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ABSTRACT

This paper studies the effects of series resistance, parallel resistance and diode ideality factor on
photovoltaic module characterization parameters (short circuit current, open circuit voltage, fill
factor and energy conversion efficiency). Parasitic resistances and diode ideality factor of the solar
cell have an adverse impact on the cell performance, as these parameters increase the power losses
in the cell and decrease the cell output power, FF and cell efficiency. This study shows that series
resistance, parallel resistance and diode ideality factor have a significant effect on the photovoltaic
performance. Therefore this effect can't be neglected and should be taken into account when using
photovoltaic modules in different systems and when analyzing the module performance. Also this
is useful for modeling process of PV modules, as the results are helpful in obtaining the best
parameters values which match the datasheet parameters.
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1. INTRODUCTION

1.1 PV Module Model

Parameters that are used to characterize the solar cell
output are called characterization parameters, such as
lse, Voo, FF and y [1]. The effects of Ry, Ry and n on
these parameters can be adequately described by the
more accurate model for PV cell which contains the
following parameters.

a) Series Resistance

In a practical PV cell, there are many resistive losses
in the current path through the semiconductor
material, the metal grid, contacts and current
collecting bus. These resistive losses are lumped
together as a series resistor (Rs). In case of many
cells connected in series the effect of this resistance
becomes very conspicuous and its value must be
multiplied by the number of cells[2].

b) Parallel Resistance

This is also called shunt resistance (Rp). It represents
a loss associated with a small leakage of current
through a resistive path in parallel with the intrinsic
device [3].These are due to crystal damage and
impurities in and near the junction. Using this
resistance, the model gives a real behavior under the
impact of shading on a string of cells wired in series
[2]. Its effect is less conspicuous in a PV module
compared to the series resistance, and it will become
noticeable when a number of PV modules are
connected in parallel for a larger system[4].

¢) Recombination

Recombination in the depletion region of PV cells
provides non-ohmic current paths in parallel with the
intrinsic PV cell. This can be represented either by a
second diode in the equivalent circuit with diode
ideality factor equal two, or by a single diode with
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unknown diode ideality factor (n)[2], thus the PV cell
is usually represented by the single exponential
(diode) model or the double exponential (diode)
model[5].

The single exponential circuit model is shown in
Figure 1. This model contains five parameters Iy, |,
R, Ry, and n (Eq. 1)[2].The values of these
parameters must be determined to reproduce the I-V
curve.

ANV *
Re

qO oy Fw

Fig. 1 Equivalent circuit used in the MATLAB
simulations

The current-voltage relationship of the PV cell is [2]:
V+I.Rg
=nenf S5
T

The thermal voltage (V) is given by:

kT
Vp=— (2)
q

The strategy of modeling a PV module is not
different from modeling a PV cell. It uses the same
PV cell model. The parameters are the same, but only
a voltage parameter (such as the open-circuit voltage)
is different and must be divided by the number of
cells. This study uses the single diode model, shown
in Figure(1), which provides fairly accurate results.
The model consists of a current source (lIsc), a diode
(D) with diode ideality factor (n) set to achieve the
best 1-V curve match and its value varies from one to
two depending on the material and the physical
construction of the cell[6], a series resistance (Rs)
and a parallel resistance (Ry).

1.2 Fill Factor (FF)

The fill factor is a quantity that is often used to
characterize module performance. The fill factor is
the ratio of the power at the maximum power point to
the product of V. and I.

Maximum Power | N
FF — — _mpp-mpp (3)

Vacdsc VocIsc

The fill factor is directly affected by the module
parameters such as Rs, Rp and n [7].

1.3 Energy Conversion Efficiency (1)

The energy conversion efficiency of solar cell is the
ratio of the maximum electrical power output from
the cell to the solar power impinging the cell. This
ratio is calculated at STC (1000W/m?, 25°C and 1.5
A.M). Mathematically, the cell efficiency is given by:

Maximum Output Power

= solar power impinging the module
Voo - L
mpp - mpp
— PP mPP 4
G.A ()
Energy conversion efficiency of PV module in terms

of fill factor:

n"=—©7caiA (5)
The actual silicon cell efficiency is roughly in the
range of 20-25% [4].

2. MODELING A PV MODULE BY MATLAB

Kyocera KC-120-1 PV module is chosen for a
MATLAB simulation model. The module consists of
36 multi-crystalline silicon solar cells in series and
provides 120W of nominal maximum power [8]. The
MATLAB model gives a good correspondence
between the data points and the simulated I-V curves
as shown in figure 2, the discrete points are taken
from the datasheet while the continuous lines are
obtained by simulation. The series and parallel
resistances are calculated by MATLAB model for the
chosen module, such that R, = 4.7mQ and R, =
2.9953Q. By trial and error, and using MATLAB
model, it was found that n = 1.05, is the best value
that attains the best match with the 1-V curve on the
datasheet. At STC the energy conversion efficiency
of the chosen module can be calculated from
equation(6), and the FF of the chosen module is
75%.

n=pxPn (6)

where 8 = 1/(G.A), and equal to 0.1076 W™ at STC.
3. EFFECT OF SERIES RESISTANCE

In the following, the part of the I-V curve from the
short circuit point to the MPP will be called the
voltage-controlled part while the part from the open
circuit point to the MPP will be called the current-
controlled part. Figure 3 shows the effect of series
resistance on the I-V and P-V curves of the chosen
module. In this study, the series resistance is changed
from zero (as the ideal value) to 20 mQ (as a worse
practical value) in steps 5 mQ. Parallel resistance and
diode ideality factor are kept constant at 2.9953 Q
and 1.05 respectively. As series resistance increases,
the voltage drop between the diode voltage and the
terminal voltage becomes greater for the same
current. The result is that the current-controlled
portion of the I-V curve begins to sag towards the
vertical axis, producing a significant decrease in the
terminal voltage V and a slight reduction in Iy, and
have no effect on V..

12 Engineering Research Journal, Minoufiya University, Vol. 34, No. 1, January 2011



H. M. B. Metwally, M. A. Farahat, and A. A. A. Mehrem, "Effect of Parasitic Resistances and Diode Ideality ..."

8I -
(AW
<° \\
€ 5
g 25°C
5 i
=) |
3 3 1 | I
3 50°C
o il
1 | |
0
0 75°C

0 5 10 15 20 25 30
Module Voltage (V)

(@
[ Toowir
7 - S—
800 W/m?
- G‘L — T
< ‘\\
S 5 600 wim?
= 4"ﬁz__?*
O T T Y
2 400 W/m? ‘\\ :
S 3¢~
© | |
o | | |
= 2+
o —
1
0

0 5 10 15 20 25 30
Module Voltage (V)
(b)

Fig. 2 I-V curves of KC-120-1 PV module
(a) At different temperature and 1kW/m?
(b) At different irradiance intensity and 25°C [8]
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Fig. 3 Effect of series resistance on I-V & P-V curves
at IkW/m? 25°C , n = 1.05 and R, = 2.9953 Q (Note:
current is multiplied by 10)

3.1 Effect of Ry on V¢

Figure 4 shows the effect of series resistance on Vg,
which indicates that, the series resistance have no
effect at all on V,..(note: cases land 2 are identical).
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Fig. 4 Effect of series resistance on V. at STC

3.2 Effect of R;on I

Figure 5 shows the effect of series resistance on Iy
which indicates that, For large values of R, series
resistance have no effect on I.. But for small value of
Ry, the Iy slightly decreases linearly as increasing
Re.(note: cases 1 and 2 are identical and so cases 3
and 4).
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Fig. 5 Effect of series resistance on I, at STC

3.3 Effect of Ryon FF

Figure 6 shows the effect of series resistance on FF
which indicates that, in general the FF decreases
significantly as Ry is increased. But the rate of decline
for small value of R, is less than that for large value.
And the diode ideality factor almost have no effect
on the rate of decline.
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3.4 Effectof Ryonpy

Figure 7 shows the effect of series resistance on the
efficiency of the chosen module which indicates that,
the effect of R; on 7 is very similar to that of Rson
FF.
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Fig. 7 Effect of series resistance on n at STC

4. EFFECT OF PARALLEL RESISTANCE

Figure 8 shows the effect of the parallel resistance on
the I-V and P-V curves of the chosen module. In this
study, the parallel resistance is changed from infinity
(as the ideal value) to 0.3 Q (as a worse practical
value). Series resistance and diode ideality factor are
kept constant at 4.7 mQ and 1.05 respectively (the
calculated values of the chosen module). As parallel
resistance decreases, the current diverted through the
shunt resistor increases for a given level of diode
voltage. The result is that the voltage-controlled
portion of the I-V curve begins to sag towards the
horizontal axis, producing a significant decrease in
the terminal current | and a slight reduction in V.
and Iy . Very low values of R, will produce a
significant reduction in V. and Ig.
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Fig. 8 Effect of parallel resistance on I-V & P-V
curves at 1Ikw/m?, 25°C, n = 1.05 and Rs = 4.7 mQ
(Note: current is multiplied by 10)

4.1 Effect of R, on Vo,

The effect of parallel resistance on the V. is shown
in figure 9. In general, V,. decreases as decreasing
R,. But for large values R,, the decrease in of V. is
very small and can be neglected. On the other hand,
for small values of R, there is a noticeable decrease
in Vo.. And for n=2 the decreasing and also the rate
of decline in V,. become larger, but this effect can be
neglected in large values of Ry, but it must be taken
into account for small values (note: cases 1 and 3 are
identical and so cases 2 and 4).

216
— »
2 ‘
P} .
g 213 N
= ~
= . N
8 210 N,
(@)
0 209 ‘
o —e— Case(1):Rs=0,n=1
a 208 4 —&— Case(2):Rs=0,n=2
©] 207 4] —&— Case(3):Rs=20mQ,n=1

) —— Case(4):Rs=20mQ,n=2
20.6 : T : T : T

0 5 0.5 0.3
Parallel Resistance (Ohm)

Fig. 9 Effect of parallel resistance on V, at STC
4.2 Effect of Ryon Iy

Figure 10 shows the effect of parallel resistance on Iy
which indicates that, R, has no effect on Iy except
for large value of R, where the short circuit current
decreases as R, is decreased. And this reduction
becomes significant for small values of R;. (note:
cases 1 and 2 are identical and so cases 3 and 4).
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4.3 Effect of R, on FF

The effect of parallel resistance on FF is shown in
figure 11. In general FF decreases as decreasing Ry,
and this effect becomes larger for large values of R,
than small values. Adding the effect of n will
decrease the FF more, but doesn't affect the rate of
decline. Unlike R, which decrease the FF and
decrease the rate of decline.
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Fig. 11 Effect of parallel resistance on FF at STC
4.4 EffectofR,onpg

Figure 12 shows the effect of parallel resistance on
the efficiency. The effect of Ry on # is very similar to
that of R, on FF.
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Fig. 12 Effect of parallel resistance on n at STC

5. EFFECT OF DIODE IDEALITY FACTOR

The ideality factor is a fitting parameter that
describes how closely the diode's behavior matches
that predicted by theory, which assumes the p-n
junction of the diode is an infinite plane and no
recombination occurs within the space-charge region.
A perfect match to theory is indicated when n = 1,
But when recombination in the space-charge region
dominates other recombination, then n=2 [7]. The
effect of changing ideality factor on the 1-V and P-V
curves of the chosen module is shown in Figure 13.
In this study, the diode ideality factor is changed
from one (as the ideal value) to two (as the worse
value). Series and parallel resistances are kept
constant at 4.7 mQ and 2.6653 Q respectively (the
calculated values of the chosen module). As the
ideality factor increases from one to two, the voltage-
controlled portion of the I-V curve begins to sag
towards the origin at the knee region, producing a
slight reduction in V., and have no effect on I.
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Fig. 13 Effect of diode ideality factor on I-V & P-V
curves at IkW/m?, 25°C, Ry=2.9953 Q and Rs = 4.7
mQ (Note: current is multiplied by 10)

5.1 Effect of non V,

Figure 14 shows the effect of diode ideality factor on
Vo Which indicates that, n has no effect on V. except
for low value of R, where the open circuit voltage
decreases as the diode ideality factor is increased
(note: cases 1 and 2 are identical and so cases 3 and
4).
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5.2 Effectofnon Iy

Figure 15 shows the effect of diode ideality factor on
Is.. It can be seen that the diode ideality factor has no
effect at all on Iy (note: cases 1, 2 and 3 are
identical).
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Fig. 15 Effect of diode ideality factor on I, at STC

5.3 EffectofnonFF

The effect of diode ideality factor on FF is displayed
in Figure 16. There is a general decrease in fill factor
as the ideality factor is increased.

90%
80% = —
h§>§~>
70% ———
——
5 60% | mp—a
——
S 50% T
Lo
= 40%
* 30%
0fH - —— Case(1): Rs =0, Rp = ©
20 A) —&— (Case(2): Rs =20 mQ, Rp = oo
10% -+ —a&— Case(3): Rs=0,Rp=0.5Q
—— Case(4): Rs =20 mQ, Rp = 0.5 Q
0% — T T T T

1 12 14 16 18 2
Diode Ideality Factor
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5.4 Effectofnongy

Figure 17 shows the effect of diode ideality factor on
the efficiency which indicates that, the effect of
ideality factor on the efficiency is very similar to that
of ideality factor on the fill factor.
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Fig. 17 Effect of diode ideality factor on the
efficiency at STC

6. CONCLUSIONS

In this paper, the effects of parasitic resistances and
diode ideality factor on characterization parameters
of Photovoltaic modules are studied and from the
results obtained the following points are concluded:

e Most influential parameter on V. is the parallel
resistance, where V. decreases as R, is decreased,
and this impact increases for small values of R,.
Increasing the diode ideality factor produces a
slight reduction in V. in the presence of R, only.
On the other side, the series resistance doesn't have
effect on V. at all.

The short circuit current influenced only in the
presence of Ry and R, with each other. Where I
decreases as decreasing Ry, and this effect increases
with small values of R and I decreases linearly as
increasing Rs. On the other side, the diode ideality
factor doesn't have effect on Iy at all.

In general all parameters affect on FF, such that,
increasing n or Rs will decrease FF linearly, and
decreasing R, will decrease FF but irregularly,
where the rate of decline increases at small values
of Ry,. In general also, any combination between R,
and R, will decrease the rate of decline of FF, when
one parameter being changed and the other is kept
constant.

Reference to equation(5), it's noted that the
efficiency is dependant on FF, and reference to the
curves, it's noted that the effect of parameters on #
is very similar to that on FF.

Any change in these parameters have a major
impact on the tendency of I-V curves, where R, and
n affect only the slop of I-V curves near Vo.. And R,
has a significant effect on the slop of I-V curves
near lg, and a slight effect on it near V..
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e Reference to equation(6), it's noted that the value
of the maximum power is directly proportional to
the efficiency. And reference to the curves, the
maximum power take the same behavior as the
efficiency with the change of these parameters.

e Change these parameters have a major impact on
the location of MPP (Vip), Where Ry have the
greatest influence on the location of MPP, where a
slight increase in R, produce a significant decrease
in Vipp. But the impact of n and R, on Vpy, can be
neglect.

7. APPENDIX

A. List of symbols

n diode ideality factor, dimensionless

Rs series resistance, Q

Ry parallel resistance, Q
output current of solar cell, A

sc short-circuit current, A

lo reverse saturation current, A

Impp  Output current of solar cell at maximum
power point, A

Yy thermal voltage, J/C

STC Standard test conditions

n Energy Conversion Efficiency

G intensity of radiation, W/m?

Vv output voltage of solar cell, V

Voc  Open circuit voltage, V

Vmgp  OUtput voltage of solar cell at maximum
power point, V

P maximum power, W

T cell temperature, K

k

g
FF
AM
A

B

boltzmann’s constant, 1.381x10% J/K
electron charge, 1.602x10™°C

Fill factor

Air mass

Module cross-section area, m?
Constant, 0.1076 W™ at STC
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