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An actual scientific and practical task related
to the sustainable development of the country’s
energy sector is to forecast parameters and predict
the conditions of operation of solar cells and solar
batteries in regular and non-regular situations.
It is emphasized that this makes it possible to pro-
vide solar energy with high efficiency indicators, in
particular, the indicator of profitability on invested
capital in the construction of solar panels.

The main specific research method is regres-
sion analysis — to build a forecast model of the
total amount of generated energy of solar panels
in ground installations under variable conditions
of operation.

An analysis of the distribution of the out-
put data of the model by the number of solar bat-
tery modules was carried out using the exam-
ple of terrestrial solar installations. To obtain
empirical data, 31 objects in the Dnipropetrovsk
and Zaporizhia oblasts, which have functioning
solar batteries with different numbers of modules,
were selected. This makes it possible to calculate
the weighted average amount of generated ener-
gy during operation under variable conditions.
10 intervals of frequency values were separated
with the largest range of values within the interval
of 10,000-20,000 pieces of solar modules.

A model of the dependence of the total amount
of generated energy on the number of solar bat-
tery modules and the weighted average amount
of generated energy was built based on regression
analysis. It was determined that the influencing
Jactor of the model «<number of solar modules»> has
a positive influence on the resulting factor (pro-
ductivity of solar panels), while the influencing
Sactor <weighted average amount of generated
energy»> has a negative influence. However, the
<«number of solar modules» influence factor is more
significant. The obtained results give grounds for
asserting the possibility of their implementation
in the energy sector
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1. Introduction

Forecasting the parameters and predicting the conditions
of operation of solar cells (SCs) and solar batteries (SBs) is one
of the main tasks in the formation of energy supply systems; the
energy of solar radiation is used as the main energy resource.

But at the same time, it is very important to take into
account the errors of the influence of natural conditions, the
human factor, and other important factors that appear during
the operation of solar batteries, under the conditions of space
and ground operation.

A number of natural factors affect the performance and
efficiency of solar cells and solar batteries when operating in
terrestrial operating languages. Among the main ones, the fol-
lowing can be distinguished: weather and climatic conditions:
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rain, snow, hail, cloudiness, fog, heat, cold; change of day and
night; uneven lighting: local pollution; temperature increase;
pollution: dust, snow; irreversible losses, etc. If the totality
of these factors corresponds to the normal conditions of SB
functioning, this is a full-time working situation. There are
deviations from the norm — this is an extraordinary situation.

The cost of SBs is relatively constantly decreasing and so-
lar energy has high indicators of the weighted average cost of
generated electricity (LCOE). This indicator reflects a fixed
tariff for electricity, which reflects the cost of its generation
and in which the total discounted revenue from the sale of
electricity to the final consumer is equal to the total dis-
counted costs throughout the entire life cycle of the power-
generating facility. This is the minimum price at which the
electricity generated during the entire life of the power plant




must be sold to reach its break-even point (NPV=0). If the
electricity price is higher than LCOE, it will give a higher
return on invested capital (NPV > 0) than the adopted dis-
count rate, while a lower price will not allow the project to
pay for itself at the given discount rate (NPV < 0).

The insufficient level of development of the scientific
basis for choosing the optimal parameters for the operation
of solar batteries remains an unsolved problem of the energy
development of the technological platform in many countries
of the world. Fragmentation in the choice of project solutions
for determining the necessary generated energy depending
on the design of SB leads to the emergence of various activity
risks, primarily environmental risks.

Therefore, the complex of issues related to the determi-
nation of the specifics of the implementation of project solu-
tions for the construction of SB requires an in-depth analysis
and methodical clarification. It is becoming more and more
difficult for companies in the energy sector to determine the
set of indicators of the effectiveness of project decision tools,
which is necessary to create long-term relationships in the
market and achieve satisfaction of consumer needs.

Thus, the further development of the principles of de-
signing efficient solar batteries is an important scientific and
practical task. For the development of the energy industry in
the world, this is an actual scientific and practical issue that
needs further refinement and solution.

2. Literature review and problem statement

In works [1-3], the peculiarities of the operation of solar
batteries in cloudy weather are considered. It is outlined that
their highest efficiency can be achieved in sunny weather at
a heating temperature of photovoltaic elements of no more
than 85°C [1]. When the sky is overcast, the efficiency of
operation and productivity of SB is significantly reduced,
but the generation does not stop. In the darkest weather, the
output power is only 5-20 % of maximally possible [2]. This
is due to the fact that clouds block the access of the sun’s
rays to the panels, leaving only diffused light. It is empha-
sized that the use of a rotary mechanism for SB is effective in
cloudy weather [3]. In fact, even in the absence of sunlight,
turning the photovoltaic cells towards the cloud-obscured
sun makes a difference. This is due to the fact that even dif-
fused light has higher insolation. And therefore, to increase
the efficiency of the solar power plant in cloudy weather, it
is recommended to install panels that rotate with the move-
ment of the sun. But the cited works do not clearly outline
the level of influence of these factors, and the error that must
be taken into account when designing such installations.

In works [4-6], the presence of influence on the effective-
ness of the operation of local contamination of SB surface was
analyzed. If the solar element included in the SB is illumi-
nated less intensively than the neighboring one, it becomes
a parasitic load and reduces the total energy output [4]. If
part of the panels is in the shade, it will negatively affect the
production of all modules, even those under the Sun. They
partially function, but only partially from the real poten-
tial [5]. This not only reduces efficiency but also affects the
panels themselves: silicon cells heat up, wear of current-car-
rying parts increases [6]. If the solar power plant (SPP)
operates under this mode for several days, there is a slight
decrease in productivity, but with regular partial shading,
the basic efficiency decreases due to the weakening of the

contacts between the elements, and, as a result, the failure of
certain areas of the solar power plant.

Partial shading affects the performance and reliability of
thin-film and crystalline silicon SBs. It was noted in [7] that
experiments show that solar panels based on thin-film tech-
nologies and SBs based on crystalline silicon SCs behave dif-
ferently under the same shading schemes [8]. In thin-film solar
modules with partial shading, the power is reduced mainly due
to a decrease in the total current generated by the module,
and in the case of solar modules based on crystalline silicon
photovoltaic cells, the power is reduced due to a simultaneous
decrease in the current and voltage generated by the module.
In addition, thermographic studies of shaded modules showed
the appearance of hot spots, and the temperature of hot spots
in the case of solar modules based on crystalline silicon CEs
reached a temperature of 86 °C [9]. Experiments have shown
that partial shading has a greater impact on solar modules
based on crystalline silicon CEs [10]. However, the cited paper
does not define the negative limiting physical and technical
parameters of the influence of the level of shading of SB.

In work [11], the problem of the appearance of hot spots
is considered, which can cause accelerated aging and a de-
crease in the reliability of SB module in general. The forma-
tion of recommendations to eliminate this problem by using
bypass diodes or intelligent switches is positive. The disad-
vantage of these recommendations is that their implementa-
tion does not make it possible to completely avoid problems
with hot spots. A promising solution to prevent the appea-
rance of hot spots is the correct adjustment of the operating
point of photovoltaic elements in the plane of the dependence
of current on voltage [12]. Correctly selected operating
points make it possible to find a suitable compromise bet-
ween the maximization of the extracted power and the mini-
mization of the thermal stress arising in SB modules. But the
disadvantage is the insufficient level of consideration of the
need to model the level of generation change when solving
the problem of hot spots. The aspect of the quantitative com-
position of the power generation system (that is, the depen-
dence on the number of modules) has not been considered.

A change in the structural technical solutions for the con-
struction of SB can lead to a change in the energy-generating
capacity of the installation. At the same time, it is necessary to
forecast and anticipate changes in technological parameters.

All this gives reason to assert that it is expedient to con-
duct a study to substantiate the determination of the influence
of the quantitative composition of the structure on the perfor-
mance of solar batteries with the use of modern scientific tools.

3. The aim and objectives of the study

The purpose of this work is to devise a calculation me-
thod for determining the influence of the design features of
the construction of solar panels on productivity under va-
rious variable operating conditions. This will make it possible
to increase the efficiency of SB in terms of its productivity
and increase energy generation reserves.

To accomplish the aim, the following tasks have been set:

—to analyze the distribution of the output data of the
model by the number of SB modules using the example of
terrestrial solar installations;

— to determine the regression model of the dependence of
the total level of generated energy on the number of SB mo-
dules and the weighted average amount of generated energy.



4. The study materials and methods

4. 1. The object and hypothesis of the study

The object of our study is the decision-making process
regarding the selection of the number of SB modules in order
to obtain the amount of energy required by the consumer.
The subject of the study is the theoretical-methodological,
scientific-methodical, and applied foundations of SB produc-
tivity management.

The main hypothesis of the study assumes that the se-
lected variant of the number of SB modules is effective. This
variant will ensure obtaining the necessary amount of energy
of SB, reducing losses, and maintaining operational characte-
ristics. This justifies the provision of uninterrupted operation
of solar batteries in power plants in non-standard situations.

The criterion for choosing the best SPP option is a set
of requirements that must be met by technical and eco-
nomic indicators. Two main forms of criteria are used in the
technical and economic substantiation of the feasibility of
developing new energy systems. The first involves achieving
the maximum useful effect at the specified costs (principle of
maximizing the effect), the second — minimizing costs in or-
der to ensure the necessary useful effect (principle of saving
resources). These two forms of criteria are equivalent to each
other, and each of them can be used to find the best solution.

The main obstacle to the widespread development of
semiconductor solar energy is the high cost of solar cells,
solar radiation concentration and orientation systems, and
other structural elements of the installation. The choice of the
structure and parameters of the energy system is influenced
by external and internal factors. The set of external factors
includes needs for electrical energy (amount of energy), pro-
gram of its use, etc.

Thus, parameters characterizing internal factors can be
conditionally separated into two groups. The first group of
factors is characterized by the ability to influence SB pa-
rameters. The second group is the parameters whose nature
of change is considered discrete, in particular, the number
of solar cells and modules on the basis of which the energy
system can be composed.

For SPP, internal factors are the efficiency of solar
energy concentration systems, orientation, coordination of
output parameters with consumers, energy efficiency of the
solar cell, etc.

A change in the structure of the constituent components
of SPP, related to internal factors, can lead to a change in the
energy-generating capacity and appearance of the entire ener-
gy-generating installation — it is necessary to forecast and
predict changes in technological parameters.

4. 2. Methods

The study considered a model with two regressors. To de-
scribe the dependence of y on two variables, the linear model
takes the form [13]:

Y=a,+aX +a,X,+c, (1)

where Yis the output variable; ay, a1, as — model parameters;
X1, Xy — independent input variables; ¢ is a random error.
Estimates of model parameters (ay, ai, as) were calcula-
ted by the method of least squares (LSM) [14].
The significance of the regression was checked by cal-
culating the p-value. The random variable F was calculated,
taking the value FO (this is the p-value), then the p-value

was compared with the given level of significance u [15—18].
If the p-value is greater than the significance level, then
there is no reason to reject the null hypothesis, and the re-
gression is insignificant.

Regression coefficients were calculated using the MS
Excel package.

4. 3. Materials

31 objects in the Dnipropetrovsk and Zaporizhia oblasts
were selected as the initial data for constructing the depen-
dence of the total amount of generated energy on the number
of SB modules and the weighted average amount of genera-
ted energy. They have functioning SBs with different number
of modules and the ability to calculate the weighted average
amount of generated energy. The following assumptions were
used: the actual service life of SB is 15-20 years; the number
of modules is approximately the same in the design; average
level of insolation, etc.

The task of choosing the number of intervals for grouping
empirical data for their statistical processing can be stated as
the task of optimal filtering of random deviations of the his-
togram of the distribution of the empirical sample from the
smooth curve of the density of the distribution of the general
population. As a rule, intervals of equal width or equal prob-
ability are used [19]. It can be proved that there is an optimal
number of intervals of a certain type for a given sample.

5. Results of research on the construction of a calculation
method for determining the influence of the design
features of the structure of solar batteries

5. 1. Analysis of the distribution of model output data
by the number of solar battery modules

The subjective criterion of the correctness of the choice
of the number of classes is the accuracy of the display of the
nature of the distribution of empirical (actual frequencies)
frequencies of the studied population. This makes it possible
to carry out an analysis of the distribution of model output
data by the number of SB modules using the example of ter-
restrial solar installations (Table 1).

Based on the result of the analysis of the distribution
of model data in frequency intervals (Table 1), the follow-
ing conclusions can be drawn. 10 intervals of values are
separated, while the number of objects corresponds to the
following ranges: 0—100 — 0 objects; 100-200 — 0 objects;
200-500 — 0 objects; 500—1000 — 0 objects; 1000—2000 —
0 objects; 2000-5000 — 2 objects; 5,000—10,000 — 5 objects;
10,000-20,000 — 13 objects; 20,000-50,000 — 10 objects;
50,000-100,000 — 1 object. The value of the share of the
actual distribution of the general sampling model is 100 %,
while the share of the normal distribution of the general sam-
pling model is 82 %. As can be seen, the original population of
31 SBsis divided into 5 intervals. In each interval, the follow-
ing are calculated: frequency, accumulated frequency, percent-
age of the total frequency, accumulated percentage of the total
frequency, percentage of the total number of observations,
accumulated percentage of the total number of observations,
theoretical frequency, accumulated theoretical frequency.

For continuous distributions, it is advisable to display the
plot of absolute frequencies as a bar chart, and for discrete
ones — as a histogram, dot or line graph.

Fig. 1 shows a histogram of the distribution of model
output data in frequency intervals.



The series of output data of the number of SB modules has  a normal distribution, suitable for further statistical processing
a normal distribution, skewed to the left. After the logarithm  and modeling. To confirm this statement, the frequency accu-
of the intervals of values, the data acquired the appearance of ~ mulation of the output data of the model was built (Fig. 2).

Table 1
Distribution of model output data in frequency ranges
Range of values, pcs Num- Share Share accumulated
No. of entry from (inclu- | to (out of from — to bgr of | Actual dis- | Normal dis- | Actual dis- | Normal dis-
ded inrange) | range) objects | tribution | tribution tribution tribution
1 0 100 0-100 0 0.0% 0.2% 0.0% 0.2%
2 100 200 100-200 0 0.0% 0.2% 0.0 % 0.5%
3 200 500 200-500 0 0.0 % 0.7 % 0.0 % 1.2%
4 500 1000 500-1000 0 0.0 % 1.3 % 0.0 % 2.5%
5 1000 2000 1000-2000 0 0.0 % 2.7% 0.0 % 5.1%
6 2000 5000 2000-5000 2 6.5% 9.1 % 6.5% 14.2 %
7 5000 10000 5000—-10000 5 16.1 % 17.6 % 22.6 % 31.8%
8 10000 20000 10000-20000 13 419 % 322 % 64.5 % 64.0 %
9 20000 50000 20000—50000 10 32.3% 18.4 % 96.8 % 82.4 %
10 50000 100000 | 50000—100000 1 32% 0.0% 100.0 % 82.4 %
Total, sampling model X X X 31 100 % 82 % - -
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Fig. 1. Histogram of the distribution of model output data in frequency intervals
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The comparison of actual (empirical) and theoretical fre-
quencies and accumulated empirical and theoretical frequen-
cies shown in Fig. 2 allow us to draw conclusions about com-
pliance with the normal law of distribution and to determine
the frequency discrepancy in each of the studied intervals.

5. 2. Determining the regression model of the influence
of the design features of the structure of solar panels on
productivity

When constructing a regression model of the dependence
of the total amount of generated energy on the number of
SB modules and the weighted average amount of generated
energy, the initial data were determined (Table 2).

Table 2

Output data of the regression model of the dependence
of the total amount of generated energy on the number
of SB modules and the weighted average amount
of generated energy

No. of Number of | Weighted average amount | Total amount
entry SB modules, | of generated energy from | of generated
pes (X1) SB modules, W /pcs (X2) | energy, W (Y)

1 42 300 260 10998000
2 27911 300 8373300
3 20 427 320 6536640
4 35000 290 10150000
5 17 962 350 6286700
6 13 321 360 4795560
7 13 000 373 4849000
8 62 300 210 13083000
9 16 465 314 5170010
10 15000 373 5595000
11 19 021 320 6086720
12 12 228 377 4609956
13 18 459 357 6589863
14 9000 380 3420000
15 10 121 326 3299446
16 13 236 360 4764960
17 8900 390 3471000
18 23 354 260 6072040
19 9293 390 3624270
20 10 000 395 3950000
21 12 180 391 4762380
22 14 655 360 5275800
23 27 000 338 9126000
24 11200 380 4256000
25 9200 380 3496000
26 28 000 290 8120000
27 35000 270 9450000
28 34 624 290 10040960
29 4100 460 1886000
30 35200 260 9152000
31 3200 460 1472000

Partial correlograms of influencing factors on the result-
ing feature are shown in Fig. 3.

Fig. 3 shows that all three partial correlograms have
a close relationship — the linear correlation coefficient is
greater than 0.7.

Based on the direct calculation of the regression coeffi-
cients, the analytical form of the model is determined; the
equation is divided by 1000 to convert into kW:

Y =2113.528+0.2063X1-0.2757X2. (2)
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Fig. 3. Partial correlograms (matrix scatter diagrams):
a— Y(X1); b— Y(X2); c— X1(X2)

With an increase in the total amount of generated energy
by more than 1 kW, the number of SB modules increases by
an average of 0.2063 kW, and with an increase in Y by 1 kW,
the weighted average amount of generated energy decreases
by an average of 0.2757 kW.

Checking the significance of the coefficients showed that
the paired regression of the dependence of the total amount
of generated energy on the number of SB modules is the most
statistically significant, reliable, and that it does not need to
be improved by including the additional factor X2.

Based on the direct calculation of the regression coeffi-
cients, the analytical form of the model is determined; the
equation is divided by 1000 to convert into kW:

Y =6088.9045+0.2118X1. (3)

Fig. 4 shows the distribution of residuals (absolute er-
rors) of the regression model.

Confirmation of the expediency of activating energy pro-
duction is the results of the above regression analysis. Name-
ly, the weighted average amount of generated energy has
the greatest influence on the volume of the total amount of
generated energy.
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6. Discussion of results of the construction of a model
of the influence of the design features of the structure
of solar panels on productivity

0.097

Share of value frequency

35.0% increasing the accuracy of the model by taking

into account non-linear influencing factors,
for example, leaving the core of the plan un-
changed and implementing the procedure for
building a central orthogonal composite plan.
But at the same time, it should be possible
to conduct an active experiment in the star
points of the plan.

The simplification of the proposed study is
based on the principle of ceteris paribus. Name-

30.0%
25.0%
20.0%
15.0%
10.0%

Share of value frequency

5.0% ly, SB functions under the same conditions.
0.0% Conditions are determined by groups of fac-
10 0'32 tors: technical, economic, political, social, etc.

The advancement of this research involves
the development of scenarios for the operation of
solar batteries based on the change and interac-
tion of factors (concepts) with the use of impulse
and agent modeling. This will make it possible
to develop the implementation of the neces-
sary prevention, protection, and control mecha-
nisms in emergency access situations at the
appropriate levels of the energy infrastructure.

7. Conclusions

In contrast to [1—12], where the scientific principles of
choosing the optimal parameters for the operation of solar bat-
teries are considered in a fragmentary manner, our result of the
selection of parameters allows determining the plane of fore-
casts of the performance of solar panels depending on the de-
sign. This becomes possible thanks to the use of the method of
regression analysis with the possibility of multi-criteria analysis
of parameters of electrothermal protection of solar batteries.
Fragmentation involves a single choice, without comparison,
of the functioning parameters of solar batteries in power plants.

Conducting an analysis of the distribution of the output
data of the model by the number of SB modules using the
example of terrestrial solar installations, it is possible to
determine the frequency intervals accordingly (Table 1).
The constructed histogram of the distribution of the output
data of the model in frequency intervals (Fig. 1) has a normal
distribution. Logarithmization of intervals of values makes it
possible to build the frequency accumulation of the output
data of the model (Fig. 2).

A fragment of the output data of the regression model of
the dependence of the total amount of generated energy on
the number of SB modules and the weighted average amount
of generated energy is provided (Table 2). The constructed
partial correlograms (matrix scatter diagrams) allow us to
determine that the spread of points relative to the regression
plane is not at all large and therefore, most likely, the con-
structed model is useful (Fig. 3). The histogram of the dis-
tribution of the residuals (absolute errors) of the regression
model (Fig. 4) show that the defined analytical model (3)
meets the conditions for applying regression analysis.

The results can be used in the design of optimal options
for electrothermal protection of solar batteries in power
plants of space vehicles. Also, taking into account the speci-
fics of the operating conditions of solar batteries during the
operation of mobile vehicles of defense importance, which use
SB technology.

The results of the study are limited by the range of vari-
ation of the input variables. In addition, there is a reserve for

1. An analysis of the distribution of the output data of the
model by the number of solar battery modules was carried out
using the example of terrestrial solar installations. 10 intervals
with the corresponding ranges of the number of modules in the
corresponding design of SB are separated. The output data from
the number of SB modules has a normal distribution, skewed
to the left. This makes it possible to determine the sample as
representative — its parameters coincide with the parameters
of the general population within the specified permissible error.

2. A regression model of the dependence of the total
amount of generated energy on the number of SB modules
and the weighted average amount of generated energy was
built. But the histogram of the residuals is slightly different
from the normal law. The partial correlation plots indicate
a good approximation to a linear relationship for all indepen-
dent variables. With an increase in the total amount of gene-
rated energy by more than 1 kW, the number of SB modules
increases by an average of 0.2063 kW, and with an increase in
Y by 1 kW, the weighted average amount of generated energy
decreases by an average of 0.2757 kW.
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