u] =,

It is shown that in the existing models of the
solar cell, assumptions were made about the ide-
ally smooth surface topography, which had a sig-
nificant impact on the calculation of the output
parameters. It is proposed to take into account the
real working area of the receiving surface of the
solar cell to improve the accuracy, linearity and
stability of the current-voltage characteristics.
A geometric model of the structure of the receiv-
ing surface of a solar cell has been developed,
which describes and takes into account geometric
changes in the structure of a semiconductor con-
ducting layer, in the presence of damaging defects
in the form of local inhomogeneities, micropores
and macrocracks. It was found that the receiv-
ing surface with damaging defects is a porous
inhomogeneous structure and has fractal prop-
erties: self-similarity, invariance, scalability. It
is proposed to determine the real working area,
to use the method of the theory of fractal geom-
etry and, as an effective quantitative parame-
ter for assessing the change in fractal structure,
to choose the value of the fractal dimension. The
obtained analytical expressions for the improved
model establish the relationship between the out-
put parameters and determine the degree of fill-
ing of the current-voltage characteristic for the
output power and efficiency. The computational
experiment showed that the real area can be much
less than the geometric area of the topological
relief and is quantitatively related to the change
in fractal dimension in the range from 2.31 to 2.63.
The obtained data on the real area, when solving
analytical expressions for the solar cell model,
play an important role in ensuring the stability
and linearity of the current-voltage characteris-
tic, increasing its accuracy up to 5 %

Keywords: solar cell model, sensing surface
of a photoelectric converter, fractal dimension of
the structure

u 0

Received date 03.05.2021
Accepted date 07.06.2021
Published date 30.06.2021

1. Introduction

With long-term operation of solar panels (SP) and bat-
teries, there is a significant decrease in their performance
due to the deterioration of the main parameters: efficiency
(efficiency) and output power (OP) [1, 2].

Thus, according to [3], about 90 % of the SP market is
made up of crystalline silicon SPs, which lose from 10 % to
40 % of their output power in the first two years of operation.

Therefore, it is necessary to take into account such ex-
ternal factors that affect the SP performance, such as normal
degradation of the SP over time, a decrease in power due to
excessive heating of panels or their shading, etc. [4]. The in-
fluence of these and other factors may vary depending on the
season, geographic location, installation method, azimuth
and slope of the SP [5]. The experience of the SP operation
shows that in real conditions, the SP will generate about
75...85 % of its peak capacity specified by the manufacturer.
For example, a joint venture with a power of 100 W, located
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at an optimal angle and oriented to the south, will produce
an average of 75..85 W in summer, depending on the in-
stallation method. Therefore, when designing a solar power
plant and assembling solar panels, it is necessary to take into
account the full peak power from SP and efficiency.

To achieve high values of power and efficiency in the
development of solar cells, a number of factors should be
taken into account that affect the conversion efficiency of
sunlight. This includes, first of all, the interference of waves
when reflected from the receiving surface of the structure of
the semiconductor layer of the solar cell, which causes ohmic
losses caused by currents flowing in the structure in the lat-
eral direction. This leads to the appearance of interference
phenomena and multiple re-reflection of the light wave in
the structure of solar cells, which have a significant effect on
their characteristics. This can lead to a significant reflection
of light or a low collection coefficient, and, consequently, to
a low photocurrent and low efficiency of the solar cell. Also,
the power and efficiency are influenced by the type of illumi-




nation distribution over the sensing surface of the solar cell,
which leads to inhomogeneity of ohmic losses in the depth
of the structure of the semiconductor layer of the solar cell.
All of the above factors show the influence of the state of the
relief of the receiving surface on the efficiency of semicon-
ductor solar cells, i.e., on the change in power and efficiency.
Therefore, the development of an improved model that
makes it possible to predict the current-voltage characteris-
tic with high accuracy on the basis of the known structure
of the solar cell of its design and the characteristics of the
incident solar radiation is an urgent task. Such a model will
make it possible to simultaneously quantitatively describe
the most important processes leading to a decrease in the
power and efficiency of the solar cell, and, consequently, to
optimize the designs of existing and newly developed solar
cells, taking into account the area of the receiving surface.

2. Literature review and problem statement

SP power changes depending on the illumination and is
almost directly proportional to its value [6]. However, at a
certain value of illumination, SP can stop production. For ex-
ample, for crystalline SPs it is approximately 150...200 W/m?,
and for amorphous ones — about 100 W/m?.

Also, the SP power depends on its temperature and usu-
ally drops when it rises. A typical temperature coefficient
for crystalline SP is 0.45 % K (i.e., with an increase in the
SP temperature for each degree, its production decreases by
0.45 %) [7].

Analysis of the problem of deterioration of the SP param-
eters showed that it is determined by the instability of the
output parameters of solar cells (SC) or photoelectric con-
verters (PVC), from which the SP is assembled. This can be
caused by the following factors [8]: low quality materials and
their production; the degree of panel sealing and the quality
of the protective properties of the film, etc.

More serious consequences during the SP operation are
caused by the occurrence of damaging defects (chips, micro-
cracks, macropores, local inhomogeneities) on the receiving
surface of the semiconductor layer (SSL) of the PVC, which
lead to an increase in the internal resistance [9].

The reasons for the appearance of such damaging defects
on the SC surface may initially differ and have a different
nature, but they all significantly affect the internal structure
of the PVC SSL. In turn, a change in the PVC SSL structure
cause a deviation of the established internal parameters (no-
load voltage, short-circuit current, internal resistance) and,
therefore, affect the output power and efficiency of the SC.

Therefore, the study and modeling of physical processes on
the PVC SSL surface relief, in which damage and destruction
of the semiconductor structure of the PVC occurs, is an ur-
gent problem faced by the SP manufacturers and consumers.

In the SC development, models are mainly used [10, 11],
which allow displaying a family of current-voltage (CVC)
and volt-watt (VWC) characteristics, depending on the lev-
el of solar radiation intensity and temperature. However, in
such models [12, 13], to describe the main parameters of the
PVC, quite often, numerous restrictions and assumptions
are used with respect to the actual PVC SSL surface The
consequences of these restrictions and assumptions, only
with a certain degree of approximation, are also observed in
the deviations obtained for the values of the CVC and VWC
characteristics of the PVC.

In addition, the low quality and surface defects of the
PVC SSL have a significant effect on one of the main param-
eters — the fill factor of the CVC, which can be used to judge
the PVC quality. It is known [14] that typical high-quality,
commercially available thin-film PVCs have a CVC fill
factor of more than 0.7, and defective ones from 0.4 to 0.65.
Consequently, the lower the value of the fill factor of the
CVC, the greater the losses in the thin-film PVC due to the
internal resistance of the semiconductor layer of the PVC.

Thus, the above analysis showed that, due to defects on
the PVC SSL surface, losses of solar energy can occur, which
leads to nonlinearity and instability of the CVC and VWC.
At the same time, the value of the output power and efficien-
cy can be significantly reduced, in contrast to the values set
by the SC manufacturer.

Consequently, in the models for calculating the PVC
parameters, when simulating the physical processes oc-
curring on the surface and in the PVC SSL structure, it is
necessary to take into account both the geometric surface
area and with damaging defects. It is known [15-17] that
such surfaces with damaging defects have an inhomogeneous
and porous structure that possesses fractal properties of
self-similarity and scalability and can be characterized by a
quantitative value — fractal dimension [18]. Therefore, in the
work, to determine and calculate the real actual perceiving
surface of the PVC SSL, it is proposed to use the computing
apparatus of fractal geometry.

The use of a fractal approach to the study of physical
processes in the structure of the semiconductor layer of
PVC will make it possible to obtain the dependences of the
increments of the geometric area of the damaged receiving
surface on the change in the value of the fractal dimension
at a certain interval.

It should be noted that the problem of ensuring the min-
imum operating power and efficiency of the PVC remains
unresolved, with a minimum illumination in various tem-
perature ranges. Therefore, the improvement of the known
models of solar cells, based on taking into account the real
value of the working area of the damaged receiving surface of
the semiconductor layer, which affects the installed output
power and the efficiency of the solar cell, is an urgent prob-
lem. Thus, the relevance of the chosen direction of research
lies in the study of processes in the PVC SSL structure,
under the influence of damaging defects of the receiving sur-
face, affecting the active area, when calculating the output
parameters of the PVC model.

In [19], the problem of increasing the efficiency of con-
verting solar radiation energy into electricity by solar pho-
tovoltaic cells is considered. It is shown that the efficiency
of photoelectric conversion is determined by the light CVC
of the solar cell, the shape of which depends on a number
of parameters: series and parallel (shunting) resistances,
diode saturation current density, diode coefficient, and
some others. The importance of the task of monitoring and
optimizing these parameters in the SC production is noted,
which requires the creation of a system for monitoring the
characteristics of solar cells and improving the methods for
determining their parameters. Therefore, the paper consid-
ers the SC model, which takes into account the relationship
between such parameters as: nominal and maximum power;
no-load voltage and rated voltage; short-circuit current and
rated current.

The considered model makes it possible to calculate the
output power and efficiency of SC only on the basis of the



given input parameters, which are set by the manufactur-
er. However, in the proposed analytical expressions of the
model, restrictions and assumptions are introduced about
ideally smooth surfaces, i.e., without surface defects, which
can cause errors and deviations in calculating the real output
parameters of the SC. Thus, the advantage of the proposed
method is the use of a single CVC and the unambiguity of de-
termining the SC parameters, and its disadvantage is the low
accuracy of determining the SC parameters at low values of
the parallel resistance.

In work [20], a PVC model is proposed for various op-
erating modes, taking into account the influence of only
external factors. In the model, analytical relationships are
proposed between the output parameters of the PVC (load
current, output voltage) and external conditions: the in-
tensity of solar radiation, temperature and irradiance. As
a disadvantage of this model, it should be noted that such
model parameters as: reverse saturation current, series and
parallel shunt resistance, were calculated only on the basis of
the passport data of the solar cell. At the same time, the real
data, which significantly depend on the state of the surface
relief of the PVC SSL were considered in the model with
various assumptions and restrictions.

In [21], the results of experimental studies of the out-
put parameters of the SP are presented: no-load voltage,
short-circuit current, output power, taking into account
illumination and temperature in different climatic and
temperature conditions. In addition, the temperature coeffi-
cients of the no-load voltage and short-circuit current were
estimated. It has been experimentally confirmed that the
short-circuit current directly depends on the illumination,
and the open-circuit voltage changes insignificantly due to
the logarithmic nature of the dependence on the photocur-
rent parameter. As a disadvantage, it should be noted that
the work shows that the temperature coefficients of the open
circuit voltage and short circuit current for a solar station
are significantly higher than for a solar monocrystalline cell.
However, the reasons for this discrepancy and its influence
on the value of the output power have not been investigated.

In [22], it is shown that the output power of photovoltaic
modules is influenced by various factors, such as partial
shading, solar insolation, temperature and configuration of
photovoltaic arrays. These factors cause a decrease in the
efficiency and reliability of electric power generation in the
PVC. The study of the influence of inhomogeneous partial
shading on the PVC characteristics has been carried out.
Under these conditions, the photovoltaic PVC CVC be-
comes more complex, with more than one peak. Therefore,
it is very important, under these conditions, to calculate the
maximum possible power. For this, let’s use MATLAB-based
modeling of PVC characteristics. As a disadvantage, it
should be noted the following: it is shown in the work that
under conditions of partial shading, the load current and
heat losses decrease, but the reasons for such a decrease from
the state of the PVC surface have not been investigated.

In work [23], studies of the efficiency of solar batteries
in field conditions were carried out, and it was found that
the electric power of a permanently installed solar battery
depends on the following external factors:

— changes in the angle of incidence of the sun’s rays, due
to the daily and seasonal movement of the Sun across the sky
for a given latitude of the area;

— changes in the intensity of solar radiation depending
on the transparency of the atmosphere and cloudiness;

— daily and seasonal changes in ambient air temperature;

— heating of photoelectric converters with increasing
luminous flux.

It is revealed that at a certain illumination, the maxi-
mum power take-off (Ppax=Unax ‘Imax) from the solar battery
takes place only if the external load resistance satisfies the
ratio: Ry,=Unax/Inax. It is shown that at a constant load,
a change in the illumination of the working surface of the
solar battery leads to a mismatch with the external load,
and the power take-off will be lower than the maximum
possible values. The disadvantage is that for a PEC made of
monocrystalline silicon, the relationship between the maxi-
mum power, no-load voltage U, and short-circuit current I,
was established only experimentally. It was approximately
(0.70...0.75) of the value of the product (U, Iy). It is also
shown that the values of Uy.x and I,y are approximately
related to U, and Iy Upax=0.85U,., I1ax=~0.85I,.. Whence
the inaccurate approximate value of the load resistance was
obtained, at which the maximum electric power is dissipated
at a given illumination, and is: RVn=0.85 U,./0.851,:=U,./I.
This approach to calculating the PVC parameters leads to an
inaccuracy of the CVC and does not allow one to determine
the real PVC efficiency.

In [24], a simulation model was obtained that displays
the family of CVC and VWC depending on the intensity of
solar radiation, temperature, short-circuit current values,
no-load voltage, internal resistance of the SC, and diode pa-
rameter. The discrepancy between these simulation results
and the technical factory specifications does not exceed 7 %.
As a disadvantage, it should be noted that the developed
model describes the real solar module, only with a certain
degree of approximation, taking into account the accepted
assumptions. CVC deviations obtained in the simulation
from the experimental ones are observed. In the simulation,
the following assumptions were made: CVC and VWC were
modeled without taking into account the partial shading of
the receiving surface of the PVC and without its possible
damage. These assumptions make it possible to use only
classical analytical expressions for modeling the PVC char-
acteristics. The main reason for the deviations of the CVC
and VWC is the difficulty of accurately measuring both the
series and shunt resistances and the active area of solar cells.

The work [25] investigates a method for modeling and
simulation of photovoltaic solar cells in the MATLAB/
Simulink /Simscape modeling environment. Application of
the method makes it possible to take into account the ratio
of characteristics in real panels of photovoltaic converters
and to determine the influence of various values of solar
radiation, taking into account temperature conditions, on
the performance of the system. The proposed solution can
be applied to construct various variations of photovoltaic
panels and determine the initial parameters.

The disadvantages of the developed physical model in the
MATLAB/Simulink/Simscape environment, which makes
it possible to associate the electrical parameters of photocells
with the level of illumination and temperature of the envi-
ronment, include the lack of consideration of the geometric
dimensions of the surface.

The work [26] is devoted to the issues of constructing a
mathematical and MATLAB-model of solar cells. Mathemat-
ical expressions describing the relationship between the main
parameters of a solar cell are given. The advantages of the pro-
posed approach are substantiated, which consist in the fact that
shunt and series resistance are added to the simulation model.



The presented MATLAB-model of a solar battery makes it
possible to investigate the current-voltage characteristic of a
solar cell when changing various parameters. Using the MAT-
LAB-model, studies of the dependence of the current-voltage
characteristic of a solar cell on the series resistance have been
carried out. The results of the work can be used to study emer-
gency modes and transients in solar cells. As a disadvantage,
it should be noted that the developed model was created for
carrying out static analyzes, with a constant fill factor and
working area of the receiving surface of the solar battery.

From the analysis of the above scientific publications, it
can be seen that the modeling processes in the SP models
were carried out with assumptions regarding the receiving
surface, which significantly affect the accuracy, nonlinearity
and instability of the CVC and VWC. Consequently, this
approach introduces significant errors in the calculations
of the electrophysical values of the SC and does not make it
possible to use, in full measure, the analytical classical ex-
pressions for modeling the SC characteristics. In addition, it
should be noted that the accuracy of modeling the CVC and
VWC depends on the possible technological scatter for each
SC. Therefore, the identification of the correspondence be-
tween the SC characteristics presented by the manufacturer
and the real SC characteristics during its operation, taking
into account various external and internal factors affecting
the sensing surface of the SC, is an urgent task.

3. The aim and objectives of research

The aim of this research is to improve the SC model by
applying the fractal method to study the defects of the SC
working surface, which affect the increase in the accuracy,
linearity and stability of the CVC. This will make it possible
to create highly efficient solar power plants that are econom-
ically feasible for various solar complexes.

To achieve the aim, the following objectives were set:

— to analyze the external and internal factors causing
damaging defects on the SC sensing surface;

— to develop a geometric model of the SC surface, to
study the physical processes occurring in the structure of the
semiconductor layer, in the presence of damaging defects on
the SC sensing surface;

— on the basis of the geometric analysis of the micro- and
macro-roughness of the SC surface, theoretically and exper-
imentally substantiate the choice of an effective parameter
for assessing the change in its structure — the value of the
fractal dimension;

— to include in the structure of the model the micro- and
macrostructure of the receiving surface of the semiconductor
layer, based on the method of the theory of fractal geometry;

— to carry out a computational experiment to construct
CVC of the receiving surface, and theoretically confirm the
influence of the changed geometric characteristics of the
surface on the SC parameters.

4. Materials and methods of research

4. 1. General information about the design and phys-
ical processes occurring on the surface of the solar cell

As is known [27-29], the photoelectric effect is mani-
fested in a photovoltaic system that directly converts solar
energy into electricity.

The simplest design of PVC or SC, a device for convert-
ing solar radiation energy, based on monocrystalline silicon,
is shown in Fig. 1. From Fig. 1 it is possible to see that on
one side (front) of the p-n-junction there is an n-layer with
a thin metal contact, and on the other side (back) a p-layer
on which a solid metal contact is applied. When illuminated
by a solar cell, the incident electron flux generates non-equi-
librium electron-hole pairs. The electrons generated in the
p-layer approach the p-n-junction and are carried away by
the existing electric field in it into the n-layer. The same hap-
pens with holes formed in the n-layer, they are transferred to
the p-layer.

Therefore, the n-layer acquires an additional negative
charge, and the p-layer is positive, therefore, the initial con-
tact potential difference between the p- and n-layer of the
semiconductor decreases. This entails the appearance of a
constant voltage in the external electrical circuit, with the
n-layer corresponding to the negative pole, and the p-layer
to the positive.

If a variable load resistance is connected to the
p-n-junction (Fig. 1), then the direction of the current in
it always coincides with the direction of the photocurrent,
and the load current itself is equal to the resulting current
through the p-n-junction. This makes it possible to obtain
the equation of the total current (for a unit area of the
solar cell).

As is known [30-33], the PVC construction models
is based on taking into account the following parameters:
output (load current, output power, voltage); external (illu-
mination, temperature, angle of incidence of light), internal
(no-load voltage and short-circuit current). For the develop-
ment of a PVC model, which makes it possible to assess the
influence on the output PVC characteristics, both internal
U, I and external factors (W, T, a), an equivalent electric
circuit of the PVC is used (Fig. 2).

According to Kirchhoff’s law, the ratio of currents in
the circuit of the equivalent electrical equivalent circuit
(Fig. 2) will be determined by the following expres-
sion (1):

IN:IF_ID_IRS’ @

where Iy — current in the circuit, A; Ir — photocurrent, A;
ID — current flowing through the idealized pn junction, A;
Ip — current through the shunt resistance R, A.

It should be noted that, since the photocurrent Ir is
directly proportional to the illumination E and increases
with an increase in the temperature T of the PVC, it is often,
according to [34], determined by the expression (2):

I, =E£[I_m+k,sc (T-1,)] (2)

0

where E — irradiance, W/m?;

E,=1000—; —irradiance under standard conditions;
m

I, — short-circuit current, A;

ks — temperature coefficient of the short-circuit current;

T — absolute temperature of the PVC SSL.

From expression (2), it can be seen that the introduced
assumption of an ideal smooth surface does not allow taking
into account the effect of the total geometric area on the
output parameters of the PVC, and, therefore, introduces
significant errors in the CVC construction.
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Fig. 2. Equivalent electric circuit of the solar photovoltaic converter

4. 2. Investigation of a model of a solar photovoltaic
converter, taking into account the total geometric area

In this work, to study the effect of the properties of a real
sensing surface on the PVC output parameters, it was pro-
posed to use expression (3) to determine the photocurrent
(Ir), taking into account the total geometric area (Sy) of the
surface PVC SSL:
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where Fy — input luminous flux;

e — electron charge;

h — Planck’s constant;

v —frequency of the incident light flux;

R — coefficient of reflection of the luminous flux from the
front surface;

n — coefficient of the reflected light flux of the frontal
surface;

K, — integral coefficient of collection of carriers;

Sy — total geometrical area of the receiving PVC SSL
surface.

Since a p-n junction is connected in parallel to the cur-
rent source, the current passing through the diode I is equal
to the expression (4):

I,=1I, [exp((i) - 1] =1, [exp(zg) - 1], )

where I, — the reverse saturation current of the diode;
Uy - output voltage;

T .
¢@=—— — thermal potential;
e
k — Boltzmann constant;

T — absolute temperature;
e — electron charge.

o current flowing through the pn-junction, the
coefficient A can vary from 1 to 2 (diffusion or
recombination currents, respectively); R, — se-
ries resistance; Rg— shunt resistance.

In accordance with equation (5) and (6), in Fig. 3 shows
the SC, which is the most important characteristic, since it
determines the SC efficiency, as the efficiency of converting
solar radiation energy into electricity. The PVC efficiency is
defined as the ratio of the power generated by the solar cell
to the power of the incident solar radiation. In the work, it is
proposed, according to [35], to determine the PVC efficien-
cy by the expression (7):
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where I, and U,, — current and voltage corresponding to the
point of greatest power Py, as shown in Fig. 3;
P =U, I -F,—maximum output power of the solar cell;

P, — power of the radiation incident on the solar cell;
U,. — open circuit voltage;

E, LU pyce eve il factor.

Due to the fact that the PVC efficiency depends on the
shape of its CVC (according to expression (7)), the PVC
parameters, included in the CVC equation (5) and (6),
determine the PVC efficiency. The construction of CVC in
accordance with Eqs. (5) and (6), for various values of the
SC parameters, demonstrates that the CVC form signifi-
cantly depends on the parameters, the exact values of which
are necessary to predict the PVC operation. Therefore, in
the development and production of SC, it is required to use
the method of reliable determination of their parameters,
depending on the active receiving surface of the semicon-
ductor layer relief of the PVC. Let’s consider the influence
of the internal parameters U, and I on the construction of
the PVC model.

Open circuit voltage U, is the maximum voltage gener-
ated by the solar cell at zero current (Fig. 3). It is equal to
the forward bias corresponding to the change in the voltage



of the p-n junction when the light current appears. The open
circuit voltage of the solar cell changes little with a change
in illumination and is determined according to [36,37] by
expression (10):

Uocz(pT~ln[?+1j=kT~ln(§F+1], ®)

e
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or taking into account (3), equation (8) will take the
form (9), to calculate the open circuit voltage U, taking
into account the total geometric area Sy:
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Short-circuit current Iy is the current flowing through
the SC when the voltage is zero (that is, when the SC is
short-circuited) (Fig. 3). It arises as a result of the generation
and separation of carriers generated by light. In an ideal SC,
subject to moderate resistive losses, it is equal to the light cur-
rent. Therefore, the short-circuit current can be considered
the maximum current that the SC can create. In addition, it is
directly proportional to the light intensity, and can, at I.=IF,
as shown in [38, 39], is determined by expression (10):

F-e
I =
sc h-U

-(1=R)-n-K, - 5,. (10)

Short-circuit current I, and open-circuit voltage U,
are the maximum current and voltage that can be obtained
from the SC, however, at I and U, the SC power is 0. The
fill factor F, is a parameter that, in combination with the
OCV and SCC, determines the maximum power of the SC.
Graphically, the fill factor is a measure of the SC squareness
and is equal to the maximum area of a rectangle that can be
inscribed in the current-voltage curve (Fig. 3, a). The fill
factor of the CVC is one of the main parameters by which
one can judge the quality of a photovoltaic converter. Typical
high quality commercially available solar cells have a CVC
fill factor of more than 0.7, i.e., the larger the CVC fill fac-
tor, the lower the cell losses due to internal resistance. The
graph in Fig. 3, b, curves is shown that have the same values
short-circuit current and open-circuit voltage. However, a
cell with a lower CVC duty cycle (bottom graph) produces
less power at the maximum power point (MPP).
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Fig. 3. Current-voltage characteristic of a solar photovoltaic converter: a — current-voltage
curve for the duty cycle; b — current-voltage curve for different values of the fill factor

To determine the dependence of the PVC efficiency on
the total area of the receiving surface of the PVC SSL, in the
work, according to [40], the expression (14) was proposed:
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where I, — the short-circuit current;
U, — open circuit voltage;

E_=1000 EZ —density of the solar radiation flux;
m

Sy — total surface area of the PVC.

From the obtained analytical expressions (2)—(11) of the
PVC model, the following conclusions can be drawn:

— dependence of the magnitude of the current is shown,
only here are the external factors affecting the PVC surface,
i.e. intensity and density of radiation;

— analytical dependences, built taking into account only
the geometric topological surface area without a quantita-
tive and qualitative assessment of the real surface, which
does not allow constructing the CVC of the solar cell with an
accuracy sufficient for engineering calculations;

—in this model, the influence of various conditions on
the output characteristics of the PVC is taken into account
when the state of the surface changes.

Thus, the analysis of analytical expressions (2)—(11)
of the SC model shows that it is necessary to take into ac-
count the change in the value of the geometric surface area,
which can significantly affect, when calculating the output
parameters of the SC. In addition, the analysis of this model
shows that when it is applied for modeling and analyzing SC,
a number of restrictions are introduced and allowed. This
leads to significant, and sometimes undesirable deviations
from the CVC of a real solar cell, which distorts the real in-
dicators of the output power and efficiency of the SC.

One of the reasons for such deviations in the CVC is cer-
tain difficulties in assessing the quality of the surface relief
of the PVC, and in particular the effect of damaging defects
on the internal structure of the surface film of the PVC. An
analysis of formulas (2)—(11) shows that it is necessary to
take into account the change in the value of the geometric
area of the receptive surface of the PVC SSL, when damag-
ing defects are exposed to it.

Therefore, the work substantiates the need to include in
the main analytical expressions (2)—(11) such an additional
parameter as the value of the real area of the perceiving sur-
face, which is proposed to be calculated using the apparatus
of fractal geometry.

5. Results of investigations of
the receptive surface of the
semiconductor layer relief of a
solar cell

5. 1. Analysis of the causes of
damaging defects and their effect
on the surface of the solar cell

A review of global manufacturers
of solar panels (Jinko Solar, Trina
Solar) showed that for efficient and
high-quality operation in any oper-
ating mode, it is necessary to com-
ply with certain requirements and
conditions for the surface layer of a
semiconductor:

— optical absorption coefficient of the active layer of the
semiconductor must be large enough to ensure the absorp-



tion of a significant part of the energy of sunlight within the
layer thickness;

—electrons and holes generated under illumination
should be efficiently collected on contact electrodes on both
sides of the active layer;

— solar cell must have a significant barrier height in the
semiconductor junction;

— total resistance connected in series with the solar cell
(excluding the load resistance) must be small in order to re-
duce the power losses (Joule heat) during operation;

— structure of the thin film must be uniform throughout
the active region of the SC in order to exclude short-circuit-
ing and the influence of shunting resistances on the charac-
teristics of the element.

Consequently, the above requirements and conditions,
for the most part, are associated with a change in such geo-
metric parameters as the thickness and area of the active
layer of the SC surface. Of particular importance is the
uniformity of the relief of the surface film, i.e., the absence
of various damaging defects (chips, macro- and microcracks,
pores, local inhomogeneities) affecting the internal structure
of the SC.

Let’s consider and analyze external factors that can
cause damaging defects on the sensing surface of the SC.

The manufacturing quality of the solar cell depends on
the materials and equipment used in its manufacture, while
influencing the shunt and series resistance, noise currents
and other parameters.

The quality of the SC soldering affects the possible local
overheating of the contact and its burnout.

The quality of the ethylene vinyl acetate (EVA) film af-
fects the aging of crystalline SC, due to wear and cloudiness
(therefore, the power loss by the panel will exceed 25...30 %).

The quality of the panel sealing and the quality of the
rear protective film affect the removal of moisture from the
inside of the element to the outside. With a poor-quality
film, the amount of moisture gets in more than it can get out
when heated, and residual moisture accumulates inside the
element, destroys the contacts of the elements, which leads
to premature failure of the element.

The quality of the aluminum frame affects anodizing
and can lead to frame oxidation and corrosion. This defect
can lead to accelerated corrosion and metal and premature
destruction and SP failure.

Let’s especially dwell on the analysis of internal factors,
due to which various defects appear in the form of macro-
and microcracks in the structure of the surface of the semi-
conductor layer of the SC, which have a significant effect on
the parameters during the SC operation [23-25]. Surface
defects with macro- and micro-dimensions on the SC sur-
face, which are practically unrecognizable by the human
eye, often lead to more serious problems. The reasons for the
appearance of microcracks on the SC surface may initially
differ. Cell breakage is a common problem faced by both SP
manufacturers and operators, before and after installation.

Microcracks on the SC can appear at different stages:
during production, transportation/installation, and when
the SP is exposed to the atmospheric environment [9]. Vari-
ous operating environments and natural factors (mechanical
and chemical) affecting the SP operation, such as snow, hail,
extreme cold, wind and sun, can cause microcracks in the
joint venture. Other stress factors can be related to the ther-
mal cycle of the elements, which includes expansion, contrac-
tion, and stretching of metal contacts and wire interconnec-

tions. The advanced manufacturing techniques applied by
individual manufacturers have so far succeeded very well in
preventing micro-cracks in the SP caused by environmental
factors. However, it is practically impossible to avoid microc-
racks in the long term, their potential side effects can lead to
a serious problem when the SCs are operated in various oper-
ating modes. The results of the influence of damaging defects
on the PVC SSL structure are manifested in a decrease in
the efficiency of the short-circuit cell. Such results are due to
mechanical stress or thermal stress. During the production
process, microcracks occur mainly during the lamination of
the panel, especially when certain films such as EVA with
poor moisture resistance are used. In such cases, moisture
passes through micro cracks on the front of the laminate and
then oxidation of the contact fingers occurs.

Microcracks on the PVC SSL surface of the lead to an
increase in the resistance of the element, since electricity
follows the path of least resistance [11]. Broken cells ensure
that electrons are forced to use alternative (congested) path-
ways. The presence of microcracks on the SC surface will
lead to a decrease in the SC lifetime and will affect the calcu-
lations of the return on investment, overall productivity and
the possibility of premature replacement of arrays. Replacing
damaged single SC is often not suitable due to changes in
electrical characteristics over time.

Thus, the above analysis of the main reasons for the ap-
pearance of damaging defects on the SC surface showed that
this leads to changes in the geometric area of the receiving
surface, and will affect the values of the preset factory pa-
rameters. In addition, the assumptions about a smooth active
receiving surface of the SC will introduce a significant error
in calculating the output parameters, which will affect the
accuracy of constructing the CVC and determining the SC
efficiency.

5. 2. Application of the method of the theory of fractal
geometry for the development of a geometric model of the
solar cell surface

During the PVC operation, various external (solar and
radiation exposure, temperature) and internal (structural
changes in the material) factors act on its surface. As a result
of such an impact, various damaging defects can appear on
the surface, in the form of local inhomogeneities, micropores
and macrocracks, which leads to a change in its geometric
topological area Sg.

To consider the influence of damaging defects of the
receiving surface of the semiconductor layer on the PVC
parameters, studies of the physical processes occurring on
the external and internal structure of the PVC surface were
carried out. It is known [15, 16] that the PVC surface, as well
as the metal — semiconductor interface, are not flat. In fact,
there is a relief with a rough surface or interface, the relief of
which can be determined both by the nature of the process-
ing (chemical-dynamic, plasma-chemical, radiation), and
by the method of applying a barrier metal contact (for the
metal-semiconductor interface). The presence of damaging
defects leads to the further development of the surface relief
of the PVC SSL, which can lead to a significant increase in
the actual contact area, which can significantly exceed the
topological geometric area S¢. The consequences of this fact,
i.e., the influence of such a contact on the PVC parameters,
are not always obvious, therefore it is necessary to evaluate
the properties of the receiving surface, taking into account
the damaging relief defects. Thus, the influence of such de-



fects leads to the fact that the receiving surface of the PVC
SSL has a rough, porous, inhomogeneous relief. As is known
from [15-18], such structures have specific fractal proper-
ties: self-similarity, invariance, and scalability. Consequent-
ly, for the study of the PVC SSL structures, it is proposed to
apply the method of the theory of fractal geometry.

Therefore, to determine the real working area Sggay, it
is proposed to consider the processes occurring in the struc-
ture of the surface semiconductor layer of a PVC, based on
the application of the method of the theory of fractal geom-
etry [15—18]. The choice of the fractal method for studying
the receptive surface of the SC, in contrast to other known
methods, makes it possible to relate the change in the in-
ternal structure of the PVC SSL with the input and output
parameters of the SC.

From the point of view of fractal theory, the surface
area of the PVC can be represented in the form of a struc-
tural geometric model shown in Fig. 4. When external and
internal factors act on the PVC surface, physical processes
occur in its structure, which lead to the formation of defects
in the form of: local inhomogeneities, micropores, micro and
macrocracks (Fig. 4).

5. 3. Justification of the choice of the parameter for
assessing the change in the surface structure of the solar
cell - the value of the fractal dimension

In [15-18], it is shown that surfaces with damaging
defects are a rough porous inhomogeneous structure, and
have specific fractal properties: self-similarity, invariance
and scalability and are estimated by the quantitative value
of the fractal dimension. As is known [16-18], the value of
the fractal dimension dy determines the degree of filling of
the Euclidean space of the surface structure with fractal
properties.

Then, proceeding from the application of the apparatus
of fractal geometry, let’s obtain expression (13) for describ-
ing the real area Sggay of the receptive surface of the PVC,
which has fractal properties, using the value of the fractal
dimension dy:
dj,

Swear =S¢ o, 13)
where Sgga; — real area of the receptive surface of the PVC
with fractal properties;

d — topological Euclidean dimension (d;=1 for a straight

line, do=2 for a plane, d,=3 for a volume);

Fractal surface area
Sﬁ— :SG +ASZ

Increment in surface area
ASy = ASyir+ ASwp +ASin +ASyivr

= : ~ dy — fractal dimension of the struc-
eometric ture of the PVC SSL surface;
surface area —Sg . . .
y a — dimensionless measuring scale

EXTERNAL FACTORS

n
rea ASy

factor satisfying the condition a<1.

A e L It is important to note that if the

geometric area of the smooth PVC sur-
face exceeds the value of the real area,

that is, S¢>Sgrar, then the condition

ASin

Local heterogeneity —

must be met under which the dimension
of the fractal surface exceeds the Euclid-
ean dimension, dy<dj for dy=2.

Fig. 4. Structural geometric model of the sensing surface of a
converter

The appearance of such surface formations introduces
additional geometric increments from various local areas
(ASyr; ASyp; ASyur; ASry) over the entire PVC surface,
and has a significant effect on the change in the internal
structure of the PVC SSL. It should be noted that as a
result of this, the photoactive area of the receiving sur-
face decreases by the amount of the sum of all increments
ASs=ASyr+ASypTASyyTTASE, and then expression (12)
can be written to determine the real area Sgga; of the recep-
tive surface of the PVC:

Sppar, =S —ASy =

=Sy —(ASyy +ASyp + AS s +AS, ), (12)
where Sgga; — real area of the receptive surfaces of the PVC
with damaging defects;

S —geometric area of the topological surface of the PVC;

ASy —sum of geometric increments of local areas;

ASyr— geometric increment of the local area of the mac-
rocrack;

ASymr — geometric increment of the local area of the
microcrack;

ASyp — geometric increment of the local area of the mi-
cropore;

AS;y — geometric increment of the local area of the het-
erogeneity.

) Then, according to [15-18], expres-
solar photovoltaic  jon (13) will have the following form (14):

Srear =S¢ ot (14)

From expression (14), it follows that when d=d=2 (i.e.,
when the fractal and topological dimensions are equal), the
equality Se=Sgga. is confirmed, and then draw a conclu-
sion about the non-fractality of the surface. If the receiving
surface is a fractal object and, therefore, its area S¢>Sggaz,
then, as follows from (13), the following condition 2<dy<3
should be satisfied for the fractal dimension. This relation-
ship makes it possible to give a more rigorous definition of
the fractal dimension as a critical dimension.

It can also be seen from expression (14) that the dimen-
sionless parameter o can be used as a characteristic of the
measuring scale for a given area. For the fractal surface of a
solar PVC, according to expression (14), a certain value of
the scale dimensionless coefficient a corresponds to a certain
value of the area of the fractal surface.
on lni

- o
by the angle of inclination of its linear section, it is possible
to determine the theoretical value of the fractal dimension
dy, as shown in Fig. 5.

From Fig. 5, a, it can be seen that with a smooth topo-
logical surface (high quality, close to ideal), that is, when

SREAL

Having constructed the dependence In

In—8£L ~ 1, and therefore at d=2=d}, there is practically no
G
angle of inclination. The insignificant angle of inclination




is explained by the presence on the PVC surface, local in-
homogeneities and pores with a size of a<3...5 um, obtained
during manufacture, and further, during the computational
experiment, is a condition for choosing a measuring scale.

Fig. 5, b, it can be seen that for d/>d,, the angle of in-
clination of the linear section depends on the change in the
value of the real area of the fractal surface, namely, with its
decrease, the fractal dimension tends to the Euclidean di-
mension of the volumetric space df—ds=3 of a semiconductor
layer with a thickness of 8.

2 ____________
In'§ d=2~d;
l 4
0 -
Inl/
2 4 6
a
2 +
1 +
d=3<d=<2=d;
0 —
. . Inl/a
2 4 6
b

Fig. 5. Determination of the value of the fractal dimension of
the surface of the semiconductor layer of the PVC: a — for
the geometric surface Sgat a=dy; b — for the real area of the
fractal surface Sgeq at 2<dr <3

Consequently, when taking into account the influence
of damaging factors on the PVC surface, it is necessary to
take into account both the change in the surface relief and
the internal volumetric structure of the semiconductor layer.

Then, proceeding from this, the geometric and, accord-
ingly, the fractal volume of the PVC SSL structure can be
determined by the expression (15), (16):

Ve=5;-8 15)

Ve =Voo ™ =88 (), (16)
where Vi —volume of the geometric structure of the semicon-
ductors of the PVC layer;

Vr — volume of the real structure of semiconductors of
the PVC layer with fractal properties;

87— thickness of the PVC SSL fractal surface;

dy — fractal dimension of the internal structure of semi-
conductors of the PVC layer 2<d, <3;

d3 — Euclidean dimension for the volumetric structure of
semiconductors of the PVC layer d3=3;

a — measuring scale dimensionless coefficient, satisfying
the condition a<1.

Then the increment of the internal structure, taking into
account the fractal properties, will be determined by the
expression (17):

AV=V,~V,=5,-8,~

=858, (o )= 558, (1-a ), A7)
where Vp — fractal volume of the PVC SSL structure;
Sr—area of the PVC fractal surface;

From expression (17) it is possible to see that the change
in the structure of the receiving surface of the PVC occurs
both on the horizontal surface relief with a power exponent
2 —dj, and vertically along the thickness &, of the entire vol-
ume with an exponent 3 — dy.

From expression (17), it is possible to see that at d/=3,
the power exponent is d3—d;—0, i.e., the increment is AV—0.
Therefore, when calculating the main parameters of the
PVC, it is necessary to take into account the real changes
in the volumetric real structure of the semiconductor layer
of the PVC, by multiplying the area of the geometric area S¢
by the indicator 1—o** (18):

Spen =Se(1-0" )= 5, (1-a”). (18)

Then, taking into account the above, it is proposed in the
work to consider the real area of the Sgpa; PVC as a change
in the geometric area S of the fractal surface in a power-law
dependence on the change in the value of the fractal dimen-
sion of the structure in the range 2<d; <3.

5. 4. The structure of the model, taking into account
the micro- and macrostructure of the receiving surface of
the semiconductor layer

On the basis of the above substantiations, analytical ex-
pressions were proposed that determine an improved model
of the PVC operation, taking into account the value of the
real area of the receiving surface of the Sggar PVC, calculat-
ed using the apparatus of fractal geometry.

Then, substituting expression (18) into (3), (3), (6),
(9)—(11), let’s obtain analytical expressions for the im-
proved model of the PVC, taking into account the real
area of the receiving surface of the semiconductor layer
of the PVC:

— for the value of the photocurrent I
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For a receiving surface with damaging defects, the PVC
efficiency s will be determined by the expression (28):

receiving surface of the PVC was carried out on the basis of
a computational experiment using the engineering mathe-
matical software MathCAD.

At the beginning of the experiment, by a computational
method, for various values of the value of the real area of the
receiving surface of the PVC, dependences on. Then, from
the angle of inclination of its linear section, the value of
the fractal dimension for the corresponding area was deter-
mined, as shown in Fig. 6.

The results are shown in the graphs in Fig. 6, where
the values of the measuring scale a=0=3...6-10" m were
taken based on the size of the local pore 3...5 um with
a semiconductor layer thickness §=300 um. From the
graphs in Fig. 6, it can be seen that with a change in the
value of the fractal dimension from 2.01 to 2.93, the sur-
face area from the initial value of 14.400-10-3 m? decreases
to the real surface area equal to 14.374-10°3 m2. This con-
firms the results of theoretical studies, on the correspon-
dence of the value of the fractal dimension to a certain
value of the area, as well as on the power-law dependence
of the geometric topological surface on the value of the
fractal dimension. In addition, it was determined that in
the range of change in the value of the fractal dimension
from 2.63 to 2.93, the change in the value of the working
area of the receiving surface does not significantly af-
fect the output SC parameters. This is explained by the

excess of the percentage of porosity (the

the CVC.

Nl ) presence of micropores and microcracks
F-e kT F()(1—R)'T]'Kc -Sg '(1—0CH/) is more than 20 %) in the semiconductor
|:h07~(1—R)~n~Kc:|~f~ln +1 la fthe SC
v e hol,, yer ofthe o5t.
) (25) Further, in the course of the exper-
E iment, a generalized dependence of the
value of the real area Sgpaz of the PVC
From expression (25), it follows that the PVC efficiency nysr surface on the value of the fractal di-
depends both on the light radiation and temperature, and on mension dy of the bulk structure of the
the change in the geometric area of the receiving surface of the PVC SSL was obtained, as shown in the
PVC with damaging defects. In this case, the power-law depen- graph in Fig. 7.
dence of the real area of the receiv- 5 s
ing surface with damaging defects 2 .
on the change in the value of the 2 df =201 df =231 1 df =246
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5.5. 1. Study of the depen- J e p

dence of the real area of the
receiving surface of a solar cell
on the fractal dimension

The study of the dependence
of the output parameters Py, Uy,
Iy on the real area Sppa; of the

Fig. 6. Graphs of In (Sgea; /Se) on In(1/a) to determine the real areas depending on the
fractal dimensions of the surface structure of the photoelectric converter: a — at d=2.01 for
Sc=14.4-10% (m); b— at d;=2.31 for $;=14.397-10 (m); c — at dy=2.46 for $,=14.394-1073

(m); d— at d;=2.54 for $;=14.391-10"3 (m); e — at d;=2.63 for S/~=14.388-1073 (m); f— at

d;=2.93 for S5=14.374-10°3 (m)
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e _L _____ DN pressions (5) and (6) of the model
261 | with the geometric area Sgand (22),
25+ _____ ]|_______ ______ (23) of the model with real surface
2.4+ | areas (S}%EAL;SIZQEAL;S}%EAL;S;EAL)’ the
23k e e e PVC CVCs were constructed us-
29t I Photoelectrit ' ing the MathCAD computer pro-
’ | converter working gram (Fig. 9).
21+ | area | As the initial data, the parame-
2 ‘i‘ —————— T T JI_____ I I ters of the PVC module of the KSR-
» sy 150typewereused, with the passport
Skean ! Skeass SREA”I Seeas I I i(m 107) parameters: temperature 7=25 °C;
0 .. 14379 14388 14394 14397 14399 5 =144 emission spectrum AM=1.5; sur-

Fig. 7. Dependences of the value of the real surface area of the photoelectric converter on
the value of the fractal dimension of the volumetric structure of the semiconductor layer

Fig. 7 that a change in the value of the fractal dimension
dy in the range 2<d;<2.93 leads to a decrease in the real area
Srear of the receiving surface from 14.400-10m? to 14.374x
%103 m2. However, in the range of change in fractal dimension
from 2 to 2.3, there is practically no change in the value of the
working area of the receiving surface of the SC. This effect
is explained by the fact that in industrial production, it is
very difficult to achieve a perfectly smooth surface, i.e. the
initially perceiving surface can be characterized by a fractal
dimension up to 2.3.

face illumination E,=1000 W/m?;
Ky=-0.1230 V/K; KI=0.0032 A/K
and area S;=14.4-102m?2. The es-
timation of the characteristic dam-
aging surface defects, in the form of
micropores and macrocracks, was carried out conventionally
in the range of the measurement scale for values from 0.03
to 3 um. Table 1 shows the passport and design parameters
of the PVC of the KS200G module for the obtained different
values of the real areas of the PVC SSL surfaces.

Table 1

Passport and design parameters of the PVC of the KS200G

modaule at various values of real surfaces

. Fractal (porous, heterogeneous)

5. 5. 2. Study of the dependence of the minimum N - Seear (110552
power of a solar cell on the fractal dimension Initial | S¢-10~m?, 1 ; REAL ; -

It should be noted that the investigated surfaces with | 94t d=2 Sear | dpt | Srear | dpa | Srear | dps | Sear | dpa
an area less than the threshold value S;<14.4-103 m? are 14.400 | 14.3972.31]14.394 2.46]14.391|2.54 |14.388|2.63
non-fractal, which means that they cannot be estimated by 7
the value of the fractal dimension dy. In addition, when the (AZ)P 0.1409 0.1404 0.1398 0.1393 0.1387
value of the fractal dimension d/>2.63, the obtained values U
of the parameters U,, Uy, L., Iy of the solar cell do not pro- (Ql;;f’ 0.4706 0.4697 0.4694 0.4690 0.4683
vide the minimum value of the output power Py, the value
of which was determined during the manufacture of the Prax | 3.7037 3.7021 3.7013 3.7004 3.5911
solar ceu. Therefore, the Working range pf variation of the | Us 0.6093 0.6084 0.6079 0.6072 0.6066
fractal dimension 2<d,<2.63is set, at which the value of the V)
output power changes from Py, to Ppin, as shown in Fig. 8. [, (A)| 0.1520 0.1493 0.1481 0.1464 0.1473

A P,W Tox 0.18191-10°8| 0.1808-108 | 0.1805-10°8 | 0.1801-108 [ 0.1798-10°8
P, max: Worki (A)
S orking I (A)|  0.1521 0.1514 0.1507 0.1499 0.1493
Ty range 2
& 8 &S hS 7.6927 7.6958 7.6979 7.6996 7.7018
5 £ & 2,63 (Ohm)
. =Vt 7 1y ’ R
P, min—£ £ttt e e (OhLm) 4.09-1073 4.029-103 | 4.47-10°3 4.69-1073 4.81-1073
Fractal surface
, , , , IdL As can be seen from the graph in Fig. 9, the CVC curves
0 ) 22 24 26 28 3 for real areas (SLML;S;ML;S;?EAL;S}‘{EAL)of the receiving sur-

Fig. 8. Graph of the dependence of the values of the
value of the output power Pyon the change in the

face differ from the curve for the geometric topological

area Sg.

Calculations according to formula (24) show a decrease

fractal dimension in the range 2<d;<2.63

From Fig. 8 it can be seen that with an increase in the
fractal dimension to the value dy=2.63, the output power
decreases to the minimum set value.

in the installed output power for a solar cell by 2.1 % (power
loss AP=0.113 W), and, therefore, according to formula
(25), to a decrease in the SC efficiency by 1.89 %. The ac-
curacy of plotting the current-voltage characteristic of the
solar cell increased by 4.2 %.
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6. Discussion of the results of the development of a solar
cell model based on the application of the apparatus of
fractal geometry

The main feature is that the quantitative parameter of
the fractal dimension is selected and used as an effective
criterion for assessing the development of the micro- and
macrostructure of the rough surface semiconductor layer
of PVC.

The working surfaces of solar PVCs were considered to
be close to ideally smooth, with minor manufacturing de-
fects, therefore, as a rule, assumptions and limitations were
introduced for them when calculating the PVC parameters.
This, in turn, sometimes caused undesirable deviations from
the CVC of a real PVC, which distorted the real indicators
of the output power and efficiency of the PVC. One of the
reasons for such deviations in the CVC is certain difficulties
in assessing the quality of the surface relief of the PVC, and
in particular the effect of damaging defects on the internal
structure of the semiconductor layer of the PVC. Therefore,
taking into account all the difficulties associated with de-
termining the real characteristics of the PVC, it is proposed
in the work, to improve the model of the PVC, to introduce
such an additional parameter that takes into account the real
area of the receiving surface of the semiconductor layer of
the PVC. It is proposed to calculate this real active surface
area using the apparatus of fractal geometry, both for the
external and internal structure of the semiconductor layer of
the PVC, based on the geometric model (18).

The developed geometric model of the receptive surface
of the PVC, which is characterized by fractal properties, can
be used to assess both the external and internal structure of
the semiconductor layer when calculating the real area in the
models of PVC. In addition, it is shown that the real area of
the receiving surface of the PVC is in power-law dependence
on the value of the fractal dimension, and corresponds to its
certain value (Fig. 9).

The resulting improved model of the PVC allows, on
the basis of analytical expressions (23) and (24), to more
accurately construct the CVC, and to determine the value
of the real output power and efficiency, for the real area
of the absorbing surface of the PVC. Due to the proposed
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PVC model, it is possible to build CVC and with parame-
ter accuracy sufficient for engineering calculations, when
assembling solar modules, panels, batteries and solar power
plants in general.

The main result of this study is to determine the degree
of influence of the real area of the receiving surface with
damaging defects on the change in the values of the input
and output parameters when calculating them in models of
solar photovoltaic converters.

The proposed method of the theory of fractal geometry
can be used to study the rate of development of defects in
the form of macro- and microcracks under the conditions
of the formation of cluster-cluster aggregations in the PVC
SSL structure. To do this, it is necessary to carry out ad-
ditional research and calculations of the cluster formation
time, which in the future will be taken into account when
changing the useful area in the tasks of predicting the vol-
umes of electricity generation by a photovoltaic station.

In addition, with the continuation of further research,
it is planned to conduct full-scale physical experiments, on
the created laboratory facility, to carry out measurements
in the operating conditions of the solar cell. This will make

it possible to obtain accurate CVC, both for ideal conditions
and for operating conditions during the operation of the
solar cell.

As a disadvantage, it should be noted that data on the
geometry of the micro- and macrostructure of the surface
are obtained using a scanning tunneling microscope, for the
calibration of which, as a rule, test surfaces with known relief
parameters are used. This is an expensive and time-consum-
ing process, therefore, in further research, to determine the
value of the fractal dimension in the structure of the semi-
conductor layer of the PVC, it is necessary to apply the skin
effect method.

7. Conclusions

1. The analysis of external and internal factors causing
damaging defects on the sensing surface of the solar cell was
carried out, which showed their influence on:

— decrease in the value of output power and efficiency
during long-term operation;

— change in the passport characteristics provided by the
manufacturer and, as a consequence, a discrepancy with the
real CVC and VWC, due to a certain degree of approxima-
tion, taking into account the assumptions about the state of
the real surface of the PVC;

— change in the degree of filling of the CVC for the es-
tablished efficiency.

In this regard, a new approach has been proposed for
studying physical processes in the structure of the receiving
surface of a PVC, based on the apparatus of fractal geometry,
which takes into account damaging defects when calculating
the nominal power.

2. A geometric model of the surface of the solar cell has
been developed, which takes into account the physical pro-
cesses when the structure of the damaging surface of the
semiconductor layer changes with the use of the apparatus
of fractal geometry.

The geometrical model of the relief of the receiving surface
takes into account in the structure of the semiconductor layer
of the PVC, the presence of local inhomogeneities, micropores
and macrocracks, which affect the size of the working area of



the PVC. It is shown that such structures have fractal prop-
erties and are characterized by a quantitative fractal dimen-
sion. Based on the use of the apparatus of fractal geometry,
the real area of the receptive active surface of the PVC was
determined, which is in power-law dependence on the fractal
dimension and corresponds to its certain value. It is shown
that a change in the value of the fractal dimension in the range
from 2 to 2.93 leads to a decrease in the real area of the receiv-
ing surface from 14.400-102 m? to 14.374-10°3 m?.

3. The choice of an effective parameter has been substan-
tiated for assessing the qualitative state of changes in the
structure of the receiving surface of the semiconductor layer
by a quantitative value — fractal dimension.

The choice of the parameter of fractal dimension has
been theoretically and experimentally substantiated as an
effective criterion for assessing the development of the
micro- and macrostructure of the receptive surface layer
of PVC. The use of the parameter of fractal dimension is
proposed in relation to the problems of calculating the val-
ue of the real output power and the efficiency of PVC. The
advantage is shown of using the fractal geometry method for
constructing fractal surfaces over classical models of non-
smooth shapes, both for a complete description of the geom-
etry of the surface layer of a PVC, and for further calculation
of the parameters of a PVC. The construction of a surface
model using fractal principles is substantiated theoretically,
experimentally confirmed and underlies the study of the
influence of the geometry of the micro- and macrostructure
of the surface on the physical properties of the investigated
materials of the surface layer of PVC. The results of the
analysis show that the method for studying the development
of the PVC surface structure, based on the theory of fractals,
makes it possible to assess the characteristic damaging de-
fects lying in the range of values from 0.03 to 3 pum.

4. The structure of the model is proposed, taking into
account the micro- and macrostructure of the receiving
surface of the semiconductor layer, which takes into account
the working area of the real micro and macrostructure of the
surface layer of the semiconductor layer, using a calculator
of fractal geometry. The resulting model makes it possible
to calculate the output parameters taking into account the
working area of the real receiving surface and to increase
the accuracy, stability of the CVC and to determine the
real value of the output power and the efficiency of the
PVC. Improved analytical expressions for calculating the
output parameters have been received and proposed, taking
into account the real geometric structural changes in the
surface layer of PVC, in the presence of damaging defects.
The obtained analytical expressions of the improved PVC
model also made it possible to calculate and clarify the in-
put parameters (short-circuit current, open circuit voltage,
maximum output power), which are different from the fac-
tory-set values. It is shown that the installed output power
for the PVC is reduced by 2.1 % (power loss AP=0.113 W),
and, therefore, this leads to a decrease in the PVC efficiency

by 1.89 %. The accuracy of plotting the CVC of the solar cell
increased by 4.2 %.

5. A computational experiment was carried out to con-
struct the CVC taking into account the real area of the
actual receiving surface, which confirmed the influence of
the changed geometric characteristics of the surface on the
output parameters of the solar cell.

The created improved model can be practically used to
control the input and output parameters of PVC at the stage
of assembly, rejection of solar modules, panels, batteries and
the whole of solar stations, according to the corresponding
required characteristics.

A practical computational experiment confirmed the
influence of the geometric characteristics of the surface on
the output parameters of the PVC, based on the use of fractal
geometry methods. The results of theoretical studies on the
correspondence of the value of the fractal dimension to a cer-
tain value of the area, as well as the power-law dependence of
the geometric topological surface on the value of the fractal
dimension have been confirmed. It is shown that with an in-
crease in roughness and porosity, due to damaging defects, a
decrease in the real area of the surface semiconductor layer is
observed, with a change in the fractal dimension in the range
from 2.31 to 2.63. This, in turn, affects the magnitude of the
load current and voltage, which leads to a distortion of the
CVC and a decrease in the output power by 1.49...2.1 % and
a decrease in the efficiency from 2 to 3 %.

It has been experimentally confirmed that fractal models
make it possible to simplify and reduce the cost of calculat-
ing such physical quantities as the output power and the
efficiency of PVCs, due to the stage of direct investigation of
the geometric characteristics of a real surface.

The practical significance of the improved model of solar
cells lies in the usefulness and expediency of modeling the re-
ceptive surface of solar cells, to increase the efficiency of their
application in various (ground, space) photovoltaic systems
(PVS). Further development of the obtained analytical ex-
pressions of the improved model makes it possible to compare
the CVC and VWC of a number of solar modules, panels, and
batteries. This, in turn, makes it possible to develop practical
recommendations for the construction of photovoltaic sys-
tems for various purposes. In addition, the above provisions
make it possible to improve the qualitative results of devel-
opments in the creation of new samples and modernization
of existing photovoltaic systems. The practical provisions
contained in the work are useful in calculating the energy
parameters of photovoltaic systems, working out algorithms
for capturing the maximum power point, developing specific
proposals for the use of solar modules, panels, batteries. SC
simulation allows matching the dynamic operating modes
of the converters included in the photovoltaic systems. The
practical implementation of the obtained improved model is a
theoretical basis and a prepared mathematical tool for further
scientific research on the characteristics of solar modules,
panels, batteries and processing their results.
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