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Stochastic Method for Predicting the Output of Electrical Energy
Received from a Solar Panel

Abstract. One of the most important and promising types of non-traditional (renewable) energy sources is solar energy. Solar energy has two
important advantages: first, its quantity is huge, and it is almost inexhaustible, and second, its use does not hurt the environment. However, the
practical use of solar energy is difficult due to the low surface density of solar radiation. In addition, there are problems associated with the solar
radiation fluctuations varying during daytime and period of the year. This work aimed to develop a method that allows predicting the output power of
the solar panel based on a stochastic model. The proposed stochastic approach considers the following factors: fluctuations (random deviations) of
solar radiation at different time intervals, the variable nature of the consumers’ load, and the temperature mode of solar photovoltaic panels leading
to assess their efficiency. The study presents a theoretical model with the future practical implementation.

Streszczenie. Jednym z najwazniejszych i najbardziej obiecujgcych rodzajéw nietradycyjnych (odnawialnych) zrédet energii jest energia stoneczna.
Energia stoneczna ma dwie wazne zalety: po pierwsze jej ilo$¢ jest ogromna i jest prawie niewyczerpalna, a po drugie jej wykorzystanie nie szkodzi
$rodowisku. Jednak praktyczne wykorzystanie energii stonecznej jest trudne ze wzgledu na matg gesto$¢ powierzchniowg promieniowania
stonecznego. Ponadto wystepujg problemy zwigzane ze zmiennymi wahaniami promieniowania stonecznego w ciggu dnia i pory roku. Praca ta
miata na celu opracowanie metody pozwalajgcej przewidywa¢ moc wyjéciowg panelu fotowoltaicznego na podstawie modelu stochastycznego.
Proponowane podejécie stochastyczne uwzglednia nastepujgce czynniki: fluktuacje (losowe odchylenia) promieniowania stonecznego w réznych
przedziatach czasowych, zmienny charakter obcigzenia odbiorcéw oraz tryb temperaturowy paneli fotowoltaicznych prowadzgcy do oceny ich
wydajnosci. W opracowaniu przedstawiono model teoretyczny wraz z przyszig praktyczng implementacjg.( Stochastyczna metoda przewidywania

wydajnosci energii elektrycznej odbieranej z panelu stonecznego)
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Introduction

The development of the economies of rapidly
developing countries and an increase in the standard of
living of the population, as a rule, leads to an increase in the
electricity demand. At the same time, the reserves of
hydrocarbon fuel are decreasing every year, in addition,
own sources of minerals are distributed extremely unevenly
throughout the world. Environmental problems forcing
scientists and researchers to increase the usage of
alternative energy sources. Moreover, the adopted
convention on the reduction of greenhouse gas emissions
into the earth's atmosphere also drives the more active use
of renewable energy sources (RES). Solar energy is
considered the most acceptable source of electricity
generation since it is the most affordable, free, and
abundant for many regions of the world [1-6].

The main unit of a solar photovoltaic cell is a solar cell.
Solar panels can only produce a small amount of energy.
The power generated by a solar cell depends on its
efficiency. Depending on the efficiency of the element, the
power generated per unit area varies in the range of 10-25
W/em2, which corresponds to 10-25% of the cell efficiency
[7]. The typical area of one solar cell is 225 cm?. With a cell
efficiency of 10%, the maximum generated power is 2.25
W. To meet high power requirements, these cells are
connected series/parallel to form modules. Solar
photovoltaic modules are currently available with a power
range from 3 W to 200 W.

Photovoltaic converters work during the day, and in the
morning and evening twilight (with less efficiency).
Moreover, the peak of power consumption occurs precisely
in the evening hours. The produced electricity can fluctuate
dramatically and unexpectedly due to weather changes. To
overcome these disadvantages, solar power plants use
efficient electric batteries. Nowadays, this problem is being
solved by creating unified energy systems that combine
various energy sources by redistributing the generated and
consumed power [2, 8-12].

As known, the price of solar panels is relatively high, but
with the development of technology and the rise in fossil
fuel prices, this disadvantage will be gradually overcome.
The surface of photovoltaic (PV) panels and mirrors (for
heating machines) is cleaned from dust and other
contaminants. The efficiency of the PV panels decreases
when they are heated (this mainly concerns systems with
concentrators), therefore, it becomes necessary to install
cooling systems, usually water. In the PV panels, the
conversion of thermal radiation into radiation is used for
cooling most consistently with the absorbing material of the
PV cell (the so-called up-conversion) [1, 5].

High variability of the energy supply to the generation
unit could be considered one of the main issues related to
the integration of the renewable energy sources, mainly, the
solar, wind, and hydropower plants because of their
operating nature. As result, the quality of the power supply
reduces as well as problems occur due to new renewable
units’ integration into the unified power system.

As known, the variability of energy production could be
divided into both deterministic and random components.
The deterministic component includes stable cyclical
processes, which are characterized by time dependences:
seasonal, daily, etc. Deterministic solutions operate with
fully established information. The random component
considers various stochastic processes, which are
extremely difficult to predict, for instance, strong deviations
from average long-term observations. In the general case,
the solution of such problems is based on deterministic
methods solved under conditions of information
incompleteness and essentially stochastic ones.

Solar PV panels have non-linear characteristics, and the
produced electricity obeys a probabilistic model. The
generated output power of the solar panel varies depending
on meteorological factors and environmental conditions. To
solve the problem of defining the PV panel generated
power, the methods of deterministic and stochastic factor
modeling are applied. For example, the two new stochastic
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forecasting models of the solar photovoltaic have been
proposed in [13], where authors used the measurement
data of the solar radiation and PV power to schedule a
short-term probabilistic behavior of solar. Another study
utilizes a novel artificial intelligent algorithm to predict solar
irradiance in an adaptive and precise way, where
forecasting is realized in real-time based on learning of data
from discrete to continuous [14]. The prediction of the PV
array power production based on the static model has been
described in [15], where authors integrated both
manufacturers and online data, for instance, solar
irradiance, the PV array temperature data, and model
parameters. The proposed mathematical model of a
prediction of the PV panel output power has been proposed
in [16], where authors examined the PV performance under
different environmental conditions (collected data) lasting
for two years in the State of Qatar.

This paper aims to analyze the issue of the admissibility
of combining both deterministic and stochastic approaches
to improve the accuracy of calculating the output power of
solar panels. The formulation and solution of such statistical
problems are carried out based on the probabilistic criteria,
which, unlike deterministic ones, most often contain an
additional operation of the statistical averaging and
therefore are more complicated. The presented study
considers a mathematical description of a new stochastic
method to define the output power of the solar PV panel
considering the variability of the solar radiation,
consumption load, and PV panel temperature providing the
possibility to access the solar panel efficiency. The
proposed method considers a theoretical approach to the
electrical energy prediction of the solar panel with the future
practical implementation.

This paper is organized as follows: Section 2 describes
the theoretical concept of the proposed stochastic method.
Section 3 presents conclusions.

The Proposed Stochastic Method
Problem Statement

Forecasting the electricity demand for the energy units
made of solar panels is an urgent task. To achieve the
required accuracy of the computation, it is customary to use
various deterministic methods based on the available
changing and slightly changing data about the research
object. Moreover, the statistical data can be used in the
analysis by applying stochastic methods.

When solving the problem related to prediction and
technological processes, the main concern is to determine
the optimal parameters. From a mathematical point of view,
this leads to the solution of the parameters’ optimization
problem. One of the main difficulties encountered in solving
such problems is the presence of mathematical uncertainty
when the output parameters of solar panels must be
determined. The nature of the uncertainty can be different,
thus, without considering all the uncertainties, the obtained
solution to the stated problem may differ from the
experimental approach.

The issues related to the prediction of the electricity
generation at facilities operating under various types of
renewable energy sources are associated with the problem
of the stochastic nature of their generation. Such a task is
multifactorial with a large number of poorly formalized and
linguistic data since it is based on meteorological and
climatological data, the aggregated nature of which also has
a strong influence on the generation forecasting of the
electrical energy.

Among other factors affecting generation power by the
solar panels, there are many difficult-to-formalize
heterogeneous parameters, for example, losses in inverters

and transformers, in AC and DC lines, also the solar panel
degradation, and other factors considered in the model. The
key stage in predicting the generation of the appropriate
authorities is to determine the main energy characteristic -
solar panels, which depends on many hard-to-predict
factors of a meteorological nature, Fig. 1.
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photovoltaic panel

Parameters Selection

The output parameters of solar PV panels, offered by
the manufacturers, are taken with the constancy of various
factors affecting their output power. Fig. 2 and Fig. 3 show
the characteristics of the dependence of current on voltage,
and power on the voltage at constant solar radiation and
temperature accordantly [10]. Fig. 4 shows the dependence
of power on voltage with constant solar radiation and
varying temperature. As the temperature rises, the panel’s
output power decreases.
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different ambient temperatures

In real conditions, these parameters cannot be constant,

therefore, the output power of the PV panel will depend on
all parameters at the same time.
Moreover, there are also technical inconsistencies in the
manufacture of solar panels that can affect the output
power too. In solar PV modules, solar cells are connected in
series or in parallel on the assumption that all parameters of
the connected solar cells are identical.

In practice, inconsistency can occur for the following
reasons:

* Elements or modules have the same characteristics,
but are manufactured in different ways;

* Cells are processed differently;

» External conditions, namely, conditions of partial
shading, are different;

* Glass overs, etc. may be broken.

Connection mismatch can be caused by electrical
parameters, but the most common mismatch occurs in two
parameters, i.e. open-circuit voltage (Voc) and short-circuits
current (Isc). Among these two parameters, /sc mismatch is
of concern, especially when solar cells are connected in
series, which is a common way.

Inconsistency in V,. is a problem when solar
cells/modules are connected in parallel. Fig. 5 shows an
analysis of the impact of /s¢c mismatch when two solar cells
are connected in series and their Isc does not match. T Cell
1 has a higher Isc compared to cell 2. By convention, the Isc
flowing through the external circuit will be equal to the lower
Isc value, namely, cell 2 in this case. If the combination
operates in a short-circuit condition, the sum of the voltage
across both cells is zero, that is, on the Y-axis (where the
dotted line intersects). At this current value, a solar cell with
a lower Isc value is forced to operate in reverse-bias mode.
Due to this effect, there will be significant power losses.

Power conversion efficiency is measured by dividing the
output electric power by the incident light power. Factors
affecting output include spectral distribution, spatial power
distribution, temperature, and resistive loading. The IEC
61215 standard [17] is used to compare cell performance
and is designed considering standard (terrestrial, moderate)
temperature and conditions (STC): illumination 1 kW/m?,
spectral distribution close to solar radiation through AM (air
mass) 1.5 and cell temperature of 25°C. The resistive load
changes until the peak or maximum power (MPP) is
reached. The power at this point is recorded as peak watt
(Wp). The same standard is used to measure the power and
efficiency of PV modules and the efficiency of solar cells.

Since solar radiation has a probabilistic nature, the
output power of the PV panel is also subject to this law. A
probabilistic model is proposed for determining the power
generated by PV systems due to solar insolation. The
uncertainty of the model is associated with the uncertainty
of the intensity of solar radiation, as well as with the
probabilistic nature of the power consumption of electrical
receivers [18-20].
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Fig. 5 The cell parameters of the |-V characteristic curve do not
match

A simple way to determine the output power of a solar
panel is through deterministic modeling, which considers
only one factor. The deterministic model can be described
as follows. The output power of a PV panel and power
generation is related not only to the intensity of solar
exposure but also to uncertainties such as temperature. On
this basis, the deterministic model can be formulated as
follows:

(1 Pyersep = (1 — angpp)Pinsespps
T
@) a= arr (777)

where a - the ideality coefficient; aer - temperature
coefficient; nSPP - efficiency factor of a solar PV panel;
Pinstspp - installed power of the solar PV panel, W; T - set
temperature, 0C; Trer - PV panel reference temperature for
standard conditions, °c.

The temperature coefficient of
determined as follows:

resistivity can be

1 dR
(3) Aref =5 5r s

where R - the electrical resistance of the solar panel, Q.

This value defines the relationship between the
electrical resistance of the solar converter (panel) and
temperature.

For most metals, the temperature coefficient aref is
assumed constant in the temperature range from 0 to 25° C.
For pure metals, the temperature coefficient of resistance is
assumed to be as follows:

~ -1

1
(4) Aref = 273
Thus, the efficiency of the solar PV installation in % will
be defined as:

(5) NSPP =no (1-0,0045-(Tpanel — 25)),

where np - solar panel efficiency at 25 °C, %; Tpanel -
solar panel surface temperature, °c.

Since the efficiency of solar panels depends on the
radiation parameters and operating temperature, their
variability of them must be considered. For instance, due to
cloudiness and different time of the day the solar radiation
changes, the same applies to ambient temperatures leading
to the efficiency changes. As result, these changes must be
considered, when calculating the electricity generated by
solar panels in real ground conditions.

In this case, the surface temperature of the panel at °c
is determined as follows [7, 21-26]:

(6) Tpanel =Tair +E|/800 (Tn_expl - 2000),
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where T — the ambient temperature at the design
point, 0C; E; - solar radiation, W/m2; Thexpl - solar panel
surface temperature for a specific solar day for a specific
month in operation, °c [26, 27].

In reality, the deterministic above-presented model does
not take into account the active power loss in the resistance
of the solar energy conversion device. If we assume that
the solar battery generates only active power, which
corresponds to reality, then the active power of the electric
consumer P is equal to:

) P=U-I,

where U - the voltage of the generation source, V; I - the
current of the electric consumer, A.

Since the voltage of the source is maintained constant U
= const, the deviation of the power of the electric consumer
from the nominal value, for example, on a daily time
interval, leads to a change in the current [28].

The solar module can operate at any voltage and
current parameter located on its current-voltage
characteristic (VAC), but in reality, the module works at one
point at a given time. This point is not selected by the
module, but by the electrical characteristics of the circuit to
which this module is connected.

One of the negative properties of solar panels is the
fact that the maximum power take-off from the solar battery
takes place when the resistance of the external load
satisfies the following condition:

0.85-U. U
(®) R
0.85-I5, Isc

where R, - the load resistance, Q; U,, — no-load voltage, V;
I, — short-circuit current, A.

Since with a constant external load, this condition is
continuously violated depending on the illumination and
temperature, this circumstance must be considered when
developing solar electrical installations.

The output power of a solar panel depends on many
factors and their interrelationship, and stochastic modeling
is suitable for determining it. Stochastic methods are based
on the probabilistic nature of predicting which is a more
convenient way predicting energy production from
renewable sources. The probability of calculating the exact
output power of RES installations is determined by the
amount of input data used in predicting [26, 29, 30].

It can be assumed that random deviations of the power
of the electric consumption in the time interval and,
therefore, the current obey the normal law of the probability
distribution, this is especially well consistent in the modes of
maximum power consumption (peak hours). Then the
output power of a solar device — PV panel is determined by
a more accurate stochastic formula such as:

APpe,
9) Pstospp = (1 —ar (1 - I; EE)) Pinstspps

where APpess - total losses of active power in the electrical
resistance of the solar panel, Joule losses, W; P -
consumed active power, W.

In the probabilistic formulation of the problem, with a
stochastic variation of the load current, the active power
losses increase considering additional losses from the
current variation (dispersion) and are equal to:

(10) APsgo = M[I?IR + D;R = (I> + D))R ,

where M[I] = I is the mathematical expectation of the load
current; D, =o?is the dispersion of the load current,
D, squared is = o is the standard deviation of the current
[31-33].

As a result, the stochastic model of the output power of
a solar PV panel can be written in the following form [34]:

(11)(_2 ) Prtospp = |10+ (1-22)] - Prnseser = [1-ac:
(1'$) * Pinstspp -

The resulting expression makes it possible to clarify the
output power of the solar PV panel, taking into account both
the current and temperature fluctuations at any time
interval. The decrease inefficiency is caused by a linear
drop in the open-circuit voltage due to a sharp exponential
rise in the reverse saturation current and a corresponding
decrease in the duty cycle.

Conclusions

Analysing the developed mathematical model from the
theoretical point of view, the following could be concluded:

The real efficiency of a solar installation considering
load fluctuations is somewhat lower than it is assumed in an
idealized technical system: a load current fluctuation
characterized by the magnitude of the current dispersion
increases the losses in a resistor circuit.

The value of solar radiation (insolation) is a random
variable that obeys the beta distribution law of probabilities
of the third kind, which makes the model even more
reliable, at the same time more complicated. To solve
predicting problems in the field of solar energy, not only the
average values of the sums of solar energy fluxes are
important, but also their changes from year to year, which
are primarily characterized by long-term standard deviations
of these values. The total annual prediction of solar energy
is more stable from year to year than monthly, and even
more than daily, which is quite explainable by a significant
amount of statistical data in the first case.

It is shown that the deterministic model is a special case
of a more general stochastic model. The disadvantage of
this approach is that it does not fully cover the fact that
there are many possible outcomes, some more likely and
some less likely.

The use of the proposed stochastic model to predict the
output power of the solar PV panel could be considered
reliable. Deterministic simulations with different scenarios
do not provide accurate information on the guaranteed
power from the solar panel because deterministic modelling
does not consider all the factors that can affect the final
power received from the solar PV panel. Stochastic
modelling builds all variations (randomness) while
performing the simulations, and therefore provides a better
definition of the solar panel's output power taking into
account all external factors impacting it over time.

An assessment of the accuracy influence of generation
forecasting of the solar panels on the volume of active
power reserves must be determined in the short-term
planning of consumer operating modes. According to the
existing practice of operational dispatch control, at the
stages of short-term planning of electrical modes to
compensate the stochastic decrease in power output by
power plants based on renewable energy sources, the
volume of reserves significantly increases.
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