u] =,

Bupiweno axmyanvny nayxosy zaoauwy minimizauii 30um-
Ki6, CNPUMUHEHUX YCMANEHUM BIOXUTIEHHAM MA HECUMEMPIEI0
Hanpye 6 po3n0OiNbHUX eNEKMPUUHUX MEPENHCAX HOMIHATLHOIO
nanpyeoto 10 kB.

Bcmanogaeno, wo ichyroui cucmemu a6mMomMamuunozo Kepy-
8aHHS NAPAMEMPAMU PeNCUMY PO3NOOIILHUX eNeKMPUUHUX
Mepedic He 6 No6Hill Mipi 6paxosyoms dazamoPyHKuionabHull
6NIUG CUMEMPO-KOMNEHCYIOMUX NPUCMPOTE HA PIBHI NOKA3HU-
Ki8 AKOCmi eJleKkmpoeHnepeii.

3anpononosaio 6 saxocmi kpumepianohux Qynkuii 3aoayi
asmomMamu1no20 KepyeanHs pieHeMm NOKA3ZHUKIE SKOCMI eJleK-
mpoenepeii uKopucmosyeamu QYHKUIOHANLHI 3aaeHcHOCmi,
WO 0UiNIOIOMD piseHb 30UMKI6, CHPUMUHEHUX YCMALEHUM 610-
XUNEHHAM MA HECUMEMPIEI0 HANPY2 8 eEKMPUHHUX MEPEHCAX.
Ile 0o36onuno, na 6idminy 6i0 icHyOMUX cucmem Kepyseamwms,
6 Oiu noemill Mipi epaxyeamu HezamueHuil 6naue 6id ycma-
J1eH020 BI0XUNEHHS MA HeCuMempii Hanpye Ha pejcumu pobomu
eNeKmpuuHOi Mepesrci.

Busnaueno ¢ynxuionanvii 3aneicnocmi misc 6xionumu ma
suxionumu napamempamu 06’ckma xepyeanns (po3noodiivioi
eaexmpuunoi mepesxci nanpyeoro 10 kB 3 cumempo-xomnency-
0UUM NPUCMPOEM) , KT JISLeIU 6 OCHOBY KpUmepianvHux Qymx-
uill 3a0aui 6azamoxpumepianvioi onmumizayii. 3naxooicenns
KiHUes020 po36’a3ky 3adauwi Gazamoxpumepianvioi onmumi-
3auii Memooom nHabausicenns 00 YmoniuHoi mouKu 6 npocmo-
pi Kpumepiié 30iliCHI08AN0CH WAAXOM MIHIMIZauil weOuwes-
cbKoi gidcmani 6i0 ymoniunoi mouku 00 napemo-onmumanLHoi
MHoocunu pose’askie. Ha ocnoei 3naiidenozo po3s’asky 3ada-
ui Gazamoxpumepianvroi onmumizauii po3poodaeno aneopumm
BU3HAYMEHHS 6EKMOPA ONMUMATILHOZ0 KEPYBAHHSL.

IIposedeno xomn’tomepue imimayiine Moodeao8anns onmu-
ManvHOL cucmemMu A6MOMAMU1H020 KepYyBanHs piHeM noKa3-
HUKI6 aKocmi eaexmpoenepeii 6 Po3NOOINbHUX eNeKMPUHHUX
Mepedcax.

Ananiz pesynvmamié mMo0e08anHs NOKA3A6, W0 3anpo-
nonoeana 6 po6omi cucmema ABMOMAMUMHO20 KePYBAHHS,
6 NOPIBHAHHI 3 ICHYIOUUMU, 00380JI€ ZHUIUMU HE2AMUGHUU
6NIUG NOHAOHOPMOBUX 3HAMEHL YCMAJIEH020 GIOXUNEHHS Ma
Hecumempii Hanpye Ha POGOMY eSeKMPUUHUX MePediC

Kantouosi cnosa: cucmema asmomamuunozo Kepyeawus,
NOKAsHuKu axocmi enexmpoenepeii, dazamoxpumepiaivia
onmumizauis, Hecumempis Hanpyau
u| m,
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1. Introduction

The current stage of the global power generation deve-
lopment is characterized by a significant aggravation of the
issue related to the operational efficiency of distributing elec-
trical networks (DENS). One of the main reasons for the com-
promised efficiency and the less cost-effective operation of
DENSs is the deterioration of electricity quality. This problem
is especially acute for the distributing networks with a rated
voltage of 10 kV, which power large asymmetric electricity
consumers (induction furnaces, arc steel furnaces, etc.).
Such DENS are typically characterized by excessive inflated
values of the established voltage deviation and a coefficient
of voltage asymmetry in reverse sequence, which negatively
influences the operation of electric receivers [1].

The most effective way to reduce the levels of the specified
electricity quality indicators (EQISs) is the use of specialized
technical means — symmetry-compensating devices (SCDs).
These devices exert a multifunctional influence on the DEN
mode settings, which imposes certain requirements for the
automated control systems (ACS) of the SCD operation mode.

Our analysis of existing ACSs of the SCD operation mode
has revealed that most such systems do not fully take into con-
sideration the multifunctional influence of the SCD settings
on the DEN mode parameters, which can cause an increase in
the levels of PEQI, which characterize the established devia-
tion and the asymmetry of voltage. This, in turn, leads to an in-
crease in the negative impact of the above-the-norm values of
the established voltage deviation and the voltage asymmetry
coefficient in the reverse sequence on the operation of DEN.



Given this, it is a relevant task to improve the ACS of the
DEN operation with SCD in order to minimize the negative
impact exerted on the DEN operation by the established
deviation and the asymmetry of voltage.

2. Literature review and problem statement

Paper [2] proposed an ACS for the mode parameters of
distributing electrical networks, the application of which
makes it possible to achieve a simultaneous reduction in the
established voltage deviation and a decrease in the reactive
power consumption from the electric network. The disadvan-
tage of the approach described in [2] to automated control
is the need to apply a three-phase controlled voltage source,
which significantly increases investment in a distributing
electrical network. In addition, the specified automated con-
trol system does not influence the level of the asymmetry of
voltages in an electrical network.

Work [3] proposed, in order to simultaneously reduce the
levels of voltage asymmetry and a coefficient of reactive power,
to use specialized technical means — active symmetry-com-
pensating devices (an analog to a three-phase active filter).
The cited work showed that the reactive and asymmetrical
components of current could be fully compensated for in such
a device, even in the case of a distorted sinusoidality in the
shape of the current and voltage curves. A similar approach
to lowering the EQI levels in distributing electric networks is
proposed in study [4]. The cited study reported an algorithm
of ACS operation for a unified electric energy quality stabili-
zer (UPQC) based on the power angle control (PAC) using the
synchronous reference system (SRF). The ACS described in [4]
helps improve the harmonic profile of voltage and current,
and reduces the levels of the established deviation and the
asymmetry of voltages. Work [5] suggested, for a simultane-
ous decrease in the EQI levels and a reactive power factor,
using the static compensators (SVC) with an adaptive ACS,
which ensures high efficiency of their work under conditions
of dramatically-changing asymmetrical loading. A similar
approach is described in [6], which proposes an algorithm
for automated control over the static synchronous com-
pensator (DSTATCOM), based on determining the level of
asymmetry of voltages caused by electric loads (by electri-
city consumer). The implementation of such an algorithm
can significantly reduce the power of a static synchronous
compensator. The most significant common disadvantage of
approaches to lowering the EQI levels described in [3—6] is
the need to use costly powerful semiconductor devices.

An optimal ACS for symmetry-compensating devices was
proposed in paper [7], which makes it possible to achieve a si-
multaneous reduction in the levels of the established voltage
deviation, asymmetry of voltages, and a reactive power coeffi-
cient. A special feature of this ACS is a centralized approach to
the automated control over the mode parameters of the entire
distributing electric network rather than a separate load con-
nection point. The effectiveness of the ACS proposed in [7] was
confirmed by simulation results obtained by using the modified
testing systems IEEE 34 and IEEE 123. The main drawback of
the ACS proposed in paper [7] is its limited scope of applica-
tion only in electrical networks with a rated voltage to 1 kV.

Studies [8, 9] suggested the ACSs of the operation mode
of the symmetry-compensating devices in DENs with rated
voltage of 0.4 kV [8] and 10 kV [10]. The ACSs designed in
the cited studies are based on the solutions to a problem on

multi-criteria optimization. The application of the specified
ACSs makes it possible to achieve a simultaneous reduction
in the levels of the established voltage deviation, the asym-
metry of voltages, and a coefficient of DEN reactive power.
However, the main drawback of these ACSs is that they do
not fully take into consideration the capability of the sym-
metry-compensating devices to reduce the level of negative
impact caused by the established deviation and the asymme-
try of voltage. Given this, there is a need for further research
into a given issue.

3. The aim and objectives of the study

The aim of this study is to improve the optimal system
of automated control over the levels of established deviation
and a voltage asymmetry coefficient in the reverse sequence
in electrical networks. This would make it possible to reduce
the negative impact exerted by the above-the-norm values of
the specified electricity quality indicators on the operation
of distributing electrical networks with a voltage of 10 kV.

To accomplish the aim, the following tasks have been set:

— to define the criteria functions for a multi-criteria opti-
mization problem, which take into consideration the negative
impact of the established deviation and the asymmetry of volt-
age on the operation of distributing power grids with a voltage
of 10 kV and to choose a method to solve a given problem;

— to develop a computer simulation model of an ACS over
the level of electricity quality indicators in the distributing
electrical networks with a voltage of 10kV and to determine
the possible effect from the use of the developed ACS by using it.

4. Studying the system of automated control over
the electricity quality indicators in a distributing
electrical network

4. 1. Stating and solving the problem of multi-criteria op-
timization of QEI levels in a distributing electrical network

One of the ways to improve the efficiency of DEN ope-
ration, namely, to reduce the negative impact of the QEI
inflated levels that characterize the established deviation
and the asymmetry of voltage, is to improve an ACS over the
SCD operation regime.

As shown in [9], the task on a simultaneous decrease in
the established deviation and the asymmetry of voltages, as
well as on a reduction in the reactive power consumption
from the power system, should be considered as a multi-cri-
teria optimization problem. For the case of a network with
the isolated neutral, such a control problem is stated in the
following form [9]:

tgp(X)= %((X)) — min;

AU, (X) v, ()I(J)_U"“'" -100 —> min; )
by, (X)= U[j(x) -100 — min;

1 XeQ,

where X=[Xup, Xpc, Xca] is the vector of reactive resistances
of the SCD phases (control vector); tge(X) is the coefficient



of reactive power; Py(X), Qy«(X) is, respectively, the active
and reactive power consumed from the grid; Uy(X) is the
module of the current value of a direct sequence voltage;
AU(X) is the established deviation of a three-phase voltage
of the network; U,y is the rated linear voltage of the
network; ko (X) is the reverse sequence voltages; Uy(X)
is the module of the current value of a reverse sequence
voltage; Q=R*|X, <X, <X, ., i=AB, BC, CA is the
region of permissible X values, defined by the range of SCD
adjustment (permissible control space); Ximin, Ximax are,
respectively, the minimum and maximum value of SCD
resistances for each phase.

The criteria functions for the multicriteria optimization
problem (1) include the functional dependences of EQI
levels (the established voltage deviation AU; and a voltage
asymmetry coefficient in the reverse sequence kyy) on the
control vector X. However, it is known that the negative
impact exerted on DEN operation by the above-the-norm
values AU and kyy is not equal and can differ considerably
depending on the qualitative and quantitative composition
of an electric load. Therefore, a more promising approach
appears to be one at which the criteria functions for prob-
lem (1) are the dependences assessing the negative impact of
the deviation and asymmetry of voltage on DEN operation.
The problem on a multi-criteria optimization, which imple-
ments this approach, is stated in the following form:

2§ .
Ly, (X)=a,[AU,(X)+a, ] 5 L — min; @
Imax

Ly (X) = Coz kjka (X) — min;
=l

(X eQ,

where Ly is the indicator that evaluates the negative impact
caused by the established voltage deviation AU; ay, ay are

the constant coefficients, which depend on the qualitative
composition of an electric load; S; is the current value of full
power of an electric load; Sy is the maximum value of full
power of an electric load; Ly is the indicator that evaluates
the negative impact caused by the asymmetry of voltage;
co is the effective tariff for electrical energy; £; is the coeffi-
cient of additional losses of active power due to the asym-
metry of voltages for the j-th group of homogeneous power
supply system elements; m is the number of groups of homo-
geneous power supply systems.

To find the solutions to a multicriteria optimization
problem (2), it is necessary, first, to define the interrela-
tions between the input and output parameters of a control
object (a DEN with SCD).

Fig. 1 shows the replacement circuit of an electric net-
work with a rated voltage of 10 kV, which includes SCD.

In Fig. 1: E4, Ep, Ec — emf complexes of the power system
in phases A, B, C, respectively; R, X4, Rsp, X5, Rsc, Xsc —
equivalent active and inductive resistances of phases A, B, C
of the power system (respectively, complex resistances of the
system — Zs‘A:RsA+jX§A) ZYBzRSB+jX.§BV Z&'CZRSC-’—]-X&‘C); Riap,
Xius, Risce, Xie, Rica, Xica — active and inductive resistances
of phases AB, BC, CA of equivalent load, connected by the
scheme «triangle» (respectively, complex load resistances —
Ziap=RsaptjXsap, Zisc=RspctjXse, Zica=RscatjXsca); Xas,
Xpe, Xca — capacitive resistances of phases AB, BC, CA if
SCD, connected by the scheme «triangle; L4, Iip, Iic — phase
currents in phases A, B, C of the power system; Ij4, Iip, Ijc —
linear currents in phases A, B, C of the load; Ija, Iipc, Lica —
phase currents in phases AB, BC, CA of the equivalent load,
connected according to the «triangle» scheme; Iy, Iy, Ic —
linear currents in phases A, B, C of SCD; I4p, Ic, Ica — phase
currents in phases AB, BC, CA of SCD; Uap, Upc, Uca — linear
voltages between phases AB, BC, CA at a point where SCD
and load are connected.

To determine the relationship between the input and
output signals in a control object, it is advisable to apply the
approach similar to that described in work [8], which implies
dividing the problem into 2 stages.

— RsA XSA A
e A —_—)
e Loy, L,
— RYB )(xB H B
—_— —
Ly L,
E QCA l—]BC
=X Rsc )(sc C
A4
lsc L
zcl zAl zgl
A
I, '\IAB
Jdx.
¥ Xip
BC|
L N,
lBC—P

Fig. 1. The replacement circuit of an electric network with a rated voltage of 10 kV,
which includes SCD



Stage 1. Based on the known measured values of the
output magnitudes of the control object (linear load currents
Ly, L, Iic, interphase voltages Uap, Upc, Uca, phase voltages
Uy, Up, Uc), parameters of the model (the phase resistances
of the power system Z4, Zsp, Zsc), and the values of control
influences (capacitive resistances of SCD X5, Xpc, Xca), we
determine the values for the magnitudes of perturbations not
subjected to direct measurements (Zap, Zisc, Zica, Ea, Es, Ec).

Stage 2. When one has complete information about the
mathematical model of the control object, one determines the
relationship between the controlling influences (X5, Xpc, Xca)
and output magnitudes (I, Iig, Iic, Uag, Upc, Uca, Ua, U, Uc).

Determining the resistances of load Ziap, Zipc, Zica is best
performed as follows. First of all, we equivalently convert the
load resistances Zip, Zipc, Zica for the replacement circuit
in Fig. 1, from the scheme of «triangle» in the equivalent
scheme of «star» based on known formulae:

ZisZisc

L= )
ZuptZuptZiy

7 o Zwclu
7wt Ln + Zrn 3)
TLup T Lica

ZAB

— ZICA ZIBC

Zic= Zoo+Zyn+ 2o
ZipT Lt Lica

where Zja, Zip, Zic are the complexes of resistances of phases
A, B, C of the equivalent load connected according to the
«stars» scheme.

Determining the resistances Zj, Z, Zic is carried out
according to the Ohm’s law:

. U,
Zy =R, +jX, =?‘;
Li

. U
Zy=Ry+jX, :?B? (4)

=IB

. U
Zic=R+jX,c= %
| L

By using, for the load resistances, the reverse conversion
of the circuit from the «star» to the equivalent «triangle», we
obtain the desired resistances Zug, Zigc, Zica:

I/\:&_ﬁ;

Y2 PR 2 O

I= Lf’“, - Q’“i ; (7
—JXpe  —JXp

LU Uy

XL —iXGe

where X,, X;., X{, are the values of SCD reactive re-
sistances in phases AB, BC, CA at the previous step of con-
trol (before executing a controlling influence).

Fig. 1 shows that the load resistances and the SCD ca-
pacitive resistances are connected in parallel. Given this, the
expressions for finding the equivalent resistance of SCD and
the load take the following form:

S TV AT
ZAB = )
X =L
ro_ JXocZie .
Lpc 7 ,
JXpe —Zige
,_ IXaZica
LeA= Ty :
| VAN

(8)

It is necessary, for the further simplification of the circuit,
to convert the «triangle» of resistances Z,, Z;., Z., to the
equivalent «star» according to the expressions similar to (3).
The result will be the equivalent complex resistances Z/, Z;, Z;..

The expressions for finding equivalent phase Z.4, Z.p, Zoc
resistances of the replacement circuit take the following form:

ZeA = Z&A + Z/,{’
Zy=Ly+Zy; )
Z{.’C = ZSC + Z(’

The general view of the replacement circuit after the
transforms based on formulae (8), (9) is shown in Fig. 2.

Typically, a change in the loads in a DEN with a rated
voltage of 10 kV almost does not affect the operation modes
of synchronous generators at power plants, in particular, such
a change does not violate the symmetry of the system emf.
Therefore, in determining the emf of the system E,4, Ep, Ec,
one can assume that these emf form a symmetrical star. Given
this assumption, it is possible, for the circuit in Fig. 2, b, to

YAWA
Zyy=Zy+ L+ =250 record, under the second law by Kirchhoff:
Zic
ZypZ 1,2, —14Z,5=E,-Ep;
Zne=Zu+ Lt =y ®) L,Zyy~1Z, =Ey-Ep; (10)
E,+E,+E.=0.
Zien=Zi+Z,+ % o
L ZIB E , E
. - L. =4 7 7 =4 7
To determine the emf of E4, Ep, Ec, it is necessary, =4 A =4 Sed
first, to find currents of the power system Ly, L, Lc. L L h
For this purpose, it is necessary to use the expres- £ I, U, I,
sions according to the first law by Kirchhoff, recor- =5 Z, B Z E, Z,
ded for nodes A, B, C of the circuit shown in Fig. 1: .@_I: Y RN .@_:I_ N
lSA = lA + LA; E lsB QCA QBC E LB
Ly=1,+1; (6) - L. C Z = Z.
o= — O
L. I
The expressions for finding the values of SCD a b

currents Iy, Ip, I¢, according to the Ohm’s law, are
as follows:

Fig. 2. A replacement circuit for DEN after equivalent transforms:
a — simplified replacement circuit; b — equivalent replacement circuit



Solving the system of equations (10) relative to E4, Ep,
E¢, we obtain the expressions for finding the system emf:

_ 2£vAZ,A _LBZ(ZB _LCZPC .

=A 3 )

20,7 -1 .7 —1.7
E — “sBZeB  —sAZeA ZsCZ=eC ; 1 1
Ly 3 11)
E.= 2LCZeC _LBZeB _L?AZP,A .

C

Thus, by using formulae (3) to (5) and (11), it is possible
to determine the magnitudes of perturbations that cannot
be measured directly — the resistances of the load and the
system emf, which is the solution to the first stage of the
problem of defining the interrelations between the input and
output parameters of the control object.

As noted above, the second stage in solving the problem
on finding the interrelations between the input and output
parameters of the control object implies establishing the
dependence of the values of currents L, L, I;c and voltages
Uup, Upc, Uca on controlling influences Xap, Xpc, Xca. The
procedure for establishing this dependence is as follows.

First, it is necessary, for the replacement circuit shown in
Fig. 1, to perform the equivalent transformations according
to formulae (3), (8), (9). The result will be a circuit shown in
Fig. 2, b. It is obvious that the equivalent resistances Z,4, Z.p,
Z.c for the circuit shown in Fig. 2, b are functionally depen-
dent on SCD resistances Xap, Xpc, Xca (to simplify the no-
tation, further calculations will not include this dependence
in an explicit form).

For the circuit in Fig. 2, b, it is necessary to solve the
inverse problem: to determine, based on the known sys-
tem emf E4, Ep, Ec and equivalent resistances Z.a, Z.p, Zoc
the currents I, g, L. To this end, one needs to build a
system of equations according to the first and second laws

by Kirchhoff:

L&’AZeA_lsBZeB =EA_EB;
Y4 Lo Z,.=E;—E;

BZeB ~ LsCZe

(12)

L,+1,+1,.=0.

Solving the system of equations (12) relative to currents
Ly, L, Lic yields the following expressions:

_ E/\ (ZeB + ch ) - EBZeC - ECZeB .

- ZeAZeB + ZeAZeC + ZeBZeC

I = EB (ZeA +ZeC)_EAZeC _ECZeA . (13)
- Zﬂ/\Z{.’B + Ze/\ZeC + ZPBZeC

_ Ec (ZeA + ZeB) - EAZeB - EBZeA )

L = ZeA ZeB + ZBA ZI‘C + ZeB ZL’ C

)

By using the expressions according to the second law by
Kirchhoff and the ratios between the phase and linear volt-
ages, we obtain the expressions to find the values of linear
voltages Uap, Upc, Uca:

Uyp=U,-Uy=1,2,-1,Z};
Upe=Up—Uc =142, -1, Z(5
Up=U,-U =120 -1,Z.

(14)

Thus, the interrelation between the input and output
parameters of the control object (a DEN with SCD) is de-
scribed by equations (13) and (14).

The module of the current value of a direct sequence volt-
age is determined from the following expression according to
the method of symmetric components:

U, (X)= , (15)

1 Ui (X) +
3\ +aUy, (X)+ a’Uy, (X)

where a=e/2%/3 is a turning operator.

Similarly, the module of the current value of a reverse
sequence voltage is determined from the following expression
according to the method of symmetric components:

U,(X)= (16)

1( U (X)+
3\ +a’U,e (X)+al,, (X))

To determine the linear voltages in expressions (15) and
(16), one should use formulae (14).

It is advisable to find the expressions describing the in-
terconnection between the control vector X and the values of
the active and reactive powers consumed from the power sys-
tem, by determining the full power. To this end, one must use
the previously found expressions to determine the currents of
the system (13) and the phase voltages (14).

The full power of phases A, B, C, consumed from the pow-
er system, is determined from formulae:

S (X) =U, (X) LA (X)’
8,5(X)=Uy(X) Ly (X);
S (X) =U, (X)LC (X)’
S (X)=5,(X)+5,(X)+5,.(X).

(17)

Given the expressions that are included in the system
of equations (17), one can determine the active Py(X) and
reactive Qy(X) powers consumed from the system by a three-
phase load taking into consideration the generation of the
reactive power from SCD:

{PS (X)=Re[$,(X)];
Q,(X)=Im[5,(X)]

Thus, by using equations (15), (16) and (18), it is possible
to determine the correlation between the argument (control
vector X) and the values for the criteria functions included in
the statement of the problem on control over the parameters
of a DEN with SCD (2).

As shown in works [8, 9], it is most expedient to solve
a problem on multi-criteria optimization in the form (2) by
applying a method of the approximation to a utopian point in
the criteria space. According to this method, the problem (1)
is solved in 2 steps:

Step 1. The result of finding a minimum for each crite-
ria functions, included in the problem (2) statement, is the
derived coordinates for ideal point Q,,=(tg@us Lavus Li2vur)
in the criteria space Q c R®. Given the considerably com-
plex and cumbersome expressions describing the criteria
functions in the statement of problem (2), it is most expe-
dient, to find the coordinates for a utopian point, to use one
of the known numerical methods for solving the problems
on the conditional optimization of the function of nume-
rous variables.

Step 2. Solving the problem on the scalar optimiza-
tion (minimization) of the distance p between the ideal
point Q,; and a Pareto-optimal set of solutions yields the

(18)



ultimate solution to the optimization problem X" (an optimal
control vector) in the control space QcR”.

Work [10] noted that finding the ultimate solution to the
problems similar to (2) is most expedient to be carried out by
minimizing the Chebyshev distance from the utopian point
to the Pareto-optimal set of solutions. According to this
approach, the expression for finding the vector of optimal
control X" takes the following form:

180(X)-tg9, |
G ,
F(X)=max LX) =L (X)L , +— min;
G, (19)
LkZU (X) — Lkzz/m
C.):i
XeQ,

where {4, {y, {3 are the weight coefficients, taking into con-
sideration the relative importance of each criterion.

To solve a problem on the scalar optimization of the
function of many variables (19), as well as for the case of
a problem on finding the coordinates of a utopian point, it is
advisable to use one of the numerical methods.

Based on the derived solution to the problem of multicri-
teria optimization, we built a structural diagram for the ACS
over the level of electric power quality indicators in a DEN
with SCD, which is shown in Fig. 3.

17,

In Fig. 3: E=[Ey, Ep, Ec] — vector of the complexes of
emf of the power network; Z;=[Zup, Zipc, Zica] — vector
of complex resistances of an equivalent load, connected in
line with the scheme of a «triangle» (according to Fig. 1);
U =[Uup, Upc, Uca] — vector of complexes of linear voltages
at the point where SCD connects to the equivalent load;
Ur=[Uy4, U, Uc|] — vector of complexes of phase voltages
at the point where SCD connects to the equivalent load;
I, =[Li, I, Iic] — vector of complexes of linear currents in
phases A, B, C in a load circle; Up,=[Uigm Upcm Ucam| —
vector of the measured values of the complexes of linear
voltages at the point where SCD connects to the equivalent
load; Ugyp=[Uam Upm, Ucm] — vector of the measured values
of the complexes of phase voltages at the point where SCD
connects to the equivalent load; I;,,=[Lm, Ligm Licm] — vector
of the measured values of the complexes of linear currents in
phases A, B, Cin aload circle; I s=[Luy, L, I;c] — vector of the
complexes of linear currents in phases A, B, C in a load circle;
&: [Un()mv Xmim Xmaxy AX, Zw ai, az, kj, S/max; €, c1v CQy C3] —vece-
tor of the setting parameters; Uy, — rated value of the linear
voltage in a network; Xyin, Xmax — minimum and maximum
value of the SCD capacitive resistance (the minimum and
maximum value of the control vector), respectively; AX —
a step in the change of the SCD capacitive resistance (a step
of control); Z; — complex value of the phase resistance of the
power supply network; X'= (X%, X% X*') — optimal
control vector; NP'= (N9 N, NZ') — vector of the va-
lues for the numbers of SCD sections, corresponding to the
optimum control vector X4 X% =(X%' X% XMy —

optimal control vector found at the
previous calculation step; REG — auto-
mated control unit; 1 — control ob-

UL> ject (DEN with SCD); 2, 3 — primary
N U U measuring transducers of a three-
> CO I I phase voltage (voltage transformers);
L L~ 4 — primary measuring transducer of
the load current (current transformer);
ACTS- 5 — controlling element, contactor,
which executes phase-alternating swit-
I___/_\ ___________________________________________________ U3F ching of SCD sections; 6 — unit for
D 0 computing the Z;, Is, E vectors ac-
| 10 7 :h cording to formulae (5), (6), and (11),
i tgo, t0 VA IZ respectively; 7, 8, 9 — units for com-
! " E Msrl puting the coordinates for an utopian
i . <:E ﬁ E point (8Puss Lovus Liovus 10 — }mit
i o VA :”_UQ £Z,1 U, for corlnptsl‘ftl.ng tfle Yecft:ordqf opt'u.nal
Loy o <r:h ]E control X% 11 unl't for 1sc.retlzmg
i - OPT % HA— <11, the values of capacitive resistances
: Ly, <<§ of the SCD phases; 12 — unit for the
I A Luvw E transport (temporal) delay of a signal
E <}I:S HE by 1 discretization step.
: The generalized algorithm for
E Lo 9_4%_ computing a vector of optimal con-
! Ly |2 trol X! (the algorithm of a controller
! <}IS: operation) is shown in Fig. 4 in the
i form of a flowchart.
! X""':> 129 yore In Fig. 4: 3 — procedure for de-
| Z termining E, Z; and Ig from formu-
e lae (5), (6), and (11), respectively;
4 — procedure for determining tg,;
€ = Wi K Ko AX. Z, 1 0 K S 0 61 G 6] 5 — procedure for determining Lo

Fig. 3. Structural circuit of ACS over the level of electric power

quality indicators in a DEN with SCD

6 — procedure for determining Lisys;
7 — procedure for determining the op-
timal control vector X",
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Fig. 4. Flowchart of the algorithm for computing an optimal
control vector

Thus, the constructed structural diagram of the ACS
over the level of electric power quality indicators in
a DEN (Fig. 3), as well as the algorithm for determining
a vector of optimal control according to the chosen me-
thod for solving the problem on multi-criteria optimiza-
tion (2) (Fig. 4), make it possible to create an ACS com-
puter model based on them, as well as define the effect of
its application.

4. 2. Computer simulation model of the optimal system
of automated control over the EQI level in an electrical
distributing network

To study the operating modes of an ACS over the
level of electric power quality indicators in a DEN with
SCD, we constructed its computer simulation model in
the MATLAB/Simulink programming environment. The
generalized structural diagram of the specified ACS is
shown in Fig. 5.

In Fig. 5: <EMF» — unit for setting a change in the system
emf over time; «Load» — unit for setting the load resistance
over time; «<EDN» — model of a DEN with SCD; <MPM» —
model of the EQI mode parameter meter; «optimal ACS» —
model of the optimal ACS over the mode parameters and the
level of EQI, which is based on the constructed algorithm for
computing the optimal control vector X% «TN» — model of
a voltage transformer; «TA» — model of a current transfor-
mer; «tgF», «DU1», «K2U» — virtual oscillographs, reflect-
ing a change in the tge, DUy, kyy parameters over time.

A model of the «<EDN» unit is shown in Fig. 6.

The computer model of the «<EDN» unit, shown in Fig. 6,
was born on the basis of the found ratios (3) to (14), which
describe the correlation between the input and output pa-
rameters of the control object.

It should be noted that in order to simplify computer
simulation, we did not build a separate computer model for
the controlling element (since the values of the SCD capa-
citive resistances and the SCD’s sections numbers are linked
via constant magnitudes, while the delays in time introduced
by the controlling element can be ignored). Therefore, the
control signal used in a given computer model of a DEN with
SCD is the X% vector rather than N7,

Underlying the operation of an <optimal ACS» unit
model is the developed structural diagram of the ACS over
the modes of a DEN with SCD for a distributing electric
network with a voltage of 10kV, as well as the proposed
algorithm for computing the optimal control vector X%,
The computer simulation model of the «optimal ACS» unit
is shown in Fig. 7.

A|—> |:|
' _l—b E; UL » U L E e
EMF pui p—»| ]
7 L IS »1 S
e P2 — — K2U DU1
»X C IL MPM L (I
Load
EDN K2U
ILle—ILm IL
L X_OPT TA
U Lfe—U Lm U L}
TN
Optimal ACS

Fig. 5. Generalized computer simulation model of an ACS over the level
of electricity quality indicators in a DEN with SCD in the MATLAB /Simulink programming environment
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Fig. 6. A model of the «<EDN» unit in the MATLAB /Simulink programming environment
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Fig. 7. A computer simulation model of the «optimal ACS» unit in the MATLAB /Simulink programming environment

The model shown in Fig. 7 consists of the following main  unit of a transmission delay of the signal by 1 simulation step;
units: <EDN_PARAM_CALC» — unit for computing the va-  «OPT_FCN» — the Interpreted MATLAB Function unit
lues for the E, Z; and I vectors; <PARAM_CONVERT» —unit ~ whose software implements the constructed algorithm for
for converting the model parameters; «Transport Delay» —  calculating the optimal control vector X%,



3. Results of simulating the operation of an
optimal system of automated control over
the EQI level

To study the effect achieved by using the
designed ACS, we carried out a comparative
computer simulation of the operation of the
constructed and basic ACSs for a DEN whose
structural diagram is shown in Fig. 8.

The ACS described in work [9] was chosen
as the basic one, which is based on a solution to
the problem of multi-criteria optimization (1).

The results of a comparative computer si-
mulation for the case of the constructed and
basic ACSs over mode parameters are shown
in Fig. 9-11.

Table 1 gives the results of processing the
data from the computer simulation of the basic
and constructed ACSs over the mode parame-
ters of a DEN with SCD.

Table 1 shows that the values of the in-
tegrated probability to enter the normally
permissible ranges of AU and kyp both for the
basic ACS and for that proposed in the current
work meet the acting regulatory requirements.
However, when applying the developed ACS,
the mathematical expectation of the value
for an established voltage deviation M[AUj]
appears to be 6.9 % greater than that of the
basic ACS, while the mathematical expecta-
tion of the value for a coefficient of voltage
asymmetry in reverse sequence M[kyy] is 9.6 %
less. Such results are due to choosing, as the
criteria functions for problem (2), the depen-
dences describing the negative influence of
the established deviation AU; and the voltage
asymmetry coefficient in reverse sequence kypy
on the operation of a DEN, which in general is
not equal to each of the specified EQIs.

Uy, =35kV
S,

s

s

T1

PL1

! l

1 AC 120/19 I
20.1 km TMH-6300/35

~

Fig. 8. Structural diagram of a DEN with SCD
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Fig. 10. Diagrams of change in ky;: a — basic ACS; b — developed ACS
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Fig. 11. Diagrams of change in tge: a — basic ACS; b — developed ACS
Table 1
Results of data processing of the computer simulation modeling
of the basic and developed ACS by the DEN regime with the SCD
No. of . Basic | Developed
entry Indicator ACS | ACS
Mathematical expectation of the value for a reactive
! power factor, M[tgo], % 0.092 0.105
Mathematical expectation of the value for an estab-
2 lished voltage deviation, M[AU], % 4.198 4.486
The integrated probability for the value of an estab-
3 |lished deviation of voltage to enter the range of nor- | 1 1
mally acceptable values, P[-5<AU;<5], a. u.
Mathematical expectation of the value for a voltage
4 O o | 1.841 1.664
asymmetry coefficient in reverse sequence, M[kyy], %
The integrated probability for the value of a voltage
5 asymmetry coefficient to enter in a reverse sequence, | 1 1
P[k2U< 2], a. u.

AAShv-10(3x25)
2.99 km

It should be noted that one observes, for
the case of the developed ACS, an insignificant
increase (by 14.3 %) in the value of a reactive
power factor tgo.

P,=0.9 MW
0, =2.6 Mvar

6. Discussion of results of studying the
process of automated control over the
electricity quality indicators in a DEN

A\

Oy, = 3 Mvar The efficiency and cost-effectiveness of
DEN operation are largely determined by the
level of EQIs. First of all, it concerns those EQIs

that normalize the levels of the established

deviation and voltage asymmetry in a DEN.
Given this, the development of an ACS of the
DEN regime parameters, which would ensure
minimizing the negative impact of the inflated
values on the operation of an electric network, is

i i

i

an important scientific and practical task.
The existing optimal ACSs over the mode

i i i

3.5

10 12 14

Fig. 9. Diagrams of change in AU;: a — basic ACS; b — developed ACS

16

20 22 24
t, hours

of a DEN with SCD [8, 9], which are based on
the solution to a multi-criteria optimization
problem, ensure the minimization of values of



the established voltage deviation AU; and a voltage asym-
metry coefficient kyy in reverse sequence. This approach to
control does not take into consideration the inequivalence of
the negative effects exerted by the inflated values of the es-
tablished deviation and the asymmetry of voltages. In order
to eliminate a given drawback, this work has proposed using,
as the criteria functions for a problem on the multi-criteria
optimization of the EQI levels in a DEN, the dependences,
which assess the level of the negative influence exerted by the
inflated values of the deviation and asymmetry of voltages on
the DEN operation.

As shown by the results of computer simulation of the
operation of the basic ACS and the ACS proposed in this
work (Fig. 9—11, Table 1), the developed ACS demonstrated
a 6.9 % greater mathematical expectation M[AU;] compared
to that of the basic ACS, while the mathematical expectation
Mkyy] was 9.6 % less. Such results are predetermined pri-
marily by the that the chosen criteria functions for a multi-
criteria optimization problem (2) were the dependences that
determine the level of a negative influence exerted by the
established deviation and the asymmetry of voltages, which,
in a general case, is not equivalent for the specified EQIs.
Given this, it can be concluded that the implementation of
the ACS over the level of electric power quality indicators,
proposed in this work, can potentially lead to a decrease in
the economic losses caused by the inflated values of the es-
tablished voltage deviation AU; and the coefficient of voltage
asymmetry in reverse sequence ko in a DEN.

In terms of the theory of automatic control, a DEN is
a rather complex multi-dimensional nonlinear control object,
which is exposed to a significant number of random distur-
bances. Therefore, in order to simplify the computer simulation
model of the ACS over the level of electricity quality indicators
in a DEN, its construction involved a series of assumptions:

— the absence of random disturbances in the measuring
channels of current and voltage;

— the absence of time delays by a controlling element
(which is only valid for the case of a contactless device to
switch the SCD sections);

— the lack of time delays in the current and voltage mea-
surement channels;

— the linearity of a volt-ampere characteristic of the
equivalent resistance of the power system;

— the electric loads and SCD are represented in the form
of equivalent active and reactive resistances.

The above assumptions introduce a certain level of error
to the computer simulation model and must be taken into

consideration in the process of practical implementation of
the developed ACS.

The disadvantage of the proposed approach to automatic
control is a certain complexity when choosing the weight coeffi-
cients (1, {y, {3, whose values are selected empirically during the
operation of the developed ACS. More promising is the approach
according to which the values for these weight coefficients
would be determined through the use of certain adaptive algo-
rithms, taking into consideration additional information about
the operational parameters of a distributing electric network.

The reported results of our research are the advancement
of the approach, proposed in works [8, 9], to the construction
of an ACS over the level of electricity quality indicators in
a DEN. Further studies in the field of developing similar ACSs
are planned for electrical networks of other voltage classes.

7. Conclusions

1. Our analysis has revealed that in order to improve the
operational efficiency of an ASC over the level of electricity
quality indicators in a DEN, based on the solution to the
problem of multicriteria optimization using the method of ap-
proaching a utopian point, it is necessary to use, as the criteria
functions, the dependences that determine the negative influ-
ence exerted by the established deviation and the asymmetry
of voltages on the DEN operation. Such an approach to auto-
matic control makes it possible to take into consideration the
inequivalence of the negative impact exerted by the specified
EQIs on DEN operation.

2. The results of computer-simulation modeling of the
operation of the ACS over the level of electric power quality
indicators in a DEN with a voltage of 10 kV have confirmed
the correctness of our theoretical study. Thus, for the case
of the developed ACS, the mathematical expectation of the
value for an established voltage deviation M[AU;] was 6.9 %
greater than that of the basic ACS while the mathematical
expectation of the value for a coefficient of voltage asymme-
try M[koy] was 9.6 % less. Such results are predetermined by
considering, in the statement of a control problem, the in-
equality of the negative influence exerted by the established
deviation and the asymmetry of voltage on DEN operation.
An analysis of the simulation results reveals that the imple-
mentation of the ACS over the level of electric power quality
indicators, proposed in this work, can potentially lead to
a decrease in the economic losses caused by the established
deviation and the asymmetry of voltage in DENS.
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O0nuM 3 HAUGINLUL eHePLOEMHUX BUPOOHUUME € BUPOOHUUMBO BY2J1eUCEUX
6UP0Gi6, MoMy NiOGUWEHHS ePeKmUBHOCHI 0AH020 BUPOGHUUMEA € AKMYATb-
HO10 HAYK0BO-MexHIMHO10 3a0ayero. O0HUM i3 WAAXI6 PO36 °A3aAHHS nocmas-
Jlenoi 3a0aui € CmeopeHHs CY1ACHOT CUCmeMU KepyeanHs 6UPOOHUYMBEOM.

Y po6omi posensdaromvcs numanns CmeopeHHs cucmemu Kepyeawus
00HUM 3 BUSHAMANLHUX MEXHOTO0LIMHUX NPOUECI8 BUPOGHUUMEBA BY2leUe6UX
eupobie — npoyecom ix popmyeanns. B ocnosy pobomu cucmemu xepyeans
noxaadenuii Kpumepiii OnNMUMAILHOCHI HA 0CHOBI numomoi cobieapmocmi
npooyKUii 3 Ypaxyeanuam noxasHuxie ii axocmi. Sk memoo xepysanus euxo-
pucmosyemocss MPC-xepysanns (Model Predictive Control). Pesynomamu
npoeeoenozo 00CHIONCEHH 3ANEHCHOCME Kpumepis onmumanvHocmi 6i0
napamempie nanawmyeanv MPC-pezynsmopa 00360aunu uHaMUMU
ONMUMANbLHI 3HAMEHHS 20PU3OHMIE NPOZHO3YBAHHA MA KePYBAHHS, AKI
3a0e3neuyronmo MiHIMIzauilo numomoi codisapmocmi npoodyxuii. Pozpoéaena
cmpyxkmypa 3anponoro8anoi cucmemu xepyeanns y cepedosuuii Simulink,
wWo 00360J155€ Q0CAI0ICYBAMU 0AHY CUCMEMY KEPYEAHHA WIAXOM KOMN 10~
mepHo20 MOOeIOBAHNSL.

Hocnioscenns epexmusHocmi 3anponoHoeanoi cucmemu Kepyeanis npo-
uecom popmyeanis eyeneyesux 6upooie 30HCHI08AN0CH WIAXOM NOPIGHAHHSA
AKOCMI Kepyeanns 0aHoi CUcCmemMu ma CucmeMm, AKa 6UKOPUCMOBYE KAACUM -
nuit II/T-3axon xepyeanns. 3 uicto memoro y cepedosuwsi Simulink cunme-
306a10 MPLOXKOHMYPHY cucmemy Kepysanus na ocnogi II/I-peesynamopis.
Hanawmyeanns x0icHozo 3 pezyasmopis npoeoounocs 3a memooom Iayena
Ha MiHIMANbHe 3HAYEHHS THMePanvHoz20 Kpumepito. Pesyavmamu nopie-
HANBHO20 00CHI0NHCEHHA NPOOEMOHCMPYBATU, W0 HA KOHCHOMY YUK POGO-
mu 3naveHHs Kpumepilo onmumaavHocmi y cucmemi xepyeamuns 3 MPC-
peeyasmopom na 8,8 % menwe, nizc y cucmemi 3 I/[-pesyasmopamu npu
oonakosux noxaznuxax axocmi npodyxuii. Ile zo6opumv npo noxpawenns
MEXHIKO-eKOHOMIMHUX NOKA3HUKIe npouecy Popmyeanns. Ocobausozo 3na-
yeHHs s 00cmasuna HAY6aAe 3 YPaXYGAHHAM UUKJIMHOCIE MEXHOJL02IMHO20
npouecy Qopmyeanns eyzneuesux eupooie

Kmouoei croea: eupoénuumeo eyeneyesux eupooie, npouec popmyeanns,
2iopasaiunuil npec, cucmema Kepyeanns, kpumepii onmumaironocmi, MPC-
Kepyeanns
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cal strength [1—4] resulted in their widespread use in various

branches of industrial production. At present, they are used

The properties of graphite products, in particular their
high thermal stability, electrical conductivity, and mechani-

in steelmaking, ferroalloy electro arc furnaces at metallur-
gical and machine-building enterprises, as the cathodes and



