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ABSTRACT: The photovoltaic cells have proved to be the most successful way of harnessing electric power from the
solar radiations, the electric power produced by the photovoltaic cell depends upon many factors, shading effect is one
of the factor. The output of a photovoltaic module reduces drastically even if one cell is under the shade. The effect of
shading on the photovoltaic array is studied by making a user defined model of photovoltaic array in Simulink which is
programmed according to the basic governing equations of photovoltaic cell. Various Voltage Current (V-I) and power
time (P-t) curves of the solar array under shade are utilized to study the effects of shading graphically. The concept of
back diode which aims at improving the response of solar cell under shade is further used by modifying the
programming of photovoltaic array, the improved new results are hence obtained. All the work is carried out in
Simulink and Script in MATLAB.

KEYWORDS: Photovoltaic (PV), Voltage current (\V-1) curve, Power time (P-t) curve.
I.INTRODUCTION

The power production phenomenon in India has undergone a drastic change since recent few years, the interest in the
renewable resources of energy is at its peak than ever before in past. One of the major factor for this change is the
abundance in which these resources are available in the nature. Although the wind power has proved to be the most
successful way of harnessing renewable energy but the most popular source is the solar energy. The power generation
from the wind turbines is purely area specific i.e. that particular area must have the sufficient amount of wind currents
in an year but on the other hand the solar radiations hits almost entire of the Indian region.

The scientifically proven way of harnessing the solar energy is by utilizing the photovoltaic (PV) cell. The output of
this PV cell do not remain constant for 24 hours in a day, it depends upon the insolation level to which cell is exposed,
ambient temperature and shading of the cell [1]. The solar insolation and temperature effects on the output of the PV
cell is beyond the scope of this paper, the entire work is considered for the shading effect of the PV cell or cells when
connected in series to form a module and arrays. There are a large number of control strategies [2-11] available which
are used by various authors to improve the output response of the PV array when one or few cells in an array are under
the shading effect. For e.g., the control strategy to allow the smooth operation of PV-PP (power plant) under partial
shade is given in [11], PV panel model, working under uniform solar insolation and partial shade is explained in [12]
and the dynamic model of PV arrays under moving shadow is presented in [13].

The PV cell is modelled in a user defined MATLAB function by utilizing the basic working equations of the equivalent
model of PV cell. Shading effect in an array is illustrated by utilizing various V-I (voltage current) and P-t (Power
time) curves. The sample solar data of the Patiala, India is considered for the study. The back diode which is the best
and most convenient way to reduce the shading effect is further used to improve the power output response of the PV
array. The use of the back diode is reflected in the programming code by equivalent modification of the code. The new
improved results are hence obtained from the modified code. All the work is carried out in Simulink and Script in
MATLAB.
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I.LEQUIVALENT MODEL AND PHYSICS OF SHADING

A simple equivalent circuit model for a photovoltaic cell consists of a real diode in parallel with an ideal current source.
The ideal current source delivers current in proportion to the solar flux to which it is exposed (Isc), but a more practical
equivalent circuit includes a parallel leakage resistance Rp and a series resistance Rs [1] as shown in Fig. 1.
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Fig. 1 Equivalent circuit of PV cell [1]
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The governing equations of the model are
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Where lo is the reserve saturation current and Vg is the diode voltage. Now consider the Fig. 2 in which the n cells are
connected in series and the top most cell is under shade. Now the voltage contribution of that cell will be zero plus the
module current flowing through the series and parallel resistance of that cell will reduce the net voltage of the module.
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Fig. 2 A module with n cells in which top cell is shaded [1]
The output voltage of the module when one cell is shaded is given as

VSH = Vn—1 - I(Rp + Rs) (4)
With all n cells in the sun and carrying I, the output voltage when all the cells are in sun is V so voltage of bottom

n-1 cells will be
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Combining (4) and (5) gives
Vo = (Z2)V = IR, +Ry)
the drop on the voltage at any given current I, caused by shaded cell, is given by
AV =V —Vey =V—(1-2)V+IR; +Ry)
AV ==+ 1(Rp +Rg)
Since the parallel resistance Rp is so much greater than the series resistance Rs, so (8) simplifies to

=Y
AV =+ IR,

I11. MATLAB SIMULINK MODEL AND PROGRAMMING OF PV ARRAY
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The MATLAB Simulink model of the PV array is shown in Fig. 3. The solar data of Patiala for the month of April is
considered for the study which is given as the input to PV array by using another user defined functions. The sample

solar data is given in Table 1.

Table 1 Solar insolation and temperature data

Time | Hours Solar Temperature
Division Insolation (°C)
(W/m?)
0-1 9-10 474.1953 34.25
1-2 10-11 647.55 38.75
2-3 11-12 777.09 41
3-4 12-1 819.93 42.6
4-5 1-2 804.40 43.6
5-6 2-3 719.65 44
6-7 3-4 536.36 43
7-8 4-5 321.88 42

In Fig. 3, the lowest block is the third input to the PV array which is a constant defining the number of shaded cells in a

module and hence its value can be changed as accordingly.
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Fig. 3 Simulink model of PV array
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The programming code of the PV array block is given below, The short circuit current changes in direct proportion to
solar flux, the change in the temperature effect of the PV cell is accommodated by utilizing the fact that open circuit
voltage of the PV cell drops by 0.37% for each degree rise and short circuit current increase by 0.05% for each degree
rise [1], while the shading effect is programmed using the equations (4-5).

function [Voc,lout]= fcn(Ins, T,m)

%#codegen

Rs=0.005; % Series resistance

Rp=6.6; % Parallel resistance

10=((107-10)); % reverse saturation current

Vd=0.5; % diode junction voltage

n=25; % no of cells in series in a module

ns=17; % no of modules in series in an array
np=13; % no of 200 V module in parallel in an array

% Irradiance effect

Isc1=4; % Short Circuit current at STC
Isc2=(Ins/1000)*Isc1;
Isc=1sc2*(1+(0.0005*(T-25)));
Id=10*(exp(38.9*Vd)-1);
I=(Isc-1d-(Vd/Rp));

lout=np*I;

Vocl=ns*n*(Vd-(I1*Rs));

% Temperature effect
Voc2=Vocl*(1-(0.0037*(T-25)));
Voc3=Vocz;

% Shading effects
dV=m*((Voc3/(n+ns))+(1*Rp))
Voc= Voc3-dV;

‘Ins’ is the solar insolation input whose values are given in Table 1, similarly ‘T’ is the temperature input from the
sample data, where ‘m’ is the number of shaded cells in a one module. The output of one PV cell is 0.4805 Volts and
3.896 Amperes under STC (Standard test conditions), so 25 cells are connected in series to form a module with voltage
output of 12 Volts ,17 modules are connected in series making voltage level as 200 Volts while 13 modules are
connected in parallel giving short circuit current as 50 Amperes. The PV array output is 200 Volts and 50 Amperes
under STC. Vocand loyt are output voltage and short circuit current of the array in above program.
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IV.SHADING OF CELLS

Consider the shading of the cells in each of the 13, 200 Volt modules (17%25x0.4805) which are connected in parallel
to make an array as shown in Fig. 4.
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Fig. 4 Schematic arrangement of a PV array

The shading of the cells in the module is reflected in the program by changing the value of constant ‘m’ in the Simulink
model. The V-I curves of the PV array when m=1 (One cell shaded), m=2 (two cells shaded), m=3 (three cells shaded)
under the sample solar data of Table 1 are shown in Fig. 5. It is assumed that the shading of cells takes place
simultaneously in each of the parallel connected module.
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Fig. 5 V-1 curves of the PV array under shading of cells

The careful observation of the Fig. 5 reveals that the V-1 curve shifts downwards as the number of shaded cells in a
module increases hence proving the significant drop in the open circuit voltage with the shading of the cells. The power
supplying capability of the PV array also gets reduced with the phenomenon of shading which is illustrated in Fig. 6.
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Fig. 6 Power vs time curve of PV array under shading of cell
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V. BYPASS DIODE

The voltage drop problem across the shaded cell can be averted by adding a bypass diode in parallel with the shaded
PV cell as show in Fig. 7. When a cell is in the full sun the voltage rise across the cell cut off the bypass diode and no
current flows through it. Now when the cell is shaded the voltage share of that cell is nil and the module current instead
of passing from the series and parallel resistance of the cell passes through the bypass diode hence turning on the diode,
this diverting of the current eliminates the voltage drop caused by series and parallel resistance of the cell during
shading.
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Fig. 7 Bypass diode in parallel with Shaded cell [1]

VI. IMPROVED RESULTS WITH BYPASS DIODE
The programming of the bypass diode is undertaken by eliminating the voltage drop across the parallel resistance

which is shown in programming under the heading of shading effect. The comparisons of V-1 curves of PV array with
and without bypass diode under sample data for different number of shaded cells is shown in Fig. 8 to Fig. 10.
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Fig. 8 V-1 curve for PV array with and without bypass diode for m=1
The comparison of V-I curves with and without bypass diode for the case of one shaded cell in a module is shown in
Fig. 8. A close observation of above figure reveals that the open circuit voltage level of the PV array when simulated

with the bypass diode for the given tabular data have been lifted from the previous voltage level of 182-185 Volts to the
new voltage level of 192-196 Volts. Although the range of short circuit current remains the same.
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Fig. 9 V-1 curve for PV array with and without bypass diode for m=2

Fig. 9 shows the comparison of the V-1 curves of PV array for the case of two shaded cells in a module. The open
circuit voltage level of array is lifted from 168-170 Volts to the new level of 192-196 Volts when simulated with the
bypass diode across each shaded cell. In the same fashion Fig. 10 shows the new improved results of open circuit
voltage when three cells are shaded in a module. The voltage level without bypass diode is 155-159 Volts while the
voltage level with bypass diode is 192-196 Volts.
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Fig. 10 V-I curve for PV array with and without bypass diode for m=3

The voltage level of the PV array is lifted when the bypass diodes are used in parallel with the shaded cells which is
illustrated in Fig. 8 to 10. The power supplying capability of the PV array is also improved when the bypass diodes are
used with the solar cells, due to improvement in voltage profile of the array. The comparison of the P-t curves for
different cases are given in Fig. 11 to 13.
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Fig. 11 P-t curve for PV array with and without bypass diode for m=1
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The comparison of P-t curves with and without bypass diode for the case of one shaded cell is shown in Fig. 11. The
maximum power supplying capability of PV array has improved from 7000 Watts (without bypass diode) to 8200
Watts when the bypass diode is used in parallel with the shaded cell.
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Fig. 12 P-t curve for PV array with and without bypass diode for m=2

Fig. 12 shows a similar comparison of P-t curves as in Fig. 11 but for the case of two shaded cells in a module. The
maximum power supplying capability of PV array has now improved from 5800 Watts to 8200 Watts with the
modification of bypass diode with each shaded cell. The PV array model is simulated for given sample solar data of
Table 1 for all the cases. Fig. 13 is also a similar comparison for three shaded cells with maximum power level lifted

from 4500 Watts to 8200 watts.
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Fig. 13 P-t curve for PV array with and without bypass diode for m=3

VII. CONCLUSIONS

The shading of the cells in a module causes a significant drop in the output voltage level of the PV module/array. The
drop in the voltage and in power availability from the PV array is illustrated by using V-1 and P-t curves obtained by
programming the PV array in user defined MATLAB function. The bypass diode, which improves the voltage profile
of the PV module when cells are under shade is modelled in the code of PV array and the improved results of the V-I

and P-t curves are hence obtained.
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