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Summary: The photovoltaic (PV) generators are a major element of PV power
systems, characterized by a low conversion ratio. This accounts for the necessity to study
the current-voltage and power-voltage characteristics of PV sources in order to obtain
maximum power output when there are changes both in the modules themselves and in the
environment where they operate. In this paper the classical and the modified single-diode
models have been used to model the electrical characteristics of PV cells and modules.
Mathcad software package has been used for the modelling. The impact of solar radiation,
temperature and shading both on electrical characteristics and on the PV cells and modules
efficiency has been studied. Copyright © 2006 IFAC
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1. INTRODUCTION

When photovoltaic conversion is used to
produce electric power, the most important condition
is to provide maximum efficiency at a lower price.
At present the efficiency does not exceed 24% in
laboratory conditions, and 15-18% up to 20% in real
conditions. Therefore, the modelling of electrical
characteristics of PV cells and modules - current-
voltage (I-V) and power-voltage (P-V) is important
in order to determine their efficiency.

Figure 1 shows current-voltage and power-
voltage characteristics of a PV cell. To evaluate
effectiveness of the real PV cell, in addition to the
efficiency, the fill factor (FF) is used which shows
to what extent the real effectiveness of the cell,
Upp-1p approximates the idealized U,.. /.
UmplIm p

Uoclsc

FF = (1)

where:

U,y and 1,,, are respectively the voltage and current
at the maximum power rate point (MPP) - P,,;

U,. is the open-circuit voltage at Ry = oo;

I, is the short-circuit current at R;= 0.

For the real PV cells the fill factor ranges from 0,75
to 0,85.
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2. PV CELLS MODELING
2.1. Classical Single-Diode Model

The most common mathematical model
employed to define the PV cell current-voltage
characteristics (direct and reverse) was proposed by
Bishop (1988). It is based on the equivalent circuit
shown in Figure 2 [1]. The analytical expression of
the model is as follows:

1=1, I |expl TN
| g

where:

I is the PV cell current [A];

In is the photocurrent [A];

I; is the saturation current [A];

U is the cell voltage [V];

R; is the series resistance [Q];

R, is the parallel resistance [€2];

m is the diode factor;

U, =kT/q is the temperature voltage [V].

Using Mathcad software package, the
equation (2) can be transformed so that the PV cell
current I can be calculated in the function of its
voltage U and solar radiation £ [W/m]:
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Figure 1. Current-Voltage and Power-Voltage Characteristics of a PV Cell

I R
— O O
Id " Islnmt+ 4
Iph 4 Rp R
L
<I> U, U
v '9 o

Figure 2. Equivalent circuit of the PV cell
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2.2. PV Cells Modelling Results under
Standard Test Conditions

The electrical characteristics of
polycrystalline solar cells of type Main Cell, with
dimensions of /25 x 125 mm and thickness of 300
um, manufactured by RWE SCHOTT Solar have
been modelled under standard test conditions (STC)
and the following input data:

In= 5,13 [A] I,=1,90-10" [A]
R,=0,012[Q] R,=27[Q]

U =0,0,005...0,617 [V] U, =25,7-10°[V]
m=1.

The following values have been obtained for
the major electric cell parameters during modelling:
Lyy=487[A], Uypy= 0471 [V], L= 513 [A], U,. =
0,53 [V], and for the fill factor - FF = 0,85. The
graphic results from modelling are presented in
Figure 3.
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Figure 3. I-V and P-V Modelled Characteristics of 125 x
125 mm Main Cell under STC

The current-voltage characteristics of /25 x
125 mm Main Cell from the model and STC
catalogue have been shown in Figure 4 to evaluate
the model used. It can be seen that the maximum
difference is obtained in the area of the maximum
power point, which results in insignificant increase
in the fill factor FF, calculated during modelling. For
the horizontal section and for the section in the
proximity of the open-circuit voltage U,. of the
current-voltage characteristic, the accuracy does not
differ from the accuracy of the characteristic and its
parameters given in the company catalogue: 3% for
I, and 2% for U,,..

2.3. Electrical Characteristics Modelling of
Shaded PV Cells

The  generated current, i.e. power,
respectively, is in direct relation with solar radiation.

When the solar cell or part of it is shaded, its
current-voltage characteristic changes [2]. This
effect is described mathematically by the so called
shading factor Sj;:

Ssh:1_£’ (5)

0
where:

E is the average value of solar radiation falling on
the shaded solar cell;

Ey is the value of solar radiation falling on the non-
shaded solar cell.
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Figure 4. Comparison of Modelled characteristics to the
Catalogue Current-Voltage Characteristics of 125 x 125
mm Main Cell under STC

If we assume that the photocurrent /,; of the
PV cell is approximately equal to its short-circuit
current /.

Isc = IXCO(l - Ssh) > (6)
then, taking into account that [  =C(E, the
equality obtained for photocurrent is:

1,=CkE, (7
where:

Isco 1 the short-circuit current of the non-shaded cell;
C, is the conversion coefficient [A.m*/W].

Then taking into account the shading factor
Ssi, the expression (3) in Mathcad takes the form:

.5 = |- RU - (AU, S, ) exp(AU,S,, )mU R, |
: (R, +R)R,

)exp(AU, S, ))mU,R,|

(R, +R).R,

The current-voltage and power-voltage
characteristics of the PV cell of type Main Cell 125
x 125 mm at 25°C (STC) and different shading rate:
0% (STC), 20%, 40%, 60% u 80%, are shown in
Figs. 5 and 6, respectively.

[(4w.,s,,
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Figure 5. Modelled Current-Voltage Characteristics of
125 x 125 mm Main Cell under different shading
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Figure 7. Modelled Current-Voltage Characteristics of
125 x 125 mm Main Cell at different temperatures
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Figure 6. Modelled Power-Voltage Characteristics of
125 x 125 mm Main Cell under different shading

2.4. Influence of Temperature on Electrical
Characteristics of PV Cells

The following relations [3] have been used to
estimate the impact of temperature on PV cell
electrical characteristics:

Lprew = 1,14 5,1010%(,,, - 25)] )
I, = I,exp[0,0967(T,,, —25)] (10)
R, =R 1+337-10°(T,,, ~25)+9.71-10%(7,,, 257 (11)
Rro =1 550100 (T, - 25];p161 10(1,,, —25) (2

Figure 7 and Figure 8 show the current-
voltage and power-voltage characteristics of the PV
cell of type Main Cell 125 x 125 mm, respectively,
at various temperatures: -5°C, +50°C u 25°C and
solar radiation in compliance with STC - 1000W/m”.
The curves confirm that the temperature change is
more significant in the area of the open-circuit
voltage U,., which falls when temperature rises.

Figure 8. Modelled Power-Voltage Characteristics of 125
x 125 mm Main Cell at different temperatures

3. PV MODULES MODELING
3.1. Modified PV Modules Model

In order to implement the models described
above, it is necessary to introduce the physical
parameters of the photovoltaic cells and modules as
input data; however, they are not always provided by
the manufacturers. Therefore, a simplified model
can be used with adequate accuracy, which needs
fewer input data which are always provided by the
manufacturers and are the key electrical parameters
of PV cells and modules: 1,,, Unp, L, U, The
principal eTuation for this model is [4]:

1V)=1.[1-¢,(explc,u)-1)), (13)
where:

C;=0,01175 (14)

C, = Cm (15)
U,

{1 (1+C) I, } (16)

(17)

i)
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(18)

3.2. PV Modules Modelling Results under
Standard Testing Conditions

The model described is employed in studying
the performance characteristics of PV module ASE-
250-DG-FT/MC, built of 120 PV cells type Main
Cell 125 x 125 mm, whose characteristics have been
modelled above. The input data are the basic
electrical parameters of the module, as follows: /,,, =
4,6 [A], Un,=615[V], L= 515 [A], Uy =74 [V].

The results obtained for current-voltage and
power-voltage characteristics of ASE-250-DG-
FT/MC PV module are presented in Figure 9 and
Figure 10, respectively. The fill factor is calculated
tobe: FF =0,75.

Figure 11 illustrates a comparison between the
current-voltage characteristics of ASE-250-DG-
FT/MC PV module, obtained, respectively, in
modelling and listed in the manufacturer’s
catalogue. In this case, in the maximum power point
area both characteristics match best.

Module type ASE-250-DG-FT/MC
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Figure 9. Modelled Current-Voltage Characteristics of
ASE-250-DG-FT/MC PV Module under STC
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Figure 10. Modelled Power-Voltage Characteristics of
ASE-250-DG-FT/MC PV Module under STC
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Figure 11. Comparison of Modelled characteristics to the
Catalogue Current-Voltage Characteristics of ASE-250-
DG-FT/MC PV Module under STC

3.3. Influence of Solar Radiation and
Temperature on the Electrical
Characteristics of PV Modules

The solar radiation and temperature changes
in the modified model are found by way of the
following relations [5]:

AT=T-T,, (19)

M:a[LJAn{Ll}W o0
Ercff Eref

AU =—pBAT — R AI 1)
U, (U, )=U,, + AU (22)
Lo, )=1,+AI, 23)

where: o and P are the temperature change
coefficients, respectively, of temperature T and
radiation E.

These temperature coefficients for the studied
module type ASE-250-DG-FT/MC are, o =
0,00515[A/°C] and p = 0,28[V/°C], and R, = 1,5[Q],
respectively.

The effect of solar radiation on current-
voltage and power-voltage characteristics of ASE-
250-DG-FT/MC PV module is shown in Fig.12 and
Figure 13, respectively. Modelling has been
performed at temperature T, = 25[0C] (STC), Uys =
0, 0,01...62[V] and solar radiation 1000[W/m’]
(STC), 800[W/m?] and 600[W/m?].

The effect of temperature on current-voltage
and power-voltage characteristics of ASE-250-DG-
FT/MC PV module is shown in Figs. 14 and 15,
respectively. Modelling has been performed in solar
radiation E.; = IOOO[W/mz], in conformity with
STC, Uer = 0, 0,01...62[V] at temperatures: 25[°C]
(STC), 70[°C] and - 20[°C]. In this case the effect of
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temperature on the characteristics in the open-circuit
voltage area U, is less significant.

Module type ASE-250-DG-FT/MC
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Figure 12. Modelled Current-Voltage Characteristics of
Module Type ASE-250-DG-FT/MC under Different Solar

The ratings of the IBC80 module of the stand-alone
PV system operating in the Technical University of
Gabrovo are as follows: Pyom = 80,0 [W], I;. = 5,08
[A], Uge = 21,0 [V], Ly = 4,71 [A], Upp = 17,0 [V].
The calculated fill factor for IBC80 module is 0,75.
The greater difference between the measured and
modelled characteristics is due to the fact that
measurements have been taken in real outdoor
conditions, where solar radiation and temperature
cannot be kept constant, corresponding to STC.

Radiation
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Figure 13. Modelled Power-Voltage Characteristics of
Module Type ASE-250-DG-FT/MC under Different Solar
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Figure 14. Modelled Current-Voltage Characteristics of
Module Type ASE-250-DG-FT/MC at Different
Temperatures

3.4. Comparison of Modelled and Measured
Electrical Characteristics of PV Modules

A comparison between experimentally taken
and modelled current-voltage and power-voltage
characteristics of the solar module IBC80 can be
made on the basis of Figs. 16 and 17, respectively.
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Figure 15. Modelled Power-Voltage Characteristics of
Module Type ASE-250-DG-FT/MC at Different

Temperatures
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Figure 16. Modelled and Measured Current-Voltage
Characteristics of IBC80 module type
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Figure 17. Modelled and Measured Power-Voltage
Characteristics of IBC80 module type
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4. CONCLUSION

The employment of classical and modified
single-diode models for modelling the electrical
characteristics of PV cells and PV modules,
respectively, has been shown. Modelling has been
performed both under standard test conditions, and
with changes in temperature, solar radiation and
shading. The model characteristics obtained reflect
exactly the effect of these parameters. When the
classical single-diode model was used a larger
inaccuracy appears in the maximum power point
area, than when using the modified one. The key
electrical parameters of the PV cells studied, as well
as the fill factor of the PV cells and PV modules
modelled have been determined.
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