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Abstract:

This thesis deals with the solar radiation, which is one of the potential sources of
renewable energy. One of the main objectives is to let know about the problematic of the
photovoltaic. Semi-automated measuring workplace is constructed, which gave us real I-V
and P-V characteristic. The next main objective is to construct the program, which simulates
these characteristic in the program Vee Pro 8.0. The goal is to obtain real characteristic

constant for the real solar panel.

Abstrakt:

Tato prace se zabyva slune¢nim zafenim, které je jednim z moZnych zdrojli obnovitelné
energie. Hlavnimy body prace je seznamit se s problematikou fotovoltaiky. Sestrojeni
poloautomatizovaného méficiho pracovisté, diky némuz obdrzime redlné 1-U a P-U
charakteristiky solarniho panelu. Dalsim bodem je sestrojeni programu v programu Vee Pro
8.0, ktery tyto charakteristiky simuluje v programu. Cilem je zjistit charakteristické konstanty

pro dany solarni panel.
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1 INTRODUCTION

In this thesis, many aspects are based on photovoltaic. This is a "fundamental building
block" of solar cells. From an empirical perspective, the word photovoltaic is formed by
joining two different words. Photo comes from the Greek word photos. Volt comes from the
name of the Italian physicist Alessandro Volta. Photovoltaic is the direct conversion of
sunlight energy into electrical energy. In this area, research is carried out in different countries
such as USA, throughout the EU, Japan, and many others scientific teams from around the
world. Energy consumption is constantly rising, so it is very important for this research to be
carried out. Thus, in terms of trends, the importance of photovoltaic as an energy source is
constantly increasing, because it is inexhaustible and an environmentally friendly source of

energy.



2 PHOTOVOLTAIC SOLAR PANEL

Solar cell allows direct conversion of solar energy into electricity. (solar cell is a large-
sized semiconductor element with at least one P-N junction). In solar cells, there are excited
electrically charged particles, for that reason electrons are separated by the internal electric
field by P-N junction. The distribution of electric charge results in a voltage difference
between the front (-) and rear (+) contact of the cell. DC current flows through load
resistance, which is connected between the two contacts. DC current is proportional to the
area of the solar cell and the intensity of incident light. A solar panel is produced after

encapsulating and electrically connecting of solar cells. See Fig. 2.1.

Fig. 2.1: Solar panel

Energy conversion efficiency of solar irradiation into electrical energy, in currently
produced solar cells, is up to 17%. Under laboratory conditions, the efficiency reaches up to
28%. A monocrystalline cell with area of 1+102 m? is able to deliver to the load resistance
current of 3A at a voltage of about 0.5V. At present, most solar cells are made from silicon
crystal in the form of mono-crystal or multi-crystal. In production there are thin-film solar
cells based on amorphous silicon. Already in production are applied the new CdTe thin-film

technology, CIS and CIGS structures. [1], [2], [4]



3 PHYSICAL PRINCIPLE

3.1 Band theory of semiconductors

In general, solid is the place where photons are converted into electrical energy.
Silicon is the most commonly used element in photovoltaic. Silicon is an elementary
semiconductor of the group IV of the Mendeleev’s periodic table of elements. Then as we
already know, silicon has four valence electrons in the outer shell. In order to obtain the most
stable electron configuration, neighbouring atoms in the silicon crystal lattice form an electron
pair binding. In other words, two atoms both share and use these electrons. There emerge
electron pair bindings (covalent bonds) with four neighbouring atoms. It gives silicon a stable
electron configuration. In the energy band model, the valence band is now fully occupied and
the conduction band is empty. Current can flow only when an electron gets from valence band
to conduction band. Supplying sufficient energy by incident light or heat can elevate an
electron from the valence band into the conduction band. This energy must overcome the
band gap (Forbidden band), which lies between the conduction band and the valence band.

See Fig. 3.1.

Fig. 3.1: Bend model
Note: The size of the band gap depends on the physical properties of the material, and

mainly depends on the grid constant. According to the size of the band gap, these substance
are subdivided to conductors, semiconductors and isolators. The valence and conduction
bands overlap in the case of conductors. In the case of isolators, the conduction band is empty,
because the forbidden band is too big. Semiconductors have also band gap, but it is not so big
and electrons can elevate to conduction band. However, due to the lower band gap (E; < 5
eV), electrons can be lifted to the conduction band. Substances with a bigger band gap E, then

5 eV are considered as isolators. In the case of semiconductors, electrons are tightly bounded



to their atoms actually corresponding to the occupied level in valence belt. In the energy band
model, the valence band is now fully occupied and the conduction band is empty. If sufficient
energy is supplied, the electron inside the crystal structure may be released from their atoms
and be able to move freely. This energy can be thermal (phonon) or light (photon). This
energy can elevate an electron from the valence band into the conduction band, thus enabling
the electron to move easily through the crystal lattice. In the valence band, remains a defect
electron or hole. The formation of defect electrons is responsible for the intrinsic conduction
of semiconductors. In the silicon atom after influence of sufficient energy a hole is formed,
because the electron went to another position (to the valence band). Once again in the hole
can be trapped a free electron (the same or another). This is reflected in the energy bands
scheme as a retransfer of electrons from conduction band to the corresponding level in the
valence band. Another possibility is that, in the place of the electron hole, a leaping
neighbouring atom can firmly bind. For this to happen, there needs to be enough energy to be
able to overcome an energy barrier. This will move the hole to the neighbouring atom. This
situation may be repeated several times and due to these jumps an electron hole can move
further. Free and leaping bounded electrons in electric field move against the direction of its
intensity, because they have a negative electrical charge. On the contrary, the holes move in
the direction of electric field intensity and behave as particles with an electrical positive
charge. They have greater materiality than a free electron.
Valence electron
L / L] L] @
@ & & @ L R @ L X @ ®
e Electron pair °
binding ® Hole ®

@
.& Z.”:Sr;ae.—j@“@
‘ 44 ORIOMIOL

Fig. 3.2: Crystal Structure of Silicon (left), intrinsic conduction due to
defect electron in the crystal lattice (right)
From chemical aspect, it is possible to join elements from another group as it is shown

in the following picture Fig. 3.3. (Phosphorus is from group V, Boron is from group III). [2],
[3], [6].



Fig. 3.3: Defect Conduction for n-type (left) and p-type doped silicon (right)

3.2 Semiconductor

As already indicated in the previous chapter, the release of one electron creates a hole.
From outside view, the semiconductor seems like electrically neutral, because the number of
free electrons is always equal to the number of holes. If the impact of a photon generates a
pair of an electron - hole, then energy of photon will have to be greater or at least equal to the
width of the band gap. Photons that have less energy pass through the semiconductor and
those electrons with energy greater or equal to the width of the band gap are absorbed in the
conduction band. The width of the band gap in silicon is = 1.1 eV, so it is transparent to
photons with lower energies, which corresponds to wavelengths larger than A > 1100 nm,

which can be determined from the following equation:

E=— (1)

Where: h...... Planck constant
Cowwnn. Speed of light
A ..... Wavelength

In the following Fig. 3.4 it is possible to see the important characteristics of

semiconductors. Case a) shows, function g (E). This function represents the density of states,

respectively shows a number of states per energy interval unit in valence band and

-10-



conductivity band, depending on energy. In another case, the same Fig. 3.4, however, case b)
shows the so-called distribution function f (E), which indicates the probability of occupancy
of state with energy E by electron. Value 1 - f (E) is the probability of hole occupancy status.
The probability that the electron will have the same energy as the Fermi level is 0.5. Fermi
level is the imaginary centre of the band gap. The electrons are governed by Fermi-Dirac
statistics, because they belong to a group of particles called fermions. This distribution

function can be expressed by the following equation:

f(E) :% @

e T +1

Where: k ..... Boltzmann constant

T ..... The absolute thermodynamic temperature
In the last case, Fig. 3.4 part c) functions:
f(E)g(E) = n(E) indicates the concentration of electrons in the conductivity band

1- f(E) g(E) = p(E) indicates the concentration of holes in the valence band.

Note: The areas under curves 1 and 2 are proportional to these concentrations. In its

intrinsic semiconductors, these areas are the same size.

-11-



f(E)

1 —F{E)

[t ~1E)1 g(E} = piE)]

Fig. 3.4: Model of electrons and holes of intrinsic semiconductor

Note: N-type semiconductor silicon crystal forms, when silicon atom is replaced by
some element from the V group of Mendeleev's table. Most often elements are As, P or Sb. If
these atoms are embedded into a silicon crystal lattice, the fifth electron will not participate in
the electron pair binding. Thus, this electron is not too much embedded in the structure and
can easily lose this position. Little energy is required to separate this electron from the atom
and thus create a free electron. The energy required to transfer electrons from the valence
band into the conduction band is relatively low, approximately AEp = 0.012 eV. The electron
can then easily move to the conduction band even at room temperature, that is the supply of
heat energy kT = 0.025 eV. Fermi energy level is then moved towards higher energies. The
embedding of atoms from group V is called N-doping. The “impurity atoms” are called
donors.

In analogy to N-type semiconductors, P-type semiconductor silicon crystal forms,
when silicon atom in the silicon crystal lattice is changed by the element from the III group of
Mendeleev's table. Typical representatives are the elements Al, B or Ga. These elements have
only three-bindings (they have only three valence electrons). This fact creates a missing

valence electron and thus holes emerge as the majority carriers. This process is called

-12-



P-doping. It makes the semiconductor of P-type and the “impurity atoms” are called

acceptors. A small amount of energy AEA can release a freely moving hole. Electron from a

neighbouring atom can jump to the hole, so the hole will then move in the crystal. From the
outside view, the acceptor atom seems to be negatively charged, because it has one electron
more. This creates a fixed negative charge. A hole, which arises in this valence band, moves
freely inside the crystal. Concentration of holes in the P-type semiconductor is greater than

the concentration of free electrons. Fermi energy level is then moved towards lower energies.

(2], [6]

3.3 P-N junction

A special case of non-homogeneous distribution of defect conduction (impurities) is a
P-N junction (see Fig. 3.5). P-N junction is created when that part of the semiconductor is
doped as P-type semiconductor and in the same time, the neighbouring part is doped as
N-type semiconductor. In the P-N junction the gradient of concentration of free carriers N
flows in the direction of the junction, which is evident from Fig. 3.5 respectively from part a).
The direction is the same as the direction of x, Np is the concentration of donors, Ny is the
concentration of acceptors. Some electrons are diffused from the N-region into the P-region,
and holes from the P-region into the N-region. Tightly coupled bound charge of ionized
impurities creates the area of charge (the N-type semiconductor has positive charge region, as
can be seen in Fig. 3.5 part c). In that area an electric field is created and this counteracts
another free carries. This is the reason why diffusion cannot continue indefinitely. Fermi
energy level must be constant everywhere throughout the crystal, and therefore in the area of
the junction the band bends. An idealized situation is shown in Fig. 3.5 part b). P-N junction
width is given by point X, and x,. Vp is the potential difference between the differently doped
regions (so-called diffusion voltage). This described junction may satisfy a simple P-N
semiconductor diode. The system is not in static equilibrium state, but it is in a state of
dynamic equilibrium. In the case that T > 0 K, there is a constant recombination and there is
generation of electrons and holes also. From Fig. 3.5 part b) it is possible to see, that currents
flow through the P-N junction in both directions. Due to graphic simplicity, only the flow of
electrons is illustrated. Currents made by holes behave similarly. In the N-type
semiconductor, some of the electrons may have higher energy than the corresponding
potential barrier diffusion voltage Vp. These electrons can move through the P-N junction to

part of the P-type semiconductor, where they do not combine with free holes. This current is

-13-



called recombination current. Simultaneously, P-type semiconductor generates couples of free
electrons and holes. In an electric field of the P-N junction, free electrons are accelerated
towards the area of N-type semiconductor. This current is called diffusion or thermal. Without
the application of external voltage, currents in both directions are the same, so externally they
cannot be viewed. In the case, that semiconductor with P-N junction is connected to a closed
external electric voltage, it will provoke an unbalance. In the case that positive charge is
connected on the area of P-type semiconductor, there will be a change in curvature of the
belts. Potential barrier Vi will be reduced about the value of AV and thus prevails the flow of
electrons into the P-type area of semiconductor and holes will flow in the reverse direction.
P-N junction is then oriented in the forward direction. If external voltage is connected with
the opposite polarity, it will increase potential barrier Vp, thereby it will reduce the
recombination current flow. It begins to dominate the diffusion current, which is due to the
low (smaller) concentration of electrons in area of P-type semiconductor. P-N junction is then

oriented in reverse direction. [2], [6]

) p-region : n-region

Fig. 3.5: Model of P-N junction

-14-



3.4 Function of solar cells

In Fig. 3.6 it is possible to see the cut of solar cells. As can be seen, on the front of the
solar cell sunlight is illuminated (irradiance). This causes generation of positive and negative
charges in the silicon crystal. Electric charges are separated in the semiconductor P-N
junction. Electrons are in the N-type and positive charges are in the P-type of semiconductor.
Material is always a large-scale-area semiconductor diode with one or more P-N junctions,
regardless of the material. Currently manufactured cells do not exceed an area more than
2¢10% m” with a maximum thickness of 180 pm. Front solar cells are designed to do the
smallest possible optical losses. Optical losses are caused by incomplete absorption and
reflections of irradiation. Most of solar cells are designed so that they have front and rear

contact. These contacts are used to connect wires. [2], [4], [6]

Photon

Photon

Dielectric
{permeable) layers

Top ohmic contact

i

Space charge
region Backplate

Ohmic contact

Absorbing layer
N-type semiconductor p-type semiconductor

Fig. 3.6: Cut commonly produced typical solar cells
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4 PRODUCTION OF SOLAR CELLS

In the manufacture of solar cells, there are several boundary-stones. There is a large
influence of the financial factor on the development and production of technology. In the
space program, the cost of producing solar cell is insignificant compared to transport costs, so
in the space program the efficiency is much more important factor than the price. The
opposite is the production of solar cells on Earth. On Earth, using the cheapest suitable
material is the goal when producing solar cells. This is undoubtedly the silicon because of
several reasons. It is available in unlimited quantities (about 1/3 of the Earth's crust is
composed of silicon dioxide), so it is easily available and cheap, not toxic and does not
adversely affect the environment. Successfully technology operations needed to create silicon
structures were managed very well too. Silicon absorbs only the light with a wavelength of
less than 1 pm. This corresponds to photons of energy greater than 1.1 eV. Therefore it can
absorb the infrared spectrum, the whole visible and ultraviolet spectrum, so that a bigger part
of the entire solar spectrum is absorbed.

In Fig. 4.2 it can be seen schematically, the process of manufacturing contacts by
screen-printing and in Fig. 4.3 is a finished polycrystalline, square solar cell. Fig. 4.1 shows
principally the process sequence illustrated schematically point by point:

The first working step is that rough slices of P-type semiconductor wet chemical boron
subsidized are eaten-away by a few micrometers. This removes the crystal layer destroyed by
cutting. It also clears slices.

This is followed by ordinary diffusion. In the electrically heated quartz tube at a
temperature of + 800 °C phosphorus diffuses from the carrier gas to the surface layer of
slices. This creates a layer with N-type doped and phosphorus highly enriched oxide layer.

After stacking the slices together, the slices are compressed into a compact cube and
its edges, in the oxygen plasma produced by the action of high frequency, are eaten away. By
this process N-type semiconductor layer is removed from the edges of the wafers.

The oxide layer is then removed from the front and backside by the wet chemical
etching. Afterwards the contact from the conductive silver is stamped on the back area. This
silver contains several percent of aluminium. This is done by screen-printing method which
has been customary craft printing process for a long time. Serigraphy is well tight contexture
from steel or plastic coated by photo-mask. Over this pattern is the conductive silver stamped

on the wafers by spatula.

-16-



Following that is drying and a second printing, which prints only the contact area
needed to consolidate the couplings between the solar cells.

Now both prints are high-temperature sintered. In doing so, there arises a large
mechanical adhesion between the conductive paste and silicon wafer. At the same time, the
aluminium contained in the conductive paste penetrates to the silicon slice, which changes the
N-type region to the P-type region.

This is followed by printing a fingerprint-shaped contact on the front side, drying,
printing anti-reflective coating, which causes bluish sheen of wafer, and eventually common

sintering. [1]

Source material Silicon P-type DSuﬁerer surface

Etching of
sufferer surface

Etching of
texture surface

Phosphorus diffusion |~ N diffusion

Isolation of edges

AR protection

Conductive
paste

Printing of
front contacts

Printing of
backside contacts
Sintering of contacts m

Fig. 4.1: The production P-N junction of solar cells
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Printed paste

Fig. 4.2: The production of contacts by screen-printing

Fig. 4.3: Polycrystalline, square solar cell
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S SIMULATION OF SOLAR CELL

5.1 Dependence of temperature on the width of the band gap

With increasing temperature, the width of the band gap narrows (see Fig. 5.1). This
hypothesis comes out from the fact, that with increasing temperature (increased heat energy)
atoms vibrate more and the distances between them increases. This effect is calculated by
coefficient of linear expansion. Bigger inter-atomic arrangement lowers the potential of

linkages, which narrows the width of the band gap.

16
14 | \
Bty KG&AS
08 =
06 | K

04 F T

02 r

Energy Bandgap (e V)

0 200 400 600 200 1000 1200
Temperature (K)

Fig. 5.1: Dependence of band gap width on temperature
A constant temperature of 25°C was assumed for all equations. It was mentioned, that
the characteristics change with the temperature. This equation describes how to modify

dependence of width of the band gap E  on the changing temperature:

g

E,(T)=E,(0)- % 3

Where: Eg, a, B..... Fixed values
In following table the size of these values can be seen for silicon, germanium and GaAs

compound. (See Table 5.1)
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Table 5.1: The fixed values of constants for calculating

An example for calculating the width of the band gap at 300 K:

2 103, 5
E (B300K)=F (0)—i=1,166—0’473 107 +(300)
’ 0T+ 300+ 636

=L12eV @

For completeness in Table 5.2 there are mentioned several values used for calculating
width of forbidden bands for the various materials at different temperatures. As can be seen,

the band gap width decreases with temperature. [5]

Table 5.2: The width of forbidden bands for different materials at different
temperatures

5.2 Solar cell from an electronic perspective

This simple equivalent circuit of the extended one-diode model (see Fig. 5.2) is
sufficient for most applications. Whole chapter is based on the works [1], [6]. Differences
between measured and calculated characteristics of the real solar cell are less than few

percent.
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Fig. 5.2: Extended equivalent circuit of a solar cell (one-diode model)

Mathematical expression of this model is:

V + IR V + IR
) - -—— G)

Izlph_]s(exp(7 R

T P

Current-voltage characteristics of P-N junction of photovoltaic cell are also affecting
by series resistance Rs and parallel resistance Rp. The origins of the series parasitic resistance
are based on the overall resistance of semiconductor materials and substrate, defect in the
technology, resistance of conductivity contacts and wiring. Parallel parasitic resistance may
be caused by extensive defects of crystal lattice, or leakage current around the edges of the
cell. Extensive crystal lattice defects, which occur frequently in low-cost semiconductors, are
dislocations, grain boundaries and large precipitates.

Effect of size of the series resistance of current-voltage characteristics of solar cell can
be seen in the Fig. 5.3. In the Fig. 5.4 can be seen an influence of changing the size of the

parallel resistance on the current-voltage characteristics of solar cell.
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Fig. 5.3: Influence of the series resistance Rg to I-V characteristics of solar cell
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Fig. 5.3 shows the effect of series resistance on the I-V characteristics. There is
evident, that whereby the smaller is the value of the series resistance, the better the I-V
characteristic is achieved (the shape of I-V characteristic will be “more rectangular”). When
the value of series resistance is equal or this value is higher than 0.2 Q, the classical
rectangular I-V characteristics was not obtained, due to large influence of parasitic resistance
(is obtained characteristic of resistance). The situation is similar with parallel resistance, but
exactly the opposite. Whereby the greater the value of the parallel resistance is, the better the
I-V characteristics is obtained. At low resistance values, respectively 0.1 Q, or 0.2 Q was the
influence on I-V characteristic so significant, that it is practically just the characteristics of
resistance. Incomparably better results will be obtained, if the two-diode model of a solar cell
i1s used. See wiring of two-diode model in Fig. 5.5. Both diodes have different saturation

currents and diode factors. Two-diode model is described on the relationship:

V + IR V + IR V + IR
I=1p, —Ig(exp(——)-1) = I, (exp(———) - ———— (6)
mVy m,V; R
Where: m; ..... Diode factor of the first diode (in ideal diode m; = 1)
m; ..... Diode factor of the second diode (in ideal diode m;, = 2)
> O
Rs
lph Ip1 Y Inz Ip
Vo D SZ Rp v

| A4
< ]

Fig. 5.5: Extended equivalent circuit of a solar cell (two-diode model)

5.3 Parameters of solar cell at light

It is necessary to define others variables which will be used. This section describes the

most important and most common parameters [6]:
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The voltage of a short-circuited solar cell is equal to zero in the case that the short

circuit current ISC is approximately equal to the photocurrent IPh. Since the photocurrent is

proportional to the irradiance E, the short circuit current also depends on the irradiance:

Iy =1, =CE ™)

Note: Cy is some coefficient (constant). This equation in simulation is not used, so this
constant is not described anymore.

With increasing temperature, the short circuit current rises. The standard temperature

for measuring short circuit currents ISC is usually 3 = 25°C. The temperature coefficient e

of the short circuit current allows its value to be estimated at other temperatures. The

relationship for conversion is then:

L5 (%) =Lsc (KA + a5 (F =) ®)

Note: The temperature coefficient for silicon panel is around the value U

= (107 to 10™*)/°C
If the cell current I is equal to zero, the solar cell behaves like it is in open circuit

operation. The cell voltage becomes the open circuit voltage Voc:

1
Voe =mV, ln(% +1) )
s

Since the short circuit current ISC is proportional to the irradiance E, the open circuit

voltage Voc dependence is proportional to the logarithm E.

The solar panel generates maximum power at a certain voltage. Fig. 5.6 shows the
dependence of current on voltage as well as the power—voltage characteristic. It shows that the
power curve has a point of maximum power. This point is called the maximum power point
MPP. The voltage at the MPP, Vypp, is less than the open circuit voltage Voc, and the current

Impp s lower than the short circuit current Isc. The MPP current and voltage are dependent on
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irradiance E and temperature T, like as the short circuit current Isc and open circuit voltage

Voc. The maximum power Pypp is:

Poor =V ypp < Vocd s (10)
35 14
K]
M x 1,0
< S
= "5
)
- =
5 “ 3
o o
= . 3
@) @)
0.5 0,2
Vuer) :

01 0,2 0.3 0,4 05 0,6 0.7 0.8
Cell voltage [V]

Fig. 5.6: I-V and P-V characteristics of solar cell with maximum power point Pypp

Taking into account the dependence of irradiance in the behaviour of a solar cell, the
biggest dominant influence will be influence of current and therefore power dependence Pypp
is almost directly proportional to the irradiance E. Because the temperature coefficient of the
open circuit voltage ayoc is greater than the actual one, the temperature coefficient of
performance apypp is negative. For silicon cells, the value apypp is around the value from
-3¢107/°C to -6+107/°C. Increasing the temperature by 25°C causes a power drop of about
10%. It is possible to see more in the chapter Influence of temperature. To be able to compare

the real solar cells to the simulated models, it is an unwritten condition that the MPP is
measured under standard conditions (STC), where E = 1000 W/m?, & =25 °C.

Power generated by solar panels, is usually smaller under normal conditions (weather),
than the theoretical conditions. For this reason, STC has its own power unit Wp (Wattpeak).

Another parameter is the fill factor (FF):
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FF PMPP — VMPPIMPP 1)

VOC]SC VOC]SC

Fill factor is the criterion of quality solar cells, which describes how well, the I-V
curve fits into the rectangle formed by the Voc and Igc. Its value is always less than 1. If the
value is 1, the curve will be totally rectangular, which is not possible. Normally the value is
between values 0.75 to 0.85. All the above-mentioned components together, the MPP power

Pumpp, the irradiance E and the solar cell area A describe the efficiency of solar cell n:

PMPP _ FF'VOC']SC
EA EA

(12)

77:

Efficiency is usually determined under standard test conditions. The following Table

5.3 is a summary of the different parameters of solar cells:

Table 5.3: Important electrical solar cell parameters

Open circuit voltage Voc Vv Voc~InE
Short circuit current Isc A Isc =Ip, ~E
MPP voltage Vmpp A" Vmrr < Voc
MPP current Invpp A Inpp <Isc
MPP power Pypp W or Wp Puyer = Vmpp-Impp
Fill Factor FF - FF =Pumpp / (Voc.Isc) <1
Efficiency n % N = [Pwmpp / (E*A)]*100

5.4 Influence of temperature

Constant temperature 25 °C was used in all equations of the previous section. All the
characteristics are changing with changing temperature. This section describes dependence of

temperature on [-V characteristic of the solar cell.
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The thermal voltage must be calculated for a given temperature. Absolute temperature:

T [K] (T = $(K/°C) + 273.15 K). Thermal voltage is given by this equation:

kT
e

V., a3)

Where: Boltzmann constant k = 1.380658107 J/K
Elementary charge e = 1.60217733+10™"° Aes

Saturation currents Is; and Is; and width of band gap Eg are also dependent on

temperature. For these variables apply the following relations:

E
I, =Cy T exp(——< 14
S1 s1 p( kT) (14)
5
3 E
I, =Cs,T? exp(— 5 kGT) (15)

Note: For one-diode model is used only the equation (14). For two-diode model are
used both equations, respectively equations (14) and (15).

These equations ignore the temperature dependence of the width of the band gap. The
temperature does not have a significantly influence on the saturation currents and has a
decisive influence on the photocurrent Ip,. Due to the narrowing the width of the band gap
with increasing temperature, photons with lower energy can elevate electrons into the valence
band, which increases the photocurrent. When the coefficients C; and C, are used, the

temperature dependence of the photocurrent is given by equation:

1, (T)=(C,+CT)E (16)

Note: It is possible to see more about coefficients C; and C, in the chapter

SEARCHING CONSTANTS OF SOLAR PANEL.
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Fig. 5.7 shows the 1-V characteristics with various temperatures 3. It shows clearly

that the open circuit voltage Voc decreases significantly, when the temperature rises. On the

other hand, the short circuit current Isc slightly increases. [6]
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Cell voltage [V]

Fig. 5.7: I-V characteristics of the temperature dependence on solar cells

5.5 Series and parallel connections of solar cells

I-V characteristic of the photovoltaic cell is also affected by a series resistance Rg and
a parallel resistance Rp. Series parasitic resistance in the real measurement refers to the total
resistance of semiconductor materials, the resistance of contacts and wiring. Parallel parasitic
resistance is caused by crystal lattice defects, or leakage around the edges of the borders of the
solar cell.

Solar cell in normal conditions, does not work separately because of their low voltage.
By joining these cells in series, parallel or series-parallel configuration photovoltaic system is
created (solar panel). When solar cells are connected in series link, it increases voltage. In the
parallel configuration increases the value of current. Most cells are designed to work with 12
V rechargeable batteries. The optimum number of joined silicon solar cells is between 32 and

40. Fig. 5.8 shows the series connection of photovoltaic solar cells:
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Fig. 5.8: Series connection of photovoltaic solar cells

The first Kirchhoff’s law gives us the relationship:

I=1=1=..=1 a7

Suppose that all cells are identical and all cells are same irradiated, they have the same

temperature and the total voltage is then expressed by the following equation:

S

V=>1V (18)

In Fig. 5.9, there are the characteristics of single cells. It is possible to see I-V

characteristic for any series connection.
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Fig. 5.9: I-V of the solar panels up to 36 potential cells in the series connection

Parallel connection of solar cells is also possible. Practical use it is not as common as
in the series connection. In the parallel connection there are higher losses in the transmission

of energy. Parallel connection is shown in Fig. 5.10. [6]
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Fig. 5.10: Parallel connection of n photovoltaic solar cells
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6 SIMULATION

6.1 The programming environment

The program VEE Pro 8.0 is graphical programming software of Agilent.

Programming language uses a graphical display similar to the flow diagram. It is relatively

easy to learn to work with Agilent VEE software, and you can start your measurements in a

very short time.

6.2 About

The models 1-V characteristics of a solar cell were constructed in the program VEE

Pro 8.0. One-diode model and also the more accurate two-diode model were simulated in this

program. In these models, you can set many different variables. Here, is the full list with the

short characteristics:

Influence of temperature (T). With decreasing temperature, the power increases. The
current Isc decreases, but less than the increase of the voltage Voc. (by analogy with
increasing temperature, decreases power)

Intensity of light-irradiance (E). The higher the irradiance is, the higher the power is.
Current Igc and voltage Voc are growing with increasing intensity of light.

Area of the cell (A). With larger contact area, obviously the cell achieves greater
power. Raising the voltage and mainly the current.

Diode factor (m). According to theoretical presumptions, in an ideal one-diode model,
the value of diode factor equals to 1. In real measurements, this value can reach values
in the range of 1 to 5. In real measurement of two-diode model, the first diode factor
m; is equal to 1 and the second diode factor m; equals 2. For the experimental trials,
the first diode factor kept changing in the interval of 1 to 5 and the second diode factor
in the range of 2 to 5.

Series resistance Rg. With increasing series resistance decreases power and worsens
FF. The lower the series resistance, the better characteristics are achieved. (Higher
value of power and higher FF are achieved).

Parallel resistance Rp. Influence on the I-V characteristic is not as noticeable as in the
case of influence of series resistance. With decreasing resistance, decreases power.

Again, the greater the parallel resistance is, the better results we achieved.
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e Number of series connected cells. When the number of series-connected cells is
increased, it results in increased power. With that series connection, it increases the
value of voltage.

e Number of parallel connected cells. When the number of cells linked in parallel is
increased, it increases power. With that parallel connection, it increases the value of

current.

6.3 Graphic design

Graphic design for one-diode model (see Appendix A), and two-diode model (see
Appendix B) is clear and intuitive. There are "sliders" with the necessary values, which were
discussed in the previous sub-chapter (such as the effect of irradiance, series resistance, etc.).
The scroll bars can easily change these values to another desired value. The necessary
information is clearly visible on the screen, such as open circuit voltage Voc, short circuit
current Igc, voltage Vypp (voltage at maximum power), current Iyipp (the value of current at
maximum power), the number of cells, power of system Py, fill factor FF, and the efficiency
of solar panel n. For the comfort for the user, there is an important button called Excel. It push
exports all necessary data to Microsoft Excel table. Potentially useful graphs are generated
also in Microsoft Excel. The main screen is dominated by two graphs. The first (upper)
generates [-V characteristics of solar cell and solar cell P-V characteristics. Also these graphs
are generated for solar panels (series, parallel or series-parallel connection configuration of
solar cells). The second (lower) chart shows the currents calculated for each step. It is possible
to set constants Cs;, Csp, Ci and C,, which describe the characteristics of individual solar

cells.

6.4 Programmatic design

The models are described by mathematical equations. The one-diode model (see
equation (5)) and two-diode model (see equation (6)) are transcendental. Therefore, the
equations do not have algebraic solutions, but only numerical. Unknown variable, namely the
current I, cannot spin off on one side of the equation, so it is necessary to solve this equation
by numerical methodology. There have been used two different ways to obtain the right
results. The first method that has been tried is called "Incremental method”. For each value of

voltage (from the value 0, case B, to Voc, case A) it finds the "correct" value of the current I.
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In the first step, each value of current I is set to zero (case C) and is calculated with the
appropriate equation for the model (for one-diode model it is equation (5), for two-diode
model it is equation (6), case D). After calculating the equations, it is obtained the new
calculated value of current I (case E). This value feedback is returned to the appropriate
equation (case F) until the value of current converges so that the difference in values of the
neighbouring currents is less than the given constant k (case G), then the value of current is
recorded (case J) and all the algorithm is repeated with the next incremental value of the
voltage (case L). In our case, the value of the constant k is set to 0.001. In the event that the
value of the current is not converged even after 50 iterative steps (case H), the proper value of
the current is determined by the value of the average currents of the first two measurements
(case I) and the value is recorded (case K). In this case, it is an inaccurate measurement, or
rather a rough estimate of the value of the current. After finding our desired current for the
voltage, the next step is to increment the value of the voltage (case L) and the process is
repeated. With this fundamental principle, we can identify all the points, which are needed to

render the I-V characteristic. This model is illustrated in Fig. 6.1.

K| Record | at the set voltage |<€—
J| Record |h+1 at the set voltage |«

L| Incrementation Vp+1|<

v

>[I —

Fig. 6.1: Block diagram of the incremental method



The model was originally used as the “basic building block”. From the test simulations

it was found, that the set of extreme values (such as high series resistance or low

temperature), this method fails. With growing value of calculated voltage, the current ceases

to converge and cannot accurately determine the appropriate current value. See in Fig. 6.2.
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Fig. 6.2: Operational screen of one-diode model for the program using incremental

method

Note: In the top of the screen the I-V characteristic of the graph shows, that the

incremental numerical method fails. I-V characteristic crashes especially at high voltage V.

The bottom graph shows the current divergence in the calculation. This method in extreme

input parameters fails, because the calculated flow ceases to converge (see the details above).

For this reason, to calculate the corresponding current there was used another method

called "interval method". In the beginning it is important to calculate the value of Ip, (case C).

The value of Ipy is calculated only for the case that value of voltage V = 0 and this value of Ipy,

is used also for the next increments of voltage. For each value of voltage (from the value 0,
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case B, to Voc, case A) the count 0 (case D) is assigned and the calculated current Ip, is
divided into ten subintervals from 0 to Ip, (case E). The value of the upper boundaries of each
subinterval is substituted gradually and directly into the appropriate equation (for one-diode
model it is equation (5), for two-diode model it is equation (6), case F). The value Count is
incremented by 1 (case G). The resulting value of current I is in the interval from 0 to Ip, and
the right subinterval is found by the smallest difference (case H) between the input (set) and
the obtained calculated (calc) output value of the current. This determined subinterval of
current I is then further examined. Thus, the subinterval is divided again into 10 more
subintervals (Case I). This process is repeated until the value of Count is less than 4 (Case J),
so that the exact determination of the current is Ip, /10°. That is why for every value of voltage
30 calculations are made. After all 3 circles the upper boundary of determined subinterval is
recorded (Case K) and algorithm continues the process with the next increment of the voltage
(Case B). This model is illustrated in Fig. 6.3. In Fig. 6.4 is an operational screen of program,

which uses interval method. Here it is seen that this method works well although the user set

extreme values. In the future solely interval method will be used.

Record

Fig. 6.3: Block diagram of interval method
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Fig. 6.4: Operational screen of one-diode model for the program using interval method

Note: In the top of the screen, the I-V characteristic of the graph shows that the
numerical method works correctly even when you enter extreme input parameters. The
bottom graph shows two curves. First curve shows the value of our set currents. The second
curve shows the calculated values of currents. Seeking correct value of the current is in the
area around the crossing of these curves. After finding this crossing, that region is explored
twice again, the precise value is achieved. Thus, for each value of voltage the cycle is
performed three times, as it is possible to see from the bottom graph. The Fig. 6.4 shows three

results for the value of the currents.
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6.5 Example (Incremental method)

There have been set "random" values into this program. See Table 6.1. The resulting
values are shown in Table 6.2. Furthermore, graphs of I-V characteristics of solar cells are on
Fig. 6.5 (for one-diode model) and Fig. 6.7 (for two-diode model). On the charts, there are
also shown significant convergence values of currents at various computational steps. See Fig.

6.6 (for one-diode model) and see Fig. 6.8 (for two-diode model).

Table 6.1: A selection achieved value in the program using the increment method

700

14 189.5 6 2 700 1-10° 1 2 [300

Table 6.2: The resulting values

Note: In Table 5.3 and Table 6.2 there are slight differences in the variables, which are
caused by other variables markings from various literary sources. In Anglo-Saxon countries, it
is customary to express the point of maximum voltage Vypp (From English Maximum Power
Point). In Table 6.2 it is shown as Vy, (from the Czech maximum). Therefore, the difference
between these two variables does not exist within the sign. Other similar cases of equivalence

are those of Iy;pp which is I, and Pypp which is the Py,.
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Fig. 6.5: I-V characteristic of one-diode model of the solar panel at random constants

(see Table 6.1)
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Fig. 6.6: The values of currents at various iterations (one-diode model)
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Note: In this chart (see Fig. 6.7) can be seen in the vast majority of cases, when the
extreme values of variables are not set, that the value of current I converges to the given
conditions before the "limit" of 50 cycles. With increasing value of voltage, converge gets
worse. Respectively the last two values diverge. This comes under the second model
described in the subchapter Programmatic design (result is given by average of the first two

calculated values).
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Fig. 6.7: I-V characteristics of two-diode model of solar panel at random values of
constants (see Table 6.1)
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Fig. 6.8: The values of currents at various iterations (two-diode model)

6.6 Temperature and irradiance

Even from the operation screen (e.g. Appendix A) it is possible intuitively to mark out,
that we can quite easily see from a visual perspective the number of solar cells and determine
how the cells are connected. Possibilities are connections in series, parallel or series-parallel
connection. In addition, it is possible to measure the area of this panel. All that it is necessary
is to measure the light intensity (irradiance) and the temperature. The measurements were
made in a darkened laboratory, using light (150 W halogen lamp) hanging on a sliding stand.
Light intensity for different distances of light sources was measured using a fixed
Pyranometer and sliding holder of lamp. For a better idea, see Fig. 6.9. Dependence of light
intensity on the distance is expressed in Fig. 6.10. Here it is evident, that the intensity of

incident light decreases exponentially with distance.
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Fig. 6.9: Scheme of measurement irradiance in different distances of source of light
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Fig. 6.10: Dependence of light intensity of 150 W halogen lamp on distance from
pyranometer
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The second parameter is the effect of temperature. This influence on the I-V
characteristics of solar cell is very substantial. Temperature measurement was significant for
two reasons. The first one is to measure the actual temperature and the second one is to
identify the time when it is possible to measure the real I-V characteristic of a solar panel.
Since the temperature has great influence on I-V characteristics of the solar panel, so it is
important to wait until it reaches a constant temperature. The halogen lamp is held at a
distance of 1+10™ m, 2210 and 4+10™". In these cases the temperature stabilizes at a time of
about 3 hours. See in Fig. 6.11. This measurement is realized using PT100 resistance
temperature sensors. Screenshot of program is in Appendix E. Here is used the basic equation

to calculate the temperature (19):

R =R, [1 Ty ("gt — '90)] 19)

Where: R is the resistance at temperature 9y = 0°C [Q]
R; is the resistance at the current measured temperature 3 [Q]

o is the temperature coefficient of resistance [K™']

120

100 -

80 -

9 [°C] 60
40

20

0 I I I I
0 10000 20000 30000 40000

t [s]

——-0,1m ——02m 404 m

Fig. 6.11: Temperature dependence on time in light 150W halogen lamp at a distance of
110" m, 2¢107" m, 4¢10" m (862 W/m?, 368 W/m?, 124 W/m?)
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7 MEASUREMENT OF 1I-V CHARAKTERISTIC
OF SOLAR PANEL

In this section real measurement of I-V characteristics of the solar panel is made. See
wiring diagram in Fig. 7.1. Alternative wiring diagram of I-V characteristics of a solar panel
(with computer) is seen in Fig. 7.2. In Fig. 7.3 it is possible to see photo documentation of
laboratory measurements. When the panel is irradiated, it is necessary to use load resistance
of an order of 100 Q. In the absence of this resistance, it is not possible to achieve higher
voltage setting. Resistance is serially connected with the source. It sets the voltage at the
source so that it can measure the voltage on the entire interval from 0 to Voc. A program sets
the voltage at the source from computer, which is connected via GPIB cable. In the
measurement, it is necessary change polarity by changing lead cables connected with the
source, in order to measure the entire I-V characteristic of the solar panel. By Ammeter
current | is measured, which is absorbed from the solar panel and Voltmeter is used to
measure voltage V in the solar panel. This data is recorded on a computer. Transport of data is

realized via USB cable.

®)

Ammeter

Resistance

Y . T
\/t)|trT163tE3r [)(: FJ()\A/E;F--
Solar panel supply

150 W halogen lamp
hang on sliding stand

Fig. 7.1: Schematic wiring circuit for the measuring of I-V characteristic of the solar
panel
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USB cable

Multimeter
Solar panel

Resistance

150 W halogen lamp

hang on sliding stand *1 during measuring is necessary
change the polarity

Fig. 7.2: Alternative wiring circuit for measuring I-V characteristic of a solar panel
(including computer)

Fig. 7.3: Photo documentation involving wiring of laboratory instruments
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7.1 Solar panel with circle cells

It is the solar panel created by series connection of 15 photovoltaic cells (see Fig. 7.4).
These circular (or elliptical) cells are generated by cutting circle ingot. The cell is composed
of polycrystalline silicon with a radius of 3¢10” m. Thus the area article is 2.82¢10~ m”.
Individual cells are connected in the solar panel array at 3+5. The area of those 15 articles is
423107 m”. The solar panel is encapsulated in the frame dimensions of 2.2¢10" m and

2.8¢10"" m. Thus, the panel area is 6.16¢107 m”.

Fig. 7.4: Solar panel with circle cells

For the solar panel measurements are carried out at two different distances from the
lamp. The panel is illuminated by 150 W halogen lamp at a distance of 2¢10" m, where the
measurement temperature is 328.15 K and the intensity of illumination is 368 W/m?”. The
resulting characteristic is seen in Fig. 7.5 in case a) the distance is 2¢10" m. The same panel
for further characterization, is measured by the same light at a distance of 4¢10™" m, where the
measurement temperature is 314.65 K and the irradiance is 124 W/m®. The resulting

characteristic is shown in Fig. 7.5, case b) distance of 4410 m.
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Fig. 7.5: I-V and P-V characteristics of the solar panel with circle cells in the light 150 W
halogen lamp: a) distance of h = 210" m, E = 368 W/m’, other variables in Table 7.1; b)
for distance h = 410" m, E = 124 W/m’, other variables in Table 7.2

Table 7.1: The characteristic data describing the real solar panel with circle cells

in the intensity of irradiation 368 W/m*

5.381|6.999:102|4.025|5.765102 | 2.320+107" | 61.61 | 1.491|328.0(2.820+107° | 4.230+1072

Table 7.2: The characteristic data describing the real solar panel with circle cells in the
intensity of irradiation 124 W/m*

4.999 |2.325¢102|3.677 | 1.823-102| 6.703+102 | 57.68 | 1.278 | 315.0 | 2.820-103 | 4.230+107
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7.2 Solar panel with rectangular cells

It is the solar panel created by series connection of 24 photovoltaic cells (see Fig. 7.6).
The cell is composed of polycrystalline silicon with dimensions of 5.2¢107 m and 3.0¢107 m.
Thus the area is 1.5610~ m?. Individual cells are connected in the solar panel array at 3+8.
The area of all 24 cells is 3.744¢107 m” The solar panel is encapsulated in the frame

dimensions of 1.8¢10" m and 2.7¢10"" m. Thus the total area of the panel is 4.86+107 m’.

Fig. 7.6: Solar panel with rectangular cells

The panel is illuminated by 150 W halogen lamp at a distance of 2¢10”" m, where the
measurement temperature is 321.65 K and the intensity of illumination is 368 W/m®. The
resulting characteristic is in Fig. 7.7 a) distance of 2¢10"" m. The same panel for further
characterization, is measured by the light at the distance of 4410 m, where the measurement
temperature is 306.65 K and the intensity of illumination is 124 W/m?®. The resulting

characteristic is in Fig. 7.7 b) distance of 4¢10" m.
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Fig. 7.7: I-V and P-V characteristics of the solar panel with rectangular cells in the light
150W halogen lamp) a) distance of h = 2¢10"" m, E = 368 W/m’, other variables in Table
7.3 b) for distance h = 410" m, E = 124 W / m 2, other variables in Table 7.4.

Table 7.3: The characteristic data describing the real solar panel with rectangular cells
in the intensity of irradiation 368 W/m’

8.7776.520-102|6.148 | 4.996+1072 | 3.072:10™" | 53.68 | 2.303 | 322.0 | 1.560+1072 | 3.744+1072

Table 7.4: The characteristic data describing the real solar panel with rectangular cells
in the intensity of irradiation 124 W/m*

7.7772.592:102|4.024 | 1.958102 | 9.994+102 | 49.57 | 2.195| 307.0| 1.560+107 | 3.744+1072
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8 SEARCHING CONSTANTS OF SOLAR PANEL

The procedure is that in real measurements, variables such as temperature, light
intensity (irradiance), the area of panel, etc are known. Therefore, it is possible to portray I-V
characteristic according to these values in our program (inducting the same values as in the
real measurements). Our simulated I-V characteristic will vary over the measured I-V
characteristic due to real different settings in the values of variables C;, C,, Csi, Rs, Rp
(applies to one-diode model). To achieve the same output for real time measurements of two-
diode model it is necessary to set the values of variables Cs;, Csp, Ci, Cy, Rs, Rp in our
simulation programming model. Then the right setting constants can be achieved near-
consensus, between the measured and simulated I-V characteristic of the solar panel.

Note: A complete identification between the measured and simulated -V
characteristic of the solar panel cannot be achieved, since in both cases of solar panels, solar
cells are of different sizes, have different shapes, some cells in the panel are mechanically
damaged, some series connections may be of poor quality. These panels are very outdated, as
evidenced by the "bumpy" course of I-V characteristics, their effectiveness, the need to set up
a big series resistance, etc. The comparison between simulated and measured [-V
characteristics of the solar panel, therefore, can never, at least in this case be absolute
consensus. However in the aspect of scholastic, these panels still serve their educational
purposes.

Variables C; and C, are used to current settings. The correct setting is achieved by the
exact value of short circuit current Isc. Because the temperature and intensity of the real
measurements, are known (see in recapitulation Table 8.1), from a distances of 2¢10" m and
44107 m, it is possible numerically to calculate the values of C; and C, of two equations with

two unknowns. See in calculation C; and C,.

Table 8.1: The values needed to calculate the constants C; and C,
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Note 1: Calculation Ipy is given for the cell of the area of 1°10 m>. In the case of the
solar panel with circle cells area is Ace = 2.82¢10° m’. In numerical computation, it is
necessary to multiply the equation (16) by the appropriate coefficient of area A.

Note 2: In the zero voltage V there is a photo current Ipy equal to the short circuit
current Igc.

Calculation of C; and C, for the solar panel with circle cells:

1,,(T)=(C,+C,T)E- 4
0,06999=(C, +328,15-C,)-368-0,282
0,023247=(C, +314,15-C,)-124-0,282

2

67380557, 4o et
150129280000 4
2

=210l 687,107
7506464000 VK

Calculation of C; and C, for solar panel with rectangular cells:

1,,(T)=(C,+C,T)E- A
0,0652=(C, +321,65-C,)-368-0,156
0,025927=(C, +306,15-C,)-124-0,156

2
- 56702161 :5,52.10_3171_
1026720000 V

2

- 91021 :_1,36.10_5171_

6673680000 VK

Changes in voltage Voc can be achieved by setting the constant Cg; (in two-diode
model is necessary also change constant Cs;). Another voltage change is possible through

change of value of the diode factor. To simplify the counting of that the one ideal-diode
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model is used, where the value of the diode factor is strictly set to 1. (In two ideal-diode factor
the second diode factor is set to 2). This fact shows that change in the value of voltage Voc is
achieved only by the influence of constant Cg;, respectively constant Cs; in two-diode model.
A parallel resistance Rp has a partial effect on the value of open circuit voltage Voc.

Shape of I-V characteristic mediates the solar panel series resistance Rg and the
parallel resistance Rp. With the increasing value of the series resistance Rg and the decreasing
value of parallel resistance Rp, the I-V characteristics worsen, as it reduces FF, n (see in Fig.

8.1).

0,08

0,07 - Rp -> 00

0,06 1
RS >0
0,05 -

I [A]

0,04 1

0,08 -
With decreasing
Cs1

0,02

0,01 - With increasing
Cs1
0 T T T T T

0 1 2 3 4 5 6 T 8 9 10

Vvl

=#= | -V characteristic (368 W/m2)

Fig. 8.1: Effect of setting the series and parallel resistance and constant Cg; to a final
shape of I-V characteristics of the solar panel

Note: Curve in Fig. 8.1 is a real measured I-V characteristic of the solar panel with
circle cells in the light intensity (irradiance) 368 W/m? and temperature 328 K. With the
increasing value of constant Cs;, the curve shifts to the left. Value of the voltage Voc decline.
Decreasing the value of constant Cg;, makes the curve shift to the right and the open circuit

voltage Voc to increase.

-51-



8.1 Searched constants for solar panel with circle cells

In the case of the solar panel with circle cells, there were inducted values of constants
Ci, Cy, Csi, Rg and Rp like in Table 8.2. By comparing, using and trying between simulated
and real I-V and P-V characteristic, the value of the constants has been obtained. Substituting
these values into the simulation program using one-diode model (using interval methods),
there can be compared variables such as Voc, Isc, etc. The values are in Table 8.3. Fig. 8.2 is
a graphical comparison between simulated I-V and P-V characteristics of the solar panel with
circle cells with characteristics of real and measured characteristics. Here it is seen that the
curves are almost identical, which confirms the rightness of the substituted constant values.
Absolute conformity of these curves cannot be achieved, since the cells are not dimensionally
the same. It is possible to see more details in chapter SEARCHING CONSTANTS OF
SOLAR PANEL.

Table 8.2: Values of constants that describe the most appropriate solar panel with circle
cells

4.405+10™" 4.490+10*|6.870-10”7

Note: We do not know the values of the real constant of the real solar panel.
Simulated values will be almost the same as the real values, because it is obtained almost the

same [-V and P-V characteristic between simulated and real values. See in Table 8.3.

Table 8.3: Comparison of real measured with simulated values using one-diode model
using interval method (measured in the solar panel with circle cells). Measured at
irradiance 368 W/m’

6.999-1072 5.765102|2.320+10"
5.379|6.997+1072(3.980|5.812:102|2.314-10"|61.47 | 1.486
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Fig. 8.2: I-V and P-V characteristic of solar panel with circle cells in the irradiance 368
W/m* when setting values of constants C;, C,, Cs1, Rg, Rp like in the Table 8.2

8.2 Searched constants for solar panel with rectangular cells

In the case of the solar panel with rectangular cells, values of constants C;, C,, Cs;, Rs
and Rp were inducted values like in Table 8.4. By comparing, using and trying between
simulated and real I-V and P-V characteristic, the value of the constants has been obtained.
Substituting these values into the simulation program using one-diode model (using interval
methods), there can be compared variables such as Voc, Isc, etc. The values are in Table 8.5.
Fig. 8.3 is a graphical comparison between simulated I-V and P-V characteristics of the solar
panel with round cells with characteristics of real and measured characteristics. Here it is seen
that the curves are almost identical, which confirms the rightness of substituted constant
values. Absolute conformity of these curves cannot be achieved, since the cells are not
dimensionally the same. More details can be seen in chapter SEARCHING CONSTANTS OF
SOLAR PANEL.
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Table 8.4: Values of constants that describe the most appropriate solar panel with
rectangular cells

5.520+107°(-1.360-107°

Note: We do not know the values of the real constant of the real solar panel.
Simulated values will be almost the same as the real values, because it is obtained almost the

same [-V and P-V characteristic between simulated and real values. See in Table 8.5.

Table 8.5: Comparison of real measured with simulated values using one-diode model
using interval method (measured in the solar panel with rectangular cells). Measured at
irradiance 124 W/m’

2.593+107 1.958102|9.999-1072
7.874|2.590-1072|5.090|1.978+102|1.007-102|49.37 | 2.114
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Fig. 8.3: I-V and P-V characteristic of solar panel with rectangular cells in the
irradiance 124 W/m* when setting values of constants C;, C,, Cs1, Rg, Rp like in the
Table 8.4
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9 CONLUSION AND OUTLOOK

In the program VEE Pro 8.0 was simulated the program that plots the I-V and P-V
characteristics of the solar panel. First the incremental method has been used. This, however,
when entering extreme input variables failed. Thus, there has been developed a new method
for simulating, called the interval method, which bypasses the problem and accurately plots
the I-V and P-V characteristics of solar panel even in extreme input parameters.

The program is very extensive. In the simulation, software can be set too many
different variables such as the influence of temperature, light intensity, series resistance,
parallel resistance, area of cell, diode factor. Furthermore, you can set the number of series
connected cells and the number of parallel connected cells, but only if the cells are the same.
In the screen you can clearly see the necessary information, such as open circuit voltage Voc,
Short circuit current Igc, voltage Viypp, current Iypp, number of used cells, power of system
Pwmpp, Fill-factor FF, and the efficiency 1 of panel. For user convenience, in the program there
is an important button Excel. Push the button Excel to export all necessary data in a table in
Microsoft Excel. It also generates useful charts of I-V and P-V characteristics of solar cell, or
panel (with series, parallel, series or parallel configuration) and the second graph, which
describes the values of calculated currents for each step.

As well, there was also built a fully automated workplace, where real measurements
on real panels were performed. For each solar panel there were simulated two I-V and P-V
characteristics and always at different intensities of light. Correspondence between measured
and simulated I-V and P-V characteristics has been nearly reached, which gave us the so
necessary values of the constants describing the solar panel.

Based on this program can be continued the simulation of shaded solar cells, various
wiring, bypass diodes, series, parallel or series-parallel connection nonconforming cells, etc.

This program is not just for testing solar panels, identifying their essential
characteristics, but also because of its versatility it can be used for teaching students. There is
already a laboratory exercise for students built on this work. This exercise is about
dependency of the irradiance and temperature on the I-V characteristic. Its potential is to teach

students quite a lot in the area of photovoltaic.
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Appendix E: Operational screen of program for measuring the temperature



