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Abstract. The paper discusses the problem of parallel operation of wind and solar power plants with the
power system associated with the influence of power fluctuations on the power quality and stability. A brief
assessment of the prospects for the commissioning of the wind and solar power plants in Russia and a
description of the associated negative impacts on the power system is given. A methodology for assessing
the possible energy production of wind and solar power plants using raw data from weather stations is
presented. Based on the methodology, an assessment of some regions of Russia in relation to the variability
of wind speed and cloudiness is made. The wind power duration curves are given. An analysis of possible
deviations of solar power under the influence of cloudiness is carried out. The effect of geographical
aggregation of wind or solar power output to increase the guaranteed power generation and reduce the
negative impact on the stability of the energy system is shown.

1 Introduction

In the energy strategy of Russia for the period until
2030, the summary plan of measures includes
stimulation of the integrated development of regional
energy based on the use of renewable energy sources [1].
At the end of 2018, the total installed capacity of wind
power plants (WPP) amounted to 184 MW and the total
capacity of solar power plants (SPP) was 834.2 MW.

The further prospect for the wind and solar energy
development in Russia is focused on competitive
selection of the most effective projects. It is assumed that
more than 2.5 GW of wind power capacity and more
than 1 GW of SPP will be commissioned in Russia
before 2024 [2].

When planning the development of the regional
energy system, one faces the problem of choosing
promising technologies for generating electricity and the
structure of generating capacities. If there is a high wind
or solar energy potential in the studied area, it is
advisable to include WPP and SPP on the list of
alternatives.

Commissioning of WPP and SPP of high capacity
requires careful study of not only economic but also
technical efficiency of projects related to the specific
features of parallel operation of these plants with the
electric power system.

When choosing the capacity of WPP and SPP, it is
necessary to take into account a number of features
related to the impossibility of accurate forecasting of the
energy resources even in a short term; the probability of
calm or storm speed of the wind, at which the generation
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of wind power stops; or the probability of cloudiness,
which reduces the flow of solar radiation [3-7].

The volatility of the energy resource leads to
fluctuations in the power of the WPP or SPP and the
threat of impaired stability of the electric power system
[8]. It should take into account the specific features of
the joint work of WPP, SPP, and low maneuverable
power plants. [9]. WPP and SPP negatively affect the
power quality: they can generate higher harmonic
components, and create fast voltage fluctuations in the
electric power system [8, 10]. It is necessary to take into
account the economic costs of technical measures related
to the mitigation of these negative impacts of the WPP
and SPP, providing a reserve of generating capacities
[3]. Technical difficulties are minimized by limiting the
wind power penetration into the grid to 20% [4].

Areas of prospective siting of wind and solar power
plants may have different variability of energy supply.
To assess this characteristic, it is reasonable to use long-
term archives of meteorological weather stations that are
in the public domain. Let us consider the methods of
evaluation of electric power generation by WPP and SPP
given the weather factors, which essentially influence
power generation.

2 Methodology and software for
assessing wind power generation

To analyze the characteristics of the wind energy
potential and wind turbine efficiency, the Wind-MCA
computer program is used [11]. Data on wind speed can
be imported into the program from the Internet resource
https://rp5.ru/, which provides statistically unprocessed
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data from long-term measurements of weather stations in
Russia. Since measurements at weather stations are
carried out up to 8 times a day, to obtain values of wind
speed between measurement intervals, an assumption
about a linear change in wind speed is made.

Calculation of electricity generation of wind turbines
for the considered period is carried out by the
expression:

w =Zn:P(Vi)Ti ; (1
i-1

where P(V;) is the electric power of the wind turbine,
corresponding to the wind speed V; on the i-th
measurement interval, W; 7; is the duration of the
measurement interval, h; » is the number of time
intervals in the considered period.

The values of P(V;) for each measurement interval
are determined by the power curves of the wind turbine.
Wind speed, measured at the height of the weather
station weathervane, is reduced to the height of the wind
turbine rotor:

m
Vi :Vmeas[ hI j > (2)

hmeas

where V; is the wind speed at the height of the wind
turbine rotor /;, m/s; Vieas is the wind speed at the height
of the weather station weathervane /.., m/s; m is the
power coefficient, depending on the season and wind
speed.

Fig. 1 shows the Wind-MCA program screen with
graphs of wind speed and wind turbine power generation
during the month.

The wind turbine power generation curve can be

curve. As a result of the combined curves analysis,
information on the share of electricity demanded by
consumers in its total generation of WPP for various
periods can be obtained.

3 Methodology and software for
assessing solar power generation

Global solar radiation received by an inclined surface
comprises three elements:

Q=S +D +R;, ©)

where S; is the beam solar radiation received by an
inclined surface, W-hr/m?; D, is the sky-diffuse solar
radiation received by an inclined surface, W-hr/m?; R, is
the ground-reflected solar radiation, W-hr/m?.

The value of S, is determined as follows [11]:

S; =Sy cosh, €))

where S, is direct solar radiation on the perpendicular to
the beams, W-hr/m?; 0 is the angle of incidence of solar
radiation on the surface, rad.

The value of S, is determined according to the
Kastrov formula [11, 12].

Anisotropic model of J. Hay, Klucher or Perez [13,
14] is used to calculate the sky-diffuse solar radiation
coming to the inclined surface.

An isotropic model is used to estimate ground-
reflected radiation in the majority of research studies
[11-14].

The influence of cloudiness on the incoming global
radiation on an inclined surface is taken into account by
the method of Kuzmin P.P. [12]:
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Fig. 1. Screenshot of the Wind-MCA program. Graphs of changes in wind speed (light blue lines) and power generation of wind
turbine Vestas V126 4.5 MW (dark blue lines) in January 2018, Ulyanovsk.
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Qs =Q(LAI-B-(-1), (5

where A, B are empirical coefficients that characterize
the weakening of total insolation by low-level, as well as
by low and medium-level cloudiness; / — low-level
cloudiness expressed as a fraction; n — total cloudiness.
The described technique was implemented by the
author in the form of a Sun-MCA computer program

[11].

4 Variability assessment of wind power
generation

Wind speed and energy change significantly over time
due to meteorological conditions. The changes occur at
all time scales: seconds, minutes, hours, days, months,
seasons, years. Understanding these variations and their
predictability is key to the integration of wind farms into
the power system. An analysis and assessment of the
short-term variability of wind energy (from minutes to
several hours) are the most important. Hourly, four-hour
and 12-hour variations can be predicted and therefore
can be taken into account when planning the loading of
power plants in the electric power system [15, 16].

The impact of diurnal fluctuations in wind speed on
power generation was estimated for 3 points at which a
wind farm was commissioned or planned. Ulyanovsk
WPP was commissioned in 2018, its capacity is 85 MW.
The commissioning of the Orenburg WPP with a
capacity of 350 MW is scheduled for 2030. The
commissioning of the Middle Volga WPP in the Saratov
region with a capacity of 1000 MW is also planned by
2030.

The Vestas V126 with a capacity of 3.45 MW is used
as a wind turbine model. Such wind turbines are installed
at the Ulyanovsk WPP. In the Wind-MCA program, the
power curve of this wind turbine was introduced. The
study employed statistically unprocessed data from
meteorological weather stations in Ulyanovsk, Orenburg,
and Saratov of 2018.

Table 1 presents the characteristics of the wind
energy potential of the three regions, as well as standard
deviations of the generated wind energy capacity.

Table 1. Results of wind power variability assessment

Average | Electricity Daily RMS power
. wind | generation for | _ deviation, MW
Location
speed, the year, Average | Maximum
m/s MW-h &

Ulyanovsk| 2,49 3489,523 0,356 1,581

Orenburg 3,58 7019,963 0,559 1,612

Saratov 2,43 3100,189 0,288 1,546

Fig. 2 shows the estimates of power variation
coefficients for Ulyanovsk and Orenburg calculated
based on meteorological station data of 2018. The
coefficient may change significantly during the month.
Comparing the estimates of variability in wind power
from Tables 1 and Fig. 2, one can conclude that the wind

conditions in the areas may differ significantly with
respect to short-term variability in wind speed. This
factor should be taken into account when choosing the
sites for WPP.
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Fig. 2. Changes in the coefficients of variation of wind power
calculated for the conditions of Ulyanovsk and Orenburg
according to weather stations data of 2018.

When the wind farm sites are distributed at a
considerable distance, the effect of balancing power
fluctuations occurs. As a result, power fluctuations
created by wind farms in the power system are reduced.
The geographical distribution of wind farms in the
energy system is a very effective way to solve the
problem of short-term variability of energy supply. The
more wind farms are in operation, the less is the
influence of the variability of their generation on the
operation of the electric power system.

In addition to reducing fluctuations, the effect of
geographical aggregation of the power of wind farms is
to increase the guaranteed wind power in the system.
Peaks in wind energy production are also reduced if we
evaluate the combined output of several wind farms. The
effect increases with the size of the area.

To assess the positive effect of aggregation, the load
duration curve of wind power plants is used. Such a
curve shows the load duration of the plants with a certain
power. Fig. 3 shows the load duration curves of the
Vestas V126 wind turbine at three points for separate
and integrated operation.

Geographical aggregation of wind energy levels the
duration curve. In this example, one turbine in
Ulyanovsk produces nominal power for 88 hours and
zero power for almost 5000 hours. In Orenburg, the wind
turbine operates with a nominal power for 167 hours,
and the zero output lasts about 2553 hours. If we
consider the combined operation of three wind turbines,
the maximum power will be only 70% of the total
installed capacity of the three wind turbines, while the
minimum wind output will be within 7200 hours. This
demonstrates how aggregation on a regional scale leads
to increasingly stable wind power generation. To realize
the effect of wind energy aggregation, the power grid
should be well developed.
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Fig. 4. The effect of cloudiness on the arrival of global solar radiation, April 1-16, 2018, Saratov. The global radiation is shown in
cloudiness.
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Fig. 5. Solar panel power generation curves in three areas in February 2018

Power generation curves as a result of joint
generation of three SPP have smaller amplitude
fluctuations.

The developed software allows analyzing possible
fluctuations in wind and solar power depending on
weather conditions. Sites located at a distance of several
tens of kilometers can have noticeable differences in
weather conditions and indicators of variability of wind
speed and cloud cover. The distribution of stations
across the territory makes it possible to reduce power
fluctuations during joint production and, thus, reduce
negative effects on the stability of the electric power
system.
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