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The rapid development of solar energy has led to the creation of qualitatively new energy systems with a high
share of solar generation. The behavior of systems of this kind in certain cases differs significantly from the behavior
of traditional energy systems containing the predominant share of thermal power plants. Thus, a significant share of
the generation of solar power plants as part of the power system, the lack of an adjustment range for reactive power
and the generally accepted concept of modeling a solar power plant lead to the problem of introducing unnecessary
restrictions to maintain the stability and reliability of the power system. At the same time, the problems of stability and
reliability must be solved simultaneously with the problems of saving energy resources, this is precisely the problem
of optimization. The balance between reliability and economy lies in meeting the required restrictions on the cross-
sections of the power system.

The analysis made it possible to determine the priority directions in the study of the operation of solar power
plants as part of a unified energy system. The calculation of the daily schedule of power generation for a set of SESs
located in the same meteorological conditions for two seasons of the year has been performed. The real regulation
range of reactive power was determined and the analysis of participation in the rating of stability and reliability of
power systems was carried out. These results were obtained during the study of the power system of the Republic of
Crimea and the city of Sevastopol.

One of the main conclusions of this paper is the lack of a general approach in the description of SES together with
the control system in mathematical models for calculating steady-state and transient electric power modes. Given the
growing trend towards digitalization, this issue is currently becoming more acute.

The conclusions made will allow us to set a vector for the development of the study of the issues of connecting the
SES to the unified energy system.

Keywords: static stability, dynamic stability, severe short circuit, renewable energy, reactive power, daily generation
schedule.

Introduction

ecently, solar power plants (SPP) have

become widespread in the unified energy

system of Russia [1]. The growth of the

capacity generated by power plants based

on renewable energy sources (RES) is
caused by the latest trends in the development of
the electric power industry in the country, fixed at
the legislative level [2, 3]. Of course, this policy
has a positive effect on the population, on the envi-
ronmental aspect, but the growth of the installed
capacity of RES has caused problems in the plan-
ning and management of the electric power sector

power systems with a high proportion of installed
SPP capacity.

Problem statement

An increase in the share of solar energy genera-
tion in the power system leads to an increase in the
percentage of generated active power that cannot be
accurately planned. This, in turn, leads to the need
to take into account the emergency power imbal-
ance caused by a decrease in the active capacity of
solar power plants located in one power unit for
10 minutes due to changes in weather conditions
associated with a decrease in solar activity (Re-
quirements for ensuring the reliability of electric

power system mode [4].

The purpose of the work is to determine the real
range of reactive power regulation at a set of solar
power plants of the power system of the Republic
of Crimea and the city of Sevastopol with the
possibility of applying the results obtained to other

power systems, reliability and safety of electric
power facilities and power receiving installations:
order of the Ministry of Energy of Russia from
03.08.2018 Ne 630. Moscow, 2018. 16 page).

In addition, with the maximum generation of
SPP in the 110 kV network, high voltage levels oc-
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cur in normal mode. However, in the post—
emergency mode, when disconnecting stations, the
opposite situation may arise, in which it is neces-
sary to limit the permissible flow of active power in
the cross section - in the aggregate of elements of
one or more electrical connections, the simultane-
ous disconnection of which leads or does not lead
to the separation of the power system into two iso-
lated but working parts. At the same time, in the
calculations of steady-state regimes, it is problem-
atic to provide for the real value of energy genera-
tion, which imposes unnecessary restrictions on the
management of the electric power regime.

Another important aspect of the operation of
such stations in parallel with the power system is
their impact on the stability of the power system.
Firstly, a large proportion of SPP in combination
with stations on traditional energy sources contain-
ing synchronous generators reduces the value of the
equivalent moment of inertia of the power system.
This factor in certain modes increases the likeli-
hood of disruption of the dynamic stability of the
power system.

Secondly, due to the lack of reactive power
regulation on the part of the station, the limit of
transmitted power in the connections of the power
system is reduced, on which SPP have a great in-
fluence in terms of voltage regulation [5]. Such
a problem leads to a decrease in static aperiodic
stability in a power system with a high proportion
of generation of solar power plants [6, 7].

The lack of regulation of the reactive power of
solar power plants is a consequence of a purposeful
narrowing of the range of cos ¢ changes. The pur-
pose of such manipulation by the owner is to
maximize the production of paid active power, as
opposed to reactive. Expanding the range of reac-
tive power regulation and proper adjustment of SPP
regulators can increase the stability of the power
system [8].

An urgent problem in calculating the steady-
state and transient modes of the power system is the
lack of a verified SPP model in software com-
plexes. The model, detailed with the necessary ac-
curacy, would allow taking into account the reac-
tion of the station in the power system to the
weighting trajectory required for calculating static
stability, as well as to severe short circuits neces-
sary for calculating dynamic stability. The severity
of short circuits in this case is determined by their
type (single-phase, two-phase, three-phase), the
time of current flow and the magnitude of the tran-
sient resistance at the point of closure.

Calculation of the real range of regulation

of reactive power of solar power plants

In the power system of the Republic of Crimea
and the city of Sevastopol, the total installed capac-
ity of solar power plants reaches about 300 MW.
The largest SPP on the Crimean peninsula are:
“Perovo” (106 MW), “Okhotnikovo” (80 MW),
“Nikolaevka” (70 MW), which can also be called
one of the largest in Russia [9]. Another feature of
the solar power plants of the Crimean Peninsula is
their location in close proximity to each other, both
geographically and as part of the power system. All
power plants are located within a radius of 23 km in
the western part of the peninsula. Thus, the studies
conducted for a group of power plants will be fair,
since all power plants are in the same meteorologi-
cal conditions.

However, achieving the value of the generation
of the installed power of the SPP even at noon is
impossible due to many factors [10]. The main lim-
iting factors for generating the maximum power of
the station are: illumination, cloud cover and day-
light duration [11-13]. Such meteorological factors
are typical for certain seasons of the year [14, 15].

To determine the real range of reactive power
regulation in the course of the study, a sample of the
values of the generation of active power of the power
system during the day according to characteristic
seasons was made. The results obtained are pre-
sented in the form of graphs of suexact generation.

To determine the total average daily generation
schedules of the SPP of the power system, data for
2020 were taken with an interval of 30 minutes.
Based on this, a generation profile was obtained
based on the average half-hour values for each
month of the year. As a result, two most contrasting
generation profiles were identified for the winter
and summer seasons; this separation is due to me-
teorological factors characteristic of the energy sys-
tem of the Crimean Peninsula.

Figure 1 shows graphs of the total generation of
SPP in the summer and winter seasons. The main
differences are in the magnitude of the generation
of active power and the duration of daylight.

The daily schedule of solar power generation in
the summer season of the power system of the Re-
public of Crimea and the city of Sevastopol is typi-
cal for eight months of the year — from March to
October. The winter season is typical for four
months — from November to February — as for the
months of the cloudiest, with a short light day. This
separation by seasons is typical for the solar gen-
eration of the Crimean Peninsula.
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Fig. 1. Diagrams of daily generation of SPP for typical seasons of the year: / - summer season; 2 - winter season
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Fig. 2. The total adjustment range of reactive power of the SPP of the power system of Crimea
in the summer season (upper and lower limit)

the adjustment range of the reactive power of the

power system are determined, respectively, in Fig-

Based on the results of calculations of the
ures 2 and 3. The extreme limits of the range are

graphs of the total generation of the active power of
the SPP, the graphs of the upper and lower limits of
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calculated taking into account the nominal parame-
ters of the inverters used at the stations. For exam-
ple, the nominal data of the Protect PV.250 inverter
is taken as the most widespread in the solar power
plants of the Crimean power system. The manufac-
turer of the inverter declared cos ¢ equal to the
range of values from -0.9...1 to +0.9 (Fig. 4).

It can be seen from the graphs of Figures 2 and 3
that the range of reactive power regulation of more
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than = 20 MVar is provided in the summer season
for about 11 hours, and in winter - up to 4 hours
during the day. In addition, for the summer season,
a control range of more than + 70 MVar is provided
for 4 hours a day. Such values in the regulation of
reactive power are comparable to the generation of
a battery of static capacitors and the consumption
of a shunt reactor, or with the adjustment range of
a modern thermal power plant up to 150 MW.
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Fig. 3. The total adjustment range of reactive power of the SPP of the power system of Crimea
in the winter season (upper and lower limits)
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Fig. 4. Vector diagram of power the SPP
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Analysis of the impact of solar power plants

on the stability of the energy system

It is not beneficial for the owner to participate in
regulating the voltage of solar power plants, since
when the generating equipment is loaded by reac-
tive power, it is unloaded by active power, for
which the owner receives payment. This situation is
clearly shown in the vector diagram (Fig. 4).

The owner of the SPP deliberately reduces the
value of cos ¢ to one in order to obtain the maxi-
mum generation of active power equal to the full
power of the station:

Scpp = Pgpp - €OS @,

where Sgpp is the total total power generated by the
station; Pgpp is the generated total active power of
the station.

Section

-

SRR

In this case, the station is not involved in voltage
regulation. However, as mentioned above, voltage
regulation plays an important role in ensuring the
stability of the power system.

For example, let’s consider the effect of regulating
the reactive power of solar power plants in the sum-
mer season in an excess energy district (Fig. 5). In
this example, the generation of an excess energy dis-
trict consists of solar (SPP) and thermal (TPP) power
plants, and the section connecting the energy district
with the unified energy system (UES) is complete.

In such a situation, it is quite possible to violate
dynamic stability with a normative disturbance in
a normal or repair scheme. As a result, it is necessary
to regulate the flow in the cross section by limiting
the generation of thermal power plants to prevent the
possible consequences of a severe short circuit [16].

Fig. 5. The simplest scheme of operation of a redundant area in the UES

However, using the full range of SPP in terms of
reactive power regulation, we can dampen distur-
bances occurring in the power system. For a de-
tailed consideration of the operation of the regula-
tion of a solar power plant, let us turn to the angular
characteristic of the transmitted power shown in
Figure 6 and determined by the formula
P — UIUZ

c

sin d,

where P, — active power transmitted across the
cross section (see Fig. 5); U,, U, — stresses at the
ends of the section; Z_ — the total resistance of the

lines included in the section; o - the angle between
the stress vectors at the ends of the section.

As can be seen from Figure 6, in the event of
a severe short circuit close to the cross section, as
well as with the operating mode of the energy dis-
trict, the instantaneous reaction of the regulators of
the solar power plant will reduce the acceleration
pad and increase the braking pad due to unloading
by active power and additional loading by reactive
power. Such operation of the SPP will reduce the
excess power in the power district, thereby prevent-
ing the rotors of the TPP generators from accelerat-
ing during the short-circuit current flow, and will
also increase the limit of transmitted power in pre-
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emergency and post-emergency modes by increas-
ing the voltage in the network.
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Fig. 6. Angular characteristic of the transmitted power
while maintaining the remote control: I - characteristic of
the transmitted power limit in the pre-emergency mode, II -
during a short circuit, III - after disconnecting the damaged
network element; §,, - angle at which a short circuit occurred
(equilibrium point); &, - the angle at which the network ele-
ment was disconnected, 8, - the angle above which the stabil-
ity of the connection is violated; f, - acceleration area, f; - brak-
ing area; P, - active power generated at power plants of the
energy district

Conclusions

Studies of the electric power system with a high
proportion of solar generation have been carried
out, the definition of the real range of reactive
power regulation on the set of SPP of the power
system of the Republic of Crimea and the city of
Sevastopol has been given. The research allows us
to draw the following conclusions.

The expansion of the range of regulation of the
reactive power of the SPP will improve the quality
of electricity in terms of voltage requirements, as
well as provide damping of disturbances arising in
the power system. Such operation of solar power
plants will favorably affect the stability and reliabil-
ity of the electric power system as a whole.

One of the main technical problems voiced in
this paper remains the absence of any general ap-
proach to modeling and accounting of SPP control
systems in computational models. Creation of
a detailed verified model of the power system con-
taining a set of high-power solar power plants for
calculations of steady-state and transient modes is
possible on the basis of existing software com-
plexes RastrWin3 and RUStab.

Further elaboration of the conclusions obtained
will allow to reduce the restrictions in the con-

trolled sections of the power system (to maintain
a balance between economy and reliability), and in
the future, in conjunction with the monitoring sys-
tem of the stability margin, to bring the manage-
ment of the power system to a qualitatively new
level.
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AHayu3 npo0JieM 3HeprocucTeMbl ¢ BbICOKOM /10J1eil COJIHeYHOM reHepauuu

C. A. CuTHHKOB, acniupaHT, CeBacTONOIbCKUI rocyapcTBEeHHbI yHuBepcuteT, CeBacTonons, Poccus
H. M. HlaiiTop, KaHIWAAT TEXHAYECKUX HAYK, TOUEHT, CeBacCTOMOILCKUI TOCYJapCTBECHHBI YHUBEPCUTET,

Cesacromounb, Poccust

A. B. T'opnuH4eHK0, KaHAUIAT TEXHUUYECKNX HayK, CeBaCTOMOIBCKIA TOCYIapCTBECHHBIA YHUBEPCUTET,

Cesacrormoss, Poccust

E. A. IyoxoB, CeBacTOmONbCKUI TOCYAapCTBEHHBIN yHUBepcuTeT, CeBacTomnoub, Poccus

CmpemumenvHoe paszgumue COIHEYHOU IHEePemuKy Npueeio K CO30aHUI0 KAYeCHBEHHO HOBbIX IHEp2OCUCmeM
¢ 8bICOKOU 0oiell conneunol eenepayuu. Ilogedenue cucmem n000OHO20 poda 8 ONPeOeNeHHbIX CLYHAAX CYUeCMBEeHHO
OMAUYAEMCSL OM NOBEOeHUs MPAOUYUOHHBIX IHEPLEMUUECKUX CUCTNEM, COOEPICAWUX NPEUMYIECTNBEHHYIO 0I0 me-
nnoguvix anekmpocmanyutl. Tax, sHayumenvuas 001a cenepayuu conneynwvix daekmpocmanyuil (COC) 6 cocmase suep-
20Cucmemyl, OMCYmemeue pe2yiupo8oHHo20 OUANA30HA PeAKMUSHOU MOUHOCIU U OOWEeNnPUHAMOU KOHYenyuu Mooe-
JUPOBAHUSL COTHEUHOU DNIEKMPULECKOL CMAHYUU NPUBOOSIN K NPobIieMe 6600d USIUUHUX 02PAHUYEHUTI 0TIl COXPaHe-
HUSL YCTOUNUBOCIU U HAOEICHOCTU dHepeocucmemvl. Bumecme ¢ mem 3a0auu ycmoudugocmu u HAOEHCHOCU
HeobX00uMo pewams 0OHOBPEMEHHO € 3A0a4amMl IKOHOMUU IHEPLOPECYPCO8 — UMEHHO 8 IMOM 3aKIIOYAEemcsl Npo-
bnema onmumusayuu. bananc mesrcoy naoexcHocmvio u 9KOHOMUEl 3aKTI04aAemcs 8 CoON00eHUU mpedyemblX 02PaHU-
YEHULl N0 CeHeHUSIM IHEP2OCUCTNEMDL.

Tpoodenannviii ananusz no360auL ONpedeIums NPUOPUMenHble HANPAGIEHUsl 8 UCCIC008AHUU PAOOMbL COTHEUHBIX
NeKMpoCmanyull 8 cocmage eOuHol sHepeocucmemul. Ilpousseden pacuem cymouno2o epaghuxa eeHepayuu aKmusHou
MOwHOCMU Ol COBOKYRNHOCU COHEYHBIX INEKMPOCMAHYUL, HAXOOAUUXCA 8 OOUHAKOBbIX MEMEOPONIOSUYECKUX YCI0BU-
X, 01 08YX XAPAKMEPHBIX Ce30H08 200a (3umHutl u remuutl). Onpedenen peanbtblil pecyiupo8oyHbill OUANA30H PeaK-
MuHOU MowHocmu u nposeden ananus yuacmus CIC ¢ obecneuenuu yCmouuu8ocmy i HA0EHCHOCU IHEPLOCUCTNEMBI.
Hannvle pezynomamol noiydenst 8 xo0e ucciedosanus snepeocucmemvl Pecnyonuxu Kpvim u 2opoda Cesacmonosisi.

OOHUM U3 21ABHLIX 86160008 OAHHOU CMAmMbU A8NAemcs omcymcemaue odbugeco nooxoda 8 onucanuu CIC cosme-
CMHO C CUCIEMOU Pe2yIupo8aHus 8 MameMamuyeckux Mooeisx OJis pacyema YCmano8UGUIUXCsL U NePexOOHbIX IJeK-
mposnepeemuyeckux pesicumos. C yuemom Hapacmaroueli meHOeHyuu yugposuzayuu 8 Hacmosiyee 8pems OaHHbII
sonpoc ecmaem 6onee ocmpo. Coenannvie 8b1600bl NO3GONSIN 3A0AMb BEKMOP PA3GUMUSL NPOPADOMKU BONPOCO8 NPU-
COCOUHEHUSl CONHEYHbIX DNIEKMPOCMAHYUL K eOUHOU DHEP2eMUYEeCKOll CUCmeMe.

KiaioueBble ciioBa: craTudeckas yCTOﬁ‘lHBOCTB, JUHAMHYCCKas YCTOﬁqHBOCTL, TAKEIIOC KOPOTKOC 3aMbIKAHUEC, BO-
300HOBJIIEMBIE UCTOYHUKH OHEPIruu, peakKTUBHASL MOLIHOCTD, CyTO"IHI)If/'I rpaq)m( reHepauuu.
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