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Mathematical model for forecasting the process of electric 
power generation by photoelectric stations

Purpose. Improving the efficiency of photovoltaic power plants in power systems by creating a model for forecasting the amount 
of electricity produced in the form of a harmonic function and determining the prospects for using the selected mathematical 
software to develop software applications.

Methodology. To determine the amount of electricity generated by photovoltaic plants per day and year, statistical methods are 
applied using the harmonic function which allows taking into account the main meteorological factors of power change of photo­
modules. A technique is proposed for taking into account the level of generation by photovoltaic stations to track changes in voltage 
levels in the connection nodes.

Findings. Mathematical models for forecasting the electricity generation of photovoltaic stations for different time ranges 
are built. The influence of weather factors, the length of daylight and the structure of the local generation system on the 
level of electricity generated by photovoltaic plants is investigated. Necessity is conditioned to use a harmonic function for 
forecasting the amount of electricity produced, which improves the efficiency of calculations for new and existing power 
plants.

Originality. The factors of the influence of daylight hours and cloudiness on the level of electricity generation by photovoltaic 
stations are taken into account, as well as meteorological data that make it possible to predict the value of the amount of electric­
ity generated for a certain period of time. The dependences of the amount of generated electricity by photovoltaic stations are ob­
tained in the form of a harmonious function with reference to a coefficient that takes into account the cloud level for predicting 
generation volumes.

Practical value. Created mathematical models of forecasting by means of harmonic function and analysis of voltage change in 
nodes of local networks allow increasing the efficiency of photovoltaic stations, simplify calculation of change of levels of voltages 
in a electric network, the forecasted values of the generated electric power on the “day ahead” system on the basis of duration of 
the light day, meteorological data and other external factors at commissioning of photovoltaic stations.
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Introduction. The paradigm shift in the energy sector of 
Ukraine and the world impugns current model of energy busi­
ness through a gradual transition to renewable energy sources 
(RES). The large-scale challenges facing Ukraine’s energetics 
and economy have led to a crisis with electricity surpluses and 
the need to restructure the energy market. The universality of 
solar energy consists in the fact that by attracting investment 
we can get an energy source that does not require the presence 
of fields. This can lead to changes in the global world energy 
order, so for the energy sector of Ukraine it is important to 
attract promising technologies and models of industry devel­
opment.

Increasing the share of photovoltaic power stations (PPS) 
in the power system leads to the construction of modern pow­
er supply systems, which with the help of intelligent monitor­
ing and control functions will be able to provide the necessary 
mode parameters with appropriate power quality and electro­
magnetic compatibility. The growing branching of local net­
works with PPS, improper choice of electrical equipment and 

the lack of a clear strategy for connecting new power plants 
lead to the fact that the consumer’s electricity quality is dete­
riorating, and variability of weather factors affects the growth 
(decrease) of voltage levels regarding permissible values. Since 
according to current legislation, electricity producers will have 
to pay for the imbalance of produced and declared (forecast­
ed) electricity when working in the market “day ahead”, the 
creation of an adequate mathematical model for forecasting 
electricity generation of PPS will allow responding to the 
changes in meteorological factors and getting a better produc­
tivity in compliance with existing standards.

Literature review. Methods for forecasting the expected 
power of PPS with taking into account meteorological factors 
(cloudiness, temperature, humidity, precipitation) are given in 
the works by Maurisio Soto, Xiao Qu, Rohini Kapoor, Travis 
Galoppo [1], Lezhnyuk P. D., Komar V. O., Kravchuk S. V., 
Bandura I. O. [2] and F. Mei, Y. Pan, K. Zhu and J. Zheng [3]. 
The peculiarities of the application of various methods are 
presented in the publication [4], and their choice depends on 
the time range and the possibility of using statistics, probabi­
listic weather forecasting (NWP), as well as satellite imaging.
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Forecasting of the level of electricity generation of PPS de­
pends on the forecast of meteorological data, and therefore it 
is advisable to use statistical methods for short-term forecast­
ing based on time series using the Box-Jenkins methodology 
[5, 6]. This method is based on autocorrelation functions, 
consists of identification, evaluation and prediction. Since the 
generation process is a non-stationary process, it must be 
brought to a stationary one using the autoregressive integrated 
moving average (ARIMA) model [5]. With this model, the val­
ues of a certain process coordinate at a given point in time are 
set based on their previous values, using the moving average 
operator, the backward shift operator per unit of time B, the 
differential backward shift operator per unit of time ∇ and the 
integration operator S d. A time-discrete random process is de­
scribed using the following operators and equations

Zt = ∇-dwt = S dwt;  ∇Zt = Zt - Zt - 1;

Zt - 1 = BZt;  ∇ = 1 - B.

In ARIMA models, each value of the series is linearly de­
pendent on the previous values and the model error is a ran­
dom component. For stationary series it is called “white 
noise”. A number of assumptions have also been made that the 
factors that influenced the formation of meteorological factors 
will continue to operate.

Unsolved aspects of the problem. To achieve this goal it is 
necessary to develop a mathematical model for predicting 
electricity generation by photovoltaic plants based on statis­
tics, daylight hours, and cloudiness using meteorological ap­
plications and determine the dependences of the amount of 
electricity generated in the form of harmonic functions and 
ARIMA model.

Results. Statistical data on the power generation process of 
PPS with single-crystal panels during 2014–2016 and 2019 
were obtained using the program “Energycenter” of PJSC 
“Prykarpattiaoblenerho”. For a larger sample, open resources 
of online monitoring of electricity generation of roof PPS with 
a capacity of 1.55 kW, installed in Tlumach, Ivano-Frankivsk 
region, were also used [7]. All statistic data are brought to a 
power of 1 kW.

As a result of mathematical processing of statistical data of 
the amount of electricity generated by PPS and the duration of 
daylight, the dependences which are described by a harmonic 
function were obtained. The amount of electricity generated 
by the PPS on any day of the year is determined by formula

0 1sin( ) ,
iG G Ci TiW W k W W= δ+j ± ± ∆

where WG0 is the maximum value of the amount of electricity 
generated by the PPS per day according to statistics, kWh; d is 
the coefficient of generation time, which characterizes the de­
pendence of the increase in the duration of daylight on the 
amount of generated electricity of PPS and varies from 0° to 
180° during the year; j is the value that takes into account the 
beginning of the reference (the day of increasing of the dura­

tion of daylight); 1
c i

c

T T
k

T
-

=  is the coefficient that character­

izes the level of cloudiness (a relative number of sunny hours) 
of a given day and depends on meteorological data; Ti is the 
number of absolutely clear hours of sunshine for the selected 
day of the year, h; Tc is the average number of sunny hours of a 
given day (month) according to statistical meteorological data, 
h; WCi is the average amount of electricity generated by PPS in 
a given day (month) according to statistical data, kW ⋅ h; DWTi 
is deviation of the amount of generated electricity when chang­
ing temperature values, kWh.

We illustrate the plot of average values of the amount of 
generated electricity of PPS with a capacity of 1 kW and the 
curve of the harmonic function, which is brought to this power.

The abscissa represents both the days of the year and the 
coefficient of generation time d (Fig. 1). The maximum dura­

tion of daylight in the city of Ivano-Frankivsk is observed in 
the period from 19 to 21 June (16 hours 12 minutes).

Relative to the point with coordinates [July 20; d = 90°] a 
curve f (x) = WG0 sin d is drawn. The minimum duration of day­
light 8 hours 14 minutes will be observed at the beginning and 
end of the year, namely on December 18–23, the increase in 
daylight begins again (Fig. 1).

The value of the amount of energy generated by the PPS 
every i th day is described by equation in the period from Janu­
ary 1 to December 17,

max 1
8sin ° ,

2iG G C i
yW W k W

 +
= ± 

 
where y is the ordinal number of the day of the year, formula is 
used for the values of y = 1 - 352.

In the period from December 18 to December 31 we use 
equation

max 1
352sin ° ,
2iG G C i

yW W k W
 -

= ± 
 

accordingly we take (y = 353 - 365).
To verify the adequacy of the proposed mathematical 

model for forecasting the amount of generated electricity of 
PPS, meteorological data from the server Meteoblue [8] was 
used. This server contains information about weather condi­
tions for the selected city for a period of 30 years, which allows 
us to get average temperatures and clear hours, to perform a 
comparative analysis of the accuracy of models on the follow­
ing parameters: ambient temperature, precipitation, cloudi­
ness, wind speed, and so on. Meteorological forecast statistics 
are generated using the information website [9].

The accuracy of PPS electricity generation forecasting 
models decreases with increasing of the time period for which 
the weather is forecasted. For the “day ahead” forecast for 
clear (cloudless) days, the accuracy of the model is 95 %, but 
for cloudy days it can be reduced to 50 % and depends on how 
accurately the information website [9] will indicate cloudiness 
and other parameters of a given day.

Figs. 2–4 show graphs of the dependence of the generated 
electricity of PPS WG, kW during the day for April (Fig. 2), 
May (Fig. 3) and June (Fig. 4) 2020, as well as projected data 
according to the “day forward” forecast and according to the 
available values of meteorological data.

In April 2020 (Fig. 2), the weather was abnormally clear 
and warm, the average temperature increased by 2  °С, the 

Fig. 1. Illustration of the deviation of the average values of the 
generated active electricity of PPS with a capacity of 1 kW 
from the harmonic function
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amount of precipitation decreased by 2 times, the electricity 
generation of PPS increased respectively by 27 %.

On the contrary, May and June 2020 were the coldest 
months in Prykarpattia region, according to the observations 
of weather forecasters for the last 16 years. Due to the increase 
in the number of cloudy days and precipitation, the average 
number of hours of sunshine decreased significantly, as did the 
amount of electricity generated by PPS (decreased by 16 and 
18 % relatively to the average values).

The synthesis of statistical data for PPS with a capacity of 
1 kW for daily generation of each month of the year in terms of 
half-hour intervals is illustrated in Fig. 5.

The obtained array of statistical data in sections of day and 
month is necessary for modeling and forecasting the genera­
tion of PPS during a given day and balancing the modes of 
local electrical networks with storage and in Solar Storage sys­
tems [10, 11].

The search of instantaneous values of current and voltage, 
and accordingly the power of PPS also depends on the ambi­
ent temperature Ті, the actual temperature on the sensor of the 
photomodule ТPV, and the magnitude of solar insolation Eb 

and is calculated by direct use of information about weather or 
is determined by formulas

PPV = N ⋅ FF ⋅ UPVIPV;
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where N is the number of photomodules; FF is the coefficient 
(full factor); UMPP is voltage when searching for maximum 
power (МРРТ – Maximum power point tracker); IMPP is cur­

rent of МРРТ; 
N

E
E

b  is the ratio of the actual value of solar in­

solation to the normalized value of solar insolation; Ib is cur­
rent at a given solar insolation, A; T0 is the temperature on the 
sensor of the photomodule at an ambient temperature of 
20 °С, solar insolation of 800 W/m2 and wind speed of 1 m/s; 
TPV is the temperature on the surface of the photomodule, °С; 
IK is short circuit current; UX is idle voltage; ki is the current-
temperature coefficient, А/°С; kU is the voltage-temperature 
coefficient V/°С.

The sign (-) in equation (1) is used provided that Ti < Tc, 
the sign (+) for values Ti > Tn.

To build an autoregressive model, the graph of total aver­
age values of PPS electricity generation during the month in 
the context of half-hour intervals, which reflects a non-sta­
tionary discrete random generation process, is converted into a 
“stationary” one. For this purpose, the first difference of the 
adjacent values of the lattice function is determined. It is as­
sumed that the generation process is constant and the daily 
schedule of generated electricity of PPS is presented in the 
form of a lattice function. The conversion of the graph for May 
2020 is illustrated in Fig. 6.

ADF test (advanced Dickie Fuller test) is used to check the 
stationarity of a series.

To illustrate the finding, the forecast model in the form of 
autoregression Zt for May 2020 is presented with the identified 
parameters

2 0.04;ε εs = s =   m = 0.0016;

zt = -1.071zt - 1 - 0.326j2zt - 2 + xt.

The disadvantage of the ARIMA model is its complexity, 
the need to bring the series to a stationary series, cumber­
some adequacy checks, so it is proposed to use a predictive 
model using the harmonic function and coefficient of cloud­
iness.

To confirm the possibility of using a selected mathematical 
model, the reliability of the model is determined by formula

Fig. 3. Graphs of PPS electricity generation and projected gen-
eration values during the day of May 2020

Fig. 2. Graphs of generated active electricity of PPS:
1 – real generation data; 2 – forecast data “day ahead”; 3 – fore-
cast data based on the available values of meteorological data for 
the day of April 2020

Fig. 4. Graphs of PPS electricity generation and projected gen-
eration values during the day of June 2020

Fig. 5. Graph of the dependence of the amount of electricity 
generated by PPS with a capacity of 1 kW on the month and 
time of a day
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where WM is the value obtained using the model; WR is the real 
value of the amount of generated electricity of PPS.

According to the obtained characteristics of PPS electricity 
generation, it is possible to obtain the probability of compliance 
of the consumer load schedule with the renewable energy sourc­
es (RES) generation schedule, as well as to prevent disconnec­
tion of PPS by voltage regulation in case of noncompliance with 
normalized values of electricity quality and PPS inverter modes.

Since the inverter is disconnected if the voltage in the local 
network does not match the specified range of it, applying the 
technology of voltage adjustment using battery stations and 
automatic voltage regulation of the transformer, we get higher 
efficiency of the inverter and higher profitability of PPS. To 
balance the load graph, it is necessary to use more accurate 
data from local weather stations, but their efficiency due to the 
high cost may be unreasonable for local power plants. More 
promising is the use of “PPS-storage” models for load balanc­
ing. Using equipment and software is expediently used for a 
large number of powerful photovoltaic stations (more than 
1 MW), with the help of control centers it is possible to create 
the correlation generating power received according to chang­
es. Commercial products offer forecast updates from 3 to 
15 hours in 15 minutes. Forecasting errors can lead to loss of 
profit, and the dynamic lag of changes in meteorological fac­
tors is more effective.

Using forecast models for photovoltaic systems with bat­
tery or supercapacitor [12] with single-phase PPS to load bal­
ancing will reduce asymmetry in local networks, and shifting 
the time of consumption of accumulated load will reduce its 
peaks. The setting of the battery charging process and its time 
should be related to the limitation of electricity generation 
during peak hours, but it is necessary to take into account the 
weather forecast, as it is not always possible to combine it in 
high clouds.

Using the Matlab Simulink environment and the model of 
the local network with PPS using the forecast model (Fig. 7), 
the voltage levels at the output of the inverters and in the net­
work were obtained. It should be noted that intelligent voltage 
regulation in local networks is a promising area of develop­
ment of electric power industry.

The model has practical value because it takes into ac­
count a number of historical meteorological data, cloudiness, 
and duration of daylight and, therefore, is suitable for practical 
engineering applications. In addition to the intensity of solar 
insolation and temperature, other factors related to changes in 
network parameters are estimated, but they are excluded from 
the model in order to simplify and reduce the number of cal­
culations and increase efficiency.

Since the quality of electricity [12] affects the performance 
of electrical equipment and electromagnetic compatibility, the 
detection of network modes with unacceptable parameters and 
indicators of electricity quality will lead to more efficient op­
eration and increased productivity. The use of the program­
ming environment of virtual devices LabView [13] allows us to 
combine experimentally obtained parameters in real time of 
the model with a predictive model.

Conclusions. With the help of the developed mathemati­
cal model for forecasting the process of electricity generation 
by photovoltaic stations, the dependences of the generated 
electricity on the duration of daylight and meteorological 
factors were determined by the calculation-experimental 
method.

It is established that the accuracy of the mathematical 
model of forecasting the process of generating electricity of 
PPS increases with an increasing number of sunny hours dur­
ing the day and the accuracy of weather forecasts.

The obtained results can be used for software applications 
for forecasting the amount of generated electricity of PPS.
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Математична модель прогнозування 
процесу генерування електроенергії 

фотоелектричними станціями

Я. В. Бацала, І. В. Гладь, І. І. Яремак, О. І. Кіянюк
Івано-Франківський національний технічний універси­
тет нафти і газу, м. Івано-Франківськ, Україна, e-mail: 
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Мета. Підвищення економічності роботи фотое­
лектричних станцій в енергетичних системах шляхом 
створення моделі прогнозування кількості виробленої 
електроенергії у вигляді гармонічної функції та визна­
чення перспектив щодо використання обраного мате­
матичного забезпечення для розробки програмних до­
датків.

Методика. Для визначення кількості згенерованої 
електроенергії фотоелектричними станціями за добу 
та рік використано статистичні методи із застосуван­
ням гармонічної функції змінної часу, що дозволяє 
врахувати основні метеорологічні чинники зміни по­
тужності фотомодулів. Запропонована методика вра­
хування впливу генерування електроенергії фотоелек­
тричними станціями на параметри електричної мережі 
придатна для відстеження зміни рівнів напруг у вузлах 
приєднання.

Результати. Побудовані математичні моделі прогно­
зування виробітку електроенергії фотоелектричними 
станціями для різних часових діапазонів. Досліджено 
вплив погодних чинників, тривалості світлового дня та 
структури системи локальної генерації на кількість зге­
нерованої електроенергії фотоелектричними станціями. 
Обумовлена необхідність використання гармонічної 
функції для прогнозування кількості виробленої елек­
троенергії, що покращує ефективність розрахунків для 
нових і вже існуючих електростанцій.

Наукова новизна. Ураховані фактори впливу трива­
лості світлового дня й рівня хмарності на рівень генеру­
вання електроенергії фотоелектричними станціями, а 
також метеорологічні дані, що дають змогу спрогнозува­
ти значення кількості згенерованої електроенергії для 
визначеного проміжку часу. Отримані залежності кіль­
кості згенерованої електроенергії фотоелектричними 
станціями у вигляді гармонічної функції з урахуванням 
коефіцієнта, що враховує рівень хмарності для прогнозу­
вання обсягів генерування.

Практична значимість. Створені математичні моделі 
прогнозування за допомогою гармонічної функції та ана­
лізу зміни напруг у вузлах локальних мереж дозволяють 
підвищити ефективність фотоелектричних станцій, 
спрощують розрахунок зміни рівнів напруг у мережі та 
прогнозованих значень згенерованої електроенергії за 
системою «доба наперед» на основі тривалості світлового 
дня, метеорологічних даних та інших зовнішніх чинників 
при введенні фотоелектричних станцій в експлуатацію та 
при їх роботі в енергосистемі.

Ключові слова: фотоелектрична станція, гармонічна 
функція, ARIMA модель, енергоефективність, локальна ге-
нерація

Математическая модель прогнозирования 
процесса генерирования электроэнергии 

фотоэлектрическими станциями
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Цель. Повышение эффективности работы фотоэ­
лектрических станций в энергетических системах путем 
создания модели прогнозирования количества произ­
веденной электроэнергии в виде гармоничной функции 
и определение перспектив по использованию избран­
ного математического обеспечения для разработки 
приложений.

Методика. Для определения количества сгенериро­
ванной электроэнергии фотоэлектрическими станциями 
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в сутки и год используются статистические методы с 
применением гармоничной функции, которая позволяет 
учесть основные метеорологические факторы изменения 
мощности фотомодулей. Предложенная методика для 
учета уровня генерирования фотоэлектрическими стан­
циями пригодна для отслеживания изменения уровней 
напряжений в узлах присоединения.

Результаты. Построены математические модели про­
гнозирования выработки электроэнергии фотоэлектри­
ческими станциями для различных временных диапазо­
нов. Исследовано влияние погодных факторов, продол­
жительности светового дня и структуры системы локаль­
ной генерации на количество сгенерированной электро­
энергии фотоэлектрическими станций. Обусловлена не­
обходимость использования гармоничной функции для 
прогнозирования количества произведенной электроэ­
нергии, что улучшает эффективность расчетов для новых 
и уже существующих электростанций.

Научная новизна. Учтены факторы влияния продол­
жительности светового дня и уровня облачности на уро­
вень генерирования электроэнергии фотоэлектрически­
ми станциями, а также метеорологические данные, кото­
рые позволяют спрогнозировать значение количества 

сгенерированной электроэнергии для определенного 
промежутка времени. Получены зависимости количе­
ства сгенерированной электроэнергии фотоэлектриче­
скими станциями в виде гармоничной функции с учетом 
коэффициента, который учитывает уровень облачности 
для прогнозирования объемов генерации.

Практическая значимость. Созданные математиче­
ские модели прогнозирования с помощью гармоничной 
функции и анализа изменения напряжений в узлах ло­
кальных сетей позволяют повысить эффективность фо­
тоэлектрических станций, упрощают расчет изменения 
уровней напряжений в сети, прогнозируемых значений 
сгенерированной электроэнергии по системе «на сутки 
вперед» на основе продолжительности светового дня, 
метеорологических данных и других внешних факторов 
при введении фотоэлектрических станций в эксплуата­
цию и работе в энергосистеме.

Ключевые слова: фотоэлектрическая станция, гармо-
ническая функция, ARIMA модель, энергоэффективность, 
локальная генерация
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