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ABSTRACT The study of this work is to highlight the key metrics of various topologies in terms of output

power, Fill Factor (FF), Mismatch Losses (ML) and efficiency. The idea behind this work is to analyze and

obtain the performance of different topologies under various shading patterns. The major problem which

comes across the path of Photovoltaic (PV) system performance is partial shading. The solution to this

problem is to reconfigure the panels to achieve better results under shading conditions. For this, different

configurations such as Series Parallel (SP), Total Cross Tied (TCT), Physical Relocation of Module with

Fixed Electrical Connections (PRM-FEC), SuDoKu and Magic Square (MS) has been discussed, analyzed

and compared using MATLAB/SIMULINK. Simulation approach is used to describe the working and

evaluation of all configurations. By the results obtained, it is clearly visible that MS method have achieved

largest output power of 2877 W, highest efficieny of 10.24 %, FF is 0.481 and lowest ML of 772 W among

all the configurations under Long Narrow (LnN) pattern.

INDEX TERMS Efficiency, Fill Factor, Magic Square, photovoltaic array, SuDoKu.

I. NOMENCLATURE

D Ideality factor of diode(1.3)

Eg0 Band gap energy of semiconductor(eV)

I Current(A)

Im Module current(A)

Ip Photocurrent (A)

IR Row current(A)

Ir Reverse saturation current(A)

IRD Solar irradiation(W/m2)

Is Short circuit current (A)

ISTC Solar irradiation at STC (W/m2)

Kb Boltzmann’s constant(J/K)

The associate editor coordinating the review of this manuscript and

approving it for publication was Zhilei Yao .

Ks Short circuit current of a cell at standard test

condition (STC)

N Number of series cells

P Power (W)

Q Electron charge(C)

Rse Series resistance in ohms

Rsh Shunt resistance in ohms

Tn Nominal temperature(K)

To Operating temperature(K)

V Voltage(V)

Voc Open circuit voltage(V)

II. INTRODUCTION

The world is moving towards the rapid development of sus-

tainable energy technology and solar energy possesses a vital
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role in this field. Solar Photovoltaic (PV) system behaves

as an environment friendly source in contrast to fossil fuels

reserves. Solar energy is widely available, but extraction of

this energy is limited by the efficiency factor. The perfor-

mance of PV system has adverse effects due to factors such

as changes in solar radiation, effects of shading and rise

in temperature of solar cell. Due to these factors, the basic

characteristics of solar PV system vary which leads to the

variation of maximum power point (MPP) and consequently,

the overall efficiency reduces.

Qing et al. [1] provide a model which depends upon sub

module to improve the characteristics of Series Parallel (SP)

configuration under different shading patterns, changing irra-

diance and temperature variation. A sample of submodules in

addition with bypass diode are taken in the paper to evaluate

Mismatch Losses (ML) in Series Parallel configuration PV

array. The authors of [2] focuses mainly on series, paral-

lel and SP PV system characteristics under various shading

patterns. The parallel configuration gives maximum power

output which is experimentally verified in the paper. The

paper [3], [4] purpose is to analyze Series Parallel and Total

Cross Tied (TCT) configuration under shading conditions.

The author has considered PV system grid along with incre-

mental conductance technique to trackmaximum power point

quickly. MATLAB/Simulink verifies better performance of

TCT with respect to SP configuration. The paper [5] ana-

lyzed SP PV array in addition with bypass diode integration

for enhancing the performance. The authors evaluate per-

formance under various conditions such as without bypass

diode, single string- single bypass diode, single string- double

bypass diode, series group- bypass diode, staggered group-

bypass diode and multi level-octal bypass diode. According

to results multi level-octal bypass diode based SP topology is

ahead of remaining methods.

Michal Orkisz [6] presents poison factor which provides

total panel loss if a panel gets short circuited. This concept

is used on SP array to estimate the total power loss. The

authors of [7] provides PV generator performance with series,

parallel configuration under different irradiation and temper-

ature. Anssi and Valkealahti [8] investigates the performance

of long string, parallel string and multi string PV generator

under different shading conditions. The author verified that

individual short string is superior than other configurations.

The paper [9] introduced a switch set based on particle swarm

optimization method for series, parallel and SP configura-

tion. The switch set is evaluated experimentally under dif-

ferent anomalous condition. According to the test results,

less number of switches can be used with any configurtaion

and also overcome abnormal conditions. Yuki Mochizuki

et al presented power generated by two identical stages with

1/3 phyllotaxis is 1.5 times of flat surface PV panel power.

The Fibonacci number PV module incorporates many fea-

tures such as number of stages can be increased, reflected

light from one cell can be used by other cells, lesser area in

shadow and impact of one cell shadow on the other. Authors

introduced the new pattern of Fibonacci method based on

honeycomb (HC) structure in order to attain characteristics of

power generation. According to this paper, Fibonacci based

solar PVmodules are located at distance of 30cm from centre

solar PV module [10], [11].

The paper implemented a reconfiguration method to ana-

lyze the PV system performance under various fault condi-

tion. The method is compared with three topologies which

includes Series Parallel, Total Cross Tied and bridge link

(BL). It is concluded that reconfiguration method performs

well with respect to other configurations under all faulty situ-

ations. The authors presents a comparison of different topolo-

gies in terms of higher power output, global and local peaks,

Fill Factor (FF) and Mismatch Losses [12], [13]. A new

method- Futoshiki topology is introduced, whose execution

is following up concerning with TCT. The author shows

enhancement of power and reduction of Mismatch Losses by

means of proposed method [17] while the proposed work in

this work not only analyzed four different configurations on

basis of output power andMismatch Losses but also taken Fill

Factor and efficiency under consideration. Pendem et al. [19]

introduced TCT configuration for string integrated converters

along with perturb and observe technique to achieve max-

imum output power while the author of this work focusses

only on configurations and shading patterns. The author has

not involved maximum power point tracking controller along

with any configuration. The objective of paper [20] is to ana-

lyze distributed maximum power point tracking from inter-

leaved converter to extract maximum power. The proposed

concept has been tested via experiment as well as simulation.

The authors of paper [21] provides a method for select-

ing parameters of PV system via MATLAB/SIMULINK.

The paper used two modified algorithms of particle swarm

optimization for getting maximum global power point. The

result identified modified particle swarm optimization fulfil

the requirements of PV system while this work is analyzed

based on configurations to achieve maximum output power

and not analyzed on maximum power point tracking con-

trollers. Khan et al. [22] indulge maximum power point

techniques in addition to PV system for minimizing circuit

Mismatch Losses. The proposed architecture uses integrated

converter to improve the system response. Both hardware

and software models are examined to verify the results. The

paper [23]–[25] presented flower pollination algorithm to

track peaks under shading transitions. The method is also

quantified with other maximum power point tracking tech-

niques. Experimental study has been done by authors to verify

results while this work presents relocation of panels to opti-

mize configurations for obtaining higher performance and

does not taken into account maximum power point tracking

controller along with PV system. The authors of paper [27]

introduced a new reconfiguration model with particle swarm

optimization to enhance total output power under various

shading conditions.

The paper [33], [34] analyze efficiency of PV system

model under shading transitions and to track global maximum

power point peak. The system is also analyzed on parameters
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such as power and temperature. The author of [35] gives

bifacial one dimensional tracking system to separate Mis-

match Losses and shading losses via simulation only as exper-

imentally its very difficult to achieve. The paper [36], [37]

investigates bifacial power enhancement. The energy yield of

bifacial system is also analyzed and simulated data is com-

pared with experimental data in order to obtain final results.

The experimental work in [38] on proposed PV model has

been done to determine its quantities and energy production.

Sangrody et al. [39] presents accuracy in forecasting via

similarity based forecasting models. The paper [40] proposed

techniques to detect the value of series resistance. For obtain-

ing the value, five different techniques are considered along

with other parameters such as dark current etc.

The PV modules are joined in different configurations for

enhancing the output power. Under shading conditions, series

topology starts acting as load instead of the source. The major

problem of using PV system is less efficiency which is the

effect of ML due to different shading patterns. So various

connections came into existence in order to minimize losses

due to shading. Among all topologies, Magic Square (MS)

topology performs in a better way considering all the factors

like shading, output power, Mismatch Losses, Fill Factor and

efficiency. A MS is a special topology in which numbers

are arranged in such a pattern that by adding every row,

every column and diagonal gives the same number. This same

number is known as Magic Sum. The number of rows and

columns can be identified by the order of MS. In general,

order of MS is n with n rows and columns. The electrical

connection remains the same while panels get physically

relocated. The comparison of all configurations is shown

by various charts. Different configurations power, Mismatch

Losses, Fill Factor and efficiency have been obtained and

verified using Matlab/Simulink.

The cost of PV array varies across the globe. All configu-

rations would be differ in terms of cost due to different wiring

pattern. In Series Parallel (SP) configuration, PVmodules are

directly connected to each other like PV module of first row

first column is connected in parallel with the adjacent module

of first row second column resulting less wiring cost while

in MS, PV module of first row first column is connected

in parallel with the PV module of third row second column

which is located at some distance so this irregular sequence

of pv modules would lead to more wiring cost. Thus, on the

basis of wiring, MS cost increases 4% to 7% of total cost with

respect to SP. Even though this high cost can be compensated

as high efficiency of MS pattern. However, this paper is not

analyzed based on cost factor.

This work contains bypass diode connected in parallel with

PV panel. The use of bypass diode prevents hot spot caused

by shading on panel. Due to shading, current gets limited and

its path got blocked. Bypass diode mitigates this by allowing

current to bypass the shaded part. However, if bypass diode

is absent, effect of shading will be more which leads to more

losses and less efficiency.

TABLE 1. Comparison of existing literatures with present work.

III. VARIOUS CONFIGURATIONS BEHAVIOUR UNDER

DIFFERENT SHADING PATTERNS

Less amount of shading can adversely affect solar PV system

efficiency. For analysis, various configurations are subjected

to various shading patterns. These patterns are dependent on

total columns which are shaded and total panels which are

shaded per column. The types of patterns are as follows: Long

Narrow (LnN), Short Narrow (ShN), Long Wide (LnW),

Short Wide (ShW) as shown in Fig. 1. Diagonal pattern is

also employed, and all these patterns are considered for 5×5

configurations.

A. SERIES-PARALLEL (SP)

By implementing just series or parallel configuration itself,

it is not possible to increase voltage and current range
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FIGURE 1. (a) Types of shading patterns where shaded blocks represents
irradiation 300 W /m2, 600 W /m2,800 W /m2 and unshaded blocks
represents irradiation 1000 W /m2. (b) Short Narrow pattern (ShN).
(c) Short Wide Pattern (ShW). (d) Long Narrow Pattern (LnN). (e) Long
Wide pattern (LnW). (f) Diagonal pattern.

simultaneously. Thus, their combination SP is required which

includes merits of less cost and electrical losses along with

the reliability of the configuration. Five modules are con-

nected in series forming string and five of these strings are

connected in parallel to obtain SP configuration as shown

in Fig. 2. Multiple peaks are obtained when the panels are

in series while for modules which are attached in parallel

configuration; single pinnacle is formed in partial shading

condition. Series Parallel is most widely used configura-

tion and very easy to implement. The series along with

parallel enhance overall output of PV system but it has a

drawback that it cannot perform well under partial shading

condition.

B. TOTAL CROSS TIED (TCT)

TCT is basically extracted from SP topology and somewhat

difficult to implement as compared to SP. It has an additional

feature of crossly connected Rows and columns such that

total voltage and total current is equal across all Rows and

all columns respectively as shown in Fig. 3. The figure also

shows all shading conditions at different irradiation’s. This

schemeworks better than SP in shading condition and reduces

Mismatch Losses but it has a problem that the number of ties

is more which increases cable losses.

FIGURE 2. (a) Series-Parallel connection where shaded blocks represents
irradiation 300 W /m2, 600 W /m2,800 W /m2 and unshaded blocks
represents irradiation 1000 W /m2. (b) Short Narrow pattern (ShN).
(c) Short Wide Pattern (ShW). (d) Long Narrow Pattern (LnN). (e) Long
Wide pattern (LnW). (f) Diagonal pattern.

1) BRIDGE LINKED (BL)

Bridge rectifier structure is the Bridge link configuration.

It is obtained from TCT with a benefit of lesser number of

ties, less wiring installation time and low cable losses but it

adversely affects overall voltage and current under shading

conditions. The ties pattern which connects PV modules can

be seen by Fig. 4.

2) HONEY COMB (HC)

This structure is obtained from idea of Total Cross Tied

based on honeycomb structure. The ties connecting pattern
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FIGURE 3. (a) TCT connection where shaded blocks represents irradiation
300 W /m2, 600 W /m2,800 W /m2 and unshaded blocks represents
irradiation 1000 W /m2. (b) Short Narrow pattern (ShN). (c) Short Wide
Pattern (ShW). (d) Long Narrow Pattern (LnN). (e) Long Wide pattern
(LnW). (f) Diagonal pattern.

is somewhat different from BL as shown in Fig. 4. In this

configuration, output power losses can be minimized but it

has a limitation that it cannot reduce power losses under all

shading conditions.

C. PHYSICAL RELOCATION OF MODULE WITH FIXED

ELECTRICAL CONNECTIONS (PRM-FEC) SHADE

DISPERSION METHOD

This shade dispersion method has advantage of spreading

of shaded part in order to avoid more shading in a same

row or same column. In this method, the electrical con-

nections remain unaltered with the relocation of solar PV

FIGURE 4. Types of TCT connection. (a)Bridge Link Structure (BL).
(b)Honeycomb Structure (HC).

module. The shading elements with shading transitions dif-

fers from TCT and SP as shown in Fig. 5. It has a demerit

that it is difficult to implement due to physical relocation

and also its wire cost enhances. The PRM-FEC pattern

obtained from TCT pattern which involves odd row algo-

rithm. To achieve the specific result, redundancy in array

for a particular row or particular column is not considered.

This procedure used for preparing PRM-FECpattern employs

equations (1)-(25) which provides the elements of each row

in 5 × 5 PV matrix.

1. The first column will be in usual manner as given in

equation (1)-(5), where R represents row.

R1 = 1, 1 (1)

R2 = 2, 1 (2)

R3 = 3, 1 (3)

R4 = 4, 1 (4)

R5 = 5, 1 (5)

2. For second column, elements of rows are arranged by

summation of h and i, where h = r/2, i = 1, 2, 3, 4, 5 and

r = total number of rows. If h + i > r then h + i is replaced

by h + i − r as given in equation (6)-(10).

R1 = h+ i− r, 3 = 2, 3 (6)

R2 = h+ i− r, 3 = 3, 3 (7)

R3 = h+ i, 3 = 4, 3 (8)

R4 = h+ i, 3 = 5, 3 (9)

R5 = h+ i, 3 = 1, 3 (10)

3. For third column, elements of Rows are obtained by

summation of h and modified i (i = 4, 5, 1, 2, 3) in step 2.

If h+i> r then h+i is replaced by h+i−r as given in equation

(11)-(15).

R1 = h+ i− r, 3 = 2, 3 (11)

R2 = h+ i− r, 3 = 3, 3 (12)

R3 = h+ i, 3 = 4, 3 (13)

R4 = h+ i, 3 = 5, 3 (14)

R5 = h+ i, 3 = 1, 3 (15)
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FIGURE 5. (a) PRM-FEC pattern where shaded blocks represents
irradiation 300 W /m2, 600 W /m2,800 W /m2 and unshaded blocks
represents irradiation 1000 W /m2. (b) Short Narrow pattern (ShN).
(c) Short Wide Pattern (ShW). (d) Long Narrow Pattern (LnN). (e) Long
Wide pattern (LnW). (f) Diagonal pattern.

4. Similarly for fourth column as expressed in equations

(16)-(20).

R1 = 5, 4 (16)

R2 = 1, 4 (17)

R3 = 2, 4 (18)

R4 = 3, 4 (19)

R5 = 4, 4 (20)

5. For fifth column as expressed in equation (21)-(25).

R1 = 1, 5 (21)

R2 = 2, 5 (22)

R3 = 3, 5 (23)

R4 = 4, 5 (24)

R5 = 5, 5 (25)

D. SuDoKu

This represents logical riddle pattern which is a difficult to

implement as compared to previous configurations. A 5 × 5

TCT matrix is considered for SuDoKu configuration whose

first digit represent row number and second digit represent

column number as shown in Fig. 6. Regarding performance,

this pattern is good even under shading conditions. In this

configuration, the modules relocation occurs irrespective of

FIGURE 6. (a)SuDoKu pattern where shaded blocks represents irradiation
300 W /m2, 600 W /m2,800 W /m2 and unshaded blocks represents
irradiation 1000 W /m2. (b) Short Narrow pattern (ShN). (c) Short Wide
Pattern (ShW). (d) Long Narrow Pattern (LnN). (e) Long Wide pattern
(LnW). (f) Diagonal pattern.

electrical connections. The physical relocation of modules is

limited by increase in the cost of wires.

E. MAGIC SQUARE (MS)

A MS has special number arranged such that by adding

every R, every column and diagonals gives same num-

ber. A 5 × 5 square matrix is considered for MS pattern

where the magic number is 15. The first and second digit

represents row and column respectively. In this configura-

tion, electrical connections remain the same while panels

get physically relocated which is shown in Fig. 7. This

topology performs good among other configurations under

shading transitions but due to relocation, its implementa-

tion is a difficult task to achieve and its price enhances.

The equations (26)-(50) indicates each row elements of MS

configuration.

The following steps are taken to produce 5×5 MS matrix:

1. The first column will be in usual manner as given in

equation (26)-(30), where R represents Row.

R1 = 1, 1 (26)

R2 = 2, 1 (27)

R3 = 3, 1 (28)

R4 = 4, 1 (29)

R5 = 5, 1 (30)
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FIGURE 7. (a) MS pattern where shaded blocks represents irradiation 300
W /m2, 600 W /m2,800 W /m2 and unshaded blocks represents
irradiation 1000 W /m2. (b) Short Narrow pattern (ShN). (c) Short Wide
Pattern (ShW). (d) Long Narrow Pattern (LnN). (e) Long Wide pattern
(LnW). (f) Diagonal pattern.

2. For second column, elements of Rows are arranged by

summation of h and i, where h = r/2, i = 1, 2, 3, 4, 5 and

r = total number of Rows. If h + i > r then h + i is replaced

by h + i − r as given in equation (31)-(35).

R1 = h+ i, 2 = 4, 2 (31)

R2 = h+ i, 2 = 5, 2 (32)

R3 = h+ i− r, 2 = 1, 2 (33)

R4 = h+ i− r, 2 = 2, 2 (34)

R5 = h+ i− r, 2 = 3, 2 (35)

3. For third column, elements of rows are obtained by summa-

tion of h andmodified i (i = 4, 5, 1, 2, 3) in step 2. If h+i > r

then h + i is replaced by h + i − r as given in equation (36)-

(40).

R1 = h+ i− r, 3 = 2, 3 (36)

R2 = h+ i− r, 3 = 3, 3 (37)

R3 = h+ i, 3 = 4, 3 (38)

R4 = h+ i, 3 = 5, 3 (39)

R5 = h+ i, 3 = 1, 3 (40)

4. For fourth column, elements of rows are obtained by

summation of h and modified i (i = 2, 3, 4, 5, 1) in step 3.

TABLE 2. PV module specifications.

If h + i > r then h + i is replaced by h + i − r as given in

equation (41)-(45).

R1 = h+ i, 4 = 5, 4 (41)

R2 = h+ i− r, 4 = 1, 4 (42)

R3 = h+ i− r, 4 = 2, 4 (43)

R4 = h+ i− r, 4 = 3, 4 (44)

R5 = h+ i, 4 = 4, 4 (45)

5. For fifth column, elements of rows are obtained by sum-

mation of h and modified i (i = 5, 1, 2, 3, 4) in step 4.

If h + i > r then h + i is replaced by h + i − r as given in

equation (46)-(50).

R1 = h+ i− r, 5 = 3, 5 (46)

R2 = h+ i, 5 = 4, 5 (47)

R3 = h+ i, 5 = 5, 5 (48)

R4 = h+ i− r, 5 = 1, 5 (49)

R5 = h+ i− r, 5 = 2, 5 (50)

IV. PV MODULE MODELING

The solar array consists of five modules in the series building

a cord and these five cords are joined as in parallel connec-

tion. Total 25 modules formed a 5×5 matrix. The total power

capacity of array is 4.5kW. Table 2 provides information

regarding PV module.

The equations (51)-(55) are used to describe the behaviour

and control of PV characteristics. These equations plays a

vital role in forming a single PV module and also providing

current vs voltage as well as power vs voltage characteristics.

The photocurrent Ip, saturation current Io, reverse saturation

current Ir and shunt current Ish are used to find output current

I of PV system.

Ip = [Is+ Ks.(To− 298)].IRD/1000 (51)

Io = Ir .(To/Tn)3.exp([Q.Eg0.(1/Tn− 1/T )])/(D.Kb) (52)

Ir = Is/(exp((Q.Voc)/(D.N .Kb.To))) − 1) (53)

Ish = ((V + I .Rse)/Rsh) (54)

I = Ip− Io.[exp((Q.V + Q.I .Rse))/

((D.Kb.N .To)) − 1] − Ish (55)
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FIGURE 8. Simulated circuit of PV Module.

FIGURE 9. Subsystem of PV Module.

FIGURE 10. Simulated I-V graph of Photovoltaic panel.

The PV module has been drawn in simulink and its sim-

ulated circuit is shown in figure Fig. 8. The PV module is a

subsystem given in figure Fig. 9 formed by the combination

of different subsystems namely saturation current subsystem,

reverse saturation current subsystem, photo current subsys-

tem, shunt current subsystem and PV current subsystem.

A graph of current Vs voltage and power Vs voltage of PV

module at 25◦C temperature and 1000 W/m2 IRD is shown

by figure Fig. 10 and Fig. 11.

FIGURE 11. Simulated P-V graph of Photovoltaic panel.

V. ANALYSIS OF DIFFERENT CONFIGURATIONS UNDER

DIFFERENT SHADING PATTERNS

Five types of shading patterns- ShN, ShW, LnN, LnW and

diagonal are considered for analyzing different 5×5 configu-

rations. Four irradiation levels are considered, the shaded part

receives 300W/m2, 600W/m2,800W/m2 and unshaded part

receives 1000W/m2. For ShN pattern in TCT Configuration,

twomodules of R1 andR2 receives 300W/m2 and 600W/m2

respectively, rest of the panels receives 1000W/m2 while all

modules of R3, R4 and R5 receives 1000 W/m2 as given in

equations (56)-(59).

IR = 5 ∗ (IRD/ISTC)Im (56)

IR1 = 2 ∗ (300/1000)Im+ 3 ∗ (1000/1000)Im = 3.6Im

(57)

IR2 = 2 ∗ (600/1000)Im+ 3 ∗ (1000/1000)Im = 4.2Im

(58)

IR3 = IR4 = IR5 = 5 ∗ (1000/1000)Im = 5Im (59)

Similarly, row currents are calculated in terms of module

current for other configurations such as PRMFEC, SuDoKu

and MS. For ShW, LnN, LnW and diagonal pattern, four

irradiation are considered - 300 W/m2, 600 W/m2, 800

W/m2 and 1000 W/m2. All the row currents calculated can

be refer to appendix table 14 which provides the comparison

of power, current and voltage between various configurations

under different shading patterns.

VI. SIMULATION RESULTS

To attain the performance of various configurations of a

5 × 5 Photovoltaic system, it is subjected to various shading

patterns. Here, it is considered that the panels which are not

shaded get 1000 W/m2 irradiation and the panels which are

shaded get 300W/m2,600 W/m2,800W/m2 irradiation.

Table 3 represents comparison between simulated values of

power, current and voltage of various topologies under Short

Narrow shading pattern. The SuDoKu and MS performance
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TABLE 3. Comparison of various configurations under Short Narrow
pattern.

FIGURE 12. P-V graph of various configurations under ShN shading
patterns.

TABLE 4. Comparison of various configurations under Short Wide pattern.

TABLE 5. Comparison of various configurations under Long Narrow
pattern.

is better than TCT and PRM-FEC configurations. The maxi-

mum power obtained in this pattern is 2760 W. Fig. 12 gives

the effect of changing voltage on output power.

It has been observed by table 4 that under Short Wide

pattern MS performance is better than other configurations.

The output power of 2550W is obtained inMS. Fig. 13 shows

power vs voltage graph of different configurations.

By table 5, simulated values are compared of various

topologies of under Long Narrow pattern. The MS topology

provides better performance than other configurations. The

power voltage characteristics shown by Fig. 14 indicates the

performance of different configurations.

Table 6 represents comparison between simulated values

of P,V and I of various topologies under Long Wide pattern.

It can be seen that MS topology gives highest output power

FIGURE 13. P-V graph of various configurations under ShW shading
patterns.

FIGURE 14. P-V graph of various configurations under LnN shading
patterns.

TABLE 6. Comparison of various configurations under Long Wide pattern.

TABLE 7. Comparison of various configurations under diagonal pattern.

of 1719 W among other configurations. Fig. 15 gives varia-

tion in power as per voltage under Long Wide shade.

Table 7 analyzes simulated values of P,V and I of various

topologies under diagonal pattern. It is shown that TCT and

MS topology performance is better than other configurations.

The P-U curve under this pattern is given by Fig. 16.
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FIGURE 15. P-V graph of various configurations under LnW shading
patterns.

FIGURE 16. P-V graph of various configurations under diagonal shading
patterns.

TABLE 8. Power enhancement of MS with respect to TCT, PRM-FEC and
SuDoKu.

The power, voltage and current comparison of different

configurations are shown in figures Fig. 17-19. MS topology

provides maximum power in all the patterns. The causes

of these results is shading distribution among all modules.

In some cases such as MS, shading dispersed in non uniform

pattern so most of the panels are in active mode, therefore,

MS achieve highest output power and maximum efficiency

among all topologies. The power enhancement of MS with

respect to other topologies are shown via table 8. It is seen that

SuDoKu is comparable to MS under ShN pattern and TCT is

comparable to MS under diagonal pattern.

The ML are the effect of Photovoltaic panels interconnec-

tions which do not share same conditions. The mathematical

FIGURE 17. Power of various configurations under different shading
patterns.

FIGURE 18. Voltage of various configurations under different shading
patterns.

FIGURE 19. Current of different topologies under various shading
patterns.

expression of mismatch power loss is given in equation (60).

Mismatch powerloss = GMPPSTC − GMPPPPS (60)

where, GMPP represents global maximum power point,

GMPPSTC denotes global maximum power point at standard

test condition, GMPPPPS means global maximum power

point at partial shading, and PS indicates partial shading.

The FF represents the degree of PV array Quality. Mathe-

matically it is represented as given in equation (61).

FF = (Max. Power at PS)/(Rated power of PV array)

(61)
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TABLE 9. Mismatch Losses, FF and Efficiency comparison of various
configurations under Short Narrow pattern.

TABLE 10. Mismatch Losses, FF and Efficiency comparison of various
configurations under Short Wide pattern.

TABLE 11. Mismatch Losses, FF and Efficiency comparison of various
configurations under Long Narrow pattern.

TABLE 12. Mismatch Losses, FF and Efficiency comparison of various
configurations under Long Wide pattern.

The efficiency of Photovoltaic array can be calculated using

the expression as given in equation (62).

Efficiency = (Max.Power)/(Irradiation ∗ Area of array)

(62)

Table 9 tabulated Mismatch Losses, FF and efficiency

comparison of various configurations under Short Narrow

pattern. The highest efficiency is 9.66% which is obtained

for two configurations – SuDoKu and MS.

The different configurations under ShWpatterns have been

shown by table 10 in which the highest efficiency is obtained

by MS configurations i.e. 9.55%.

Based on different parameters, it has been analyzed that

MS configuration under LnN patterns shown by table 11

provides highest efficiency which is 10.24%.

The MS configuration under LnW pattern gives highest

efficiency of 8.26% while other configurations gives lowest

efficiency as shown by table 12.

Different parameters based configurations under diagonal

shading patterns have been shown by table 13. The highest

efficiency is 9.41%which is obtained for two configurations–

TCT and MS.

The ML, FF and efficiency comparison of different con-

figurations are shown by figures Fig. 20-22. MS topology

TABLE 13. Mismatch Losses, FF and Efficiency comparison of various
configurations diagonal pattern.

FIGURE 20. Mismatch Losses of various configurations under different
shading patterns.

FIGURE 21. Fill Factor of various shading patterns.

FIGURE 22. Efficiency of various configurations under different shading
patterns.

providesmaximum efficiency in all the patterns. SuDoKu and

TCT configurations along with MS topology are suitable for

ShN and diagonal patterns while for rest of the patterns,MS is

more suitable.

VII. CONCLUSION

The performance of 5 × 5 array based on different topolo-

gies such as TCT, PRM-FEC, SuDoKu and MS are stud-

ied and analyzed in detail using MATLAB/SIMULINK.
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TABLE 14. Power, current and voltage comparison of various topologies.

The parameters which are used to measure the performance

are current, voltage, Power, ML, FF and efficiency.

Table 2 shows that SuDoKu and MS provides better output

power of 2760 W than TCT and PRM-FEC under ShN pat-

tern. The MS configuration achieves highest output power

of 2550 W, 2877 W and 1719 W under ShW, LnN and LnW

pattern repectively as shown in Table 3 to Table 5. TCT and

MS performs in the same way to obtain maximum power

of 2761 W under diagonal pattern as mentioned in Table 6.

It can be seen in Table 7 that MS power enhances maxi-

mum of 25.9 % in comparison with TCT under ShW pattern

and 13.5 %, 9.5 % with respect to PRM-FEC and SuDoKu

respectively under diagonal pattern. TheML is largest in TCT

topology which is 1008 W under ShN pattern as inferred

in Table 8. Table 11 shows that ML of TCT is 2042 W

which is largest among all the topologies under LnW pattern.

Table 10 shows that MS has achieved the highest efficiency

of 10.24 % among all configurations under LnN pattern.

TCT configuration has lowest efficiency of 7.72 % among

all configurations under LnW pattern as seen in table 11. The

Fill Factor also varies with different shading conditions. FF is

lowest under LnW pattern which is 0.269 and highest in LnN

pattern which is 0.481. The efficiencies could be different

for each configuration under different shading patterns but

by analyzing this work, MS method is showing the highest

efficiency under all shading patterns.

APPENDIX

(See Table 14)
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