TEXHIYHI HAYKH

228

DOI: https://doi.org/10.32839/2304-5809/2020-4-80-48
UDC 621.311

«Moaoauit BueHU» * No 4 (80) * kBiTeHB, 2020 p.

Samoilyk Oleksandr, Tkachenko Valentyn, Kurbaka Halyna
Cherkasy State Technological University

RESEARCH OF THE EFFECT OF ACCUMULATOR-BASED ENERGY STORAGE
DEVICESON THE EFFICIENCY OF USING VIRTUAL POWER PLANTTECHNOLOGIES

Summary. The effect of accumulator-based energy storage devices on the efficiency of using virtual power
plant (VPP) technologies at the stage of optimization of network topology of the newly created VPP is investi-
gated. Such an integration involves not only solidary covering of its own load due to the organization of addi-
tional transmission lines, but also the transfer of excess electricity to the system. The algorithm of structural
properties estimation on the example of a virtual power plant formed by three electrotechnical complexes is
considered. One of the possible optimization scenarios by means of structural analysis of systems is suggest-
ed as a tool. As a criterion that allows to evaluate the correct choice of a particular topology of the electrical
network, it is proposed to use the amount of "released" power. The main attention is focused on the problem
of optimal redistribution of accumulated energy, that is, essentially, the rationalization of the "charge — dis-
charge" cycle of accumulator systems. The relations representing the mathematical model of the electrotechni-
cal complex with the use of distributed generation sources and electrical energy storage devices in the form of
accumulator systems are obtained. Herewith the completeness of solutions depends on specific characteristics
of the components of the virtual power plant.

Keywords: accumulator systems, virtual power plants, "released" power, energy, electrotechnical complexes,
mathematical model.
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qepKaCbKHH ,E[ep?RaBHI/II/I TeXHOJIOTTYHUN yHlBepCI/ITeT

NMOCJILIKEHHS BIINBY HAKOIINYYBAYIB EHEPTTi
HA BA3I AKYMYJIAITOPHUX CUCTEM HA EOEKTUBHICTH BUKOPUCTAHHS
TEXHOJIOTIN «BIPTYAJIbHUX EJIEKTPOCTAHIIIN»

Amnoraria. B po6oTi mocimigkeHo BILIMB HAKOIMYYBAUYIB eHepril Ha 043l aKyMyJIATOPHHUX CHUCTEM Ha edek-
THUBHICTH BUKOPUCTAHHS TEXHOJIOTIH «BipTyasibHuX ejiekTpocraniii» (Virtual Power Plant — VPP) ma eram
omruMisamii Tomosorii Mepeski HooctBopeHol VPP. Ak 00’ekT poariisaayTo 06 eqHAHHSA JeKITbKOX HE3aIeKHIX,
TEePUTOPIATHLHO PO3HECEHUX OKPEMUX eJIEKTPOTEXHIYHNX KOMILIEKCIB 3 BJIACHUMM CIHOKUBAYAMHU B €IUHUMN KOM-
ILUTEeKC, 110 PYHKITIOHYE 3a TEXHOJIOTIEI0 «BIPTYaJIbHOI elekTpocTaHIn». Take 00’ exHAHHA ITepegdoavae He TUIbKA
coJIiTapHe IMOKPUTTS BJIACHOIO HABAHTAMKEHHS 34 PAXYHOK OpraHisallii JoJaTKOBHX JIIHIN eJIeKTpoIepeaadi, a
¥ mepegavy HAJJIUIITKOBOIL eJIeKTpoeHeprii B cuctemMy. Po3riIsiHyTO OCHOBHI 00MeKeHHS 1 mapaMeTpu Irepeadavy-
BAHHUX IPUEIHAHD, [0 HIIJIATa0Th onTuMidarni. OCKIIbKY IIOBHOTA 1 AKICTH OTPUMAHUX Ipu 00’ eqHauul y VPP
IepeBar BeJIUKOK MIPOK BHU3HAYAIOTHCA I0JATKOBMMH BapiaHTAMH TOIIOJIOTII HOBOCTBOPEHOI Mepeski, POoarJisi-
HYTO aJITOPUTM OIIIHIOBAHHS CTPYKTYPHUX BJIACTHBOCTEN Ha MPHUKJIAIl BIpTyaJabHOI eJIeKTPOCTAHIIII, YTBOPEHOL
TPHOMA eJIEKTPOTEXHIYHUMU KOMILIEKCAMU. SIK 1IHCTPYMEHT 3aIIPOIIOHOBAHO OJIMH 13 MOKJIMBUX CII€HAPIIB OIITH-
Misalrii 3a JOIOMOI0I0 CTPYKTYPHOro aHasiay cucreM. OCKiabEM igeosoria GopMyBaHHS «BIPTYaJIbLHOL €JIEKTPO-
CTAHIID 3 ICHYIOUMX KOMILJIEKCIB CIIPIMOBAHA HA MIBUINEHHS €PeKTUBHOCTL JIEKTPOIIOCTAYAHHS 38 PAXyHOK
MaKCUMAaJIbHOTO BUKOPHCTAHHS BChOTO HOTeHHIaJIy poanomneHm reHepanli, K KpUTepll, o fae 3MOry OLIHHA-
TH IPABHUJIBHICTH BUGOPY Ti€l UM IHINOI TOIOJIOTI] eTeKTPHYHOI Mepeski, 3alPONOHOBAHO BUKOPHCTOBYBATH BeJIH-
YHHY «BUBLILHEHOD mMoTysHocTl. OCHOBHY yBary CKOHIIEHTPOBAHO HA IIPOOJIEeMi ONTHMAJILHOIO IEPEePO3IOIiIy
eHeprii, 0 aKyMYJIeThCS, TOOTO, II0 CYTi, HA PAIIOHAI3AIN] IUKJIY «3aPs — PO3PSIY aKyMYyJISTOPHUX CUCTEM.
OTpuMaHO CITIBBIAHOIIEHHS, 10 TPEICTABIIIOTE MATEMATUYHY MOJE/Ib eJIEKTPOTEXHIYHOTO0 KOMILJIEKCY 3 BH-
KOPHMCTaHHAM JPKepesl PO3IIO/IIIEHO] TeHepallil Ta HaKOIIMYyBaviB eJIEKTPOeHepril y BUIVIANl aKyMyJIATOPHUX
barapeii. Pimennst 3amavl MoesoBaHHs Irepedavae pearisarfiio IOCTIIIOBHOCTI MATEMATHYHUX PO3PAXYHKIB
BIZIIIOBIIHO J0 po3pobJieHol MeToaukn. Ilpu 11b0My TOBHOTA PIllleHb 3AJI€KUTD Bl KOHKPETHUX XapaKTePUCTUK
CKJIA0BUX BIPTYaAJILHOI €JIEKTPOCTAHITIT.

Karogosi ciioBa: akymysisiTOpHI CHCTEMH, BIPTYaJIbHI €JIEKTPOCTAHINT, «BUBLIBHEHA» IIOTYKHICTH, €HEPTId,
€JIEKTPOTEeXHIYHI KOMILJIEKCH, MATeMATHIHA MOIEJIb.

he problem wunder discussion. Active

introduction of small distributed
generation (DG), including one based on renewable
energy sources (RES) is one of the directions of
modernization of domestic electrical power industry
[1]. Virtual power plant (VPP) technologies can be
used to increase the efficiency of such facilities. The
term "virtual power plant" will hereinafter mean
the integration of separately located electrotechnical
complexes (ETCs) on the basis of distributed
generation based on renewable energy sources to
function as a single imaginary power plant. Thus,

VPP is a community of distributed generators, energy
storage devices (usually accumulator systems) and
controlled loads which are connected by information-
command interfaces located in switchgear (SG) of
individual electrotechnical complexes. The VPP thus
formed is capable of fully performing the functions
of planning, coordinating the flow of electricity both
between VPP facilities and with the external power
system. The virtual power plant actually integrates
technical and technological solutions to manage the
demand and supply of distributed energy generation
using software and hardware.
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Analysis of recent research and publica-
tions. In this direction, in [2] the definitions have
been reviewed, the VPP components have been
indicated, and the existing restrictions have been
pointed out. The authors [3] have discussed general
issues of increasing the efficiency of network pow-
er through VPP technologies. Business-level and
management-level measures for VPP organization
have been analyzed. In [4], systems of remote con-
trol and synchronization of complex measurements
in virtual power networks have been described, the
basic parameters and characteristics of electromag-
netic compatibility have been determined.

The peculiarities of construction and function-
ing of virtual power plants and their impact on the
operation of the unified power system of Ukraine
have been analyzed by the authors [5]. VPP struc-
tural units and variants of their joint work have
been presented, electricity quality problems caused
by the availability of renewable and unconvention-
al energy sources have been considered.

Highlighting of previously unresolved
parts of a common problem. Currently, VPP
technologies are being researched by scientists from
all developed countries. As a rule, the most attention
is paid to management systems and mechanisms of
sale (purchase) of electricity. However, it is equally
important to solve technical and technological is-
sues of combining several DGs into a single electri-
cal network, in particular, the problem of choosing
the optimal topology of such electrical network and
investigating the impact of individual factors on the
efficiency of such an integration. It depends, in par-
ticular, whether virtual power plants will be signifi-
cant in the achievable perspective.
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Figure 1. A group of independent ETCs:

EPS - electrical power system; EC - electricity
consumer; DG - distributed generation;
ETC- electrotechnical complex; DI - distribution
installation; EA - energy accumulator;

DP - distribution point
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The aim of the article is to investigate the ef-
fect of accumulator-based energy storage devices on
the efficiency of virtual power plant technologies.

Outline of the main research material.
Combining several independent, territorially sepa-
rated ETCs with their own consumers (Fig. 1) into
a single complex operating on VPP technology (Fig.
2) provides solidary coverage of the load due to the
organization of additional transmission lines (TL).

The locations of transmission lines and their
characteristics are unknown and are subject to fur-
ther definition.

Thus, a virtual power plant, which is formed by
separately located electrotechnical complexes on
the basis of distributed generation based on RES
with energy storage devices, is the object of further
research.

Selection of initial electrotechnical complexes
with the structure shown in Figure 1 as VPP a prio-
ri provides for the need of DG sources operation for
maximum power output, regardless of the load lev-
el of both individual consumers and the total load.
The positive effect consists:

— for owners of individual ETCs — in the possibil-
ity of selling the excess power (energy);

— for consumers — in expanding the ability to
cover the load schedule, including at the expense of
VPP electricity at lower prices.

Let’s consider the main limitations and param-
eters of the predicted connections to be optimized.

The ratio between operating current /, in nor-
mal mode and allowable current continued /, for

ij allow.c

a given power line is the first obvious limitation [6]:

Iij < Iij allow.c* (1)
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Figure 2. Virtual power plant based on individual
electrotechnical complexes — dotted line indicates
potential connections
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In this case, the passage of operating current of
the supply line should not cause a voltage drop be-
low the allowable [6]:

AU; = x/§~1,-j~L,.j~(I;,,.j-cos<p,/. +xay~sin<py)£0,l-UN0M,(2)

where L, is the length of (i, j)-th connection; r, ;,
x,,; are respectively active and reactive resistance
of the (i, j)-th power line; the angle ¢, characterizes
the phase shift between current and voltage in the
line (i, j).

The number of newly created lines between ex-
isting ETCs (Figure 2) and their technical and eco-
nomic characteristics are subject to optimization.

For example:

— a provision of the necessary class of security of
energy supply;

— a sale of surpluses to the external power sys-
tem;

— an obtaining of additional flexible power;

— an opportunity to participate fully in the mar-
ket as a producer;

— a new level of work with consumers, an op-
portunity to offer new consumer management pro-
grams;

— other urgent and relevant goals can serve as
such characteristics, depending on the main pur-
poses of consumers integration into a virtual power
plant.

The tasks set out should be coordinated accord-
ingly.

The completeness and quality of the benefits of
VPPs integration are largely determined by addi-
tional variants of the topology of the newly created
network.

Let’s consider one of possible algorithms for esti-
mating structural properties on the example of a vir-
tual power plant formed by three ETCs (Figure 1).
As a tool we use structural analysis of systems [7].

Formalization of the structure description is
based on graph theory.

We have used the most visual form of a formal-
ized graph task — graphical representation — to rep-
resent the relationships between the elements in
Figure 2.

Individual ETCs (in Figure 2 ETC 1 — ETC 3)
formally represent subsystems, and individual ob-
jects (switchgears and switchgear points, consum-
ers, etc.) that form them are elements of the system.

The graph presented here is oriented, since
it consists only of oriented edges. The orienta-
tion corresponds to preferred directions of pow-
er transmission in the network. The elements of
the system — switchgears, switchgear points, dis-
tributed generators, accumulators of energy and
electricity consumers — are vertices of the graph.
Vertices (nodes) of the graph correspond to the
values of electrical power, capacity and consump-
tion (load).

Transmission lines serve as branches of the
graphs. They are characterized by the direction
of power transmission, length, values of specific
active and reactive resistances, selected technical
and economic indicators.

Potentially feasible variants of electrical con-
nections in Figure 2 are shown by dotted lines.

For further analysis it is convenient to repre-
sent the graph in numerical form, namely in the
form of a matrix.
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Presented in Figure 2, the graph of a virtual
power plant is described using vertices adjacency
matrix:

A=

;i

n . P . P
Lo i=Lnj=1m,

where a; is the element of the matrix A; n is the
number of nodes of the graph; m is the number of
branches (arcs) of the graph.

Elements of adjacency matrix a, of vertices
A for oriented graph are defined as follows [8]:

{1, if there is a connection (if you can go from vertex i to vertex j;

"0, if there is no connection

The type of adjacency matrix of oriented graphs
depends essentially on the chosen order of vertices
numbering and, by selecting a certain principle of
vertices numbering for some types of graphs (with-
out contours), it is possible to reduce the matrix
A to a triangular form, where a; =0 for j>i.

Adjacency matrix of vertices A is a matrix of di-
rect graph paths having a length equal to 1. The
total number of transit paths from vertex i to j with
the length k can be obtained by reducing the ma-
trix A to the degree k.

Structural properties of electrical network of
a virtual power plant can be determined on the ba-
sis of structural-topological characteristics of the
graph, which are calculated using vertices adjacen-
cy matrix.

When conducting structural analysis of systems,
it is often necessary to identify some of structural
characteristics of systems and to quantify them.
The expediency of determining such parameters
is that already at an early stage of design there is
a need to evaluate the quality of the structure of
the system and its elements from the standpoint of
system approach.

The main of these characteristics are given below.

Connectivity of structure. This quantitative pa-
rameter allows to detect the presence of breaks in
the structure, hanging vertices, etc.

Most fully, quantitatively, the connectivity of el-
ements of the oriented graph is determined by con-

nectivity matrix C =|ic;||.
The greater the value C, the higher the value
of connectivity is and the potentially more reliable
the considered network topology is. For an oriented
graph, it can be determined by the expression:
i=l j=
where n is the number of nodes of the graph, ¢,
is the element of connectivity matrix C, which is
determined by the relation:

L if a; >1
0, ifat=0

where g;is the element of the total adjacency
matrix A, that determines the total number of

paths from node i to node j.
The matrix A, can be defined as follows:

A, = A5,
k=1
where A is adjacency matrix of graph vertices;
k is the length of the path (number of sections)
from vertex i to vertex j.

Structural redundancy. A structural parameter
that reflects the excess of the total number of con-

G
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nections over the minimum required one is called
structural redundancy R, which is defined as follows:

LA 1 ..
R:{Zz%]nl—l,lij,

where g, 1is the element of adjacency matrix of
vertices A; n is the number of graph vertices.

The most economical topology should have
a minimum number of redundant electrical con-
nections, the presence of which will increase the
cost on building of additional power lines, neces-
sary switching and protective equipment. Thus,
the topology with the lowest characteristic value
should be considered as the best one.

Uneven distribution of connections — a param-
eter that characterizes the underutilization of ca-
pabilities of a given topology in achieving the max-
imum connectivity. It is taken into account by the
indicator — quadratic deviation of the given distri-
bution of vertices degree. It is determined by the

expression: R
2 S, 4m
=[]

i=1

where p, is the true degree of the i-th vertex of
the graph (the number of edges incident to the i-th
vertex of the graph); m is the number of edges of
the graph; n is the number of vertices of the graph.

A parameter value, equal to zero, characterizes
a uniform topology.

The greater the magnitude &, the greater the
unevenness of connections is. Thus, the topology
with the smallest parameter value will be consid-
ered as the best one.

Structural compactness. To quantify structur-
al compactness, a parameter is introduced that
reflects the proximity of elements to each other.
The proximity of two elements i and j will be de-
termined by the minimum path length for oriented
graph (chain — for non-oriented one) d;. Then the
value Q reflects the overall structural proximity of
elements to each other in the system:

Q:zzdﬂ"ii]’
i=1 j=1

where d; is the minimum path length from vertex
i to vertex j; n is the number of vertices of the graph.

To quantify structural compactness, often use
a relative index:

QREL =0/ QICGa

where Q'y; = n(n-1) is the value of compactness
for the structure of a system of "complete graph"
type.

Structural compactness can be characterized by
another indicator — the structure diameter:

d :maxd,./..
i

The degree of centralization in the structure.
The concept of centrality index is used to quantify
the degree of centralization in a structure:

1) 2Zmax —n ,
Z, o (n=2)

where n is the number of vertices of the graph.

The component of this formula can be found as
follows:

§=(n-

Z o = Max{Z},

where Z,is the value determined according to
the following expression:
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Z,:g(ZdijJ,i:I,n;i:tj,

where Q is structural compactness of the topol-
ogy; d; is the minimum length of the path vertex i
to vertex j; n is the number of vertices of the graph.

The smaller the parameter value, the more reli-
able the topology is. High value of the degree of cen-
tralization imposes increased requirements for the
capacity of central element in the network topolo-
gy, through which a large number of connections
are established, as well as for the reliability of its
functioning, since the failure of this element leads
to disruption of normal operation of the entire sys-
tem. With a large parameter value, it makes sense
to duplicate central element in order to improve the
reliability of the topology. A network topology with
a smaller parameter value is better.

Assessment and further comparison of variants
of network topology separately for each structural
and topological characteristic are usually a rather
trivial task.

However, the choice of the optimal network
topology, taking into account the whole set of pa-
rameters considered, that is, solving a multicrite-
ria problem, presents some difficulties. Taking into
account the impact of individual factors (such as
availability, performance, and mode limitations of
energy accumulators) adds additional features to
the multifactorial problem.

Currently, there are quite a number of methods
for solving multicriteria problems [7]. A multicri-
teria problem is often reduced to a single-criterion
one. This approach involves the use of supercriteri-
on as a scalar function of a vector argument:

3(x) = 4, (¢,(x), 4,(x), ..., q,(x)) ,

where ¢,(x),q,(x),...,q,(x)are the criteria; x 1is
the alternative of the set X .

The type of the function ¢,depends on the con-
tribution of each criterion to the overall supercri-
terion. As a rule, in this case, additive and multi-
plicative functions of the following form are used:

P
q, = z g,
i=1

p

1_‘]0 = H(l _Biqi)7

i=1

where o, and B, are weighting factors.

The main difficulty of this method consists in
the determination of weighting factors o, orp,; .

The whole ideology of forming a "virtual power
plant" from existing ETCs is aimed at improving
the efficiency of electricity supply by maximizing
the use of all the potential of distributed genera-
tion.

It is logical that the value of "released" power
can be used as a criterion to evaluate the correct
choice of a particular electrical network topology.

By "released" power we mean the power of pow-
er sources, which, after combining the ETCs, can be
both usefully used in the same electrical network
and transmitted to the power system.

Thus, the function Y(P,.,) characterizing the
"released" power in the VPP for transmission to the
power system is subject to optimization:

Y(Pyps5) —> max. 3)
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Among other problems associated with the im-
plementation of VPP technologies, not only the
optimization of newly formed connections but also
the identification of an internal reserve in ETC
due to, for example, optimal redistribution of ac-
cumulated energy, i.e. essentially the rationaliza-
tion of the "charge — discharge" cycle of accumu-
lator systems, is of great interest. This aspect is
discussed below.

Let’s carry out the analysis of power for individ-
ual electrotechnical complex, the structure of which
is presented in Figure 1.

Let’s consider the balance of power in the ETC in
the mode of accumulator charging and transferring
the excess energy to the power system (Figure 3).

Figure 3. Power balance in the system of
autonomous power supply of an enterprise in the
mode of accumulator charging and transferring
the excess energy to electric power system ( Py, —
excess power that can be transferred to the EPC)

In analytical form, the specified balance has the
form:

Pyg+ P, 2 Ppes - ki, (4)

where P, is the power generated by distribut-

ed generation sources, W; P, is the power accumu-

lated, W; P, is the power required for electricity
consumers, W; k, is the factor of stock.

The system of electricity accumulation, depending
on quantitative ratio of produced and consumed en-
ergy, can act as both its source and the receiver. Ac-
cordingly, in practice the following variants of motion
of energy flows that determine the power balance in
a given electrotechnical complex are possible:

1. Electricity power P,. generated at any giv-
en time () from the considered time interval (7'),
taking into account losses, exceeds the power P,
that consumers need.

The amount of energy that can be stored at the
current time () is determined by two parameters:
the "free" capacity of accumulation system @I)
and the maximum value of charge current /. If
the value of accumulated capacity is C,, then

C,-(I-k)=20,, 5)

where £, is the allowable accumulator discharge
ratio (usually k, = 0,2).

Thus, mathematical expression for calculating

the power balance at P, = P, - Fres >0 in accord-

ance with Figure 2 will look like:
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Pt<0e,-U, k; y Pt
P SO )
l,=——<1,, ’
N, U, Prps =0
Fit<0,-Upom 0" =0,-1, 1
I P [ :{ a ch n’, (7)
_N U, > Prps = F, -1, -U,
})a‘t2®a'Ua‘n; @
P = e,U, (8)
Ia N U <]c {PEPS_Pa ata
Pa'tZG)a'Ua'n;
{@""—@a I,-t-m; ©)
“:N .aU > Lo Prps = (F, =1, U)’
where N, is the number of accumulators con-

nected in parallel U, is charge voltage of one accu-

mulator, V; 7, is charge current of one accumula-

tor, A; n<1 is accumulator efficiency; ®, and ¢

are initial and final values of the "free" capacity of
accumulation system, A - hours ; P, is excess power,
some of which can be accumulated or transmitted
to power system, W; y <1 1is the efficiency of the
inverter as a part of SG.

2. The power of electricity (P,;) generated at
any given time (¢) from the considered time inter-
val (T), taking into account the losses, is less than
the power P,., required for consumers of ETC. The
power shortage should be filled, if possible, from
electricity storage system.

Power balance at P, = P, -

r: <0 1s described
X

as follows:
P|-t<[(1-k)-C,-0,]-U,; . |P|-t
0" =0 Y (1),
Pl . S0y o)
I, NoU C=(-k)C -0">0

where [, is the maximum allowable current of
accumulator discharge, A; ¥ ,(/,) is some correc-
tive function of discharge current in the circuit of
accumulation system, the value of which >1; C, is
current accumulator capacity, A - hours .

Values of parameters 7, and C, determine the
efficiency of electrotechnical complex.

The capacity of accumulation system, the rate
of accumulation (charge) and parameters of the re-
turn of electricity (discharge) are the most impor-
tant characteristics. The latter, on the one hand,
are limited by the maximum permissible values of
charge (/,) and discharge (/,) currents, on the
other — by the dependence of the value of real ca-
pacity of some of accumulation systems on the mag-
nitude of discharge current.

The total power (4) is in general a function of
time, the values of which are available at discrete
points #, given at constant time intervals:

AT =t,,, —t, = const . (11)

Then, considering that the function P,;(¢) over
a period of time AT varies linearly from value P, to
P,, and power consumption P, is constant, we
will have the following expressions to calculate the
excess W, and absent W, energy in the following
four possible variants of relations between values
P,P,and Py,
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Variant 3 Variant 4
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AT =t =¥ AT =ty K AT =t AT =4,y &
Figure 4. Possible variants of relations between values P, P, and P,
» » P+ p— s ”:AAVTI?’ Pipss = Py, AT =t. (19)
1) B >~ECx p > —ECx G, ~ L_aT; (12)
¥ v 2 If AW, <0, the rest of the energy A®, - AT, must
W,=0 be filled from accumulation system. The equation of
energy balance of the system in this case is:
2PEC.Z _ P1 _ P2 AW
P, P, i_ .
2) P <z p < EXC.z AW, = X ; -AT; (13) AT A®, - AT, (20)
W where 0, can be found from equations (10) tak-
“ ing into account (19).
PV Relations (18) and (20) represent a mathemat-
_ TEcs . . .
[ 1 j ical model of an electrotechnical complex using
W, = X A distributed generation sources in the structure of
3P > @’ P, < @’ AR-P) : (14) Which are accumulation systems. The solution of
% X Py 2 the modeling problem involves implementation of
P, - 7)(‘ a sequence of mathematical calculations according
w, = 2P _ P AT to the developed methodology for m time points
(F-F) ti, 1y, ., 1, , by which the studied interval of time T
) is broken into intervals (m—1) .
(pz _Psc.zJ Conclusions and suggestions. One of pos-
_ X A sible algorithms for optimization of the topology
P P & 2P -P) of a virtual power plant, formed by individual
4) A< EXC'E , B> 75;2 ) ] p - (15) electrotechnical complexes with energy accumu-
[pl _PEC:j lation devices, by means of structural analysis
Wo— X ) AT of systems is considered. As a criterion to evalu-
" 2P, -P) ate the correct choice of a particular topology of

Figure 4 illustrates the four options considered.
Thus, in the time interval [z,7,,] i=0,1,2..m,
the value of power, excess AW, >0 or absent
AW, <0 one, according to dependencies (12) — (15),
is equal to:
AVV[:VVex_I/Vm’ (16)
where 1is the sequence number of time segment.
If AW, >0, some of the excess energy A®, - AT,
can be accumulated:

A®ai = ®ai - @9"

ais (17)
and the rest is uploaded to the system.
Energy balance of the system is described by the

following relation:
A®ai'Ua+PEPSJ'AT:AI’Vu (18)
where ©,,, O, P, are determined from equa-
tions (3) — (6) taking into account the following
equations:

electrical network, the value of "released" pow-
er after solidary covering of its own load can be
used.

The focus is on the problem of optimal redistri-
bution of accumulated energy, that is, essentially,
on the rationalization of the "charge — discharge"
cycle of accumulators.

The relations (18) and (20), representing
mathematical model of electrotechnical complex
with the use of distributed generation sources
and energy accumulators in the form of accu-
mulation systems, are obtained. The solution of
the modeling problem involves the implementa-
tion of a sequence of mathematical calculations
according to the developed methodology for m
time points #, 1, ...,7,, by which the studied time
interval 7 1is broken into intervals (m-1). The
completeness of the solutions depends on specific
characteristics of the components of the virtual
power plant.

TEXHIYHI HAYKU



TEXHIYHI HAYKH

234 «Moaoauit BueHU» * No 4 (80) * kBiTeHB, 2020 p.

References:

1. Stohnii, B.S., Kyrylenko, O.V., & Denysiuk, S.P. (2012). Rozvytok intelektualnykh elektrychnykh merezh na osnovi
polozhen kontseptsii SMART GRID [Development of smart grids based on the provisions of the SMART GRID
concept]. Institute of Electrodynamics, NAS of Ukraine, pp. 5-13.

2. Othman, M.M., Hegazy, Y.G., & Abdelaziz, A.Y. (2015). A review of virtual power plant definitions, components,
framework and optimization. International Electrical Engineering Journal, vol. 6, no. 9, pp. 2010-2024.

3. Fedorov, V.N. Virtual Power Plant (VPP) as a mechanism for improving network power efficiency. Moscow:
Rosseti. Available at: https://docplayer.com/31882461-Virtual-power-plant-vpp-kak-mehanizm-povysheniya-
effektivnosti-ispolzovaniya-setevoy-moshchnosti.html (accessed: 03.02.2020).

4. Denysiuk, S.P., & Horenko D.S. (2016). Analiz problem vprovadzhennia virtualnykh elektrostantsii [Analysis of
virtual power plant implementation problems]. Enerhetyka: ekonomika, tekhnolohii, ekolohiia, no. 2, pp. 25—-33.

5. Derevianko, D.H., & Horenko, D.S. (2016). Osoblyvosti pobudovy ta funktsionuvannia virtualnykh elektrostantsii
v umovakh rozvytku OES Ukrainy [Peculiarities of construction and operation of virtual power plants in the
conditions of development of Ukrainian UES]. Enerhetyka: ekonomika, tekhnolohii, ekolohiia, no. 3, pp. 61-69.

6. Barybin, Yu.G. et al. (Eds.). (1990). Spravochnik po proektirovaniyu elektrosnabzheniya [Reference book on power
supply design]. Moscow: Energoizdat.

7. Voropay, N.I. (2000). Teoriya sistem dlya elektroenergetikov: uchebnoe posobie [The theory of systems for electric
power: textbook]. Novosibirsk: Nauka, Sib. izd. firma RAN.

8. Harari, F. (1973). Teoriya grafov [Theory of graphs]. Moscow: Mir.

Cnoucoxk jireparypu:

1.
2.
3.

AN

o

Croruiit B.C., Kupunenro O.B., Jlenucior C.I1. Po3BUTOK iHTEIEKTYaIbHUX €JIEKTPUIHUX MEPEek Ha OCHOBI II0-
noxkenb Koureririi SMART GRID. IucruryT enexrpoguuamiku HAH Vipaiuu. 2012. C. 5-13.

Othman, M.M., Hegazy Y.G., Abdelaziz A.Y. A review of virtual power plant definitions, components, framework
and optimization. International Electrical Engineering Journal. 2015. Vol. 6, no. 9. P. 2010-2024.

®enopor B.H. Virtual Power Plant (VPP) kax mexamuam moBbIteHns: ap(peKTUBHOCTH HCIOJIB30BAHUS CETEBOM
mormuaoctu. MockBa: Poccerm. URL: https://docplayer.ru/31882461-Virtual-power-plant-vpp-kak-mehanizm-
povysheniya-effektivnosti-ispolzovaniya-setevoy-moshchnosti.html (maTa ssepuenms: 02.03.2020).

Jeununcror C.II., Topenko JI.C. Auamia mpobsieM BOPOBaKeHHS BIPTYaJbHUX €JIEKTPOCTAHINN. Erepeemuka: exo-
HOMIKQ, mexHono2ll, exonoaisa. 2016. Ne 2. C. 25-33.

Jeper’ssuxo J[.T"., Topenro JI.C. OcobiuBocTi moOymoBY Ta PyHKITIOHYBAHHS BIPTYAJIbHUX €JI€KTPOCTAHIIHN B yMO-
Bax possutky OEC Vrpainu. Enepeemura: ekonomika, mexnonoeii, exonoeis. 2016. Ne 3. C. 61-69.

CrpaBoYHUK IT0 IIPOEKTUPOBAHMIO aJieKTpocHabsxerusd / rox pen. F0.I'. Bapeiouwa u ap. Mocksa : Oueprousmar, 1990.
Bopomait H.W. Teopus cucreM a1 97IeKTPOsHEPreTUKOB : yueb. mocobue. Hosocubupcek : Hayra, Cu6. nsn. dpupma
PAH, 2000.

Xapapu @. Teopus rpados. Mocksa : Mup, 1973.



