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The prospects for the application of the Smart Grid concept as one of the main directions of the development of the
electric power industry are considered. The advantages of the implementation of the Smart Grid concept aimed at
ensuring the reliability and energy efficiency of electricity supply, improving the quality of electrical energy, the
throughput of electrical networks, the organization of parameter monitoring, control of the state of the energy system,
and the integration of renewable energy sources have been identified. The topology of the Smart Grid network was
studied with the possibility of connecting energy accumulators that create a bidirectional energy flow in the system,
with the provision of regulation of its density depending on the demand for electricity at the current moment in time.
The parameters of the intelligent network system with the use of energy accumulators are obtained on the example of
the traction power supply of electric rolling stock, taking into account the electricity consumption by trains and the
accumulator charge state. The given calculation results make it possible to state that the use of energy accumulators in
the Smart Grid network increases the amount of energy returned to the electric power supply network, as a result of
which the overall system costs are reduced. Ref.10, figure, table.

Keywords: Smart Grid concept, electric power industry, power supply system, energy accumulator, electric rolling
stock.

Introduction. One of the main directions of the development of the electric power industry
is the application of the methodology of intelligent networks (Smart Grid) [1, 2]. The
implementation of the Smart Grid concept is aimed at ensuring the reliability and energy efficiency
of electricity supply, improving the quality of electrical energy, equalizing variable load schedules,
organizing monitoring of parameters and controlling the state of the energy system, integration of
renewable energy sources [3, 4].

If consider the Smart Grid as an alternative to a single energy system, it is possible to
distinguish several basic levels of its organization [5, 6]. The first level is related to the preservation
of the existing structure of the network during the transmission of electrical energy on alternating
current. The second level determines the connection between networks, whose parameters of
electric energy may differ. The third level is formed by distributed generation objects at the stage of
distribution and consumption of electricity — power plants based on alternative energy sources,
"active" and "passive" consumers, as well as electricity accumulators connected to the network.

The components of the Smart Grid intelligent network include FACTS systems installed in
the electrical network and designed to stabilize voltage, improve controllability, optimize flow
distribution, reduce losses, damp low-frequency oscillations, increase static and dynamic stability,
and as a result — increase network throughput and reduce losses [7, 8]. A significant role in the
entire variety of FACTS devices is played by power electronics based on various modifications of
voltage converters using controlled semiconductor switches.

An important role in the functioning of FACTS systems is played by electric energy
accumulators that perform the following functions [9, 10]:

— equalization of load schedules y of the network (accumulation of electrical energy in
periods of excess energy availability and supply to the network in periods of shortage;

— provision of uninterrupted power supply of particularly important objects, needs of power
stations;

— ensuring, in combination with FACTS devices, an increase in stability limits;

— stabilization of the operation of decentralized sources of electrical energy;
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— damping of power fluctuations.

Thus, the issue of further introduction of electricity accumulators into the Smart Grid
concept is an urgent task.

The purpose of the paper. The purpose of the study is to increase the energy efficiency of
systems in the Smart Grid concept by using energy accumulators. To achieve this purpose, the
following tasks are set:

— determine the advantages of using energy accumulators in the Smart Grid concept;

—to consider the intelligent network system using energy accumulators on the example of
traction power supply of electric rolling stock;

—to present the results of calculations of the system in the Smart Grid network with the use
of energy accumulators.

The main material and study results. Energy accumulators are divided into electrostatic
and electromechanical. Electrostatic energy accumulators includes high-capacity accumulators,
energy accumulators based on molecular capacitors (supercapacitors), energy accumulators based
on low-temperature (liquid gel cooling) superconductors. All types of electrostatic accumulators are
connected to the network through power electronics devices — charging and converting devices.

The use of accumulators in the energy system based on the Smart Grid concept is shown in

figure.
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To electromechanical electricity accumulators there are two types of complexes:
synchronous machines with frequency converters of the primary circuit with flywheels on the shaft;
asynchronous machines with flywheels on the shaft.

The economic effect of using energy accumulators is achieved due to:

— differences in tariffs when buying electricity in hours of minimum load and selling it in
hours of maximum;

— fuel savings at power plants due to the refusal to unload them during the hours of
minimum loads with the accumulation of excess electricity and the refusal to load additional
capacities during the periods of maximum loads with the release of accumulated electricity;
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—refusal to buy expensive electricity from power stations that are in reserve on the
wholesale market.

In addition, a quick reserve of power and electricity is provided in the event of emergency
shutdowns of generators of power stations and elements of the electric network without the need to
maintain an expensive reserve of power at power stations or the presence of a network reserve, and
an additional economic effect is achieved due to:

— provision of system services for frequency regulation;

— maintenance of voltage levels at installation sites;

— creation of local intelligent electric energy systems;

— purchase of electricity during the day at the integrated tariff and its sale during peak hours
at the maximum tariff;

— stabilization of power schedules of electricity generated by wind and solar power plants;

— postponement of deadlines or refusals of capital investments in the reconstruction of
elements of the electrical network.

The railway transport system is one of the largest energy-intensive consumers in electric
power systems. Therefore, there is a need to increase the energy efficiency of railway power
systems by including Smart Grid components.

The system can consist of distributed generation (wind and solar energy generation) and a
hybrid energy accumulators system (energy accumulators from accumulators and supercapacitors).
Energy generated by trains during deceleration (regenerative braking mode) enters the network, and
energy is consumed during acceleration of trains. At the same time, energy is exchanged between
the Smart Grid intelligent network and the main power network.

The task of the proposed system is to minimize the total cost of operating the power system
and intelligent network, taking into account the consumption of electricity by trains and the state of
charge of accumulators, as well as taking into account various restrictions.

Increasing the energy efficiency of the traction power supply system of electric rolling stock
with an integrated Smart Grid system is solved using a microgenetic algorithm, which is quite
simple, reliable, flexible and capable of finding an optimal global solution. The microgenetic
algorithm has an evolutionary concept based on random processes, selection of encoded solutions,
reduction of the search space using special knowledge. At the same time, the processing time of the
microgenetic algorithm is less compared to other algorithms.

The objective function of the proposed system is subject to equality and inequality
constraints and is defined as:

F=S [CGW (Piwa )+ C.(P1)+C, (sz)]’ @

i=l1

where Pg,s 1s the capacity of the Smart Grid; P, is the power of the supercapacitor; Py is the
accumulator capacity; ¢ is the planning period, t=1, 2, 3, ..., n.
The power balance equation is defined as:

Pi+P =Bl +P +F, @)

where Py is the power of electric rolling stock; P, is the excess power.

Parameter P has a positive effect on the energy consumption system during deceleration
(recovery process) and negatively during acceleration of train movement.

The power limit from the public power system is defined as:

Parig < Poyig < Pivig - 3)
The excess power limit is defined as:
P >0. 4)

The balance equation of the accumulator charge state is defined as:
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C(t)=C(t-1)+ I(1)AL, (5)

where /(¢) is the charging (discharging) current of the accumulator.
Accumulator charge limitation is defined as:

C(r), . <C(t)<C(1)_ . (6)

max

where C(#)min 1s the minimum accumulator capacity; C(f)max 1S the maximum accumulator capacity.
The limitation of the charge (discharge) current of the accumulator is defined as:

1(t),, <T(0) S1(1),,, - )

where [(f)min i1s the limitation of accumulator discharge current; [(f)max 1S the limitation of
accumulator charge current.
The limitation of the charge current of the supercapacitor is defined as:

Pccmin (t)SPcc(t)SPchax (t) (8)
The limitation of the discharge current of the supercapacitor is defined as:
Pcdmin(t)SPcd(t)gpfmax(t)' (9)

The lower and upper limits of the accumulator charge are considered to be 10 kA-h and
15 kA-h, respectively. The maximum capacity of the accumulator is 1 MW. The maximum power
of the supercapacitor is 2 MW. The maximum power from the Smart Grid intelligent power
network is 20 MW. To compare the energy efficiency of power network systems, the calculations
given in the table were made.

Parameter Without W%th

Smart Grid system Smart Grid system
Energy consumed by electric rolling stock, MW-h 19.24 19.24
Energy returned to the electrical network, MW-h 2.32 4.49
Power of accumulator capacity, MW - 0.76
Power of the supercapacitor, MW - 1.16

In the first case, the calculations were performed without taking into account the
components of the Smart Grid intelligent network. The energy consumed by electric rolling stock is
19.24 MW, and the energy returned to the electric network is 2.32 MW. In the second case,
calculations were made taking into account energy accumulators. At the same time, the amount of
energy returned to the electric network is 4.49 MW.

According to the results of the calculations, it can be seen that the amount of energy returned
to the electrical network in the second case increases by 2.17 MW. Thus, the use of energy
accumulators in a Smart Grid network increases the amount of energy returned to the electrical
power network, resulting in a reduction in overall energy costs.

Conclusions. On the basis of the conducted research, the following conclusions can be
drawn:

— an important advantage of the use of energy accumulators in the Smart Grid concept is the
provision of a quick reserve of power and electricity in the event of emergency shutdowns of power
station generators and elements of the electrical network;

— the intelligent network system with the use of energy accumulators on the example of the
traction power supply of electric rolling stock ensures the minimization of the total cost of power
system operation, taking into account the electricity consumption by trains and the state of charge of
accumulators;

— from the results of the calculations shown, it is clear that the use of energy accumulators in
the Smart Grid network increases the amount of energy returned to the electric power supply
network, as a result of which the total costs of electricity are reduced.
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EHEPITOE®EKTHUBHI IUISIXH 3ACTOCYBAHHS HAKOIIMUYBAYIB EHEPIII B KOHIIEIIIII
SMART GRID
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Posenanymo nepcnekmusu 3acmocysanus konyenyii Smart Grid ax 00H020 3 OCHOBHUX HANPAMKIE PO3GUMKY eJleKmpo-
enepeemuku. Busnaueno nepesacu peanizayii konyenyii Smart Grid, wo cnpsamosani na 3abe3nevenms HadiUHOCMI ma
eHepaoeheKMUBHOCMI e1eKMpOnOCMAYanHts, Ni0GUIEHHS AIKOCMI eleKMPUYHOT eHepeii, nPponyCcKHOI 30amHOCMI eleKm-
PUYHUX Mepedic, OpeaHi3ayii MOHIMOpUH2y napamempis, KOHmMpOa0 CMAHY eHepeocucmemu, inmezpayilo 6i0HO61I068a-
HUux Oacepen enepeii. [locniosiceno mononoeito mepexci Smart Grid i3 MOdNCIUBICINIO NIOKTIOYEHHSA HAKONUYYBAUI6 eHep-
2ii, o cmeoproioms y cucmemi 080HANPABNIEHUL eHepeemUyHUll NOMIK, i3 3a0e3neyeHHAM pe2yio8anHs 11020 WiNbHOC-
mi 3a7excHo 8i0 NONUMY HA eNeKMpPOoeHep2ilo 8 NOMOUYHUU MomeHm yacy. Ompumano napamempu cucmemu iHmenex-
MYanbHOT MePedrCi i3 3ACMOCY8AHHAM HAKONUYYBAYIE eHepeli Ha NPUKIAdi Ms208020 eeKMPONOCMAYaAH S eNeKMPUYHO-
20 PYXOMO20 CKAAOY 3 YPAXYBAHHAM CRONCUBANHS eleKMPOeHepeii noi30amu i Cmamny 3apsaody akymyaismoprux bamapetl.
Haseoeni pezyriomamu po3paxyHkie 0aroms 3M02y CIMEEPOACYSAMU, U0 3ACMOCYB8AHH HAKONUYY8AYie eHepeli 6 mepe-
arci Smart Grid 30inbutye KinbKicms eHepeil, Wo noeepmacmucs 8 eleKMpUIHY MEPeNCy HCUBTEHHS, 8 Pe3VIbmami 4020
3mMeHwyIomscs 3azanvHocucmemui eumpamu. bioin. 10, pucyHok, TabmuLs.
KuarouoBi cioBa: xonmermis Smart Grid, emekTpoeHepreTiKa, CUCTeMa eNeKTPOIOCTaYaHHs, HAKOMUIyBad CHepTii,
€JIEKTPUYHUI PyXOMUI CKIag.
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