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Abstract 

The solar photovoltaic (PV) systems are facing serious 

problems due to unavoidable losses in their system because 

of partial shading which is a commonly encountered issue in 

a PV (photovoltaic) system. This paper analyses the various 

losses due to partial shading on different photovoltaic module 

connection configurations under non-uniform illumination 

and partial shading condition. Each solar module is composed 

of 36 solar cells which are interconnected in various 

connection configurations like Simple Series configuration 

(SS), Series-Parallel configuration (SP), Total-Cross Tied 

configuration (TCT), Bridge-Linked configuration (BL), and 

Honey Comb configuration (HC) using MATLAB software. 

Bypass diodes are also connected to avoid hotspot conditions 

in a photovoltaic module. This analysis helps to study 

characteristics of the module with a specific configuration in 

response to different types and levels of partial shading. The 

module configurations have been compared on the basis of 

various partial shading losses. Results shows that under non 

uniform irradiance condition as well as different shading 

conditions SP and HC module interconnection configuration 

in a PV modules is more prone to power losses as compared 

to other module interconnection configuration. 

Keywords: Energy sources, renewable energy system, partial 

shading, simulation, solar photovoltaic cell interconnection 

scheme. 

 

INTRODUCTION 

Due to the ever increasing energy demand, PV (Photovoltaic) 

power is becoming an important source of electrical energy 

as among all the renewable sources, PV power is easily 

accessible & environmental friendly. PV power is gaining 

more importance in distributed generation systems as well as 

standalone system. PV cell convert solar energy to electricity 

when exposed to sunlight. In order to get required amount of 

current (Ampere) and voltage (volts) many PV cells are 

interconnected into a single unit called a PV module. 

Generally a PV module is composed of 36 cells which are 

connected in series, but other connection configurations are 

also possible. All the PV cells in a module are supposed to 

have identical electrical properties, but these properties 

changes when they are exposed to different levels of solar 

irradiance leading to mismatch losses. This mismatch causes 

a serious & unavoidable trouble called partial shading. The 

shaded cells becomes reverse biased and act like a load to 

absorb the power, leading to hot spot problem that may cause 

irreversible damage to the module. Partial shading can be 

caused by snow, tree shadow or bird dung covering PV 

module surface. In a large PV system occupying a wide area 

of land, moving clouds is also the cause of partial shade. In 

building integrated PV systems, PV modules installed with 

different orientations to fit the building outer wall receive 

different levels of irradiance, which is a situation similar to 

partial shading. There are various factors that contribute to 

the reduction of output power from PV arrays. One of the 

major factors is partial shading [1]. Practically all the PV cells 

in a module do not operate under uniform irradiance so the 

string (series connected cells) current limits to current of the 

lowermost short circuit (SC) current [2]. The major cause for 

the unequal SC current is the partial shading (PS) due to 

clouds, nearby trees, buildings etc. Partial shade causes hot 

spots in the shaded cells which can damage the cells [3]. To 

prevent PV cells from damage due to hotspots, bypass diodes 

are connected with the PV cells [4]. When the shaded cells in 

the PV module become reverse biased, the bypass diode 

connected in antiparallel begins to bypass the current 

exceeding the SC current of the shaded cells. Bypass diodes 

conduct during non- uniform condition, the power- voltage 

(PV) curves shows multiple maxima. Shaded module in series 

with other unshaded modules limits the string current thereby 

reducing the maximum power generated by the array [5], [6]. 

The reduction in power depends on the module 

interconnection scheme and shading pattern. Different 

interconnection schemes such as series–parallel (SP), total 

cross tied (TCT), and bridge linked (BL) are introduced in the 



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 12, Number 16 (2017) pp. 5715-5720 

© Research India Publications.  http://www.ripublication.com 

5716 

literature [7], [8] to interconnect the cells in the module. 

Study of mismatch losses in the array by changing the 

interconnection scheme of the modules in PV arrays have 

been addressed [9]–[11]. Investigation on fault tolerance [12] 

in different interconnection schemes shows that TCT or BL 

are comparatively less susceptible to electrical mismatches. 

The study of reliability, which is an important parameter for 

assessing the operational life time of a PV array, indicates that 

the life of an array is almost doubled when crossties are 

introduced in the array [13]. Employing modularized network 

based on crossties increases the operating life of PV arrays by 

30% [13]. The electrical performance of a PV module with 

SP, TCT, BL, SS (simple series), and HC (honey comb) 

interconnection configuration is analysed using piecewise 

linear parallel branches model [14]. The five interconnection 

schemes are compared for their maximum power and fill 

factor and it is found that the TCT configuration shows a 

superior performance over the other four configurations also 

an optimal topology was suggested considering the effect of 

change in interconnections among the modules within a 

shaded PV array on its maximum power point (MPP) using 

optimisation technique. In this analysis SP array is chosen for 

experimentation [15].  In this paper, the performance of a PV 

module with SS (simple series) and HC (honey comb),SP, 

TCT and BL connection configurations is analysed under 

different shading conditions by using a MATLAB /Simulink 

model. In this study a 5x5 TCT array is modelled, the 

connection of array is kept fixed as TCT connection and its 

internal module connections are changed in different 

connection configuration to observe the effect on output 

power. The system performance is investigated for different 

shading condition. 

 

PV CELL MODELLING  

In PV cell modelling single diode model is the most 

preferably used model. In this paper the single diode model 

of the PV cell is implemented. The PV cell current is given 

by (1). 

 

𝐼 = [𝐼ph-Io(𝑒
𝑞(𝑉+𝑅𝑠𝐼)

𝐴𝐾𝑇 − 1) −
(𝑉+𝑅𝑠𝐼)

𝑅𝑠ℎ
]                  (1)   

                                                          

where V and I represent the PV cell output voltage and current 

respectively, Iph is the light generated cell current (photo 

current), Rs and Rsh are the solar cell series and shunt 

resistances, I0, the reverse saturation current, A is a 

dimensionless junction material factor, K is Boltzmann‟s 

constant (1.38 × 10-23 J/K), T is the temperature in Kelvin 

and q is the electron charge (1.6 × 10-23 C) respectively.  

At the Standard test conditions: Irradiance 1000W/m2, cell 

junction temperature 250 C, and reference air mass 1.5 solar 

spectral irradiance distribution definite number of such solar 

cells is connected in series to constitute a PV module. The 

nonlinear output characteristic of the PV module results in a 

unique MPP on its PV characteristics. 

 

ARRAY INTERCONNECTION SCHEMES 

In a PV array, the interconnection scheme refers to the 

manner in which modules are interconnected in the array. The 

widely used interconnection schemes reported in the 

literature [16] are the SP, TCT, HC and BL configuration. 

Comparison of different interconnection schemes based on 

shading conditions and shading levels reveals that the TCT 

scheme is considered to be the better scheme for reducing the 

losses under most of the shading conditions .Also in the 

literature it is found that crossties increases the operating life 

of PV arrays by 30% [13]. So in this analysis, an array used 

is of fixed TCT connection (5x5) throughout the analysis and 

only module connection configurations are changed to study 

the effect of changing module connection configuration for 

partial shading conditions 

 

Figure 1: 5x5 TCT array. 

 

MODULE TOPOLOGIES 

Many PV cells are interconnected into a single unit to make a 

PV module. Normally a PV module is composed of 36 cells 

connected in series, but other connection configurations are 

also possible. The widely used interconnection schemes are 

the SP, TCT, HC and BL configuration The SP scheme 

consists of a series of modules in a string and a number of 

such strings are connected in parallel. The TCT configuration 

is obtained by connecting ties across each junction. The BL 

interconnection scheme is derived from the connections in a 

bridge rectifier. Fig. 2 shows interconnection schemes in a 6× 

6 PV module. 
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Figure 2: Module Connection Topologies. 

 

PARTIAL SHADING CONDITIONS.  

Partial shading is a frequent phenomenon that occurs when 

some cells within a module or array are shaded by buildings, 

birds, passing clouds, or some other object. Since the short-

circuit current of a PV cell is proportional to the insolation 

level, the partial shading effect is a reduction of the 

photocurrent for the shaded PV cells while the unshaded cells 

continue to operate at a higher photocurrent. Since the string 

current must be equal through all the series-connected cells, 

the result is that the shaded cells operate in the reverse bias 

region to conduct the larger current of the unshaded cells 

[17]–[23]. The shaded cells consume power due to the reverse 

voltage polarity. Therefore, the maximum extractable power 

from the shaded PV array decreases. The high bias voltage 

may also lead to an avalanche break down. This, in turn, may 

cause the thermal break down of the cell, creating a so-called 

hot spot. If untreated, excessive heating can result in cell burn 

out and create an open circuit in the shaded string. This hot 

spot can be avoided by using the bypass diodes. These diodes 

are connected parallel to the cells to limit the reverse voltage 

and, hence, the power loss in the shaded cells. The reduction 

in power depends on the module interconnection scheme and 

shading pattern. Different interconnection schemes such as 

series–parallel (SP), total cross tied (TCT), and bridge linked 

(BL) are used to interconnect the modules in the array. 

Similarly PV module interconnection configuration  

with SP, TCT, BL, SS (simple series), and HC (honey comb) 

also plays vital role in non-uniform partial shading condition. 

(A) Types of Shade 

 

 

Figure 3: Types of Shades 

 

Most widely considered shades for analysis purpose are short-

wide (SW), short-narrow (SN), long-wide (LW), and long-

narrow (LN) PS conditions, as shown in Figures, here two 

special cases such as diagonal shade (DI)& random shade is 

also included in analysis. A 5 x 5 PV array is used to 

demonstrate each simulated PS condition, with white 

indicating the cell is under full available irradiation and black 

indicating the cell is shaded. 

 

Figure 4:  Diagram of Different shaded Modules. 
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VI. RESULTS AND DISCUSSION. 

The simulations are carried out using MATLAB/Simulink 

environment. All four configurations namely SS, SP, TCT, 

BL, and HC configuration are compared for their losses under 

partial shading conditions. The comparison is made based on 

the shading level and type of shading and the results are 

presented. Fig.5. shows the plots between mismatch losses 

against shaded panel insolation under different shading 

patterns for different interconnections. The shading 

conditions are shown in fig.4 

 

 

Fig. 5. shows the plots between losses against shaded panel 

insolation under different shading levels for different 

interconnections 

 

A 5x5 TCT connected array is modelled. As per literature 

TCT connection found more superior over others this 

connection is selected for an array. The module 

interconnection configuration are changed from SS, SP, TCT, 

HC, and BL. The respective models are simulated under 

different shading levels and results are presented as shown in 

fig.5.  SP and HC are the two connections found most affected 

by changing shading levels. Different shading levels are 

nothing but non uniform insolation condition which is quite 

frequent in PV plants. 

 

 

Figure 6(a): shows the plots between Power outputs under 

different shading patterns for different interconnections. 

 

Fig 6(a) indicates the power output of a 5X5 TCT array with 

changing module connection configuration as TCT, SERIES, 

SP, HC and BL. Under uniform irradiance condition array 

produces approximately same output for all possible module 

connection configuration.       Under all shading condition SP 

and HC connection produces less as compared to other 

configurations. 

 

 

Figure 6(b):  shows the plots between Ploss% under different 

shading patterns for different interconnections 

 

Fig 6(b) indicates the plot between shading patterns and PLoss 

in %. PLoss is calculated by 

 

PLoss% =
𝑃(𝑝𝑟𝑎𝑐𝑡𝑖𝑐𝑎𝑙)−𝑃(𝑎𝑐𝑡𝑢𝑎𝑙)

𝑃(𝑝𝑟𝑎𝑐𝑡𝑎𝑐𝑎𝑙)
∗ 100    (2)        

 

P(practical) is the total power of array without losses it is 

3969Watts. 

P(actual) is the power after considering various losses. 

 

1) Uniform Irradiance condition: Fig 6(b) shows the % 

losses in power at uniform irradiance condition. This 

power is less than P (practical) because of mismatch 

losses in the array. 

2) Short and long Narrow Shading Conditions: Fig. 6(a) 

and (b) show the simulation plots (a) between Power 

output and shading level (b) shading losses and 

insolation under short and narrow shading conditions. 

The insolation of the unshaded module is kept at 1000 

W/m2, while the insolation level of the shaded module 

is varied from kept at 600 W/m2. In each case, the losses 
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caused by shading are calculated and plotted in Fig.6 (a) 

and (b). It is observed that in short and long narrow 

condition a TCT array with module interconnection as 

SP and HC configuration shows the maximum losses 

(41.54%)  

3) Short and long Wide Shading Conditions:  It is observed 

that in all Series, SP, TCT, HC and BL configurations, 

there is a significant increase in the losses with increase 

in shading level .In Short and Long wide condition SP 

and HC shows maximum losses (70.15%). 

4) Diagonal Condition: It is observed that in diagonal 

condition the power losses decreases comparatively. In 

diagonal condition HC and TCT configuration shows 

the maximum losses (11.75%)  

5) Random Conditions:  In Random condition HC 

configuration shows the maximum losses (32.79%)  

6) In all the aforementioned cases, it is observed that the 

SP and HC module interconnection configuration 

experiences maximum power losses under different 

shading conditions. 

 

CONCLUSION 

 In this paper, a simulation method is used for analysing PV 

modules with five different cell connection configurations: 

SS, SP, TCT, BL and HC. The evaluation of the five 

connection configurations has been carried out by using a 36 

cells in a module and comparing the maximum powers and 

the Ploss for the five connection schemes. The effects of partial 

shading on SP, BL, HC and TCT module interconnection 

configurations have been investigated under changing 

illumination conditions. The effects of partial shading was 

studied for different shading patterns. Results show that under 

both i.e. changing irradiance condition and different shading 

condition SP and HC module interconnection configuration 

in a PV modules is found more prone power losses. 

 

REFERENCES  

[1] G. Petronea and C. A. Ramos-Pajab, “Modeling of 

photovoltaic fields in mismatched conditions for 

energy yield evaluations,” Elect. Power Syst. Res., 
vol. 81, no. 4, pp. 1003–1013, Apr. 2011. 

[2] A. K. Abdelsalam, A. M. Massoud, S. Ahmed, and 

P. N. Enjeti, “High-performance adaptive perturb 

and observe MPPT technique for photovoltaic-

based microgrids,” IEEE Trans. Power Electron., 
vol. 26,no. 4, pp. 1010–1021, Apr. 2011. 

[3] N. Mutoh, M. Ohno, and T. Inoue, “A method for 

MPPT control while searching for parameters 

corresponding to weather conditions for PV 

generation systems,” IEEE Trans. Ind. Electron., 
vol. 53, no. 4, pp. 1055–1065, Jul. 2008. 

[4] D. Nguyen and B. Lehman, “An adaptive solar 

photovoltaic array using model-based 

reconfiguration algorithm,” IEEE Trans. Ind. 
Electron., vol. 55, no. 7, pp. 2644–2654, Jul. 2008. 

[5] H. Patel and V. Agarwal, “Maximum power point 

tracking scheme for PV systems operating under 

partially shaded conditions,” IEEE Trans. Ind. 
Electron., vol. 55, no. 4, pp. 1689–1698, Apr. 2008. 

[6] D. Picault, B. Raison, S. Bacha, J. de la Casa, and J. 

Aguilera, “Forecasting photovoltaic array power 

production subject to mismatch losses,” Sol.Energy, 

vol. 84, no. 7, pp. 1301–1309, July. 2010. 

[7] [8] H. Patel andV. Agarwal,“MATLAB based 

modeling to study the effects of partial shading on 

PV array characteristics,” IEEE Trans. 
EnergyConvers., vol. 23, no. 1, pp. 302–310, Mar. 

2008. 

[8] [9] N. D. Kaushika and N. K. Gautam, “Energy yield 

simulations of interconnected solar PV arrays,” 

IEEE Trans. Energy Convers., vol. 18, no. 1, pp. 

127–134, Mar. 2003.  

[9] Performance of a PV-powered volumetric water 

pump,” IEEE Trans. Energy Convers., vol. 5, no. 4, 

pp. 653–658, Dec. 1990. 

[10] A. Woyte, J. Nijs, and R. Belmansa, “Partial 

shadowing of photovoltaic arrays with different 

system configurations: Literature review and field 

test results,” Sol. Energy, vol. 74, no. 3, pp. 217–

233,Mar. 2003. 

[11] D. Nguyen and B. Lehman, “An adaptive solar 

photovoltaic array using model-based 

reconfiguration algorithm,” IEEE Trans. Ind. 
Electron., vol. 55, no. 7, pp. 2644–2654, Jul. 2008. 

[12] N. K. Gautam and N. D. Kaushika, “An efficient 

algorithm to simulate the electrical performance of 

solar photovoltaic arrays,” Energy, vol. 27, no. 4, 

pp. 347–361, Apr. 2002. 

[13] N. K. Gautam and N. D. Kaushika, “Reliability 

evaluation of solar photovoltaic arrays,” Sol. 
Energy, vol. 72, no. 2, pp. 129–141, Feb. 2002. 

[14] Y.-J. Wang and P.-C. Hsu, “An investigation on 

partial shading of PV modules with different 

connection configurations of PV cells,” Energy, vol. 

36, no. 5, pp. 3069–3078, May 2011. 

[15] L. F. Lavado Villa, D. Picault, B. Raison, S. Bacha, 

and A. Labonne, “Maximizing the power output of 

partially shaded photovoltaic plants through 

optimization of the interconnections among its 

modules,” IEEE J. Photovoltaics, vol. 2, no. 2, pp. 

154–163, Apr. 2012. 

[16] R. Kadri, J.-P. Gaubert, and G. Champenois, “An 

improved maximum power point tracking for 

photovoltaic grid-connected inverter based on 

voltage-oriented control,” IEEE Trans. Ind. 
Electron., vol. 58, no. 1, pp. 66–75, Jan. 2011. 

[17] F. Spertino and J. S. Akilimali, “Are manufaturing 



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 12, Number 16 (2017) pp. 5715-5720 

© Research India Publications.  http://www.ripublication.com 

5720 

I-V mismatch and reverse currents key factors in 

large photovoltaic arrays?,” IEEE Trans. Ind. 
Electron., vol. 56, no. 11, pp. 4520–4531, Nov. 

2009. 

[18] H. Patel and V. Agarwal, “MATLAB-based 

modeling to study the effects of partial shading on 

PV array characteristics,” IEEE Trans. Energy 
Convers., vol. 23, no. 1, pp. 302–310, Mar. 2008. 

[19] A. E. Ghitas and M. Sabry, “A study of the effect of 

shadowing location and area on the Si solar cell 

electrical parameters,” Vacuum, vol. 81, pp. 475–

478, Nov. 2006. 

[20] M. Drif, P. J. P´erez, J. Aguilera, and J. D. Aguilar, 

“A new estimation method of irradiance on a 

partially shaded PV generator in grid-connected 

photovoltaic systems,” Renewable Energy, vol. 33, 

pp. 2048–2056, Sep. 2008. 

[21] A. Maki and S. Valkealahti, “Power loss in long 

string and parallel connected short strings of series-

connected silicon-based photovoltaic modules due 

to partial shading conditions,” IEEE Trans. Energy 
Convers.,vol. 27, no. 1, pp. 173–183, Mar. 2012. 

[22] E.V. Paraskevadaki and S. A. Papathanassiou, 

“Evaluation of MPP voltage and power of mc-Si PV 

modules in partial shading conditions, “IEEE Trans. 
Energy Convers., vol. 26, no. 3, pp. 923–932, Sep. 
2011. 

 

 


