially shaded PV array has been investigated.  Under 

constant shading pattern, power generation capability and 

power loss of a PV array depends on the size and configuration 

of the array. Both symmetrical (3x3, 4x4, 5x5) and 

asymmetrical (3x4, 3x5, 5x3, 4x3) arrays were used for the 

analysis. It is observed that in general as the size of the array 

increases, partial shading power loss decreases when the 

shading pattern and size is kept constant. However, for 

asymmetrical arrays, it is observed that adding more numbers 

of columns reduce the partial shading power loss more than 

adding same number of rows. In general, under complex non 

uniform irradiance, mitigation of power loss and performance 

enhancement of PV system can be achieved by using TCT 

configured PV array over SP. The insight given by this 

research work will add to the development of power losses 

minimization technique development. 
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