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Determination of effect of photovoltaic cells defect on electricity
produce by use mathematical model

Abstract. The paper describes a replacement model of a photovoltaic cell as well as its parts. The replacement model of the photovoltaic (PV) cell
also consists of a series Rs and a parallel Rp resistor. The effect of changing these resistances is describe in this paper. Changes in the resistances
Rp and Rs affect the shape of the VA characteristic as well as the MPP point. Because the shape of the VA characteristic and the MPP point change,
the total power of the PV cell as well as its produced electric energy also changes. The ideal photovoltaic cell should have the lowest possible value
of the series resistance Rs and, conversely, the highest possible value of the parallel resistance Rp. However, in practice, this is not possible and
therefore we focused on how the change of these parameters affects the power and the production of the photovoltaic cell.

Streszczenie. W artykule opisano model zastepczy ogniwa fotowoltaicznego oraz jego cze$ci. Model zastepczy ogniwa fotowoltaicznego sktada sig
réwniez z szeregowego Rs i rownolegtego rezystora Rp. Efekt zmiany tych oporéw jest opisany w tym artykule. Zmiany rezystancji Rp i Rs wptywajg
na ksztatt charakterystyki VA oraz punkt MPP. Poniewaz zmienia sie ksztaft charakterystyki VA i punkt MPP, zmienia sie rowniez catkowita moc
ogniwa fotowoltaicznego oraz wytwarzana przez niego energia elektryczna. Idealne ogniwo fotowoltaiczne powinno miec najnizszg mozliwg warto$c
rezystancji szeregowej Rs i odwrotnie, najwyzszg mozliwg warto$¢ rezystancji réwnolegtej Rp. Jednak w praktyce nie jest to moZliwe i dlatego
skupilismy sie na tym, jak zmiana tych parametréow wptywa na moc i produkcje ogniwa fotowoltaicznego. (Wyznaczanie wplywu defektu ogniw

fotowoltaicznych na produkowang energie elektryczng z wykorzystaniem modelu matematycznego)

Keywords: photovoltaic cell, defect of photovoltaic cell, maximum power point.
Stowa kluczowe: ogniwo fotowoltaiczne, wada ogniwa fotowoltaicznego, maksymalny punkt mocy.

Introduction

Photovoltaic cells have many applications. The
individual cells are used to power small devices, such as
electronic  calculators. Photovoltaic arrays generate
electricity from a renewable energy source (solar), which is
especially useful in situations where it is impossible to
obtain electricity from the grid, remote power grids, orbiting
satellites and space probes, radiotelephones and water
pump applications. Nevertheless, photovoltaics is becoming
more and more widespread even in conventional electrical
systems [1] [2] [3] [4].

Photovoltaic cells (like other sources of electricity) are
connected to batteries in order to achieve a higher nominal
voltage and current. Due to the variable lighting and thus
the variable output parameters (power, current, voltage),
the output of the photovoltaic batteries is modified (eg for
connection to the mains) by connected power electronics,
which often also include accumulators [4] [5] [6] [7].

The efficiency of the conversion of (potentially incident)
light into a photovoltaic cell into electrical energy is the most
important parameter of the cell. Several parameters affect
the overall efficiency: [3] [8] [9] [10]

- surface cleanliness

- reflections on the surface

o] angle of impact - the use of rotation increases the
price, reduces reliability and it is necessary to consider
whether the energy gain equals the power input of the
rotation system.

o] surface reflectivity - due to the large difference in
refractive indices at the air / semiconductor interface, it is
necessary to use an adaptive (anti-reflective) layer (or
system of layers)

- narrow absorption region - charge carriers
generated outside the spatial charge region of the pn-
junction are not separated, recombine, and do not
contribute to the resulting current. Therefore, it is important
that the pn-transition be located as close to the surface as
possible and that it be as wide as possible.

- absorption spectrum - in semiconductors it is
relatively narrow, i. j. part of the incident photons passes
through the semiconductor and part is absorbed but only
part of their energy is used to generate the electron-hole
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pair, the rest is converted to heat, the other part is
converted only to heat. To increase efficiency, a set of
layers of different composite semiconductors (with different
bandwidths and thus) with several pn transitions above
each other is used [3] [7] [11] [12].

- recombination of photogenerated carriers - pure
monocrystalline semiconductors must be used for reduction

- series resistance (causes ohmic losses)

o] semiconductor - photogenerated carriers pass
through the P and N layer of the semiconductor to the
contacts on the surface, therefore the high conductivity of
the substrate is important

o] contacts - transparent upper contacts (apart from
the higher price) have a significant series resistance (and
also a considerable reflectivity), therefore, despite the loss
of part of the surface, opaque ridge contacts are used.

The overall efficiency of the entire photovoltaic system is
compounded by losses in the connections between the
cells, the efficiency of the power electronics (inverter) or the
efficiency of energy storage and recovery in the batteries.
Since the illuminated part of the cell also performs the
function of contact and dissipates the produced current, it is
important that it puts as little resistance as possible and
thus that it dissipates the obtained energy with the least
possible losses [10] [13] [14].

Photovoltaics cell parameters

This section will describe the basic parameters
determining the quality of a photovoltaic cell. These
parameters will be further monitored in the part of
photovoltaic panel defect modelling [3] [15] [16].

Open-circuit voltage Uoc

Open-circuit voltage Uoc This is the maximum value of
the voltage at the output terminals of the PV cell at zero
current, without a connected load at a given temperature
and light intensity. The Uoc value ranges from tens to
hundreds of Volts [3] [17].

Short circuit current Isc

This is the maximum value of the current at a given
lighting and at zero cell voltage. It is thus equal to the
current generated by the light Isc=/, assuming that the
resistance RS is zero. The magnitude of the short-circuit
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current depends on the intensity of illumination, spectral
sensitivity, irradiated area and temperature and varies in the
order of units up to tens of A [3] [18] [19].

Maximum power Pypp

The main unit is Wp (Watt Peak — top performance).
This is the maximum power that the panel is able to deliver
under STC conditions. The value of the maximum power is
given by the relation:[3] [7] [20]

1) Pypp = Unpp * Inpp

where the voltage Uumpp is at the point of maximum
power of the panel and where the jet Iyep is at the point of
maximum power of the panel.

Effectiveness n

The efficiency of a photovoltaic panel is determine by
the properties of the materials from which the panel and the
photovoltaic cell w made. The material affects the spectral
sensitivity of the cell to incident radiation, which means that
the panel cell uses energy of different wavelengths with
different efficiencies. The efficiency of a photovoltaic panel
cell can be define by the formula:[3] [21] [22]

— Pmep _ Pupr
(2) n”— Prad E«A

where Prq is the power of the incident radiation, E is the
light intensity under standardized test conditions, Ac is the
area of the photovoltaic cell.

Fill Factor FF

It depends on the quality of the contacts, the
morphology of the material and the resistance of the active
semiconductor layer. In translation, we know it as the load
factor, and the higher this value, the more power the PV cell
is able to deliver to the load. The average value for
amorphous cells is around 0.6. Fill Factor is based on the
relationship:[3] [23]

_ Umep-lmer

FF = Pumpp _ _

(3) Isc+Uoc

Series resistance Rs

It is an indicator of the quality of a PV cell. It is a
parasitic resistance that is derived from the total resistance
of the semiconductor material, the resistance of contacts
and connections. A good cell should have the lowest Rs
value, because its high value causes a voltage drop at the
panel terminals [3] [7].

Parallel resistance Rp

In most cases, it is caused by extensive defects. Too
low an Rp value indicates a poor PV cell that behaves
almost like a short circuit. The resistance value should be
as high as possible [3] [7].

IscUoc

Mathematical model of a photovoltaics

The P-N junction is a semiconductor diode. Depending
on the polarity of the externally connected DC voltage,
current (direct direction) or no current (closing direction)
flows through the diode. The magnitude of the current at the
P-N junction is given by the U-I characteristic given by the
Shockley equation: [3] [7] [19]

@ In=1Is (f’..‘l.‘p {%{% — ID

where Ip is the current on the diode, /s is the saturation
current, Up is the voltage on the diode, g (= 1.6 x 10-19 C)
is the electron charge, k (= 1.38 x 10-23 J/K) is the
Boltzmann constant and T is thermodynamic temperature at
which the diode operates. The replacement scheme of the
photovoltaic cell is based on the principle of the Shockley
equation and is shown in Fig.1. The given scheme consists

of a current source, an ideal diode, a parallel resistor Rsy
expressing the stray current and a series resistor Rs, which
represents the internal resistance [3] [19].
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Fig.1. Fig. 1. The replacement scheme of the photovoltaic

cell[3]
The volt-ampere characteristic (U-l) is given by the
equation:[3] [19]

gl +IRg (I—Ifs
I =1Ipy —1Is (f’..‘l.‘p {%‘4)] — 1) — T{J

®)

where Ipy is the light generated current or photocurrent,
U is the output voltage of the solar cell, A is the ideal factor.
The photocurrent largely depends on the intensity of the
radiation and on the temperature at which the solar cell
operates and is given by the relationship: [3] [19]

(6) IP” = ,l[.lrl.t + I{f[.]_ — T;.l-:':'

where Isc is the short-circuit current of the photovoltaic
cell at 25 °C and A = 1 kW/m2, K, is the short-circuit cell
temperature coefficient, T, is the reference cell temperature
and A is the radiation intensity in kW/m2. The saturation
current of a photovoltaic cell varies depending on the
temperature and is described as follows: [3] [19]

3 . .
T\" .. (T
II} = IRI} (f) exrp [GE(,TTJ}
(7)

where Irs is the final saturation current depending on
the reference temperature and solar radiation, Eg is the
band gap energy of the semiconductor used in the cell. The
ideality factor A depends on the production technology of
the photovoltaic cells used. The dependence of the final

saturation current on the reference temperature is
expressed by the relation: [3]
Isc
..I - i : N
Iﬂ”:r [‘sz?f.]—l
(8) KAT

where Ugc is the short-circuit voltage of the photovoltaic
cell at the reference temperature. Another more accurate
model that can be used to describe a PV cell is the double
exponential model. This type is derived from the physical
behavior of a cell made of poly-crystalline silicon. This
model consists of a light-affected current source, two
diodes, a series resistor and a parallel resistor. However,
due to the implicit and nonlinear nature of this model, it is
difficult to define the parameters of the V-A characteristic of
the model, and therefore this model is not yet widely applied
in practical simulations. Approximate models of a
photovoltaic cell with suitable complexity can be further
derived by neglecting the parallel resistance and described

by: [3]
1)

T4+ TRS
I = Ip” — 15 (f_‘:]’.'p {q— —
9)
For an ideal photovoltaic cell, there are no serial or

ETA
parallel losses and therefore there is no voltage drop to

(
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ground, which means Rs = 0Q and Rsy = «Q. The
replacement circuit describing such a cell can be further
simplified by redefining the relationship: [3]

o [=Ien—Is (cap [5] - 1)

External conditions such as the temperature of the solar
cell or the intensity of the incident light have a significant
effect on the shape of the VACH. Also, its shape is also
affected by the internal properties of the cell (cell structure),
such as the series resistance Rs, which is required to have
the lowest possible value, and the leakage resistance Rs,
which is to reach a high value. The point on the VACH at
which the solar cell reaches maximum power is called the
Maximum power point. The voltage and current values in
this case will be indicated in Fig. 2 as Uy, respectively /. In
the idle and short circuit state, no power is produced by the
cell [3] [19].

”A}f

Isc
Im

Maximum power
point (MPP)

> U]

Voc
Fig.2. U — I and U — P characteristics of the photovoltaic cell[3]

Modelling of photovoltaics cells defect

As mentioned earlier, for an ideal photovoltaic cell, there
are no serial or parallel losses, which means Rs = 0Q and
Rsy = «Q. In this part of modelling, we will focus on the
effect of changing the series and parallel resistance of a
photovoltaic cell. The scheme of photovoltaic cell consists
of a current source, an ideal diode, a parallel resistor Rsy
expressing the stray current and a series resistor Rs, which
represents the internal resistance. The internal resistance
changes over time, which can be cause by imperfect
connections.

a) Defect caused by a change in the Rs series
resistance

The Rs series resistance in the replacement
photovoltaic cell model represents panel losses. These
losses represent the resistance of the material, contacts,
cables and connections. This resistance changes during
operation. Changes in Rs resistance are cause by aging of
the material. In addition, the resistance changes with
changing temperature. Several simulations of the series
resistance change in the surrogate model were perform. In
the simulations, the values of the series resistance were set
t0 0.1 0.150.3 0.6 and 1 Q. If we compare the results of the
simulation with the ideal V-A characteristic of the
photovoltaic cell shown in Fig.2, it is possible to state:

a) With increasing value of series resistance the V-A
characteristic deforms.

b) Increasing the series resistance will cause the MPP
point to shift to the left. This shift will cause a significant
reduction in current and thus a reduction in electricity
production

c) Increasing the Rs don’t change the maximum voltage
value.

For comparison, with an Rs resistance of 0.1 Q, the
current at the MPP point is approximately 0.65 A. When the
Rs resistance increases to 0.6 Q, the current at the MPP
point is 0.18 A.
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b) Defect caused by a change in the Rp parallel
resistance

Several simulations of the change in parallel resistance
in the surrogate model were perform. During the
simulations, the values of the parallel resistance were set to
135 10 and 150 Q. If we compare the results of the
simulation with the ideal V-A characteristic of the
photovoltaic cell shown in Fig. 2, it can be state:

a) If the value of the parallel resistance Rp decreases,
the maximum current decreases. The maximum voltage is
also reduce. A reduction in the maximum current and
voltage will cause a decrease in the power of the
photovoltaic cell and thus a decrease in the electricity
produced.

b) Changing the value of the parallel resistance Rp
distorts the V-A characteristic.

c) Changing the value of the parallel resistance will
change the MPP point.

d) Decrease in the value of the parallel resistance will
cause a more significant drop in voltage than current.
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Fig.4. V-A characteristics of the photovoltaic cell - Change of
parallel resistance of RP

Conclusion and discussion

This paper deals with the investigation of defects on a
photovoltaic cell. Each defect can affect the performance of
the photovoltaic cell as well as the panel. The decrease in
power affects the overall production of electricity. The article
describes a replacement model of a photovoltaic cell in
which there is a series and parallel resistance. These two
parameters affect the power and production of electricity. In
addition to these parameters, the intensity of solar radiation
and the temperature of the photovoltaic panel also affect
the overall output and production of electricity.

The paper presents changes in the photovoltaic cell
model, which represent defects on the photovoltaic cell. In
the simulation, first the series resistance and then the
parallel resistance were changed. In the simulations, the
values of the series resistance were set to 0.1 0.15 0.3 0.6
and 1 Q. The results lead to the conclusions described in
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Part IV modelling of photovoltaics cells defect.

In the second part of the simulation, the influence of
parallel resistance on power and electricity production was
solve. The conclusions are also describe in Part IV
Modelling of photovoltaics cells defect.

The simulation shows that changing both the series
resistance and the parallel resistance affects the V-A
characteristic of the photovoltaic cell. As mentioned above,
the ideal photovoltaic cell should have the lowest possible
value of the series resistance Rs and, conversely, the
highest possible value of the parallel resistance Rp.
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