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AUTOMATIC CONTROL OF ELECTRICAL DISTRIBUTION NETWORK
MODE WITH THE VOLTAGE UNBALANCE

Purpose. Enhancement of the efficiency of the electrical distribution networks with rated voltage of up to 1 kV by
improving automatic control systems for the parameters of the mode of electrical distribution networks with sym-
metrical compensating devices under conditions of voltages unbalance.

Methodology. Multicriterion optimization methods were used in solving the problem of controlling the parame-
ters of the mode of electrical distribution networks. The Nelder-Mead numerical optimization method was used to
find the final solution of the problem of multicriteria optimization. Using the methods of computer simulation, the
efficiency of the automatic control system proposed in the work was evaluated.

Findings. The advantage of the proposed method for controlling the parameters of the mode of electrical distri-
bution networks with symmetric compensating devices over existing ones is proved, because additional criteria,
levels of steady stress deviation, are taken into account in the formulation of the control task. The results of com-
puter simulation of the automatic control system, based on the method proposed in the paper, confirmed the results
of theoretical studies: the developed automatic control system, in contrast to existing ones, performs such control
actions, at which the levels of asymmetry and steady-state stress deviations are observed which do not exceed nor-
mally admissible ones.

Originality. For the first time, the solutions of the multicriteria optimization problem were obtained by the meth-
od of approaching the Utopian point in the space of criteria for determining the rules for automatic phase-by-phase
variation of the reactance of symmetric compensating devices, the application of which allows simultaneous reduc-
tion of consumption levels of reactive capacity, asymmetry levels and steady-state voltage deviations in electrical
distribution networks with a nominal voltage of up to 1 kV.

Practical value. The computer model of the automatic control system of the parameters of the mode of electrical
distribution networks with a nominal voltage of up to 1 kV gives possibility to analyze the modes of these networks
using it. Also, with the help of this computer model, the process of setting up a microprocessor automatic control
system is essentially simplified - based on the method of automatic control of the parameters of the mode of electrical
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distribution networks proposed in the work.
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Introduction. A characteristic feature of the present
is the importance of raising the efficiency of the electri-
cal distribution networks (EDN). As known, the main
reason for reducing the efficiency of the EDN is a sig-
nificant level of power losses in its elements [1, 2]. This
concerns, first of all, to EDN with voltage of up to 1 kV,
the value of electricity losses in which is quite high [3,
4]. One of the basic causes of increasing electrical ener-
gy losses in the EDN is overvalues of the unified power
quality index (UPQI) on the clips of the electric receiv-
ers at the point of their connection [5, 6]. In the EDN
with voltage up to 1 kV the situation is common when
levels of the fixed deviation and coefficients of voltage
unbalance do not meet the requirements of GOST
13109-97 [7, 8].

One of the most widespread and effective ways of
reducing power losses and voltage symmetrization in
low voltage EDN is exploitation of the symmetrical-
compensating attachments (SCA). But, considering
the complex influence of the SCA both on reactive
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power consumption and asymmetry consumption, and
on the voltage deviation value, also a situation may
arise when connecting an SCA to the network, the val-
ue of the fixed phase and line voltage deviation will go
far beyond the normal limits. Evidently, that in such
case the work effectiveness of the EDN is decreasing
due to growth of financial loss from the low quality of
electric energy. Obviously, in this case, the effective-
ness of EDN deteriorates due to the growth of losses
from poor-quality electricity. One of the solutions to
this problem is to improve the systems of autonomous
control (ACS) of SCA with a goal to consider their im-
pact on the levels of voltage deviation in electric net-
works.

Literature review. In the work [9] the authors pro-
posed to interpret the problem of the reducing of reac-
tive power consumption level and the fixed deviation,
and coefficient of asymmetry of voltage reduction as a
vector optimization problem. It was also shown that
for solution of such class of problems it is appropriate
to apply the methods which allow taking into account
the norms of GOST 13109-97 for the QPEE to the
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fullest extent possible. The work [10] proposed the
ACS for the modes of the EDN with SCA, which con-
siders their complex influence on the levels of the fixed
deviation of the voltages. But, the implementation area
of the ACS proposed in the work [10] was limited to
the networks with nominal voltage between 10—35 kV
(high-voltage networks with isolated neutral), so the
given ACS cannot be implemented to low voltage
EDN, which mostly operate with dead-grounded neu-
tral.

Purpose. The purpose of the work is to increase the
efficiency of the operation of electrical distribution net-
works with nominal voltages up to 1 kV due to the im-
provement of systems of automatic control of their
modes in the presence of symmetry-compensating de-
vices in conditions of asymmetry of voltages.

Results. In order to ensure simultaneous control of
the levels of reactive power consumption, deviation lev-
els and voltage unbalance in the EDN, it is necessary to
perform per phase change of the reactive resistances of
the control sections SCA.

In Fig. 1 the generalized structural scheme of the
ACS with the parameters in the EDN mode contain-
ing the SCA with the automatic phase change in the
reactive resistances of the control sections SCA is
given.

In Fig. 1, CO is the object of control (EDN with
SCA); Msrl is the measurer of complex values of the
currents; MsrU is the measurer of complex values of
the voltages; R is a controller working by predefined
algorithm; ACT is the actuator, which ensures the per
phase change of reactive resistances of the SCA; E is
the matrix of the phase EMF of the power supply sys-
tem (perturbation, which is immeasurable without ad-
ditional approach); Z, is the matrix of phase load
complexes (perturbation, which is immeasurable with-
out additional approach); I is the matrix of the current
complexes (output of the CO, measurable); U is the
matrix of voltage complexes (output of the CO, mea-
surable); /,., U, are, respectively, the matrices of
measured values of complexes for the voltages and cur-
rents; X = [X), X,, X;] is the control vector (the vector
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Fig. 1. A generalized structure diagram of the ACS for the
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of reactive resistances of SCA); N, = [N;, N,, N3] is
the vector of regulating section numbers per each of
static compensation batteries (SCB); & is the vector
parameters setting.

As we noted early, the problem of the automatic
control of the SCA for obtaining the simultaneous
regulation of the reactive power consumption levels,
the voltage deviation and asymmetry levels in the
EDN are the most appropriate to review as a problem
of multicriteria optimization. In this case, in contrast
to the scalar optimization problem, it is necessary to
find a minimum (maximum) of not one, but several
criteria at a time. This approach allows us to reach a
more acceptable solution for all the optimization cri-
teria.

To accomplish the task of controlling SCA to achieve
simultaneous reduction of reactive power consumption
levels, voltage deviation and asymmetry levels in form of
the problem of multicriteria optimization it is necessary
to determine the interrelationships between the input
and output parameters of the control object (EDN with
SCA).

The replacement scheme of the EDN with nominal
voltage 0.4 kV, which contains the SCA, combined by
the “star with zero” scheme is shown in Fig. 2.

In Fig. 2, E,, E, E are the complexes of EMF of
the power supply system in phases A, B, C respectively;
R4, X4y R, X5, Ry, X, are equivalent active and reac-
tive resistances in phases A, B, C of the power supply
system; respectively, complex resistances of the system
are Zy = Ry +jXu, Zig= Rop+jXip, Zic= Ric +JXscs Rius
Xi4s Rip, X1, Ric, Xic are active and inductive resis-
tances in phases 4, B, C of the equivalent load, con-
nected by the “star” scheme; respectively, the complex
resistances of the systemare Z, ;= R, ,+jX; 4, Z1 5= R+
+jX1 5, Zic= Ric+jXic; Xy, X, X are capacitive resis-
tances of phases A, B, C of SCA, connected by the star
scheme; I, 4, I; 5, I;¢ are phase currents in phases 4, B,
C of the load; 1, I, I are linear currents in phases A4,
B, Cof SCA; I, Lz, I~ are phase currents in phases A4,
B, C of the power supply system; Uy,p, Upc, U4 are lin-
ear voltages between phases AB, BC, CA at the point of
their connection to SCA and load; Uy, Ug, U are phase
voltage complexes for phases 4, B, C; R,y, X,y are ac-
tive and reactive resistances of zero wire (in common
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Fig. 2. The scheme of EDN with dead-grounded neutral
with 0.4 kV nominalvoltage, that contains synchronic-
compensating transducers
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case — zero wire and zero sequence resistance of the
transformers with the dead-grounded neutral); respec-
tively, the complex of resistance for the zero wire is
Z.n = R,n + jX,n; U,y is the voltage complex between
zero points of load and system; /, is the current in the
Zero wire.

For the model of the EDN with SCA shown in Fig. 2
in a form of the replacement scheme, the following are
characteristic:

- input signals (perturbation, which are immeasur-
able without special approach): the load resistances of
Zias Z1» Zic; EMF of the system E, Ep, E¢;

- output signals (the signals that are immeasurable
without special approach): the load currents I, I;p,
1;¢; the phase voltages Uy, Up, U,

- model parameters (values that do not change with a
flow of time): resistances of the power supply system Z4,
Z.p, Zc; the resistance of zero wire Z,y;

- regulating influences — capacitive resistances of
SCA X, Xp, Xc.

For the construction of ACS for parameters of the
mode of the EDN with SCA is needed to find the rela-
tion between the regulating influences (X, X3, X)) and
output values (Uy, U, Uc, 114, 1 5, I;c), by known mod-
el parameters (Zy, Zp, Zc, Z)-

The process of seeking the solution of this problem is
better to conduct in two stages:

Stage 1. By known measured input signals, model
parameters and values of regulating influences at the
previous regulation step of the control is needed to de-
termine the values of perturbations that are not directly
measurable (Z.4, Z;p, Zic» E4, Ep, E¢).

Stage 2. Having obtained complete information
about mathematical model, we need to define the rela-
tion between the regulating influences and output pa-
rameters.

The equation for the load Z, 4, Z; 5, Z; resistances
calculation has the following form

. U
Zia=Ri+jX, :I__A
LNy
. U
Zip=Rp+jX ==%. (1
L;p
. U
Ziyc=Ric+jX;c= T?C
L;c

For the definition of the EMF for E,, Ez, E it is
needed to do some transformations of replacement
scheme of the EDN, which is depicted in Fig. 3, where
Zoy, Z.p, Zoc are the equivalent complex resistances by
phases of the EDN, which are defined from the next

equation

ZeA = Z:A + Z;l
ZeB = ZsB + Z;? > (2)
ZeC = ZsC + Z&’

where Z'y, Zp, Z. are the equivalent complex load re-
sistances by phases of the SCA, the equations for which
has the following form
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Fig. 3. Replacement scheme of the EDN:

a — before equivalent transformations; b — after equivalent

transformations

r_ jXAZLA

= jXA - ZLA
o JXZ

Zy=—E=0 (3)

JXg—=Zp

" JXcZ e

¢ Xe=Ze

For the definition of the EMF of the system it is
needed to define the voltage U,y. To do this, for the
scheme in the Fig. 3, b) it is most appropriate to use
the method of the nodal potentials, according to
which the voltage of U,y is defined by the following
equation

E, B E

U . = Zi 4 4c
=N 1 1 1 1

ZeA ZeB ZeC ZnN

“

Considering the equation (4), the EMF of the sys-
tem E, Ej, Ecis defined by the equation

E,=-U,-U,y
EB = _QB _I'_[nN . (5)
Ec=-U.-U,y

The second stage of solving the problem of deter-
mining the relationship between the input and output
parameters of the control object is in finding the depen-
dence values of the currents I, Lp, L, 1,5, and the
voltages Uy, Uz, U from the regulating influences of X,
Xz, Xc. The solution of the given problem is best to get by
finding appropriate solutions of the system of linear al-
gebraic equations, compiled according to Kirchhoff’s
first and second laws for the substitution scheme, de-
picted in Fig. 3, b).
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Final equations to find dependence of currents /4,
Ly, I, I,y on the values of regulating influences X,

Xjp, X¢, considering equations (2, 3) has the following
form

E, I:ZeBZeC +Z,y (ZeB +Z,c )] —Z,y (EB Loe+EZy )

ZeA ZeBZeC + ZnN (ZeA ZeB + ZeA ZeC + ZeBZeC )
Ey ':ZeAZeC +Z,y (ZeA +Z,c )J ~Z,y (EcZeA +E,Z,c )

ZeA ZeBZeC + ZnN (ZeA Zeb’ + ZeA ZeC + ZeBZeC) : (6)
E. |:ZeA Zyy+Z,y (ZEA +Z,p )] —Z,y (EAZEB +EyZ,, )

lsA =
LB:
L=
Ly=1,+Lg+1

The dependence of phase voltages Uy, Ug, U-on val-
ues of the regulating influences X, Xp, X, considering
the equations (2, 3, 6) is found by solving the system of
equations according to second law of Kirchhoff for the
scheme depicted in Fig. 3, a), and appear as follows

EA = _QA _l—]nN
Eb’ = _QB _(—/nN . (7)
Ec = _(_]c _QnN

Therefore, the equations found (2—7) depict the re-
lations between input and output parameters of the ob-
ject of control (EDN with SCA).

As we noted above, the problem of decreasing the
reactive load usage, values of voltage deviation and coef-
ficients of the voltage asymmetry with use of SCA which
is most appropriate to interpret as a vector optimization
problem. For the EDN on the nominal voltage up to
1 kV, that contains the SCA, the control sections of
which are connected by the star scheme, setting the task
of automatic control of their mode looks as follows

tgp(X)= _QS(X) — min
P.(X)
AUI(X)=M-IOO—>min
kw(X):MJOO—)min
Uom . (®)
kOU(X):%JOO—)min
U . .(X)-U
AUhi(X):| ) "om'ph|~100—>min
nom.ph
S |
Xel

where X =[X}, Xp, X.] is the vector of the reactive phase
resistances of SCA (vector of control); tg (X) is the re-
active power factor; Py(X), Q,(X) are, respectively, active
and reactive powers, which are consumed from the sys-
tem; U,;(X) is the module of the active value of the di-
rect-sequence voltage; AU,(X) is stable deviation of
three phase voltage of the network; U,,,, is the nominal
linear voltage in the network; k,(X) is the asymmetry
coefficient for the voltages of inverse sequence; U,(X) is
the mode of the active value of the inverse sequence
voltage;-kop(X)-is - the voltage.asymmetsy coefficient by
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ZeA ZeBZeC + ZnN (ZeA Zeb’ + ZeA ZeC + Zeb’ZeC )

zero sequence; Uy(X) is the mode of the active value of
the zero sequence voltage; AU,,(X), i = A, B, Cis stable
phase voltage deviation of the network per phases 4, B,
C; U,om pn is the nominal phase voltage of the network;
Q = R X;nin < X; < Xipnayl is the scope of admissible con-
trols X, defined by the range of regulation SCA; X;in,
Ximax are minimal and maximal values of reactive phase
resistances of the SCA.

In the work [10] it was shown, that the most effective
way for solving the problems that are similar to (8), is the
method of approach to the ideal-point. A problem solv-
ing procedure by the noted method is performed in two
stages:

Stage 1. Finding the ideal-point coordinates Q,, =
= (tg Purs AUlms kZUuts kOUms Al]phim) in a criteria space
0 c R as a result of finding the minimum of each of
the criterion functions that are part of the task state-
ment (8).

Stage 2. Finding the final solution of the problem of
optimization in regulation space Q c R® (vector of opti-
mal control X*) as a result of the distance minimizing p
between the ideal point and the pareto-optimal set of
solutions.

As a result of the conducted research of the criterion
functions, it was established that the obtained analytical
dependences for determining the coordinates of the ide-
al point are rather cumbersome and unsuitable for prac-
tical application. So, in our opinion, to solve this prob-
lem, it is most appropriate to apply one of the numerical
methods of conditional optimization of the function of
many variables.

As we noted above, finding the final solution to the
problem (8) is reduced to minimizing the Euclidean dis-
tance between the ideal point and the pareto-optimal set

2 2
tg<p<X)—tgq>mJ +(AUAX)—AUWJ N
K KAUI

ge

2 2
. kwm—km,j +[kou<X>—kwm] .

yorr — Ko Kiou

, O
2 2
. AUA(X)—AUAM,] _{AUB(X)—AUBWJ N
K K

AUph AUph

(AU -AUg,

K AUph

2
J —min; X eQ
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where X is the vector of optimal control; Ki,, Ky,
Kiou, Kious Kaypn are the coefficients for calculation of
the relative weight of the optimization criteria. Numeral
values of these coefficients are found heuristically based
on priory information and specified as a result of the
imitational modeling and in an exploitation process. In
the work [9] for definition of the coefficients K, Ki»y,
Kious Kaypn it is proposed to apply a normally allowable
value of respective UPQI and for the K, — a value of
the reactive load coefficient set by the power supply or-
ganization.

Consequently, the solution of the problem (8) reduces
to the solution of a series of 8 scalar conditional optimiza-
tion problems of the function of many variables. As the
results of the calculations have shown, to solve the noted
optimization problems, it is most appropriate to use the
Nelder-Mead’s method, which belongs to the class of
non-gradient numerical optimization methods. The
choice of this method is grounded, first of all, by its high
reliability and performance, as well as the ease of imple-
mentation, which is its main advantage over other meth-
ods, due to the microcontroller implementation of ACS.

Basing on the founded solution for the problem of
multicriteria optimization, a structural scheme of distri-
bution networks of automatic control system mode was
developed with synchro-compensation transducers,
which is shown in Fig. 4.
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Fig. 4. Structural diagram of the ACS for modes of the
EDN with SCA for the case of network with 3 dead-
grounded neutral
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In Fig. 4, E=|E,, Es, E(] is the vector of the com-
plexes of the EMF of the power supply system; U; =
= [Uyp, Ugc, Ueyl is the vector of the complexes of the
linear voltages at the point of connection of the SCA
and the eq]-livalent load; ULmsr = [—UABmsrs gBCmsr’ gCAmsr]
is the vector of the measured values of complexes of lin-
ear voltages at the point of connection of the SCA and
the equivalent load; Upy = [Uy, Ug, U] is the vector of
the of the complexes of the phase voltages at the point
of connection of the SCA and the equivalent load;
Uptimg = [Usmsrs Upmsr» Ucmsr] 18 the vector of the mea-
sured values of complexes of phase voltages at the point
of connection of the SCA and the equivalent load;
Z, =Z4, Z1 3, Z, ] is the vector of the equivalent load
complex resistances, connected by the star scheme; Iy=
=[1,, L, L] is the vector of the complexes of the linear
currents in phases A, B, C in the network of the power
supply system; I; = [ 4, 1; 5, I; ] is the vector of the lin-
ear currents complexes in phases A, B, C and the zero
wire in the load CirCUit; ILmsr = [—[LAmsn lLBmsra ILCmsr] is
the vector of the measured values of linear currents
complexes in phases A, B, C and the zero wire in the
load circuit; & = [U,opms Xmins Xmaw AX, Z;, ]Crggo’ Kyurs
Kiavs Koy Kaypl is the vector of the parameters setting;
KNinin> Xmay 18 the respective minimal and maximal values
of capacitive resistance SCA (for minimal and maximal
values of control vector); AXis the step of the capacitive
resistance change for SCA (regulation step); the article
regarded a constructive version of execution of the
SCA, for which AXis the same per each of phases of the
SCA in the whole range of regulation; Z; is the complex
value of phase resistances of the power supply system;
although the developed mathematical models allow
considering the phase resistance asymmetry power sup-
ply system, the article studied the case when the resis-
tances of the power supply system are symmetrical;
XOP = (X PLXP, XY is the vector of optimal con-
trol; NP =(NS', NP, N3) is the vector of numeric
values of the sections of SCA, that correspond to the
vector of optimal control X%'; X = (X ', X ', X&)
is the vector of optimal control, which is found at previ-
ous calculation step; / is the object of control (EDN
with SCA); 2, 3 are primary measuring transducers of
three phase voltages(measurers for complexes of linear
and phase voltages); constructively, blocks 7, 2 are
combined in the form of singular device — measuring
voltage of the transformer; 4 is a primary load current
measuring transducer (a measurer of linear current
complexes in the load network); 5 is an actuator — the
contactor, which performs per phase switching of the
sections of the SCA; 6 is a calculation block for vectors
E 7, I 7,8, 9, 10, 11 are calculation blocks for ideal
point coordinates tg®,, AU\, Kypus kovurs AUppinss 12 18
a block of the vector of optimal control of X calcula-
tion; in the given block the optimization problem is
solved (9) by the realization of optimization algorithm
according to the Nelder-Mead’s method chosen in the
article; 13 is the sampling block for the values of ca-
pacitive resistances of phases for SCA; 14 is the trans-
port block (temporal) for signal delay at the first stage of
the sampling.
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The ACS, whose structural scheme is shown in
Fig. 4, works in the following way: measured values of
vectors U;, Upy and I, along with values of X" and Z,
move to block 6, in which the calculation of vectors E,
Z;, Iiis conducted. Then, the values of E, Z;, Istogeth-
er with values U,,,,, Xpin» Xmaxs Z, are sent to blocks 7, §,
9, 10, 11, in which the coordinate of the ideal-points are
calculated for tg gy, AU, Kapus Kovur AU, rE€SPECtive-
ly. Then, the data from blocks 7, §, 9, 10, 11 together
with values of the vector & is sent to block /2, in which
the final solution of the problem (8) is defined — the
vector of optimal control X*”’. The value of vector X'
from block 12 together with the value of AX then move
to block 73, in which the sampling is conducted for the
found control vector according to the level. The ob-
tained resulting value of the control vector from block 73
sent to the block of the transport delay of the signal /4.
From the delay block of the signal 74 the value of X%
then is sent to block 6, thereby, as in the previous case,
forming an internal loop of feedback. In addition to this
value the vector of optimal control X%’ from block /3 is
then sent to the actuator — block 5, which conducts the
switching of the control sections of SCA, that set them
in accordance to the vector N

The study of the proposed method for automatic
control of the parameters of the mode of electric net-
works, based on the solution of the problem (8), was
carried out by computer simulation. To do this, based
on the above described ACS structural scheme, a com-
puter simulation model was developed in the Matlab/
Simulink environment (Fig. 5).

Fig. 5 shows “EFC” — an electromotive force change
over the time setup block; “Load” — an electric load
change over the time setup block; as the basic data for
the modeling there were used real experimental data of
the dial reactive and active electric load surveys, which
were founded through exploitation of certificated net-
work analyzer FLUKE 1744 Memobox on a substation
of PJC company “Kirovohradoblenerho”; “EDN with
SCA” — a distributive electric network model block;

u _A_D_C_:bb—b@

out| U_AB_C
B B o I R

EFC kou
DUT Scope
out
lzn InAB_C —>
P
— K2 Scope
Q
s -0
ok lo_AB_C tF
KD Scope
DP
-
DEN with SCA The mode parameters
measurer DUf Scope
P Scope
Q Scope
1gF Scope
>

DP Scope

Fig. 5. General model of the ACS for modes of the EDN
with SCA in a case of network with the dead-ground-
ed neutral for the Matlab Simulink
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“ACS” — a model of ACS for the electrical modes,
which is based on the developed structural scheme
(Fig. 1). “TN” — a model of the voltage transformer;
“TA” — a model of the current transformer; “The mode
parameters measurer” — a model of the measurer of the
mode parameters, that gets the initial data which is sent
to virtual oscilloscopes (blocks of the “Scope”), which
allow visualizing the modeling results.

To study the effect of the application of the developed
ACS, a comparative computer simulation of the work of
the developed and basic ACS for EDN was carried out,
the principal scheme of which is depicted in Fig. 6.

The control system that was chosen as the base pro-
vides reduction of reactive power consumption and volt-
age asymmetry coefficients k,;(X) and kyy(X) — with-
out taking into consideration the SCA influence onto
the linear and phase voltages of the network deviations.

The results of comparative computer simulation for
the case of developed and basic ACS by the mode pa-
rameters are shown in Figs. 7—11.

In Figs. 7—11, a is the basic model; b is the developed
model.

Statistical analysis indexes of the computer simula-
tion results are shown in Table.

As it is evident from the results of the studies pre-
sented in Table, with the application of the base model
of ACS the value of the steady-state deviation of the
three-phase voltage AU, are observed, which do not
meet the requirements of GOST 13109-97 relative to
this UPQI (P(AU < 5 %) = 0). Similar results are also
gained for the phase voltages, namely in the phases A
(P(AU,<5%)=0)and B (P(AUg< 5 %) =0). In case of
application of the ACS developed in article, the levels of
the tree-phase voltage deviation AU, and voltages in the
phases A, B correspond to the norms of GOST 13109-97
accordingly to this UPQI (P(AU, < 5 %) = 1, P(AU, <
<5%) =1, P(AUz< 5 %) = 1). Also from the table it is
clear that the values of the coefficients of asymmetry &,
and k,; for both cases of the modeling meet the require-
ments of GOST 13109-97.

Despite the fact that application of the developed
ACS model gives a bit higher value of the reactive power
coefficient than in case of use of the basic ACS model
(M Qo) = 0.46 > M(tgQysic) = 0.121) (and, as a re-
sult, insignificantly higher values of the active power
loses AWy, dever = 345.1 KW x h > AW, pasic = 295.5 kKW x
x h), which allows concluding that the proposed ACS
model has greater effectiveness than the basic one due to
the establishment of such management influences, for
which the noted UPQI totally corresponds to the re-
quirements of the GOST 13109-97. That was caused by
norms of the GOST 13109-97, according to which if the
QPEE limits are exceeded, it is imperative to make mea-

So=oo T1 ™
S =0,3—,0,867 MVA

AC-120/19 AAIIIB-10(3x25
20,1 km

+= 1 Mvar
TMH-630035 >0 KM o

TM-1000/10

Fig. 6. A principal scheme of EDN
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AU, %

5

Table

Statistical processing of the computer simulation results

N The parameter | Mathematical 2 Px<x,,),
~ | of model state | expectation, M p.u.
Basic model of the ACS
1. AU, % 5.221 0.073 0
. .. 2. kyy, 0.258 0.060 1
Fig. 7. Charts of the deviation of AU, 2, %
3. koy, % 0.517 0.027 1
AU, % 4. AU, % 5.568 0.099 0
N a) | ' f ' 5. AU, % 5.610 0.091 0
5.5 MMWWM 6. AU, % 4.487 0.104 1
5 | 7. tg @, B.O. 0.121 0.010 —
4SWMMWMMWWWWMWM 8. | AWy, KWxh 295.5
-0 4 3 12 16 20 24
+ hour The developed model of the ACS
9. AU, % 4.294 0.090 1
10. kyy, % 0.272 0.009 1
11. kow, % 0.492 0.010 1
12. AUy, % 4.619 0.087 1
e IR S P Y I o
it HN!' l“} 13. AUy, % 4.697 0.079 1
W 14. AUq, % 3.566 0.105 1
15. tgo, B.O. 0.46 0.008 -
0 4 8 12 16 20 R 16. | AWy, KW x h 345.1
t, hour

kaus %

t, hour

tge
—— bl T -

0.4 b) i
03— —— 1
02— T
OIWMWMW*‘ T e i
0 1 1 1

0 4 8 12 16 20 24

t, hour
Fig. 11. Charts of the changes for tg ¢

sures to improve the quality of electric energy without
substantiating their expediency by technical and eco-
nomic calculations.

Conclusions. As a result of the research, the follow-
ing conclusions can be drawn:

1. Formalization of the task of controlling the pa-
rameters of the EDN modes with SCA in the presence
of voltage asymmetry for the case of low-voltage net-
works showed that it reduces to the vector optimization

ERE Zyl_ljsl

U, 2019, N2 3

2. The most expedient method of finding the solu-
tion of this problem is a method based on minimizing
the distance from the ideal point to the pareto-optimal
set of solutions. By using this method, the requirements
for levels of compensation of reactive loads, as well as
requirements that normalize the fixed deviation and
asymmetry of stresses in the EDN, which are regulated
by the GOST 13109-97, can most fully be taken into ac-
count for the quality parameters of electric energy.

3. The analysis of computer modeling results of de-
veloped ACS of electric modes has shown that in case of
application of the proposed ACS the values of the stable
three-phased voltage deviation AU, and phase voltages
in the phases A, B, in difference from basic ACS, meet
the requirements of the GOST 13109-97 (P(AU, <
<5%)=1, P(AU,<5%)=1, P(AUz<5 %) =0). At the
same times the levels of k,;; and k,; both in case of basic
model of the ACS, and in the case of the developed
model of the ACS meet the current regulatory require-
ments.

When applying the developed model there is a slight-
ly higher value of the reactive power factor than in case
of the basic model (M(tg®zever) = 0.46 > Mt Qpysic) =
=0.121), and, as a result, by 14.4 % greater value of ac-
tive electric power loses. However, even without con-
ducting technical and economic calculations, it can be
concluded that the proposed ACS is more effective than
the basic one due to the establishment of such manage-
ment influences in which the quality parameters of elec-
tric energy totally correspond to norms of the GOST
13109-97.
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Mera. ITinBuiieHHsT €(DeKTUBHOCTI pOOOTH PO3IO-
TITbHUX eJIEKTPUIHUX Mepek HOMIHAJIbHOIO HaIIpy-
roro 10 1 kB 3a paxyHOK yIOCKOHAaJIEHHSI CUCTEM aBTO-
MaTUYHOTO KePYyBaHHS iX pexXrMMaMU 3a HasiBHOCTI CU-
METPOKOMITEHCYIOUMX MIPHUCTPOIB B yMOBaX HeCUMETPil
HAaIpyr.

Mertoauka. MeToau BEKTOPHOI ONTUMI3allil Oyau
3aCTOCOBAHI MPU BUPILIEHHI 3a1a4i KepyBaHHS Mapa-
MeTpaMU PEKUMY PO3MOIITbHUX €JIEKTPUIHUX MEPEXK.
Metoau yucesbHOI oONTUMI3alii (yHKIii 0araTbox
3MiHHUX OYJM BUKOPHWCTAHi ISl 3HAXOIKEHHSI PO3-
B’sI3Ky 3ajaui BEKTOPHOI OINTUMi3allii. 3a JOITOMOTOI0
METOIY KOMIT' IOTepHOTO MOJICTIOBaHHS OyJia IIpoBeIe-
Ha oliHKa e(eKTUBHOCTI pO3pOOIEHOI CUCTEMU aBTO-
MaTUYHOTO KepyBaHHSI.

PesyabraTu. [loBeaeHi repeBaru po3po6yeHoro Me-
TOAY KEpyBaHHS peXMMaMU PO3MOAIIbBHUX Mepex i3
CUMETPO-KOMIIEHCYIOUMMH MPUCTPOSIMU HAll iCHYIO-
YHMHU 32 paxXyHOK ypaxyBaHHs B IIOCTaHOBIII 3a1a4i Ke-
pPYBaHHSI 1OAaTKOBUX KPUTEPIiiB, a came PiBHIB ycTaje-
HOTO BigXWJIeHHs1 pa3HMX i JiHiliHUX Hampyr. Pe3ysb-
TaTU KOMIT IOTEPHOTO MOJETIOBAaHHS PO3pOOJeHOL
CHCTEeMU aBTOMATMYHOTO KEePYyBaHHS, B OCHOBY SIKOIi
MOKJIAIEHO 3aIlpONOHOBAaHUI y poOOTI MeTonm, Iij-
TBEPIWIIN PE3yIbTaTU TEOPECTUIHMX JOCITIIKEHb: PO3-
poOJieHa CCTeMa aBTOMAaTUYHOTO KepyBaHHS, Ha Bill-
MIHY BiJl iCHYIOUHMX, 3[IiliICHIOE TaKi KepyIoui BIUIMBU, 3a
SIKMX CIIOCTEpPIraloThCcsl HOPMaJIbHO OOMYCTUMi 3Ha-
YeHHS KoedillieHTiB HeCUMETpii Ta yCTaJeHOTo BiIxu-
JIGHHSI HaIlpyT, 110 3aJ0BOJIbHSIIOTh HOPMATUBHUM BU-
MOraM BiIHOCHO BKa3aHUX IMOKA3HMKIB SIKOCTi €JIeK-
TpOeHeprii.

HaykoBa HOBUM3HA. YTiepille OTpUMaHi PO3B’SI3KU 3a-
Jladi BEKTOPHOI ONTHUMi3allii HA OCHOBI BUKOPUCTAHHS
METOJy HAaOJVXEHHS A0 idealbHOI TOYKU Y MPOCTOPi
KpUTEPIiB 11 BU3HAUYEHHSI aJITOPUTMY aBTOMATUYHOI
noa3Hoi 3MiHM PEeaKTUBHUX OINOPIiB CUMETPOKOMIICH-
CYIOUMX TIPUCTPOIB, 3aCTOCYBAaHHS SIKMX ITO3BOJISIE TTO-
CSITTM OJHOYACHOTO 3HWXKEHHS PiBHIB CIOXKMBAHHSI pe-
AKTMBHOI TIOTYXXHOCTI, 3HaYeHb KOoedilliEHTiB HecuMe-
Tpii 3a 3BOPOTHOI Ta HYJILOBOI ITOC/TiMOBHOCTI, Ta 3HAYeHb
YCTAJICHOTO BiIXWUJIEHHS HAIMpPYT Y PO3IMOMIIBHUX eJIeK-
TPUYHMX MepekaX HOMiHaJIbHOO Hampyrolo 10 1 kKB.

IIpakTuuna 3HaynmicTs. Po3pobieHa koM’ oTepHa
MOJIeJIb CUCTEMU aBTOMAaTUYHOTO KepyBaHHSI T03BOJISIE
MPOBOAUTU AOCTIMKEHHSI PEXUMIB PO3MOALIBHUX
eJIEKTPUUYHUX MepeX HOMiHAJbHOIO HAIpyrow a0
1 kB. Takox 3a 1OOMOTOI0 11i€1 KOMM’ IOTEPHOI MOAEi
CYTTEBO CITPOIIYETHCS IIPOICC HAJAIITYBAHHS MiKpO-
MIPOLIECOPHOI CUCTEMH aBTOMATHUYHOTO KEepyBaHHS, B
OCHOBY $IKOI MOKJAIeHO 3aIlpOoIlOHOBAaHMUII y poOOTi
METOJ aBTOMATUYHOIO KEpyBaHHS IapaMeTpaMH pe-
KMMY PO3IOAIIBHUX €EKTPUUHUX MEPEXK.

KmouoBi cioBa: posznodinvhi enekmpuuni mepedici,
8EKMOPHA ONMUMI3AUIs

ABTOMAaTHYECKOE YNPaBJIeHHE PeRKNMMOM
JJIEKTPUYECKUX CeTell NP HeCUMMETPUH
HaNpsKeHUi

I1. I’ IThewrxos, B. B. 3unzypa, C. I1. I[lreuikoe
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Hean. [ToBeiieHrue 3¢ GEKTUBHOCTU pabOThI pac-
MPEIETUTEbHBIX 3JIEKTPUYECKUX CETeil HOMUHAJb-
HBIM HarnpsikeHueMm 10 1 kB 3a cuet ycoBeplIeHCTBO-
BaHUSI CUCTEM aBTOMATUYECKOTO YIPABIECHUS PEXU-
MaMHU pacIpelIeINTeIBHBIX DJICKTPUICCKUX CeTelt ¢
CHUMMETPOKOMITCHCUPYIOIINMHU YCTPONCTBAMU B YCIIO-
BUSX HECUMMETPUN HATIPSKEHUIA.

Mertoauka. MeTonbl BEKTOPHOU OINTUMU3ALUU
OBLIN MCTIOJIb30BAHBI TIPU PEIICHUU 3a1a4l aBTOMATH-
YEeCKOTO YMpaBJeHUs MapamMeTpaMu peXuMa pacrpe-
JETUTETbHBIX JIEKTPUUYECKUX ceTeil. MeTonbl YuCIeH-
HOW onTUMU3aLUK (DYHKIIMKA MHOTHX TEepPEeMEHHbIX
ObLTU MCTOJIb30BAHBI 1JI1 HAXOXIEHMS pellleHrs 3a1a-
Yh BEKTOpHOU omTumuzanuu. C MOMOIIBIO MeToaa
KOMIIBIOTEPHOTO MOJEJUPOBAHUSI ObLIa TMPOBEAEHA
oleHKa 3 (GEeKTUBHOCTU Pa3pabOTaHHOMN CUCTEMBI aB-
TOMAaTHYECKOTO YIIPABIICHUS.

PesynbraThl. Jloka3aHO IMPEeUMYIIECTBO MPEIIOKEH-
HOTO MeToda YIPaBICHUS PEXKUMOM pacIpeaeIuTelb-
HBIX 3JICKTPUYECKUX CeTel ¢ CUMMETPOKOMIICHCUPYIO-
LMY YCTPOMCTBAMU HaJI CYLLIECTBYIOIIMMH 32 CUET yue-
Ta B MIOCTAHOBKE 3a/1a4M YIPaBICHUST TOTOJTHUTEIbHBIX
KpUTepreB, a UMEHHO YPOBHEH yCTAaHOBHMBILETOCSI OT-
KJIOHEeHUSs (ha3HbIX U JTMHEMHBIX HaNpskeHUid. Pesyib-
TaThl KOMITBIOTEPHOTO MOAEIUPOBAaHUS pa3paboTaHHOM
CHCTEMbl aBTOMATUYECKOTO YIPABJIECHUS, B OCHOBY KO-
TOPOI MOJIOXXEH MPEUIOXKEHHBIN B paboTe METoM, TO/I-
TBEpAWIM DPE3YJIbTaThl TEOPETUUECKUX MCCIeI0BAHUIA:
pa3paboTaHHas CICTEMa aBTOMAaTHUYECKOTO YITPaBJICHUS,
B OTIMYMUM OT CYIIECTBYIOIINX, OCYIIECTBIIICT TaKHe
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VIPABJISTIONINE BO3ICHCTBIS, TIPY KOTOPBIX HAOTIOMA0T-
cs 3HAYCHUS YPOBHEU HECMUMMETPUN M YCTAHOBUBIIINX-
Cs1 OTKJIOHEHUI HAIIPSDKEHUI, KOTOPBIE YIOBJIETBOPSIIOT
HOPMaTUBHBIM TPEOOBAHUSIM OTHOCUTEIBHO YKa3aHHBIX
rokasaTeJieit KauecTBa JIEKTPOIHEPTU .

Hayunas HoBu3HA. BriepBbie MoJjydyeHbl pelieHus
3ala4yyd BEKTOPHOW ONTUMHU3ALIMKM METOAOM MNPUOJIU-
SKEHUS K UIeaTbHOM TOUKE B IIPOCTPAHCTBE KPUTEPUECB
ISl OMpeneseHus aJropuTMa aBTOMATUYECKOIo Io-
da3HOro M3MEHEHUs] PEaKTUBHBIX COIPOTUBIICHUIA
CUMMETPOKOMITCHCUPYIOIINX YCTPOMCTB, ITpUMEHE-
HHE KOTOPBIX TTO3BOJISIET JOCTUTHYTHh OMHOBPEMEHHO-
IO CHIDKEHHUS YPOBHEH IOTPEOJICHMSI pPEaKTUBHOM
MOITHOCTH, 3HaueHUU KO3(hGUIINEHTOB HECUMMeE-
TPpUU T10 OOPATHOI 1 HYJIEBOU MOCIEA0BATEIbHOCTSIM,
Y 3HAYEHUI YCTAHOBUBIIMXCS OTKJIOHEHUIA HaIIPSIKE -
HUI B paclpeaeUTeIbHBIX 2JIEKTPUYSCKUX CETSIX HO-
MUHaJIbHBIM HamnpskeHueM 10 1 kB.

IIpakTHyeckas 3HauumocTb. Pa3zpaboTaHHass KOM-
IThIOTEPHASI MOZIEITb CHCTEMbI aBTOMATUIECKOTO YITPaB-
JICHUS TI03BOJISIET MIPOBOIUTH UCCIIEAOBAHUST PEKUMOB
pacIpeneTUTeIbHBIX  3JICKTPUIECKUX CeTeil HOMMU-
HaJbHBIM HampstbkeHueM 1o 1 KB. Takxke ¢ moMoIbo
5TOU KOMITHIOTEPHOM MOMAEIH CYIIECTBEHHO YIIpOIa-
eTCs IIpollecC HACTPOMKM MUKPOIIPOIIECCOPHOM CH-
CTEMBI aBTOMaTUYECKOTO YIIPaBJICHMS, B OCHOBY KOTO-
POl MosoXeH MpeaIoKeHHbIM B paboTe MeTol aBTO-
MaTMYECKOro yIpaBIeHUs TTapaMeTpaMy pexKuma pac-
MPeACTUTEIbHBIX JIEKTPUUECKUX CETEH.

KioueBble cioBa: pacnpedesumenvhas snekmpuye-
cKasi cembv, eKMOPHAL ONMUMUAUUS

Pexomendosano 0o nybaixauyii dokm. mexH. Hayk
B. I1. Pozenom. Jlama naoxooxcenns pyxonucy 12.03.18.
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