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IMPROVE OF UNCERTAIN MICROSATELLITE MAGNETIC CLEANLINESS BASED ON
MAGNETIC FIELD SPATIAL HARMONICS COMPENSATION
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, V.V. Kolomiets ,

Problem of microsatellite magnetic cleanliness (MMC) improving by magnetic field (MF) spatial harmonics compensa-
tion and magnetic characteristics uncertainty (MCU) sensitivity reducing considered. Prediction and control by uncer-
tain microsatellite MC design are geometric inverse magneto static problem (GIMSP) reduced to vector game solution.
Vector payoff calculated based on development method for analytical calculation of magnetostatic field induction of
spherical sources in the Cartesian coordinate system (CCS) using Wolfram Mathematica ® software. Both vector game
solution calculated based on particles multi-swarm optimization (PMSO) algorithms from Pareto optimal solutions tak-
ing into account binary preference relations. Prediction model and location of compensating units in spherical coordi-
nates as well as multipole harmonic coefficients of dipoles, quadrupoles and octupoles are calculated during prediction
and control of uncertain microsatellite MC. Results of MC improving for microsatellite «Sichy» family by compensation
of dipoles, quadrupoles and octupoles components of initial MF spatial harmonics and reducing sensitivity to MCU are
given. References 17, figures 2.

Keywords: microsatellite magnetic cleanliness, magnetic characteristics uncertainty, prediction and control, geometric
inverse magneto static problem, computer simulation.

Introduction. Ukraine is space power state [1, 2]. Satellites magnetic characteristics are subject to
strict requirements [3]. To meet these requirements all Ukrainian satellites undergo measurement and stan-
dardization of technical characteristics at magnetodynamic complex of Anatolii Pidhornyi Institute of Power
Machines And Systems (IPMS) of the National Academy of Sciences of Ukraine [4]. The requirements for
spacecraft MC are usually presented in restrictions form on total microsatellite magnetic moment (MMM)
and of the MF strength magnitude at on-board magnetometer installation point, which specified in following
regulatory documents and microsatellite design guidelines [1, 3].

Microsatellite MC solving problems accuracy ensuring largely calculated by microsatellite
model MF sources for prediction magnetic field mathematical model (MFMM) adequacy to actually meas-
ured microsatellite MF characteristics values in near zone. Microsatellite MFMM usually adopted in mag-
netic dipoles microsatellite set units form — multiple magnetic dipole models (MMDM) [5]. However feature
of microsatellite magnetic characteristics is rather small value of MMM units and, in general, of entire mi-
crosatellite. For «SICH» family spacecraft MF at on-board magnetometer installation point mainly generated
by «Potential» scientific equipment set. Contributions of quadrupole and octopole spherical harmonics be-
come close to 80 %, and dipole harmonic contributes less than 20 % of MF level [6]. Therefore, to improve
microsatellites MC necessary to take into account not only dipoles, but also quadrupoles, octupoles, etc.
MF model spatial characteristics [3, 6].
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GIMSP is a typical task of ensuring the microsatellites MC [5]. Moreover, GIMSP used to solve two
problems — prediction geometric inverse magneto static problem (PGIMSP) and control geometric inverse
magneto static problem (CGIMSP) [5]. First, to calculate microsatellites initial MFMM based on real meas-
urements in near zone, it is necessary to solve PGIMSP [5].

Then, based on PGIMSP solution it is necessary to calculate real microsatellite MF values in far zone
that required — total MMM value and MF value at on-board magnetometer location point.

If actual values of these microsatellite MF do not meet MC requirements, then it is necessary to per-
form work on initial MF compensation for which it is necessary to solve CGIMSP [5]. CGIMSP solution
calculated additional compensating MF sources locations and their MMM magnitude to compensate initial
microsatellite MF. As result of CGIMSP solution, it is necessary calculated such compensating MF sources
in microsatellite space, which compensated initial MF generated by microsatellite in far zone. In general
CGIMSP is compensation system design problem for microsatellite output MF — system of active shielding
of initial microsatellite MF in far zone.

In general terms GIMSP are incorrectly set tasks. Forward geometric magneto static problem
(FGMSP) calculates MF at given space point as consequence of generation of this MF used cause — MF
source located at space given point with given characteristics. When GIMSP solved — consequence is known
— MF at space given point. GIMSP solution calculated cause — MF source spatial location and its
characteristics. It is natural that FGMSP has unique solution. However, GIMSP solution may have several
solutions. To realize consequence —given initial MF, various reasons may required - different locations and
different characteristics of MF sources — causes that realized consequence — given MF at given space point.
Such ambiguity GIMSP solution especially characteristic when GIMSP solution calculated based on
optimization algorithms.

Microsatellites MFMM usually considered known accurately [1-6]. However, microsatellite units
magnetic characteristics significantly depend on microsatellite operating modes and change during operation.
Sources of such MCU are changes in microsatellite elements MMM values when microsatellite operating
modes changed. In particular, MMM change most during follows operation modes: polarized relays in "on" and
"off" positions, when battery in "charge" or "discharge" mode, during operation of high-frequency valves, elec-
tromagnets operation for opening hatches of astro sensors, etc. Antennas and radio frequency components used
latch springs, control valves, and other moving parts. From initial cycles of their design their MMC values
taken into account. In addition, entire technological branch of production of these parts involves monitoring
magnetic characteristics of their material and conducting (if necessary) its demagnetization procedure. All units
with magnetic drive (motors, linear motion converters, and all other mechanisms) require independent devel-
opment to ensure their MMC. In particular, MMM of MPS 8S3P battery installed on “Sich 2-1” microsatellite
changes within £0.17 4*m?, when discharge current changes from minus 8 4 to charge current 8 4. Naturally,
that this MMM must be pre-compensated with active compensation system as battery charge-discharge current
function to ensure specified battery MMM level of £ (0.3+6.2)¥10° A*m’.

Note that for such microsatellite, taking into account MCU of their magnetic characteristics, termi-
nology «uncertain microsatellite magnetic cleanliness» widely used [7—14]. Term "uncertain microsatellite
magnetic cleanliness" denotes initial microsatellite MCU and their change during different operating modes
microsatellite operation. According to latest standards of European Space Agency ECSS-E-HB-20-07A dur-
ing space equipment testing, it is necessary to take into account test conditions, input data tolerances and
measurements uncertainty [3]. Therefore designed system for controlling microsatellite MC must be robust
to changes in parameters and possibly structure of microsatellite MFMM [15, 16].

In uncertainty conditions of microsatellite magnetic characteristics, when robust multispheroidal
MFMM designed standard approach calculation of spatial location coordinates and spatial harmonics magni-
tude based on conditions of minimizing vector discrepancy between measured MF vector and predicted
MFMM vector. However MCU vector calculated for "worst case"” MMC from conditions of maximization
same vector of discrepancy between measured MF vector and MFMM predicted vector [16]. This approach is
standard for ensuring robustness of microsatellite MFMM design relative to microsatellite MCU [14].

Such GIMSP solution under uncertainty conditions is vector game solution [16]. To calculate such
games solution Particle Swarm Optimization" (PSO) algorithm is used, which simulates social behavior of
solution individuals in flock, and has higher speed of convergence to optimum [17]. Basic approach to vector
game solution Pareto set calculation includes all solutions and that are not dominated by other solutions. To
adapt PSO algorithm to Pareto-optimal solutions calculation for possible vector gain values set binary pref-
erence relations used that individual solutions Pareto-dominance determined [16].
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The goal of this work is developed the method for prediction and control by microsatellite MC tak-
ing into account the uncertainties of microsatellite magnetic characteristics based on prediction geometric in-
verse magneto static problem and control geometric inverse magneto static problem solutions for calculation
and compensation MF spatial spherical harmonics in order to improve uncertain microsatellite MC by com-
pensation initial MF spatial harmonics and for reduced sensitivity to magnetic characteristics uncertainty.

Definition of FGMSP. Microsatellites MC problem solution success largely determined external mi-
crosatellites MFMM adequacy to microsatellites MF real values measurements in near zone [2, 3]. MF point
sources most widely common approach. In this case MFMM described in spherical coordinate system (SCS).
Microsatellites MFMM often adopted in MMDM form [5]. Parameters of this dipoles and their location coor-
dinates in microsatellites space calculated in PGIMSP solution from condition of minimizing error between
measured and MFMM predicted values of external MF at measurement microsatellites space points. On mag-
netodynamic stands microsatellites MF usually measured in Cartesian coordinate systems (CCS) related to mi-
crosatellites center. In microsatellites MMDM dipole sources positions also calculated in CCS related to mi-
crosatellites center. In addition, on magnetodynamic stands microsatellites electrical equipment component
units MF often measured in CCS related to of these component units center of electrical equipment.

However, MFMM of these microsatellites component units calculated in SCS associated with these
MF sources centers. In classical works on electrodynamics [5] Laplace equation solutions for MF scalar po-
tential in SCS known [5]. This Laplace equation solution in SCS for outside region sphere »>R, calculated in
form [2]:

U= : i nl+1 Zn:(g;n cosm+h,' Sinm(p)an (COSO), (1)

En 17 m=0
where P"(cosf) Legendre polynomials are associated with first kind of degree n and order m; r, 0, @ are the

spherical coordinates of observation point; g, and A, are the multipole harmonic coefficients in SCS.

It is not scalar potential that practically important, but MF strength projections. Microsatellite overall
dimensions in different directions approximately same MF strength of elements and entire microsatellite
MFMM calculated based on Laplace equation solutions for scalar magnetic field potential (1) in spherical
spatial harmonics (SSH) strengths sum form with corresponding multipole coefficients:

H, = ii—n:} {g,:” cosmo+ h" sinm(p} -P" (cos0), )
n=1 m=0 r
A ol oI SNV mo dP" (cos0)
H,= —;mz:;)rm {gn cosm@+h sin m(p}—d9 , (3)
NN s o P (cos0)
H¢ - ;mzo y? {g” sinme -1, cOSM(P} sin@ )

Spatial harmonic analysis application based on MF harmonic composition study. This application re-
sult transition from MF measured values to MF integral characteristics namely harmonics multipole coeffi-
cients. Then MF calculated based on obtained multipole coefficients values in entire region. Description ac-
curacy depends both on calculated multipole coefficients accuracy and on spatial harmonics number used
source function expansion. This FGMSP microsatellite MF calculated using expressions (2) — (4) based on
known MF sources coordinates and MF multipole coefficients values of these sources.

In modern works, for example, related to microsatellites MC [6—13] based on Laplace equation solu-
tions for scalar potential for outside MF source analytical equations for magnetic induction projections in
SCS obtained [6]. Moreover, these equations obtained only for several first spherical harmonics (up to 4) and
for these equations associated Legendre polynomials written out by obtaining rather cumbersome equa-
tions [6]. However, to date there is no generalization of formula for case of n-harmonic. Additional it is often
necessary to work in CCS [14] and in addition to transform coordinates from CCS to SCS, and then magnetic
induction projections calculated from SCS to CCS.

Therefore, consider method for simplification of mathematical modeling of uncertain microsatellites
MF based on analytical calculation of MF induction of spherical MF sources in CCS. Consider analytical
equations for magnetic induction projections using spherical harmonics. We obtain equation for B,:
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B, (x,7.7) =k 3

4ruidr
. o , (cose);rcosﬁ . o
) m(pxr(hn cosmo—g, smm(p)—(nJrl) r, +TS—1 (gn cosme+h, smm(p) X 5)
X
" Pln e 1 (COS e)‘x r m hn’l b Pm e
xP" (cos0)+(n—m+ )m(gn cosmp+h smm(p) " (cos6)

Similarly, we obtain equations for B,, B. (note in case of B. since (p; =0 first term in curly brackets
is zero

=1
B, (x.y.2)= =322

du=r
e o N (cose);rcose . i
) m(pyr( " cosmp— g’ s1nm(p)—(n+ ) Nt T (gn cosme+h’ smm(p) <1 ()
Xy :
=0 . . l(cose)vyl” . . o 0
xP" (cos0)+(n—m+ )m(gn cosme+ h’ smm(p) " (cos6)
LTS ol
(ens)=to3 L
0). rcosd
—(n+1) @+M (g;”cosm(p+h;”sinm(p) x P" (cosB)+ 7)
" cos” 01
<2
"o . (cos@)'zr . s o 0
+(n—m+ )m(gn cosmo+h’ smm(p) " (cos0)

It is quite simple to MF created by several, for example N}, spheroidal MF sources with coordinates
Xi, Vi, z; relative to microsatellites center {xo, yo, zo}={0, 0, 0} and several, for example »,, spherical MF
sources that compensate for MF in given area, with coordinates x;, y;, z; relative to microsatellites center. For
this used superposition principle and obtain, for example, for x-projection

Ny N,
B,:esuh (xP’yP’ZP) = ZBxi (xP — X Vp —VisZp _Zi)+sz/ (xp —XYp—Y;sZp _Z_/) s )]
=] =

where B, calculated by equation (8) with its parameters & ,rl" and h,'and B, calculated by equation (12)

with its parameters g,; , /,; . The same is true for other projections.

Thus, based on superposition principle, it is possible calculated MF at an arbitrary point in region out-
side spherical sources using equations (5) — (7). The advantage of these formulas over known ones [6] is: 1)
magnetic induction projections in CCS explicitly written due to taking direct derivatives with respect to CCS
coordinates; 2) their generalization to n-harmonic case; 3) there is no need to transform from one coordinate
system to another, which is especially important in case of MF calculated from several spherical and sources; 4)
equations relative compactness. Correctness of equations (5) — (7) confirmed by comparison with results calcu-
lated numerical partial derivatives with respect to coordinates x, y, z. Another check made using COMSOL®
modeling by ellipsoid MF of revolution. COMSOL® model has ability to specify direction of ellipsoid mag-
netization, which made it possible to check correctness of equations (5) — (7) for first harmonics case.
Most microsatellite units MF sources are point type MF sources MFMM of which calculated in
SCS. However number of microsatellite MF sources have extended shapes, for example electrical energy
distributors. Initial MFMM of such extended MF sources are calculated in prolate elongated spheroidal
coordinate system. For calculated MFMM of such extended MF sources in CCS it is necessary to obtain new
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equations for magnetic induction projections in CCS similar to (5) — (8). Magnetic induction projections in
CCS are calculated based on analytical calculation of MF induction of extended MF sources in prolate
elongated spheroidal coordinate system.

Definition of PGIMSP. To ensure MMC it is necessary solved two inverse problems: PGIMSP and
CGIMSP. First, consider definition of PGIMSP microsatellites MC. For measured MF values generated by
microsatellites it is necessary calculated MF sources geometric coordinates location in microsatellites space
in such a way that these sources generate MF with magnitude at measurement points in microsatellites near
zone is equal to experimentally measured MF values on magnetodynamic stand. Naturally, this is GIMSP
[5]. As result of PGIMSP solution, it is necessary calculated such MF sources in microsatellites space, which
generated real MF in microsatellites near zone. PGIMSP solution is approximating problem of original MF
in predictive MFMM form and therefore PGIMSP solution is MFMM designing and identifying problem
based on experimental measurements.

Microsatellites prediction MFMM as a result of PGIMSP solution are calculated based on measured
MF in near zone. But then this prediction MFMM used for calculated MF in far zone. For MMC control this
prediction MFMM used for calculated microsatellites initial MMM and magnetic induction level at on-board
magnetometer installation point.

In contrast to [1, 2] consider microsatellite units magnetic characteristics uncertainty vector G in
various operation modes. Also we consider microsatellite MF MM generated not only by dipoles, but also by
quadrupoles and octupoles of microsatellite units.

Consider PGIMSP required parameters vector X p Wwith spherical coordinates r,, ¢, and 0, of model
units location in microsatellite space as well as multipole harmonic coefficients values of dipoles g (G),
gn(G), hy(G), quadrupoles g1,(G), h,,(G), h7(G) and octupoles g,5(G), gi(G), g35(G), h,3(G),
hé(é), h,%(é) of these units. Then vector fc (X P,é) with magnetic field predicted values at near field
given points calculated based on (1)—(3). Consider vector E(X,,G) with difference between vec-

tor I7C ()? P,é) calculated based on (1) — (3) and microsatellite MF measured values vector Y v (G) at near
field given points

E(Xp,G) =Yy (G)-Y . (Xp,G). 9)

Then PGIMSP solution reduced to game E(X P @) solution calculated by minimizing payoff vector

on required parameters vector X , , but maximizing same payoff vector on uncertainties vector G .

Note that PGIMSP solution is ambiguous. Microsatellite units MMC measured during their manufac-
ture and strictly regulated. Their location coordinates in microsatellite space are also precisely known. There-
fore, for microsatellite units MMC given values and for their location given coordinates in microsatellite
space FGMSP is solved and microsatellite MF magnitudes in near zone are calculated. Based on these MF
values calculated in microsatellite near zone PGIMSP is solved. Naturally magnetic characteristics of mi-
crosatellite MF model sources and their microsatellite space location coordinates calculated during PGIMSP
solution is not correspond to microsatellite real unit’s magnetic characteristics. Model MF sources location
coordinates in microsatellite space will also not be correspond to the real units location coordinates in mi-
crosatellite space. However, such correspondence between real units and model MF sources not required.
Based on PGIMSP solution it is necessary to calculate only MF magnitudes in microsatellite near zone cor-
responding to MF actual values in near zone.

In addition, usually MF values in microsatellite near zone calculated based on FGMSP solution do
not correspond to real MF values experimentally measured on magnetodynamic stand. This discrepancy is
primarily due to mutual influence of magnetic fields of individual microsatellite units on each other. In addi-
tion, during microsatellite design individual satellite units, for example, electromagnetic relays, high-
frequency valves, are arranged in this way that these units MMM directed oppositely to each other and initial
individual units MMM compensated. Moreover, such individual units MMM compensation leads to quadru-
pole, octupole and higher order MF sources appearance.

Therefore reality PGIMSP solved based not on MF values in microsatellite near zone calculated dur-
ing solving FGMSP, but based on experimentally measured microsatellite MF values on magnetic measuring
stand. In addition, when PGIMSP solving based on experimentally measured MF values, task is to simplify
MFMM by reducing of model MF sources number. Naturally, in this case, there can be no question of any
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correspondence between of real microsatellite units magnetic characteristics and model MF sources, as well
as spatial location coordinates of microsatellite units and model MF sources.

Definition of CGIMSP. Consider definition of CGIMSP microsatellites MC [5]. It consists in fact,
that for calculated values of MMM and for magnetic induction level at on-board magnetometer installation
point, it is necessary calculated compensating MF sources MMM and their spatial location geometric coordi-
nates in microsatellites space in such a way that these MF sources generate such compensating MF that mi-
crosatellites resulting MMM values and resulting MF magnetic induction level at on-board magnetometer in-
stallation point meet microsatellites MC requirements. This is also GIMSP. As CGIMSP solution result it is
necessary to find such compensating MF sources in microsatellites space, which generated compensating MF
in outer microsatellites space. In fact, CGIMSP is compensation system design problem for microsatellites
output MF — system of active shielding of microsatellites own MF.

Unlike [1, 2] to improve microsatellite MC introduced compensating units, consisting not only of
compensating dipoles, but also of compensating quadrupoles and compensating octupoles generated com-

pensating MF opposite initial microsatellite MF. Consider required parameters vector X ¢ of this CGIMSP
with spherical coordinates ., ¢. and 6. of compensating units location in microsatellite space as well as mul-
tipole harmonic coefficients values of dipoles g2, g, /¢, quadrupoles g, gty, €& hevy» he, and oc-

tupoles gos, gbs, g23, gdsy, his, h2s, hs of these compensating units . Then, based on (1) — (3) calcu-

lated vector EC ()? c»G) with compensating MF predicted values at near field given points. Consider vector

ER ()? C,é) with sum vector EC ()? ¢»G) compensating MF calculated based on (1) — (3) and microsatellite
initial MF vector B (é) calculated as PGIMSP solution

By(X¢,Go)=B(Ge)+Bo(X,). (10)

Then CGIMSP solution for uncertain microsatellite MC reduced to game B, (X ,G) solution calcu-

lated by minimizing payoff vector on required parameters vector X ¢ of compensating units, but maximizing

same payoff vector on uncertainties vector G. .

Naturally CGIMSP solution is also controversial. Apparently most effective compensation of mi-
crosatellite initial MF can be achieved by compensating MF sources locating in model MF sources locations
calculated during PGIMSP solution. However in practice, attempts are made to reduced compensating MF
sources number. In this case, naturally there can be no question of any correspondence between CGIMSP
and PGIMSP solutions.

In addition, to simplify technical implementation, permanent magnets usually used as microsatellite
compensating MF sources. Electromagnets used potentially makes it possible MMC increased by units mag-
netic characteristics compensated for microsatellite different modes operation changed.

Solution method. Initial expansion coefficients values for spherical harmonics for PGIMSP solution
and for CGIMSP solution calculated as GIMSP solution taking into account these real uncertainties of char-
acteristics of microsatellite MC. Moreover, GIMSP solutions based on conditions of minimization of devia-
tion vector of experimentally measured microsatellites MF values relative to calculated values of magnetic
induction based on designed microsatellites MFMM, but at the same time on conditions of maximization
same vector of deviations relative to microsatellites MC uncertainties vector. This approach is standard for
ensuring robustness of designed microsatellites MMMF relative to uncertainties vector of microsatellites
magnetic characteristics [16]. Both PGIMSP and CGIMSP for uncertain microsatellite MC reduced to vector
game solutions minimized on initial parameters vector, including spherical coordinates and dipole, quadru-
pole and octopole harmonics of initial or compensating units but maximized on uncertainty vector of mi-
crosatellite magnetic characteristics. Both game vector payoff calculated based on Laplace equation solutions
of scalar microsatellite magnetic field potential (2) — (4) using Wolfram Mathematica ® software. Both vec-
tor games calculated from Pareto optimal solutions taking into account binary preference relations based on
multiswarm stochastic multiagent optimization algorithms [7].

To solve vector game solutions stochastic multi-agent optimization algorithm used. Based on set of
particles swarms, the number of which equal number of components of payoff vector game. In the standard
particle swarm optimization (PSO) algorithm particle velocities change according to linear laws. In order to
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increase speed of global solution finding, special nonlinear algorithms of stochastic multi-agent optimization
used, in which movement of particle i of swarm j described by following expressions

(t + 1) WiV (t)"' cl,”l,( )H(plij(t) - gnj(t))lyij(t)_ xij(t)J+ chr2j(t)H(p2ij(t) -
— &, (¢ )[y] ,,(f)] (11)
“ij(H‘l) W, iU, (t)+c3j”3/() (Pay(f) 83y lZz )_6y J
"+c4jr4j() (P4y(t) 84,]()1 ( ) (t)] ’
xij(t+l): y() ij(t+1)’ gy(t+1):5;j() ij(t+l)a (13)

where position x;(¢) and velocity v;(#) particle i swarm j calculated required parameters variables vectors X »

(12)

and X ¢ when minimizing payoff vector games (9) — (10), position g;(¢) and velocity u;(¢) particle i swarm j

calculated required parameters variables vectors G and Gc when maximizing payoff same vector
games (9) — (10).

Optimization problems of scalar game solution, which are components of vector game payoff solved
with individual swarms help. In order to find global vector game solution, individual swarms exchange in-
formation among themselves during calculated optimal solutions of local criteria. Information about global
optimum obtained by particles of another swarm used to calculate movement velocities of particles of one
swarm, which allows all potential Pareto-optimal solutions identified. For this purpose, at each step of
movement of particle i of swarm j preference relationship functions of local solutions advantages used. In

fact, this approach implements main idea of successively narrowing method trade-offs — from area initial set
of possible solutions, based on information about relative importance of local solutions, all Pareto-optimal
solutions cannot chosen according to available information about advantages of attitudes successively re-
moved. Deletion carried out until globally optimal solution obtained. As a result of this approach, no poten-
tially optimal solution will be removed at each narrowing step.

Simulation results. Basis of metrological support for determination in multi-magnetodipole format of
magnetic characteristics of microsatellite units is work performed on specialized magnetic measuring stands.
Main provisions of work organization for microsatellite magnetic characteristics reducing implemented by such
leading developers of NASA, ESA, etc. space industry. IPMS has powerful specialized experimental base
"Magnetodynamic Complex", Fig. 1, included in list of scientific objects constituted national property of
Ukraine [4]. At IPMS magnetodynamic complex experi-
mental part of fundamental studies of various technical ob-
jects magnetism and their physical models (spacecraft,
ships, electric power equipment, building structures, pipe-
lines) carried out. Analysis of MF spatio-temporal struc-
ture of these objects performed (including an ultra-small
level with a self-induction lower than 10°® 7). At IPMS
stand experimental studies of developed methods and
means aimed at purposefully changing magnetic character-
istics of various technical objects carried out. Since 2003
magnetodynamic stand tested all orbital spacecraft
launched into Earth orbit in Ukraine, namely “Microsat”
(2003), “EgiptSat-1”(2007), “Sich-2 (2011), “Sich-2-
30" (2022).

Consider developed method used for prediction and control by uncertain microsatellite MC based on spa-
tial harmonic analysis for MF at LEMI-016 magnetometer installation point generated by KPNCP space plasma
sensor «Potential» scientific complex microsatellites «Sich» family [6] diagram of which shown in Fig. 2.

Microsatellite initial MF [6] spherical harmonic coefficients g{)= 4.1*%10°, g11= —8.4%107,

Fig. 1

hl1 =4.2%107, gg =1.411*107, gg =2.5%10"*. Dipole harmonic (magnetic moment field) relative contribu-

tion to initial MF less than 20 % and quadrupole and octupole spherical harmonics contribution to initial MF
about 80% [18]. CGIMSP solution calculated spherical coordinates of compensating unit spatial location 7, =

=0.0768617; @; = 0.163995; 6, = 3.90015, compensating quadrupole g5 = 0.0249959, g} = 0.981453,
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g3 = 0271729, h} = 0.62818, h? = 0.620474 and compensating octopole gi = 0.00160516,

gh =0.0282545, g7 =0.651052, g3 =-0.704719, h} =0.0031692, h3 =0.175824, h3 =—1.11672. Due to

compensating quadrupoles and octupoles installation possible microsatellite initial MF reduce by more than
hundred times.

Conclusions. For the first time
sensor the method for prediction and control by
KPNCSP microsatellite MC taking into account

the uncertainties of microsatellite mag-
netic characteristics based on prediction
geometric inverse magneto static prob-
lem and control geometric inverse mag-
magnetometer neto static problem solutions for calcula-
LEMI-016 tion and compensation MF spatial
spherical harmonics for improved uncer-
tain microsatellite MC by compensation
initial MF spatial harmonics and for re-
duced sensitivity to magnetic characteris-
Fig. 2 tics uncertainty developed.

The method for mathematical
modeling simplification of uncertain microsatellites MF based on analytical calculation of MF induction of
spherical MF sources in Cartesian coordinate systems developed.

Prediction and control problem by uncertain microsatellite MC are geometric inverse magneto
static problems. Microsatellite MF spatial spherical harmonics calculated based on Laplace equation solu-
tions for MF scalar potential using Wolfram Mathematica® software. Both prediction geometric inverse
magneto static problem and control geometric inverse magneto static problem solutions reduced to vector
game solution calculated based on particles multi-swarm optimization algorithms from Pareto optimal
solutions taking into account binary preference relations.

During prediction geometric inverse magneto static problem and control geometric inverse magneto
static problem solutions for uncertain microsatellite MC model MF sources and compensating spherical MF
sources spherical coordinates location and multipole harmonic coefficients of dipoles, quadrupoles and octu-
poles calculated.

Based on developed method MC of «Sich-2» microsatellite family generated by space plasma sensor
KPNCP at onboard magnetometer LEMI-016 installation point improved. Compensating dipole, quadrupole and
octupole reduced initial MF by more than hundred times.
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MOKPAIIEHHS MATHITHOI YACTOTH MIKPOCYITYTHUKA I3 HEBUSHAUYEHOCTSMUA
HA OCHOBI KOMIIEHCANII MPOCTOPOBUX TAPMOHIK MATHITHOI'O IIOJIA
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Bcemyn. Poszensinymo eupiuienHs npooiemu NiQSUWEHHS MASHIMHOI YUCmMOomu MIKPOCYNYMHUKIE UWLIAXOM KOMNEeHcayii
NPOCMOPOBUX 2APMOHIK MASHIMHO20 NOAS MA 3MEHWEHHA YYMAUBOCMI 00 HeBU3HAYEHOCMI MASHIMHUX XaApaKmepucmux.
Mema. Po3pobxa memody npoeno3yeanus ma KOHMpPONo MASHIMHOT YUCMOmu MiKpOCYRYMHUKIG 13 HeBU3HAYEHOCTAMU, AKULL
€ 2e0MeMpUYHOIO 0OEPHEHOI NPOONEMOI0 MASHIMOCMAMUKYU MIKPOCYRYMHUKIS, DileHHA AKOI 36€0eHO 00 pO38 A3aHHS
6eKMOPHOL 2pu. Bekmopruil euepaul po3paxoeanuil Ha OCHOBI PO3POONIEHO20 MEMOOY AHANIMUYHO20 PO3PAXYHKY IHOVKYIL
MazHimocmamuuno20 noas cepudnux odxcepen y O0eKapmogiti cucmemi KOOpOUHam 3a OONOMO2010 HPOZPAMHOZ0
sabesneuennss Wolfram Mathematica ®. Memoodonozia. Ob6udsa piueHHs eKMOPHUX 120p PO3PAX08AHI HA OCHOBI
aneopummie onmumizayii 6azamvox poie uacmunok 3 Ilapemo-onmumanbHux piwienb 3 ypaxyeauHam OiHapHUX GIOHOCUM
nepesazu. Opucinanvuicme. I1i0 uac npoexkmyeamus npoeHo3y ma KOHMPOMO MAZHIMHOL YUCOMU MIKPOCYNYMHUKA 13
HEeBUSHAYEHOCMAMU PO3PAXOBAHO COEPUUHI KOOPOUHAMU HPOCMOPOBO20 PO3MAWLYEAHHA MOOENbHUX | KOMNEHCAYIHUX
MOOYNi6 ma MYIbMUNONLHE 2APMOHIUHI Koe@hiyienmu Ounonis, xeaopynonie ma okmynonie. Pesyasmamu. Haseoeno
pe3yrbmamu  Ni0GUWEHHA MAcHImHOI yucmomu Mikpocynymuukie cimeticmea «Ciuy wisaxom KoMHeHcayii OunonbHUXx,
K6AOPYNOALHUX MdA OKMYHOIbHUX CKIAOOBUX NPOCOPOGUX 2APMOHIK BUXIOHO20 MASHIMHO2O NOASL OAMYUKA KOCMIUHOY
naasmu KPNCP 6 mouyi ecmanosnenus 6opmosoeo macHimomempa LEMI-016 ma 3menwenns yymaueocmi 00
HesuzHayeHocmi macHimuux xapakmepucmux. biomn. 17, puc. 2.

Kniouogi cnoga: MarHiTHa 4UCTOTAa MIKPOCYNYTHHKA, HEBU3HAYEHICTh MArHITHUX XapaKTEPUCTHK, MPOTHO3YBaHHS Ta
KepyBaHH:, TeOMeTpu4Ha oOepHeHa 3aa4a MarHiTOCTaTHKN, KOMIT FOTepHE MOJCITIOBAHHSI.

Haniitona 24.06.2024
Ocratounuii Bapiant 05.09.2024
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3AJAYA MPOJOBXKXEHHSA IVIOCKOMEPUAIAHHOI'O MATHITOCTATUYHOI'O ITOJISA
3 IJIOCKOI TPAHMYHOI HOBEPXHI ®EPOIMATHETHKA

B.M. MHX&ﬁJIOB*, JIOKT. TEXH. HayK

HanionanpHuii TexHiyHuii yHiBepcuTeT «XapKiBCchbKHil MOTITEXHIYHUH IHCTHTY T,
ByJ1. Kupnuuosa, 2, Xapkis, 61002, Ykpaina,

e-mail: valery.m.mikhailov@gmail.com.

Cehopmynvosano 3adauy npo0oeiceHHs1 NIOCKOMEPUOIAHHO20 MACHIMOCMAMUYHO20 NOJA 3 NIOCKOL 2DAHUYHOT NOBEPXHI
Gepomaznemura 6iOHOCHO MAZHIMHO20 ROMOKY MA CKAAAPHO20 nomenyiany. I panuuni ymosu 018 MazHimuo2o nomoxy
He € KIACUYHUMU, OCKIIbKU WIYKAHA (DYHKYis Ha epanuyi Hesiooma, a ii HOpMAnbHA NOXIOHA OOPIGHIOE HYIIO.
Dopmynro8arnHs Ol CKAIAPHO20 nomenyiany € 3adayero Kowti 014 pieHAHb 8 YACMKOBUX NOXIOHUX eNINMUYHO20 MUNY.
Ananimuyni po3e’sasku 3a0a4i OMpUMAHO 3a 0ONOMO20I0 MemoOy YACMKOBUX D038 A3Ki8, Oe3nepepeHo 3anediCHUX 8i0
napamempa, ma iHmezpaibHo20 nepemeopenHs Xawukensd. J{osedeHo ixuro docmosipuicmu. I[lokazano, wo nodiowui
61ACMUBOCTT MAIOMb 3A0a4i NPOOOBIHCEHHS NIOCKOMEPUOIAHHUX NONI6 3 NAOCKOI epanuyi i0eaibHo2o nposionuKa 0.1
MAZHIMHO20 NONsL Ma NPOGIOHUKA OJIsl NOCMIUH020 Y 4acCi eleKmpuiHo2o nois. Bemanoeneno, wo ninii nons, kompi
obMmedcyroms WyKaHuil npoghine, 6e3nocepednbo GUBHAUAMbCs PO36 siskom 3adaui Kowi Onsi 00Hiel 3 080X QyHKYIL.
Pospaxosano exsinomenyianvui ninii 30015 GU3HAUEHHS NPOPINIO NONIOCHO20 HAKOHEYHUKA erekmpomacHimy. Biom. 7,
puc. 2, Tabm.1.

Knrwowuoei cnosa: maruitrocraTuyHe TIOJie, 3ajava IPOJOBKEHHS MOJS, METOA YacTKOBHX pO3B’S3KIB, IHTErpaJibHE
MIEPETBOPCHHS XaHKEJIs, OJTFOCHUN HAKOHEYHUK CIICKTPOMATHITY.

Betyn. B enekTpomexaHili, TEXHOJIOTIAX 00pOOKH MaTepialliB, Qi3sHIHUX SKCIIEPUMEHTaX Ta IpHJia-
noOymyBaHHI (OpMYy €JEKTPOIiB, COJCHOIMIB 1 MOJIOCHMX HAKOHCYHHKIB BU3HAYAIOTh 32 J[OTIOMOTOKO
PO3B’S3KIB 3agad NpPOJOBKEHHS TONsi 3 TpaHuyHOi moBepxHi [1-4]. VY Bimommx poborax 3amgaqy
MIPOIOBKEHHS MArHITOCTATHYHOTO TOJS 3 MOBEPXHI (hepoMarHeTHka AOCHTiKeHO HemoctaTtHbo [4]. Kpim
BOTO, JIBA OCHOBHHX (QOPMYITIOBaHHS TMOMIOHMX 3a7a4 (BIIHOCHO TIOTOKY BEKTOpa Ta CKAJSIPHOTO
MOTEHLIATy) HE MOPiBHIOBAIIUCS ISl PI3HUX MOJIB.

Merta poOoTm — QOpMyIIOBaHHS Ta OTPUMAHHS AHANITUYHUX PO3B’SA3KIB 3aqadi MPOIOBKEHHS
TJIOCKOMEPHIIAHHOTO MAaTHITOCTaTHYHOTO TIOJS 3 IUIOCKOI TPAaHWYHOI TOBEpPXHI (hepoMarHeThka Ta
MOPIBHSHHS 1X 3 TTONIOHUMU pe3ylibTaTaMu JJIsl IHIIUX €IeKTPHYHHUX 1 MAarHITHUAX MOJIB.

BukopucTtaHHsi MarHiTHOro MOTOKY. PO3IMIsSTHEMO TUIOCKY TpaHULIO (PepOMarHeTHKa B LUTiHAPUY-
HUX KOOpIWHATaX #, ¥, z (puc. 1). 3amianMo pepomMarHeTuk igeasbHuM GhepoMarHiTHUM MiBIpocTopoM z<0.

_ VY BepXHBbOMY HENPOBITHOMY 1

“A HEMarHiTHOMy  MiBIPOCTOpi

7>(0 HeoOXimHO BITHOBUTH

-~ ! o Take IUIOCKOMEpHIIiaHHEe Mar-

' HITOCTaTW4HE MOJie, KOTpe Ha

2 rpanuti z=0 Mae 3aaHuH po3-

MOJIT HOPMAJBHOI TPOEKIIi]

0 ...................... ) IHILYKLIII E (B' =I‘0t2 ’ ;1 _

BEKTOPHUHI MOTEHLIaN).

®dopMmymroBaHHA IIi€i  3amadi

BITHOCHO MAarHiTHOTO TOTOKY
Puc. 1 (7, z) Ma€ TaKUM BUIIIA],
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2
2(1am),150 "
or\r or r oz
O B, (r0). G @.0)
or |-, 0z |,

ne O(r, zy=2nrA,(r, z), A,(r, z) — €11MHA a3UMyTalIbHA OPOEKIIis A; B(r, 0) — 3amana mpoexiis B .
®opmymoBanHs (1) — (3) Bimpi3HIETbCS Bif KIacHIHOTO (hopMyITtoBaHH 3a1a4i Komri 1y1s piBHSHB B
YaCTKOBUX IMOXIHUX ENINTHYHOTO TUIY [5] rpaHnuHMH yMOBaMHU (2), (3). [ooBHI BiIMIHHOCTI y TOMY, IIO
Ha TPaHWYHIN MOBEPXHi IIykaHa (QyHKIis HeBigoMma, a ii HOpMaibHa IMOXiIHA AOPiBHIOE Hym0. Di3uuHUiA
CMUCII TPaHUYHOI YMOBH (3) moIsirae y piBHOCTI HyIIO JOTUYHOI nipoekii B,(r, 0). [loniGHi BracTHBOCTI Mae
3a/1a49a MPOAOBKEHHS OTOKY Dx(r, z) HANIPYKEHOCTI MOCTIHHOTO TJIOCKOMEPHIIAHHOTO €IIEKTPUIHOTO TIOJIS
3 TOBEpXHI MPOBIJHOTO MIBIPOCTOPY (TaOMHUI,

Cepenosuime z<0 Ulykana dyHKuis o(7 z) — MOTeHILIaJ eNEeKTPHYHOTO TTOJIS).
(r, 2) Pulr, 2) 3a HPUITY IEHHAM AHAJITHYHOCTI
Hesizoma. Om(r, 0)=0. HeBiomol  ¢ynkmii  @D(r, 0) 3rigHO Teopemi
IneansHuit GpepomarseTnk 52 -0 C. KoBanescekoi 3amaua (1) — (3) mae emunuit
0z|._, | 3anawaKowi. | po3p’s30k. BHKOPHCTOBYIOYM METON YACTKOBHX
_ He Bizoma. | PO3B’SI3KiB, ~ O€3NEpEpPBHO  3alEKHHX  BiJ
. . O(r, 0)=0. 5 mapaMeTrpa, Ta  IHTETpajibHe IEPETBOPCHHS
Ineanbuuit MpoBigHUK . 99, _ 0. | Xaukems [6], orpumyemo
3anaqga Korri. 0z |., T
Du(r, 2) o(r, 2) ®(r,z)=27r[ B.(1)J,(Ar)ch(22)dA,  (4)
1 0
TpoBiTHIK al(_ll)eBlﬂOMa' o(r, 0)=0. ©
El . | meB. (4)= IBZ(r,O)rJO (Ar)dr, \— napamerp.
0z |, 3amaga Korri. 0

3 po3B’si3ky (4) BUTIKae, OO0 HA BiAMIiHY
Bil 3a7adi TPOMOBKECHHS MAarHITHOTO TIOTOKY 3 IIIOCKOI TIOBEPXHi i€aJhbHOTO MPOBiMHHWKA (TaOIHUIIs),
¢ynkuis O(r, 0) He € cTanoro.

BukopucTaHHs CKaJSIPHOTO MOTEHIiay MATHITHOrO moysa. DopMysroBaHHs 3a1a4i, 10 PO3IIIS/I-
JAETHCS, BITHOCHO CKAJSIPHOTO IOTCHIIAly MAarHITHOTO TIONS ¢, (7, 2) (Ez—uo grade,, o — MarHiTHa

cTaja) Ma€ TaKWid BUTIIST

2 2
6(p2m +18(P”’+6(P2”’:0, ®))
or r or 0z
®,,(7,0)=const, (6)
%l __Lp(r0). (7
0z |, Ko

3ayBakumo, o (5) — (7) € knacuuauM QopmymoBanHaM 3anadi Komri [5]. Y rpanuyHili ymoBi (6)
BiOOpakeHo Te, IO MOTEHIIIaN (,(7, z) YCIOmU, y TOMY YHCII W Ha TpaHuIli z=0, BA3HAYCHUH 3 TOUHICTIO IO
Jesikol cTaioi, KoTpa He BIUIMBAE Ha MPOEKIii B. Tomy mpuitmemo ¢,,(r, 0)=0. 3 ypaxyBaHHSIM LHOTO
po3B’s30k 3aaadi (5) — (7), OTpUMaHMiA THMU K€ METOAaMH, Ma€ BUIIISA

(pm(r,z)z—ijBZ(x)Jo(xr)sh(xz)dx. (8)
Ho %
Po3B’s13Ky (8) BiANOBIAaI0TH (hOPMYITH JUTSl BU3HAYCHHS MPOEKILil B y BEPXHBOMY IBIPOCTOPI
B, (r,z)=—[AB. (%) J, (hr)sh(rz)d2, 9)
0
B.(r,z)=[MB.(%)J, (Ar)ch(rz)d . (10)
0

Y dopmynax (4), (8) — (10) Jo(Ar), Ji(Ar) — dynKuii beccens mepimoro pomy HyIEOBOTO Ta MEPIIOTO
nopsnky; B.(A) — iHTerpanpHe nepeTBopeHHs Xankens QyHkii B,(7, 0) [6].
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JocToBipHicTh Ta BHKOPHCTaHHS OTPUMaHHMX Ppo3B’a3kiB. llpumyctumo, mo po3’szok (8)
nocroBipuuii. Hexali P — neska TOYKa 3 KOOpIWUHATAMU Fp, Zp Y BepxHboMy miBrmpoctopi (puc. 1). Tomi
MarHiTHUH MOTIK KPi3b MOBEPXHIO, 1[0 OOMEXKEeHAa HECKIHUCHHO TOHKUM KiJIbIIEM pajliyca rp Ha BiJICTaHI zZp
BiJ rpanuii z=0, TOpiBHIOE

p
@(rP,ZP)=2nIrBZ(r,zP)dr. (11)
0
[icns mincranoBku B (11) dopmynu (10) Ta iHTErpyBaHHS OTpUMY€EMO pO3B’s30K (4). Kpim mporo,

BinoBiHI (4) ¢opMynu 11 BU3HAUSHHS Npoekiiid B crhiBnanatots 3 Gopmyiaamu (9), (10). Jocmosipuicme
OMPUMAHUX PO38 A3KI8 008E0€eHO.
3 HaBe[CHUX y TAaONUIl NaHUX BUTIKA€E, MO JUTsl BU3HAYECHHS MPOQLII0 JOCTaTHHO OTPUMATH TiTBKH
OIIMH 3 TBOX PO3B’A3KIB 3aa4i MPOTOBKECHHS TIOJIA: Y BUMIAAKAX MAarHITOCTaTHIHOTO (imeansHuil hepoMarute-
THUK) Ta TOCTIHHOTO Yy dYaci eNeKTPpUYHOro (NMPOBINHUK) TONIB — JUIA TOTEHINANB ¢,(7, z) Ta o(7, z),
MAarHiTHOTO TIOJISI TIPU Pi3KOMY IMOBEpXHEBOMY edekTi (ilea’bHHil MPOBITHUK) — JJII MAarHiTHOTO TIOTOKY
®D(r, z). Lle € po3B’s130k 3amadi Korri, 32 TOIOMOTOI0 KOTPOTO PO3PAaXOBYIOTHCS MOTPiOHI miHiT moms. s
OUTBII JIeTaIbHOTO JOCITIKEHHS KOPUCHUM MOXKE OyTH APYTHH PO3B’S30K, KOTPHU MOB’S3aHUN 3 MEPIINM
JUISL MarHiTOCTaTHYHOTO MOJIsl yMOBAMU CHIPSDKEHHS
oo, 1 oD oo, 1 00
— = = (12), (13)
Oz 2mp,r Or Or 2muyr Oz
YmoBu (12) ta (13) npaBuibHi 1 1UIs TIIOCKOMEPUIiaHHUX MarHiTHUX IOJIIB, IO HPOJOBXKYIOTHCS 3
MWTHIPUYHOI TPAaHUYHOI MOBEPXHI Ta OC1 z, OCKUTPKY BOHH HE 3aJIeXKaTh BiJl TPAHUYHUX YMOB.
BuszHaveHns nmpogiio moJrocHOro HAaKOHEYHUKA ejleKTpoMaruiTy. Hexail Ha Turockiit moBepxHi
(hepoMarueTrka 3i CTOPOHH HEMPOBIAHOTO Ta HEMArHITHOTO CEepeOBUINA Tpeda CTBOPUTH MarHiTOCTaTHYHE
TOJIE 3 33/TaHUM PO3MOLIOM 1HIYKIIi1

B.(r,0) = B,exp(-a’r*), (14)

ne By, a — napamerpu.

Juis po3paxyHKiB KOOpAWHAT €KBIOTEHIIATBHUX JIiHIN Oyno BuKopuctaHo dopmyny (8) Ta iHTErpa-
JTBHE TIEPETBOPEHHS XaHkens st posnoxiury (14) [6]. 3actocoBaHo Taki Oe3po3MipHi (3 3ipodKamu) Ta
GasucHi Besnunnu: B, =B./B), (pm*=(pm/(pmb, ¥ =r/R, z =z/R, a =aR, R — Ga3ucHa IOBKHUHA, QOmp=MoBy/R, By=By.
Ha puc. 2 mokazaHo eKBilTOTEHITIaTbHI
niHii /-4 MAarHiToCTaTU4HOIO IIOJIS
HaJl TOBEpPXHEr (epomMarHeTuka (s
kpuBoi 1 @, =-0,02, 2 —(-0,05), 3 —
(-0,1), 4 — (-0,2)) Ta 3aICKHICTH
B.(r, 0) (xpusa 5, a'=1). Byap-sixa 3
miHid /-4 Moxe OyTH KOHTYpOM
OCHOBHOI YaCTWHU MPO(DIII0 ION0C-
HOTO HaKOHEYHUKA 3 (epOMarHeTHKa,

110 3abe3mneuye po3noain (14).
BucunoBkm. 1. /IBa pizauX ¢o-
PMYJIIOBaHHSA (32 IOIOMOIOIO CKAaJsp-
HOTO TOTEHIialy Ta MOTOKY BEKTOpa
MoJIsT) 3a/1a4 MPOOBKEHHS IJI0CKOMe-
~  PUIiIaHHUX ENEKTPUYHHX i MarHiTHUX
0 04 0.8 12 16 T TOJNIB 3 TUIOCKOT TPaHUYHOT MOBEPXHi

Puc. 1 Ta OCi MalOTh HACTYITHI 3arajibHi Biac-
THUBOCTI. Y TUX BUMNagKaX, KOJIU B Of-
HOMY 3 ()OPMYIIFOBaHb Ha TPaHMIII ITyKaHa (YHKIiS HeBigoMma, Il HopMallbHA TTOXiHA TOpiBHIOE Hymo. [Ipu
eoMYy apyTe hopmymmroBaHHs € 3amaadero Kot 1t piBHSHHS €IMTAIHOTO THITY.
2. 3aja4ya NpoJOBKEHHsI MarHiTOCTATUYHOTO TIOJIS 3 TUIOCKOT MOBEpXHI (pepoMarHeTuka aHaJIOTi4HA
3aa4i MPOIOBKEHHS MMOCTIMHOTO Y Yaci eNeKTPUIHOTO MO 3 IUIOCKOT MOBEpXHi NPOBiIHUKA, a 11 popmyio-
BaHHS BIJIHOCHO CKaJIIPHOTO MOTEHITIay € 3amadero Korri.
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PROBLEM OF AXISYMMETRIC STEADY MAGNETIC FIELD CONTINUATION
FROM FLAT FERROMAGNETIC BOUNDARY

V.M. Mikhailov

National Technical University “Kharkiv Polytechnic Institute”,

2, Kyrpychova Str., Kharkiv, 61002, Ukraine,

e-mail: valery.m.mikhailov@gmail.com.

The problem of axisymmetric steady magnetic field continuation from flat boundary surface of ferromagnetic is
formulated for magnetic flux and scalar potential. Boundary conditions for magnetic flux are not classical because on
boundary magnetic flux is unknown and its normal derivative equal zero. The formulation for scalar potential is
Cauchy's problem for elliptical partial differential equation. Analytical solutions of the problem are obtained by method
of partial solutions, which depend on parameter continuously, and Hankel's integral transformation. It is shown that
there are similar properties in problems of axisymmetric fields continuation from flat boundaries of ideal conductor for
magnetic field and conductor for steady electric field. It is fixed that field lines, which bound unknown profile, are
determined directly by solution of Cauchy's problem for one from two functions. Equipotential lines are calculated to
determine of electromagnetic pole profile. References 7, figures 2, table 1.

Keywords: steady magnetic field, problem of field continuation, method of partial solutions, Hankel's integral
transformation, electromagnet pole profile.
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EJIEKTPOCTATHUYHE IIOJIE B IIOBITPAHOMY INPOMI’KKY CUCTEMMU IVIOCKO-
MMAPAJIEJIBHUX EJIEKTPOJIB VIS OBPOBKHU KPAIIEJIb BO/IU BAP’EPHUM PO3PA1O0OM

P.C. Kpumyk , kaus. TexH. Hayk, B.O. Bepeka, 10kT. dinoc.
Incturyt eaexrpoannamiku HAH Ykpainn,

np. bepecreiicbkuii, 56, Kuis, 03057, Ykpaina.

E-mail: dygogive@gmail.com; bereka.v@ukr.net.

Jlocnioocyemucs  enekmpocmamuyne none 6 po3psaouiu kamepi (PK), wo npushauena 0Ons ouuwyeHHs 600u 6i0
OpPeaHiuHUX 3aOPYOHI0BAYI8 3 OONOMO20I0 MEXHON02I IMnYyIbCcHo20 6ap ‘eproco pospady (IBP). PK ckiadaemocs 3
BEPMUKANLHUX NIOCKO-NAPANETbHUX eNeKMPOoO0i6, MIJC SKUMU 3HAXOOUMbCS NOGIMPSIHUL NPOMINCOK 3 KPANIUHAMU
600U, a4 O00uUH 3 eneKkmpoodig i301b08aHull Oierekmpuxkom (bap’ep) 6i0 nogimpsaHo2o NpPomixcky. s UKOHAHHS
00CNIONHCEHb BUKOPUCMOBYEMBCS KOMN TOMePHe MOOeNt08anHs 8 080BUMIPHILU ma mpueumipHiu nocmarosyi. Memoro
pobomu € NOPIGHSHHA PO3NOOILY HANPYICEHOCMI eleKmpocmamuuno2o nois IBP 6 nogimpsnomy RpomidicKy ma
enekmpuynoi emuocmi PK Onss écmanoenennsi onmuManbHOi 6i0CMAaHi MIJC KPANIUHAMU, GUSHAYEHHSI NOXUOKU
PO3PAXYHKY 3 BUKOPUCIIAHHAM 0808UMIpHOI nocmanosku moodeni PK. Buxonano mooenosanus enekmpocmamuiHozo
noast 3 euxopucmauwam pisusnus Ilyaccona ma memody CKiHueHHUx enemenmis. Pospaxynxu euxoumawni 0ns
0808UMIPHOT Ma MPUBUMIPHOT MoOeiell 3a YMOo8 diamempy Kpaniun 1 mMm, 008XCUHU 2a308020 NPOoMIdCcKy 3,36 mm ma
nooawnoi nanpyeu 3 kB. IIposedeno 00CniddicenHs 6NaAU8Y eleKMpPOonpo8iOHOCHI KDANIUH, a MAaKOiC i0CMAHI MIdC HUMU
HA XAPaAKmepucmuky eiekmpoCmamuiHozo nois oap’epnozo pospady 8 06’emi 2a3068020 cepedosuiyd, a Maxodic 8
00’emi Kkpannun. Ilpoeedeno NOpIGHAHHA pPO3PAX0BAHUX 3HAYeHb edekmpuuHoi emHocmi PK 6 Ososumipniti ma
MPUBUMIDHILL MOOeNaxX 3anedcHo 8i0 eiocmani Mioxc Kpanaunamu. Pesynemamu Odocnioscens moocyms oOymu
BUKOPUCMAHI NI 4aAC 3ACMOCYSAHHS eleKMPOPO3PAOHOL MeXHONO2Il HA OCHOBI IMNYIbLCHO20 OAp €pHO20 pO3psdy 6
Komnaekcax 075 06poOKu 800u, a came npu 8ubopi napamempie pyxy oopooaroearoi piouru 6 niasmosii 3oxi. biom. 10,
puc. 7.

Knwwuosi cnosa: maremartiuHa MOJENb, €IEKTPOCTATUKA, HANPYKEHICTh EJIEKTPUYHOrO MOJIS, OYMIICHHS BOJIH,
Oap’epHUil po3ps.

Beryn. Bracnizok cTpiMKOro po3BHTKY HPOMHUCIOBOCTI JIFOJCTBO 3iMITOBXHYJIOCS 3 MpOOIEeMOI0
HOBHX opraHiuHux 3abpynHioBauiB (EOPs abo emerging organic pollutants), mo sSKuX BiTHOCATH CTilKi
opraniuai 3a0pymaaioBadi (CO3) [1]. CO3 MOXyTh TEPEHOCUTHCS TOBITPSAM Ta BOAOO (CTiUHI Ta OOYTOBI
CTOKH, PIKH TOIIO), Ye€pe3 M0 MOTPAILIAIOTH J0 30BHIMIHLOrO ceperoBuiia. CO3 € Bkpail MIKIJUIMBUMHU JIJIs
€KOCHCTEMH dYepe3 iXHI0 TOKCHYHICTh, a TaKOX CTIMKICTh O OUTBIIOCTI TPaAHMIIMHUX METOMIB OOPOOKH
Boau. OmHAK TPOTATOM OCTaHHIX IECATHIITH AaKTHUBHO ITOCHIHKYIOTHCS TEXHOJIOTiI TeHepamii XiMidHO
AKTUBHUX YaCTHUHOK, Takux sk pamukanmu OH, O, monekynu H,O,, Os, ski 31atHi pyiinyBatu cTiiiki CO3
(3a3Buuaili moOynoBaHI Ha OCHOBI OCH30JBHHMX KiJIellb) Ta JOBOJWUTH iX JO MOBHOI MiHepamizamii. Taki
TEXHOJIOTii OTpHMaly 3arajlibHy Ha3By «pO3BUHEHI OkucHiI TexHomori» (AOT’s — advanced oxidation
technologies) 1 XapakTepU3yIOThCS THUM, IO TeHepallis XiMIYHO aKTUBHUX CIOJYK 3 BEJIMKMMU OKUCHUMH
NOTEeHLianaMu BiOyBa€eTbcd B HEBPIBHOBAXKEHIM HM3BKOTEMIIEPATYPHIH IJIa3Mi €JEKTPUYHOTO PO3psiLy 3a
aTMOoc(hepHHM THCKOM OTOYYHOUOTO TMOBITPS Ha TPaHUI PO3MOJUTY TUIA3MH 1 BOJHOTO CEPEIOBUIIA.
EnexTpudHi po3psny MHMPOKO BUKOPHCTOBYIOTHCA y PI3HHX cdepax, BKIIOUYAIOUN CLIBCHKE TOCIOIAPCTBO
[2], Mmenuuny 00poOKy [3, 4], 00poOKyY BOIM Ta BUXJIOIMHHUX Ta3iB [S], MOKpAIIEHHs SKOCTI MOBITPs Ta HOTO
ne3omoparito [6]. 3Baxkaroun Ha HEOOXITHICTh 30€pEeKEHHS YUCTOTO JOBKULISA 1 BPa3JIMBICTH BOJHUX
€KOCHUCTEM 10 TOKCHYHHX OpTaHIYHUX 3a0pymHEHb, AOCTIIKEHHS TEXHOJOTIH OYMINEHHS MPOMHCIOBHX
crokiB 3 CO3 i3 3acrocyBanasM AOT’s st 00poOICHHS BOAM € aKTyaTbHUM 3aBIaHHSIM.

Opaum i3 HailepektuBHimX BuIAIB AOT’s € enekTpopo3psAHa TEXHOJOTIsI 3 HHU3BKO-
TEMIEPaTypHOIO TIIA3MOI0 HAa OCHOBI iMITynbcHUX Oap’epHux pospsaaiB (IBP). 3amns peanizamii IbP
BHKOPHUCTOBYETHCS €ICKTPOIHA CHCTEMA 3 TIOBITPSHHUM (Ta30BHUM) MTPOMIKKOM MIX JIBOMa €JICKTPOJIaMH, Ha
SIKI TIOIA€ThCS IMIYJIbCHA HAMpyra y BUTISAI KOPOTKHX YHINOJSIPHUX IMITYJBCiB. 3aajisl migTpUMAaHHS
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NEPEBKHO JIABUHHOTO THITy PO3PsLy 3 TE€HEpauic€l0 HU3bKOTEMIIEPAaTYpPHOI IUIa3MU OAMH 3 EJIEKTPOAiB
CIIEKTPUYHO 130JbOBAHHUI MICJICKTPUKOM, SIKMH Mae Ha3By 6Oap’ep. ToMmy HasBHICTH CTpyMy 4epes
NOBITPAHUI MPOMIKOK MOXIIMBO JIMIIE 3a 3MiHHIM B yaci Hampysi, a BeJMYMHA CTPyMy 3aJICKHUTH Bij
MIBUIKOCTI 3MiHH Hanpyrd. CHCTeMy ILIOCKOMapajellbHUX eNEKTPOIiB 3 MOBITPSHUM MPOMIKKOM OyaeMo
Ha3WBaTH po3psaonoro kameporo (PK).

PyitnyBanns CO3 HalOimbI e(heKTHBHO 3IMCHIOETBCS HA TIOBEPXHI BOJH, IO MEXYE 3 IIA3MOI0
[7], ne BUKOHY€ThCS YTBOPEHHS HAMOLIBLIOI KITBKOCTI XiMIYHO aKTUBHHX YacTHHOK. Tomy edeKkTuBHICTH
OUMILCHHA BOAM IIJBUINYETHCS, SAKIIO MaKCHUMajbHa IUIONIA IIOBEPXHI 3a0pyIHEHOI BOAM OTOYEHa
HU3BKOTEMIICPATYPHOIO IUIa3MOI0, IO JIOCATAEThCS y pa3i MOoAily 00’eMy BOAM Ha MaJieHbKI TOPIHI y
BUTJISIII KPAIUIHH, K1 pO3MillleHi O6e3MmocepeHbO B 30Hi1 [ii HU3bKOTEMIIEpaTYPHOI IJIa3MH.

[Ipuiimaroun 1o yBaru BUCOKY edekTuBHicTh IBP mi1s ounienss Boau, ciiif BpaxyBaTu 0COOIUBICTD
TEXHOJIOTIi — BENWKYy MOTpeOy B ENEKTPHUYHIA eHeprii Ha IMPOMHCIOBOMY piBHI, OCOOJHMBO SKIIO IS
TEXHOJIOT1sI HEONTHMi30BaHa. EHeprist BUTpayaeTbcs B OCHOBHOMY ITifl Yac IEPETBOPEHHS HU3bKOI HAIIPYTH Y
BUCOKY IMIyJIbCHY Hampyry 3aUlsl CTBOPEHHS CHJIBHOTO €JEKTPHYHOIO Moiisi B Iua3MoBii 30Hi PK, mo6
JIOCSTaTH ACCATKIB KB/cM HampyKeHOCTi eneKTpuaHoro moiis [7]. ToMy HeoOXimHO BCEOIUHO ITiABHUIYBAaTH
eneproedexruBHicTh IBP, 30kpema vepe3 onrumiszaiiro nojadi 3a0pyAHEHOI BOJM Y TIOBITPSHUI MPOMI>KOK
PK ta ontumizanito Jpkepena sxuBieHH [7].

Bimomo, mo kpamis BOAu Pi3KO 3MIHIOE €JEKTPUYHE IoJie B MIKENEKTPOAHOMY MPOMIKKY
(TIepeTBOPIOIOYH OIHOPIAHE TOJIe HAa HEOMHOPIIHE), HAMPYKEHICTh MOJIsi HAa OOKOBUX MOBEPXHSIX KpaIUTUH
30inbLIyeTbess BTpuyi [8], [9], mo BIiIMBae Ha MOYAaTKOBY HANpyry, 3a sKid Oyae BUHHKATH PO3pSA B
noBiTpsiHOMY TIpoMikKy PK, a Takok Ha TpHBaJiCTh Yacy iCHYBaHHS IJIa3MH y TOPIBHSHHI 3 TPUBAIICTIO
IMITYJIbCY HampyTH. 3MiHa BiACTaHI MiX BEPTHKAIHHO MATAIOUYUMHU KpAIUIMHAMH Y TOBITPSHOMY IPOMDKKY
MOXKE BIUIMBATH Ha JIOKAIbHE IMiJICHJICHHS HANPYKEHOCTI eNEKTPUYHOTO MOJsl. TaKuM YHHOM, PEryIIOI0UH
BiJICTAHP MK KpAaIUIMHAMH, MOXJIUBO 30UTBIIUTH eHeproedekTuBHICTh IBP, sKy MOXHa OIIHUTH Tak:
00poOIeHHsT OoAWHMIN 00’€My BOIM BIHOCHO KiTBKOCTI 3arpadeHoi eHeprii [7]. Boma BBaxkaeTbcs
OUMILIEHOIO, SIKIIO B Hill OpTaHiuHi CIOJTYYEeHHS NePETBOPIIINCS HA MiHEpallbHI PEYOBUHH, SIKi BUIAIAI0Th B
ocas.

3am1st TOCIiKEHHS 3aI€KHOCTI PO3IOAUTY eIeKTPOCTATUYHOTO O Bi BiICTaHI MK KparulnHaMHU
MOXHa BHKOPHUCTOBYBAaTH KOMII'IOTEpHE MOJEIIOBaHHSA po3psanuoi kamepu (PK), mo ckinamaetbes 3
€JIEKTPO/IiB, JieNeKTpHuKa, MOBiTps Ta Boxu [10]. JIBoBMMipHa MOCTaHOBKa MOJENI HE BPaxoBYE peajbHY
reoMEeTPiI0 KPaIUIMH BOIH, IO MOKE CYTTE€BO BIUIMBATU HAa TOYHICTH PO3PaxyHKIB €NEKTPUUHUX MapaMeTpiB
PO3PSTHOI KaMepH, 30KpeMa eIEKTPUIHOI €MHOCTI, a TaKOK Ha PO3MOJIT 1 IHTCHCUBHICTh HAINPY>KEHOCTI
EJIEKTPUYHOTO TI0JISl B TIOBITPSHOMY MPOMIXKKY, 30KpeMa MOoOIu3y MoBepXHi BoAW. BuzHaueHa elekTpryHa
€MHICTL €, 31 CBOro OOKy, OJHUM 3 TMapaMeTpiB Ui MOJENIOBAHHS EJIEKTPUYHOI CXEMH, IO
BUKOPHUCTOBYETHCS ATl y3TOMKEHHS IIapaMeTpiB AKepesa sKuBiIeHHs 3 napamerpamu PK [7].

[MopiBHSIHHS PO3MOALTY Ta IHTEHCUBHOCTI HAIPY>KEHOCTI €IEeKTPOCTATHYHOTO
NoJsl y TPUBUMIpPHIN Ta NBOBHMIpHIH NMOCTaHOBKAaX HAJacCTb MOKIMBICTH OLIHUTH
MOXUOKY MOJISIIOBAHHSA y Pa3i JBOBUMIPHOI NMOCTAHOBKH. J[OCHIKEHHS 3aJE€KHOCTI
K BiJICTaHI MK KpalUIMHAaMH BOJIW B TOBITPSHOMY IPOMIKKY Ta€ 3MOTY BCTAaHOBUTH
iA-¢u

ONTUMAJIbHY KIJBKICTh KpamiuH (10 CyTi BUTpaTH piAMHU) Ha OCHOBI aHami3y
HHia-qumetpil JIOKAJIBHOTO TMIiACWJICHHS HANpYXEHOCTI EeJNEeKTPUYHOro TOds Ta  MiABHUIIMTH
eHeproe()eKTUBHICTh OUNIIICHHS BOJIH.

4 MeTo10 poGOTH € TIOPIBHSHHS PO3MOALTY HAIMPYKEHOCT] EIeKTPOCTATHIHOTO
211 noist IBP B noBiTpssHOMY mpoMikKy Ta enekTpuaHoi eMHocTi PK 3aais BcTaHOBIIEHHS
itis? cumerpii ONTUMAJBbHOI BIACTAHI MK KpalUIMHAMM, BHM3HAYCHHS MOXHOKH PO3PaxyHKy 3
BUKOPUCTaHHIM JBOBUMIpHOI mocTaHOBKU Moneni PK.

@ PospaxynkoBa wmogmens pospsgHoi kamepu (PK) ans  MopemroBaHHS
_ EJIEKTPUYHOTO TOJsI METOAOM CKIHYEHHHMX €JEMEHTIB Moka3aHa Ha puc. 1. KpamnmuHu
Tm . PO3MillleHi Y MOBITPSHOMY MPOMDKKY y BEPTHKAIBHOMY sy 3 TICBHUM iHTEPBAJIOM,
mo pae 3Mmory mnoaimutu PK Ha cumerpuuni uyacTmHu. OCHOBHI KOMIIOHEHTH
BKJIIOYAIOTh: / — aHOA, A0 SIKOI'O IPHUKIANAETHCS BUCOKA Hampyra; 2 — HieNEeKTPUK
(6ap’ep); 3 — MOBITPSHUN TPOMIKOK; 4 — 3a3eMJICHHUH KaTOI; 5 — Boaa y hopMi KyJIi.
Puc. 1 Ha puc. 1 npezcrapieHo TBOBUMIPHY TTOCTAHOBKY 3a7adi, sSiKa IHTEPIPETYETHCS Ha
puc. 2 y TpUBUMIpHI# nocTaHoBIli. OYEBUIHO, 1[0 B ABOBUMIPHIM MOJIENi HEMOXIHBO

Als.
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TOYHO BIATBOPUTH TeOMETpHUHY (irypy KpamiwHd (Kylsi), TOMY Yy
JBOBUMIpHIH TIOCTaHOBII KparlMHU 300paxkeHi y (opMmi LWITIHIPIB
Y3IOBXK KOOpPIUHATH z, SK TOKazaHo Ha puc. 2. Ha pumc. 3
JEMOHCTPYETBCS €CKI3 CHMETPHYHOI YACTHHH PO3PAAHOT KaMepH Y
TPUBHUMIpHIN TTOCTAHOBIII, A¢ KparuuHa Mae Gopmy kyii. Lle imoctpye,
o 00'eM BOJM y JBOBUMIPHOMY NPEACTABICHHI 3HAYHO BiJIPi3HAETHCS
BiJl TPMBUMIPHOTO NIPEACTaBICHHS.
3auis  BU3HAYCHHS PO3MOMAUTY  €IEKTPOCTATUYHOTO  IMOJIS
3aCTOCOBYETHCSI OCHOBHE pIBHSHHS €JEKTPOCTATUKA — PIBHSIHHS
[Tyaccona [9]
Ve(ee, Vo)=—p, = Ap=—p/e,,
€, =E)E,. )
TyT ¢ — eneKTpUYHUN TOTEHIliaNl BifoOpakae TMOTEHIIAbHY €HEeprito
U TIepeMILeHHsT 3apsiay; V@ — Tpali€HT eNeKTPUYHOTO MOTEHIialy;
Ve — mumeprentis; A — oneparop Jlammaca [9]; p — 00’eMHa rycTHHA
3apsiy; € — CICKTpUYHA CTala, € — BIJHOCHA JiCNCKTPUYHA
MIPOHUKHICTBH; €, — aDCOIIOTHA JieNeKTPUYHA MPOHUKHICTh. 3B’I30K MiX
BEKTOpaMH  HAINPY>KEHOCTi, I1HAYKII  €JIIGKTpUYHOTO TONSA  Ta
EJIEKTPUYHUM TTOTEHIIaIOM
E=-Vo, D=¢E. )
Jns monentoBanHss PK BUKOPUCTOBYETHCA CUMETPUYHA MOJIEIb
(puc. 2 Ta puc. 3) 3 ONHIE KPAIUIUHOW, II0 OOMEXEHa JIIHIIMHU
cumetpii (puc. 1), sKi nepneHIUKyIsApHI 10 KoopAauHaTH y. Ha miHisx
CHUMETpii BEKTOP HAMPYKEHOCTI ENEeKTPUYHOTrO Mojsl £ Mae NOTHYHY (TaHTCHI[adbHY 7) CKJIAJO0BYy, a
HOpMaJIbHa CKJIJIOBA 71, KA CIIBIIJa€ 3 KOOPMHATOIO V), BIICYTHS
E'=E_#0, E' =E, =0. 3)
Ha 30BHINIHIX TpaHUISAX MOBITPSHOI OOJIACTI, 10 HA TICBHIM BiACTaHI BiJ E€IEKTPOIIB, 33Ta€ThCS
TpaHWYHA YMOBA EJICKTPUYHOI 130JIA1Iii, TOOTO MOBEpPXHEBA T'yCTHHA 3apsaAy © piBHa Hym0. OCKITBKH 3a
YMOBOIO BUIBHI 3apsimu B obnactsix mozeni 1...5 (puc. 1-3) BincytHi (p = 0), To piBHsHHS (1) B KOXHIN
o0xacti Moenmi Ha puc. 112 mae Burisz [9]

Ap=0. 4)
Ha moBepXHSX IPOBITHUKIB BUKOHYETHCS TPAHUIHA YMOBA IIPOBITHUK—TI€ICKTPHUK
D; =0, (5)

e D; — HOpMaJlbHa CKJIaJIOBa 1HIYKIlI HA TPaHMUIIl MTPOBITHUK—TICICKTPUK 31 CTOPOHM ICICKTPUKA; G —
TMOBEpXHEeBa TycTHHA 3apsiny, Kiu/m>. 3 ypaxyBaHHaM (5) 3apsj Ha MOBEpXHi § TIPaHHI TPOBITHHK—
JeJIeKTPUK MOKe OYTH PO3paxoBaHHH 3a BUPa30OM

q=[D;ds. (6)

VY mporeci iMIOyIbCHOTO Oap'epHOTO pO3psiLy B PO3PSAHIA Kamepi i3 3pOCTaHHAM HAIPYXEHOCTI
€JIEKTPUYHOTO TIOJISI Y TIOBITPSHOMY MPOMDKKY BHHHUKA€E 10HI3AIis 1 MIEpEHECEHHsT HETaTUBHUX 3apsiB Bil
KaToAy 4 uepe3 MpOMIXKOK 3 10 HienekTpudHoro O6ap’epy 2 (puc. 1). Takum uynHOM OienekTpuuHuUil 6ap’ep
Moxke Oytm 3apsupkenuit [7]. [Ipore mig 4ac HHM3BKOTEMIIEPATYpHOTO O3PSIy HAIpyra Ha IMOBITPIHOMY
TIPOMDKKY (MDK KaTrozioM Ta 0ap’epoM) BIIOBImAe pO3PSMHIA HApy3i Mia Yac TpUBaHHS po3psmy. IpmitMaeTses
rpaHUYHa YMOBA, IO 0ap’ep HE 3apsyKEHUI, TOOTO MK MOBITPsIM 3 Ta Ai€TIeKTPUKOM 2 TIOBEPXHEBI 3apsiv BIIICYTHI
%]

D' -D, =0. (7)

Y PK mix 1BOMa €IEKTPHUYHO TIPOBITHAMH €JIeKTpoaMu / 1 4 3HAXOMUTHCS TIOABIHHII JieNeKTpuK (puc. 1):
TOBITPSHMI MPOMDKOK 3 3 KpaluTMHaM# Boau J Ta Oap’ep 2. Ha moBepxHsx enexTpomiB / Ta 4, IO MEXYIOTh 3
HO/IBIMHUM JIICTIEKTPHKOM MO)KE HAKONUYyBaTHCS 3apsji. HasBHICT KpaluMHH BOAM CTBOPIOE HEOTHODIIHE
SIICKTPHIHE TT0JIE B MTIeTIEKTPUKY. EJleKTpIIHA €MHICTB TTOMBIMHOTO JieTeKTPHIKa a00 KOMKHOTO JTIeTIEKTPHUKA OKPEMO,
PO3PaXOBYETHCS 32 BUPA30oM [9]
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=Ui=%=%I(EoD)dQ, 8)
m m m Q
Tyt U,, — Hanpyra Mk IPOTHJISKHUMH TTOBEPXHSMH JIICNICKTPUKA; W — €Heprisl eNeKTPHYHOrO MOJIS; ¢ —
3apsi; (2 — 00’eM jienexTpuka. SIKIo po3psaHa kamepa 0e3 KparliH BOIM, TO €JICKTPHYHE IOJIE € OJHOPIIHE, 1
€MHICTB ['a30BOT0 POMDKKY 200 EMHICTB JIIeNEKTPUIHOTO Oap’epy Moke OyTH po3paxoBaHa Tak

5. °€,
C= , ©)]

x
Ie §,, — IIOIa MPOTHIKHNX TIOBEPXOHb AieTIeKTpuKa B miomuHi yOz; [, — TOBLIMHA Ta30BOr0 MPOMBKKY abo
JIeNeKTpUIHOTO Oap’epy 1Mo KoopauHaTi x (puc. 1).

3a1y1s BUKOHAHHS PO3PaxXyHKIB PO3IOAUTY HAIPYKEHOCTI €JIEKTPOCTATHIHOTO OISl O0OPaHO IHPUHY
CKJISTHOTO Oap’epy 1,5 MM, MOBITPSHOTO POMIXKKY — 3,36 MM, paaiyc KpariuH Boau cTaHoBUTH 0,5 M. J{is
MO3HAYEHHS TUTOMOI eTIeKTPONPOBIAHOCTI MaTepiary BUKopuctaeMo cumBol x (Cm/m). Karox npuitmaemo 3
HEpKaBilo4voi cTaji 3 eIEeKTPONpPOBIMHICTIO k¥ # 0 Ta BIIHOCHOIO MiCIEKTPUIHOIO MPOHUKHICTIO 1. AHOZ 3
AIFOMIHIEBOTO CIUIABY 3 TAKUMH K NapaMeTpaMu. AHOJ Ta Karol MaroTh mupuHy 1 MM. CxisiHuit Gap’ep,
SIKUHM CTOITh MIX aHOJIOM Ta MOBITPSIHUM NPOMIXKKOM, XapaKTepU3y€eThCs eNeKTponpoBinHicTio k¥ =0 CM/M
Ta BIAHOCHOIO JICTICKTPUIHOIO MPOHUKHICTIO 5,5. [ToBITpSHUN MPOMIKOK Ma€ €IeKTpONpoBimHICTh k¥ =0 i
BIZTHOCHY AieJeKTpuuHy npoHukHicTh 1,0006. Y Mojeni BpaxoBYIOTBCS KparIMHHA BOIU JABOX THIIIB: OJHI
0e3 enekTpuuHOi npoBimHOCTI (k= 0) CM/M, iHIII — 3 enekTponpoBiaHicTIO (¢ # 0). BigHocHa mienekTpuyHa
MPOHUKHICTh &, KPAILIMH BOAU CTAHOBUTH 81, 1110 3HAYHO MOCIA0JII0E HANIPYIKEHICTh €JICKTPUYHOTO TOJIS B
00’emi Bomu. Ilig yac MozmentOBaHHS PO3MOAUTLY €IEKTPUYHOTO IOJIS 330a€ThC EIeKTPUYHHUN MOTEHIIaN B
aHo/i MoBiIpHO, HanpukiIad, 3 kB [10], ockibku nepexiaHi mporecu Ta ctpymu B PK He BpaxoByIoThCS.

SIKmo KpamiuHy BOAW PO3MICTUTH B OJHOPIAHOMY €JIEKTPUYHOMY KOJIi, TO HEOIHOpIiIHE
CJIEKTPUYHE MOJie HABKOJIO KPAIUIMHH Ta BCEPEAWHI KPaIUIMHU MOXKHA JIETKO PO3paxyBaTH aHATITUYHUM
MeTogoM [9]. Ha GokoBuX CTiHKaxX KparoiMHH Bomu (puc. 1) y ABOBHMIpPHOI MOCTaHOBKH Mojelni (puc. 2)
IHIYKITiS eJEKTPUIHOTO Toyis DD Ta HampyKeHicTe £ Oymyth matu B 1,98 om. [8, 9] Oinpmni 3Ha4YeHHS B
TIOPIBHSIHHI 3 30BHIIIHIM OJTHOPIIHUM TIoJeM (0€3 HasIBHOCTI KPaIlIiH)
€.~ €,

E,/E,"" =D, /D,*") =14 20 a2 (10)
8111 + 8a2
a ISl TPUBUMIPHOI TocTaHoBKH (prc. 3) —B 2,95 o1, —
E,JE,®? =D, /D, =1+ 250"t (11)

€T E€n

Tyt €,,, €,, — Ai€IEKTPUYHA IPOHUKHICTb BIAIIOBIAHO KPAIUIMHU Ta HOBITPSL; Eg, £y — HAIPYKEHICTh €IEKTPUIHOTO
ToJTst Ha OOKOBIiH TIOBEPXHI KPAIUTMHY Ta BiIOBIIHO HAIPYXEHICTh OJJHOPIAHOTO eeKTpuaHoro nosst. [anexcu 2D
Ta 3D BIJHOCATBCS 10 pUC. 2 Ta pUC. 3 BIAMOBIIHO. SIKIIO KpaIuIMHU €NEKTPOIPOBiIHI (€, —> o0 ), TO BiAHOLICHHS
(10) Ta (11) oymyts nopiearoBatu 2,00 Ta 3,00. Omxe, HA OOKOBHX MOBEPXHSX KPAIUTMH BOJM, IO PO3MIIIICHI B
OJTHOPIZIHOMY TIOJNi, Hanpy>keHicTh £ Ta inmykiis D B 2,95...3 on. (1,98...2 on. y mBoBUMIpHIM TocTaHOBI) Oye
OLITBIIOO TIOPIBHSHO 3 OHOPIHUM €JIEKTPUYHHIM TOJIEM.

Bceepenuni kparmmHM HampyskeHicTh F) Ta iHAYKWiS D; po3mopiiieHi piBHOMIPHO MO BChOMY 00’eMi i
MOXyTh OyTH pO3paxoBaHi BIINOBITHAMHU BHpasamu [9] 3a yMOBH, IO KOXKHA KpaIUIMHA 3HAXOIHUTHCS B
oxuopinHomy nori. Toxi Bigsoutennst D, /D, Ta E, /E, MoXHa 3HaiiTi Ha OCHOBI [9]

2 2
El/Eo(zD) — €02 , l)1 /Do(zD) — €41 , (12)
8al + 8a2 8111 + 8112
3 3
EJE,D =2 D, /D, = 2 (13)
€, *+2¢, e, +2¢,

SIkmo kpamnuHa BoAM € aienektpuk (g, =81), To 3a Bupasamu (12) 1 (13) BcepenuHi KpaIuiMHU
HanpyxeHicTb E; B 0,024 ox. (puc. 2) i 0,036 ox. (puc. 3) Oinblia MOPiBHSHO 3 OJHOPITHUM TOJEM, a
iHaykuis — B 1,98 ta 2,93 on. ¥V pasi esnekTponpoBigHii kpamiuHi (€,, — o ) iHAyKis D; BiAnosinHO B 2 of.
Ta 3 oxa. OimpIma mMOpiBHAHO 3 D), a HampyXeHicTh E; piBHa Hymro. OTke, BCepeIAWHI KpaIUTMH BOIU
Hanpyxenicte £ B 0,036...0 ox. (0,024...0 ox. y HBOBUMIpHIii Mozeii) Oyzae OLIbIIOK MOPIBHAHO 3
OTHOPITHUM E€JIEKTPUYHUM TI0JIeM, a iHaykuis D — B 2,95...3 (1,98...2) oguHMIb BiINOBiTHO.
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Ha puc. 4 moka3aHo po3MOALT HANpyKEHOCTI E€NeKTPUYHOrO MOl £ 1O IIUPHHI HOBITPSHOTO
NPOMIXKKY B3JIOBXK KOOPIMHATH X 4epe3 LEHTP KPaIUIMHU JUIsi TPUBUMIPHOI TIOCTaHOBKH Mozeni (puc. 3),
PO3MipH K01 MO KOOpAWHATAX z Ta ¥ OJHAKOBi 1 cTaHOBIATH 4 MM. Taki po3mipu Mozeli € IocTaTHi, 100
KOXKHa KparuimHa OyJia po3MillieHa B OTHOPITHOMY eJIeKTPUIHOMY IO, SIK Oye rmokazaHo qami. Po3paxyHok
BHKOHAHO YHCETHLHUM MeTomoM. Ha puc. 4 mpucyTHI 2 KpHUBIi: KpaIlUTMHA 3 €JIEKTPOIpOoBiaHICTIO ¥ =0 Ta
KpaljIiHA 3 eJIEKTPONpOBIAHICTIO x> 0. fKIIO KpaluiiHa eNeKTPUYHO TPOBIJHA, B Hil HANpPYXEHICTH

JIOpiBHIOE HYym0. Buano, mo Ha puc. 4 KpuBi s

25 K=0 MPOBITHOI Ta HEMPOBITHOI KpAaIUIMH BiAPIZHIIOTHCA

] l K>0 |‘ 3D HECYTTEBO — B MeXax MoXuOku. Ha kpasx moBiTpstHOTo

20 \ OPOMIKKY — Ha Karoli Ta 0ap’epi — HampyXeHICTb

215 ‘ cranoButh 9,1 kB/cm, mo B 1,1 ox. Ouibile Bix

ﬁl; ] \\ OJTHOPIHOTO TIOJIA, SIKIO O KparuimHa Oyiia BiICYTHS

10— e (8,25 xB/cm). Ha moBepxHi KpamjMHU HampyXeHiCTb

5 3 Maibke B 3 pa3u Oinbllia TMOPIBHAHO 3 OJHOPITHUM

E K=0 moyieM, 10 BimmoBimae Bupasy (11). Skmo kparummHa

0 IS k>0 - R JeNeKTPUK, B Hil HANpYKeHicTh Onm3bka 10 HyJs — 0,3
MM kB/cM, mo Bianosinae Bupasy (13).

Puc. 4 SKImo KparumHa eneKTprUYHO MpoBinHa (puc. 4),

CIIEKTpUYHA €MHICTh (8) TOBITPSIHOTO TPOMIKKY
cranoBuTh 43,46-10™"° @, Gap’epy — 515,93-10™"° @, emmicth Mik enexTpomamm (IIOCHiZOBHE 3’€IHAHHS
€MHOCTI MpOMiXKy Ta Gap’epy) — 40,07-10"° ®. 3a HasBHOCTI HEmpOBiZHOI KPAIUIMHK — BiAMOBiIHO
4336:10"° @, 516,06:10"° @, 40,00-10"° @. EnexTpuuna MpoBIAHICTh KpaIUTMH BOIW TPAKTHIHO HE
BIUIMBA€E Ha eeKTpuiHy eMHicTh PK. I mpu nboMy eMHICTB BCi€l po3psqHOT KaMepH 3a BiICYTHOCTI i0Hi3aIlil
TOBITPAHOTO TIPOMIKKY TOJTOBHHM HHHOM BH3HAYA€ThCS EMHICTIO MOBITPAHOTO mpoMikky — 40-107° @. V
pasi i0Hi3aIii TOBITPSHOTO MPOMIXKKY — IPH MPOTIKaHHI IMIIyJIECHOTO CTPYMY Yepe3 MOBITPSHHUA TIPOMIXKOK
— €MHICTb pPO3pAIHOI KaMepH Oyjie BU3HAYATHCA eMHICTIO 6ap’epy — 516-10™° ®. IIpu npoMy Hampyra Ha
Oap’epi Oyne BiApi3HATHCS BiJ HANpyrw Ha €JIEKTPOAAX Ha BEIUYMHY PO3PSAHOI HANPYTH MOBITPSIHOTO
npomikKy. [1ig po3psaHOI0 HANpPyTO0 OYJIeMO PO3YMITH HANPYTyY MK CTIHKaMH MOBITPSHOTO MPOMIXKKY, 3a
SKiii HACTa€ TPOTIKAHHS ENIEKTPUYHOTO CTPYMy dYepe3 TOBITPSHUM MPOMIKOK, SIKUM 3apsKAEThCS Ta
po3psiaKaeThest Oap’ep MiA 4ac OYMILICHHS BOM.

Ha puc. 5 nokaszaHo iHAYKLIIO €JIEKTPHUYHOTO

30 7 TI0JIS1, PO3PaXxOBaHy YHCEIBHUM METO/IOM, SIKa A€ 3MOTY
5 _ OLIIHUTH HiACUIECHHS CIIEKTPUIHOTO 1OJIA B

o ] nienexTpuuHid kpamnuHi (x =0) Ta Ha i1 moBepxHi Mo
g 20 3 TOPHM30OHTAJBHIA  OCi, TPOBENECHIM Yepe3  IEHTP
o 15 3 KpaluiiHu, sk Ha puc. 4. Jle I — TpuBuMipHa
SR nocTaHoBKa Mozeni (puc. 3), 2 — oxHopinHe moje 0e3
Q10 KparuimH, 3 — JBOBHUMIpHa mocTaHoBka (puc. 2). B
5 3 > KpaIlIMHI B TPUBAMIpHIN MocTaHoBMi (KpuBa / — puc. 5)

3 imykuis (21,7 MxKi/M?) B 2,96 o1, Gibla MOpiBHIHO 3

0 e IHIYKLIEI0 OJHOPIIHOTO MOJIA, IO Maike BiANOBiae

00 05 10 15 20 25 30 35  anamtuynomy meromy — 2,95 ox. (13). Ilpn npomy Ha

X, MM OOKOBHX CTIHKaX MOBITPSHOTO MPOMIXKKY (x = 0 MM Ta x

Puc. 5 = 3,36 mM) inaykuis nigcunena B 1,1 ox. — 8,0 MKK/M?,

AK 1 HampyxeHicTb (puc. 4). Tobro, miameTp KparTnHH

BIZTHOCHO IIUPUHU TOBITPSHOTO MPOMIKKY JOCTaTHIN JUIsi CTBOPEHHS HEOJHOPIAHOTO EJIEKTPHUYHOTO TOJIS

1o BCili MIMPHHI MPOMDKKY. [HAyKIisS B KpaminHi y JBOBUMIpHOI MOCTAaHOBKM Mojeni (puc. 5 — kpusa 3)

cranoBuTh 15,4 MxKi/m?, mo B 2,1 o11. Gibiie MOPIBHSHO 3 OJHOPITHUM ToJieM (kpuBa 2), a mae Oytu 1,98

3a Bupaszom (12) (moxmbOka 5%). Ha kpasx kpammmau (pHuc. 5) MaeMo CyTTeBe 3pocTaHHS iHmykmii D

€JIEKTPUYHOTO TIOJIS B TIOPIiBHSIHHI 3 IHAYKIIEIO BCEpeANHI KparuinHy, o He Biamosinae (10) Ta (11) i Tomy

MOke OyTH BigHeceHe 10 MOXHOKH. ToMy y 4YHCENbHOMY pO3paxyHKy pO3MOIUTY HalpyXeHOCTi

€JICKTPUYHOTO IO Ha IMMOBEPXHI KPAIUIMH PEKOMEHIYETHCS MIEPEBIPUTH aIeKBATHICTh MOJIET aHATITHIHIM
METOJ/IOM PO3PAXYHKY.

Ha puc. 6 mokazaHO po3MOJiNl HAMpYXEHOCTI €JNIEKTPUYHOro Mmoisl E i pi3HMX BiICTaHEH Mik

KparusiMy 10 BepTukaii (puc. 1) Iuisi KOOpAWHATH ) Ta z, TPUBUMIPHOI 1 JBOBUMIPHOI MOJETEH, a TaKoK
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IIECTH BapiaHTIB PO3MipiB 1O ocsiM y Ta z — 1 MM, 2 MM, 3
MM, 4 MM, 5 MM Ta 6 MM, 1[0 BiAMOBIZAIOTH iHAEKCaM 1-6
Ha puc. 6. Ha puc. 7 — po3moain iHAyKLil €1eKTPHUYHOTO
moJisi D 1o IUPHHI MOBITPSHOTO MPOMIXKY 3 po3MipaMu
MO Mo ocsM y Ta z — 1 MM, 2 MM, 4 MM, 6 MM, IO
BigmoBsigaroTe iHmekcam 1, 2, 4, 6. Imgexkc 0 — 0Oe3
HasIBHOCTI KPaIUIHH.

Slkmo po3mip Mmomeni craHoBuTh 1 MM (puc. 6,
KpuBa [), MO JOPIBHIOE JiaMeTpy KpaluliHH, TO MIiX
KpaljiMHaMHd ~ HEMa€  MOBITPAHOTO  NPOMIKKY, 1
HAINpyXeHICTh MDK KPaIUIMHAMH 10 KOOPJHMHATaX y Ta Z
nopiBHIOE Hymo. Ilpu 1boMy IiHAYKIS B KpaIruIMHI Mae
HaliMeHIIe 3Ha4yeHHs (puc. 7 — KpuBa /). 30iNbLICHHS
po3mipy Mmomemi go 4 mm (puc. 6, puc. 7, KpuBi 4)
MPU3BOIUTE J0 HAIPYKEHOCTI £ MiX KpalUTMHAMH Mairbke
8 kB/cm, mo Ha 96% (11) BimmoBigae HampyKEHOCTI
onHopinHoro nons (8,25 kB/cM). 30inblIeHHs BiICTaHI A0
51 6 MM yXe HE NPU3BOIUTH O CYTTEBOTO 3POCTAHHS
HaNpPYXEHOCTI MXK KpaIluTMHaMU Ta IHAYKIIl B KpaluTMHAX.
OTxe, A7st MOJETI, 10 AOCTiIKYyeThes (puc. 1), mpu Kpori
MDK KpalsiiHaMH 4 MM JIOCSITA€ThCS Maike MakcHMalbHa
Halpy’>KeHICTh FE MDK KpalDIWHAMHA Ta ONTHUMaJIbHA
KUJIBKICTh KpaIIMH B TIOBITPSHOMY MpPOMiXKY. Tomy
MOKHA MPUIOYCTUTH, WO TpH Kpoumi 4 MM Oyne
3MIMCHIOBATUCS MaKCHMallbHa 10HI3aIis TOBITPS ITiJ Jac
IBP 3a MakcuMabHi# KUTBKOCTI KpariuH. [ToTpiOHMIA KpOK
PO3MIIIEHHS] KpaIlsIMH MOKe JOCSTaTHCA 3aBISKH 3MiHi
mBUAKOCTI momadi kparmuH B PK, a Ttakox migbopy
BEJIMYMHU THCKY B KaMepi MmoJiadi piluHH, SIKUH T0JaTKOBO
CTBOPIOETHCS JOMOMIXKHUM HACOCOM.

Ha puc. 8 mnoka3aHo TOpIBHSHHS EJNEKTPHYHOL
eMHOCTI (8) TOBITpsIHOTO TIPOMIXKKY (a) Ta Oap’epy (6) B
IOBOBUMIpHIN (puc. 2) Ta TpuBUMIipHIH (puc. 3)
MMOCTAHOBKaX B 3QJIGKHOCTI BiJl 3POCTAHHS BiJICTaHI Mix
KpalmiiHAMHA. €MHICTh 3aJCKHUTh Bill IUIOII €JIEKTPOIIB,
TOMY 3pPOCTaHHS €MHOCTI Ha puc. 8 € HemiHiiHe. Ko
BIJICTAaHI MDK KpalUIMHAMH CTaHOBIATH 4 MM, IO 3a
pe3ynbraTtamMu Ha puc. 6 1 7 BUOpaHO SIK ONTHUMAaIBHI, TO B
JBOBUMIpHIN ITOCTAHOBITI €MHICTh IMOBITPSHOTO MPOMIXKKY
Oyze Ha 10% OinpwmIoo, HIX Y TPUBUMIpHiH (puc. §, a).
[IpucyTHICTP KpaluIMHH B TIOBITPSHOMY TIPOMIXKKY He
BIUTMBA€ HAa €MHICTH IMICIECKTPUIHOTO Oap’epy, TOMy Ha
puc. 8, 6 1Bi KpHBi OJTHAKOBI.

BucHoBKH. BcranoBaeHo BiACTaHb MIXK
KpalUIMHaM# jJiaMeTpoM 1 MM, 3a SKiil J0cATaeTbes
MaKCHUMaJlbHa HAIpPYXEHICTh EJIEKTPUYHOTO Mo £ Mix
HUMH, MaKCHUMaJbHa IHAYKUIS eNeKTpu4yHoro mons D
BCEpEIMHI KPAaIUIMH Ta ONTUMajbHAa 10  BHCOTI
TIOBITPSTHOTO MTPOMIKKY KIJTBKICTh KPAIUIHH B IMTOBITPSHOMY
npomikky. Lle qae 3Mory Makcumi3yBaTH IUIOILY MTOBEPXHi
BOAH B TMOBITPSHOMY MPOMIXKKY 1 TIOTEHIIHO 301IBIIATH
KITBKICTP KOPHUCHHMX [UIS OYMIIEHHS BOAM aKTHBHHX

paaukainiB. Tak, s KpalIMH JiaMeTpOM | MM BCTaHOBJICHO, IO 33 BiJICTaHI MK HUMH 10 BEPTUKAJIbHIH
oci, mapanenpHiil MIOMKHI eNeKTPOoiB, Oinblie 3 MM y TPUBUMIpHIA MOAEN HANpY>KEHICTh B CEepelnHii
TOYIII MK KparuimHaMu Ha 94% BiOBIIa€ OHOPITHOMY €IEKTPHYHOMY TIOJTIO.
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Ha 0oxoBHX MOBEpXHIX KPaILIMH BOIM, IO PO3MIIIEHI B OJHOPIAHOMY TOJi, HAampy>KeHICTh £ Ta
iHaykmis D B 2,95...3 om. (1,98...2 on. y JBOBUMIpHINA MOCTaHOBI) Oyjae OUIBIIOK MOPIBHAHO 3
OJTHOPITHUM eJICKTPUYHKUM IoJieM. BecepeanHi kparumH Boau HanpyskeHicts £ B 0,036...0 ox. (0,024...0 ox.
y JIBOBHMIpHiil Mofieni) Oy/e OUIBIIO MOPIBHSAHO 3 OJAHOPITHUM EIEKTPUYHUM ToJieM, a iHxykiis D — B
2,95...3 (1,98...2) onuHAIIH BiAIIOBITHO.

3a/1sl TIEPEBIPKU aJICKBATHOCTI PO3PAaXyHKY YHCEIBHHUM METOJO0M PEKOMEHAYEThCS MOPIBHIOBATH
MOKA3HUKW HAMpPYXEHOCTI Ta IHIYKIl EJICKTPUYHOTO TOJs HA MOBEPXHI KPAIUIMHH Ta BCEPEAMHI 3
pesyibTaTaMi PO3PAaXyHKY aHAJITHYHHUM METOZOM, KOJM KpalUIMHAa pO3MillleHa B OJHOPIIHOMY
SJIIEKTPUIHOMY TIOJII.

EnexTpuvHa mpoBiIHICTH KpaIUTUH BOJAU B €IEKTPOCTATHYHOMY TOJI MPAKTHMYHO HE BIUTUBAE HA
enektpudny emHicte PK. IIpucyTHICTH KparuimHu AiaMeTpoM | MM B MOBITPSHOMY TPOMIXKY IIHPUHOIO
3,36 MM He BIUTUBA€ HA EMHICTH MieIEKTPUIHOTO Oap’epy.

Pobomy euxonano 3a memorw: "Busnauenus KOHCMPYKMUBHUX | PeXCUMHUX NApAMempie eieKmpoOoHol
cucmemu MOOYIbHO20 MUny 0 30IUCHeHHA 0ap'€EPHO20 pO3PAJY HA PIOUHY, WO 3HAXOOUMbCA 8 KPANIUHHO-NIBKOBOMY
cmani” ("Enexmpoxkpanna”, depocasuuil peecmpayitinuii Homep 0123U103013).
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ELECTROSTATIC FIELD IN THE AIR GAP OF A PLANE-PARALLEL ELECTRODE SYSTEM
FOR WATER DROPLET TREATMENT USING BARRIER DISCHARGE TECHNOLOGY

R.O. Kryshchuk, V.O. Bereka

Institute of Electrodynamics National Academy of Sciences of Ukraine,
BeresteiskyiAve., 56, Kyiv, 03057, Ukraine.

E-mail: dygogive@gmail.com; bereka.v@ukr.net.

This study investigates the electrostatic field in a discharge chamber (DC) designed for water purification from organic
pollutants using pulsed barrier discharge (PBD) technology. The DC consists of vertical plane-parallel electrodes, with
an air gap containing water droplets between them, and one of the electrodes is insulated from the air gap by a
dielectric (barrier). The research employs computer modeling in both two-dimensional and three-dimensional setups.
Therefore, the aim of this work is to compare the distribution of the electrostatic field intensity of PBD in the air gap
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and the electrical capacitance of the DC to establish the optimal distance between droplets and to determine the
calculation error using the two-dimensional DC model. Electrostatic field modeling was performed using the Poisson
equation and the finite element method. Calculations were performed for two-dimensional and three-dimensional
models with conditions of a droplet diameter of 1 mm, a gas gap length of 3.36 mm, and an applied voltage of 3 kV. The
influence of droplet conductivity and the distance between them on the characteristics of the electrostatic field in the
gas medium and in the droplets was investigated. A comparison of the calculated capacitance values of the DC in the
two-dimensional and three-dimensional models depending on the distance between the droplets was conducted. The
research results can be used in the application of electro-discharge technology based on pulsed barrier discharges in
water treatment systems, specifically in selecting the parameters for the movement of the treated liquid in the plasma
zone. References 10, figures 7.

Keywords: mathematical model, electrostatics, electric field intensity, water purification, barrier discharge.
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GENERALIZED DEFINITION OF THE APPARENT POWER AND ENERGY-EFFICIENT
STRATEGIES OF ACTIVE FILTRATION IN THE REDUCED COORDINATE BASIS
OF A MULTIPHASE POWER SUPPLY SYSTEM

M.Yu. Artemenko'’, Yu.V. Kutafin'”, V.V. Chopyk®>"", V.M. Mykhalsky*"""
S.Y. Polishchuk*”™™"
! National Technical University of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute",
37, Beresteiskyi Ave., Kyiv, 03056, Ukraine.
? Institute of Electrodynamics National Academy of Sciences of Ukraine,
56, Beresteiskyi Ave., Kyiv, 03057, Ukraine. E-mail: mikhalsky@jied.org.ua.

, LA. Shapovalz*****,

The paper substantiates the equivalence of determining the apparent power of a multiphase power supply system with
different transmission line impedances using the Fryze-Buchholz-Deppenbrock method and on a reduced coordinate
basis. Two energy-efficient control strategies for shunt active filtering in the reduced coordinate basis are proposed.
The first strategy provides a unit value of the power factor, and the second strategy minimizes power losses in the
transmission line while maintaining symmetry and the quasi-sinusoidal shape of the consumed currents. The
advantages of using a reduced coordinate basis are a reduction in the number of sensors and key active filter
regulators as well as the absence of the problem to organize the artificial grounding point for phase voltage
measurements. A correction factor for the apparent power and power factor formulas was determined and verified in
the presence of restrictions on the symmetrical and sinusoidal shape of the consumed currents. References 22, figures
5, tables 2.

Keywords: apparent power, power factor, minimization of power losses, control strategy for shunt active filter, reduced
coordinate basis.

Introduction. The apparent power is one of the key concepts of power theory, which has been
evolving for more than a century and a half, and an overview of its main achievements is given in [1]. In
theoretical terms, the correct determination of the apparent power involves solving the optimization problem
of maximizing the active power, which is carried out using the methods of Lagrange multipliers [2] and
integral inequalities [3]. In decomposing the apparent power into quadratic components, complex calculus
[4, 5], electric field theory [6], and geometric algebra [7] are used. In practical terms, the study of the
components of apparent power and power losses in a transmission line [8] is important for selecting and
compensating associated currents or voltages through shunt or series filtering. Despite the variety of power
theories [9] with corresponding definitions of apparent power and its decompositions, which are partly
reflected in the current standard [10], there is a clear criterion [11] for the correctness of the apparent power
definition for the needs of energy-efficient shunt active filtering. It corresponds to the physical meaning of
the power factor and allows experimental verification for minimization of the power loss in the transmission
line. Proposed a long time ago, it does not consider the requirements of modern standards for symmetry and
sinusoidal shape of the consumed currents.

The aim of the paper is to generalize the apparent power formula for a multiphase power
transmission system with different transmission line wire resistances in a reduced coordinate basis,
substantiate and develop energy-efficient strategies for shunt active filtering while ensuring the symmetry
and sinusoidal shape of the consumed currents, evaluate and verify the energy-saving effect of the proposed
strategies.

© Artemenko M.Yu., Kutafin Yu.V., Chopyk V.V., Mykhalskyi V.M., Shapoval .A., Polishchuk S.Y., 2025
QBCID: * https://orcid.org/0000-0001-9341-9238 ; ** https://orcid.org/0000-0002-81 56-1277;
https://orcid.org/0000-0002-5046-5223; “** https://orcid.org/0000-0002-8251-3111;

ok ko stk kok ok

https://orcid.org/0000-0002-9107-5061; https://orcid.org/0000-0002-6978-2747
© Publisher Institute of Electrodynamics of the National Academy of Sciences of Ukraine, 2025
@000

el This is an Open Access article under the CC BY-NC-ND 4.0 license
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode.en

24 ISSN 1607-7970. Texn. enekmpoounamuxa. 2025. Ne [



The apparent power definition as the geometric mean value of the voltage and current power
losses. The determination of the apparent power of a multiphase power supply system based on the Fryze-
Depenbrock-Buchholz (FBD) method [12] for the case of different transmission line impedances is given in
[2, 3]. At the same time, each of the wires of the m-phase system

(Fig. 1) with resistance r,,k=1,2,..,m is represented by a ' i [ ]
separate phase, the energy processes in which are determined by ' uy
the current j, and the potential difference v,, =v, —v, relative vy i
to the point of artificial grounding with the potential » ™ E
m m
Vo =2 Vi&k | 2 &k3&k =117 Vi 'mu
k=1 k=1 o »
As a result .of solving the 'prot.)lern .of maximizing the active V10 llpm -
power at given asymmetric sinusoidal source voltages and m

transmission line loss power using the Lagrange multiplier
method in [2], and in the general case of periodic currents and
voltages using Schwarz's inequality [3], the authors obtained
identical expressions for the apparent power as the product of
effective voltage and current values. Using notation

Fig. 1. Multi-phase power supply system
with a resistive transmission line model
and coordinates of different reference

1t A ) frames

T ITX (0)y(t)dt =xoy for the scalar product of arbitrary one-

A

dimensional vectors, where " is the transpose sign, these expressions are of the form
SZ\/V+OV+X\/i+Oi+=VI, @8

where i+(t)=”i1,/r1/r g [T o G E, T V+(t)=“v10 FIn Vg Jr B e VorJT T,

normalizing resistance of the transmission line.

The disadvantages of this approach are the increased dimensionality of voltage and current vectors
describing the multiphase power supply system, and the associated increased number of sensors active filter
regulators; the opaque physical content of the quantity v, and the difficulty of measuring this value for

, r 1s the

practical implementation; the difficulty of calculating the ratio (1) when the resistance of one of the line
wires is close to zero, since the resistance of this wire appears in the denominator of the corresponding
coordinate vector v (7).

Let's take a closer look at the first drawback. Since the algebraic sum of the instantaneous values of
the currents of a multiphase system (Fig. 1) is zero according to Kirchhoff's first law, only m-1 of the current
coordinates are independent. Let us choose as independent quantities m-/ of the currents corresponding to

" then the current of the neutral

the line wires, which can be represented by a vector i(f) = ||i1 iy ... im_1|

wire is given by the equation i, (1) = —j"i(¢), where J is a vector consisting of -1 unit.
The set of m voltages, appearing in the vector v, (z), is also linearly dependent, since given the

expression for the potential v, of the artificial ground point: f“ VioZh =§: Vigr — Vo i g, = 0. Therefore, as

k=1 k=1 k=1
shown in a number of authors' works [13-19], the analysis of energy processes of multiphase power supply
systems can be carried out in a reduced coordinate basis using a voltage vector of smaller dimensionality,
u)=lu; wy . w,y|sup =vi—v,s k=1,2,..,m—1, which are calculated with respect to the potential v,,
of neutral wire, which eliminates the problem of organizing an artificial grounding point. The determination
of the apparent power using the specified reduced coordinate basis in the notation of this article corresponds
to the expression

S =/(ioRi)x(ueR u), )
n 0 0
where R=|0 .. 0 |[+7,j"j is a matrix of transmission line resistances that satisfies the matrix-vector
0 0 7,
equation
e(t) =Ri(7) +u(), 3)
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wheree(?) is an EMF vector of a multi-phase power source.
The multipliers of the root in (2) have a clear physical meaning [14]:

ioRi=T" IT[ilz(t)q +i22 (H)r, +...+i,%, (1)r, Jdt = P, is the power loss in the transmission line due to current
flow; uoR 'u= Py is the power loss on the same transmission line impedances caused by short-circuit

mode of the voltages measured at points of common coupling and ig.(r) = R 'u(r) is the current of this
short-circuit mode.
Thus, according to (2), the apparent power of a multiphase system is the geometric mean value of the
power losses from currents and voltages measured at the points of common coupling
S =PrsPsc- (4)
We will show that the definition of (1) has the same physical meaning. It is easy to see that the
square of the second multiplier in (1)

=i, oi, =T ' [ [ (OO +i5 (O, +...+ iy, (O, Jdt = Prg | 7 (5)

is the normalized current power loss on the transmission line impedances.
Let's give a different physical meaning for the square of the first multiplier from (1). To do this, we

m
denote D, =diag(r, r, .. 7, ) and, provided []r =0 we find an equation for the inverse matrix
k=1

R™ = (D, +7,ji")" =[D,+7,D; ji"H™" =@+r,D;'ji")'D;' =

1 a1y 1 Ay 1 (6)
(I_ﬁDrlu/\)Drl =Dr1 _ﬁnrlu Drl :Dg __gg/\ =G,
gm+.] Dr.] gm+.] Dr.] g+
m
—1 . .
where D, =D;' =diag(g, g - €,.1):8 =i'Dy=|gi g - gu.alig. =D g
k=1

Given (6) and the relation between the coordinates of the vector u(¢) and the voltages v,

U 1= Vm V10 Vo
M2 V2" Ym || || V20 Ymo|| _ .
u= = = - =V~ Vmol

U1 Vin-1""Vm Vin-10 Vo

the equation for the vector of short-circuit currents will be as follows

i - 1 : gAV "V gAj
Isc (t) =R lu(t) = (Dg _g_gg/\ )(V() - va-]) = DgVO - [Vmo +% g.
+ +

The last expression in parentheses is zero because

m—1 m—1 m
8" Vo =V,08 i+ & Vo = 2. Vio&k + Vim0 (&4 — 2. &k) = 2 k& =0
k=1 k=1 k=1

due to the marked linear dependence of m voltages v,,.
Let's express the short-circuit power loss in the voltage coordinates of the FBD method:

Poe =ueige =(Vo = v,0i) e Dyvy =vy oD, vy, _Tilj.TVmo(f)[Vm(f)gl V()& + e+ V1o ()& 1t =
=T [ VinOR +va () /1y + ety () I 1, 1dE = (v, 0 v,) [ 1=V [ 7

Therefore, it is the square of the first multiplier in (1) divided by the normalizing resistance r.

After substituting (5), (7) in (1) and reducing the normalizing resistance, we obtain an expression for
the apparent power formula similar to (4). The values that determine the apparent power in the two
coordinate systems discussed above are summarized in Table 1 for comparative analysis.
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Table 1

By FBD method Proposed

Coordinate basis i+(t)=Hi1./r1/r izm immu; i(t):"i1 o im—1||;
V+(’):H"10\/”/ﬁ Voo T/ By vmomu u@ =l uy oty

2

Voltage power loss P (i, oi,)r ioRi
Current power loss P g (viov,)/r uoR u
Appatent power § JOv o )G, o) JoRi) < @oR )

An important practical aspect of changing the paradigm of the apparent power definition as the
geometric mean value of current and voltage power losses is the possibility of its experimental verification as

follows [1, 11]
SE:P\/PLS/PL%IN’ )

. .. . MIN . .. . . .. .
where P=v, oi, =uci is the active power; F;¢ " is the minimum possible power loss in the transmission line

caused by the active current according to the Fryze concept [20]. Measurement of three active powers with
transparent physical content, which are included in the right part of (8), makes it possible to verify the theoretical
determination of the apparent power [21], as well as its modification under additional restrictions on the
consumed currents and voltages to improve the quality of electrical energy at the points of common coupling.

The Influence of the Transmission Line Impedance Ratio on the Determination of Apparent
Power and Energy-Efficient Active Filtering Strategies. Of great importance for the theory of energy-
efficient active filtration is the correct definition of the active current vector which, according to S. Fryze's
conception [20], provides active power P at the points of common coupling at a unit value of the power

factor A = P/ S and guarantees the minimum power loss P%]N in the transmission line. In [14-19] it is

shown that the active current is a fraction of the short-circuit current vector ig.(¢), that is equal to the ratio
of active power to voltage short-circuit power loss:

. P . P -
i) Pec ige(r) WoR 'u R u(?). 9)
The formation of such a current by means of shunt active filtration ensures the minimum power loss in the
transmission line [17]
MIN _ . . P’
PLS :lAORlA :——l (10)
uoR 'u
and the energy-saving effect, which is estimated by the ratio of power losses in the transmission line in the
absence and presence of a filter as follows
. . . . 2
W= }ZifN:-lOR{ ) lORl—l :S_zzﬂ“iz' (11)
P iyjoRiy, pP°/(uoRm) P
When deriving (11), the determination of the apparent power by (2) was used, which indicates its
compliance with the criterion of compatibility with the physical content of the power factor [1, 11] in the
most general case of periodic currents and voltages.
Since one of the constituent part of the apparent power Pg. appears in the denominator of the scalar

coefficient (9), the determination of the apparent power affects the correct formation of the active current
vector. Thus, for the case of identical resistances of line wires » =r, =r,_; =0 and zero resistance of

neutral, the matrix of transmission line resistances is proportional to the unit matrix
R =1, (icRi)x(uo R_lu) =r(ici)x r_l(u ou)=(ici)x(uou), and the apparent power can be determined by
the Buchholz formula as a product of the effective values of voltage and current, and the active current
becomes proportional to the vector of Fryze's formula [20] squared the effective value of the voltage vector
in the denominator. However, as shown in [18], when the resistances of the line wires are equal and the
neutral resistance is non-zero, the formation of active current according to the Fryze's formula does not
provide a unit value of the power factor.

Let us substantiate the active current formula for the purposes of practical implementation of active
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current in active filtration control systems for the general case of different resistances of line wires and

neutral. Since in (2) and (9) the matrices R,R ! can be determined with an accuracy of a constant multiplier,
consider the matrices normalized with respect to the resistance of the neutral wire r,,

R LR
R=—R=[0 .. 0 |+ikpi=r,/r:k=12,.,m-1I;
v,
! 0 0 pl
AN
00 | Pl A el
G=R'=0 .. 0 |-—] .. e | o =142 o
P k=1
0 0 Pm-1 ’ Pm=1|||Pm-1

and find the equation for the reference vector of active current voltages

m=1 m—1
3 Py Z U Pr || P (u —up)py Z Uy Py,
u,H=Gu@)=| .. |[-EH—7J . |= sy =+ (12)

p p
Pm—1Um—1 i Pm—1 (um—l - uO)pm—l '

Taking into account the new notation, the equation for active current (9) will be as follows

» » [0 () —uo (D]

i ()= u,(t)= — . (13)
uety ! Oy (1) — ug (1)]dt
JT kZ_l Prr Oy (8) —uo (D)]dt \[u,,,_, (1) — uo (D)) 01
Normalized short-circuit power is simplified according to
— m-1 m—1 m—1
uoGu =7, P =T [ 3 prtg (O () —uo(Dlde =T~ [ 3 pad ()t =T~ [ Lug(6) Y py (1)t =
k=1 k=1 k=1
a1 5 (14)
=T [, X prug )t =p, T [Lug (Ndt = 3, p Ui = p, U,
k=1 k=1
and the equation for apparent power will be as follows
— — m—1 m—1
S =/(ioRi)x (uoGu) :\/( WG +131jx£z 2 U —p+U§J : (15)
k=1 k=1

If the resistance of one of the line wires (for the n-th is certain) is zero, the equation for the reference
vector of voltages can be found using the limit junction in the following

m—1
2 U Pr
limpn_)oO u =limpn_mk:IT=un;upk ot =(u, —u,)Pr;
1+ o
k=1
m—1
2 Py =1
Upn :Hmpn—mo u, _kle Pp =ty + Z (un _uk)pk'
1+ py k=l;k=n
k=1

Thus, under the condition 7, =0 the equations of the apparent power and active current will be as

follows
. e =l . P =
S:\/(lom)x(uoug« °);1A(t):mug %), (16)
P
=0 m—1 A
where u/;l_ (t): (ul _un)pl v Uyt z (“n _uk)pk (“m—l _un)pm—l
k=Lk#n
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The formulas of apparent power and active current which meet the requirements of modern
IEEE standard. The current standard [10] defines apparent power as the maximum active power that can be
transmitted under sinusoidal and balanced conditions with the same RMS values of voltage and current. To
fulfill this requirement for apparent power definition, equation (2), which includes periodic voltages and
currents of arbitrary shape, needs to be corrected, but is useful as a basis for comparison.

Let the direct sequence detector [22] select a vector of symmetrical sinusoidal voltages u, (z) from

the voltage vector of general periodic shape u(?), then the active current providing the power P at the points

of the general coupling under the additional condition of the same form of consumed currents is determined
as follows [15]

u, (o). (17)

. P
i, @0)= u, (6)=
u u+ u, Oll+

This current differs from the active current (9), which consists of asymmetrical currents at different
values of transmission line impedances and causes power loss in the transmission line

. . P?*(u, oRu,)
Prgy =iy, oRiy, :( ﬁ
+ouy

The resulting value differs from the minimum value by (10). Let's find the ratio of the corresponding
power losses

2
J «(u, oRu,)= (18)

u, ou,

(19)

i :PL%[]N_ P? /Pz(u+oRu+): (u+c>u+)2
LS+

P, “uoRlw (quoqu)2 (u+oRu+)><(uoR_1u).

This coefficient does not exceed a unit value, since (u, o Ru <(ue R_lu) , therefore
(u, ou,)’
(u; oRu, )x(u, oR_1u+)’
and the right side of the last inequality does not exceed the unity in according with the Cauchy-Schwartz

inequality.
Gain in power loss when generating active current (17) in the transmission line

MIN
— PLS — PLS PLS
MIN
PLS+ PLS PLS+

differs from (11) by a factor k,,.The value of the apparent power S, subject to the limitation of the

kLS+ <

=Wkpg, = j'_ZkLS+ (20)

+

consumed currents is also subject to correction, since the minimum achievable value of losses P, ¢, under

this condition differs from (10). In this case, the formula for modified apparent power definition follows
from (8), (11), (19)

S+:P”PLS/PLS+:P\,/?’_szSJr:S kLS+: u+ou+ Sa (21)
\/(u+oRu+)><(uoR_1u)

which allows experimental verification by measuring of the corresponding voltages and powers. Thus, the
value kg, is a correction factor for calculating the apparent power and power loss gains when implementing

limits on consumed currents to improve the quality of electrical energy at the points of common coupling.
Virtual experiment. The purpose of the experiment is to verify the formulas of apparent power (15)

and (21) for the following ratios between the wires of a three-phase four-wire transmission

liner, =r;rg =r/2;r, =r/3;ry = dr. Parameter d varies discretely within 0.1<d <5, the voltage range of a

three-phase four-wire network adopted symmetrical sinusoidal with an effective value U=220 V. Nonlinear
load is a rectifier according to the three-phase half-wave rectifier circuit (Fig. 1), operating on active
resistance R=1 Q. Normalizing resistor resistance » is assumed to be equal to 1 mQ to ensure a ratio
P ¢ < P < P of at least 100 times for each inequality to ensure one percent instability of the load power

under the action of current active filtering compensations and changes in the parameter d. The value of the
transmission line neutral resistance ry is set by the parameters of the units d and r. Without Filter and Short
Circuit units calculate the load power in the absence of a filter and the short-circuit power, respectively,
depending on the parameter d, which are then used for the operation of the Control System unit, which
calculates the values of compensation currents depending on the chosen strategy. The Control System unit
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(Fig. 2) works as follows: Up to time 0.1s there is no compensation, at time 0.1 s the compensation is turned
on, which provides active current in the transmission line, at time 0.2 s compensation is turned on, which
minimizes the power loss at symmetrical sinusoidal currents in the transmission line.

o J = URa & n A
<PLS>p | r=d Short Circuit <PSC> v 2 a
~={d  Without Fiter >ia ica g 7
<PL>
—®{URb
| _ ={ib <PLss <P r ICb Control System
~#=URC
S0 ) e
_+®_ — U g -_3 % LY-XT
n = = — =
URa ,,' In [ ) /{ [} u
P — () n e
[ 1T \AF vy
Ea Ra IRa Ia D1
+
—(V)— ica (= va (V)
URb
2
_@ ,.-’A“\ D.'_rrv'r\,_
Eb Rb IRb D2

@J\
1o
R
URc
— o u
A o, DF——]

_® | S
Ec Re IRe I 03
—————— +
—+|>_'®_ ice (D Wos [’} R
URn
r ) @
Rn IRn

Fig. 2. Computer model of a three-phase four-wire power supply system

The adopted computer model of the
network makes it possible to obtain the
analytical dependence of the apparent power
at (15) on the value of the parameter d. The
matrices R,G for the given resistive
parameters of the transmission line will be as

2d;

follows
“ 1 P 0 Ol
P.W = 1
/ — R=—R=|| 0 pp O {1+ s
150 | \'. PLS ry A
100- \ 0 0 pc
{ \
50+ I|II I\.I I”N dl’ I’N dl’
| 1 :—:—:d; = — = —=
0 . _ . P ey 2
0.00 0.05 0.10 0.15 0.20 0.25 t, s
ry dr
e rl3

Fig. 3 Time diagrams of current consumption (@) and
loss power (b) under different compensation modes

pPse 0 0 1 pal|oa]
G=R =10 pp Of=-—|ps|les|| : Pr=1+py+pp+pc=06d+l.
Ps
0 0 pc Pclllpe
According to (12), we determine the complex effective value
Uy =U(p, +apg+app)! p, =U(d +2da+3da)/ p, =Ud(a+2a)/ p, =~3Ude’™® / p, .

The relative voltage power loss does not depend on the selected load and, according to (14), is
determined as follows
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2
quu pAUA+pBUB+pCUC p+U0—d(1+2+3)U U2 13d6d:
J’_

_dU?(6+36d-3d) _3dU*(2+11d) _ 2 1t5.5d

1+6d © 1+6d  1+1/6d
The currents of the transmission line for the selected load are symmetrical sinusoidal within each third
of the mains voltage period (Fig. 3 in the range 0-0.1s), so the normalized power of current losses at (15)

-1 T/6
ioRi= ijglJrIApB +Iép§1+IN—3+'DA +/33 *Pc I cosz(a)t)dtz
-T/6
_U3+d”! (1+1/2+1/3) [T+2sin(2a)T/6)}_U2(1+11/18d)x 1+3J§
R’T 20 R? '

Substitution of the obtained values of the relative power losses on the transmission line impedances
in (15) gives a theoretical formula for the dependence of the apparent power on the parameter d:
+3J§ . [a+5.5d)1+11/184)
1+1/6d
Fig. 4 presents the graph of this dependence, which is fully confirmed by the plotted points, the
ordinates S/ of which are calculated according to (4) as the geometric mean values of the experimentally

2
S(d)z% 1 (22)

obtained power losses P, g, Py, summarized in Table 2.

3,500E+05

3,000E+05

‘r/*'.-«""‘
2,500E+05

2000+ /
1,500E10%

1,000F+05

5,000E+04

0,000E+00

0 1 2 3 4 5 6
— S theory ® 51 ® 52

Fig. 4. Graph of the apparent power dependence on the parameter d by (15) and experimental points Sj,S,

To verify this apparent power functional dependence from other hand, we use (8) with experimental

determination of the apparent power, where the minimum current loss power P‘LSIN is created by the active
current (13). In this computer model of the power supply system, this current will be as follows

p (uy—up)py Uyg—HU
i (0= u,(t)= (up —ug) pp||=——|2(ug —uy)|;
uou, "wPsc ( s5C5
Uuc —uy)Pc (uc —up)
= WaPatUpPp +UcpC (uA +2up +3uc)d _uy+2up+3uc
0 I+ p4+p5+pPc 1+6d 6+1/d

where u(t)=u, (t)= ||u 4 U Uc ||A is the instantaneous voltage vector at the points of common coupling.

The measurement results of PLAg , P for each value of d are summarized in Table 2, on the basis of which the
points of experimental values S,, plotted on the graph (Fig. 2) of the theoretical dependence S(d) according
to (22) are calculated. We state the complete coincidence of theoretical and experimental data.
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Table 2

d | Pgcx10° P MV | P X 10" | P, Sy x 10° S, x10° ks,
0,2 2,772 55,348 16,818 6,830 19,617 1,239 1,239 0,857
0,4 2,733 68,979 17,043 6,827 19,601 1,373 1,373 0,869
0,6 2,715 82,600 17,146 6,324 19,586 1,497 1,498 0,875
0,8 2,704 96,209 17,201 6,821 19,570 1,613 1,613 0,879
1 2,697 109,808 17,233 6,819 19,554 1,721 1,721 0,881
1,5 2,686 143,758 17,265 6,812 19,515 1,965 1,966 0,885
2 2,681 177,640 17,267 6,805 19,477 2,182 2,183 0,887
3 2,675 245,201 17,236 6,791 19,399 2,561 2,562 0,888
4 2,672 312,492 17,187 6,778 19,322 2,889 2,890 0,889
5 2,670 379,516 17,131 6,764 19,245 3,183 3,184 0,890
To verify the formula of apparent power (21) in the presence of constraints on symmetrical

sinusoidal consumed currents, we calculate the theoretical dependence of the coefficient k;g, on the

parameter d for a given load, build its graph and plot on it the points calculated from the measurement results
P; .. Note that for symmetrical sinusoidal source voltages

kLS+

2
(u cu,)

- (u, 01;_lu+)><(u+ O(_;“Jr) ’

(23)

Moreover, for sinusoidal variable vectors, the integral scalar product is equal to the real part of their phasor
product xoy = Tfle X )y (t)dt = Re(x" xy").

With this in mind, the components of (23) will be as follows

-1

pi 00 1| |~ 1 1M 1|
)= i NN - 210 1L 1U*
u,ou, =3U%Ru, /U=||| 0 pz 0+ azpBazga/Z;quoRm:—a al?| = R
0 0 PEI a p(_;ld all al la/3
UyPy P4 Uy 43 1
= = u u u
Gu, =u (/) =Gu()= - =d| |2ug|-—4—L——C2]|;
L=u,() (1) =|uppp|—to|Ps Up 6+1/d
UcPc Pc 3uc 3
1 * ) - . 1 *
u,oGu, =URe|l @ d2a —UzRe(wJ @ d2 :Uz(G—;].
) 6+1/d 2+1/3d
3a 3
Substituting the obtained values in (23) finally
08% gives the theoretical functional dependence of the
089 s apparent power correction factor on the parameter d:
0,885 ] ko (d) = 3? B 9/11
| R TR R N P T
/ 6d 2+1/3d 12+2/d

2
— TS+

3 4
® KELS+

Fig. 5. Graph of the dependence of the gross power

correction factor k; g, on the parameter d
applied experimental points

32

with

The graph of this dependence is presented in
Fig. 5 by solid blue line. For a given model of a power
supply system with a symmetrical sinusoidal voltages
and different values of transmission line resistances, a
symmetrical sinusoidal active current according to (17)
Uy

. P

ou

+ U+

Uc
The experimental values of the loss rates P,
created by this current in the transmission line
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depending on the parameter d are summarized in Table 2. Using them, according to (17), discrete
experimental values of the correction coefficients k;y,, located in the last column of Table 2 were
calculated and plotted on the graph (Fig. 5) with orange dots.

And in this case, we state the complete coincidence of theoretical and experimental data. The action
of symmetrical active filtration (after 0.2 s in Fig. 3) completely equalizes the amplitudes of the consumed
currents, slightly inferior to energy-efficient active filtering in terms of the power of losses in the
transmission line. For the one presented in Fig. 3 cases d = 2 experimental data of power losses in Table 2

are LSIN=17.267 W and P,¢=19.477 W corresponding to the experimental correction factor kLES += 0.888,
the theoretical value of this coefficient
9/11  9x13
L ixa2
12+2/2

klg, = =0,886

corresponds to an error of 0.2%.
Conclusions.

1. It is shown that the known formulas of apparent power for multiphase power transmission systems with
different transmission line resistances, based on the FBD method, are fully equivalent to the proposed
definition of apparent power in the form of the geometric average value of the power losses on the transmission
line supports from currents and voltages at the points of common coupling. The advantages of the proposed
definition are the reduced coordinate basis, the absence of the problem of organizing the artificial grounding
point, the possibility of verifying the formula of the apparent power by measuring the corresponding power
losses and its modification under conditions of additional restrictions on the consumed currents.

2. Formulas for the active current of multiphase power system with different transmission line
resistances are obtained, which determine energy-efficient active filtration strategies in a reduced coordinate
basis with the achievement of a unit power factor value.

3. A virtual experiment has developed and verified an active filtration strategy to improve the quality of
electrical energy at the points of common coupling. This strategy ensures the minimum power loss of a
multiphase power transmission system with different transmission line resistances at symmetrical sinusoidal
consumed currents.

4. The corrective coefficient for the formulas of apparent power and power loss gain in the presence of
restrictions on the consumed currents was determined and verified by a virtual experiment. Its value can be
used to predict the maximum load of the network in compliance with the existing requirements for the
quality of electrical energy at the points of common coupling.
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Cohopmynvosarno eumocu 00 HANIBNPOBIOHUKOBUX NEPEMBOPIOBAYI8 elleKmpoeHepeii 3 BUCOKUM DIGHeM Cmpymy
Hasanmaicenns. Ilpogedeno o210 Odicepen 3a npobremoro ompumanHa maxcumanvrozo KKJ[ 6 cmabinizamopax
NOCMIUHOI Hanpyeu 3 BUKOPUCMAHHAM CUHXPOHHUX BUNPAMAAYIE HA OCHOBI CYYACHUX NOJbOSUX MPAHIUCIODIS.
OnucaHo 3anponoHo8ani Memoou CUHXPOHHO2O0 GUNDAMIEHHA 8 IMNYIbCHOMY CMAOini3amopi nocmitiHoi nanpyau Ha
OCHOBI BUCOKOUACMOMHUX MAZHIMHUX NIOCUTIOBAI8, SKI OA3YI0OMbCsL HA BUKOPUCMANHI Yice HASABHUX 6 Nepemeopro8ayl
cuenanie ma iocymnocmi 6y0b-sKuUX 000AMKOBUX eNeMEHMI8 YU Cneyianizo8anux opaueepie 6 IXHill cXxeMOmexHiyi.
Onucano npunyun ixHvboi pobomu, HABEOEHO MeOPemUdHi OCYULOZPAMU, SIKI NIOMBEPONCEHO EKCNEPUMEHMATILHO.
Ilpusedeno pesyromamu eKCnepuMeHmanbHo20 O0CHIONCEHHsT eDeKMUSHOCI MaKux nepemsopiogayis. 30Kpema,
3aNPONOHOBAHO MEMOO CUHXPOHHO2O BUNPSMIEHHA 6 IMRYIbCHOMY CMAOINi3amopi NOCMIUHOI HaAnpyeu HA OCHOGL
BUCOKOUACTMOMHUX MACHIMHUX NIOCUTIO8AYIE 3 UXIOHOW nomydicHicmio Ha pieni 300-400 Bm nio uac scugnenws 1io2o
8i0 Odicepena nocmitinoi nanpyau 310 B (exsiganenm mepedici npomMuciosoi uacmomu) 0ano MOMCIUBICIb OMPUMATIU
KKJ[ na pisni 95 %. bion. 21, puc. 9.

Kntouosi cnoga: cHHXpOHHUHA BUIIPSIMIIY, TOJIHOBUH TPAH3UCTOP, IMITYJIBCHHHA cTabii3aTop IMOCTIHHOI HANpyTH,
BUCOKOYACTOTHUN MarHiTHUH MiJICUIIIOBAY, IpOCEb HACUUEHHS, €(DEKTHBHICTb.

Beryn. CywacHi cmenianmizoBaHi  KOMITIOTEPHI  CHCTEMH  4acTO  HOTPeOYIOTh  JKepen
SNICKTPOXKUBIICHHS 3 BUCOKHM PiBHEM CTPyMy HAaBaHTa)KCHHS 32 HU3bKOBOJIBTHOTO BUXOMY, SIKHH MOXe OyTH
pIBHUM JecsiTkaM, a iHOMi ¥ coTHsAM ammep [1]. Ilpm 1poMy BH3HAYANBHOIO XapaKTEPHUCTHUKOIO TaKOTO
NepeTBOpIOBaYa € HOro eQeKTUBHICTh. Bigomo, 0 OCHOBHHMMHK BTpaTaMd B CyYaCHHUX BHCOKOYACTOTHHUX
HIePETBOPIOBAaYaX HAIPYTH € BTPATH Ha Jiofax [2] BUXiZHOTO BUCOKOYACTOTHOTO BUIPSMIISYA. 38 BUCOKOTO
piBHS CTpyMy HaBaHTa)XCHHS BOHU € OCOOJIMBO BIIUyTHUMH Ta CYTTEBO 3HIKYIOTH HE TUTHKH €(DEKTHBHICTH
NEpeTBOpIOBaYa, a ¥ TNOTIPUIYIOTh HOro Maco-ra0apuTHI MOKa3HUKU, pPIBEHb HAIIHHOCTI, pPIBEHb
€JIEKTPOMArHITHUX 3aBaj, SKICTh BUXIJHHUX HAalpyr, HOro IWHAMiYHI XapaKTEpUCTHKU. Tak 3BaHi Jioau
IlloTkm, sKi MOXYTh OyTH BHKOPHUCTaHI B POJI BHIPAMHHX [iOMIiB BHUXIJHOTO BHCOKOYaCTOTHOTO
BUTIPSAMIISTYA, JICUIO 3HMXKYIOTh PIBEHb BTpaT B HHOMY 32 PaxXyHOK MEHIIOTO 3HAYEHHs MPSAMOTO TaliHHS
Hanpyru [3]. OxHak e pilleHHs He MOXe OyTH 3aJ0BIJIbHUM 32 BUCOKOTO PiBHS CTPYMY HaBaHTaXKCHHSI.

KpiM Toro, BHCOKOYACTOTHI TIEPETBOPIOBAaYi EJIEKTPOCHEPTii 3 BHCOKHM pIiBHEM CTPyMy
HaBaHTAKEHHS TIOBHHHI BiAMOBigaTH HacTymHuM BuMoram [4]: 100% miama3oH 3MiHH CTpymy
HABaHTA)KEHHSI, BUCOKA SIKICTh BUX1THUX HAIIPYT; HU3bKUI PIBEHb ENEKTPOMArHITHUX 3aBaJl; BUCOKUI PiBEHb
MTUTOMO] MMOTYHOCTI; IIUPOKUH Jiara3oH 3MiHU BXiTHOI HAIPyTH; BUCOKA HAIHICTh; HU3bKa BapTiCTh.

3 nosBoro BucokodacToTHHX MOSFET po3po0iiseThess HOBA TOIONOTIS BUTIPAMIISTIB: CHHXPOHHUI
Bunpsvistd. Crienudika toro monsrae y BukopuctanHi MOSFET 3amicTh BHIpSAMHOrO Aiofa, SIKHMA
KEePYEThCS (PYHKII€I0 HANpyrd BHCOKOYACTOTHOTO CHIJIOBOTO TpaHchopMmaropa BTOPUHHOI OOMOTKH
(cuHXpPOHHO 3 1M€o Hanpyrow) [5—8]. OmHak ocobmmBocti pobott MOSFET y kimrodoBOMy pexnMi, a came
— TMpPOTIKaHHA CTPYMy B HBOMY MOXKIIHMBE IIiCJIsi IOBHOTO WOTO BiJKPUBaHHA 1 HOTO MPHUITUHEHHS
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MOYMHAETHCS MICHA MOJAYi CHTHATy Ha 3aKpUBaHHA, NIPUUYOMY LEH Mpolec HE MOKe OyTH KEpOBaHHM.
Buxopucranus MOSFET CcHHXpOHHHX BHIPSAMIISYIB B JBOTaKTHHUX CXeéMaxX IPHUBOAMTH JO TOSBU
HACKpI3HUX CTPYMiB KOPOTKOTO 3aMHMKaHHS, L0 NObpeOye BHpilIeHHs wLiel mpoOieMu. 3 LI€0 METO0
PO3pOOIAIOTHCS BIAMOBIHI CXeMU KepyBaHHS, a TAKOX CIeniai3oBaHi apaiBepu. Pobotu [9—13] onmcyrots
m(POBiI PIMICHAS IS YNPaBIiHHA CHHXPOHHUM BUIPSIMIISTYEM. B pe3ynprari me CyTTEBO YCKIAIHIOE
CXEMOTEXHIKY MepeTBOproBadiB. B podotax [14, 15] 3anponoHOBaHO METOIM CHHXPOHHOI'O BHUIIPSMIICHHS B
NEepeTBOPIOBaYax Ha OCHOBI BHCOKOYACTOTHMX MArHITHUX MiACWIIOBAaYiB, $AKIi HE BUMAararoTbh
CIIeITiaTi30BaHuX CXeM KepyBaHHS HUMHU.

MeTto10 po6oTH € pPO3poOJICHHS Ta NOCTIHKEHHS METOAY CHHXPOHHOTO BUIPSMIICHHS Ta METOMY
peamizanii BUXizHOro (iNbTpa Y BUCOKOYACTOTHUX MEPETBOPIOBaYax MOCTIHHOI HANPYTH 334711 OTPUMAaHHS
MaKCHMAaJIbHO MOXIUBOTO Koe(ilieHTa KOpHCHOI [ii Ta 3a0e3leYeHHs BHCOKOTO pIiBHS CTPyMy
HaBaHTAXEHHS 32 MiHIMAJIbHUX (hIHAHCOBUX 3aTpaTax.

MeTtononoris qocixkensb. B ocCHOBY NOKJIaieHO HACTYITHI ITOJIOKESHHSI:

- 3a0e3leYeHHS MAaKCHMAaJIbHO MOXIMBOI  €(EeKTUBHOCTI  BHXIIHOTO  BHCOKOYaCTOTHOTO
BUIIPSAMIIAYA IIEPETBOPIOBAYa, 110 B KiHIEBOMY pe3yibTati npussene no minsuimeHHs KK/l nepersoproBaya
B I[1JIOMY;

- BIACYTHICTh OyJb-KHX HOAATKOBHX CXEM KEepyBaHHs, IeMI(yIOUMX JaHOK UM 1HIINX EJIEMEHTIB
B CXEMOTEXHIIIi IepeTBOPIOBAYA;

- MakcuMaJbHEe BHKODHCTaHHs B)XKEC HAsBHUX CHTHAJIB B MEPETBOPIOBAaYl BiJ €JIEMEHTIB, SKi
BU3HAYAIOTh MPUHLIUI HOro podoTH;

- 3abe3neueHHs ¢pyHkuioHyBaHHS B 100% niama3oHi 3MiHU CTpyMy HaBaHTaKEHHS;

- MiHiMaabpHI (DiHAHCOBI 3aTpaTH Ha TOCATHEHHS MOCTaBJICHOT METH.

Bumieo3nauennii nepelik BUMOT 3alPOIIOHOBAHO pealli3yBaTh 3a PaxyHOK IMOEJHAHHS IBOX BiOMHX
TOTIOJNIOTI — IMITyJIbCHOTO cTabiii3aTopa IMOCTIHHOT HANPyrd Ha OCHOBI BHCOKOYACTOTHHUX MAarHiTHUX
nigcumoBadiB (ICITH ma BMII) [16—19] Ta CHHXpOHHOTO BHMIpAMIITYA B KIIACHYHOMY WOTO BHKOHAHHI [5,
6]. Koxna 3 HuX cama mo coOi He 3/1aTHa 3a0e3MeUUTH MakCUMyM (yHKIIT eQeKTUBHOCTI: B MepIoMy
BUNAJKy Yepe3 BUKOPUCTAHHS BHUIPSIMHUX MIOJIB 3 BJIACTHBHUMHU iM HEOOJIKaMH, B APYTOMYy — 4epes3
HEMOXIMBICTh peaji3allii B JIBOTAKTHUX cXeMaX, 00yMOBJIEHY MOSBOIO HACKPI3HUX CTPYMIB.

3ajaua € akTyaJbHOIO ITij] 9ac MOOYAO0BU HaIiBIIPOBITHUKOBUX NEPETBOPIOBAYIB EJIEKTPOCHEPTI1, 10
SIKUX BUCYBAIOTHCSI BUMOTH 3a0€3IIE4YCHHS BUCOKOTO KOedillieHTa KOPUCHOT Mil.

Merton cunxponHoro Bumpsiviiennsi B ICIIH na BMIL. IlponoHyeTbcsi METOA CHUHXPOHHOTO
unpsimiieHHs B ICITH, cyTh sikoro mojsrae B MOEAHAHHI KIACHYIHOTO CHHXpOoHHOTO Bumpsamisida ta ICITH
Ha BMII [14], mo nmae 3Mory 3a0e3neynTd BHCOKHH KOe(IIlieHT KOPUCHOI [ii 3a paxyHOK YHHUKHEHHS
HACKPI3HUX CTPYMiB B JBOTaKTHIH cxeMmi BUIpSMIICHHS, sike 00yMoBJeHe (yHIaMEHTATBHOIO BIACTHBICTIO
ICITH ma BMII: Ha mo4aTtky KOKHOTO poOOYOTrO IMIBIIEPIOLY CTPYM B CHIIOBOMY KOJII TIOSBIISIETHCS TLTHKH
micis TocsArHeHHs apoceneM HacuueHHs BMIT crany Horo HacuuenHs (i3 npunuuny podoru BMIT [16-19]).
OynkuionansHa cxema ICITH na BMII 3 cHHXpOHHMM BHIIPSAMIICHHSIM, HaBele€Ha Ha pHC. |, MICTUTbH
HEpEerylnbOBaHUH BHUCOKOYAC-
TOTHUH TPaH3UCTOPHUI
iHBepTOp Hampyru / 3 cHIIO-
BUM BHCOKOYaCTOTHHM TpaHC-
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PO3MarHidyoui JioAu, IPUYOMY ABOTAKTHUN BHUIPSIMIIAY 3 CEPEIHBbOIO TOUKOKO Peaji30oBaHUIl Ha MOJIBOBHX
TpaH3MCTOpaX 3 KEepPYBaHHSAM iX CHHXPOHHO BiJl BIANOBIJHUX BTOPUHHUX OOMOTOK CHJIOBOTO
BHCOKOYaCTOTHOT'O TpaHc(opmaTopa iHBepTopa.

CrabinizaTop MOCTiIHHOI HAMPYTH MPaNoe HACTYITHAM YHHOM. Y TIBIEPioa KePYBaHHS 10 OOMOTKH
KEpOBaHOTO npoceis HacudueHHS 151 mpukiameHa Big’ eMHa Hampyra. Y el MPOMIKOK Yacy ITOJIhOBHM
Tpauzuctop V71 BUIpsiMIIsYa 3HAXOAMTHCS Yy HEMPOBITHOMY CTaHi (BiJ’€MHa Hampyra BTOPHHHOI 0OMOTKH
W, npukiageHa no ioro 3arBopa), posMarHiuyroumid miog VD1 Bigkputuil. CTBOPIOETBCS KOJO JUIA
MPOTIKaHHS CTPYMY Yepe3 cXeMy KepyBaHHS 2, po3MarHiuyounii nioq VD1, kepoBaHU Ipoceah HACHICHHS
TS1, BTOpHHHY TIBOOMOTKY W, CHIIOBOTO BUCOKOYAacTOTHOTO Tpanchopmaropa 7V. Ilin miero boro crpymy
(pyHkuis curHamy MoxuOKWM PO3Y3TOMKEHHs BHXiAHOI MOCTIHHOI Hampyrdw crabinmizaTopa 3 Hampyrorw
YCTaBKU CXeMH KepyBaHHS 2 1 3MiHU Halpyrd Ha BTOPUHHIN B 0OMOTII W, CHIIOBOTO BUCOKOYACTOTHOTO
Tpanchopmaropa TV — 3MiHH Hampyrd TEPBHHHOI MEpeXi) BiIOYBA€ThCS PO3MAarHideHHsS MaTepiary
MarHiTONpOBOAY KEpOBAHOTO APOCENss HACHYEHHS Bil piBHA 1HAYKWil HacW4YeHHS B, 10 SKOroch PiBHA
iaykmii By. ['mubuHa po3MarHiueHHS PEryJiIreThCs M€ MBOTO CTa0LIi3yHUoro BiJl’€MHOTO 3BOPOTHOTO
3B’s13Ky. Y pa3i 3MiHH MOJSIPHOCTI BX1THOT HAIIPYTH IIepeMardidyBaHHsI KepoBaHOTO Jpocens HacuaeHHs 751
MOYHEThC 13 3araM’ATOBAHOI'O PiBHS iHAYKIII B;. Konu 11 kepoBaHoro npocens HacuueHHs 751 Mae Miciie
miBIepio]] KepyBaHHs, ISl KEPOBAaHOTO Apocens HacudeHHS 752 Mae Micle iHIIMH pekuM — poOouuit
niBrepion. B 1meil mpoMiok dacy monbpoBUE TpaH3UCTOp VT2 3HaXOOUTHCS Y MPOBITHOMY CTaHi (JomaTHa
Harpyra BTOPUHHOT iB 0OMOTKH W, MpUKJIaaeHa 10 Horo 3aTBopa), po3MarHiayounit giox VD2 3akputuil.
CTBOpIOETBCSL KOO Uil TPOTIKAHHS CTPYMy 4epe3 MiB OOMOTKY W, CHJIOBOrO BHCOKOYaCTOTHOTO
tparchopmaropa 7V, oOMOTKY Apocenst HacudeHHs 752, monboBHid TpaH3uctop V72, npocenb L BUXiTHOTO
¢dhimeTpa, KoHmeHcaTop C Ta HaBaHTaXeHHA R;. PoOouwmii miBmepionm ckiamaeTbes 3 OBOX eTamiB. Ha
neplioMy erari BiJOyBaeThCsl epeMarHiuyBaHHS apoceisi HacudeHHs 7.S2 Bif SIKOTOChH 3amam’STOBaHOTO
3HauYeHHs 1HAYKLIi B, A0 iHAYKMi1 HacudeHHS Bs. Yac mporo nepeMartidyBaHHs € 3HAYHO MEHIIINH, HIX Jac
pO3Mar”iuyBaHHSA Yy TIBIEPiON KepyBaHHA 3a pPaxXyHOK BiJICYTHOCTI OOMEXEHHS  MIBHIKOCTI
nepeMarHiuyBaHHs (OIip HaBaHTAXXCHHS Ha MOPSIKA MEHIIHMK 3a Omip Kojia KepyBaHHs). ToMy HacH4eHHs
JpoceNst AOCITaeThCsl B MeKax IMiBIEPioAy 4acTOTH BXiJHOI 3MiHHOI BHCOKOYAaCTOTHOI HanmpyTu. B meil uac
CTBOPIOETHCS KOJIO AJISl MPOTIKaHHS CTPyMy uepe3 Apocelb L BUXIOHOTO (inbTpa, HaBaHTaXEHHSA R i
3BOpoTHUI nmion VD3, a Takoxk 3MificHIOETBCS po3psan KouaeHcaropa C BuximHoro LCD-¢ineTpa Ha
HaBaHTakeHHs R;. [licnsa qocsrHeHHS HaCMYCHHS KepoBaHUH Apocens 752 Mae MpakTHYHO HYJIbOBHUH Omip, 1
CTPYM B KOJIi BU3HAYA€THCS OMOPOM HABAHTAXXEHHs (ApYruil eram). 3MIHIOIOYH TNIMOMHY PO3MarHiueHHS
KepoBaHUX npoceliB HacuueHHs 151, TS2 Bim +B, 10 —B; y MiB mepioa KEPyBaHHS, OTPUMYEMO IIHPOTHO-
IMIYJIbCHY MOAYJIALIIO B MeKaxX IBIEPiogy BHUCOKOI YacTOTH KomyTaulii B pobounii miBmepion. Tak
3abe3neuyeThes cTabinizamis BUXiAHOI MOCTIHHOI HANPYTH y pa3i 3MiHU CTPYMYy HaBaHTaKEHHS B YCHOMY
fioro miamazoni. [Ipu mpoMy 3a0e3IedyeThcs 3HAYHO HIDKYHH pPiBEHb BTPAT y BHUXITHOMY BHIIPSMIIIYI 3a
PaxyHOK CYTTEBO MEHILIOTO OMOpPY KaHANIB y BIAKPUTOMY CTaHi TOJNBOBUX TpaHsucropis V711, V12 'y
NOPIBHSHHI 3 BTpaTaMH Ha Ai0/1aX y pa3i IXHbOro BUKOPUCTAHHS Y BUXITHOMY BUIPSMIISYi, 0OYMOBIICHUX K
OpsSMUM CHAJOM HAampyrd, Tak 1 4YacTo He3aJOBUIPHUMH IXHIMH YaCTOTHHUMHU XapaKTEPUCTHKAMHU.
3MeHIIeHHsST BHYTPINTHROTO OIOPY CcTadimi3aTopa BHPINIYyE 3amady OTPUMaHHS BHIOTO PIBHSI CTPyMY
HaBaHTa)KEHHsI 32 BUCOKOTO KoeQillieHTa KOPHUCHOI Aii 32 yMOBH Y3TOKEHOCTI PEXHMIB POOOTH BCiX
€JIEMEHTIB CXEMH.

Takum 9UMHOM, B 3alPOIIOHOBAHOMY CTabOUTi3aTOpi MOCTIHHOI HANMPYTH JOCATHYTO 3a0e3leueHHs
BUCOKOTO PiBHS KoedilieHTa KOPUCHOI Jii 32 paxyHOK TOTO, IO Y JIBOTAaKTHOMY BHUIPSMIIIYI 3 CEPEIHBOIO
TOYKOI0O BUKOPHCTAHO IOJBOBI TPAH3UCTOPH, SKI KEPYIOTbCS CHHXPOHHO BiJl BiANOBIAHUX BTOPUHHHX
00MOTOK CHJIOBOTO BHCOKOYAaCTOTHOTO TpaHchopMaTopa. A TosBa HACKPI3HUX CTPYMIB B JBOTAKTHIN cxemi
€ HEMOKIIMBOIO 3aBasku npuHiuny podoru ICITH na BMII — cunoBuii ctpyM B pobounii miBnepiog BMIIT B
KO’)KHOMY IUIeYl JBOTAKTHOI CXEMH MOSBISAETHCA MICHs IOCATHEHHS HAacHMueHHA Mmatepiany ocepas BMII.
ToOTO 3aBkaU TepeKOMyTallisi B JBOTAKTHIA CXeMi BiIOyBa€ThCSA 3a BIJICYTHOCTI CTPYMy HAaBaHTAXKEHHS B
cuinoBoMy koji. Came Ie Aamo 3MOTy Oe3IToCepelHhO BHKOPHUCTOBYBATH CHHXPOHHI BHUIpAMILIYL (6€3
BBCJICHHS Oy/Ab-SIKMX JOJATKOBUX e€leMeHTIB uu cxeM kepyBanHs Humu) B ICITH wa BMII i crBopmiio
nepeaymoBu 1isi moOynosu HIIE 3 BuCOKMM piBHEM CTpyMy HaBaHTa)KeHHS (IECATKUM — COTHI ammep) 3a
BHCOKOTO KoediIlieHTa KOPUCHOI Mii IepeTBopioBada B IIUIOMY 3 MiHIMaabHUMH (DIHAHCOBHMHM 3aTpaTamm.
Kpim Toro, npononoBanuit merox peamizanii ICITH Ha BMII 3 CHHXpOHHHM BHUIPSMIICHHSIM 3a0e3Meuye
100% miana3oH 3MiHM CTPyMy HaBaHTaXEHHS MiJ] yac Aii Bcix 30yprotoun GakTopis.
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Merton peamnizanii Buxignoro LCD-¢instpa B ICITH Ha BMIL. V pasi noobyzosu HIIE 3 Bucokum

piBHEM CTpyMy HaBaHTa)KeHHs (0COOJHMBO 32 HHU3bKOBOJBHTOBOTO BHXOJY) OCHOBHI BTPAaTH 30CEpPEIKCHI Y

BUXIiJHIM 4YacTHHI TepeTBopioBaya. B momepemHboMy maparpadi 3ampOIOHOBAaHO METOJ CHHXPOHHOTO

urnipsimiieHHss B ICIIH nma BMII, skwii nmaB 3mory MiHIMI3yBaTH BTPAaTH y BUXIIHOMY BHITPSIMIITYi

nepeTBoproBada. OmHAK, 3 TOYKH 30py KOMIUIEKCHOCTI CHCTEMH, PIBHOHAIIMHOCTI, PIBHO3HAYHOCTI

€JIEMEHTIB, MiHiMi3allii BTpaT B iHIINX €JIeMEHTax 3ajJHIIa€ThCs HEBUPIMIEHOIO MpobieMa MiHiMi3allii BTpaT

y BUXiZHOMY QinbTpi (BTpatu Ha 3BOpoTHOMY miofi). CTpyMm uepe3 3BOpOTHiH aion Moxe caratu Ao 30%

CTPYyMy HaBaHTaXeHHs. TOOTO BTpaTH Ha HbOMY € BITIYTHUMH i CYTTE€BO BIUIMBAIOTH Ha 3arambHuit KKJ]|
nepeTBoproBaya. ToMy akTyaJIbHOIO € 3aJaua MiHiMI3allil IuX BTpaT.

Ha puc. 2 mokazano ¢ynkuionansHy cxemy ICITH na BMII 3 cHHXpOHHMM BHIPSIMJICHHSM Ta

MOJTOBUM TPaH3UCTOPOM Y BUXiTHOMY (DiTbTpi (3aMicTh 3BOPOTHOTO J1i0/1a), IO KePy€eThesl Oe3rmocepeiHbO

Hanpyramy ApPOCeJiB HaCHYCHHS

m BMIT [15]. Bia  ™icTurth

E n2 HEperyJIbOBaHUH BHCOKOYACTOT-

) 2 HUH  TPaH3UCTOPHUI iHBEPTOP

B 1T? Hampyrd 3 CHJIOBUM TpaHchop-

MaTOpoOM,  JBOTaKTHUH  BH-

[] a1 | TIPAMILTI 3 CEPEAHBOIO TOUKOI,

OCHAIIIEHU! MOJLOBUMH TPaH3H-

CTOpaMH 3 MOXXJIMBICTIO IXHBOTO

KepyBaHHS CHHXPOHHO BiJ[ Bij-

MOBITHUX BTOPUHHUX OOMOTOK

CHJIOBOTO BHCOKOYaCTOTHOTO

I Rl TpaHchopMaTopa, KEpoBaHi JPo-

i” * celi  HACHYEHHsS,  BUXITHHUH

GinbTp, HaBaHTaXEHHS, CXEMY

KepyBaHHs, PO3MarHiuyrooui aio-

Puc. 2 1M, TPAYOMY BUXigZHHH (iIbTp

OCHAIICHUH IOJBOBUM TpaH3U-

CTOpPOM (3aMiCTh 3BOPOTHOTO J1i0/1a) 3 MOMJIMBICTIO KEPYBaHHS BiJl JOJATKOBO BCTAHOBJICHUX BiIIOBIIHUX

00MOTOK KEPOBaHHX [POCETIB HACHUEHHS.

i BRFDI

B Yroz

Ha pwuc.3 mnoka3zano Tteopetwdni ¢dopMu Hampyr i
crpymiB B ICITH na BMII i3 cHHXpOHHHM BHUIPSMIICHHSM Ta i3
MOSFET 3amicts 3BopoTHOTO fiofa y BuxigHomy LCD-}inbTpi,
IO UTFOCTPYIOTh MPUHITATT poboTu cxemu [15, 20]: U, — Hanpyra
Ha BTOPHHHIA OOMOTIII BUCOKOYACTOTHOI'O CHJIOBOTO TpaHchop-
maropa; U, — dB/dt (manpyra) B ocepai 751 BMII; U; — dB/dt
Uz B ! (mampyra) B ocepmi 752 BMII; U, — nHanpyra Ha 3aTBOpi

—| Tpanzuctopa VT3; i, — ctpyM depe3 TpaHzuctop V713; i, — cTpyMm
§’ —‘ HaBaHTAKECHHSL.

Ilpn 1poMy 3abe3medyeTbcsi 3MEHIICHHS BTpaTr Ha
: BUXITHOMY (DUTBTPI 32 paXyHOK CYTTEBO MEHINIOTO OTOPY KaHATY
—‘ —| : —‘ MOJIBOBOTO TPAH3UCTOPa Y BIAKPUTOMY CTaHI y TIOPIBHSHHI 3
BTpaTaMH Ha 3BOPOTHOMY Jiofi, OOyMOBICHUMH SK TPSIMHUM
£€  chmagom Hampyrd, Tak i 4YacTO HE3aJOBUILHAMH YacTOTHHMH
XapaKTEpPUCTUKAMHK Jiofa. 3MEHIICHHS BHYTPIIIHBOTO OIOPY
crabiji3aTopa BHUpINIye 3agady OTPHUMAaHHS BHCOKOTO PpiBHS
CTpyMy HaBaHTa)XEHHS 3a BHIIOTO Koe(illieHTa KOPHCHOI Aii 3a

i i YMOBH y3TOPKEHOCTI PEKUMIB pOOOTH BCIiX CIIEMEHTIB CXEMH.
T U SR TakuM uMHOM, Yy 3aIpPOIOHOBAHOMY  CTabLmi3aToOpi
HOCTIHHOT HAmNpyTrd JOOCATHYTO 3a0€3NeYeHHsS BHCOKOTO PiBHS
4 KoedimieHTa KOPHCHOI Jii 32 paxyHOK TOro, IO Yy BHUXITHOMY
| (GUTbTPI BUKOPHCTAHO TOJNBOBUN TPAH3UCTOP, SIKMH KEPYETHCS
Harpyrami JOJATKOBO BCTAHOBJICHHX BIINOBIAHMX OOMOTOK

th B I

8

u B

fc

Puc. 3
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KEPOBAaHUX [JPOCENiB HacH4YeHHA Oe3 BBeACHHA OyIb-KUX NOJATKOBHX EJICMEHTIB UM CXEM KepyBaHHSI
(mpaiiBepiB).

Excnepumenrtainbhe npociaimkends ICIIH wma BMII i3 3anponmoHoBanmmu Metogamu. Ha
HACTYITHUX PHCYyHKaX HaBEJCHO eKcrmepuMeHTadbHO 3HATI ocimtorpamu B ICIIH nwa BMII na BuxigHi
mapametpu 24 B, 15 A 3 po6ouoro gacroToro 50 kI, B sKOMy peajli3oBaHO 3alpoTIOHOBaHI MeToau. BoHun
BCTaHOBITIOIOTH TIOBHY BIANOBINHICTE TEOPETUYHUM OCLMIIOTpaMaM, HaBeZeHWM Ha puc. 3 [20]. Ha puc. 4
MOKa3aHO OCLIJIOTpaMH HAlpyTd Ha BTOPHUHHIH OOMOTLI BHCOKOYAaCTOTHOTO CHJIOBOTO TpaHchopmaropa
(manpyra U; Ha puc. 3) Ta Hanpyru oOMOTKH 3aTBOpa Tpanzucropa V711 3a ctpymy HaBaHTaxkeHHS [;=12 A;
Ha pHUC. 5 — OCIMJIOTPaMH HANpyrd Ha BTOPHHHIA OOMOTIII BHCOKOYAaCTOTHOTO CHJIOBOTO TpaHcopmaropa
(mampyra U, Ha puc. 3) i myJbcanii BUXigHol Hanpyra 3a BuxigHoi motyHocti 300 Br. Ha puc. 6 nHaBegeno
ocHMJIOTpaMu Hanpyru Ha Apoceni HacuueHHss BMII (manpyra U, abo U; Ha puc. 3) i Hanpyru Ha 3aTBOpi
Tpansucropa V713 (manpyra U, Ha puc. 3) 3a cTpyMy HaBaHTaxeHHS [;=12 A. OcmmiorpaMyd HampyTH Ha
npoceni HacuaeHHss BMII (wanpyra U, a6o U; Ha puc. 3) i crpymy uepes MOSFET VT3 (ctpywm i) Ha puc. 3)

y BUXiTHOMY (piTbTpi 3a CTpyMy HaBaHTaKeHHs /;=12 A mokasaHo Ha puc. 7.
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Puc. 8 — KKJI neperBoproBaya Ha BMII 3 po3ipBaHnM 3BOPOTHIM 3B'SI3KOM 32 BUXiJHOIO HANPYTOIO:
1 — 3 Bunpssmanmu giogamu MBR30100, 2 — 3 cuaxponHuM BunpsivuisiaeM Ha ocHoBi IRFB4310 [21]. Puc. 9
— KKJI cra6imizoBanoro meperBoptoBadya Ha BMII: / — 3 Bunpsamaummu giogamu MBR30100, 2 — 3
CUHXpOHHUM BumnpsimisiueM Ha ocHOBi IRFB4310 [21]. Ilim wac BumiproBanas KKJ| meperBoproBaua
BpaXxOBaHO BTPATH B HEPETYJIILOBAHOMY TPAH3WCTOPHOMY IHBEPTOPi 3 HAIIBMOCTOBOIO TOIIOJIOTIEI0 Y pasi
JKUBJICHHS HOTO BiJ Jukepena nocTiHoi Harpyru 310 B (ekBiBaJIeHT Mepeki MPOMHUCIIOBOT YaCTOTH), CXEMHU
HOro KepyBaHHSA, B CHJIOBOMY BHCOKOYacTOTHOMY TpaHchopmaropi Ta y BuximHomy ICIIH wa BMIIL, B
SAKOMY peaJli3oBaHi 3alIpOIIOHOBAHO METOJIY CUHXPOHHOT'O BUIIPSIMIICHHS.

Buchoku. 1. Brmepme 3ampomoHoBaHo Ta mociimkeno Merox nooyzosu ICIIH wa BMIT 3
CHHXPOHHUM BHIIPSMIICHHSIM, B SIKOMY, Ha BiJMiHYy BiJl iCHYyIOUMX, KEPyBaHHs IMOJbOBHMH TPaH3UCTOPAMH
BUIPSIMIISTYA 3IiHCHIOETBCA Oe3MocepelHb0 HANpPyraMu IOJaTKOBHX OOMOTOK BHCOKOYAaCTOTHOTO CHIJIOBOTO
Tparcopmaropa iHBepTOpa 0€3 BBEACHHS OYyIb-SKHX OMATKOBUX EIEMEHTIB UM CXEM KEepyBaHHSI HUMHU
(npaiiBepiB). [losiBa Hackpi3HUX cTpyMiB B IBoTakTHil cxeMi BunpsmieHHs B ICITH na BMII € nemoxinBoro
3aBsKY puHIUIY podotr BMII — cunoBwmii ctpym B pobounii misnepiog BMII B koxkHOMY 11J1edi TBOTaKTHOL
CXEMH TOSABIIETHCS TICIS JOCATHEHHSI HacwdeHHS Marepiamy ocepas BMIL. To0OTo 3amknu mepekoMyTaltisi B
JBOTAKTHIH cXeMi BiZIOYBa€ThCs 3a BiJICYyTHOCTI CTPYMY HaBaHTaKEHHs B CHIIOBOMY Kodi. Came 1ie ajo 3Mory
Oe3mocepeIHLOr0 BUKOPUCTaHH CHHXPOHHUX BupamistdiB B ICITH va BMIT

2. Bnepriuie 3ampornoHoBaHO Ta JOCTiMKeHO MeTo[ peanizanii BuximHoro LCD-¢insrpa B ICIIH Ha
BMII, B sikoMy KepyBaHHS IOJIbOBHM TPAaH3UCTOPOM, IO BUKOPHUCTOBYETHCS 3aMiCTh 3BOPOTHOTO Mi0ja,
3IIACHIOETBCS O€3MOCepeIHbO YK€ HasBHUMH Hampyramu Ha apocensx HacuueHHs BMII, Oe3 BBeneHHs
OyIb-SIKUX [TOJJATKOBHX €JEMEHTIB 4YM CXeM KepyBaHHsA (ApaiiBepiB) HHM, M0 3a0e3ledye  BUIILY
e(heKTUBHICTh Ta HAMIMHICTH IIEPETBOPIOBAYA.

3. Jlna nepetBoproBavya Ha BUXifHiI mapamerpu 24 B, 15 A mix vac >kuBIeHHS HOTO BiX JKepena
noctiiiHoi Hanpyru 310 B (exBiBaneHT Mepeki MPOMHUCIOBOI 4acTOTH) e€(peKTHBHICTH HOro B Hiama3oHi
3MiHH CTpyMy HaBaHTakeHHS Bix 3A mo 11A 3Haxoauthes B Mexax 94 -95,7 %.

4. Bucokwuii piens KKJ] 3a0e3neuyeTbcst 3a HU3BKOI COOIBapTOCTI MepeTBoproBada. Tak BapTicTh
JIOCTITHOTO 3pa3ka Ha BUXimHY NOTyxHIicTh 10 400 BT Ha pobouiit wactori 50 x['1, peamizoBaHoro 3a
CTPYKTYpPOIO: BHCOKOYACTOTHHHM HEPEryJIbOBaHWN TPAaH3UCTOPHHUH IEPEeTBOPIOBaY Hampyru (iHBepTOp) i
ICTTH na BMII y BTOpuHHOMY KOJIi, CTAaHOBUTH MeHIie 20 $, mo crniBMipHO 3 BapTICTIO OJHOTO CHIIOBOTO
npuitagy o GaN-TexXHOJIOr 1.
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SYNCHRONOUS RECTIFIER IN DC VOLTAGE STABILIZER BASED
ON HIGH-FREQUENCY MAGNETIC AMPLIFIERS

V.I. Yaskiv', O.M. Yurchenko’, A.V. Yaskiv’

' Ternopil Ivan Puluj National Technical University,

Ruska str., 56, Ternopil, 46001, Ukraine, e-mail: yaskivawyahoo.com.
? Institute of Electrodynamics National Academy of Sciences of Ukraine,
Beresteiskyi Ave., 56, Kyiv, 03057, Ukraine, e-mail: yuon@ied.org.ua.

*Wroclaw University of Economics,
Komandorska st., 118/120, Wroclaw, 53-345, Poland, e-mail: anna.yaskiv@ue.wroc.pl.

Requirements for semiconductor power converters with a high level of load current have been formulated. A review of
research works addressing the problem of achieving maximum efficiency in DC voltage regulators using synchronous
rectifiers based on modern field-effect transistors has been conducted. The proposed methods of synchronous
rectification in pulse DC voltage stabilizers utilizing high-frequency magnetic amplifiers are described. These methods
rely on the use of existing signals within the converter and eliminate the need for additional components or specialized
drivers in their circuitry. The principle of operation is explained, and theoretical oscillograms are provided, which are
validated by experimental data. Experimental results on the efficiency of such converters are presented. Specifically,
the proposed methods of synchronous rectification in a pulse DC voltage stabilizer based on high-frequency magnetic
amplifiers, with an output power of 300—400 W and input DC voltage of 310 V (equivalent to an industrial-frequency
network), achieved an efficiency of 95%. References 21, figures 9.

Keywords: synchronous rectifier, field-effect transistor, pulse DC voltage stabilizer, high-frequency magnetic amplifier,
saturation choke, efficiency.
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BILJIUB CIIEKTPY CTPYMY KUBJEHHA HA ITYJbCAIII OBEPTAJIBHOI'O MOMEHTY
BE3ITA30BOI'O MOMEHTHOTI'O JIBUT'YHA 3 IOCTIMHUMU MAT'HITAMU

I.C. HCTyXOB*, JIOKT. TEXH. HayK, B.I'. KipeeB**, KaH. TexH. Hayk, K.II. AKI/IHiHH*, JIOKT. TEXH. HayK,
B.A. JlappuHeHKO

InctutyT enekrponunamiku HAH Ykpainn,

np. Bepecreiicbkuii, 56, Kuis, 03057, Ykpaina, e-mail: igor petu@ukr.net.

Hocnidoiceno 0obepmanvHulli MOMEHM MASHIMOENeKMPUYHO20 MPUDAZHO20 MOMEHMHO20 O8USYHA 3 NOCMIUHUMU MAHI-
mamu, po3mauio8aHUMy Ha NOBEPXHI BHYMPIUIHLO20 pomopa. Posenanymo peswcum dcusienns cunycoioarbHum cmpy-
MOM, a MAKONC PENHCUM 3 THIHCEKYIEo 8 cmpym euujoi eapmoniku. ObepmanbHuli MOMeHM 00YUCTI08ABCA 34 CIAMUY-
HOI0 MOOENLII0 MAZHIMHO20 NoJsl. Busnaueno, wo 3a ymoe jcueienns CuHycoioanbHum cmpymom 6 nyibcayisx obepma-
JIBHO20 MOMEHMY NPUCYMHIU 3HAYHUL 8HECOK WOCMOoi eapmonixu. [locniosceno memoo npuoyuieHHs nyrbcayii Mome-
HMY WIAXOM THHCEKYIl BUUUX 2APMOHIK 8 cmpym dcusienHs. 1lokazano, wo 3a ymoe amniimyou nyascayii 0bepmans-
HO20 MOMEHMY WOCMOL 2apMOHIKU OAU3bK0 4% IHJICEKYisl 8 CIMPYM HCUBTIeHHSL R'AMOoT 2apMOHIKU 3 amnaimyooio 2% 6i0
OCHOBHOI 2apMOHIKU Oae 3M02y 3Hu3Umu nynvcayii oinvwe nixe y 10 pasis. bion. 10, puc. 6, Taom. 1.

Knwowuoei cnoea: MOMEHTHHI JIBUTYH, IOCTiHHI MarHitu, myJjbcamii o0epTaJbHOr0O MOMEHTY, 1H)KEKTYBaHHS BHIIHX
TapMOHIK.

Beryn. EnexTpudHi [BUTYHU 3 IOCTIHHUME MarHiTaMu a0o SIK iX 1e Ha3UBaIOTh MarHITOSNEKTPHYHI
JBUTYHU IUPOKO BUKOPHCTOBYIOTHCS B PI3HOMAHITHHX MPHCTPOSIX Ta MPUBOJHHUX cucteMax. Cepen HHX
MOJKHA BUAUTUTH TaKi, B IKUX MOTPIOHA Jy’Ke HU3bKA, ajie cTabiabHa KyToBa mBHAKICTh (20...30 00epTiB Ha
XBHJIMHY) 32 YMOB BEJIMKOTO HOMIHAJBFHOTO O0EpPTaJbHOTO MOMEHTY KOPHCHOTO HaBaHTakeHHS. Bumora
cTabinbHOI MIBUAKOCTI 00EPTaHHS BHKJIMKAE HEOOXIHICTh 3a0e3MeUYeHHs MOCTIHOTO 3HaYeHHS 00epTallb-
HOTO MOMEHTY 3a OyIb-SKMX 3Ha4eHb KyTa oOepTaHH:. /[BUTYHWM, MO0 MMPU3HAYECHI NI TAaKHX YMOB pOoOOTH
Ha3uBaroThcss MoMeHTHUMHU nBuryHamu (MJ]) [1, 2]. Cdepa 3actocyBanns M/l — Le eIeKTpONpUBOIN CHUC-
TEM CIIOCTEPEIKCHHS, CTEKCHHS, CKAHYBAHHS T4 IHIIIMX BUKOHABYMX MPUCTPOiB. CIil BiA3HAYUTH, IO Y TO-
PIBHSHHI 3 PEAYKTOPHUM INpuBoAoM MJl MarTh mepeBary y TOYHOCTI BiANpaIloBaHHS BXiIHUX CHTHAIIB
3aBJIaHHS 3aBJSKU BiJICYTHOCTI JIO(DTIB.

3a3BH4ail KONMMBaHHS 00EPTAILHOrO MOMEHTY 3yMOBJICHI HEOJHOPIAHICTIO MarHiTopoBoay (3yOueBo-
Ma3zoBa CTPYKTypa), TEOMETPI€I0 OOMOTKH (30CepeIKeHa, po3MOIiIeHa), HACHUYECHHSIM MIITHOK MarHiTOIPOBO-
Iy B 3QJIS)KHOCTI BiJl KyTa IOBOPOTY POTOPA, CIIEKTPOM CTPYMY >KHBJIICHHS. 3 ITOSIBOIO MAarHITiB HA OCHOBI 3'€]I-
HaHb HEOJIMM-3aJ1130-00p 3'IBUIIACS MOKIIMBICTh BiJIMOBHTHUCZ BiJl 3yOlLIEBO-IA30BOT0 MIapy, OCKUILKU Hapame-
TPH IHX MAarHiTiB Jal0Th 3MOTY OTPUMATH Y TIOBITPSTHOMY MPOMIKKY IILIKOM NMPUAHSITHI BEJIMYMHA MarHiTHOI
IHAYKIIL 1, 3pemTor, oTpiOHI MATOMI BETMYWHHA MOMEHTY Ta MOTY)KHOCTI. Taki MalmmHA OTpUMaId Ha3BY
0e3mazoBux. OOMOTKA CTaTOpa B HUX BUKOHYETHCS KOMIIAYHIOBAaHOIO 1 3aiiMae BeCh MOBITPSHUN MPOMIKOK 32
BUHATKOM MIHIMAIIFHOTO TEXHOJIOTIYHOTO MPOMIKKY MiXK CTaTOPOM i poTopoM. Xoua 0e3rma3oBa CTPYKTypa
JIBUTYHA Ma€ BCE X TAKW TPOXH HIDKYI MAacorabapWTHI MOKa3HHUKH, aJie 3 TOYKH 30py OTPUMAaHHS MEHIITHX KO-
JIMBaHb 00EPTAILHOTO MOMEHTY IS CTPYKTypa Mo30aBjieHa HEOIHOPIIHOIO MAarHiTONPOBOAY, a caMe 3YOlliB,
10 BUKJIMKAIOTh 3yOLeBi mapa3utHi MoMeHTH. MeTogaM OopoThOH 3 HeOaKaHOIO MyJIbCALi€l0 00epTAEHOTO
MOMEHTY MpHUCBAYeHO OaraTo mociimpkeHb. Cepen HUX 3 HOBITHIX MyOIiKaIliil 3a3HAYMMO Taki: 301TbIICHHS
KiTBbKOCTI (a3 )KUBJIEHHS; 3aCTOCYBaHHSI MArHITIB crenianbHol Gopmu [3]; BUKOHaHHS JBOIIAPOBOT OOMOTKH
[4]; "imXKeKwis rapMOHIK B CTPyM JKUBJIEHHA" A7l 3MiHH ioro ¢opmu [2, 5-9].
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Hemo octopoHb cToiTh podoTa [10], aBTOpH SKOI MO3WIIIOHYIOTH CBili METOH SK "KOMITEHCAIlis
CTpYMy Ta peryJIlOBaHHS iHAYKTHBHUX MapameTpiB".

3Ha4yHa YacTHHA POOIT, MPUCBSIYCHUX BIUIMBY Ha (GOpMy CTpyMy >KHMBJICHHS, MOKa3y€e MEPCIEKTUB-
HICTh TaKOTO MiIXOAy. Y 3a3HayeHHX BUIe myoOrmikamisx [5—10] BUKIageHO pe3ynbTaTH JOCHTIKEHb KOM-
mwiekcy MJI — cuctema ympaBimiHH. SIK MOXKHA TTOOAYUTH, PO3TIISHYTI B 3ralaHuX PoOOTaxX CHCTEMH BiIpi3-
HSIOTHCS PI3HOMAHITHICTIO. PO3IIISIHYTI ABUTYHM TaKOX BIJPI3HSIIOTHCS 3a CTPYKTYPOIO 1 mapameTpamu. J{ns
po3pobuoBaHoro B IHcTuTyTi enekrpoanHamiku HAH VYkpaiHu mpucTpoio 3alpONOHOBAHO 3alpOBaUTH
JIBa MOKJIHMBI CITOCOOW KOpeKIii cTpyMy »kwuBieHHs [2]. [lepmmii monsrae B ToMy, 0 (GOPMYETHCS KBA3UCH-
HYCOIAILHUI CTPYM, APYTHid — B )KUBJICHHI 0OMOTOK MPSIMOKYTHHMH IMITYyJIbCAMH CTPYMY 3 KOJHBAaHHSMH
aMILUTITYAX Ha moymii iMmynecy. B po6orti [10] BigmiueHo, 1o ApYyrHii cnocio, Sikuii mossirae y BUKOpUCTaH-
Hi IMIYJBCIB, OMU3BKHUX A0 NMPSIMOKYTHHX, OLTBII CKIAJHUN y MOCATHEHHI 0a)XaHOTO pe3yibTary. A came:
"V pO3IMKHYTI¥ CHCTEMI IMoJa4a CHHYCOIJAIBHOTO CTPyMYy Ha OOMOTKH CTaTopa MOe IMPUTHIYYBATH ITyITh-
cauii o6epTanbHOr0 MOMEHTY" y IOCTiIKYyBaHiil MaKHi "Kpalle, Hi’K BAKOPHCTaHHS CTPYyMY 3 IMITyJIbCaMH
OpsSMOKYTHOT (OPMH, KOIH MOMEHT HAaBaHTaKCHHS IepeBHIIye"' NeBHE 3HaueHHs. Tpeba 3a3HauuTH, IO
xo4a y poborti [10] mocmimKyBaBcsl IBUTYH 3 IMa30BOI0 CTPYKTYPOIO CTaTOPa, KOMIUICKCHUH MiAXiT 10 KOM-
NeHcallil myJIbcallii MOMEHTY Ta HOro pe3yJibTaTH 3aciIyroBYIOTh Ha yBary.

Tomy MeTOI0 1aHOI po6OTH OOpPaHO JOCITIHKEHHS MOMIIMBOCTI 3MEHIIICHHS ITyJIbCallii 00epTaIbHOTO
MOMEHTY IIUIIXOM BHECEHHS y CTPYM JKMBJICHHS BUIIUX TapPMOHIYHHMX CKIanoBUX. OOMEXHMOCS pO3IIISLAOM
TUIBKU EJIEKTPOMArHiTHOI 3a7a4i 06e3 MPHB'S3KK O CXEMH YIPaBIIiHHA KUBJeHHAM. el pesynbraT mae Mox-
JIMBICTh OLIHUTH NOTPiOHY BEMMYMHY 30ypEHHS CTPyMy Ta c(OpPMYJIFOBATH BUMOTH IO CUCTEMH YIIPABIiHHS.

CTpyKkTypa MallMHH Ta MaTeMaTH4Ha MoJenb. [lomepeunuii mepepi3 ABHIYHa HaBEACHO Ha
puc. 1, a reomeTpudHi po3Mipu — B Tabumii. OCKIIBKH YacToTa 00epTaHHSI HU3bKa, OYJI0 00paHO CTPYKTYpPY
3 BHYTPIIIHIM POTOPOM Ta pajialbHUM HaMarHiYyBaHHSIM MarHIiTiB y BUTIISII apanieierninenis. 3aais 3amo-
OiraHHsl BTpaT BiJl BUXPOBUX CTPYyMIB B MArHITOIPOBOJI Ta OOMOTII cTaTOpy OyJIeMO BBa)aTH, IO CTATOP
MIUXTOBAaHUN a00 BHTOTOBJIEHWH 3 MTOPOIITKOBOTO MaTepiaiy,
a tpudazHa oOMOTKa cTaTOpa BUKOHAHA TOHKHMH ITPOBIIHU-
KaMH{ 1 He Ma€ HYJbOBOTO MPOBOAY. 3HEXTYEMO TaKOX BU-
XPOBHMH CTpPyMaMH B IIOCTIHHUX MarHitax.

[TapameTp 3miHHa Benmuuna

30BHIMIHIN AiaMeTp D, &8 mm
AKTHBHA JOBXHHA L, 45 mm
Bucora sipma craTopa Ry, 2,5 mm
Bucora mapy ooMoTku hy, 2,5 mm
TexHonoriyHui 1) 0,5 mm
MTOBITPSHHUI [TPOMIKOK

Bucora mMarHitis Ninag 5,0 mm
Bucora sipma potopa hy 6,0 mm
KyroBuii po3mip MarHiTiB Oy 140°

Puc. 1. [Tonrepeunwnii nepepiz M1 (entexTpuuni rpazych)
(I — spmo craTopa, 2 — IpMO poTOpa,
3 — miap 0GMOTKH, 4 — MarHir) Po3paxyHKOBY JBOBUMIpHY 00JacTh JBOX MONIOCHUX

MOJILUTIB MOMIEPEYHOTO Mepepizy MalInHK 3 TPU(Pa3HOI 00MO-
TKOIO CTaTopa HaBEACHO Ha pHcC. 2.

3a/is TOCSATHEHHST MaKCUMAIbHOTO 00epTaIbHOITO0 MOMEHTY BEKTOp MarHiTopyiiiHoi cunu (MPC)
0OMOTKH CTaTOpa MOBHHEH BHUIIEPEHKATH BEKTOP TOJIT poTopa Ha 90 elmeKTpuIHNX TpaxyciB. Ampiopi BBa-
JKAETHCSL, IO KyTOBE MOJIOKEHHS POTOpa (TIOJIOKEHHST 0CI HAMAarHiuyBaHHS, pHC. 2) BU3HAYAETHCS CUCTEMOIO
JaT4YMKiB, a OakaHi BETMYWHH CTPYMiB Ta ixHi (ha3u 3a0e3MedyroThCsl CHCTEMOIO YIPABITiHHS.

OCKUIBKH B pO3paxyHKOBIH MOJEI BUXPOBI CTPYMH BIICYTHI, TPaHHYHY 3aJady MO)XKHA BBa)KaTH
MarHiTOCTaTUYHOIO. MarHiTHe moJjie B akTUBHOMY 00'eMi BBayKaJiocs IBOBUMIpHUM. J[71s1 MOJieTtOBaHHs OyI10
BUKOpHCcTaHO iHTepdetic "Magnetic fields" nporpamuoro xomiuiekcy "COMSOL Multiphysics". B HbOMy
MAarHiTHe I0JI€ PO3PaxOBYETHCS BIIHOCHO BeKTOpHOTo MarHiTHOro morteHmiary A=(0,0,4.), mo Mae omHy
OCBHOBY CKIIaToBYy. BekTop MaraiTHOI iIHIYKITi B OTpUMy€eThCS 3 BEKTOPHOTO MarHiTHOTO TTOTEHITIATY SK
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Spmo craTopa

Marsit

Ocsp

Spmo poropa

ToBiTpsHMiA
TIPOMIXKOK ®Paza C

Puc. 2. [Isa momocuux noxgina MJI (p=5)

B=VxA- (1)
B OesmazoBnx MammHax MOKHA OOYHCIHTH €JIEKT-
POMAarHiTHUA MOMEHT IUISAXOM IHTETPYBaHHS BUpPa3y IS

BekTopa cunu JlopeHna F), 3a MOMEpPeYHUM MepepizoM 00MO-
TKH [12]

L 4 FL =JxB 5 (2’)
Pa ne J=(0, 0,J,) — BEKTOp I'yCTHHH CTPyMy OOMOTKH, IO, SIK

1 BEKTOPHHI TTOTEHITIAJ, Ma€ €IUHY z-KOMITOHeHTY. ObepTa-
JIBHUA MOMEHT M,,;,; OOUMCIIOBABCS THTETPYBaHHSIM TaHIC-
HITiaBHOT cKanoBoi cuu Jlopenna £, 32 00J1acTi0 0OMOT-
KU Qy

Maxial = J.QW FerV . (3)

Jiist TPUBHMIPHOTO MAarHIiTHOTO TIOJISI TaKOX BHKO-
puctoByBaBcs iHTepdelic "Magnetic fields" 3 Tieo pizHu-
1EeT0, 1[0 BEKTOPHUI MOTEHIiall, a TAKOX 1HII BEKTOPH MOJIS
B HbOMY MAarOTh BCi TPH IMMPOCTOPOBI KOMIIOHEHTH.

Pe3yabTaTn Ta odroBopennsi. Pesynpratn pobotn
[2] cBimyaTh, IO ONTHMAILHOIO KiIBKICTIO TIOJIOCIB IS
po3ristHyTO1 CcTpyKTypu M/l € 8 — 14 (uncio map moJrociB
p=4-17).

B peanpHiit MalmHI MarHiTHE 1OJIE MTOCTA0TIOETHCS 32 HAOMMKEHHSIM /IO TOPIIB 32 PaXyHOK PO3Ci0-
BaHHs, 9, TaK 3BaHOTO, KpaiioBoro edekty. Lle (hi3uuHo MPU3BOANUTE 0 3HIKECHHS 00epTAITEHOTO MOMEHTY.
BukopucranHs Mozieli ABOBUMIPHOTO TMOJIs Tiepedadae OIiHKY MOXHOKH, SKa HEMHHYYE Ma€ MicIle 3a paxy-

HOK HEBPaXyBaHHS CKIHYCHOI aKTHBHOI JOBXHMHU MamuHU. OCKiNbKA
gacTo M/ Mae KOPOTKY aKTHBHY JOBXHUHY [2], OIiHKA ITi€i TTOXUOKH
Ma€ BaXITMBE 3HAYCHHS. 3a/Uls CHPOLICHHS PO3pPaxyHKy 3alieKHOCTI
00epTaNbHOrO MOMEHTY BiJl aKTUBHOI JOBXXWHH MAalllMHH BUKOPHCTO-
ByBaJlacsl TPUBHMIipHA 00JIaCTh, IO BiJOOpaka€ MOJIOBHUHY aKTUBHOI
30HH, siKa € cuMmeTpuuHoto (puc. 3). [lpu 1pomy 3pobieHo mpuIry-
LIEHHS], 110 MOMEHTH BiJl CTPYMY KOXKHOI 3 (a3 He 3ajiekaTh OJHH Bij
onHoro. Take MPUITYIICHHST HE TOPOIXKYE CYTTEBOT MOXUOKH, OCKITb-
KA CTPyMH OOMOTKM Maii)ke He BIUIMBAIOTh HA HACHYCHHS MATHITO-
MIPOBO/IIB Y MOPIBHSAHHI 3 MOJEM MOCTIMHUX MarHiTiB. TakuM YMHOM,
3a]171s1 BU3HAUCHHS BIUIMBY CKiHYEHOT JOBXHHH MArHITOMPOBOIY MO-
’KHA OOYHCITIOBATH OOEPTATBHAN MOMEHT, CTBOPIOBAHWH JIHIIE OJTHI-
€10 (pa3or0 0OMOTKH, 1110 BiJOOpakeHO Ha puc. 3.

Hns  gucenpHOI
OIIIHKM BIUTUBY KpanloBO-

0.98

0.96

- JIFOCHOTO TIOJTLTY

0.94

OoOMoTKa

Spmo craro-
¢basu

g
Spmo poropa /

Puc. 3. Po3paxynkoBa obmacts

o epekTy B Teopii eICKTPUIHUX MAIIHH BUKOPHUCTOBYETHCS 0€3-
PO3MIpHUH KpUTEPiH, MO XapaKTepU3y€e BITHOCHY JOBKUHY IO-

r=L, /1, “)

0.92

M;p/Mop

0.9

0.88

22 5 10
A

Puc. 4. Briius kpaiioBoro edekry

Je T =T Ruyd/p — TOMIOCHUH MO 3aJICKHICTh KOSPIIIEHTY 3Me-
HIIIEHHS MOMEHTY 13 BpaxyBaHHAM TPUBHUMIPHOCTI TIOJS BiJl KpHUTe-
pito A HaBeneHO HaA puc. 4. Maibke OBHAH 30ir TpadikiB I pi3-
HUX YHCEJI Tap TOJIOCIB 3yMOBJICHUH MOMIOHUM PO3MOALIOM Mar-
HITHOTO TOJIs 30yIDKEHHA 1 YHiBepCcaJbHICTIO KpuTepito A. CTpyk-
TYpH 3 MEHIIINM YHUCIIOM TIOJFOCIB PO3TJISITyBaTH HEOLIBHO, OCKi-
JIbKY, MO-TIepIlie, BOHU 3a0e3MeUyr0Th MEHIINM MaKCUMaIbHUN
o0epTallbHUI MOMEHT [2], MO-Ipyre, B HUX YaCcTOTa MyJbCalliid Me-
HIIA, 1 32 OJJHAKOBUX IHEPIITHUX BIACTUBOCTEHN PyXOMOI YaCTHHHU
MIPUCTPOIO0 TIPU3BEAYTH IO OUIBIIOI aMIDIITYIM ITyJbcarlii poTopa.

Jani puc. 4 cBim4ath, 1m0 I 3aJaHUX PO3MIPIB JBUTYHA Ta HOTO MOJKOCHOCTI, IKAM BIAIOBIIA€ 3HAYCHHS 2,2
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KPHUTEPIro A (puUC. 5), 3SMEHIIICHHS BEJTMYMHI 00EpTATEHOTO MOMEHTY 32 PaXyHOK CKIHYEHOT aKTUBHOI JOBKHHHU
cKnaiae 6mm3bpko 3%, 110 CBITYUTH PO MPUHHITHY TOYHICTH JBOBUMIPHOTO MOJICITIOBAHHSI.

dopmyBaHHST 00€pTaILHOTO MOMEHTY BiZOyBaeThCs BiJ B3aeMoAii "XBHJIb" MarHiTHOI iHAYKLIi Ta
MPC o6MoTKkH. 32 yMOB IXHBOTO CHHYCOIaJIbHOTO XapakTepy oOepTalbHUI MOMEHT HE 3aJIeKHUTh Bl KyTa
MTOBOPOTY POTOpA i € MOCTiHUM. Po3mosin MarHiTHOT iHAYKIT HOCTIHHUX MAarHiTiB HE € CHHYCOiTaIbHIM,
OCKUTBKM MarHiT OpMye HpPaKTHYHO MPSMOKYTHHH PO3IMOMALT KOSPUUTHUBHOI cuid. B mammx Oe3ma3zoBHx
CJIEKTPUYHMX MAIIMHAX TEXHOJOTIYHO Iy’Ke Ba)KKO 3pOOUTH PO3MOJIiNeHy OOMOTKY, SIK& MOXE CTBOPUTH
cunycoinansauit po3nonit MPC. Tomy B Taknx MammHaX 0OMOTKH BHKOHYIOTHCS 30CEpelKeHUMU (pHcC. 1)
¥ MarOTh B CIIEKTPi MIOMITHUI BHECOK BUINMX rapMoHik. TpaneuieBunnuii po3noain MPC F oaniei dhasu 30-
cepemKeHoi OOMOTKHM 32 YMOBH ii CHMETPHYHOTO pPO3Ta-
IIyBaHHS BiZIHOCHO MOYATKy KOOPAMHAT BU3HAYAETHCS BH-
pasom

A=22(p=8) L

0.7 T 3

120 0.6

0.5

| F((X):4F"“" (Sinoc+;sin3a+2lssin5a+...j, (%)

100 (o

X1
Y 105.5 ||

0.4 _ . o .
T 2/03L,70 Jie o = /6 — moJoBUHA KyTa (a3HOT 30HH, SKHH TOPIBHIOE
& 2/0.5L,=0.4 | -

e 2/05L-06 n/3. Y BimnoBimHOCTI A0 (5) BeIMYMHA aMILTITYAH TEpIIoi
205,08 rapmoHiku MPC cranoButh 1,22 Fl.x, aMIUIiTya 0'STOI
—+ 20510 cknanae 0,049 F.. TpeTs rapMoHika xo4a i MPUCYTHS B
40 . " |  KpuBiit MPC ozniei ¢asu, age cTpymu TpeTboi rapMOHIKH
@ (eeKTpruHi rpagycH) B TpHua3Hili 00MOTIII 0€3 HYJIHLOBOTO MTPOBOY, K BIJIOMO,
BiJICYyTHI. Po3mo/in MarHiTHOT 1HIYKIIT B3JIOBXK MOJIOCHO-
rO MOy Ta Ha KLUTBKOX Tepepizax B3IOBXK OCi o0epTaHHS,
1 2 3 4 5 6 7 B 9 a TakoX ii CHEKTp IJIsl JBaHAAUSATUIIONIOCHOI MAallMHU 3
HoMep rapMoHiku reOMETPUYHUMH JaHUMH (TaOJHLA) Ta KyTOBUM PO3MipOM
MArHiTiB 0,,, 140° HaBeZieHO Ha pUC. 5. AMIUTITYIH CIIEKTPY
009HnCIIeHO TSI 0ChOBO1 KoopauHaTH z y Mexkax (0... ,6) L,
y BIZICOTKax IO BIJHOIICHHIO 0 MaKCHMAaJbHOI'O 3HAYCH-
Hs. B cniekTpi MarHiTHOT iHAYKII, SIK BUIIHO 3 PUC. 5, TEK
CITOCTEPITAETHCS HAWOLTBIII BHECOK IT'ATOT TapMOHIKH. OCKUTEKY €EKTPOMArHiTHE 3yCHIUIA y Oe3Mma3oBiit
MAIlIUHI TPOTOpIIiiiHe JOOYTKY CTPyMy Ha MarHiTHY iHAYKLIO (2) B KyTOBIiH 3aJIeXKHOCTI €JIeKTPOMarHiTHO-
T'0 MOMEHTY CJIiJl O4iKyBaTH MOSBY YETBEPTOI a00 IIOCTOI TAPMOHIYHHUX CKIIJ0BHX.
Jis koMIieHcaii KOJTMBaHb MOMEHTY BIATIOBIAHO O METH JOCIHIKCHHS PO3TISTHEMO 1HXEKIIitO I1'sl-
TOI TAQPMOHIKH B CIIEKTp CTpyMmy. B mimcymky Bupas
st ctpymy ¢asu A Oyae BUMIAJATH TAKUM YHHOM:
i, =1 sin(pwgt+wy,)+Isin(5pwyt +ys), (6) 4 el ?‘ J\[+=0
JIe Wg — KyTOBa MBHUAKICTE 00EpTaHHS POTOPA; Vi, Us — wb 1] $JSTDT'"
($a3oBi KyTH, MO 3a0€3MeUyI0Th NOTPIOHUH eIeKTPHY-
Hull kyT 90° mMix "xBunero" MPC oOMoTKHM Ta MarHiT-
HOIO Biccro potopa (puc. 2). Ha puc. 6 HaBeneHo pe-
3yJILTATH MOJECTIOBAHHS 00EpPTaJbHOTO MOMEHTY B
3aJIeKHOCTI Bl KyTa 0O0epTaHHsS poTopa Qg Ta BiIIOBI-
JTHI CIIEKTpU 00epTaTbHOTO0 MOMEHTY 0e3 iHXKEeKIIil 1's-
TOI TAPMOHIKH CTPYMY (CHHI CTOBOLII) Ta 3 1HKEKII€I0
n'stoi rapmoHiku 3 amrutitynoro 0,02 /; (uepBoHi cTo-

»

B (Tn)

0.3
80

0.2
60 0.1

20 X5

Awmmunityau rapmoHik B, (%)

Y 5.909

Puc. 5. Criektp MarHiTHOI iHAYKIIT
B TIOBITPSTHOMY IIPOMIXKKY

35

165F f ‘ {‘ ¥ [
L 1 | | ] | N

L6af Q}!’_!f@/& R LLVAR) 4

25 Le3f | (o \

O6enraneanit MomenT (H-m)

162 | | ¥

161 / - LV V
0

¢ (eNeKTPHYHI TPaTyCH)

AMIITITVIY TANMOHIK MOMEHTV (%a)

BOLi) 1 TOUaTKOBOIO (Pazoro 05 A i;_zzm
Y=y, +71/6. @) il \:”201
AMIIITYIM TapMOHIK CIIEKTPY OOYHCIIEHi Bia- 1234567 89101112131415
MOBiJHO A0 CepelHbOI BEIMYMHN MOMEHTY, sIKa CTaHO- Homep rapmoniku
BUTH 1,64 H-M (puc. 6). )
Sk i mepex6auanocs, B IEpUIOMY BUIALKY B Puc. 6. Ilynbcanii MOMEHTY Ta iX CEKTp

KOJIMBaHHAX MOMEHTY MPHCYTHS LIOCTa TapMOHIYHA
CKJIaJIOBA 3 aMITTITYO0 Oirst 4%. [HXKEKIis XK y CIeKTp CTPyMY KUBJICHHS IT'ATOI TAPMOHIKH 3 aMILTITy 100
2% Bil OCHOBHOT TapMOHIKH 3MEHIIYE ITyJbcallii 00epTaIbHOro MOMEHTY NmpuOIu3Ho y 13 pasziB. Binznauu-
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MO, 1[0 B I[bOMY BUTIAJIKy OCHOBHUI BHECOK B ITyJIbcallii pOOUTH JBaHAIIATa TAPMOHIKa, IO IMOKa3ye 004H-
CJICHHS CIICKTPY, HABEJICHOTO Ha pucC. 6.

BucHoBku. B 6e3na3zoBux TpudazHUX MOMEHTHHUX JIBUT'YHAX 3 OOMOTKOIO 0€3 HyJhOBOTO MPOBOJY,
3’€IHAHOIO Y «3ipPKY», 3aBIIIKH 3aCTOCYBAaHHIO 30CepeIKEHOI OOMOTKH 3’ SIBIISIETHCS IIOCTA TapMOHiKa 00ep-
TaTFHOTO MOMEHTY. 3HIDKCHHS ITyJIbCallii MOMEHTY TIUITXOM 1HXKEKITii TOJaTKOBUX TaPMOHIK CTPyMy € ede-
KTUBHUM MeToj0M. Tak, B OaraTomnoiitocHiid MamuHi (p = 4, 5, 6) 3 BiIHOLICHHSIM JiaMeTpy poTopa 10 MOo-
JIIOCHOTO TIOJITY HE MEHIIe 2,2 1HXKEKIlis B CHEKTP CHHYCOINalbHOTO CTPYMY IT'STOT FapMOHIKU 3 aMILIITy-
noro mume 2% BiJ aMITTITY i OCHOBHOI TApMOHIKH CTPYMY A€ MOKJIMBICTh 3MEHIIUTH MyJbcallii obepTa-
JILHOT'O MOMEHTY Oinbiiie HixX y 10 pasis.

Pobomy euxonarno 3a deparcbrodocemnoro memor «Po3pobumu HayKosi 0CHO8U ma npuHYyunu nooyooeu mae-

HIMOENeKMPULUHUX MEXAMPOHHUX MOOYIIB sl CReYiani308aHUX CUCTHEM ABMOMAMUYHO20 KepysanHay («Mexampouy).,
KIIKBK 6541030.
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INFLUENCE OF THE SUPPLY CURRENT SPECTRUM ON THE TORQUE RIPPLE

OF A SLOTLESS PERMANENT MAGNET TORQUE MOTOR

L.S. Petukhov, V.G. Kireyev, K.P. Akinin, V.A. Lavrinenko

Institute of Electrodynamics National Academy of Sciences of Ukraine,

Beresteiskyi Ave., 56, Kyiv, 03057, Ukraine. E-mail: igor petu@ukr.net.

The torque of a magnetoelectric three-phase torque motor with permanent magnets located on the surface of the internal
rotor was studied. The mode of feeding with a sinusoidal current, as well as the mode with injection into the higher har-
monic current, are considered. The torque was calculated according to the static model of the magnetic field. It was de-
termined that under the conditions of power supply with a sinusoidal current, there is a significant contribution of the sixth
harmonic in the pulsations of the torque. The method of suppressing torque pulsations by injecting higher harmonics into
the supply current was studied. It is shown that under the conditions of the amplitude of the pulsations of the rotational
moment of the sixth harmonic of about 4%, the injection of the fifth harmonic with an amplitude of 2% of the fundamental
into the current allows the reduction the pulsations by more than 10 times. References 10, figures 6, tables 1.

Keywords: torque motor, permanent magnets, torque pulsations, injection of higher harmonics.
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BUKOPUCTAHHS ®LIBTPY KAJIMAHA Y BEKTOPHII CUCTEMI
EKCTPEMAJIBHOI'O KEPYBAHHSA ACUHXPOHHOIO MAIIIMHOIO

O.B. CaHOBOﬁ*, JOKT. TeXH. HaykK, O.B. K.]HOCB**, KaH[. TeXH. Hayk, 1O.B. CoxiHa***, KaHJ. TEXH. HAyK
JninpoBchbKuii 1ep:kaBHUN TeXHIYHMI YHIBEpCUTET,

By.J1. JIHimpoOyaiBceka, 2, Kam’ancbke, 51918, Ykpaina.

E-mail: sadovoyvav@ukr.net; Kkluev2006@ukr.net; jvsokhina@gmail.com.

Y pobomi peaxmueny nomyscuicmo acunxpounoi mawunu (AM) 6 cmanomy pedxcumi OmpumMano 5K QYHKYIr0 mpbox
SMIHHUX: KYMOGOI weuokocmi obepmanusi eanra AM, MoOyisi nNOMOKO34enieHHs POMopa ma MOMEHMY CMAmuiHO20
Hasanmasicenns Ha eany. Koeghiyienm nomyoscnocmi AM 3uuscyemscs 6 enexkmponpugooax (EII) npomucnosux mexari-
3Mi8, V AKUX MOMEHM HABAHMANCEHHS I3 30€PedCeHHAM C8020 HANPAMKY Oii MOJiCce nputimMamu 6 Cmamuyi 3HAYeHHs
MeHuie HoMiHanbHo20. Tomy 3a01s 3a0e3neuenHs 8UCoKo2o Koediyiecnma nomyxcnocmi acunxpornoeo EII 6 mpusanux
pedxrcumax pobomu 3a 3MIHHO20 HABAHMAICEHHS CTNBOPEHO 8eKMOPHY cucmemy Kepysanua AM, 6 akiu no xanauny peax-
MUBHOI NOMYNCHOCMI PE2YTIOEMbCSL GENUYUHA NOMOKOZYENTIEHHS POMOPA 8 QYHKYIT MOMEnmy CIMamuiHo20 HA8aHmd-
Jicennsi Ha 6any. 3a0nsa i0eHmuikayii MOMeHmMy HABAHMAICEHHS, A MAKONIC KYMOBOI WEUOKOCMI 06epmaHHs pomopa
ma 1020 NOMOKO34enneHHs cCunme3sosanuii cnocmepieay Kaimana, sikuil naoag 3moey cmeopumu 6eKmopHy CUCMEMY
Kepy8aHHsl 3 0OHOUACHUM KEPYBAHHAM WEUOKOCMI 0bepmanis ma koeiyienma nomyscnocmi AM 6e3 gizuunux oam-
YUKI6 ONOPHO20 BEKMOPA NOMOKO3HUENIeHH POMopa ma to20 Kymoeoi weuokocmi obepmanns. Josedeno cymmesy
3ANEAHCHICG EKCIMPEMANLHUX OISl PEAKMUBHOT NOMYAICHOCT 3HAYEHb NOTMOKO3UENIeH Sl POOPA 8i0 MOMEHMY HA 8ALY
AM i Heznauny 6i0 weuokocmi obepmanns. CmIUKiCms ma 8UCOKA SIKICIb KEPYBAHHS 00CASHYMI 0OHOUYACHUM GUKOPU-
CMAHHAM 30KOHIB PelleliH020 Kepy8aHHs, THBAPIAHMHO20 00 KOOPOUHAMHUX MA RAPAMEMPUYHUX 30YpeHb, ma edhekmu-
enocmi aneopummy inempa Karmana onsa ioenmugbikayii 3mMiHHUX cmawy y Koai 360pomuo2o 38'sa3ky. Taxum wuxom y
pobomi meopemuuHo OOTPYHMOBAHO [0€r CMBOPeHHs 6e30a8ayuedoi penelHo-8eKmMOpPHOI cucmemu Kepy8aHHs acCUHX-
pounnum EIl 3 oOHOuacHUM Kepy8aHHAM WUOKOCMI 0OepmAaHHs ma ONMUMI3ayicio eHepeemuyHux noxasHukie AM.
Mamemamuuna mooenb cmeopeHa AK npopamd, wo HAnUCaHo MO0l npozpamysanus cepedosuwya Matlab. Memoodom
MAMEMAmMuyHO20 MOOENI08AHHS NIOMBEPONCEHO eDEKMUBHICHb 3aNPONOHOBAHOT CUCIEMU KEPYBAHHS ACUHXPOHHUM
EII Bi6n. 12, puc. 6.

Knrouosi cnosa: acCHHXpOHHA MalllMHA, OPIEHTAIIIS 32 BEKTOPOM, LJIb0Ba (DYHKIIis, peneiinuii peryistop, ¢pinstp Kai-
MaHa, (QyHKLIOHAJILHUH NTEPETBOPIOBAY, peaKTHBHA MOTYKHICTb.

Beryn. Y 3B's3Ky 3 OypXITMBUM PO3BUTKOM iH(OpMaIiHHUX TEXHOJIOTIH B HAyIll Ta TEXHIIll OCTaH-
HIM YacoM OCOOJIMBa yBara MPUIIISETHCS MOCITIOBAHHIO CHCTEM, SIKi peali3yioTh (PYHKIIIO KepyBaHHS
CKJIAJJTHIMHU TEXHIYHUMHU 00'ekTamu. Taki iH(popMalliiiHI CHCTEMH CHHTE30BaHO Ha IiJCTaBl CYKYyITHOCTI Bi-
JOMHUX (Pi3MKO-MaTEeMaTUYHUX ONMCIB, IPU LBOMY IXHi Cy4YacHi alrOPUTMH AAIOTh MOXIHUBICTD BUPIIIyBaTH
aKkTyaiabHi OararodakTopHi TexHiUHI 3a1a9i. OMHUM 3 OCHOBHUX HANPSIMKIB 3aCTOCYBAHHS CyYaCHUX TEXHO-
JIOTiH B €NEKTPOMEXaHIIl € po3po0Ka Ta CTBOPEHHS CUCTEM, SIKi MiJIBUIIYIOTh €HEProeeKTUBHICTh iCHYIO-
4uX 00'€KTiB, 200 THX, 10 NPOEKTYIOThCA. OKPEMHUM BHIIQJAKOM TaKHX CHCTEM MOKHA BBa)KATH CUCTEMH Be-
KTOPHOTO KepYBaHHS ACHHXPOHHUMH EIEKTPONPUBOIAMHU, CHHTE30BaHI 3 METOK MiHIMi3aIlii BTpaT MOTYX-
HOCTI, CIIO’)KHBAaHHS PEaKTUBHOI MOTY>XKHOCTI a00 IMOINIICHHS 1HITUX SHEePTreTUIHNX MOoKa3HukiB [1, 2]. Jo-
CSTTH LBOTO MOKJIMBO 3MiHOIO MOAYJISI OOPHOTO BEKTOPA MOTOKO3YCIUICHHS Y (YHKIil MOMEHTY HaBaHTa-
JKCHHS Ha Bally acMHXpOHHOI Mamnau (AM). Enepreruuni nporecu y acuaxponHux EIT ontumisyroTbes B
OaraTokaHaJbHUX CHCTEMax 3 HE3aJICXKHUM KEPYBAHHSIM IIBHAKICTIO 00epTaHHS 1 MOTOKO3YCIUICHHIM AM,
IO pealli3yeThCsl Y BEKTOPHUX MOJICOPIEHTOBAHUX CUCTEMaX KepyBaHHS 3 JIOJaBaHHSAM Y IXHiH CKJIaJ KOHTY-
Py €KCTpeMabHOTO KepyBaHHA. MeTOI0 KepyBaHHS MPHUHMAETHCS TOCATHEHHS EKCTPEMyMY AESKOl eHepre-
TAYHOI IITFOBOT (DYHKIIIT 1 CITOCTEPEKEHHS 3a 3CYBOM TOUKH €KCTPEMYMY IIiJI 9ac peryIIOBaHHS MBHIKOCTI
EIl Ta nii 30BHIMIHIX KOOpAUHATHUX 30ypeHb [1, 2]. YV poOoti [2] peanizoBaHuil KOHTYP CKCTPEMAIbHOTO
KEepyBaHHA 32 MiHIMyMOM CIIOXKHBaHHSI AM peakTHBHOI MOTY>KHOCTI y CKJIafli BEKTOPHOI HOJIEOPi€HTOBAHOT
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CHCTEMH KepyBaHHs. 31iHCHEHO MOJNAIBHUM CHHTE3 CIOCTEpiradya MOMEHTY CTaTHYHOI'O HAaBaHTAXKCHHS Ha
Bajy AM, oIliHKa MOMEHTY CTaTUYHOI'O HAaBaHTAXKEHHS, HEOOXiIHA )i OOUUCIICHHS LiIboBOI QyHKIii. [1e-
HTH(DIKALII0 OIOPHOTO BEKTOPa MOTOKO3YEIJICHHS pOTOpa 3/A1HCHEHO HA OCHOBI BUMIpIOBaHUX (a3HUX CTPY-
MiB 1 Hampyr ctaropa AM 3a BiIOMHMH BHpa3aMH y BEKTOpHOMY aHamizatopi. [Ipore 3amis BuMiproBaHHS
MIBUAKOCTI 00epTaHHS pOTOpa 3acTOCOBYBaBcs (izwuHMM naBad. Jjis cTBOpeHHs Oe3gaBadeBOi BEKTOPHOI
cucTeMH KepyBaHHS AM 3 KOHTYpOM €KCTPEMalbHOTO PETYJIIOBaHHS JOIUIFHO CHHTE3YBaTH CIlOCTepiraya
CTaHy, SIKMH J1a€ 3MOTY OZHOYACHO iICHTHU(IKYBaTH MPOEKIii ONOPHOTO BEKTOPa MOTOKO3UEIUICHHS pOTOpa,
MOMEHT CTaTUYHOTO HABAHTAKEHHS Ta KyTOBY LIBUIKICTh 00epTaHHA poTopa AM.

3ajs quHaMivHOL ieHTH(DIKALT 3MIHHUX CTaHy Ta 30BHIIIHIX BIUIMBIB y Pi3HUX €IEKTPOIIPHBOIAX
HIMPOKO BUKOPHUCTOBYETHCS allTOPUTM KaJMaHiBChKOi QinbpTpauii. B exekrponpuBoii Ha OCHOBI CHHXPOHHOI
MAaIlIWHU 3 MOCTiitHIMH MarHiTamMu QineTp Kanmana mosxe 3acTocoByBaTHCS 3a1u1sl ineHTH(IKAIT MOMEHTY
HaBaHTaXEHHS Ha BaJy 3 METOIO peajizaiii B KOHTYpi KepyBaHHS MIBUIKICTIO OJHOYACHO MPUHITUITY KEPy-
BaHH 32 BiAXWJICHHSAM MIBUIAKOCTI 0OEpTaHHS i MPUHIMITY KEpyBaHHS 32 30yPEHHSM 3 MMO3UTUBHUM 3BOPOT-
HHUM 3B'I3KOM 32 MOMEHTOM HaBaHTa)XK€HHA. BUKOPHUCTaHHS 3BOPOTHOTO 3B'SI3KY 32 MOMEHTOM HaBaHTa)KEH-
HsI 3MEHIITY€ TUHAMIYHY TIOMIJIKY KEPYBaHHS IIBUAKICTIO OOEPTaHHS Y pa3i CTPHOKOMOAIOHMX 3MiH MOMEH-
Ty HaBaHTa)XCHHS Ha Bally CHHXpOHHOI MammuHu [3]. [1l-perynsarop mWBUAKOCTI 0O0epTaHHsl, IHBapiaHTHUH /10
3MiHM MoMeHTY iHepuii EIl, MOXHa CTBOPUTH LUISXOM PO3paxyHKYy IapaMeTpiB peryisTopa 3a 3MiHHOTO
MOMEHTY iHepIii, 0OYMCIeHHS AKUX Ja€ 3MOTY BU3HAUYEHHS OLIHKM MOMEHTY HaBaHTakeHHA Ha Bany EIl 3a
noromororo ¢inerpa Kanmana [4]. Y po0oTi [5] A0CHiIKy€eThCs BILUIMB YUCIOBUX 3HAYCHb €JIEMEHTIB KOBa-
piamiifiHuX MaTpHULb BUNAJKOBUX BIUIMBIB 1 IIyMy BUMIpIOBaHb B anroputMi ¢ineTpa Kaamana Ha ioro cTiii-
KIiCTh Ta TOYHICTH OL[IHIOBaHHS MOMEHTY HABaHTa)KCHHS Ta 1HIIUX 3MiHHHUX CTaHy CHHXPOHHOT'O ABHIYHA 3
MOCTIHHIMH MarHiTamMH. Y [6] TTOPIBHIOETHCS SKICTh OIIHIOBAaHHS IPY>XHOTO MOMEHTY Ta MOMEHTY HaBaH-
TakeHHsI crioctepiradamu Kanmana ta JIroeHOeprepa B aCHHXPOHHOMY €JIEKTPOIPHBO/II 3 TBOMAaCOBOIO Me-
XaHIYHOKO YaCTHHOI0. Y po0oTi [7] AOCTIKY€EThCS BIUTMB KOBapiallilHUX MAaTPHIb IIYMIB Ha SKIiCTh i€H-
tradikarii Gimerpom Kaamana mBuakocTi 00epTaHHS poTOpa i MOMEHTY HaBaHTaKEHHS Ha By AM 3a mipsi-
Moro mycky. B [8] mis BekTopHOro Oe3maBadeBoro kepyBaHHs AM 3acrocoBanuii criocrepirad Kanamana,
SKHH BH3HAYa€ MPOEKIii OMOPHOTO BEKTOpa MOTOKO3UYEIUIEHHS POTOpa, HOTO IIBUAKICTH 0OepTaHHsS 1 MO-
MEHT CTaTUYHOTO HaBaHTa)KeHHA Ha Bady AM. OnHak iHpOpMalis Mpo MOMEHT CTAaTHYHOTO HaBaHTaKEHHS
3 puxofy ¢ineTpa Kanmana mokasye, mo Horo T0JaTKOBI MOMIJIMBOCTI B CHCTEMi KepyBaHHS HE BUKOPUCTO-
BYIOTBCS, OCKUIBKM CHHTE3Y€ThCSI CTaHAAPTHA 32 KiHIIEBUMH LIIIMHU CHCTEMa KEpyBaHHS: IO OJHOMY KaHa-
Ty 3MIACHIOETHCS CTa0LTi3allisl MOyl BEKTOpa IMOTOKO3YETUIEHHS pOTOPa, a M0 iHIIOMY — KepyBaHHS IIIBH-
IKICTIO 00epTaHHs poTopa. Y poOoTi [9] mocHimKy€eThCs CHCTeMa BEKTOPHOTO KEPYBAHH aCHHXPOHHUM TsI-
roeuM EII 3 peryiroBaHHsSM MOyl BEKTOPA MOTOKO3YEIICHHS! pOTOpa 3 YMOBH MiHiMi3allii BTpaT akTHBHOT
HOTYKHOCTI B 00MOTKax AM. [l po3paxyHKy piBHS 3alaHOTO 3HAYECHHS MOTOKO3UEIUICHHS BUKOPHCTOBY-
€THCS OLIHKA MOMEHTY HaBaHTAXCHHS, 3a Ky IPUHMAEThCS OOYMCIIOBAHUI €JEKTPOMAarHiTHUH MOMEHT B
cranomy pexxumi pobotu. [IpoBeneHnii anami3 3HaIEHNX JTITEPaTyPHUX JHKEPEN BUSBUB MOXKIUBICTH BHKO-
pHUCTaHHSI cllocTepiraya MOMEHTY HaBaHTaXXCHHS Ha OCHOBI ¢inbTpa Kanmana B cucTtemax KepyBaHHS Ma-
MIMHAMHM 3MiHHOTO CTPyMY 3a[J1s1 MiABHUIICHHS IXHBOI TOYHOCTI.

MeTo10 1aHOI POOOTH € CHHTE3 i JOCTIIKEHHS 0e3/1aBaueBOi PEICHHO-BEKTOPHOI CHCTEMHU KEpy-
BaHHI AM 3 KOHTYpOM €KCTPEMaJIbHOTO PEryJIIOBaHHS 32 MiHIMyMOM PEaKTUBHOI MOTY>KHOCTI, SIKY CIIOKH-
Ba€ aCMHXPOHHA MallnHa. SIK crmoctepirad craHy MPOINOHYEThCs BUKOpHCTOBYBaTH ¢QinbTp Kanmana 3amis
imeHTH(IKAIl] OTIOPHOTO BEKTOPA IMMOTOKO3YCTUICHHS, KYTOBOI IIBHUAKOCTI O0EpTaHHS poTOpa i 0OYMCICHHS
MOMEHTY CTATHYHOTO HaBaHTa)XCHHS Ha By, sKi HEOOXiJHI IJisi peaizallii 3BOPOTHHUX 3B'S3KIB peNICHHUX
PEryISITOpIiB i 00YMCIEHHS HITbOBOT (DYHKIIII.

BuknageHHst 0cHOBHOT0 MaTtepiasy. PiBHSHHS pO3IMKHYTOTO CHOCTepiraua aCHHXpOHHOI MallIMHU
B OCSIX KOOpIUHAT o3 B3ATi i3 [10]
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nporpamu, st k-ro i (k-1)-To Bi[yUTiKiB MOKHA 3aITUCaTH

)?k :)?k_l +TF()?k—l)+TBuk—l ZD()?k—l); Vi = C)?k—l zh()?k—l)' ©)

Tyt BekTop-byHKIIi D Ta A € QyHKIIIMHA BEKTOPHOI 3MiHHO1 X i piBastHE (6), (7) MarOTh Ha-
CTYITHUY BUTJISII;

S

(1-Ta, )1, +Ta,?,, +Ta,o, ‘i’,B +Th,U,,
(I—Tazz)f ~Tay0, ¥, +Ta,,P B +Tb22Ubﬁ
_ Ta, I, +(1- Ta33) ~TNo, ¥V, (10)
Tayly +TN®,¥,, + (1 Ta44)‘P ’
®, + Tas, ¥, Iy — Tas, ¥ 51, — Tas,M

M,
h()?):(Zi]:(éﬂ (1)

ISSN 1607-7970. Texn. enexmpoounamuxa. 2025. Ne 1 49

[
—_

[o%)
—

w

S

=)
—



PHIIi CKIAIAOThCS 3 YACTKOBHX MOXiMHUX 1 A7st Bupasis (10) Ta (11) nmpuiimMaroTh BUTIISA

Juis momanpmux 00YUCIIeHb 3HAA00NIATHCS MaTpuIli ko061 BeKTOp-PyHKIIIN D()? ) Ta h()? ) 1i mat-

1-Ta,, 0 Ta,, Ta,»,  Ta,¥ 0

0 1-Ta,, —Ta,o, Ta,, —TayVY,, 0
) ﬂ:) | Ty 0 1-Ta, -TNo, -TN¥, 0 12

X 0 Ta,  TNo, 1-Ta, TNY, 0o |
- TaSllier Tag, ¥, TaSlisB ~Tal,, 1 —Tas,

0 0 0 0 0 1

H:M:(l 0000 0} 13
ax 010000

SIKIIO MPUIYCTHTH, 110 BCi KOOPIUHATH BEKTOpa cTaHy X HeE KOPENIOITh, TO MaTeMaTHYHI CIIOi-
BaHHS iXHIX 3MilIaHUX AOOYTKiB OyAyTh HyIILOBUMH, 1 KOBapialiiHa MaTPHI BUIIaJKOBUX BIUIMBIB Ha 00'-
€KT 3aIUIIETHCS B HACTYITHOMY BHTJISI:

0= diag[csiza O'izﬁ G?Pa G?Pﬁ Gi)r GIZWS, ] (14)
KosapiarmiifHa MaTpuIls IryMy BUMIPIiB 3aIMAIIETHCS TaK
R =cov(p)=M(ppT)=diag[cé Gﬁ], (15)

e Gf, — JIUCTIePCIs BEMYUH P, P, LIYMY BUMIPIB CTPYMIB CTAaTOpA.
ANTOpPUTM OOYHCIIEHb, SIKI BUKOHYIOTBCS (DIIBTPOM B KOKHOMY MPOTPAaMHOMY LIUKII, CKIaJaeThCs 3
eTariB eKCTpanoysAlii Ta kopekmii. Ha erari exctpanonsiii BinOyBaeTbes nepeoaueHHs BEKTOpa CTaHy
X, =F(x,,) (16)
1 MaTpHIl TOMUJIKHA KOBapiaIii
> T
B=JP_J"+0. (17)
Ha erami xopekuii BinOyBaeThcsl 0OUYHMCICHHS MaTPHUIll KOeilieHTIB MifCHIeHHs crnocTepirada K i
KOPEKTyBaHHs 3po0i1eHuX nependadens X, , P, .

Martpuriis K 00YHCITIOETHCS 32 HACTYITHOKO (POPMYJIOHO:

K,=BH"(HB H +R)" (18)
YTO4YHEHHS BEKTOpa CTaHy CUCTEMH 3A1HCHIOETHCS 3a (POpMyIIOI0
X, =X, +K, (v, —HY,), (19)
e y, = (Im 1 SB)T — BAMIPIOBaHHUM CTPYM CTaTopa Ha k-My IIHAKITI.
KopekTyBaHHs MaTpuIll MOMUJIKH KOBapialii 31iHCHIOETbCS 32 (OPMYJIIO0
P =(E-K,H)P,. (20)

Benuuunu X . 1 P, o0unciieHi Ha eTari KOpeKIil, BAKOPHCTOBYIOTbCS B HACTYITHOMY IIPOTPaMHOMY
UKL [T eKCTPAnoJsiiii. Pe3ybTaToM BUKOHAHHS HABEACHOTO AITOPUTMY € PO3paxoBaHa Ha KOXHOMY iH-
TepBaji TUCKpETH3aIlil 3a YacoM OIliHKa BekTopa ctany AM (8).
V po60Ti [2] 3 piBHIHB CTAJIOr0 pexXuMy poOoTH AM onepikaHuil BUpa3 il peakTHBHOI MOTYKHOCTI
Ppob p p yp p p p y
K (QYHKIIIT 3MIHHUX CTaHy
' 2 ' ' 2 ' 3 2
0 = 3NL,w,¥Y; N LR M, N 2L, M, N 4L R M, N 3Nk, \Y; N M, 1)
’ 2L NL, 3NK’Y?  ON’kIY! 2L NT,

m 'm r
ne T. =L /R, —nocriiina yacy 30ymkenns AM; L, =L +k, L, — iHIyKTHBHICTb MOTOKIB PO3CIIOBAHHSL.

Bupas (21) posrisigaetsest Ak QyHKIIS IKOCTI CTalMX pekuMiB podotn acuaxponHoro EIT. [lns yrou-
HeHHS 1i€i QyHKuii B Hei MOTPiOHO BBECTH 3alEXKHICTh IHAYKTUBHOCTI KOJa HAMAarHidyBaHHS BiJl MarHiTHOTO
noroky L, = f (‘P,) VY pesynbrari anpokcuMallii KpUBOi HaMarHiuyBaHHS AM, BUXiJHI TOYKH SIKOi y3STi 3

rpacgika, HaBeJieHOro y Jukepeni [11, ¢. 237], BU3HaUMIM BUTTIAL 3aJI€KHOCTI L, = f (‘P,) Ta ii mapameTpu
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L, =1504L, (P, /P, )ctg(P. /P, )=aP, ctgb?,), (22)
ne a=1504L,, /Y. ; b=1/"Y,, .
[lincraBuBim B (21) 3amict mapamerpa L, ioro Bupa3 (22), micias nepeTBOPEHb OTPUMAEMO Lii-
THOBY (DYHKIIIIO Y BUTIISAL
3L, +3k LRM, tg*(b¥.) RkM, tgb¥.) 2LM3w, 4LRM:
QS — S > r ST T > S 3 r + T S r + S 2S 2[‘ + S3 I‘2 S4 .
Na ¥ Na ¥ 3INEY. 9Nk,

r r

No, tg* (b, )+

(23)

Ha puc. 1 i 2 moka3aHo 3aJie)KHOCTI Y BiIHOCHUX OJUHHMIAX PEAKTUBHOI MOTYx)HOCTI AM (23) Big
MOJYJIsl BEKTOpa MOTOKO3UEIUICHHS POTOpPa AJIs Pi3HUX IIBUAKOCTEH 1 MOMEHTIB HaBaHTa)keHHs W, =1 (puc.

1) Ta p, =0,4 (puc. 2). Ilpuiinsaro HacTynHi no3HaueHHs: Y, =V, / VY, — BiIHOCHA BEIMYMHA MOIYJIS I10-
TOKO3YEIUIEHHS POTOPA; O. = ®,/®, — BIHOCHA BEIMYMHA KYTOBOI IIBUAKOCTI potopa AM; w, =M, /M, —

BiJTHOCHA BEJIMYMHA MOMEHTY CTAaTHUYHOTO HaBaHTa)XeHHS Ha Baxy AM. 3 rpadikiB BUAHO, IO €KCTPEMYM
XapaKTEPHUCTUK Y pa3i 30UTBIIIEHHS IMIBHIKOCTI 3MIITYETHCS BBEPX, a il 9ac 3pOCTaHHS HaBaHTKCHHS —
BIIPaBO. 32 HU3BbKHX IMIBUAKOCTIX 00EpTaHHs POTOpa (PyHKIIsI pEaKTHBHOI MOTYKHOCTI B OKOJIHIII MiHIMYMY
€ TMOJIOXKHCTOI. Y Pa3i 301NIbIICHHS MIBUIKOCTI MiHIMYM CTa€ SIBHO BUPaXCHHWM. PeakTHBHA MOTYXHICTb
00yMOBIIeHa MIOTOKAMH HAMarHIdyBaHHS 1 PO3CiFOBaHHs. 30UTBIICHHS PEAKTHBHOI MOTYKHOCTI IMPaBOPYY BiJ
MiHIMYMY CTBOPIOETHCS 3pOCTaHHSAM CTPyMy HaMarHidyBaHHS depe3 HacmueHHS AM. 3pocTaHHS peaKTHBHOI
MOTY>KHOCTI JIIBOPYY BiJ MiHIMyMy 0OyMOBJIEHO 30UIbIIEHHSAM MAarHiTHUX MOTOKIB PO3CIIOBaHHS 1 3B'A3aHOI
3 HUMH PEaKTUBHOI IIOTYKHOCTI.

3HaiinemMo ekcTpeMyM LIboBoOI (yHKuiT (23). g nporo npoxudepeniitoemo ii 3a ‘¥, , nopiBHsEMO
OTPUMaHMH BUPa3 HYJIIO i OJep>KUMO HACTYIIHE PiBHIHHS:

\ ) : N \
dQ, _3bNo, (E ) tg(b¥,) 4Lo, M. 16LRM, L 2bLR.M,, tg(b¥,)
2 s r) 2 23 3. 20gys 22 2
d¥, a cos”(bY,) 3NkY¥Y. ONk Y, Na™¥; cos (DY,
. (24)
_2LRM,, by bREM,  RkM, b9 )= 0
2\y3 tg r + 2 2 tg r) =
; Na¥, cos*(b¥,) Na¥:

VY pesyabTaTi po3B’s13aHHA PiBHAHHA (24) 32 (iKCOBAaHHMX MIBUIKOCTSAX (© 1 pi3HUX MOMEHTAax CTaTH-

YHOI'O HaBaHTaXEHHA M, BU3HAYAETHCS CIMEHCTBO 3aleXKHOCTEH 3HauYeHb MOTOKO3YEIUIeHHs poTtopa ‘P,

4

BiJl MOMEHTY HaBaHT)XCHHS 1 MBUIKOCTI 00epTaHHS POTOPa, 3a SIKUX pEeakTHBHA MOTYXHICTh AM gocsrae
MiHiMymy. Ha puc. 3 300paxkeHi 3a1eKHOCTI eKCTpeMalbHUX IS PEaKTUBHOI MOTYKHOCTI (23) 3HaYeHb TO-
TOKO3ueIIeHHs poropa ¥, Big MOMEHTY HaBaHTa)KEHHS |, 3a PI3HUX MIBUAKOCTAX o . EkcTpemanbHi amus
peakTHBHOI MOTYXHOCTI AM 3HaueHHs TOTOKO3YEIUICHHsI pOTOpa HE3HAYHO 3ajIeKaTh BiJ MIBHIKOCTI 0bep-
TaHHS POTOPA, Ha IO BKa3ye OJIM3bKE PO3TAallyBaHHSI OTPUMAHUX KPUBHX.

2 0.3 12

Q/Sa Q,/Sa

08

06

04

03

N7 Mgt

Puc. 2 Puc. 3
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1106 yHUKHYTH KPOKOBUX aJITOPUTMIB HOLIYKY €KCTPEMYMY IOLIIBHO allPOKCUMYBATH XapaKTepHC-
TUKYU Ha PHC. 3 aHAJTITHYHUMH BHpa3aMU i BAKOPUCTOBYBATH iX B CUCTEMi KEpyBaHHS MOJyJIeM MOTOKO3YeTl-

JeHHs poropa. [{ist anmpokcuMmartii 3anexHocTei \I/: =f (ust) BUKOPHCTAaHO apKTaHTCHIAIBHY (DYHKILIIO
*
v, =d, +dyarctg(dy ) . (25)
Koediuientn d; 3HaxX0msAThCS METOAOM HAaHMEHIIMX KBaIpaTiB i ajs kpuBoi Ha puc. 3 3a o =0,8
nopisao0T1E: d, =0,273, d, =0,58, d, =1,691.
Peneiini peryisaropu 3 )KOPCTKUMH HACTPOIOBAHHIMH PEali3ylOTh arOPUTMH KEPYyBaHHS, SIKi CHHTE-

30BaHi 17151 HOMiHadbHUX mapaMeTpiB EIl 3a MeTonnkoro, BUKIaaeHOO B [12]. ATTOpUTMHU KEpyBaHHS Pery-
JSITOPiB PEAKTUBHOTO CTPYMY CTAaTOPa 1 MOAYJISl IOTOKO3YEIUICHHS POTOPa MarOTh BUIIIAL

U, =U,signlU,, ~1,]; U, =T, sign[¥, —¥, —7,p®,], (26)

Aac YI :Tl]—;/(j} +Tr)’ Tl ZLS/R ; Isu :31sun :3\Pm/Lm .
Penefini perysiTOpu akTUBHOI CKJIAJ0BOI CTPYMY CTaTopa Ta IMIBUIKOCTI 0OepTaHHS poTopa pealli-
3YIOTh aJITOPUTMU KEPYBaHHSA

U, =U, sign[Umr —IWJ; U, = [:v sign[wi ~, —Lag 1, + L'SaSZMS, , 27)

(]

.
e I, =4M

BekropHa cucremMa KepyBaHHS ABOKaHaJbHA 3 pealli3ali€lo crocody MiAmopsaKOBaHOTO KepyBaHHS
B KOXXHOMY KaHalli. 30BHIIIHBOIO PETyIHOBAHOIO 3MIHHOIO y KaHalli aKTUBHOI MOTYKHOCTI € MIBUKICTH 00€-
PTaHHS POTOPA, a B KaHAJI pEaKTHBHOI MOTYKHOCTI — MOAYJIb BEKTOPA IOTOKO3YEIUIEHHS POTOPA.

Ha puc. 4 npencrasneno ¢yH-
¥ KI[IOHAJIbHY cXeMy Oe3/1aBauyeBOrO Be-
Oy 2 . . KTOPHOTO aCHHXPOHHOTO €JIEKTPOIIPH-

> s,uv sa,B Us
» »
»
A
»
\Pl'

wn/3Nk,\¥,, — piBeHb 3aBIaHHs PEryJIsTOPY aKTHBHOI CKIIaI0BOI CTPYMY CTaTOpa.

MEpEKa KUBJICHHA

c

U
BEP S ko S 12 » My BOJly, 3AMKHEHOI'O 3a CUTHaJIaMH CIIO-
cTepiraua cTaHy Ha OCHOBI (inbTpa
KanMaHa Ta KOHTYpPOM €KCTpeMajibHO-
TO peryJioBaHHS IOTOKO3YEIUICHHS.
BumMiproBani cratopi Hampyru U,

Uy, Uyc ictpymn I, I, I AM

A

q)K Isa,ﬁ H@l

c0sd @rmﬁ < TpaHCcHOPMYIOThCS [ePeTBOpIOBAeM
. U, a3 I1®1 B manpyru U, , Uy 1 cTpy-
ki DI j¢—e - mu [, I, HEPyXOMOi OpPTOrOHAb-
M, HOI CHCTEMH KOOpIWHATO,[, SAKi €

Puc. 4 BXiIHUIMU CHTHaJlaMu Ui (iabTpa

Kanmana ®K. Jlani @K Ha OCHOBI BU-
MIpSIHUX CTaTOPHUX HAINPYT i CTpyMiB AM po3paxoBye MOTOYHI 3HAYCHHS [TOTOKO3YCIUICHHS pOTOPA, IIBU/I-

KOCTi BaJly IBHTYHa Ta MOMEHTY CTaTUYHOTO HaBaHTakKeHHs. OIiHKK MMOTOKO34eruieHb ¥

vo» Y, 3 BEXOZY
cnoctepiraua ®K nmonarorbest Ha BeKTOpHUIN aHadizaTop BA, sxuii BU3HaUa€ HapsIMHI CUHYC Sind , KOCHHYC

cosd 1 MOIyJb TOTOKO3UETIeHHS poTtopa P, 3a popmynamu

cosd = ‘i—’m/‘i’r , sind= ‘i’rﬁ/‘i’,‘ , P = 1/‘?’3(1 + ‘i’rzﬁ . (28)

[lepeTBOpeHHS CTATOPHUX CTPYMIB 3 HEPYXOMOi CHCTEMU KOOPAMHAT ol,f3 B CUCTEMY KOOpIUHAT

u,v, 1o 00epTAEThCs, OPIEHTOBAHY 3a BEKTOPOM IIOTOKO3UYEIJIEHHS POTOPA, 3/IMCHIOEThCA B IEPETBOPIOBAYI
koopauHat 11K1 3a Bupazamu
I, =1,c088+1gsind; [, =1;zc088—1,sind. (29)

VY 60k perynaropiB BP, skuii BKIO4ae peryiasiTopy IIBUAKOCTI, MOTOKO3YEIICHHS 1 CKIIAJOBHX
CTpYMY CTaTOpa, NOAAIOTHCS CHUTHAJM 3aBAaHHs Ha MIBUIKICTH O0EPTaHHS POTOPA i MOTOKO3YETIJICHHS POTO-
pa. CurHain 3aBaHHSI PETYJSATOPY IIBHIKOCTI BH3HAYAETHCS TEXHOJOTIYHUM IporiecoM. DyHKIIOHATBHUH
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neperBoproBad DII peamizye pyHKIIOHATBHY 3aNEKHICTH (25), sIKA Y MOMEHT CTATUYHOTO HaBaHTAXKEHHS
3aMiHIOETBCS HOTO OLIIHKOO, OCKIJIBKU BBAaXKA€ThC W, =, =M, / M, . Nani ®II hopmye curHai 3apJjaHHs

peNieiiHOMY peTyIITOPY MOJYJISl IOTOKO3UYETUICHHS pOTOpa. 3aKOHH KEPYBaHHS PETYIISTOPIB KaHATY aKTHB-
HOI MOTY>KHOCTI MpeacTaBieHi Bupazamu (27). ¥ (yHKUi0 MepeMUKaHHs PElIeHHOro peryisiTopa KyTOBOi

I]_IBI/I,Z[KOCTi 06epTaHH$I pOTOpa BBOAUTHLCH IMO3UTHBHHI 3B0p0THHﬁ 3B'S130K 32 MOMEHTOM HaBaHTa)KCHHS Mst

100 npuOpaTH CTaTUUHY MOMMJIKY KEpyBaHHS MIBUIKICTIO 00epTaHHS poTopa. Perynaropu oTpumyroTh Cu-
THaJIM HETaTUBHHUX 3BOPOTHUX 3B'S3KIB CTATOPHHUX CTpyMiB [, , [, Ta OOYHMCIEHUX MOIYJSl MOTOKO3Yerl-

su sy

neHHs potopa ¥, 1 MBUIKOCTI 00epTaHHS Bajla JBUI'YHA ©, B TEOMETPHYHUX pajy/c.

.
VY npsiMoMy KaHaJli miepe/iadi KepyrUunX BIUIMBIB 31HCHIOETBCS iX TIEpEBECHHS B HEPYXOMY CHUCTe-
My KOOpIUHAT B 010111 neperBoproBada koopauHat [1K2 3a ¢popmymnamu

U, =U, cosd-U,,sind; U:B =U,,sind+U,, cosd, (30)

i mam B nepetBoproBadi (a3 [1d2 BuzHavaroTecs (asHi kepyroun Hanpyru cratopa AM.
3anpomnoHoBaHy cucteMy EIl mocmimkeHo Ha MaTeMaTHIHIA MOEIi, CTBOPEHINH y BUTIISAII IPOTpaMu
Ha MOBI nporpamyBaHHs Matlab, B sikiii po3B’si3aHO PIBHSHHS BCiX OJOKIB QyHKIIOHANBHOI cxemu. [1ix wac
MOJIETIOBaHHS BUKOPUCTaHO MapaMeTpu AM 3 TakuMu nacnopTHUMU gaHuMu: tun 4A132M4, P, =11xBrt,
U,, =380B,n, =1500 06/xB, I, =224 . Marpuus R npuiiHsTa nocTiiiHoOw i piBHOIO R = diag[402 402].
CyTTeBO BIUIMBa€E Ha poOOTY alropuTMy imeHTHdiKamii MaTpui Q, ska migoupanacs B MPOIECi HACTPOIO-
BaHHS CUCTEMH KepyBaHHsI PO3PaxXyHKOM ii MaTeMaTHuIHOI MOJIeNi 1 MPHIHSATA HACTYITHOO
L ) 5-10*
0=diagle?, o} o, Gy

o, |=diag|4-10% 4107 1610 1610° 1610* —— |
1+0.1- |,

® 3D
OcranHiii ennemMeHT MaTpuili Q 3MIHIOETHCS y QYHKIIT MOZYJIS OLIIHKU IIBHAKOCTI 00epTaHHSA pOTOpa.
Ha puc. 5 npencrasiieHo rpadiku mepexigHUX MPOIECiB Y CHCTeMi 0e3/1aBaueBOr0 BEKTOPHOTO Ke-
pyBaHHS 31 ciocTepiraueM KammaHa y K0 3BOPOTHOTO 3B'SI3KY 1 KOHTYPOM €KCTPEMAIBHOTO PETYIIIOBAHHS
32 MiHIMyMOM PEaKTHUBHOI IOTY)KHOCTI, sIKa CrokuBaeTbesi AM. Criepury 3aidcHIOETBCS 30ykeHHST AM
noctiitauM ctpymoMm. [loTiM porop AM po3raHsieTbesi 1O HOMIHANBHOI IBUAKOCTI 00EpTaHHS 3 HACTYITHUM
raTbMyBaHHSIM 10 TBHAKOCTI 50 pan/c. MoMeHT HaBaHTaXeHHS Ha By AM 3MIHIOETBCS BIIMOBITHO IO
BEHTHISITOPHOI MEXaHIYHOI XapaKTepUCTHKH. PeanbHi BEMMYUMHM IIBUAKOCTI oOepTaHHs poropa AM Ta ii

1

150 ~ ~

~ 1
;. ,®,,C M, Mg, Hm Y,.,¥,,Bc
60

100
40 0.3

0.3 ]
50 LA TL isp cosQ
I, 1

Puc. 5
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MOTOKO3YETJICHHS MTPAKTUYHO HE BiJ[Pi3HAIOTHCS Bif IXHIX OIiHOK, oOuncineHux ¢inbTpom Kammana. Tomy
rpadiku [UX KOOPIWHAT Ha pUC. 5 3nuBatoThes. OIiHKa MOMEHTY CTaTUYHOTO HaBaHTAXKEHHs Ta HOro Aiiic-
HE 3HAYEHHS BiAPI3HAIOTHCSA HE3HAYHO. Y CHUCTEMi KepyBaHHsI CHTHAJl 3aBIAaHHS PETYJSATOpPY MOTOKO34el-
JICHHSI POTOpa 3aJIe)KHUTH BiJ| OI[IHKA MOMEHTY CTaTUYHOTO HaBaHTa)XEHHS 3a CIIBBIAHOMIEHHSM (25), 10
MPU3BOIUTH 0 YTPUMAHHSI MiHIMAJIFHOTO 3HAUYCHHS MUTHOBO1 (DyHKIIT (23) MIITXOM peryIIOBaHHS PEaKTHB-
HOI CKJIQIOBOi CTpyMy cTaTopa i MOTOKO34YeIUIeHHs poTtopa. Ha puc. 5 HaBeaeHO y BIIHOCHHX OJWHHIIAX
CTpyM 1 moTokozueruieHHs ¢aszu 4 craropa AM. BuzaHo, mo B pyxoBoMy pexumi cTpyMm 3a (azoro Bumepe-
JDKa€e MMOTOKO3YETUIEHHSI, a Ti/T Yac TalbMyBaHHS HABIIAKH — BiICTa€. 3 €HEPreTHYHNX MOKa3HHUKIB HABEICHO
koedimieHT motyxkHocti AM. Ludpoto / mozHaueHnit rpadik KoedimieHTa MOTYKHOCTI i yac crabdimizarii
MOJYJIs IOTOKO3UYEIUIEHHS POTOpa He3aJeHO BiJl HaBaHTaKeHHs 1 pexxumy podotu EIl, a mudporo 2 — koe-
(hinieHT moTy>)KHOCTI AM Ti/ Yac peryiaroBaHHS MOTOKO3YEIUICHHS POTOPA 38 KPUTEPiEM MIHIMYMY peaKTHB-
HOT MTOTYXXHOCTi. BHIHO, 110 KOHTYP €KCTPEMaLHOTO PETYIIIOBAHHS 3a0e31euy€e BUCOKUH KOePIIiEHT TOTY-
JKHOCTI B CTAJIUX PEXHMMAaX y Pa3i 3HIKCHHS MOMEHTY HaBaHTa)xeHHS Ha Bairy AM. Ha 3HmKeHHX MIBUAKO-
CTSIX, KOJTU MOMEHT HaBaHTAXXEHHsI iCTOTHO HW)KYe HOMIHAIBLHOTO, JIOCATAETHCS 3HaYHE 301IbIIeHHS Koedi-

Ii€HTa TOTYXHOCTI AM.
B enexTponpuBogax MiIHOMHHX MeXaHi3MiB HANpPSMOK MOMEHTY CTaTHYHOI'O HAaBAHTAXXCHHS HE
3MIHIOETBCS, X04Ya BEJIMYMHA MOMCHTY HaBaHTAXKCHHS MOKE 3MIHIOBATHCS B ITUPOKUX MEXKaX i 4acTO CTPH-
oxomoxiono. Tomy Ha puc. 6

ook 80 npezcTaBieHo Tpadiku mepexi-
100 —— - M, My, Hv JHMX TIPOLECiB, SKi JEMOH-
60 CTPYIOTh MOKJIMBOCTI 3aIpoIio-

HOBaHOI CHCTEMHU KepyBaHHS 3a
0 CTpUOKONOAI0OHOT 3MiHU MOMEH-
30 Ty HaBaHTaxxeHHs. J[o 0.2 ¢ Bia-
OyBaethbcst 30ymkeHHS AM y
pa3i Hepyxomoro poropa. Jlami
MO CHTHAJy 3aBJaHHSA y KaHasi
0 02 04 06 08 1 Yy 02 04 06 08 { AKTUBHOI MOTY)XHOCTI MOYHHA-

= €ThCsl yCK AM 110 IIBHIKOCTI
ror cos P

100 ¢! 3 HominanbHEM TOTO-
ko3ueruieHHs M. Y 0.4 ¢ B kaHami
PEAKTUBHOI IOTY>KHOCTI BKIIO-
0.3 YaeThCs KOHTYpP €KCTpEeMabHO-
1 o KepyBaHHS 3a MiHIMyMOM
PEaKTUBHOI HOTYXHOCTi CTaTO-
t,c pa AM, skwii 3a0e3Ieuy€e BHCO-
KUK Koe(illieHT TOTYKHOCTI 3a
PI3HMX MOMEHTaxX HaBaHTaXKCH-
HA Ha Baiy. 3 rpadikiB Ha puc. 6
BUJIHO BHCOKY SIKiCThb 1leHTH(i-
Kallii MOMEHTY HaBaHTa)XXEHH: y pa3i HOro CTyniHYacToi 3MiHHM Ta IHIIMX 3MiHHHUX 31 CTa01Ii3ali€r0 MBUAKO-
CTi Ha 3aJjaHOMY piBHI anropuTMOoM KepyBaHHA (27), y (YHKII MepeMHUKaHHS SKOTO BHKOPHUCTOBYIOTHCS
3BOPOTHI 3B'SI3KHM SIK 32 3MIHHUMH CTaHy, TaK 1 32 BIUIMBOM, 1110 30YPIOE.

BucnoBku. Y poOorti ans acuaxponnoro EIl ckmageno piBHsSHHS crioctepirada Kanmana, Ha oCHOBI
SKOTO CTBOpeHa Oe3JjaBayeBa CHCTEMa PEJIeHO-BEKTOPHOTO KepyBaHHS AM 3 KOHTYpOM EKCTPeMajbHOTIO
peryIIoBaHH y ii CKiIami. 3 ypaxXyBaHHIM SBUINA HACHYCHHS MarHITOIPOBOIY OTPUMAHO BHpa3 PEaKTUBHOI
MOTYKHOCTI AM, SIKMIi MPUHMAETHCS K LTbOBA QYHKIIsS ISl EKCTPEMAJIbHOTO KEPyBaHHS aCHHXPOHHUM
EIl. Cunte3oBanuii ¢inetp Kanmana Bu3Havae Bci 3MiHHI cTaHy AM, HEoOXimHI U1 po3paxyHKy (QyHKIiT
METH Y pealbHOMY 4aci. 3HaHeHO 3HaueHHS MOJYJISI BEKTOpa MOTOKO3YEIUICHHs poTopa AM, 3a SKOTO I1i-
Th0Ba (PYHKIIiSI pEaKTUBHOI MOTYKHOCTI ctaTopa AM pmocsrae MiHiMymy. OTpuMaHi 3aJI€KHOCTI eKCTpeMa-
JHHUX 3HAYEHb MMOTOKO3UYETICHHS BiJl MOMEHTY HaBaHTaKEHHS HaMKpallle alpOKCHUMYIOThCS TPbOXIIapamMeT-
PUYHOIO apKTaHTeHI1aJIbHOI0 (YHKLiE0. B cucTeMi ekcTpeManbHOro KepyBaHHS KPOKOBI alrOPUTMH IOLITY-
Ky eKCTpeMyMy IiTh0BOi (PYHKINT 3aMiHEeHI (PYHKITIOHAJIEHAM IIEPETBOPIOBAYEM, KU BHKOPHCTOBYETHCS
mig yac moOyloBH KOHTYpPY €KCTPEMajbHOTO KepyBaHHs 32 MiHIMyMOM PEaKTHBHOI MOTYXHOCTI cTaTropa
AM 3 ineHTH}IKAIIEF0 MOMEHTY CTAaTHYHOTO HaBaHTAXXEHHS 3alPOIIOHOBAHUM CTIOCTepiraueM. B omHilt cuc-
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TEeMi BJAJOCS MOEJHATH MpsIME peliciiHe KepyBaHHs B KaHalaxX (opMyBaHHS KEpyHOUMX BIUIMBIB Ha AM,
dinsTp Kanmana y ko1l 3BOPOTHOIO 3B’S3KYy Ta 30BHIILIHIN KOHTYP €KCTPEMAILHOTO PEryJIFOBAaHHS MOJYJIEM
BEKTOpa MOTOKO3YCILICHHSI pOTOPA 3 OJHOYACHUM O€31aBaueBUM PETYJIOBAHHSAM MIBHIKOCTI AM y mmmpo-
kux Mexax. [Ipare3gatHicTh 1 BUCOKY TOUHICTH pO3pPOOIIEHOT CHCTEMH SIK TiJ] 9ac MOBIUIBHOT, TaK 1 32 CTPUO-
KOMOIOHOT 3MiHM MOMEHTY CTaTHYHOTO HABAaHTAKEHHS MIATBEPIKEHO MATEeMAaTHYHHM MOJEITIOBAHHIM 3
ypaxyBaHHSIM BIUIMBY JWHAMIiKH criocTepiradya Kammana olHOYacHO Ha MpPOIECH KEPyBaHHS LIBHIIKICTIO
o0epTaHHs pOTOpa Ta MOJYJIEM BEKTOpa WOTO IMOTOKO3YEIUICHHS 3 METOI0 MiHIMi3allii ClIOKUBaHHS aCHHX-
POHHOIO MAITMHOIO PEAKTUBHOI IOTYKHOCTI 32 3MIHHOTO MOMEHTY HaBaHTa)XKCHHS Ha ii BaITy.
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USE OF KALMAN FILTER IN VECTOR SYSTEM OF EXTREME CONTROL
OF ASYNCHRONOUS MACHINE
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In the article the reactive power of an asynchronous machine (AM) in a stable mode is obtained as a function of three vari-
ables: the angular speed of rotation of the AM shafi, the module of the rotor flux coupling and the moment of static load on
the shaft. The AM power factor decreases in electric drives (ED) of industrial mechanisms in which the load moment while
maintaining its direction of action can take a static value less than the nominal value. Therefore, in order to ensure a high
power factor of an asynchronous ED in long-term operating modes with a variable load, a vector AM control system was
created, in which the magnitude of the rotor flux coupling is regulated by the reactive power channel as a function of the mo-
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ment of static load on the shaft. To identify the moment of loading, as well as the angular speed of the rotor and its flux cou-
pling, a Kalman observer is synthesized, which allows creating a vector control system with simultaneous regulation of the
speed and power factor of the AM without physical sensors of the reference vector of the rotor flux coupling and its angular
speed of rotation. The significant dependence of the extreme values of the rotor flux coupling for reactive power on the torque
on the AM shaft and insignificant dependence on the speed has been proved. Stability and high control quality are achieved
by simultaneous use of relay control laws, invariant to coordinate and parametric perturbations, and the effectiveness of the
Kalman filter algorithm for identifying variable states in the feedback loop. Thus, the article theoretically substantiates the
idea of creating a sensorless relay-vector control system for an asynchronous ED with simultaneous speed regulation and
optimization of AM energy indicators. The mathematical model is created as a program written in the Matlab programming
language. The operability of the proposed asynchronous ED control system was confirmed by the method of mathematical
modeling. References 12, figures 6.

Key words: asynchronous machine, vector orientation, objective function, relay controller, Kalman filter, functional converter,
reactive power.

1. Kliuiev O.V., Sadovoi O.V., Sokhina Yu.V. Control systems for asynchronous valve cascades. Kamianske: DDTU, 2018.
294 p. (Ukr)

2. Sadovoi A.V., Klyuyev O.V., Sokhina Yu.V., Filin I.V. Information system of minimization consumption reactive power
in asynchronous electric drive with vector control. Applied aspects of information technology. 2020. Vol. 3. No 2. Pp.74-
84. DOL: https://doi.org/10.15276/aait.02.2020.5.

3. Zedong Z., Yongdong L., Fadel M., Xi X. A Rotor Speed and Load Torque Observer for PMSM Based on Extended Kal-
man Filter. IEEE International Conference on Industrial Technology, Mumbai, India, 5-17 December 2006. Pp. 233-238.
DOI: https://doi.org/10.1109/ICIT.2006.372295.

4. Chan-Ki Kim, Hong-Woo Rhew, Yoon-Ho Kim. Robust speed control of PMSM using Kalman filter load torque observ-
ers. Proceedings of the IECON’97 23rd International Conference on Industrial Electronics, Control, and Instrumentation,
New Orleans, LA, USA, 14-14 November 1997. Pp. 918-924. DOI: https://doi.org/10.1109/TECON.1997.672112.

5. Djamel Taibi, Abdenacer Titaouine, Fateh Benchabane, Ouafae Bennis. Stability analysis of the extended Kalman filter
for Permanent Magnet Synchronous Motor. Journal of Applied Engineering Science and Technology. 2015. Vol. 1. No 2.
Pp. 51-60. DOLI: https://doi.org/10.69717/jaest.v1.i2.16.

6. Beineke S., Schiitte F., Grotstollen H. Comparison of methods for state estimation and on-line identification in speed
and position control loops. University of Paderborn, 2003.

7. Yu Hongxia, Hu Jingtao. Speed and Load Torque Estimation of Induction Motors based on an Adaptive Extended Kal-
man  Filter.  Advanced  Materials  Research. 2012.  Vol. 433-440.  Pp. 7004-7010. DOI:
https://doi.org/10.4028/www.scientific.net/ AMR.433-440.7004.

8. Emrah Zerdali, Murat Barut. Extended Kalman Filter Based Speed-Sensorless Load Torque and Inertia Estimations with
Observability Analysis for Induction Motors. Power Electronics and Drives. 2018. Vol. 3(38). Nol. Pp. 115-127. DOI:
https://doi.org/10.2478/pead-2018-0002.

9. Titova T., Evstaf’ev A., Pugachev A. Vector control system of electric traction drive with power losses minimization.
Journal of Physics: Conference Series. 2021. Vol. 2131(4). Pp. 1-10. DOI: https://doi.org/10.1088/1742-
6596/2131/4/042090.

10. Kliuiev O.V., Sadovoi O.V., Sokhina Yu.V. Observer of the speed rotation and flux coupling of the rotor in the system of
vector control of an asynchronous electric drive. Zbirnyk naukovyh prats Dniprovskoho derzhavnoho tekhnichnoho
universytetu (tekhnichni nauky). 2022. Vyp. 2(41). Pp. 89-97. (Ukr). DOI: https://doi.org/10.31319/2519-
2884.41.2022.10.

11. Veshenevsky S.N. Characteristics of motors in electric drive. Moskva: Energiia, 1977. 431 p. (Rus)

12. Zahirnyak M.V, Klepikov V.B., Kovbasa S.M., Mikhalskyi V.M., Peresada S.M., Sadovoi O.V., Shapoval [.A. Energy-
efficient electromechanical systems of a wide technological purpose. Kyiv: Institute of Electrodynamics National Acad-
emy of Sciences Ukraine, 2018. 311p. (Ukr)

Hapivitna 09.05.2024
Ocrarounuii Bapiant 05.09.2024

56 ISSN 1607-7970. Texn. enekmpoounamuxa. 2025. Ne [



VK 621.313:628.12 DOI: https://doi.org/10.15407/techned2025.01.057

JOCJAIKEHHA EKOHOMII EHEPTETUYHHUX I BOJHUX PECYPCIB B CUCTEMI
BOJOIIOCTAYAHHS BATATOIIOBEPXOBOI'O BYJIMHKY 3A JIBOPIBHEBUX CTOSKIB
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Hocnidoiceno 6niug cmpykmypu eieKmpoMexaHiuHoi cucmemu odonocmayanus 12-nosepxoeozo 0OyOUHKY (3amina
00H020 CMOSIKY 080MdA DI3HOPIGHEeSUMU) HA eDEeKMUGHICMb GUKOPUCIAHHS EHEP2eMUYHUX | BOOHUX pecypcie.
Pospobneno ma npocpamno peanizogano MamemMamuyHy MoOeib eieKMpPOMEeXaniyHoi cucmemu, sKd 6paxogye
3ANENHCHICIG GUMPAM NOBEPXY L0 GENUYUNHU MUCKY | 0AE€ 3MO2Y BUSHAYUMU NOMPEOU CRoXNCUBAYi8 ¥ 600i 3a OAHUMU
3a0aHOi YuKnoZpamu 6000cnodcusanisi 6younxy. 3a ingopmayiero npo eioomi napamempu 0a306020 apianmy
cucmemu 8000NOCMAYAHHS BUSHAYEHO Napamempu 00HO20 NOGepXy I napamempu eapianmie cucmemu OYOUHKY i3
cmoskamu Onsl 00cnyeosyeans nogepxig: 1-12; 1-6; 7-12. Jlocniodcentsi 6UKOHAHO 3 YPAXYSAHHAM 3ANPONOHOBAHOL
4acoeoi  sanedcHocmi  3MiHU - 6XIOHO20 mMucky 0youmnky. Pospobneno 3acobu  y3acanbHeHo20  GU3HAYEHHS
eHnepeoeheKmueHOCmi ACUHXPOHHO20 OBUSYHA CUCMEMU BOOONOCHAYAHMS 30 ANPOKCUMAYIUHUMU 3ANEHCHOCMAMU
HOMIHanbHUX Koeghiyienmie xopucroi Oii (KKJ]) 6i0 nomyocnocmi i KKJ[ 6i0 cmynens 3asanmadicenns. Ilopiensamnns
eapianmie 30IICHEHO 34 COPMOBAHUM SUPA3OM Kpumepilo epekmugHocmi K GiOHOULeHHs 0000801 KopucHoi Oil
cucmemu 3 NOCMAYAHHA 800U CHONCUBAYAM 00 8APMOCHI eNeKMPUYHOL eHepaii i 600u, cnoxcumux 3a 0anuu nepioo. 3
pe3yIbmamie  MoOeno6anHs GUNIUBAE, WO 0BOCMOAKOGUU 6apianm 3abesneuye exonomilo 4 % eoou i 25 %
eflekmpoenepzii i3 ix cniggioHoweHHAM y epouiogomy supasi — 6:1. [le obIpynmosye npiopumemuicms ypaxy8aHHs
eKOHOMiI 600U ni0 uyac MoOepHizayii cucmem 8000NOCMAYAHHA (NApaneibHe 30HYBAHHA, pPe2YibOSAHUL
enrekmponpusod). biéa. 11, Tabn. 1, puc. 3.

Knrwowuoei cnosa: aciHXpOHHUI IBUTYH, NapaieibHe 30HyBaHHs, eEKTUBHICTh CIIOKHMBAHHS €HEPTil 1 BOIH.

3pocTaHHs KiJIbKOCTI HACEIICHHS MICT MPU3BOJIUTH JO 30UIBIICHHS YaCTKH BHCOTHOI 3a0yJIOBH, IO
00yMOBITIOE 301NIBIIEHHS E€HEPrOCIOXHUBaHHS CHCTEMaMH BOJONOCTadyaHHA Oy[iBenb. 3aaisl MOAOJIAHHS
HeONiKiB 1i€l TeHAeHLIl y Cy4acHUX OyIMHKax BIOCKOHAJIOIOTb CHUCTEMH EJIEKTPONPHBOAY, CTPYKTYPH
cHCTeM BojomocTayaHHs. JIns OTpUMaHHS MaKCHUMaJbHOI e(EKTHBHOCTI 3aCTOCOBYIOTH METOIH OIITH-
MaJIbHOTO TPOEKTYBaHHS. 30KpeMa, OCTaHHIM YacoM Y CBiTI NOIMIMPEHO BUKOPHCTOBYIOTHCS CHCTEMH
BOJIOTIOCTAYaHH 13 MapajeqbHUM 30HYBaHHAM [1, 2]. ¥V BuCOTHHX OyIMHKax BOHO 3BOAUTHCA IO 3aMiHH
OJTHOTO CTOSIKY KUTBKOMA 3 CEJICKITI€I0 32 BHCOTOIO MTOBEPXIB, SIKi 00CTyTrOBYIOThCA. CHCTEMH 3 TapajieIbHIM
30HYBaHHAM 320e3MeUyIoTh 3HaYHE MOKPAICHHS SHEePreTHYHOT e()eKTUBHOCTI MPOILECIB BOAOIOCTAYaHHS.
Hampuxitaz, 3amina oHOTO CTOSIKY 12-110BEpXOBOTO OYIUHKY JBOMa (TIEpIIMI 1Moae Boay Ha 1-6 moBepxw,
opyruidi Ha 7-12) CympoBOMKY€EThCS 3HIDKCHHAM crHoxuBaHHS eHeprii Ha 30% [3], mpudomy 3a
HeperyJIbOBaHOTO TIPUBOY. PeryiroBanHs Moxke 30UTbIINTH eHeproeeKTUBHICTD 11e Ha 20%.

3HauHi pe3epBU MOKPALICHHS EHEpreTHYHOI eeKTUBHOCTI enexTpomexaHidyHux cucreM (EMC)
BOJIOTIOCTa4aHHs 0araTornoBepxoBUX OyIWHKIB OOYMOBIIEHI PO3TalTyKEeHICTIO iXHIX TifpaBliyHuX Mepex. Lle
MIPU3BOIUTE IO 3HAYHUX HATUIIKOBHX HAIOPIiB HA HIDKHIX IMMOBepxax (BENMKHUA Hamip Hacocy 3abesredye
HiIioM BOAM Ha OCTaHHIHM MOBEPX) 1 PO3CIFOBaHHSI Li€l eHeprii y rifpaBliYHUX BEHTUISIX CIOKKBadiB. Brpatu
y TaKUX CHCTEMaX MOXXYTh OYTH Ha TOPSIOK OLTBIIMMHU TOPIBHSHO 3 OJHO3PECHOI0 mojadero. MiHimizamii
BTpaT HE3AIEKHOI0 II01a4€l0 BOAM HA KOXKEH IIOBEPX 3aBaXKa€ 3POCTAHHS KalliTalbHUX BKIAAEHb. ToMy
epekTMBHa KOHQIrypaiis CHCTEMH 3 TapajiebHUM 30HYBaHHSM [IOBUHHA BH3HA4YaTHUCA 3aco0aMU
ONITHMAIILHOTO POEKTYBAHHS TOJIOBHUM YHHOM 13 3aCTOCYBaHHSIM MaTeMaTHYHOTO MOAEOBaHHS [3].

AZIEeKBaTHICTh MaTEMaTHUYHUX MOJENEH 3aJIeKUTh Bl TOYHOCTI PO3PaXyHKOBUX METOAMK, IIOBHOTH
BpaxyBaHHs BIUIMBOBHX 4YHHHUKIB. [lapamerpm pobounx pexumie EMC BomomocrauanHs OyziBenb y
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GiTBLIOCTI BUMAKIB 3HAYHOIO MIipOIO 3aIeXkaTh BiJl THCKY y BXimHiil Marictpani. Horo 36inbiuenns 36ibiye
TUCK Y CHOXXHBadyiB, CIpPHUSE 3POCTAHHIO BHUTOKIB Kpi3h HEIIIIBHOCTI, TPU3BOIUTH 1O 30UIBIICHHS
BOJIOCTIOKHMBaHHS KopuctyBauamu [4]. Takoxk mae micue 301TbLICHHS! BOJOCIOKHBAHHS OONagHAHHAM. 3a
eKCIEPUMEHTAIbHUMHU JaHUMH BUTPATH BOIH 30UIBIIYIOTHCS Ha S...8% Ha KOXKHY HaJUIMIIKOBY arMocdepy
[5]. Bracmimok mporo, 3a mapajebHOTO 30HYBaHHS IOKPAIIY€EThCS HE TITBKH €HEProeeKTHBHICTH, aje i
OIAJTHICTh BUKOPHCTAHHA BOJHHUX PECYpCiB, MO0 € BaXJIMBHUM YHHHHUKOM 3 OIJISIy HA TEPCIEKTHBH
3pOCTaHHS BapTOCTi €JeKTPUUHOI eHeprii Ta Bogu. BinnmosigHo o 3Bity FOHECKO 2024 poky [6] moTpebu
JIIOJICTBA y TPICHIM BOJI 3pOCTAaTUMYTh HAa OJMH BiJICOTOK KOXKEH pik. HalOmmkdi Kimbka pOKiB MIOPidHUN
NPUPICT TIOMUTY Ha EJEKTPUYHY eHeprito Oyne BuiM 3a Tpu BifcoTku [7]. Ho 2050 poky ouikyeTbcs
3pOCTaHHsl TONHUTY Ha eJeKTpoeHeprio [8]. 30kpeMa MPOTHO3YETHCSA, MO HOTPeOH B eNEKTPOEHeprii
KHUTIOBOI 1 KOMEPLiTHOT HEPYXOMOCTI, OB’ s13aHi 13 KiIbKOCTIO HaceseHHs, 10 2050 poky 3pocTyTh Ha 15%;
a motpeba TOMOrocnoapcTB B enekTpuuHiii eneprii 3 2021 mo 2050 pp. B cepenabomy 3pocte Ha 75%.

Metoio naHoi po0OTH € BIOCKOHAJICHHS MaTeMaTHYHOI MOJENi eNeKTPOMEXaHIYHOI CHUCTeMHU
BOJIOTIOCTAYaHHsI OyIMHKY 3 ypaxyBaHHSIM 3aJIe)KHOCTI 3MiHM BUTpAT Bil BEIMYMHU THUCKY, po3poOka ii
MPOTpaMHOi peaiizaiii, GopMyBaHHS BUPa3y KPUTEPi0 eHEKTHBHOCTI SK BiTHOMIEHHS T000BOI KOPUCHOT il
CHCTEMH 3 TIOCTa4YaHHS BOJYU JIO BAapTOCTi CIOXKHTHUX EJICKTPHUYHHX 1 BOJHHMX pecypciB, i Ha Wil OCHOBI
BUKOHAHHS YTOYHEHOTO MAOCII/KEHHS 3 iX €KOHOMIi 3a BJOCKOHAJEHHS CTPYKTYpH CHCTEMH, a TaKOX
KUTPKICHOTO OIIHIOBaHHS €(EeKTUBHOCTI PI3HUX CTPYKTYpP Ta BH3HAYCHHS CITIBBITHOUIECHHS NPHU IBOMY
EHEepPTreTHYHOI 1 pecypCHOi €)EeKTUBHOCTI.

Maremarnyne monemoBanHs npoueciB EMC BomonocTayanHs OyauHKY y poOoTi [3] BUKOHAHO y
NPUIYLIEHH] OHAKOBOT'O BOJOCHOXHBAHHS 3a MOBEPXaMH, ajle 3a €KCIEPUMEHTAJIbHUMH JaHUMHU € BIUIMB
BXITHOTO THCKY Ha BOJOCIIOXHWBaHHA. J[s ypaxyBaHHS TaHOTO YHHHHKY y po0OoTi [5] oOIrpyHTOBaHO
HOHATTA «0oTpeda CHOXKHUBAYIB Yy BOJI», KA NPUHMAETbCS OJHAKOBOKO JUIsi BCIX IMMOBEpXiB, a ii 3MiHa
BU3HAYAETHCS 3a LUKIOTPaMOI0 BOJOCIOXXHMBAaHHS OYyAMHKY i3 ypaxyBaHHSIM OIHAKOBOi 3aKOHOMIPHOCTI
BIUIMBY BEJIMYMHHU HAUIMIIKY TUCKY Ha BUTPATH VIS BCiX IOBEPXiB.

VY naHiii poOOTI €QEeKTUBHICTh CHCTEMH BOJOIOCTAYaHHS OLIHEHO 3a CIOXXHBAHHSIM SIK €Hep-
TeTUYHUX, TaK 1 BOTHHUX pecypciB. ToMmy, MOKa3HMKOM KOPHCHOI il CHCTEMH 3a KIHLEBHUM pPe3yJIbTaTOM
NpUIHATA BeTUYMHA MOTEHIIHHOT €Heprii BOIY, SIKa JOCTaBIEHA CIIOKMBaYaM 1l KOPHCHOTO BUKOPUCTAHHS
(owiHIOETHCS MOTPEOO0I0), @ CIIOKUTI PECYPCH OLIHIOIOTHCSA 00CIroM (hiHAHCYBAaHHS, MOTPIOHUM JIJIsl OTLIATH
CHOXUTOI BOAM 1 BHUTpadyeHOi eNeKTpUuHOi eHeprii. OO0’€KTOM MOCHiIKEHHS € MpPOLECH EHepro- Ta
pecypcoBukopuctanisi y EMC BomomoctauanHs 12-moBepxoBoro OyAWMHKY i3 HOpPIBHAHHSM BapiaHTIB
OJTHOTO CTOSIKY Ta NIBOX pi3HOpIBHEBMX. BuXimHy iH(opMaIio misid moOyZOoBH MaTeMaTHYHOI MOl
OTPHMAaHO 32 BiIOMHUMHU NapaMeTpaMH BapiaHTy CUCTEMHU 7-TIOBEPXOBOTO OYAWHKY.

IMouyaTkoBi ymM0OBH 17151 JOCTIHKEHHs 12-TI0BEpXOBOro OyAWHKY 3 OTHUM Ta JBOMa CTOSKAMHU:

1) nukITorpaMa moTped BOIU 3a BCiMa IMMOBEPXaMH OJHAKOBA;

2) HamipHa XapaKTepPUCTHKa HACOCY, SIKMH 00CITYTOBY€E CHCTEMY 3 OJJHUM CTOSIKOM, € BU3HAYCHOIO;

3) cTpyKkTypa Hacocy BiAIOBiZae OBOM MapajelbHUM IOTOKaM, Hamip y KOKHOMY 3 HHUX CTBOPIO-
€THCS IBOMA OJJHAKOBUMH POOOYMMH KOJIeCaMH, SIKi 3’ €JHaHO MOCTiAOBHO [3];

4) XapaKTEepPUCTHKN acWHXpOoHHOTO apuryHa (A/Jl) 3abe3medyroTh HOro HOMIHAIBHUH pexkum (i3
3agaHUM Koe(illieHTOM 3amacy) B YMOBax poOOOTH Hacocy 3a OIHOTO CTOSKY B MEpioJl MaKCHUMyMY
ukiIorpamu. [lanuii 1BUTYH 3a0e3medye eHepricto po0odi Kojieca i B yMOBax JIBOX CTOSKIB [3];

5) eKBiBaJICHTHA TiIpaBiIidHa XapaKTCPHUCTHUKA PO3TATY’KECHOI Mepexki BH3HAYAETHCS 32 OJHAKOBHUX
TiIpaBIIYHUX OMOPIB: MAUISHOK CTOSKY MIiX TIOBEpXaMH 1 TPYOOIPOBOJIIB TOPU3OHTAIBHOI PO3BOJKH
MOBEPXOM 32 MaKCUMAaJIbHO BiIKPUTHUX BEHTHJISIX CIIOKMBAYa;

6) CIOXXKMBaHHS BOJM IOBEPXOM 30INBIIYETHCA B 3aJIS)KHOCTI Bl TUCKY Ha BXOJl i3 PO3paxyHKy
301IbIIEHHS BUTpAT Ha Benuuuny F = 5.5% [5] Ha koxHi momarkosi 0,1 MIla, mopiBHAHO 13 MiHIMAJILHUM
JOCTAaTHIM TUCKOM JJIsl HOpMAJIbHOI eKCITyaTanii, sikuit 3a lepskaBHuMu Oynisensaumu HopMmamu (ABH) [9]
Ha BX0Ji kBapTupu craHoBuTh 0,2 MIla. [Ipuitmaemo, 1o BiH 3a0e3nedyeTbcss MiHIMyMOM THCKY MEpexki Ha
BXOJI OYIWHKY 3a MaKCHMYMYy BOJOCIIOXXMBAHHS, a BTPATH THCKY y BHYTPIIIHIH Mepexi NMpH IbOMY
KOMITEHCYIOThCSI HATIOPOM HAacOCY.

MeTtonosioriss BUBHAYEHHS] BUXITHHX AAHMX YHCEIbHOI0 eKCIepHMeHTY c(OpMOBaHA 3 METOIO
OTpUMaHHS KITBKICHOI oOIliHKM edektuBHOCcTI EMC BopomocTadanHs 0araToOOBEpXOBHX OyJMHKIB 3a
BapilOBaHHS IX CTPYKTYpOIO i BEIWYMHOI KOHCTPYKTHBHHX MapaMeTpiB CKJIAIOBUX cuUcTeMH. KinmbkicHa
OIlIHKA 3JIIHCHIOETHCS 32 BEITUYMHOK Koe(ilieHTa e()eKTUBHOCTI CUCTEMH y PEXKUMI, SIKUH TOCIIIKYEThCS.
YTouHEHe 3HaueHHS 11i€i BETMUYUHHN OTPUMYETHCS 3a PE3yJIbTaTaMHd MaTEeMaTHYHOI'O MOJCIIOBAHHS PEXUMY
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BapiaHTy CUCTEMH: BU3HAYAIOTHCS MMAapaMeTPH YCTAJICHHX POOOYMX PEKHMIB B yMOBAX OaJlaHCy €HEprii Mixk
JDKEPEJIOM 1 CHIOKHMBavYeM 32 PiBHSHHAMH SIEKTPUYHOI, MEXaHIYHOT 1 TiipaBiidHoi piBHOBary [3].
Houamkoeum 00’ cxkmom eusHaueHHs uUXIOHUX Oauux Oas docriddcennss obpana EMC Bojo-
nocrayaHHs OyJIMHKY (3 OJHHM CTOSKOM) 3 BiJOMHMH KOHCTPYKTHBHHMH 1 PEKXHMHHMH IapaMeTpamMu:
KUTBKICTh TTOBepXiB (k), iXxHsI BHUcoTa (%), XapaKTEepHCTHKAa HAcocy, M0O0Ba IMMKJIOTpaMa BOJOCIIOKHBAHHS,
[3]. [ust nanoro o6’exty ymoBaM GanaHCy MiX Hanopom Hacocy (/) 1 BTpaTaMu Hamopy y TipaBiivHii

MepeXi CHCTEeMH 3a 3aJlaHOT0 MaKCUMyMy LMKJIOTpaMy BOJOCIIOKMBAHHS BIJIINOBIJa€ BEIMYWHA TiApaB-
JIYHUX OIMOPIB AUIHOK CTOSIKY (R), IKy MOYKHA BU3HAUUTH 3 PIBHSIHB OallaHCy Hamopy i mojayi 3a MiHIMyMy
THCKY BXiTHOI Mepexi [5],

2

k-1 &k k
O0=KkO + /0 2\ 2 |hi+R 20, ; 6]
i=1| j=i+l q=j
5 5 k=1 k 2
H,(Q)=Hy +kpRO™ +kgRO; +RY| X0, | (2)
i=2\ g=i

k
ne k — ximbKicTh moBepxis; H, = th‘ — CTaTMYHH{ Halip BOAM HAa OCTAaHHBOMY IIOBEpCi; /i — BHCOTa

i=1
noBepxy; f=10"F=0,0055 [5]; kg kp, — xoediuieHTH 30iIbLIEHHS TiAPABIIYHOrO OMOPY IMOBEPXY Y
3arajpHIM cXeMi TiIpaBIiuHOI MepeXi y BiAHOCHHUX ONMHHLSAX ONOPY CTOSKY JAHOTO MOBEPXY 3 ypaxy-
BaHHAM: JUI OCTaHHBOTO IOBEpXy — TpyOOIpOBOMY HOTO TOPH3OHTAIBHOI PO3BOIKH, IS INEPIIOTO —
TpyOOINpoBoLy Bif CTOsKY A0 Hacocy [3]; O, — cymapHi BUTpaTH 3a HMOBEpPXaMH BiJ mepioro a0 k-1. ¥V
piBHsHHEAX (1), (2) 3a TOYKM MakcuMyMy poOoudoi momaui HacocHoro arperaty K-20/30, mpuiiHsTo:

0=23.3 m’/rox Ta H, =232 wm;atakoxk: b, =28 mi ky =250, k=7; ky, =1[3].

Po3p’s30k piBHAHB (1), (2) 3a anroput™om [5] 3abesnedye BusHaueHHS R 1 Q) . Lli BuTpatn Ha
OCTaHHHOMY TTOBEPCi Y MEpioJ MAaKCUMyMY BOJIOCTIOKWBAaHHS BHU3HAYAIOTH MOTPeOy CIOKHUBAYiB Y BOAI Ha
JaHoMmy mepioai [5]. 3a ymoBamMM po3paxyHKy Yy NepioJ] MakCHMyMy Ha OCTaHHbOMY IIOBEpCi Hema
HaJUITMLIKOBOTO (MOPIBHSHO i3 AomycTuMuM MiHiMymoM 3a JIBH) Hamopy, i BUTpaTH OCTaHHBOTO MOBEPXY
JIOPiBHIOIOTH MOTpPeOi croskuBadiB. Ha iHIMMX moBepxax BUTpaTH OyIyTh ORI 3a OTPEOH B 3aJEKHOCTI
BiJl THCKY Ha TIOBepci 1 BennyuHU f. Ha iHIMX mepiofax MUKIOTPaMU BOAOCIIOKWBAHHA Oyjae OLibmmM (32
noTpeOH) Ha BCiX MOBEpXax BHACIINOK 3HIKCHHS BTpAT HAMOpY Y BHYTPILIHIA Mepexi OyJUHKY 1 TaKOXK y
30BHiIIHIN. OcTaHHE NPU3BOAUTH O 301IBIIEHHS HANIOPY BXIAHOI MEPEeXi Ha BEIHUUHY [, .

Buznaunmo 3anexHicte H, BiJ BUTpaT 32 YMOBU OJHAKOBOI YacOBOI 3aKOHOMIPHOCTI 3MiHH BTpAaT
HAropy y 30BHIIIHIH 1 BHyTpiHii Mepexax. [Ipu npomy Oyae MaTH Miclie piBHICTH CITiBBiAHOIIEHHS MTOBHOL
BUTPATH 32 MUKJIOrpamoro (. 10 BUTpAT, IO BiOBIJAIOTh MiHIMATEHOMY CIOXHBAHHIO 32 IUKJIOTPAMOKO
Oemin » T00T0 O, / Q. nin » 1 BUTPAT 30BHILIHBOT Mepexi Q. , IO BIANOBIAIOTH YacoBOMYy mepioay st Q., 10
MiHIMaJIbHOT BUTPATH Y 30BHILIHIA MEPEXi, 10 BiAMOBIIA€ MiHIMAIILHOMY CIIOXHBAHHIO BIAMOBLIHO 110 O i,
10010 Q. /O, 1in » @ Taxkoxk 3anexHICTs O, =0, 10O, / O, min - AHAII3 BUKOHAEMO 32 33JaHUM Jiala30HOM
3MIHM ~ Hamopy  30BHIIIHBOI ~ MepeXi  Bil  MakCHMaJlbHOTO [0  MIHIMAIbHOTO  3HAUYCHb:
Hymax = H max = H 2 min > A€ Hymax Ta Hypin — BIANOBIAHO MaKCHMaJIbHE Ta MiHIM@JIbHE 3HAU€HHS HAIOPY
30BHINIHBOI Mepeski. 3 ypaxXyBaHHIM IHOTO 3aITHIIIEMO CITiBBITHOIIICHHS

2.
Hzmax = Hzp _Rzszin’
2 2
Hzmin = Hzp _Rzszin(Qcmax /Qcmin) 5
2 2
Hz :Hzp _Rzszin(Qc /Qcmin) P

ne H, — wmamip 30BHIIIHBOT Mepexi; [,,,R, — BEIMYMHU EKBIBAICHTHUX HAIOpy Hacocy i omopy y

zp>o
30BHIILHIN Mepexi.
3 pi3HHIB TEpHIOro 1 APYroro, a TaKOoX IEePIIOTO i TPEThOrO PIBHIHL BHUPA3UMO BEIMYHHH

RZszmin, MPUPIBHAEMO TIpaBi YaCTHHH ITUX PIBHSHb 1 OTPUMAEMO CITiBBIIHOIIEHHS, 3 SKOTO IIICISA
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NIEPETBOPEHHS 3 ypaxyBaHHsM H, = H, - H OTPHMAEMO NIyKaHy 3aJIeKHICTh BiJl BEIMYMHN BHTpPAT 3a

zmin
LMKJIOTPAMOIO
H.. .. —H. . H. .. —-H 0> 0?
zmax zn121n — zmax 2z : HA(QC):HAmax 1+ 5 cmm2 -— c 5 ) (3)
(Qc max /QL min) -1 (Qc /Qc min) -1 Qc max Qc min Qc max Qc min

DopmysanHs yukioepamu nomped BUKOHAEMO BIIOBIAHO 0 BUpa3y [S], skuii yrouneHo 3 (3),

Qc zk{Qrc +erc alc(Qc)+HA(Qc)_Hrmin _leRQc2 _hIJ}+

i ; SENRNIP “)
+ercZ Hpc(Qc)-'-HA(Qc)_Hrmin_z hj+R Qc_ ZQqc
i=2 j= g=Jj-1
i i-1 2
Qic:Qrc+erc Hpc(Qc)+HA(Qc)_Hrmin_leRch_hl_Z hj+R Qc_ ZQqc 5 5
Jj= g=j-1

ne Oy (0. ) — BUTpaTH BOAM ¢-r0 (i-r0) HOBEPXY 3a AUIIHKM LMKIOrpaMu 3 HoMepoM ¢; O, — norpeda y
BOJIi Ha TOBEPX 3a MUISHKH IMKIOTpaMu 3 HomepoMm c; H pC(QC) — Hamip HAacOCy IMOYaTKOBOTO 00’ €KTY

BU3HAYEHHS BHUXIJHHUX JIaHUX (CEMHIIOBEPXOBH OYIUHOK, [3]) /Ui MUISHKYM OUKIOTPAMHU 3 BUTPATaMHU QE

BU3HAYAETHCS 32 ANPOKCUMAINIEI0 HAMipHOI XapaKTEPUCTHKH HACOCY i3 BH3HAUEHHSIM HOTO IIBUIKOCTI 3
ypaxyBaHHAM 3aBaHTaxeHHs AJl 3a kommiekcHoro monewto EMC, [3]; H,(Q,.) — BenuuuHa 301IbLIEHHS

TUCKY BXigHOI Mepexi Bimnosimao (3); H, .., :R(kRk—l)Q,f -

. . o . Lo . | 0.2857)| || 02714 || 0.2458]
MiHIMaNBHAN TOTPiIOHMIA Hanip Ha mosepci (BiamoBimae Hamopy | 05| | = 04859
OCTAHHBOTO MOBEPXY 3a AULTHKH IMKIOTDaMH 3 Makcumamsholo |\ ——oeml | 0sos| || o2
nonauyero) [5]. | 1143 || 1.086]] |[ 0.9797]

Po3s’s130K pisHsHEs (4) BinHocHo O, 3 Binomoro O, nae ¥ 1429 || 329)| || 1237
MOJKJIMBICTh BU3HAYUTH LMKJIOTpaMy Motped s aHamizy pisHux || 1.714)| || 1.593)f ] 1.493]
crpykryp EMC Bogonocradanus. Pesynabrar po3paxyHKy 1morped || 2.286]| || 2.131)f || 2.053)
HaBezeHo Ha puc. 1. Iloka3aHo (parMeHT HporpaMu: BUTpAaTH || 2857 || 269)| || 2.69]
eTamiB 3aJaHOl LUKIOTPaMH, BIHECCHHX JO OJHOTO IMOBEPXY; Qclk Qrc_Hdel=0  Qrc_Hdel(Qc),
IUKJIOTpaMU TOTped 3a CTaJOCTI BXIMHOrO TUCKY 1 3MiHI H ), Puc. 1 Hdel_max=20m

=20M.

Kopexyin xapaxmepucmux nacocrnozo acpecamy motpibHa i aHamizy pisHux crpykryp EMC i3
3MIHOIO BUCOTH mMimioMy Bomu. i KOPEKTHOCTI MOPIBHSUIBHOTO OCIIPKEHHS aHali3 BUKOHYETHCS 3a
OJTHAKOBUX €HEProe)eKTHBHUX BIACTUBOCTEH HACOCIB pi3HMX BapianTiB cuctemu [3]. Lle mocsraerbcs
TpaHcOpMaILi€l0 HamipHUX xapakTepucTuk Hacocy K-20/30 BigmoBigHO 1O TOTpe® BapiaHTy CHUCTEMH.
TpaHncdopMmariito HaIipHMX XapaKTEPUCTHUK 3AIMCHEHO BIAMOBITHO [0 TIOJOXEeHb Teopii momo0u
TypOOMaIMH Ha erarri iX anmpokcumMartii [3]. BuxigHoro iHpopMaliieto s i€l anmpoKcuMalii € KOOpIUHATH
XapaKTepHUX TOYOK XapaKTEepUCTHK: H, — BelWYMHA HAmopy 3a Hy/lboBOi nopaui; O, H, — HOMiHalbHI
nojava, Hanip; Q' H', Q", H'' — xoopAMHATH MMOYaTKy Ta KiHIA poO0Y0i AISISTHKH HAIPHOI XapaKTepHUCTHUKH.
Ili xoopauHATH 3MIHIOIOTHCS TPOIOPIIHHO 3MiHI HAMOpPIiB 1 mojmad BapiaHTy cuctemu. Jlims Bumaaky 12
noBepxiB (k=12) 3 OAHUM CTOSIKOM 3aCTOCYEMO MOJAEIBHUIN HACOC, XapaKTEPUCTHKH SKOTO OTPUMYEMO TTiCIIst
301IbLICHHS] BENMYMH HAMNoOpiB 1 mojady y BuxigHux naHux Hacocy K-20/30 3 koedimientom 12/7
(cTiBBiOHOIICHHS KibKOCTI moBepxiB) [3]. BiamoBigHo 10 3MiHM XapaKTEPUCTHK HACOCY MOTYKHICTh HOTO
IBUTYHa s 12-moBepxoBoro OymuHKY Tpeba 30umbmuT vy 144/49=294 pasu. lle nocsraerscs
3actocyBaHHsM AJl 4A112M2Y3 i3 HOMIHAJIBLHOK TOTYXHICTIO 7,5 KBT (s mowatkoBoro BapiaHty 7-
MOBEPXOBOTO OyauHKY OyB 3acTocoBanmid 3 3amacoM AJl 4A90L2V3 moryxwnictio 3 kBt [3]). ms 12
MTOBEPXiB 3 IBOMA CTOSTKaMH Koe(iIieHT 3MiHU T0J1ad 1 HAIMOPiB Y BUXITHUX MaHUX Hacocy [3]:

BignosinHo (3) i3 H

Amax
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k
— st MeHIIoro ctosiky (k= 6; Hye =Y h; skp =1) - 12/7/2=6/7;

i=1

k
— — g 6insmoro (k= 6; kg =7; Hgyp =2 ;) mst mogad — 6/7, a Hamopis — 12/7.
i=1
AHai3 i3 BUKOPUCTAHHSM MOJAEIHHOTO HAcOCy 3 TPAaHC(OPMOBAHUMHU XapaKTEPUCTUKAMU YHi(iKye
eHeproe)eKTHBHI BJIACTUBOCTI BapiaHTIB HACOCHHUX arperariB, IO 3a0e3edy€e MTOCHTIHKEHHS e(DeKTHBHOCTI
BJIaCHE MapajeabHOro 3oHyBaHHs. CIIBBIIHOMIEHHS TpaHC(OPMOBAHUX XapPAKTEPUCTHK 13 peasbHUMH
MOXKHa 1M00AYMTH Ha MpHKIaAi TpaHcopmauii xapakrepucThk HacociB Pedrollo, Itamis [10]. Sk 6a3oBuit
BapianT npuiiHATO Hacoc F32/160A, xoopanHaTH poOOYMX TOYOK XapaKTEPHCTHUK SKOTO IEepEepaxoBaHO 3
koedimieHToM 12/7 1 TOPIBHAHO 3 BIJANOBIAHAMH TOYKAMHM XapakTEPUCTHUK IHIIMX HACOCIB JaHOTO
BUpoOHUKa. Pe3ynbratn, ski 3BeA€HO 10 TaONWLi, MOKa3ylOTh JOCTATHIO KOPEJALII0 TMepepaxoBaHHX 1
peaJbHUX XapaKTEPUCTHK: IEpepaxoBaHa XapaKTEePUCTHKA 3HAXOAWUTHCS MK MOXIIMBUMH PpeabHUMHU
BapiaHTaMHU.

mapametp | F32/160A Fg‘;‘;fgg’g ‘;i‘;é‘;{’;‘;‘i‘;‘ﬁ‘;‘;7 F40/200A | F40/250C
Q", m3/ron. 27 46 42 42
H' ™ 24 41 41 47
Hy M 38 65 55 64

MartemaTndHa Mojaeab I KomruiekcHoro gmociimkeHHs EMC  AJl — Hacoc — posrairykeHui
TpyOomnpoBin HaBeneHa B [3]. BiamiHHICTE Momeni maHoi poOOTH MOJATAE Yy HEBIJOMOI MPOMXYKTHBHOCTI
HAcOCy Ha KO)XKHOMY eTarli IiKJIorpamMu notped. s orpumanHs miei iHdopMarii po3B’a3yI0ThCsS PiBHSIHHS

(4), (5) BimmocHo (.. JlaHa BenMYMHA BHKOPHCTOBYETHCS JUls Bu3HadeHHs Hamopy i KKJI Hacocy,

notyxHocTi AJl. 3a IBOX CTOSIKIB MEXaHIYHA MOTYKHICTh HACOCHOI YaCTUHU KOXKHOTO 3 HUX BU3HAYAETHCS
OKpeMO (BHACTIJIOK PI3HOTO BIUIMBY HAUIMIIKOBOTO THCKY HAa BEJIMYMHH BHUTPAT 3a CTOSKAMH), & TOTIM
TiICYMOBY€ETRCS 321711 BU3HAUYCHHS HaBaHTaXeHHS AJl. 3a11s ciporneHnst anamizy eneproeekTuBHICTs Al
BU3HAYAETHCSA 32 ANpPOKCUMAIIHMMU 3aJIeKHOCTIMH 33 JaHMMH JOBigHUKA: HoMiHaibHOro KKJ[ Bin
HOMIHAJILHOI CHOXHUBaHOI NoTyxHOCTi 1 3MiHu KK]] i3 crynenro 3aBanTaxkenHs [10]. 3anexnicte KK/ Big
MOTY)KHOCTI Ha BaJly, sKa MOTpiOHA Y TaHOMY aHali3i, BU3HAYAETHCS 13 3ATYUCHHIM PO3B’ 3Ky HEIIHIHHOTO
PIBHSHHS BiJHOCHO HOMiHAJBHOI CIIOKMBaHOI OTYHOCTI.

Komnnexcuuii kpurepiii edextusnocti EMC Bogonoctayansst OyJUHKY BU3HAUYMMO iHTETPaJIbHO
3a J00OBWH UK SK BiIHOMIEHHS KOPHUCHOI Hii cHUcTeMH (TOTeHIiliHa eHepris Boau [3] 3a morpedoro
CITO’KMBAYIB) JTO OOCATY CIIOKUTHX PECypCiB (BapTICTh CIIOKUTOI EIEKTPUYHOI €Heprii 1 BOIN)

Nc Nc
Kef = pgH 4 0.5(k +1) X 0, T, / Y. T.(c.R. +¢,0.), (6)
c=1 c=1

Je Nc — KUIbKICTB eTalliB LUKJIorpaMu JOOOBHX BUTpAT BOAM 13 TpuBaiicTio 1. c,,c,, — LiHa KBT*rog
IEKTPUYHOI SHEprii 1 M> BOAH; B, — DOTYXHICTh CIIO)KMBaHH €JIEKTPUYHOI eHeprii; p — ryCTUHA BOIH; g

— IPUCKOPEHHSI BiTbHOTO maminms, 9.81, M/c?.

3a BuKopHcTaHHA Bupasy (6) ans mopiBHsSHHs edektuBHOCcTi EMC BojomocrauaHHs 3 OJHHM Ta
JBOMA CTOSIKAMH MOYXHa BHJIyYUTH OJHAKOBI YHCENBHHUKH (0) 1 BUSHAUHUTH CTYMiHb 301JIbIICHHS BEIMYUHU
koedimienty edekruBHocti EMC 3aBnsku mapaneilbHOMY 30HYBaHHIO OKef 1 MUTOMY Bary €KOHOMIl

BOJHHUX PECYPCiB MOPIBHIHO i3 eHepreTHIHUME Oc (iHmekcu [, /] — BKa3ylOTh Ha KITBKICTh CTOSKIB)

Nc Nc
5K€f = z Tc (cePch + CchI) z Tc (CePchI + chcIl) > (7)
c=1 c=1
Nc Nc
oc = z chw(QcI - Qc]l) Z che (Plcl - Plc]]) . (8)
c=1 c=1

YncenbHUH €KCHMEPUMEHT 3 TOPIBHUILHOTO JOCTI/DKEHHS CHEPro- Ta BOJOCIOXHBAHHS 12-TH
IOBEPXOBOr0 OyIMHKY 3 OJHMM Ta JBOMa CTOSIKAMHM BHKOHaHO B yMOBax ILiHU c, = 2,64 rpH./kBT*roxz;

¢,, = 30,38 rpH./M’. MakcuMyM T0GOBHX KOTHBaHb THCKY Ha BXOZi OyIMHKY mpuitHaTHii 2 aT™. IIporpama i
pe3ynbTaTH po3paxyHky 3acobamu cuctemu MATJIADB HaBeneHi Ha puc. 2.
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Hdel_max

Qc max
Qcirmin Hdel(Qc)
Qc

121s

Hrmin

'
Y

h_fl

G za)

pl=]

Qrc Qc12-1
k_R1

h il Hc12-1
R

f KKDc12-1
H_del

— ]

65,355, A5062=-3 e T]

456 4A

>

YvYY

12-21
Hrmi

R
[T »|f KKDc12-2I

D
Pm
b 6173600 -'“'.i

min
Qrc Qcl12-21
k_R1
h_fl Hec12-21

—

| H del

Hrmin
B Qrc Qclz2-2&

2—2b—-—| :
2-20 :
] 1.69p||[ 3.584] [.3850+04|
1939 3.422 3.5009] 339f)|[ 7202 wi
18.34] 5.129 5.284] 5.08f]|[__10.84 el 2,64
[ 8l | 16.9?i‘7+| 6.858|||[ 7.084|| |[ 6.77B|| 14.48 [335.3] —
[ 10]| [ 15.15 [ 8628|||[ 8843 |[ 8472 18.11] 251.2 . =
[ 12| |[[ 1293 [ 104s]||[ 1081 |[ 1047]|[ 21.71] lp2.64 N
[ 18]l |[ 7273 [ 1437)||[_14.91]| |[ _13.56]|[ 28.79 oL . .
[ 20| | 0| |[ 1ee3||[ 1751| |[ 1e.98|| 3561 |1-333e*04”‘]
H_del TQrc Qc12-2b Qc12-21 Qe12-1

Puc. 2

AHai3 MoYnNHAETHCS 3 BU3HAYCHHS BUXIJHHUX JaHUX IOJI0 MapaMeTPiB OJHOTO MOBEpXY (Ha OCHOBI

3a/laHUX XapaKTEePUCTUK 7-NOBEPXOBOro OyAMHKY, Ha puc. 2 6moku 7 117 2): Ry O,.; H,pins HA(Q,).

brmokn paHMX mpo MHKJIOTpaMy NPOMAapKOBaHI CBITIUM KOPHYHEBHM KOJIBEOpOM. IHGopMalis mpo
po3paxoBaHi 3MiHy BXiJHOTO THCKY 1 LMKJIOTpaMy moTped HaBeaeHa Ha puc. 2. Po3paxyHOK mapamerpiB
pobouux pexumiB BapiantiB EMC 3 ogamM ctoskoM (0mok 12 1s) i mBoma (6moxm 12-21, 12-2b ans
MEHITIOTO 1 OIIBIIOTO CTOSKIB, BIiAMOBIIHO) BUKOHAHO BiIITOBITHO YaCOBHM IIEpiojaM BHXiTHOI 1000BOI
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Puc. 3

PospaxyHok KoMnAeKCcHUX kpumepii®

epekmubrocmi 3a (6), () ma (8)

nuKIorpaMu. Pe3ynmbTaTé IOKa3aHO Ha JAHUCIUIESX
puc. 2. Iudopmaris mnpo m000BEe CIOXKUBAHHS
CHUCTEMaMHU 3 OJHUM Ta IBOMa CTOSIKAMHU MEPEAAEThCS
Onmokamu: enexktpuuHoi eHeprii — Wel, Well; Boau —
Vwl, Vwll.

Ha puc. 3 mnpencraBiieHO alropuT™M pospa-

XyHKIB ~ MareMaTH4HOI MOAedl pHc.2, SIKUH
BiIoOpakae BeCh BUKJIAJCHUM OIMUC MOCHITOBHOCTI
i (KpokiB), B TOMY YHCIi IpeACTaBICHUN

piBHsHHEAME (1) — (8), HEOOXITHUMU AJIST PO3PAXYHKY
KoedimieHTy e(deKkTUBHOCTI. Y HaBeOeHIH cxemi
YHUCIaMU y AyXKax I03HA4YaroThCs HOMEpa PiHSHb,
II0 BUKOPUCTOBYIOTBCS IJIS1 BUKOHAHHS BKa3aHOI Ha
cxeMi fii. Po3B’s130k HemiHiHUX piBHAHB (1), (2) 1
(4), (5) 3miiicHEHO 13 BUKOPHUCTAHHAM 010TI0TEIHOTO
Omoky «Algebraic constraint.

Buxonanuii aHamiz y TpHUIyIIEHHI CTaJOCTI
MIBUIKOCTI oOepTaHHS POTOpa HACOCHOTO arperary
MOKa3aB, LI0 3aCTOCYBaHHS JABOPIBHEBUX CTOSKIB
3abe3mnedye A00OBYy CKOHOMIIO KOINTIB Ha OIUIATY
Bomu — 522,6 TpH., a enekTpoeHeprii — 84,14 rph.
To06To, KOpUCHUN e(DEeKT EKOHOMIi BOAHOTO Pecypcy
MEPEeBUIye EeHepreTHyHuit y dc=6,211 pasm.
30inbLIeHHST BEJMYMHU Koe(ilieHTy e(eKTHBHOCTI
EMC OKef cranoButh 4,5%. BigHocHa exoHOMIs

enexkTpuaHoi eHeprii — 25,09%, Bonu — 3, 77%.
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BucnoBku. Po3pobneHi matemaTwdHi 1 TporpamHi 3aco0u 3a0e3MeduyroTh KiJIbKICHY OIIIHKY
e(eKTHBHOCTI BHKOPHCTaHHS €JCKTPUYHOI eHeprii 1 BOAM 3a mapajenbHOro 3oHyBaHHs EMC
BOJIOTIOCTA4YaHHs 0araTormoBepXxoBOro OyAWHKY 3a BapiloBaHHS KiNBKOCTI MOBEPXiB, Jiama3oHy IT00OBUX
KOJIUBaHb BXiJHOTO THCKY, CTYIEHS BIUIMBY HAJUIMIIKY TUCKY Ha BOmocmokuBaHHA. [lig dac BH3HAueHHS
BEITMIMHY KOS(DIIi€HTY pecypcHOi e(eKTUBHOCTI BPaXOBY€EThCS CIIBBIIHOIICHHS I[iIHU CICKTPUIHOI CHEPTil
i Boau, 3miHa Bemurad KKJI npuBomHOro A/l i3 3MiHOIO rabapuTHOT TOTYKHOCTI 1 CTYTICHS 3aBaHTaKEHHS.

3acTocyBaHHSI JBOpPIBHEBUX CTOSIKIB BapiaHTy |2-moBepxoBoro OynumHKY 3a0e3mneuye m000BY
€KOHOMII0 KOINTIB Ha oriary Boau — 522.6 rpH., enekrpoeHeprito — 84,14 rpH. (BigmoBigHO 3,8% i 25%).
OOrpyHTyBaHHs JIOIJILHOCTI 3axoiiB 3 BaockoHaieHHs EMC BomomoctadaHHsi 0araTOMOBEPXOBUX
OyAMHKIB 3aBISIKM 3HWKCHHIO HAJIMIIKOBMX THUCKIB (mapajenbHe 30HYBaHHS, peTyJIbOBaHUH
€JIEKTPONPUBO) 00OOB’SI3KOBO MMOBHHHO BPaxOBYBAaTH EKOHOMIIO BOIM, SIKA 3HAYHO IEPEBHIIYE EKOHOMIIO
€JICKTPUYHOT €HEpTii.
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STUDY OF ECONOMY OF ENERGY AND WATER RESOURCES IN THE WATER SUPPLY SYSTEM
OF A HIGH-STORY BUILDING WITH TWO-TIER RISER

O.M. Popovych', R.V. Yashyn®

!Institute of Electrodynamics National Academy of Sciences of Ukraine,

Beresteiskyi Ave., 56, Kyiv, 03057, Ukraine.

E-mail: popovich1955@ukr.net.

?National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute»,
Beresteiskyi Ave., 37, Kyiv, 03056, Ukraine.

The influence of the structure of the electromechanical water supply system of a 12-story building (replacing one riser
with two risers of different levels) on the efficiency of energy and water resource use was studied. A mathematical
model of the electromechanical system has been developed and implemented in software, which takes into account the
dependence of the floor consumption on the pressure value and allows determining the water needs of consumers based
on the given cyclorama of the water consumption of the house. According to the information about the known
parameters of the basic version of the water supply system, the parameters of one floor and the parameters of the
variants of the building system with risers for servicing floors are determined: 1-12; 1-6; 7-12. The study was carried
out taking into account the proposed time dependence of the change in the input pressure of the house. Means of
generalized determination of the energy efficiency of the asynchronous motor of the water supply system based on
approximate dependences of nominal efficiency on power and efficiency on the degree of loading have been developed.

ISSN 1607-7970. Texn. enexmpoounamuxa. 2025. Ne 1 63



The comparison of options was carried out according to the formulated expression of the efficiency criterion, as the
ratio of the daily useful effect of the water supply system to consumers to the cost of electricity and water consumed
during the given period. According to the simulation results, the two riser option provides savings of 4% of water and
25% of electricity with their ratio in monetary terms 6:1. This justifies the priority of taking into account water savings
when justifying the modernization of water supply systems (parallel zoning, adjustable electric drive). References 11,
table 1, figures 3.

Keywords: asynchronous motor, parallel zoning of the water supply system, efficiency of energy and water
consumption.
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EJIEKTPOEHEPT'ETMYHI CUCTEMU TA YCTAHOBKU

YAK 621.311.25: 621.311.001.57 DOI: https://doi.org/10.15407/techned2025.01.065

METO/I BUBHAUEHHSI BCTAHOBJIEHOI IOTYKHOCTI EJJEKTPOCTAHIIIA
PO3IOJIJIEHOI TEHEPAIIII 3 BITHOBJIOBAHUMU JKEPEJIAMU EHEPI'TI
TA YCTAHOBKOIO 35EPITAHHSA EJIEKTPOEHEPTTI
L.M. Byparuncbkuii*, nokt. dinocodii, A.Q. 3anopoxkenp**, T0KT. TEXH. HAYK
IncTutyT 3aranabHoi enepreruku HAH Ykpainn,
BYyJ. AHTOHOBHYA, 172, KuiB, 03150, Ykpaiuna, e-mail: buratynskyi@ienergy.kiev.ua.

Haseodeno pospobnenuii memoo, AKuii noiseac y 6U3HAYEHHI BCMAHOBIEHOI NOMYIHCHOCMI PO3N00iNeHOI 2eHepayii,
30Kpema, 8impoeoi eneKmpoCmaHnyii, COHAYHOI eleKmpOCMAaHyii, pe3epeHOi eleKmpoCmanyii ma mexHIYHUX
napamempis cucmemu axKymyno8aHHsa eNeKmpuyHoi eHepeii, 3a01:a 3abe3neueHuss 6e3nexu NOCMAa4aHHs eleKmpudHol
eHepeii micyeeum cnodcuseayam. JocseHenns 0anauncy midxc 00008um 00Cs20M SUPOOHUYMBA eNeKmpPUYHOl eHepail
PO3n00ineHol eeHepayii ma 00Cs20M CHONCUBAHHSL 3A0e3neUye BUHAYCHHS HAOIUUKOBUX 00Cs2I8 eleKmpPpuiHol enepeil,
SKI 8 OCHOBHOMY GUHUKAIOMb Y Nepioou NiKy COHAUHO20 SUNPOMIHIOBAHHS, MA, GIONOGIOHO, HEOOXIOHY eHePeOEMHICIb
ycmaHnoeKku 36epicanis enekmpoenepeii. 3a pe3yiomamamu MOOeNO8AHHS GUSHAYEHO, WO 34 MAKCUMATbHUX 00D08UX
00C52aX CROJNCUBAHHSL eNIeKMPUUHOT eHepell MICYesUMU CROJICUBAYAMU NPOMA2OM POKY Ha pieHi 96 MBm-200 0oboeuii
bananc enexmpoernepzii 00Cca2aemvbCs 34 6CMAHOBNIEHOI NOMYICHOCHE 8impogol enekmpocmanyii Ha pieni 3,6 MBm;
cousaunoi erexkmpocmanyii — 14 MBm; peszepsnoi enexmpocmanyii — 3,7 MBm ma HoMinaneHOi nOmMYystCHOCHI
4OMUPLOX2OOUHHOT YCMAHOBKU 30epieants enekmpoerepeii — 16 MBm. biomn. 3, puc. 2, Tabm. 1.

Kntouosi cnoea: meron, po3mOJilieHa TeHepallis, BITPOBa ENEKTPOCTAHIliS, COHSYHA EIEeKTPOCTAHIIIS, pe3epBHA
EJIEKTPOCTAHIIIs], yCTAHOBKA 30€piraHHs eIeKTpoeHepril.

Beryn Ta mocraHoBka mpodJemu. B cyuacHux ymMoBax pO3BUTKY €IEKTPOCHEPIETHYHHUX CUCTEM
3Ha4YHa yBara MpHIUIETHCS PO3MOMALICHIH TeHepalii i3 BCTAHOBIEHOIO MOTYykHicTI0 20 MBT Ta HIKYe i3
NPUETHAHHAM O MEPEX Oleparopa CHCTEMH PO3MOALTY, AKa Ma€ psi MepeBar mepen LEeHTpalli30BaHUMHU
CJICKTPOCTAHIIIIMH 3HAYHO OUThImIol moTyXHOCTi. OCHOBHHMH TIpeBaraMu JCICHTpati3allii TeHepyrInx
MOTY)KHOCTEH Ta pPO30CEPEKCHHST MEHII TIOTYXXHUX €JEeKTPOCTaHILid B EHEPreTHYHHX BY3JaxX €:
miBUIIEHHS Oe3leKr TOCTayaHHs ENEeKTPUYHOI EHeprii; 3a0e3leyeHHs onepaliiiHoi Oe3leKkd HaBiTh B
yMOBaX BUHHUKHCHHS CHCTEMHHX aBapiii B €HEProCHCTEMi; 3MEHIIIEHHS BTpaT Y JIHIAX eJIeKTpomnepenadi 3a
paxyHOK 30JM>KEeHHsI 00’ €KTIB, IO BUPOOIISIOTH ENEKTPUYHY eHeprii 3 00’ exTaMu abo ii crioKUBarTh, TOIIO.
Kpim Toro, 3a BiICYTHOCTI €JIEKTPHYHOTO 3B’SI3Ky 3 €HEPrOCHCTEMOIO, 30KpeMa Y pa3i BHHHKHEHHS
Ha/I3BUYAHOI CHTyalii B €HeprocucreMi, OiNBINICTh CYYaCHHX EIIEKTPOCTAHINI pO3MOiIeHOI TeHeparlii
MOXXYTh TIpAIfOBaTH B ABTOHOMHOMY PEXHMI Ta HaJaBaTH IIOCIYTY 3 BiTHOBICHHS (YHKIIOHYBaHHS
€HEeProCUCTEMH MicTsl BAHUKHEHHSI CHCTEMHUX aBapiil (aBTOHOMHOTO TycKy) [1].

BigmoBigao mo 3akony VYxkpainm «IIpo pwHOK enekTpuuHoi eHeprii» [2] Ha piBHI JAep)kaBH
nepen0avacTbCsl CTUMYITIOBAHHS PO3BUTKY MaJlol PO3MOIIJICHO] TeHepallii 3 BiIHOBIIOBAHUX JKEPEN SHepril
(BHE). Kpim Toro, sik OKpeMuli HampsiMOK JIepKaBHOT [ILIBOBOT IMIPOTpaMu € CTUMYJTIOBaHHS po3BUTKY BJIE
Ta ycTaHOBOK 30epiranus enextpoeneprii (Y3E), B ToMy 4ucii TakuX, SKi BCTaHOBIIOIOTbCS Ha 00’ €KTax
KPUTHYHOI iH(QPACTPYKTYpH 3 METOIO MiABUINEHHS HAIIHHOCTI eNeKTponocTayanHs. BomqHouac 30imbIIeHHs
yactku BJIE, sxi 3me0inbmioro € 00’€KkTaMu PO3MOAUIECHOI TeHepallii y 3araibHOMY OallaHCi, moTpedye
MiIBUIIEHHS] MAHEBPEHOCTI €HEPrOCUCTEMH Ta, BiAMOBIIHO, BOPOBAPKEHHSI HOBHX HAITiBIIIKOBHUX Ta MIKOBHX
enekrpocraniii Ta Y3E.

MeTto10 maHoi poOOTH € pPO3POOJICHHS METOMY, SKHH TMOJIra€ y BH3HAYCHHI BCTAHOBJICHOL
MOTYKHOCTI €JIEKTPOCTaHIIIN po3noAiIeHol reHepaiii i3 3HauHor yactkoro BJIE, B came BitpoBux (BEC) Ta
consiunmx enektpocraniiii (CEC), Bu3Ha4eHHs BCTaHOBJICHOI MOTYKHOCTI pe3epBHOi enektpoctaniii (PEC)
Ta HOMIHAJIBHOI MOTYXHOCTI Y3E 3ammsa 3a0e3neueHHs eIeKTPUIHOI0 SHEPTi€l0 MICIIEBUX CIIOKHMBAUiB Ha
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OCHOBI BHUKOPHCTaHHS ICTOPHYHHMX HaHHUX IIMONO OOCSTIB CIIOKMBaHHS EIEKTPUYHOI €Heprii MiclieBUMHU
cnokuBavyamu Ta naHux no noryxHocti BEC ta CEC, mo QyHKIIIOHYIOTh Ha JOCIKYBaHIi MiCIIEBOCTI.

[epearoro BEC ta CEC mopiBHSHO i3 TpaaAWLIHUMH €EeKTPOCTAHLISMHU € BiICYTHICTh NaTUBa, IO
Jla€ MOXKITUBICTh 3a0e3nedyBaTH 3HAYHO MEHII OmepaliiHi BUTPATH MPOTATOM BCHOTO TEpioxy IXHBOI
koMepIriitaoi ekcruryatamii. Ogqamak BEC ta CEC depe3 TOBHY 3alleXKHICTh IOTY>KHOCTI BHPOOHHIITBA
CJIEKTPUYHOT €Heprii BiJ MOroAHUX (AaKTOpiB HE MOXKYTh CAMOCTIHHO TapaHTyBaTH HEOOXiIHHH piBEHb
reHepauii A CIOXKUBadiB. BpaxoByrooum Te, mo A TEPUTOpii YKpaiHU CepeAHbOPIYHUE Koe(ilieHT
BUKOpHcTaHH: BcTaHoBieHOI noTykHocTi (KBBII) mas BEC cranoButs 36% na Bimminy Bim CEC, KBBII
SKOT CTaHOBHUTH 14%, TO AT TOCTIIKEHHS SIK OCHOBHY enektpoctaniito npuitaaro BEC. 3a PEC npuiinsto
€JIEKTPOCTaHIIi0, 10 BiOBiAa€ MOTOYHUM BUMOTaM LIOA0 HOBUX BHCOKOMAaHEBPOBUX €JIEKTPOCTAHLIH, SIKi
3aTHI BUXOJWTH Ha HOMiHaJbHY HOTYXHICTh 3a 4ac, II0 HE HEPEeBHIIYE 15 XBHJIMH IiC/Is OTPUMAaHHS
BIMITOBITHOI KOMAaHIW. 3a3HAYCHWMM BHMOTaM IO IIBHAKOTO ITyCKY BIATIOBIMAIOTh Ta30TypOiHHI,
ra3onopIIHEB] Ta TU3EIbHI YCTaHOBKH.

PEC E' 3Gipni wun T1C f\ CHpOII_ICHy CTPYKTYpHY CXEMY ,Z[OCJ'IiIDKy-
2 B B /{‘ BaHOTO EJICKTPOCHEPTeTHYHOTO By3JIa HABEICHO Ha
@—G—/——“—/——@—’ OEC puc. 1. BuxkopucraHHs 3alpONOHOBAHOI CTPYKTYpHOT
S e = CXEMH  €NEKTPOCHEPTETHIHOTO  By3Na A€  3MOTY
m B m BupoOeny enexktpuuny eHeprito Ha BEC, CEC, PEC
NS SN {—— Cnommasi  yepe3 30ipHi mmnu migcradwii (TIC) nepenasatu 10
I TC CIIOKMBAUiB, 3/AIMCHIOBATH 3apsDKaHHSI YU PO3Ps-

CEC m s [l ke xanasg Y3E Ta Biamyck abo BimOip eNeKTpU4HOl
@ S B, o—| [i || edeprii 3 o0’emnanoi eneprocuctemu (OEC).
TC TC KepyBaHHs oToKamMu eNeKTpOEHEPrii NUITXOM KOMY-

Talii Ha OKpeMHUX JIHIAX eJeKTporepeaadi 31iiCHIO-

Puc. 1 eTbest BuMHuKauamu (B). OOk enekTpudHOi eHeprii

3MIMCHIOETBCS  IHTEJCKTYaJIbHUMU  JIYMIbHUKAMH
enekTpuyaHoi eneprii (JI), oo migKmovaroTeCa yepe3 BUMiproBajibHi TpaHcopmatopu crpymy (TC).
Busnauenns BcranoBiaeHoi motys:xkHocTi BEC. BpaxoByrouu te, mo y po3podnenomy meroni BEC
NPUIHATO SIK OCHOBHY €JEKTPOCTaHINI0, 11 BCTAHOBIICHA IMOTY)KHICTh BHU3HAYAETHCS Yepe3 MaKCHMalbHE
3HAa4YeHHS BiAHOLICHHS NOOYTKYy MHUTOMOTO IOKa3HWKa JOOOBOTO CIIOKMBAHHS EIEKTPHUYHOI eHeprii Ta
MaKCHMaJIbHOTO 1000BOT0 OOCSTYy CIIOKUBAaHHS €JIEKTPUYHOI €HEpPril NpOTAroM poKy A0 4acy BUPOOHMLITBA
enexTpuaHoi eHeprii BEC Ha piBHI BCTaHOBIICHOT OTYKHOCTI ITPOTATOM JTOOH

CONS CONS _MAX
WES _ Pq W B
P77 = max LTS , (1)
d
, WES . . . . . .. CONS o
ne P — BCcTaHOBIIeHa TOTYXHICTF BEC, MBT; D — cymapHa KilnbKicTh Oi0 d y poti; py — TIUTOMHUN

MOKa3HUK JTOOOBOTO CHIOKMBAHHS €JIEKTPHYHOI €HEepTil BIIHOCHO MaKCUMAIILHOTO O0OCSTY MPOTSITOM POKY, B.O.;
EONSMAX _ \rakcnmanbHuii 1060BHiT 0GCST CIIOKIBAHHS GIIEKTPUYHOI eHeprii mpoTsroM poky, MBT-roz; k"5 —
yac BHPOOHUIITBA enekTpuyaHoi eHeprii BEC Ha piBHI BCTaHOBIIEHOT OTYKHOCTI TIPOTATOM JT00U d, TOJI.

I3 BusHauenns (1) cuigye Te, 10 HAUIMINIKOBA enekTpuuHa eHepris Ha BEC npoTtsirom poky He Oyne
BUHHMKATH B3arajii, OCKUIBKM BCsl BHpoOJieHa enekrpuyHa eHeprii Ha BEC Oyne cmoxkuBarucs. ToOTo,
BUKOHYETHCS YMOBA TOTO, IO MOTOAWHHI J1000Bi 0o0Ocsarn BHpOOHUITBa enekTpudHOi eHeprii Ha BEC He
OyAyTb IEpEeBUIIYBAaTH PIBEHb CIIOXHMBAHHS €JIEKTPUYHOI €HEPTii MPOTAroM poKy. TakuM YMHOM, HPOTATOM
PpoKy Oyze moba, ynpoIIoBK SIKOT IOTpeOH y CIOKHUBaHHI OyIyTh 3a0e3neuyBaTHCs eIEKTPUYHOIO0 EHEPTi€eto,
BupoOiienoro Ha BEC.

Buznavennsi BctanoBJieHoi noty:kHocTi CEC. Y po3po0ieHoMy METOli BCTaHOBJICHA MOTYKHICTh
CEC Bu3Ha4Ya€THCS Yepe3 BITHOMICHHS JOOYTKY MATOMOTO MOKAa3HUKA JOOOBOTO CIIOKUBAHHS CICKTPUIHOT
eHeprii Ta MakCHMMaJbHOrO I000BOTO 0OCSTY CHOXHMBAaHHS €IEKTPUYHOI €Heprii MmpoTsSroM pokKy i3
ypaxyBaHHSIM 0OcCSTiB BHUpOOHHWIITBA enekTpu4Hoi eHeprii Ha BEC mporsarom miei mobu mo dacy

BUpoOHUIITBA enekTpuaHOoi eHeprii CEC Ha piBHI BCTAaHOBJICHOT TTOTYXKHOCTI ITPOTIATOM JT00H
CONS . WCONS_MAX _deES 'PWES

P = aver{ P4 , )

d=1=D k;”

ne P-"" — Bcranosnena notyxuicte CEC, MBr; k,”” — wac Bupo6uunTsa exexrpianoi exeprii CEC Ha piBHi
BCTaHOBJICHOI MOTY>KHOCTI MPOTATOM 100U d, TOJ.
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I3 Bu3HaueHHs (2) cmigye Te, MO Ha/uMIIKOBa enekTpudHa eHepris Ha CEC Moxe BUHHKATH,
OCKUIbKM BcTaHOBJeHa moTyxHiCTh CEC BHOUpaeThCsl BHUXOIIYM 13 CepeAHbOApU(PMETUYHOTO, a HE
MaKCUMAJIBHOTO 3HAYCHHSI TIOKPUTTS JOOOBHUX OOCATIB CIIOKMBaHHS CJICKTPUYHOI CHEprii. 3anponoHOBaHUN
MiAXiJ II0JA0 BUKOPHUCTaHHS CepeAHbOapU(METUYHOTO 3HAYCHHS CIIBBIMHOMIEHHS (2) 3yMOBJICHHU
3MEHIIICHHSIM BUHUKHEHHSI HaITUIIKOBOI enekTpuaHoi eHeprii Ha CEC, saxy HeoOXimHO Oyae oOMexXyBaTH,
30KpeMa, y Mepioj MaKCUMaJIbHOI IHTCHCUBHOCTI COHSIYHOTO BUIIPOMIiHIOBAHHSI.

Hapnumkosi o6csiru enextpuunoi eHeprii Ha CEC BU3HauatoThes i3 yMOBH

CONS WES PV WES PV CONS .,
WEONS W IE WS L s o,
WES PV CONS
0, WS 4w <weo,

ne W, — o6esrn obmeskenns enextpidnoi exeprii na CEC mpotsirom 106u d, MBt-rox.; W, — obcsru
CIIOYKUBAHHS SJIEKTPUYHOI eHeprii npotsrom noou d, MBT rox.; w5 — o6esrn BHPOOHHUIITBA EIEKTPUIHOT
eneprii #Ha BEC npotsrom no6u d, MBr-rox.; W,”' — o6csarn BupoGHumTBa enexrpuunoi eneprii na CEC
npotarom noou d, MBT-To.

Busnayenns BcranoBjaeHoi morty:xkHocti PEC. Meroro BmpoBamxenHs PEC e 3aGesneuenHs
CIIOJKUBAYIB EJICKTPUYHOIO EHEPTi€l0 y THUX BHIAIKaX, KOJM 00CATiB BUPOOHHMIITBA €NEKTPUYHOI eHeprii Ha
BEC ta CEC He moctaTHRO Ui TIOKPHUTTS iXHIX 1MOTped, TOOTO y pa3i 3HWKEHHS IHTEHCUBHOCTI COHSYHOTO
BUIPOMIHIOBaHHS UM MIBUAKOCTI BITPY. 3a/71s1 BU3HAUCHHS BCTaHOBIIEHOT ToTykHOCTI PEC HeoOXiaHO 3HalTH
JI000B1 00CATH ENEeKTPUYHOI EHepril, SIKMX He BUCTAYAE AJIs TOTPEO CIIOKMBAYiB, 10 BU3HAYAIOTHCS 13 YMOBU

CONS WES PV CONS WES PV .
NOT _ W, W =W W, =W =W >0 4)
d - CONS WES PV >
O’ Wd - Wd - Wd < O’
NOT . . .
e Wd — ,Z[O60B1 o0csru CJICKTPUYHO1 CHCPIll, SAKUX HC BUCTAYA€ OIS IMOKPUTTA HOTp€6 CIIOKHMBayv1B,
MBTTos.
BcranoBiena HOTY)KHiCTB PEC Bu3HauaeTbCca 4epe3 MAKCUMAJIbHE 3HAUCHHA IPOTATOM POKY )1060BI/IX

00CSTIB CNEKTPUYHOI EHEprii, SIKMX HE BHCTAYa€ Uil IMOKPHUTTS MOTPeO CHOXKHBAYIB IO MaKCHMATbHOT
MO>KITUBOI KiTbKOCTI TouH podotu PEC mpoTsrom nobu

CURT
w, =

, 3)

CONS

NoT
w

RES — d 5
P max .~ e (> (5)

ne P55 — cranoBnena notyxkuicts PEC, MBT; H™® — MakcHManbHO MOKITHBA KiIBKICTh TOAMH POGOTH

PEC npotsirom no0wm.

MaxkcuManbHO MOXKJIMBA KiTBKICTh roguH po6otu PEC mpoTsirom n1o0M BH3HAYAETHCS, BUXOISMUM i3
TexHIYHNX MoxtuBocTedt PEC (mBuakocti HaOOpy/3HMKEHHS TOTYKHOCTI, MOJIMBOCTI 3YIMHHKH Ta
3alyCKy TPOTATOM J00M, BUTpAT ManuBa, Tomo). Ak cuigye 3 (5) 32 ogHaKOBUX 0OCATIB HEOOXiTHHUX IS
BUPOOHUIITBA €NEKTPUYHOI eHeprii ckopodeHHs uyacy pobotm PEC npusBoamtuMe 1m0 30imbLieHHS i
BCTaHOBJICHOI MOTY>KHOCTI.

Buznauyennss mapametrpiB Y3E. Bpaxosyroum Tte, mo mim gac podotm BEC He BUHHUKaTHME
Ha/UIMIIKOBA €JeKTPHYHA eHepris, a MoTyxkHicTe rerepauii PEC Oyne 3MiHIOBaTHCS 3a HEOOXiAHICTIO, TO
Y3E HeoOXximHa IS IEpeHEeCEeHHsT HAUTUIIKOBOI eJeKTpUYHOi eHeprii, mo BuHuKaTuMe Ha CEC y mepioan
MaKCHUMAaJIbHOI iHTEHCUBHOCTI COHSYHOTO BHITPOMIHIOBAHHSA. YMOBOIO poOoth Y3E € 3mificHeHHS OIHOTO
MOBHOTO IUKITY 3aps/DKaHHA Ta PO3PSIPKAHHA EIEKTPHYHOIO EHEPTi€l0 MpOoTAToM oxaHiel mo0u. Takum
YMHOM, KOPHCHA €HEeProeMHIcTh 3apsamkaHHs Y3E Bu3HAuaeThCs i3 MakCHMalbHOTO JOOOBOTO 3HAYEHHS
HAQ/UTUIIKOBUX 00csriB enekrpudHoi eneprii Ha CEC npoTtsrom poky

(CBESSelrg _ o {|WdCURT|} ’ (6)

d=1+D
e CPF55Me _ xopucna eneproemuicts 3apsyupkanas Y3E, MBT-rog.
Howminansna mortyxHicTe Y3E 004YHCIIOETBCS BUXOASYM 13 €HEProeMHOCTI 3apspkanHs Y3E Ta
KUTBKOCTI TOJIMH ii poOOTH, 1[0 BU3HAYAETHCS HAIepe ] 3aJaHIMH MPOEKTHUMHU TEXHIYHUMH TTapaMeTpaMu
PPESS _ (CBESS | [yBESS (7)
ne P55 — mominansna notyxmicts Y3E, MBt; H? — nominanbHa Kinskicts roaus po6otu Y3E mporsrom
noou.
HominansHa eHeproemuicts Y3E 3HaX0MUTHCS Yepe3 eHeproeMHICTh 3apsypkanus Y 3E 13 ypaxyBaHHs
TIMOMHYU MOKJIIMBOTO PO3PSIIKAHHS Ta €(PEeKTUBHOCTI MIEPETBOPEHHS
CBESS — CBESSchrg /nDOD /nRTE , (8)
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ne — CP*S — pominaneha eneproemuicts Y3E, MBt-rox; "% — edexrusricts neperBopenns Y3E, uacTka;
n”°? — rmbuna MoxmBoro pospswkanns Y3E, uactka.

BxigHi mani Ta pe3yabTaTH MoAeOBaHHs. 33U BUSHAYCHHS PiBHS CHOXHBAHHS CICKTPOCHEPTil
MICIIEBUMH CITO’)KWBaYaMH BHUKOPHUCTAaHO CTATUCTHYHI JdaHi Tpadika eNeKTpUYHOTO HABAaHTKEHHS Ta
notykHocti BEC 1 CEC B OEC VYkpainn 3a 2020 pik [3]. Tak 3a CTAaTHCTHIHUMH JaHUMH MaKCHUMaJbHUN
cyMapHuil 1000BHI 00CST CIOXKMBAaHHS CIEKTPUYHOI eHeprii B eHeprocucremi Ha piBHI 505 397 MBT O
Oyno 3adikcoBani 10 rpyass. BinamosigHo 3a3HaueHi o0csaru Oynu 3meHIneHi 1o 96,0 MBT ron Ta nmpuiiHATI
SIK MaKCUMaJIbHUN TOOOBHUI OOCAT CIIOKWBAHHS CJIECKTPUIHOI €HEPTii MPOTATOM POKY JJIs AOCIiIKYBaHOTO
€IICKTPOCHEPreTHYHOr0 By3ia (i3 CepelHbO000BOI0 TOTYXKHICTIO CIIOKHMBAaHHS €JICKTPOSHEprii Ha piBHI
4,0 MBT). Buxonsuu i3 MOTOAMHHUX JaHUX MJIs KOKHOI OKpeMmoi Mo0W 3HAWJICHO NMHUTOMHIA IMOKA3HUK
JI0OOOBOTO CITOKMBAaHHS EJEKTPUYHOI €Heprii BiJIHOCHO MaKCHMaJbHOTO JOOOBOTO OOCATY CIIOKHBAaHHS
CJICKTPUYHOI €Heprii mpoTsAaroM poky. Uepes BimHOIMICHHS (aKTHUIHUX MOTOAMHHHUX OOCSTIB BHPOOHHIITBA
enekrpuunoi eHeprii Ha BEC ta CEC B OEC Ykpainu 10 iXHbOT BCTAaHOBJICHOI TIOTY>KHOCTI (32 MICSTYHUMU
JMAHUMH) IS KOXKHOI 10OM BH3HA4YeHO 4ac BUpoOHHITBa enekrTpudHoi eHeprii Ha BEC ta CEC Ha piBHi
BCTAHOBJICHO{ ITOTY>KHOCTI.

Takos CIIijJ 3ayBa)KUTH, IO JJIs MOJACIIOBAHHS MPUHHATO: MAKCUMAIIbHO MOXJIMBY KUIBKICTh TOJUH
po6otu ans PEC npotsirom nobu — 24; edexruBHicts neperBopenns it Y3E — 98%; rmubuny MOKIHBOTO
po3psmkanns ast Y3E — 80%. PesynbTatu MoientoBaHHS HABEACHO Y TaOIHIII.

No HaliMenyBaHHS mOKa3HUKA 3HaueHHs
1 CepeaHbo1000Ba MOTYXHICTh CIIOKUBAHHS €JeKTpUYHOI eHeprii, MBT 4,0
2 Bcranosinena noryxkuicte BEC, MBT 3,61
3 Bcranosinena noryxkuicte CEC, MBT 13,99
4 Bcranosnena noryxHicts PEC, MBT 3,66
5 HowminasnbHa notyxkuicte Y3E, MBr 16,0
6 KopucHa eneproemuicts 3apsypkansas Y3E, MBt-rox 63,99
7 Howminanbna eneproemuicts Y3E, MBtroa 81,62
8 OO0csiru crioyKMBaHHsI JIEKTPUYIHOI eHeprii 3a pik, MBT-roz 26 727,21
9 O06csirn BupoOHunTBa enekrpuuHoi ereprii Ha BEC 3a pix, MBtron 10 475,46
10 O06csiru BupobHunTBa enekrpuuHoi eneprii Ha CEC 3a pik, 15 277,64
11 O06csiru BupoOHunTBa enekrpuuHoi ereprii Ha PEC 3a pixk, MBt-ron 5 055,82

12 OO6csiru 3apsypkansst enexktpuyHoi eneprii Y3E 3a pik, MBr-roz 4 081,71

I3 pe3ynbTaTiB MOJENIOBaHHS, HaBEACHWX y TaONMIi, BUAHO, IO BCTaHOBIEHa NOTyxHicTe PEC
MPAaKTHYHO OJIHAKOBa i3 BCTaHOBJIeHOI ToTyxkHicTiO BEC; BcranoBnena motyxuicth CEC € wmaibke y
YOTHPH pa3u OiIBIIOI0 3a BCTAHOBJICHY MOTYyXHicTh BEC; HOMiHanpHA TOTYXHIicT, Y3E € y wotnpu pasu

OUIBIIOID 332  CEpeIHIO
45 MOTYXHICTh  CIHOXHBAHHS
npotsroM ao06u. KpiMm toro
BU3HAYEHO, IO JUIS TOCIHi-
JKYBaHOTO EHEPreTHYHOTO
By3na KBBII ama BEC
cranoButh 33,1%; CEC —
12,5%; PEC — 15,8%.

[oronuuuuit rpadik
MOKPHUTTSL  EJIIEKTPUIHOTO
HABAaHTAXXEHHSI  MICLIEBUX
CHOXHBA4YiB  JIOCIIKyBa-
HOTO  EJIEKTPOCHEPTeTHK-

IMorykuicts, MBt

PR

GO

1 E\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ A A AR AR AR AR AR AR HOTO By 304 IS OO0 6 u 0 1
¢ A A A A A A AR A A AR AR AR . .
o CIYHHA 13 CyM apHHMI/I 0 6 Cs-
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1] F 6 . .
I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24  HOOH Ha p1BHI
Toauua aodu 72,67 MBT'FOI[ HaBCIACHO

s WES s RES 0PV O\ BESSchrg w77 BESSdisch ——CONS Ha puc. 2.
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Juns mocmimxyBaHoi 106u BupoOHUITBO enekTpudHoi eHeprii BEC Ha piBni 47,16 MBT-Trox (64,9%);
CEC - 8,68 MBt'ron (11,9%); PEC — 16,84 MBt-ron (23,2%). Cepenapon000Ba OTYKHICTh CIIOKHBAHHS
cranoButh 3,03 MBTt; motyxknicte BEC — 1,96 MBt; CEC — 0,36 MBt; PEC — 0,7 MBT. Ilpu nsomy,
MPOTATOM JociimkyBaHoi 1oou Y 3E peanizye nepenecenHs y daci 6inst 7,07 MBT rox (i3 cepetH01000BOIO
MOTYKHICTIO 3apsipKaHas/po3psmkandas — 0,29 MBT), 3aiiicHioroun 3apsmpkaHHs aKyMyJSITOPHUX Oatapeit
MPOTATOM TIepIIoi MoJoBUHU 100 10 16:00 rox Ta mojanbliine po3paKaHHSA y Yac BEUipHBOTO 3POCTAHHS
€JIEKTPUYHOTO HABAaHTAXKEHHS CIIOKHBAYiB.

BucnoBok. Ha ocHOBI po3po0iieHOT0 MeToy BU3HadYeHO BcTaHoBeHy nmoTyxHicTe BEC, CEC, PEC
Ta TexHiuHi mapamerpu Y3E, 1o € HeoOXimHUMH 33yt 3a0e3MEUCHHS CJICKTPUYHOI SHEPri€l0 MICIEBUX
CHOKMBAYiB JOCIIIKYBaHOTO €JIEKTPOSCHEPTeTHYHOro By3na. Tak 3a MakCUMaJbHUX 00cCATax CHOXXHBaHHS
eeKTpoeHeprii 3a 700y Ha piBHI 96,0 MBT ro (cepeaHpoq000Ba MOTYKHICTh CIIOKUBAHHS €IEKTPOCHEPTii
4,0 MBT) 3ams 3a0e3medeHHs MTOKPHUTTS TOMMHTY 32 PaxXyHOK BJIACHOI TeHeparlii BCTaHOBJICHA MOTYXHICTh
BEC nosunna Oyt Ha piBHi Oing 3,61 MBT; BcranoBneHa notyxHicte CEC — 13,99 MBT; BcTaHOBNICHa
notyxHicte PEC — 3,66 MBT; HOMiHanmbHa nOTYy)HIicTh 9oTHpROXTOANMHHOI Y3E — 16,0 MBT Ta HOMiHaNEHA
eneproemuicts Y3E — 81,62 MBT To.

[Mig wac mocmipKeHHs BpaxoBYBaJIOCs MMOBHE 3a0€3IICUCHHsT PIBHSI MOTPEO CHOXKHMBAHHS 33 PaxyHOK
€JIEKTPOCTaHIII PO3MOAUICHOT TeHepallii, 0 3a BiICYTHOCTI €IEKTPUYHOTO 3B’SI3KY 3 €HEPrOCUCTEMOIO A€
3Mory 3a0e3nedynTy Oe3rNeKy Ta CTaOUIbHICTh MOCTaYaHHS eJeKTPUYHOI eHeprii HaBiTh y pa3i BUHHUKHEHHS
HamaeuyaiiHoi curyanii B OEC Ykpainu. BpaxoBytoun Te, mo HoMiHambpHI napamerpu Y3E BinnoigHo 10
PO3pOOIJIEHOTO METONy BH3HAYaKCs, BUXOIAYM i3 HaanuImkoBoi enekTpuuHoi eneprii CEC, To HemoBHe
BUKOpHUCTaHHSA ToTyxkHOcTed Y3E 3a Hu3pkux o0csrax BHUpoOHHNTBa enekTpuyHoi eHeprii Ha CEC
3a0e3MeuYnTh Ul Hel MOXJIIHUBICT IPUHMATH ydyacTb y IEPBHHHOMY DETYIIOBAHHI 4acTOTH Ta aKTHUBHOI
MOTY>KHOCTI B €HEPTOCHCTEMI.
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METHOD OF DETERMINING THE INSTALLED CAPACITY OF DISTRIBUTED GENERATION POWER
PLANTS WITH RENEWABLE ENERGY SOURCES AND ENERGY STORAGE SYSTEM

L.M. Buratynskyi, A.O. Zaporozhets

General Energy Institute National Academy of Sciences of Ukraine,

172, Antonovycha str., Kyiv, 03150, Ukraine, e-mail: buratynskyi@ienergy.kiev.ua.

The developed method, which consists in determining the installed power of distributed generation, in particular, a
wind power plant, a solar power plant, a standby power plant and the technical parameters of an energy storage
system, to ensure the security of the supply of electric energy to local consumers, is given. Achieving a balance between
the daily amount of electricity produced by distributed generation and the amount of consumption ensures the
determination of excess amounts of electricity, which mainly occur during periods of peak solar radiation and,
accordingly, the required capacity of an energy storage system. According to the simulation results, it was determined
that with the maximum daily consumption of electricity by local consumers during the year at the level of 96 MWh, the
daily balance of electricity is achieved at the installed capacity of the wind power plant at the level of 3.6 MW, solar
power plant is 14 MW, standby power plant is 3.7 MW and the nominal power of an four-hour energy storage system is
16 MW. References 3, figures 2, table 1.

Keywords: method, distributed generation, solar power plant, wind power plant, backup power plant, energy storage

system.

1. Pro zatverdzhennia Kodeksu systemy peredachi: Postanova NKREKP vid 14.03.2018 Ne 309. URL:
https://zakon.rada.gov.ua/laws/show/v0309874-18#Text (Accessed at 17.03.2024) (Ukr).

2. On Electricyty Market: The Law of Ukraine 13.04.2017 No 2019-VIII. URL:
https://zakon.rada.gov.ua/laws/show/2019-19#Text (Accessed at 16.03.2024) (Ukr).

3. Pohodynnyi  balans  potuzhnosti OES  Ukrainy. Portal vidkrytykh  danykh. URL:

https://data.gov.ua/dataset/31199018-e15e-4e87-bf5e-2a4293151f5¢ (Accessed at 01.10.2021) (Ukr).
Hamiiinoma 01.04.2024
Ocrarounwnii Bapiaat 03.07.2024

ISSN 1607-7970. Texn. enexmpoounamuxa. 2025. Ne 1 69



VK 621.314 DOI: https://doi.org/10.15407/techned2025.01.070

OIITHKA HEPIBHOMIPHOCTI BIIBOPY EJEKTPOEHEPTII B CHCTEMAX PO3IOJLITY
TA BUKOPUCTAHHS EJEKTPOEHEPTII 3 AKYMYJIITOPHUMUM BATAPESIMHA

C.I1. Jenncrox*, mokT. TexH. Hayk, J.I'. JlepeB’anko**, kaun. texH. Hayk, L.I. Boroiiko***
HTY Ykpainu «KuiBcbkuii nosgirexuiuynmii inctutyt imeni Irops Cikopebkoro»,

np. Bepecreiicbkuii, 37, Kuis, 03056, Ykpaina,

e-mail: spdens@ukr.net.

Posenanymo ocobausocmi po3paxyHKy eHepeoeEMHOCMI aKyMyIAmOpHUX Oamapeil 6 cucmemax posnooity ma
BUKOPUCMAHHS eleKmpoeHepeii 31 3MIHHUMU ) 4aci HABAHMANCEHHAMU 34 PI3HOI IHMEHCUBHOCMI IXHbOI pO3ps0Y.
Tlokaszano, wo oyiHKy HepieHOMIpHOCMI 8i0OOPY eneKmpoeHepeii 8 cucmemax 3 aKkymyaAmopHUMU Oamapesmu MOXCHA
30ICHIOBAMU 34 PAXYHOK 3ACMOCYBAHHSL MAKO20 IHMESPATbHO20 NOKAZHUKA SIK MOOUikosana nomyaicHicms Ppusze, wo
PO32IA0AEMBCA  AK  NOKA3HUK  pobOmMU  KOHKPEemHO20 —ejleMenma 6 cucmemi (OYiHKa 3a2aibHOCUCTNIEMHOL
enepeoeghexmuenocmi). Ompumano 3aneicHOCmi HepiBHOMIPHOCHI pO3PAOY aKyMYISIMOPHUX Oamapei y ueisoi
0e3po3MipHol yHKYil, KA 0AE MOACIUBICNG Y MPUBUMIDHOMY NPOCMOPI OMPUMAMU HAOYHE NPeOCMABIeH s OYIHKU
PDIi6H5L HEPIBHOMIPDHOCMI CROJNCUBAHHSL eeKMPOeHEP2ii HABAHMANCEHHIMU 8 3ANENHCHOCMI 80 MPUBALOCMI [HMEPBAis,
Ha AKUX 6i00Ip NOMYINCHOCMI € NOCMIUHUM, MAK I IHMEHCUBHOCMI po3psAdy axymyJsmopHoi 6amapei Ha yux
inmepganax. Beedeno inmeepanbHy Xapakmepucmuky OYiHKU HepPIGHOMIPHOCII pO3psA0Y aKyMyIsImopHoi bamapei, axa
€ IHOUKamopom enepzoegpekmusrocmi pobomu yiei bamapei sk enemenma cucmemu. bion. 19, puc. 4, Tabm. 1.
Kntouosi cnosa: enexTpoMepexi, akyMyJIsSTOpHa Oarapes, €MHICTh aKyMyJsTOpa, pPeakTHBHA MOTYXHICTE Dpuse,
CHCTEMH PO3IIOJLTY Ta BUKOPHUCTAHHS €JIeKTPOCHEPril, 3MiHHI y 4aci HaBaHTA)KCHHS, OI[IHKa HEPiBHOMIPHOCTI Tpadika
€JIeKTPOCIIOKIBAHHS.

Beryn. Ha cooromni y cBiTi 3pocTae iHTepec 10 HOBHUX MNPHHLUIIB TeHepalii, po3moaily Ta
CIIOXKUBAHHS €Heprii, sKi nepeadavaroTh pearnizanito kounenmii Smart Grid [1]. Jlo Takux HOBOBBEJCHb Ha
PiBHI CHCTEM PO3MONUTYy Ta BHUKOPHUCTAHHS €JEKTPOCHEPTil HAJIECKUTH IMIMPOKE 3aCTOCYBAHHS B CHCTEMax
HAKOIMYyBauiB €Heprii MmiJ 4ac BUpIIEHHS poOiieM OallaHCYBaHHS Ta THYYKOCTI, 8 TAKOXK PO3BHUTOK cdep
3aCTOCYBaHHSl aKTUBHUX CIIOKMBadiB (prosumers), SKi HE TiIIBKH KyNyKOTh, a # TaKOX BUPOOISIOTH i
MPOJIAIOTH EJIEKTPOCHEPTiI0, B OCHOBHOMY BHKOPHCTOBYIOUH BJIACHY T'€HEpAIlif0 HA OCHOBI BiTHOBITIOBAHUX
mxepen eneprii (BJE) [2—4].

3aBIOsku CBOil yHIBEpCaJbHOCTI Ta MaclITabOBAaHOCTI akyMmyJisaTopHi Oartapei (AKDB) nHaiibinpm
KOMIUICKCHO 3aJI0BOJIGHSIOTH BHMOTaM J0 e(EeKTHBHOTO OajaHCYBaHHS Ta THYYKOCTI elekTpomepex [3].
Oco0MMBO TI€ CTOCYETBCS JITIH-IOHHMX Oarapeil, sKi CTaHOBIATH OCTAHHIMH POKaMH OCHOBHY YaCTHHY
HIOPIYHOTO HPUPOCTY OOCSTIB BBEIEHHA B EKCIUIyaTallilo CUCTEM aKyMyJroBaHHS enekrpoeHeprii. AKB
3a0e3revyyroTh KOMIIEHCAIliF0 HEMOCTIHHOCTI Ta HepiBHOMIpHOCTI TreHepanii enextpoeneprii BJIE, o6ymo-
BJICHY OCOOJMBICTIO 1XHBOI POOOTH, MOKpAIICHHS SKOCTI Ta HamiHOCTI enekTporoctavdanss. [lepepus-
yacTicTh BUpoOHHITBA enekrpoeHeprii BJE (mependauyBana MiHIMBICTh, HANPHUKIAA, MUK JCHb-HIU) Ta
HerepenOadyBaHa yacTHHA OOCATIB TeHepalliil eleKTpoeHeprii (HeA0CKOHAINI POTHO3 MOTOH) CTBOPIOIOTH
HU3KY TpoOJIeM I KepyBaHHS B €IEKTPOCHEPTETHYHIA CHCTEMi, a HAKOIIMYEHHS CJIEKTPOCHEPTil MHPOKO
BU3HAHO MOTEHIIITHUM HaNPSIMKOM iXHBOTO BUPILICHHSI.

[epcnexrusHi cuctemu 3 AKB MOXyTh 10JaTKOBO BKJIIOYATH LIEHTPali30BaHE KEPyBaHHS, IO Aa€
3MOTYy €HEprOKOMITIaHiSIM I'e€HEpYBaTH JOJaTKOBI IIOTOKH JOXOAY IUIIXOM HaIaHHs JOMOMDKHUX MOCHYT [2,
4]. Tak, cucremn HakommdeHHs Ha 0a3i AKD, sAKi miaKIIOYeHO IO CHCTEM PO3MOALTY 3 (POTOCIEKTPUIHOIO
rerepaniero (PV maHensiMM), MalOTh MOTEHINA] Ui 3MEHIICHHS KOJIMBaHb HAIPYTH, 3BOPOTHUX IMOTOKIB
eJIeKTPOCHEPrii Ta 3MNIaJPKyBaHHS IONHTY HAa EINEKTPOeHepriro (BUPIBHIOBaHHS rpadika CIOKWBaHHS
€JIEKTPOCHEPTii)), a TaKOoXX HHU3KY IHIMX TO3UTHBHUX e¢eKTiB, IMOB’SI3aHUX 3 THUM, IO OaTapei He
pO3TalIoBaHi Ha CTOPOHI KITi€HTA.
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3actocyBaHHs1 Oi3Hec-mojeni «30epiraHHs eHeprii sk mociyra» (Energy storage as a Service,
ESaaS) nae 3mory 00’€KTy CKOPHCTATHCS MepeBaraMyd CUCTEMH HAKOIUYEHHS EHEpril IUIAXOM YKIIaJICHHS
yroayd Opo HajgaHHsA mociyr Oe3 mokymku wiei cuctemu [5]. DyHkmioHyBaHHs cuctemu ESaaS — ue
NO€THAHHS YJOCKOHAJIEeHOI cucTeMH HakonuueHHs Ha 0a3i AKDB, cucremu kepyBaHHA HOTOKaMH eHeprii Ta
KOHTPAKTy Ha OOCITYrOBYBaHHS, SKi MOXYTh 3a0€3MEUUTH HaAiiHE €ICKTPOKUBIIECHHS OUTBIT €KOHOMIYHO
JTOUUIbHUM HuIAxoM [6]. I3 3HmwkeHHsM BaprocTi AKB y crnokuBauiB 3’sSBISThCS JOJATKOBI MOXKIHUBOCTI
B3ATH Ha ceOe KOHTPONb HaJ BUKOPUCTAHHSIM EJIEKTPOCHEPrii Ta HAPOCTUTH BIACHE CIIOKUBAHHS
€JIEKTPOCHEPTii, BUpOOIeHOT BITacHUMHE PV maHesiMu.

[Iupoke 3acrocyBanHs Smart-iHBepTopiB 1 cydacHux AKDB Ta HOBUX peryNsTOPHUX CTUMYIIIB
IHTEHCU(]IKYBaJl PO3BUTOK TEXHOJOTIH JOKanbHOI reHepauii Ha 0a3i PV maHeneil Ha OaraTboX pPHHKax
eneKkTpoeHeprii. Sk po3BUTOK KoHIeNmii mpocioMepiB — «prosumers» (PROducers and conSUMERS,
BHPOOHHMKHN Ta CIOXHUBadi) copMmyBayiacs KOHIIEHIlS TPOCIOMEINKIB — «prosumage», sKa Tependadae
JOJAaTKOBE BKIIIOUEHHS ACLEHTpaliz0BaHuX HakonuuyBadiB eHeprii (PROducers, conSUMers and storAGE,
BUPOOHUKIB, CIIOkHBaviB Ta cxoBull [7]. IIpocroMenxki MOXKYTh CYTTEBO 3MIHUTH €IEKTPOCIIOXKHBAHHS BiJ|
MepeXi Ta TOXOAM PO3APIOHOT TOPTiBIi, HAAABAIOYN MOMIIMBICTH TOMOTOCTIONAPCTBAM HAPOCTUTH 3arajlbHy
4yacTKy BNacHOi renepaiii. 3MeHmenHs Baprocti PV ta AKB ctuMyioe moMmorocnojapcTBa iHBECTyBaTH B
PV Garapei npocroMeKiB, IO CIPHsIE 3MEHILEHHIO PaXyHKiB 3a €JIEKTPOSHEPTIIO.

BukopuctanHs 3apsIku akyMyJISITOPiB IPOCIOMEIDKIB Bifl €IEKTPOMEPEKi 3aBKAM 3HIKY€E BapTiCTh
BUPOOHMIITBA €JIICKTPOSHEPTii Mo KpaiHi B 1ijoMy [6, 7]. EKOHOMIYHI BHUroau Ajisi JTOMOTOCIOJIAPCTB Bif
iXHIX CHCTeM 3a3BHYail BHUHMKAIOTH Yepe3 pI3HULII0 MDK po3ApiOHMMHM Ta ONTOBUMH ILiHAMH Ha
eslekTpoeHeprito. Lle 00yMOBIEHO THM, IO €JIEKTPOECHEPTrisl, SKa CHOXHBAETHCA Uil BIACHUX MOTped Ta
MOTAE€THCSA B MEPEXKY TOMOTOCIIONAPCTBAMH, YaCTO OIIIHIOETHCS HA PiBHI ONITOBOTO PUHKY, TOAI SIK PO3aApiOHa
[iHa Mpua0aHOi eNeKTPOeHeprii 3a3BHYail BUIA, BKIIOYAIOYH IMOJATKH HA EJIEKTPOCHEPTil0 Ta IJiaTy 3a
MiAKITIOUEHHsT 10 enekTpoMmepexi. [Ipm mpomy BpaxyBaHHS HalOinem mopeyHux rpadikiB (mpodini)
HAaBaHTAXEHHS Ma€ BAXIMBE 3HAUCHHS I OalaHCyBaHHSA CHCTEeMH Ta (HOPMYBaHHS BiAIOBITHUX
aNTOPUTMIB 3acTocyBaHHs cucteM 3 PV ta AKD, 1110 cipusiTiMe 3MEHIIICHHIO PaxXyHKIB 3a eJIEKTPOSHEPTIIO.

Posnogpinene HakonmuueHHs eHeprii y 0araTbOX BHIAAKax MOTpeOye IEHTPaNi30BaHOTO
KOOPIUHYBaHHA, 1100 MPUHECTH MAaKCHMallbHI BUTOOM SIK BJIACHMKY HAaKONMHMYyBaya, TaK 1 PO3IIMPIOIOYH
MOXIIUBOCTI pOOOTH €NEKTPOCHEPIeTUIHO CUCTEMH, CIIPUSIOYH EHEPreTHIHOMY apOiTpaxy, OallaHCyBaHHIO
Ta HU3MI iHmuUX nocuyr [3, 4, 6, 7]. Kpim Toro, 3araiabHi CUCTEMHI BUTPATH HIDKY, SKIIO JIEICHTPaIi30BaHi
Oarapei MpaIOIOTh CHCTEMHO-OPIEHTOBAaHUM CIIOCOOOM, IO MOTpedye 3acTOCyBaHHS Smart-iHBEPTOPIB Ta
PO3pOOKH BIATIOBITHOTO HAYKOBO-METOMOJIOTIYHOTO 3a0e3medcHHs. TakoK BaKIIMBO TOCIHITUATH HACTIIKA
MOBEIIHKA IPOCIOME/DKIB y IHTErpOBaHId MoOJeNi aucreTdepusailii, ToOTO 3MiHM 3arajibHOI BapTOCTI
BUPOOHUIITBA ENEKTPOCHEPril, a TakoXk 1ii BTpaT 3aJeXHO BiJ piBHA 3MiHH EJIEKTPOCIOKUBAHHS
JIOMOTOCIIOZIAPCTBAMH.

JonineHO npoaHani3yBaTH, SKUM YHHOM ONTHMANIbHA JUIS JJOMAITHBOTO TOCIoapcTBa podorta PV ta
AKB Binpi3Hs€ThCS Bij 3arajibHOI ONTUMAIBHOI POOOTH CUCTEMH B IiJIoMy. Sk HacHifoK, MOTpeOyHTh
OimpImn geranpbHOTO aHami3zy ocobnmBocTi (yHKiioHyBaHHS AKDB B crctemax 3 COHAYHOIO TEHEpaIi€lo 3
ypaxyBaHHsM 5K BBy AKDB Ha 3arajbHOCHCTEMHI MPOIECH, TaK i BINTUBY Pi3HOMaHITHHUX (DakTOpiB Ha
npouecu B AKDB, 30kpema, y pasi 3MiHHOTO y 4aci HaBaHTa)KEHHS, ISl HACTYIIHUX DiBHIB 3aCTOCYBaHHS
AKB, mo 00yMOBIIO€ HEPIBHOMIPHICTH E€JEKTPOCIIOKHMBAaHHA (TaOmuiy). JlocsrHeHHs  piBHOMipHOTO
CIIO’KMBaHH €JIEKTPOEHEPTii € BasKIMBOIO 3a/1a4€I0 B CUCTEMAaX PO3IOALIY Ta BUKOPUCTAHHS €JIEKTPOEHEPrii
3 TOYKM 30py CTaOLIBHOTO TIOCTA4YaHHS CIEKTPOCHEPrii, YHUKHEHHS IEPEBAHTAXXCHb Ta ITiIBUIICHHS
e(eKTHBHOCTI eHepronocTayanus [8, 9]. ToMy A clcTeM B LIJIOMY BaXKJIHBO 3a0€3MEUYUTH PiBHOMIPHICTb
reHepalii Ta CHOXXHUBaHHs eleKTpoeHeprii (ix OamaHCyBaHHS), IO NOCSTAETHCA, 30KpEMa, BUKOPHCTAHHSAM

PiBens XapaKTepuCTHKA CHCTEMH 3acrocyBanns AKB
(pyHKIIOHATBHI OCOOIMBOCTI)
1 AKTUBHUI cITo)KuBad (prosumers, prosumage) OpHa akyMyIsiTOpHa Oatapes Ta Smart-iHBEpTOp
2 JlokanpHa aBTOHOMHA cucreMa | AKB MoxyTh OyTH po3MmimieHi sk Oins mKepena

eJIEKTPOIIOCTAYaHHA 3 JDKEepellaMH  OOMEXEHOI | eNeKTPOCHEepril, Tak/4u Ol HaBaHTaKECHHS
MOTY>KHOCTI (JIokanmbHa Microgrid)

3 Microgrid, sixa npaitoe sk B aBToHOMHOMY pexknMi | AKB MoxyTe OyTu po3mimeHi sk Ours mpkepena
(pexxuMi  OCTPOBKYBaHHSI) Ta/dd CyMICHO 3 | €JIEKTpPOCHeprii, Tak/um OuIsl  HaBaHTaKEHHS,
EJICKTPUIHOIO MEPEKEIO MOXkIIMBa koopauHaiiss podoru AKbB 31 croponu

SJIEKTPOMEPEKI.
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AKB, a Takox OILiHKY HEPIBHOMIPHOCTI.

Merto1o craTTi € omiHka HepiBHOMipHOCTI Bifnbopy eneprii Bigm AKB B cuctemax posmoxiny Ta
BUKOPHUCTAHHSI €JIEKTPOCHEprii 31 3MiHHUM Yy 4Yaci HaBaHTaKCHHAM 3 BHKOPHCTaHHSAM MOAW(IKOBaHOI
PEeaKTUBHOI NOTYX)HOCTI @pu3e B 01HO(DAZHUX CHCTEMAX.

1. EmuicTs akymyasaTopuux Oartapeil. IcHye kimpka THmB AKDB, sKi BHKOPHUCTOBYIOTHCS B
cUCTEeMax pPO3MOALTY Ta BHUKOPHUCTAHHS ENEKTPOCHEprii i3 3MIHHUMH y 4Yaci HaBaHTAKEHHSMH (Iali Taki
cuctemu nmozHaunmo CEIT), 30kpema, CBUHIIEBO-KHUCIIOTHI (3 TexHonoriew Absorbent Glass Mat (AGM) abo
reneBi (GEL)), mitiii-ionHi (Li-ion) Ta mitid-momiMepHi (Li-pol) akyMynsaTOpH, a TaKOX HiKeIb-KaaMIi€Bi
(NiCd) ta nikenb-metanorigpuaai (NiMH) [10].

lonoBuum 3aBnannsM BukopuctaHHs AKDB y ckiani CEIl € 3MeHIIEHHS BHTpAT eJIEKTPOCHEpTii
IUITXOM 30epiraHHsl eJIeKTPOCHepTii 3 BIACHUX JDKEpPEeN PO3MOUICEHOT0 BHUPOOHHITBA abo Mepexi
€JICKTPOITIOCTAaYaHHS B TIEPIONW 3 HU3BKUMH Tapu(aMH i BHKOPHUCTAHHS il B Tepionnd 3 TMiABUIICHUMH
tapudpamu [8, 9]. IlepeMrkaHHs HaBaHTa)KEHHS Ha >KUBJICHHS BiJ aKyMyJSATOpHHX Oarapedl B TOAWHH 3
BUCOKMMH TapudaMu, KpiM €KOHOMIi Ui CHOXHBaya, TAKOX CIPHsIE€ 3MEHIIEHHIO 3arajJlbHOrO HaBaHTa-
JKEHHST MEpeXi B TepioJM MIKOBOTO Ta HANIBIIIKOBOTO HABaHTaXXEHHS, IO, B CBOIO Uepry, MiIBHUIIYE
eHeproe(h)eKTUBHICTh CHCTEMH €JIEKTPOIIOCTAYaHHS.

Ouinka eneproedextuBHocti BukopuctaHas AKbB y CEIl moxxe BKIoYaTu Taki KpUTepii: OLiHKa
KUTBKOCTI IMKIIB 3apsay-po3psily, OIliHKa BTpaT €Heprii mia Jac 3apsaku, po3psaku Ta 30epiranas AKD,
ominka edekTuBHOCTI BukopuctanHs AKDB s Takux 3aBaaHb SIK 3MJIaJDKyBaHHS IMIKOBUX HaBaHTa)KCHb,
3a0e3MEeUeHHs] PE3EPBHOTO JKUBJIEHHS a00 MiATpUMKA CTIMKOro eHeprozabesnedeHHs A MEeBHHUX
3actocyBaHb AKBD.

3 Toukm 30py camoi AKB eHeproedekTHBHICTH — II€ TOKA3HUK KITBKOCTI €HEprii, sKy MOHa
OTPHMATH BiJl aKyMYJISITOpa, MOPIBHIHO 3 KUIBKICTIO €HEprii, sika OyJia 3apsKeHa B akyMyJISITOp J0 IbOTO.
Hlono Bnacue AKDB, To ans OLiHKM €KOHOMIYHOCTI IXHBOI €KCIUTyaTallii BBEIEHO MOHATTS KyJIOHIBCbKa
e(heKTUBHICTS (3apsaauii pakTop) 9u BodbTaMIepHa ehekTuBHICTh [11-13].

AxyMynsTOpHI 6aTapei MOXKyTh OyTH BUKOPHCTaHI Juisi kepyBaHHs ioTokamu eHeprii B CEIT Gararbma
pizauME criocobamu. st BuOopy HeoOxigHoro yrcna ta eMHocTi AKB BaxnmimBo BpaxoByBaTH Taki (akTopH,
SK: Halpyra >KUBJICHHS HAaBAaHTAKEHHS, PO3PAaXyHKOBAa IOTY)KHICTh HABAaHTa)KCHHS B TPUBAJIOMY PEXKHMI,
MiKOBa TOTY)KHICTh HaBAaHTAKEHHs, KUIBKICTh IUKIIB «3apsi/po3psa», MIMOWHA PO3psAIy, Yac aBTOHOMHOI
po0OTH HaBaHTaKEHHS Ta TEMIIEpPaTypa HaBKOJMIIHBOTO CEpPEeJOBHUILNA. BaXTMBO BpaxoByBaTH, IO €MHICTh
aKyMYJIATOPHUX OaTapeil MOKe 3HAUHO 3HWKYBATHUCS Y pa3i 3HWKEHHS TEMIIEPATYPH.

Ilix yac migKMIOYEHHS 0 aKyMyJIITOpa €TaJOHHOTO HaBaHTa)KCHHs 0Oe3 IepeTBOpIOBada 3HAYECHHS
CTpyMy, sikuii BinmOupaethbest Binm AKDB, 3anumiaerbest He3MiHHEM. Y 1boMy BHMNaAKY eMHicTh AKB MoxxHa
po3paxyBatu i3 cmiBBigHOWeHHA: Q=[t, ne Q — eMHICTb akymyinsTopa (A-ron); I — mocTiiHUN CcTpyM
po3psay akymyinsaropa (A); ¢ — gac po3psamy 6arapei (rox). Ha emMHicTh OaTtapei BITHBaIOTH pi3HI hakTopH,
30KpeMa, TeMIIepaTypa, MIBUAKICTb PO3PSLY, CTApiHHS Ta Crieu(iuHIi XiMiYHHA ckiag 6arapei [13].

31aTHICTH 10 HAKOMMYEHHS eHeprii OaTapeero MOB's3aHa 3 4acOM PO3PAAY: YUM BiH OUIBIINMH, TUM
Oimpme eneprii mMoxke Bimmatn AKDB. OOcsr Hakomu4eHOI eNeKTpUYHOI €Heprii BH3HAYaeThCA i3
criBBigHomenus: W= [-U-T, ne W — enepris, HakonmdeHa 6atapeero (JIx); U — manpyra akymyisrtopa (B); 7
— mocTiiHuiA cTpyM (A); T — yac po3psny (ron).

Hagseneni Bupasu anst BusHaueHHA ) Ta W noTpeOyroTh yTOYHEHHS Mif] 4ac BpaxXyBaHHS peajbHUX
PEKHUMIB POOOTH JKEPEI EINEKTPOCHEPIl, SAKi IS JIOKATBHUX EJICKTPOSHEPTCTUIHNX CHUCTEM € TeHepaTopaMu
OOMEXEHOI TMOTYXXHOCTI, enekTpoMepexki B muioMy, AKB Ta HaBaHTaxkeHHs. Tak, uepe3 3HUKCHHS
TeMIlepaTypH JOBKIUISI €GHEPTOEMHICTD, SIKY aKyMYJISITOD 3JaTHUN BiIAaTH 3a JAHOI TEMIIEpaTypH, 3HUKY€ETHCS
[13, 14], ToOTO HEOOXimHO PO3paxOBaHy EMHICTh IMOMHOXKWUTH Ha BIATIOBIMHUIA Temreparypi KoeQilieHT k,
(mampukian, 3a 26,7 °C xoedimient £=1,00, 3a 4,4 °C — £k=1,30, a 3a -6,7 °C — k~=1,59).

OO6csr enekTpoeHeprii, SKy MOXKHa OTPUMATH BiJl aKyMyJSTOpa, 3aJI€)KHUTh TaKOX BiJ IIMOMHHU Ta
IHTEHCHBHOCTI #oro po3psny [15]. ['mubuna pospsay (Depth of discharge, DOD) — 1ie Mipa TOr0, CKiTBKH
eHeprii BiAOMpaeThCS 3 aKyMyJIATOpa I dYac IHKIY pPO3psIy, BHUPaKEHAa Y BIIICOTKAaX Bil €MHOCTI
aKyMyJIITOpa. 32 HAATO BEIHKOTO CTPYMY PO3PSAY aKyMyJISITOP PO3PSIKAETHCS IIBUALIC 1 BiAA€ MEHIIE
enekrpoeneprii (edexr Ileiikepra, Peukert), wac po3psmy akymyistopa mopiBaioe =Cp /I', me n —
excrionenra Ileiikepra (miamason Big 1,1 mo 1,3); C, — emuicts IlelikepTa, TOOTO €MHICTH aKymyJsiTOpa,
BUMIpsiHa 3a cTpymy po3pany 1 A; [ — ctpym po3psdy, AJisi SIKOTO 3AiliCHEHO po3paxyHok. Ha puc. 1
MOKa3aHo, 1[0 Hampyra akymyJssitopa U CyTTEBO 3MIHIOETHCS MPOTSITOM 4Yacy 3a pi3HUX 3HAYEHb CTPYMY
po3psny [ [15]. BiacHe eHeproeMHiCTh aKyMyJISITOpa 3aJIeKUTh BiJl IBUAKOCTI po3psay. ILIBuakicTs, 3 skoi0

72 ISSN 1607-7970. Texn. erexkmpoounamirxa. 2025. Ne 1



aKyMYJISITOpP PO3psAIKaeThCs, BUpaxaeTbes sk pertuHr C [16]. Peiituar C Bkazye Ha Te, CKiUIBKH TOJIUH
OPOCIYXHUTh aKyMYJISITOp 3a/JaHOi €MHOCTI 3a

: I

3aﬂaH0rI(;;§i}l;M}3/02(:{3iII)§§i); (hakTopiB Ha poboOTy L1B5 CTEVMPOPET]
100 A

AKb B CEIl, sxi oOyMOBJI€HI y TOMY YHCIHI 1.4 = 075 A |

pexuMaMu pOOOTH CHUCTEMH Ta ii €JEMEHTIB, " e

BU3HAYAE JOUIJIBHICTh KiJIBKICHOI OLIHKH TaKOTO :

BIUTUBY. 3 TEXHIYHOI TOYKH 30pYy IIiABHITICHHSI 1.2 \

eneproedexkruBHocti podoru AKB B CEII i M

JOSATA€TbCA 3CTOCYBaHHSIM KOHTpoJiepa 3apsiay

akymynsitopa (Battery Management System, BMS), 1

0 00MEKy€ TIKOBY HAIIPYTy KOXKHOT KOMIPKH I 0.9

4ac 3apsJKd, OCKUIbKM HaJMipHA Hamlpyra MOXe 68 \

TIOITKO/IUTH iX; y OaraToelleMEeHTHHX aKyMYJIsTO- 0 2 4 [ 8 10

pax KOMIPKH 3apspKaroThCsl IOCIIZOBHO dYepes Tomsm pofin S

. . Puc. 1
OJIMH PO3'€M KHBJICHHS TaK, 100 HA BXOJII KOXHOT ¢

3 KOMIpOK Hampyra He Oyjia BUIIA 3a HEOOXiTHY
(pi3Hi enmeMeHTH MOXXYTh BUMAaraTd Pi3HOTO PiBHA 3apsiy); 3armodirac HaJlTo HU3HKOMY MaJiHHIO HANPYTH
€JIEMEHTA IIiJT Yac po3psay (MIHO0OKOMY po3psy).

Hapani mix gac ananizy pobotu AKb Oynemo posrasnatu onHodasHi cuctemu 3apsaaxu (220 B), a
eHeproemHicte (Power Capacity) AKbB Tinpku y pa3i omocepeakoBaHOTO BpaxyBaHHS OOMEXKEHHS Ha
BenmMUuHY Horo ctpymy (Power Capability), o BU3Ha9a€ThCSA BeTUINHOO pedtuary C [16].

2. Po3paxyHOK eHeproeMHOCTIi akymyJasTopHoi Oarapei. Iloxmamemo, mo podora CEII
3abesneuye 3apsmkanHs AKb nmo 3amanumx piBHIB eMmHOCTI Oarapei. Ominka emHocti AKB B pexumi
pO3psUDKaHHA BH3Hadae oOcaru eHeprii mma TpuBanoi podotm CEIl B aBTOHOMHOMY peXuMi Ta
3IIMCHIOETBCS 3T1THO CTaHAAPTHOT hopMyIH

0= Pu)/(U-S), (1
ne O — po3paxynkoBa eMHicTh AKB (A‘ron); Py — moTyXHicTh HaBaHTaxeHHA (BT); ¢ — 9ac po3psny (Tox);
U — nanpyra Oarapei (B); S — koeoitienr, mo BigoOpaxkae, sika yactiuHa eMHOCTI AKB BUKOPHUCTOBYETHCS.
3HaueHHs KoedinieHTa S KOMIIGHCY€ CHTYallil0 HETIOBHOTO 3apsay Oarapei. Sk mpukian 3a3HaYUMO, IO IS
3abe3neyeHHs notped y 1550 Bt npotsarom 30 xB. 3 rmubuno0 po3pansy 70 % 3rigHo (1) HeoOXigHa €EMHICTh
AKD Oyne cTaHOBUTH

0 = (Pud)/(U-S) = (1550-0,5) / (24-0,7) = 46,13 A-Tox.

VY Bumanky BiAKIIOYCHHS BiJ] €NIEKTPOMEPEKI BUXiJHA MTOTYKHICTh COHSIYHOI reHeparii PV maHensMu
MOYKe BU3HAYATHCA K MAKCUMaJbHA MOTY KHICTh HaBaHTAXKEHHS 3a (YOPMYII0I0
PH:maX{PH,j}: Vje 1327"'7m7 (2)

Jle m — KUTbKICTh BHIUICHUX IHTEpBaTiB yacy. Burpara eneproemuocti AQ akymyssitopHoi 6arapei CEIT 3a
4ac >KMBJICHHS HABAHTAKEHHSA Aty PO3PaXOBY€ETHCA K
AQ:PH ‘t].[/ UH, (3)
ne Py— HOMIHaNIbHA MTOTYXXHICTh HaBaHTaKeHH:; Uy — HOMiHAJIbHA HANpyTa HABAHTAKCHHS.
Crymiae pospsmkenocti AKbB B CEIl 3 BpaxyBaHHSM CIIBBBITHOIICHHS (3) BH3HAYA€THCA
HACTYITHUM YHHOM:

S§= ((Qn — Omin)/Qn)-100% = (AQ/On)-100%. (4)

3 (3) Ta (4) orpuMyeMO BUpa3 3a/J1s1 BU3HAYCHHS HeoOXinHol emHocTi Oy AKB
QH = IOO'PH‘tH / (S UH), (5)

i€ t;; — 9ac po3psKAHHS aKyMyJIsATopiB; Uy — HOMiHAIbHA HANpyTa HAaBaHTAKEHHS

PiBusiHHA (5) mae MOXKIMBICTH JIETKO po3paxyBaTu HeoOXxinHy emHicTh AKDB 3a mocriifiHoro
HaBaHTKEHHS.

Uwum Oinmpira BuxinHa Hampyra AKB, THM MeHIIa eMHICTh Ta CTpyM PO3psALY aKyMyJSITOpHOI OaTapei
I = Py /Uy. Eneprisa, HakonudeHa B akyMyJisiTopHii 6atapei CEIl, o0uncmoeTses K

W= QH' U, H- (6)
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B CEII 3 AKB pi3HOTHITHI HaBaHTa)KEHHS MOXYTh CIIOXHBATH EJIEKTPOCHEPTII0 K Ha 3MiHHOMY, TaK
i mocriiHoMy cTpymi. [Iprmuomy Bing AKB cTpym moke BimOuparucst 1Mo mapaieibHUX JiHISX, 3 PI3HUMH
3HAYCHHSIMH BXiJIHUX HANpYyTH Ta CTPYMY U1 OKpPEMHX TPyl HaBaHTakeHb. s pexxumy pospsany AKB 3
BpaxyBaHHSIM pOOOTHM 3MIHHOTO Yy 4Yaci HaBaHTAKEHHS pO3TISHEMO JABOCTYIIHYACTHH Trpadik 3MiHH
HaBaHTaXeHHS (puc. 2, @) 3 iHTepBaaMu 9acy Aty 1 At, Ta TOTYKHOCTSAMHU HaBaHTaXeHHS Py 1 Py ipu Uy =
const. [HTepBanm vacy po3psany At ta Af, BA3HAUCHO SIK CyMH BHIUICHHX IiJIHTEPBAJIB Yacy (SKi MOXKYTb
OyTH HE3B’sS3aHUMH) 3 JIBOMa PiBHAMH HaBaHTaXeHHs. ToOTO OyaeMo po3risgaTd JBa PEXHUMH 3 Pi3HOIO
iHTeHCHBHICTIO po3psany AKDB, mo o0ymoBieHO poO60TOI0 3MIHHOTO YV Yaci HaBaHTaKeHHsI. DakTHIHO Tpadik
cnokuBaHHs enektpoeneprii Big AKDB, Hanpukman, mporsrom ao0W, almpOKCHMYEThCS JBOCTYITIHYACTHM
rpadikoM 3 «BHCOKOIO» Ta «HU3bKOIO» iHTeHCUBHICTIO po3pany AKDB. I'padik 3miHM €MHOCTI aKyMyISITOPHOT
Oarapei CEIl y pa3i ABOCTYIIiHYacTOTO HABaHTAXXEHHS NIPEICTABICHUI Ha pHC. 2, 0.

p, 4 QA
APy, AQ,
A 2
AP, Q

,,,,,,, 0 }. U }_
Aty Aty : t - Aty H t
a 0
Puc. 2
Ha mepmiomy iHTEpBai gacy A¢; BUTpaTa EMHOCTI aKyMyJISITOPHOI OaTapei BU3HAYAETHCS K
AQl = (PHI'Atl)/ (S UH), (7)

a Ha IPYroMy
AQ, = (PuyAty)/ (S-Un). (8)

I3 cmiBBigHOMmEHS (7) Ta (8) ButumBae, mo AQ 1/ AQ> = (Pui'At)) / (P Ab).
3 onmsamy Ha Te, mo AQ = AQ; + AQ,, 3 piBHIHE (4), (7) Ta (8) oTpuMyeMo BHpa3 IS BH3HAUCHHS
HeoOxinHoi emHocTi AKDB y Bursiai

On = 100-(Py-Aty + Pra-Aty ) / (S Un) ©

3a MiHIMaJIbHO JIOITyCTUMOTO 3HaYeHHs po3psny AKB
QMIN:QH . (1 -8/ 100). (10)
Ou4eBUIHO, IO PO3PAXYHOK 3a PiBHAHHIM (9) mae HaOmmKeHe 3Ha4YeHHS HeoOximHoi emHocTi AKD.

3amis Oinbll TOYHOTO BU3HAa4YeHHS HeoOXimHoi emHOCTI AKB moTpiGHO Oinbln TouHiIE BpaxyBaTH 3MiHY
rpadika HaBaHTa)KEHHS (30UIBIIATH KiNBKICTh IHTEPBAIIIB alPOKCUMAIlil KyCOYHO-TIOCTIHHUMU (DYHKITISIMH)
Ha BUIJICHOMY iHTEpBaJIi 9acy, a TaK0K MOKIJIMBICTh 3MiHN BeTuunHE Uy Ha OKpEMUX IHTEpBajax.

V pasi BunineHHs np iHtepsaniB po3psany AKDB tpuBamictio Af, j = 1, ..., np, KOKHOMY 3 SKHX
BI/INIOBi/1a€ MOTYKHICTh HaBaHTaXKeHHs Py, popmyna (9) HaOyae BUIIIA LY

np
On = 100 Z(Py;-At) / (S-Up). (11)
j=1
Sk mpukiaz omiHKY mapameTpiB cuctemu 3 AKbB mpeactaBumMo HabMMKEHUIH pO3paxyHOK MOTY>KHOCTI
ocunopHoi mmHu CEIl. Bynemo BBaxkaTu, 0 yci CIIOKWBadi eleKTpoeHeprii Ta 3apsaauii npuctpii AKB
JKUBJIATBCSA depe3 OCHOBHY mMHY. [IpomyckHa motyxHicTh ocHoBHOI mmHU CEIl BU3HawaeThcs K cyma
MOTY>KHOCTEH HaBaHTAXXEHHs Ta 3apsily aKyMyJIATOpHOI OaTtapei
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Pou = Pavax + Psn /M2, (12)

e Puvax = max {Py;, Py} — MakcuMalbHa MOTYXHICTh HaBaHTakeHHS CEII; P3q — MOTYXHICTB 3apsITHOTO
npuctpoto CEIL; n, — KKJI 3apsaroro mpuctpoto CEIL. Tak, ans AKB B CEIl HeoOXimHa MOTYXHICTh
COHSIYHOI 0aTapei BU3HAYAETHCS CITiBBIIHONMICHHIM

Pcs = Pour / M1 = Pamax /M1 + Psn/ (ni'm2) (13)

ne 1 — KK/l neperBoproBaua moctiiHOi HaIpyTH.
Orninka eHeproeeKTHBHOCTI POOOTH COHAYHOI €NeKTPOCTaHIii Ha ocHOBI PV maneneii 3rimHo (12),
(13) BusHauvaeThes koedimienToMm kopucHoi aii KK/ CEII

N =Pu/ Pcs = (Pavax'N1'M2) / (Pamax M2 TP3n). (14)

VY cBoOIO 4epry, NOTY>KHICTh iHBepTOpa, AKUH 3a0e3Medye MigKIIOYCHHS COHSIYHOI eIeKTPOCTaHLIl 10
HABaHTA)KEHHsI JIOMOTOCIIONApCTBa, MiAOMPAIOTh, HANPUKIAL, 332 CYMapHOIO EJIEKTPHUYHOIO IOTY>KHICTIO
OJTHOYACHO MIiJKIIOYEHNX EJEKTPOIPHUIaLiB. 3JaTHICTh JNESKUX CIeKTPHYHHX TOOYTOBUX MpHJIAliB Yy
MOMEHT IIYCKy CIIO)KUBAaTH HOTYXHICTh, II0 MEPEBHUILY€E MACHOPTHE 3HAYEHHs, NMOTpedye mix yac BUOOpY
IHBEpTOpa BPaxOBYBaTH KOCOIIIEHT 3amacy MOTY>KHOCTI (Ha piBHi 1,1 Ta BHIIE), OCKUTHKH TaKi iIHBEPTOPH
NOBHMHHI BUTPUMYBATH KOPOTKOYACHI epeBaHTakeHHs [ 13—15].

3. Ouinka HepiBHOMIpHOCTI mpouecy BiI0Opy MNOTYKHOCTI Bil eJeKTPUYHOI Mepexki Ta
aKyMyJATOpHOI OaTtapei. BaxnuBum enemeHnToM orniHkd eHeproedexTuBHocti podorn CEIl 3 AKB €
OITiHKA MTOTEHITIHHUX MOKJIMBOCTEH HAMOUTHIN MPHHHATHOTO aJITOPUTMY BiTOOPY TOTY>KHOCTI Bl MEpexXi Ta
aKyMyJIAITOpHOI Oatapei y pasi 3MiHM CTpyMy HaBaHTaKCHHS (BKJIIOYCHHS/BUKIIOUCHHS OJHOTO HaBaH-
Ta)XeHHS a00 TPYIY HaBaHTaXeHb). Taki 3MiHM Hajai OyJeMo IpeACcTaBIsATH IK CTPHOKOIOIOHi.

I'padik enexTpocmoxxkuBadHs p(f) OyaeMo MOACITIOBATH KyCKOBO-TIOCTIHHUMHU (hyHKITISIMH

p@)={p),i eN,t€[ti, 1;),00=0, ty=T}. (15)

HepiBHOMIpHIiCTE BiIOOPY MOTYKHOCTI OyjeMo OLliHIOBaTH 3 Touku 30py podotu CEII B minmomy. Sk
KpHUTEpill OLIHKK BHOPaHO CTYMiHb BIIXWJIEHHS Bil PiBHOMIPHOTO €HEPrOCHOXMBaHHS IO BiTHOLIEHHIO 0
CepeIHBOTr0 PIBHS Iepenadi akTUBHOI eHeprii (aKTHBHOI MOTYXHOCTI) 3a BH3HA4YCHUWH (3afaHuii) iHTEpBal
gacy. 3 Ii€0 METOI0 3aCTOCYEMO TaKWH IHTETPAIIbHWNA MOKA3HUK SK MOAM(IKOBAaHY IMOTYXXKHICTE Dpuse,
PO3IIMPHUBINK 11 3aCTOCYBaHHS SIK KBaJPAaTHYHOI HEB’SI3KM MK TIOBHOI IOTYXHICTIO S Ta aKTHBHOIO
MOTY>KHICTIO P Ha NOBiNBbHUE iHTepBan yacy [17]. Hagani Bukopuctaemo ais mo3HadeHHS MOAH(]iKOBaHOT
noTykHocTi @puse Bemuunnay Qg [18, 19].

BusHauenHst MoaudikoBaHoi MOTykHOCTI Qg 3aiisi OliHKH HepiBHoMmipHocTi mporeciB B CEIT y
3araJbHOMY BHUTJISAI MOK&KEMO Ha TMPHUKIAAI PEKUMY, IO XapaKTepU3YETbCA IIOYMMH 3HAYCHHSIMHU
Hanpyru U; i ctpymy I, i = 1, ..., n, A€ t; — TpUBaNicTh i-ro iHTEepBany, Ta P = Uy 1y, ne Uy, Iy — ycepenneHi
3HAYEHHsI HANpPYyTH Ta CTPyMy. 3a YMOBH cos® = | Juisi iHTepBaly 4acy 7 MOXKHA 3alMCaTH BHpa3 JUIs
noTykHocTi @pusze Qg y Burismi [ 18]

j(ilj A,
=T

0,- (iyg - ]_ngg , (16)

sKuit 3a ymoBu o, = At; / T, Zn:Bi =1 HaOyBae BUTJISAY

i=1

0, = iUl?g‘,i .i[féi —(iUi 13) . (17)
i=1 i=1 i=1

st cucreMu 'y Tiporieci BHAUICHHS TBOX IHTEPBANIB TPUBATICTIO Af; Ta Af, (puc. 2, a) cTpym
HaBaHTA)KEHHsI IOPIBHIOE BiAMOBIAHO [y Ta [y,. [Ipunyctumo, mo ctpymu Iy Ta Iy, GOpMYyIOThCS 13 ABOX
CKJIQJIOBUX: CTPyMY, IO BiOMPAEThCA Bif elnekTpoMmepexi (iHmeke «M»), Ta CTpyMy, IO BiIOMPAETHCS BiJ

akyMyJsITOpHOi Oatapei (iHIeKe «A»)
hay a0 =Ing; Iva T Ian= Iy (18)
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Beenemo mosznadenns: 8, = At; / (At + Aty); 8, = Aty/ (Aty + Aty). 3 BpaxyBaHHSM BHUIIIE 03HAYCHOTO
3rifgHo crhiBBigHOMIEHH (16), (17) 3amuimemMo Bupa3u Ui MOTYKHOCTI Dprse B MmepeTHHAX eIeKTPOMEPExKi
Oom, @ TAKOXK JUTS JIiHIT, KO MiJAKIIOUEHa aKyMmyisiTopHa Oarapes Ogps Ta HaBaHTaKEHHS Opy 32 YMOBU
U1 = Uz = UH.

OQon” = Ui (I 181 + Iv2’82) — (hidy + hvada));

Oon” = Ui (11781 + 1n2°82) — (In181 + 1 28:)%);
Qc1>H2 = UHZ((]H,1261 + 1H,2252) — (I8 + IH,262)2) -
= Ui (I + Ia1)*81 + (Dup + 142)°82) — (I + Ia1)81 + (i + 1a2)32)°). (19)

KBamparnuna HeB’siska AQq Mik ckinaioBuMu QOov, Ooa Ta Qen 13 croiBBimHOmeHHS (19)
3HAXOAUTHCS 32 HACTYMHOO (HOPMYIIOHO:

AQo = (Qom” + Qaa”) — Qan” = U {[(Ia1781 + 1a2°82) — (U181 + 1a282)° +
+ (IM,1281 + [M,2252) — (Im101 + [M,282)2] - [([H,1251 + [H,2252) — (Iy101 + [H,282)2]} = 20)
= U818, {(In1 — In2)” + (b1 — Iu2” — (s — Ino)*)-
I3 BpaxyBanssam (18) cmiBBigHOmEeHHS (20) MOXKEMO IMPEACTABUTH Y BHTIISII

AQo = UH25152'NM'NA, (21)
ne Aly = Iy — Ivos Al = Ia1 —Iap.

Bupazu (19) — (21) onucyroTh 3MiHU TOTYKHOCTI (¢ HA HABAHTAXKEHHI y TIOPIBHSAHHI 3 CyMOIO 3MiH
i€l moTyskHOCTI y enekrpomepeski Ta Ha Buxoai AKDB. fAkmo crpym mepexi un AKB He 3MiHIOETBCA MTif yac
3MiHH HaBaHTaxeHHs, TO AQq = 0. Bupas (21) noka3ye, mo Ha kBagpaTu4dHy HeB 513Ky A(Q¢ BIUIMBAIOTH 5K
pexxumu poboTtu cucreMu B miomy (U, 01, 8;), Tak i pexuMu poOOTH OKpeMHX eleMeHTIB (Aly, Alp),
30KpeMa, Ma€ Miclle MPsIMO MPOIOPIIiHHA 3aJIeKHICTD BiJl 3MIHH JII0UYNX 3HAYEHBb CTPYMY SIK €JIEKTPOMEPEKI,
Tak i ctpymy Big AKb.

V momanmeiioMy OyIeMo BpaxoBYBaTH, IO pexuMu podotn AKB opraHizoBaHO TakuM YHHOM, IO
niamazoH po3psiny AKB nexuTs B Mexax Bif Qy o Omin, TOMy B HOJANbIIOMY CTYIiHb PO3PSIHKEHOCTI S
HE BPaxOBYETHCS.

Y mpomeci po3psay AKB 3mina ii emeproemuocti AQ Ha iHTepBami 4acy At¢ BH3HAYAETHCS 13
crniBBigHomenb AQ = Py At/ Uy; AQ = Iy-At, ne Py, Uy Ta Iy — BiINOBITHO TIOTYXHICTh, HANIPYTa Ta CTPYyM
HaBaHTaXeHHs. ToMy fIK y3aranbHEHWH MOKa3HWK HepiBHOMIipHOCTI po3psny AKB Moxkemo 3actocyBaTi
OLIIHKY MOTY>KHOCTI Ppr3e 3 BUKOPUCTAHHIM BHILE HABEICHUX CIIBBIAHOLICHb M)XK CTPYMOM Ta BUTPAaTaMH
eneproemuocti AQ (cmiBBigHomenHs (20), (21)).

Hns nBox iHTepBaliB yacy At Ta At, 3a 3aaHoi nocTiiiHo1 Hanpyru Uy, BETMYNHY HEPiBHOMIpHOCTI
po3psany AKB 3 Touku 30py nporikaHHs eHepreTuyHuX mporneciB B CEII mis BiAMOBiTHIX 3HaYeHD BETUYHH
AQ| ta AQ,, ne I, = AQ, / Aty Ta L=AQ,/At, (pi3Ha IHTEHCUBHICTD PO3PSIY), BU3HAYNMO Yepe3 MOTYKHICTh
®pise Oop

Q<1>Q2 = Uy'(1)%8, + 1,8,) — U™ (1,8, + 1,3,)" =

= U ((AQ/AL )81 + (AQY/ ALY 8:) — (AOY/AL)S, + (AQY/AL)S,)) = (22)
= (Un/TY(AQY* (82/81) + A (81/32) — 2A01A0y).
[punycrumo, mo Ha intepBani Ty mpoueci pospsiny AKB € cymapHa Butpara emHocti AQs, sika
BHU3HAYAETHCA CHiBBiI{HOI.LIeHHHMI/I
ne ne

i=1 i=1
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e 1. — KUTBKICTh iHTepBaJiB anpoKkcuMallii rpadika HaBaHTaXKEHHS KyCKOBO-TIOCTIHHUMU (YHKITISIMH.

Busnaunmo xapakrepuctuky pospsiny emHocti AKB sik 6e3po3mipHoi Benmmuunu d¢; = AQ; / AQs ipu
o =At;/ T,i=1, ..., nc, a CHIBBITHOIICHHIO Oc; / §; TOCTABUMO Yy BIAMOBITHICT KYT O¢; = arctg(dci/9;).
MHuoxuHy KyTiB {0}, i = 1, ..., Bc, MOXHA PO3TIISIATH K XapaKTEPUCTUKY iHTeHCHBHOCTI po3psany AKB.
Jlnst BenmmauH O, O¢; Ta tg0c; BHKOHYIOTHCS CITIBBITHOIIICHHS

ne. ne
2 o tgaci=1; Y oc /tgoc=1. (24)
i=1 i=1

3Ha4yeHHs O¢; =45° TpuiiMaeTbes SIK ycepelHeHa XapaKTepUCTHKa piBHOMIpHOCTI po3psany AKB
(BUKOHaHHS YMOBH d¢; = 0;). Ll ymoBa BimoOpakae craiictp iHTeHCHBHOCTI po3psany AKB Ha koxHOMY i3
BUJICHUX 1HTepBadiB. TOMYy MO)KHA IIOKJIACTH, IO 3a Oc <45° iHTeHcuBHIiCTh po3psany AKB Hukue
CEepeIHBOTO PiBHS; Oc; > 45° iHTeHCUBHICT po3psany AKDB Buile cepeqHbOro piBHA.

SAxmo Big AKD Ha inTepBani 7 BigOUpaeThCs MOTYKHICTh Py, TO cepeHiii cTpyM Icp BinOopy eHeprii
Bim AKDB Ta cepenns nanpyra Ucp BU3Ha49arOThCH 13 cuiBBimHOMECHD Icp = AQs/T; Ucp = Py/ cp. s 3amannx
BenmunH AQs Ta Py MU MOXEMO BHW3HAYMTH yCepeldHEHi 3HaueHHs cTtpymy Ilcp Ta Hampyru Ucp, 1O
BiZTHOILIEHHIO JI0 SIKUX MU OyJIeMO pO3IiIsiaTH HepiBHOMIpHICTH mponecy po3psaay AKDB. ¥V namomy Bumaaxy
Ucp=Uy=const. Benmumnaa Icp BU3HAYAETHCS SK CEpeTHE 3HAYEHHSA CTpyMiB [; Ta [, BIiAMOBIZHO Ha
iHTepBaﬂaX Aty Ta Aty (Icp = 1181 + 1282).

Jnst BemuuuH Icp Ta Ucp BU3HAUUMO Qo K XapaKTEPUCTUKY HEPIBHOMIPHOCTI pO3psay Ha IBOX
iHTepBanax At Ta At, BIIIOBIAHO 1O PEXUMY 13 3HAUEHHSIMH CTpYMY Icp Ta Hanpyru Ucp

QtI)Q2 = (UH211251 + UH212262) - ([CPUCP)2 =
= (UH2]1251 + UH2]2252) — (Uyd; + UH52)2'(AQZ/TA)2 = (23)
= Uy*d1 (I = 811cp) + Uiy (I — 8ol cp”) — 2Ui 81801 cp

[HTeHCHBHICTB pO3psimy (CTpyM po3psny) Ha iHTepBanax Aty, At, Ta cymapHomy iHTepBam 1 (7= At +
Aty) MOXKEMO 3aIucaTH HACTYITHUM YHHOM:

L= AQ, / Aty; I, = AQ, | Aty; Icp = (AQ +AQy) / T. (26)

®dopmyna (25) s aBox iHTepBaniB At Ta At, Ha inTepBaii T (T = Aty + Aty; 0, = At/T; 6, = Aty/T)
MOXe OyTH MpeIcTaBieHa y BUIIISAL

Oog” = Us (I8 + 1,78, — 78" — I,"8," — 21, 1-8,°8,) =
= U818 (I — L)’ = Us"(AQ1" Aty — AQ»- A1)/ (T°-Aty-Aby). (27)

[Tig wac BpaxyBanHs mo3HadeHb AQ| = O0¢;” AQs 1a AQ; = d¢r' AQs chiBBiAHONICHHS (27) MOXEMO
NpPEACTABUTH HACTYTTHUM YHMHOM:

Oop” = (UP-AQ5>IT?)(8¢1°8; — 8¢ca-81)° = (UP-AQs™IT?)-F(3¢, ), (28)
1ie F(3¢, 8) = (8182 — 82°81)%; 81 + 8 = 158, + 8, = 1.
Bun ¢yskuii F(d¢, 8) npencrasiaeHo Ha puc. 3. I3 chiBBigHomenHs (28) Burumsae, mo QJopp = 0 3a

d¢c1°0y = O¢2'01 00 BUKOHAHHI CHIBBIAHOMICHHS Ocy / Oy = O / 8, (IHTCHCHUBHICTh 3MIHH €HEPrOEMHOCTI Y
nporeci po3psany AKB npomopiifina TpUBaNOCTI iHTEpBaJIiB, Ha AKUX BiIOYBAETHCS PO3PS).
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Mpadgik pyHKLiT F(Ec, 8)
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Puc. 3

Cdopmosana 6e3po3mipHa PyHKIIS F(d¢c, 0) Ta€ MOKINBICTh Y TPUBUMIPHOMY IMPOCTOPiI OTPUMATH
HAOYHE MPEICTAaBICHHS 5K OLIHKM HEPIBHOMIPHOCTI CIIO)KUBAaHHS EJIEKTPOCHEPTrii HaBaHTAKCHHSMHU B
3aJIe)KHOCT] BiJl TPUBAJIOCTI IHTEPBAIB, HAa SKUX BiAOIp MOTYXHOCTI € TOCTIHHWM, TaK 1 IHTEHCUBHOCTI
po3psaay AKb Ha nux iHTepBanax.

Sxmo BBecTH HOMiHaNbHE Qpom Ta MIHIMAIBHO jonmyctuMe Oy 3HAYCHHS CHEPrOEMHOCTI
aKyMyJIITOpHOI Oarapei, To g BenuauH Qpom Ta Qv MOBUHHI BUKOHYBATHCS YMOBH

Onom > AQ: + AQs — Omng AQ) + AQ> < Ouom — Owmn- (29)

s ominku HepiBHOMIpHOCTI po3psny AKB (Irregular Battery Discharge) AQp po3ristHEMO
rpadiku Ha puc. 2, 6. Ockinbkn (yHKIIOHAJBbHI 3aJIe)KHOCTI Ha IOMY PHCYHKY 3aJaHi y IBOMIpHOMY
METPHYHOMY MpocTopi L®, TO MOXKEMO BH3HAYNTH METPHUHY Bi/CTaHb MiK (YHKIlEO Joi(t), 3amany
BizipiskamMu AB Ta BC, 3 onHiei cTopoHH, Ta QYHKIIEIO fo(f), 3anany Biapiskom AC, 3 apyroi. Bincrane Mix
byHkuisaMu fo(f) Ta fpi(f) BU3HAYMMO SIK HOPMOBAHY iHTErpajlbHYy HEB S3KY

T
do = (1/T) ({(fgz(f) —foi(®)-dt = So/T, (30)

Jie 1HTerpai MpeacTaBiseTbes mIomero Sp Ha puc. 2, 6. Ilpu npomy po3mipHicTs AQ;zp CTAHOBUTH A-TOI.
CriBBiIHONICHHS IS pO3paxyHKY AQpp MOKEMO 3aIMCATH HACTYITHAM YHHOM:
AQpp = (AQ) + AQy) (At + Ab)2 — (AQ1An)/2 — AQy Aty — (AQ» Aty 12T =

=(AQ1-At, — AQy-Aty) / 2T, (31)
3a ymoBu AQ, / Aty > AQ, / At abo
AQIBD = (AQI '62 - AQ281) /2. (32)
Benuuuna AQsp MOKE OyTu
A0 npezcTaBieHa B iHIIINH Gopmi
0.12 AQip = (AQ/Aty — AQy/AL) At -AK)12T. (33)
o1 Sxmo BeBectu Benuuuny Al = I, — L, To

AQgpp 3rimHO (33) Habyme Burmsany AQppp =
AI'Aty"A6/2T. 3amns  meMoOHCTpamii  3MiHH
0.06 AQip, TOOTO  SIKICHOI  KapTUHU  3MIiHH
0.04 HepiBHOMIpHOCTI po3psizy AKB Big BumBy
TPHUBAIIOCTI IBOX iHTEpBaNiB At Ta At,, Ha puc.
4 naBezneHo rpadik 3minu AQpp 3a AI=1 A Ta
T =1 c (BuxkonanHs ymoBu At; + A, = 1 ¢). fx
BUAHO 3 rpadika Ha pHuc. 4, MakCUMajbHa

BenmmurHa AQjpp JOCATAETHCSA 32 YMOBH At =
Puc. 4 Atz

0.08

0.02
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Bimnomenns noryxuHocti ®puse (3rigHo BHpasy (27)) M0 HEpiBHOMIPHOCTI IHTEHCHBHOCTI PO3PSILy
AKB (cniBBigHomeHnHs (33)) nosHauuMo Qoo/AQpp. Jna 1i€i BeIMYMHM MOXKEMO 3alHCcaTH HACTYIHI
CHIBBiIHOLICHHS:

(Qao/AQmsp)’ = 4-Ui’/ (Aty-Aty); Qao/AQmp = 2-Un/ (Aty-Aty)">. (34)

CniBBinHomenHs (19) ta (21) onucyroTs 3MiHH HOTYKHOCTI (g Ha HABAHTaKEHHI Ta BKA3yIOTh, 110
Ha KBagpaTndHy HeB’s3Ky AQq BINTUBAIOTH PEKUMH POOOTH CHCTEMH Ta OKPEMHX €JIEMEHTIB, 30KpeMa, Mae
Miclle IPSIMOTIPOTIOPIIiifHA 3aJI€KHICTh BiJl 3MiHHU JIIOYMX 3HAYEHb CTPYMY SIK EIIEKTPOMEPEXKi, TaK 1 CTpyMy
Big AKB.

Jns1 xapakTeprucTUKH OLiHKY eHeproedektiuBHocTi podotn AKDB B cuctemax po3noniny Ta BAKOPHCTaHHS
SIEKTPOCHEPTi 31 SMIHHIMH y Yaci HaBaHTAXKCHHSIMH BUKOPHCTOBYIOThCS CITiBBiAHOMICHHS (27), (33) Ta (34), e
AQpp € iHIEKaTOpOM eHeproedekTuBHOCTI poootn AKD sik enemenTa cucremu (4acTkoBa €HEProe()eKTHBHICTS);
Oap € iaukatopom podotn AKDB y cucremi (3arambHocHCTeMHa eHeproeekTHBHICTB). Ilpu mpomy ciin
BpPaxOBYBaTH, IO HABEICHI CITIBBIIHONIICHHS JOIIGHO BHKOPHUCTOBYBATH ITiJ] Yac OIIHKA HEPiBHOMIPHOCTI
Binoopy eneprii Bin AKB y Buainennx CEIL. YV pa3i po3risiy iHIIMX peXMMIB CHCTEM EHEPrONOCTA4YaHHS
crcTeMa Moka3HUKiB eekTuBHOCTI podoTn AKB Moxe OyTH iHIa.

Y mnopmampmomy mns Oumbmn TowuHOi netamizamii pexumiB pobotu CEIl 3 AKB (rpadikis
HEpPIBHOMIPHOCTI TpoIeciB) MoTpiOHO BpaxoByBaTthu ocoOmuBocTi pisHux THmiB AKDB, 30kpema, KibKicTbh
JOMYCTUMHX IMKIIB 3apsmy-po3psily, JOMYCTUMY TUOUHY po3psny, pedtuHr C xoHkpetHux tumis AKBD,
3MiHM Hanpyru Uy Ha OKpeMuXx iHTepBajax 4acy, a TaKOK HakJaJaHHI oOMexeHb Ha ruouny po3psaay AKb
Ta BpaxyBaHHS IHUKIIYHOCTI TOIECIB «3apsi/po3psm» TaKUM YHHOM, MO0 TpUBaNicTh 3apsmxaHHs AKb
MoOrJ1a 3a0€e3MeYUTH JOCATHCHHS MAaKCUMAJIBHO JTOIMYCTHMHUX PIBHIB iXHBOTO 3apsiay.

BucHoBku.

1. ITokazaHo, 10 y TMpoIeci po3paxyHKy €HEProeMHOCTI akymyistopHoi 6arapei y CEIl motpidbHO
BpPaxOBYBaTH HasBHICTH pexuMiB podotn AKDB pi3HOI iHTEHCHBHOCTI pPO3psoy, MO OOYMOBIIOETHCS
poboToto 3MiHHUX Yy 4Yaci HaBaHTaxkeHb CEIl Ta BU3HayaeThCst 0cOOMUBOCTIMH (POpMYBaHHS HEPIBHOMIpHHUX
y 4aci rpadikiB eJeKTPOCIIOKUBaHHS (HAPUKIIAJ, MPOTAToM 1001). BU3HaYeHO, 10 BAKIMBUM €IIEMEHTOM
ominku edextuBHocTi podotu CEIT 3 AKB € oriHka MOTEHIIHHUX MOKIUBOCTEH HAHOUIBIN MPUHHATHOTO
BiIOOpY MOTYXHOCTI Big Mepexi Ta akyMmyJsATOpHOI Oarapei y pasi 3MiHM CTpyMy HaBaHTa)KEHHS
(BKITIOUCHHS/BUKIIIOUEHHS OHOT'O HABAHTAKECHHA a00 IPyIH HAaBaHTAXXEHbB), a BIIACHE TaKy OLIHKY IOLIIBHO
3MICHIOBATH 3a PaXyHOK 3aCTOCYBAaHHS TaKOTO IHTETPAJBLHOTO IMOKAa3HWKA SK Moau(iKoBaHA MOTYXKHICTh
Dpuse.

2. 3amisa ouiHKM HepiBHOMIipHOCTI Bimbopy enextpoeHeprii y Buminenunx CEIl Bu3HaueHo mepemik
MMOKa3HUKIB €(PEKTUBHOCTI, sIKi BpaXOBYIOTh 0COOIMBOCTI poboTH pizuux triiB AKB, 30kpema:

— Koeghiyienm euxopucmantus emHocmi (3aCTOCOBYETBCSI B CHCTEMax, JI¢ BaKIMBO MaKCHMI3yBaTH
BUKOPHUCTAHHsI HAsBHOT eMHOCTI Oatapei 3azis 3a0e3nedeHHst cTabiIbHOTO )KUBJICHHS);

— peakmugHa nomysxcHicms @puse (3aCTOCOBYETHCS IS aHaNi3y e(EKTUBHOCTI POOOTH CHUCTEM,
0Cco0IMBO B TiOpuAHUX cucteMax (Microgrid), iki MOXYTh TPAITIOBATH SIK aBTOHOMHO, TaK 1 iIHTETpyBaTHCS 3
3arajbHOI0 CJICKTPOMEPEKEI0, ¢ OI[IHKAa HEPIBHOMIPHOCTI € KPUTUYHO BAXKIMBOIO I ONTUMI3allii
€HEProCIIOKUBaHH);

— KineKicmb Yuknie 3apsaody-po3pady (IOKa3HUK € KIIOYOBUM AJIS OLiHKK kuTTeBoro nukiy AKD y
SJIEKTPOMOOUISIX, € aKyMYJISITOPH MiANAalOThCS THTEHCHBHUM HABAaHTA)KCHHSIM Ta YacTUM IMKIAM 3apsiiy-
pospsny);

— eaubuna pospsdy (BUKOpPHCTOBYeThCcs y cuctemax, ne AKB iHterpyrotecs 3 BJIE (comsiuni Ta
BITPOBI €JIEKTPOCTAHIIIT) 1 Ie BAXKJIMBO 3a0€3MEUNTH ONTUMATIbHE BUKOPUCTAHHS EMHOCTI OaTtapei.

3. OTpuMmaHi CIiBBIAHOIIEHHS Ta MOKa3HUKU OLIIHKH eHeproedekTuBHOCTI podoT AKB maroTe 3Mory
criBcTaBUTH pi3HI pexkxumu podotn AKD i3 BpaxyBaHHSM 3MiHH PEXUMIB pOOOTH SIK CUCTEMH B IUJIOMY, TaK
1 pisaux tumB AKBb Ta HaBaHTaXeHb CHCTEMH, IO OCOOIHMBO BAXKIWBO I Yac BUPIBHIOBAHHS TpadikiB
TeHepalii Ta CIIOKUBAaHHS eJeKTpoeHeprii (OalaHCyBaHHS EHEPronpoleciB) y CTaHIMIAX 3apsKaHHS
€JIeKTPOMOOIITIB.
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ASSESSMENT OF UNEVENNESS OF ELECTRICITY WITHDRAWAL IN ELECTRICITY DISTRIBUTION
AND USE SYSTEMS WITH ACCUMULATORY BATTERIES

S.P. Denysiuk, D.G. Derevianko, L.I. Bohoiko

National Technical University of Ukraine "Thor Sikorsky Kyiv Polytechnic Institute",

Beresteiskyi Ave., 37, Kyiv, 03056, Ukraine, e-mail: spdens@ukr.net.

The peculiarities of calculating the energy capacity of storage batteries in systems of distribution and use of electricity
with time-varying loads at different intensities of their discharge are considered. It is shown that the assessment of the
unevenness of electricity selection in systems with storage batteries can be made due to the use of such an integral
indicator as the modified Friese power, which is considered an indicator of the operation of a specific element in the
system (assessment of the overall system energy efficiency). The dependencies of the unevenness of the battery
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discharge are obtained in the form of a dimensionless function, which allows you to get a visual representation of the
assessment of the level of unevenness of electricity consumption by loads in three-dimensional space depending on the
duration of the intervals in which the power draw is constant, and the intensity of the battery discharge during these
intervals. An integral characteristic of the assessment of unevenness of the battery discharge, which is an indicator of
the energy efficiency of the battery as an element of the system, is introduced. References 19, Figures 4, Table 1.

Key words: power grids, storage battery, battery capacity, Fryse reactive power, electricity distribution and use systems,
load time variables, assessment of unevenness of the electricity consumption schedule.
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JOCJIIIKEHHS PEXXUMIB KOMIIEHCAIIT PEAKTUBHOI TOTYKHOCTI
B CUCTEMI EJIEKTPOIIOCTAYAHHS 3 KACKAJIOM TPAHC®OPMATOPIB

B.I'. SIryn"’, noxr. Texu. Hayk, K.B. Hrynz**, JIOKT. TEXH. HAYK

lXapKiBCBKI/Iﬁ HAiOHAJLHUI aBTOMOOLILHO-10POKHill YHiBepcuUTeT,

ByJ1. SIpocaaBa Myaporo, 25, Xapkis, 61002, Ykpaina, e-mail: yagup.walery@gmail.com.
? Hauiona/ibHuii TexHiunmii yHiBepeuter «XapKiBehKHii mosTiTeXHiMHMii IHCTHTY T,

ByJ. Kupnnyoga, 2, Xapkis, 61002, Ykpaina.

Hocniosceno pesxxcumu Komnencayii peakmugnoi nOMY*CHOCMI 6 cucmemi el1eKmpoOnoCMAYAHHS, WO HCUBUNBLCA 8i0
CUHXDOHHO20 2eHepamopa uepe3 KACKAd Npomidcnux mpancgopmamopie. Iloxazamo, wo peakmueHa CKiIa008d
CRILHO20 KOMNJIEKCHO20 ONOPY 2eHepamopa ma mpakmy enekmponepeoadi Modice o0yMoenosamu 6iOHOCHO GelUKi
PpisHi peakmueHoi nomyxjcnocmi 6 cucmemi. J{ocaiou noKazyioms, wjo ys ROMYACHICMb 3ATUULAEMbCS 8 CUCHEMI HABIMb
nicis 3acmocy8ants NonepeuHol EMHICHOI KoMnencayii, Aka He 8 3M03i 3a0e3neyumu N08HY KOMNEHCayilo peakmugHol
HOMYICHOCMI 8 cucmemi ei1eKmponoCmadants 3 Kackadom mpanc@opmamopis. 3a yux ymos mMemooom HOULyKogoi
onmumizayii Ha KOMNIOMEpHiU MOOeni 3HANUOEeHO ONMUMANbHE 3HAYEHHS GeAUYUHU EMHOCMI KOHOEHCAmopa
nonepeynoi Kommneucayii. Pe3ynomamu O0O0CNiONCeHHS NOKA3VIOMb MOXNCIUBICMb OOCASHEHHSI pedcuMy MNOSHOI
KoMneHcayii peakmugHoi NOMYNHCHOCMI 3d PAXYHOK BIOHOCHO HEGeNUK020 30LNbUEeHHS EMHOCMI KOMNEHCYI04020
KoHOencamopa, wo 3abesneyye nonepeyny komnencayiro. bion. 8, puc. 6, Tadam. 1.

Knrouosi cnoea: xackan tpancopmaTopiB, JiHIS eIEKTporepenadvi, peakTUBHA IMOTYXKHICTh, MMOBHA KOMIICHCAIIis,
MOIIYKOBA ONTUMI3aLlis.

Beryn i mocranoBka 3aga4i. CucteMu moctayaHHs €JIeKTPUYHOI €Heprii MpeACTaBIsIOTh cO000 CKIIAAHI
CHCTEMH, SIKi BKJIOYAIOTh O CBOIO CKJady IPUCTPOI Pi3HOrO (PyHKLIOHAIBHOTO NPHU3HAYEHHS, MPUUIOMY
KUTBKICTh TaKUX IIPHUCTPOIB MOXKE JOCSATATH 3HAYHWX BenwuuH [1]. B po3paxyHkoBOMY IUIaHi BOHA 3aJICKUTh
BiJl CrocoOy CHpPOIIEHHS Ta Yy3arajJbHEHHs 3acTylHUX CXeM JUIs I[iJiel KOHKPETHOTO JIOCHiKEHHSI.
TpaguuiiiHo [UIA 1BOTO SK CKIAJOBI BHUIUIAIOTH TEHEpPATOp eJEKTPOEHeprii, IiHil eneKkTponepenadi,
TparchopMaTopr 1 EKBIBAJICHTH CIIOXKHBadiB elekTpuuHoi eHeprii [2]. Ilim dWac BHpIIEHHA NHTaHb
KOMIICHCAIlii PeakTHBHOI TOTY>KHOCTI KOMITEHCYBaJIbHI MPUCTPOI MOKYTh BMHUKATHCS OKPEMO JJIsl KOXKHOTO 3
nepesiueHnX NprcTpoiB. HalOinbn nommpeHoro € KOMIeHcalisl peakTHBHOI MOTYKHOCTI came CIIOKHBadiB [3,
4]. KommencyBajibHi IPUCTPOI BMUKAIOTHCS O€3MOCEPEAHBO Y BY3JIaX MiAKIIOUCHHS KOXKHOTO HABAaHTa)KCHHS
abo 1ol TpynmM HaBaHTakeHb. [Ipw ITbOMY ONHOYACHO MOXYTh BHIPIINTYBATHCS 1 MHUTAHHSI CHMETPYBaHHS
PEeKMMiB TpH(DA3HUX CHCTEM €JEKTPOIIOCTAUYaHHs, SKIIO HAaBaHTAXEHHsI HEPIBHOMIPHO CIIOXKMBAIOTh €HEPTil0
Big KOkHOI 3 a3 cucremu [5]. OmgHak y pasi KOMIEHcaulil JIMIIC HABAHTaKEHb B CHUCTEMi IPOIOBXKYE
IUPKYJIIOBaTH PEaKTHUBHA IIOTYXHICTh, OOYMOBJICHa pPEaKTHBHOCTSIMH TpaHchopMaTopiB 1  JIiHii
eJIeKTporepenadi. 3 1Or0 MPUBOJY PalliOHAIBHO PO3INISAATH HEOOXIAHICTh 3a0e3MCUeHHS ONTUMAJIbHUX
peKUMiB poboTH cucTeMH. Tak y BHIIAIKY, KOJHM TEHEpaTop eJEeKTPOCHEprii Biimae JHIIe aKTUBHY
MOTY>KHICT, TO BiH HE TIOB'SI3aHUM TAaKAUM YHHOM 3 PEAKTHBHOIO TOTYKHICTIO, IO TEHEPYETHCS OY/Ib SIKUM 3
NPUCTPOIB TPAKTY Iepeaadi eHeprii BiJ reHeparopa 10 crioXuBayva. Takuil pexxuM OyZeMO Ha3WBaTH PEKUMOM
MOBHO1 KOMIIEHCAIil peakTUBHOI MOTYXHOCTI B cucteMi. [losiBa peakTHBHOI MOTYKHOCTI BiJ TpaHc(opMmaTopis
00yMOBIIEHa HASBHICTIO IHAYKTHBHOCTEH HaMarHidyBaHHS i poscitoBaHHA [6]. [IpHHIMIIOBO iHAYKTHBHICTH
pO3CifoBaHHSI MOXKEe OYTH KOMITEHCOBaHA 3aBISKH IMYHTYBAHHIO OOMOTOK TpaHc(opMmaTropa KOHIEHCATOPAMH.
AHAaJOTIYHO IHAYKTHBHOCTI PO3CIFOBaHHS MOKHAa KOMIICHCYBATH ITOCTIJJIOBHMM BMHUKAaHHSIM KOHJICHCATOPIB 3
oboBuTKamu Tpanchopmaropis. Llomo komreHcarnii peakTHBHOI MOTYKHOCTI JIiHIM eleKkTponepenadi, TO s
IIbOTO BUKOPHUCTOBYIOTh, SIK IIPAaBWJIO, TAaK 3BaHy IOB3JOBXKHIO KommeHcauito [1, 2]. Bona nomsrae y
MIAKITIOYCHH] MTOCTIIOBHO 3 JIHIEK €JIeKTpoIiepeaadl KOHIEHCATOPIB, SKi pO3PaXOBYIOThCS TAKMM YHMHOM aOu
KOMIICHCYBaTH PEaKTHBHI CKJIaJ0Bi KOMIIJIEKCHOTO OIOpY JiHii enexTponepenayi. TuM caMiM KOMIEHCYETHCS
1 peakTUBHA IOTY>KHICTh, III0 OOYMOBIIEHA IIUMH PEAKTUBHUMH CKJIAJIOBHMH OTIOPIiB JIiHIN eleKTporepenayi.
Ha mpakTuili yCTaHOBKH TOB3JIOBXKHBOI KOMIICHCAIIl MPEICTABISIOTh COOOI0 JOBOJI BENHKI CIOPYIH, IO

© Aryn B.I',, Sryn K.B., 2025
ORCID: " https://orcid.org/0000-0002-7019-3499; " https://orcid.org/0000-0002-9305-8169
© Bunasenp IactutyT enekrponunamiku HAH Ykpainu, 2025

e crarTs Bimkpuroro noctyiy 3a tinensiero CC BY-NC-ND 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode.uk

82 ISSN 1607-7970. Texn. erexkmpoounamirxa. 2025. Ne 1



BCTAHOBJIIOIOThCS 337151 KOMIIGHCAIlil PEaKTUBHUX CKJIAJ0BHMX B OCHOBHOMY BHCOKOBOJITHHX JIiHIi
enekrponepenadi. OfHAK MPU [BOMY 3AJUIIAIOTHCS HECKOMIICHCOBAHMMHU PEAKTUBHI MOTYXKHOCTI B JIHISIX
eJIeKTponepeadi HU3bKOI HANPYTH, MPOTKHICTD SKUX MOKE OYTH HaBiTh CHIBCTaBICHHO 3 JIIHISIMH BHCOKOI
Harpyrd. B pobortax [5, 6] mokazaHa MOMIUBICTh JOCATHEHHS PEKHUMY TMOBHOI KOMIICHCAIli PEaKTHBHOT
MOTY>KHOCTI 32 paxyHOK 3aco0iB IMOTepevTHOI KOMIICHCAIlli B y3arajdbHEHIH CHCTEMI eJIeKTpOTocTadyaHHs [6].
Taka cxema MakCHMaJbHO CIPOIICHA, B Hilf HA OCHOBI TEOPEMH TIPO EKBIBAICHTHHH T'€HEPATOp 3 TOUYKH 30pYy
HaBaHTA)KEHHsI PEIlTa CHCTEMH 3aMiHEHAa EKBIBAICHTHHM JDKEPEIOM HAMpyTH 3 BHYTPIIIHIM KOMIUIEKCHUM
OTIOPOM, MIO0 BMHKA€ETHCS IMOCHIIOBHO. [lokazaHo, MO0 HAaBITh y TaKOMY IIPOCTIIIIOMY BHWITAIKy Tpeda
aHaJII3yBaTH CHCTEMY TPEThOro MOpsaKy. Lle mpakTHYHO BUKIIIOUAE aHAITHYHHMMA CHOCIO aHalli3y, 1 pillIeHHS
3HAXOJUTHCS Y 3arajibHOMY BUIIAJKy YHCEJILHHUMH METOJAMHU HA OCHOBI 3aCTOCYBaHHSI KOMIT FOTEPHOI MOJENi
Ta ONTUMI3aIifHUX MeToMiB. TWM CKIamHIMKA BHMAAOK OyJe NPEACTABISATH TaKe JOCIIDKEHHS, SKIIO
HAOJIM3UTH PO3IIIST IO PEATHHOTO BUIAJKY, KO CUCTEMA Tepeiadi eNeKTPOSHepril MPeICTaBIsTUME TPYITY
TpancopmaTopiB 1 JiHiM enexTponepenaui. Ilapamerpu 1HMX TPUCTPOIB NOBHUHHI BpaxoBYBaTHCS Y
PO3paxyHKax ONTHMAILHOTO pexxuMy [7] 3a IXHIMHU 3aCTYITHUMH cxeMaMu. [1i] yac mpencTaBieHHs 3aCTyMHIX
cxeM TpaHchopMaTopiB 1 JHINA eekTporepenadi T-TIOAIOHMMH 3acTYITHUMH CXEeMaMH EKBiBaJICHTHA
PO3paxyHKOBa CXeMa CUCTEMHU EJIEKTPOIIOCTaYaHHs MaTUME JJOCHTh CKJIAJHY 32 TOIOJIOTIEI0 3aCTYIHY CXEMY.
AHami3 i onTuUMi3alis pexXxuMy Takoi CXeMH MOXIMBHH JIMIIE Ha KOMIT IOTEPHIA MOJET i3 3aCTOCYBaHHSIM
ANTOPUTMIB MOIITYKOBOI ONTUMI3allii.

MeTto10 po6oTH € JOCTiKEHHS Ta ONTHUMI3allis PEeXKUMY ENEKTPHYHOI MEpexi 3 KacKaloM MPOMiKHHUX
TpaHcOopMaTOpiB i JAETEPMIHOBAaHMM HABAaHTAKEHHSAM 3a[Ulsl JOCATHEHHS pPEXUMY IOBHOI KOMITEHCAIil
PEaKTHBHOI MOTYXKHOCTI B CHCTeMi 3 TIOJAIBIIAM TOPIBHIHHAM MapaMeTpiB OT0 PEKUMY 3 ITHIIMMH
BapiaHTaMH PEKHUMIB, IO MOXKYTh 3a0€3MeUNTH TTOKPAIICHHS TTOKa3HUKIB POOOTH IIi€i €IIEKTPUIHOT CHCTEMH.

OcHoBHU# 3MmicT. Po3srisiHeMo cHcCTeMy eNeKTPOIOCTa4aHHs, IO >KHBUTHCS Bil CHHXPOHHOTO
reHeparopa 4epe3 Kackaa TpaHchOpMATOpiB 3 OJHIE JAHKOK MifABHINCHHSA Hanpyrd a0 110 kB i
HACTYITHUMH JIBOMa JIaHKaMHu 3HWkeHHsS Hampyru mo 10 kB i 0,4 kB. Ilepemaua emektpoeHeprii Mix
TpaHcOpMaTOpaMu 3IIMCHIOETBCS Yepe3 JIiHil eeKTpornepenadi Ha 3HauHi BigcraHi. CTpyKTypa CHCTEMH,
sIKa TOCIIJPKYEThCS B 1il poOOTi, MOSICHIOETHCS HA Bi3yasbHii Moneni (puc. 1).

Imgen

Product MS1 Inrms Un_rms
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Hwxus dactnHa Mojem BimoOpakae CHIIOBY CXEMYy CHCTEMH CJIEKTPOITOCTadaHHS, IO
JOCHIKY€EThCs. [IKepenoM KUBJIEHHs BUCTYTIAE JUKepeio Hanpyru £sg. Jliroue 3HaueHHS HANpYTH JHKepesa
npuiinsTe 6,3 kB 3 yactototo 50 ['11 i HymEOBOIO (Pa30t0; BHYTPINIHIN OMip — iIHAYKTUBHUM 1 BiToOpakaeThcs
B MOJCINI IHIYKTHBHICTIO X5, omip sfkoi Ha poOouii dactori npuiiHaTHi piBEHEM j0,3 OM. llfo BenwmauHy
BUOpaHO, BUXOASYM 3 MPHUITYIIEHHS, 110 HOMiHANbHA MOTYXXHICTh TpH(a3HOTO CHHXPOHHOTO T'eHeparopa
S¢=15 MBA; niniiiHe nito4ye 3HaYCHHS HANPYTH HA 3aTUCKauyaX CHHXpPOHHOTO reHeparopa Uz=6,3 kB. Toxi

0a30oBUil OHip CHHXPOHHOrO reHepatopa z, =U é / Sg = 6,3 /15 =2,646 Om. [ns TypOoreneparopis
BiZJTHOCHA BEJIMYMHA BHYTPILIHHOTO IHAYKTUBHOTO OTMOPY CKJaaae mopsaka 8 + 25% Bia BenuuuHM 6a30BOT0O

onopy [8]. OOpane 3HaueHHsI BHYTPIIIHBOIO ONOPY TakuM 4YuMHOM ckiazae 11% Big Gazosoro. Hampyra
JUKepelia TOoJaeThesl Ha TpaHchopmarop Tranmsl, sxuit mipBumrye Hamnpyry mo 110 kB. HominamsHa
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MOTYXHIiCTh TpaHchopmaTopa 15 MBA, BigHOCHI 3HaueHHs iHmyKTUBHOCTeH po3citoBanHs (0,08,
iHAyKTHBHOCTI HamarHiuyBanHs 500, ormopy oomotok 0,002, onopy HamarniuyBanHs 500. Taxi % 3HaUYEHHS
HOMiHAJBHUX TOTYXXHOCTEH 1 BIJHOCHHMX BEIMYMH NPHUHHATI 1 7 HacTymHuX TpaHcpopmaropiB. [licis
nepuoro TpaHcdopMaTopa Hampyra mHepefacThes depe3 JiHito mnepenadi Linel momxkumuoio 100 kM, sika
MOJEITIOEThCA 3a T-TI0II0HOI0 3aCTYITHOIO CXEMOIO 3 ITapaMeTpaMHu OJHI€T ceKIii: akTuBHMM omip 0,2 OM/kM,
inayktuBHui omip j0,4 OM/kM, moniepeuna eMHicTh 12.74e-9 d/xm. [pyruii Tpancdhopmarop Trans2 3HUKYE
Hanpyry 31 110 kB mo 35 xB. Hampyra Bim HbOro mepenaeTbcsi 4epe3 JiHiIO eJleKkTpornepenadi Line2
MoBkuHOIO 10 KM 3 BiANOBITHMME TlapaMmeTpaMu onHiei cekmii. Tperiii Tpanchopmatop Trans3 3HIKYE
Hanpyry 1o 220 B. CnoxwuBaueM TNpUIHATO 30CepeleHe aKTUBHO-IHAYKTHBHE HaBaHTaKEHHS 3
komIuiekcHuM  oniopoM  Zn=(0,008+j0,006) OM, 110 BIAMOBiga€E THUIIOBOMY 3HAYCHHIO KoedilieHTa
notyxHocTi Cosp=0,8. Take HaBaHTa)XEHHs 3a HOMiHaNbHOI Hampyru 220 B cnoxuBaTHMe TOTYXHICTh
Szn=4,84 MBA, YoMy BIIIOBITAIOTH piBHI aKTHUBHOI MOTYXHOCTI Pzn=3,872 MBT 1 peakTUBHOI
Qzn= 2,904 MBAp. Lli BenuuuHM OJM3BKI JO HOMIHAJHLHOTO 3aBaHTaXCHHS OJHI€I (Das CHHXPOHHOTO
reHepatopa. CTOCOBHO OCTaHHBOTO TpaHC(hopMaTOpa CIYIIHO 3ayBaKWTH, IMO IS PO3IMOAUTEYMX
tpanchopmaropiB 35kB Ha 0,4 kB peanpna moryxHicTs He iepeumnye 6300 kBA (ma tpu daszu), Tomy Ha
OpPakTUIl I TOTYXXHICTh OyAe po3moiiieHa MiX Tpymnoroo TpaHcdopmaropiB. OkpiM Toro, B Mojemi
¢daktnuHO oxHodasHe HaBaHTaxkeHHA 4,84 MBA Ha Hanpysi 220 B migkiroueHo Oe3nocepeiHbo Ha
3aTrucKavi TpaHchopMmaTropa. Y pealbHUX YMOBaX CHOXHBAHHS TaKOi MOTYKHOCTI TAKOXK PO3IOMITUTHCS MiX
JeKUTbKOMa TpaHCPOPMATOPaMH MEHIIOT MOTYKHOCTI. MOJIeOBaHHS CHCTEMH 3 PO3Tally’KEHHSM €HEepril 1Mo
TpaHcopMaTOopaM 1 HaBaHTAXEHHSIM MOXE CKJIACTH MpEeAMET OKpeMoro aochimkeHHs. [lapaienbHo
HAaBaHTKEHHIO BMUKAETHCA TMOMEPEYHa KOMIIEHCYI04a €MHICTh (Ha pHc. | BiICYyTHS), OCKUIBKY TOKa3HUKH
Ha MOJICTI BIIIOBIAAIOTE PEKUMY 0€3 KOMIIEHCAITil peaKTUBHOI ITOTY>KHOCTI.

Bepxus uactunHa Mmoxeni (puc. 1) mpeacraBiise COOOI CHCTEMY BIPTYaIbHHUX BHUMIPHOBAIBHUX
npunaaiB Ans Qikcariii mapaMeTpiB pexxuMy B CHCTEMi, a TaKOX 3aJyuIsd 3a0e3nedeHHs] poOOTH alTOpUTMY
MONIYKOBO1 ONTHMIi3allii. BipTyansHi Ipuiagy BUMIPIOIOTh HANIPYTY JUKepena Ta ioro crpyM. 1li BemnmauHu
MOJJAFOTHCS HA BIPTyaJIbHUN BHMIpIOBaY aKTUBHOI 1 pEaKTHBHOI MOTYKHOCTI PowerG 3 Qikcali€eio 3HaueHb
AKTHBHOI 1 PEaKTHBHOI MOTYXHOCTEH JyKepena Ha BipTyalpHHX Auciuiesx Pg ta OJg. OmHOYacHO MOIYJb
3HAYEHHS PEaKTUBHOI MMOTYXHOCTI BUKOPUCTOBYETHCS K BEJMYMHA IUTBOBOI (DYHKIII ITiJ] 9ac MPOBEACHHS
MONIYKOBOI ONMTUMI3aIlil 3aBISKM Tepenadi IbOro 3Ha4YeHHs y pobouumit npocrtip MATLAB 3aBasku
BipTyanbHoMy npwiany 1o Workspace y Burnani 3minHoi Nev. T'apmoniunuii anamizatop Fourie Ig
BU3Ha4Yae aMILNTyAy i a3y cTpymy, IO CIIOXKHBA€ETHCS BiJ TeHeparopa. Jlucruielr Sgen mokasye MOBHY
MOTY)KHICTB, 10 CIIO’KUBAETHCS BiJl TeHEpaTopa.

AHANOTIYHO Ha CTOPOHI CIIOKMBAaya BHMIPIOIOTBCS HAIpyra i CTpyM, BH3HAUAIOThCS aKTHBHA 1
peaKkTHBHA MOTYKHOCTI HaBaHTaXeHHA Pn 1 On, dikcyrotscs pitoue Un_rms Ta ammnityane Un_m 3Ha4eHHS
HaIllpyTd HaBaHTaXXEHHSA 1 Woro QazoBuit 3cyB Fi Un, a TakoX aHAIOTIUHI IMOKAa3HUKH IS CTPYMY
HaBaHTaxeHHs Inrms, Imnc, Filnc. BiptyansHi ocumnorpadu Scope NaroTh 3MOTY CHOCTEpIraTH 4acoBi
JiarpaMu HaIpyT i CTpyMiB TeHepaTtopa Ta HaBaHTAXXCHHS, IPUUOMY CTPYMH BiAINOBIIHO MacIITaOyrOTHCS
JUTSE HAOYHOCTI TIPECTaBICHHS 3 JOTIOMOT'O0 OJIOKIB TTiACHIICHHS.

JocmimuMo BHXITHUH peXuM 0€3 KOMIICHCAIlil peakTHBHOI MOTYXKHOCTI. Mopenb i I[hOTo
BUTIAJIKy 300pakeHO came Ha puc. 1, Ie KOHAEGHCATOp, 10 IIYHTYE HaBAaHTAaXCHHS, BUKIIOYEHUH 3 Mozei 3a
nmoriomororo omtii Open Circuit. Jliroue 3Ha4eHHS HANIPyTH Ha HaBaHTaXeHHI ckiaxae 190,2 B, mo o3Havae
3HIDKEHHS TIOPIBHSHO 3 HOMiHATRHUM Ha 16% 1 € HenmpumycTUMuM 3a ctagaapTamu. CrioXuBad HE OTPUMYE
HOMIHAJIbHOI HAIPyTH, TOMY Ha HaBaHTa)XCHHI PO3BUBAETHCS TOHMKCHA aKTHBHA MOTYXKHICTH 2,895 MBT
3amicTh odvikyBaHoi 3,872 MBT, 1 ne cknamae 74,8% Big moTpiOHOI MOTYKHOCTI HABaHTAXCHHS. TakuMm
YUHOM, BHUXITHUH pexxuM Oe3 KOMIIeHcallii peaKTUBHOI MOTYKHOCTI BiAIIOBiga€ BUNAJAKY IEepEeBaHTAKEHOI
clabKoi Mepexi, sika He 3a0e3nedye 3a TaKhX YMOB JONMYCTUMHX MEX BIIXWIJICHHS BUXIJHOI HANpyr# i
CYTTEBO HEJOAAE MOTY>KHOCTI CIIOKUBAUEBI.

PosrnsiHeMo pexxuM CUCTeMH, KWl BHHUKAE y pasi 3aCTOCYBaHHS CIIOCOOY TTiABUILEHHS HAPYTH Ha
HaBaHTAXEHHI IIJITXOM 301IBIICHHS KUIBKOCTI BUTKIB BTOPHHHOI OOMOTKH TPeThOoro TpaHcdopmartopa. Jis
OTpPHMAaHHS HA HABaHTA)KEHHI HOMiHaNBHOT Hanpyru 220 B kinbKicTh BUTKIB Tpeba 30imbimuTH Ha 25,3%. Lle
3HaYeHHs OTPUMAaHO MUISXOM IOIIYKOBOI ONTHUMI3aIlii IMiJ] Yac 3MiHA HAIIPYTH BTOPUHHOI OOMOTKH 332 YMOBHU
JIOCSTHEHHS Ha HaBaHTAKCHHI HOMIHAJNBHOI HampyTw. Ilicis BigmpamoBaHHSA MOIETh Ma€ BHUTIIA,
HaBelleHMH Ha puc. 2. SIK BHIHO 3 TOKAa3HUKIB TPWIAAIB, HAllpyra Ha HAaBaHTAXXEHHI W CIIO)KMBaHA
HABAHTAKEHHSIM IMMOTYKHICTh TOYHO BiJIIOBIIal0Th HOMIHAJIBHUM 3HAYCHHSM, TOOTO JAOCSATHYTO BiJIIOBiJTHE
T ABUINEHHS BUXiTHOI HATIPYTH.
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Puc. 2

OpHak Taki 30iNbIIEHHS HANpPYTH 1 MOTYXXHOCTI Ha HAaBaHTAXKEHHI CYMPOBOKYIOTHCS 3HAYHHM
3pOCTaHHSIM CIIOKMBAHOTO BiJ I'e€HEpaTopa CTpyMy, aMIUIiTyna sikoro mocsrae 1386 A. Jlons peakTHBHOT
NOTY>KHOCTI HaBiTh JELIO 3pOCTa€, IO MOMITHO 3a 3pOCTaHHSM KyTa 3CYBY CTPyMy reHepaTropa BiIHOCHO
fioro Hampyru. Lle o3Hauae 3MeHIeHHsT Koe(ilieHTY MOTY>KHOCTi. 3HAYHO 1 HAJAMIPHO MPH IIEOMY 3POCTaE
MOBHA TIOTY)KHICTh, IO CIHOXKHMBAETHCS BiN TeHeparopa, ska pgocsrae 6,176 MBA. Takum duHOM,
TpagWLiHHUKA CcHOCiO TIMHATTS HaNpyrd TEepeMUKaHHSIM KiJIbKOCTI BHTKIB TpaHCQOPMATOpiB B TPaKTi
nepefavi  eJIEKTPOCHEPril XapakTepU3YETbCs Maike TaKUMH K HepalioOHaJbHUMHU EHEPreTUYHUMHU
MMOKa3HUKAMH PEXUMY, SIK 1 BUXITHUHA PEXKUM ITepEeBaHTAXKEHOI cllabkoi Mepeki. €auHe MO3WTHUBHE, IO
JOCSTAETHCS TP IIbOMY — T1IBUILIEHHS HATIPYTH HA HaBaHTa)keHHi. Lle #ilficHO BaXKJIMBO LTSI CIIOXKHMBayYa, ale
HE CITiI HEXTyBaTW THM, IO 3HAYHE 3POCTAaHHs CIIOKMBAHOTO BiJ reHeparopa CTPyMy O3HAuYae 3pOCTaHHS
BTpAT EJIEKTPUYHOI €Heprii B yCili CUCTeMI Iepeiavi eeKTpoeHeprii. 30kpeMa, 11 MPU3BOIUTH JI0 TIeperpiBy
JPOTIB JiHIH eNeKTporepeaayi i 0OMOTOK TpaHCHOPMATOPIB B KaCKadi epeaadi eHeprii.

3a111 AOCSTHEHHS pPesKMMY NMOBHOI KOMIeHcaulii PeakTUBHOI MOTYKHOCTI JOTMOBHHMO MOJIEINb 1
3B’sDKEMO 11 3 mporpamami, siki 3a0e3nedars HOLIYKOBY ONTHMI3allil0 IbOTro pexxumMy. Monens A 1bOro
BHITAJIKY 300pakKeHO Ha pHC. 3.
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[lin 4vac 3amycky 1€l Mojeli OOYHMCIIOEThCS 3HAYCHHS MLIIBOBOI (YHKINI, 3a SKy HPHHHATO
3HAaYeHHS MOJYJIS PEaKTHBHOI MOTY KHOCTI, 1[0 CIIOKUBAETHCS BiJ TeHeparopa. Lle 3HaueHHs 32 JOMTOMOTOI0
BipTyasibHOTO Tpunany To Workspace mnepenmaetscss mo pobodoro mpoctopy MATLAB. Takum dYuHOM
3a0e3MevyeThCsl 3B'S130K MOJIET 3 MporpamMaMu, 0 BUKOHYIOTH ITOIIYKOBY OINTHMi3alito. TEeKCT Tol0BHOI
nporpaMu npuBeneHuid Ha puc. 4. Tyt rmoGansHUMH 3MiHHUMH orojouieHi: Ck — eMHICTh KOHAEHCATopa,
0 KOMIIEHCYE PEeaKTUBHY MOTYXKHICTh B CHUCTeMi; Nst — KUIBKICTh KPOKIB ONTHMI3aI[iifHOTO MPOIECy, IO
CHIBMAAa€ 3 KUIbKICTIO OOYMCIICHb 3HAYCHb LIJIbOBOT (PYHKIIT 1 KITIBKICTIO MPOTOHIB MOJIEII CHCTEMH; Nev —
CYTO 3HaueHHs WiNbOBOI (PyHKIIT, sIKE ONEPKYETHCS BiA MOAeNl depe3 poOOUMid MPOCTip, SK 1€ OMUCAHO
Butie; MN — MacuB 3Ha4eHb IITHOBOT PYHKIIII HA BIATIOBIAHUX KPOKaxX ONTHMIi3allii, 3aBIIKH YOMY MOXKHA
CITOCTEpIraTH MBHUAKICTE 30ITaHHS MPOIIECY ONTHUMI3allii.

@
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Omneparop option BBEACHUH Ul 3HWKCHHS Ha ABA MOPSAAKH TOYHOCTI JOCSTHEHHS ONTUMYMY B
MOPIBHAHHI 3 THUM, IO MPUHHATHH 3a

warning off 3aMOBYaHHAM. TakUM YMHOM HapaMeTpH
global Ck Nst Nev MN BIZHOCHOI Ta aOCONIOTHOI TOYHOCTI
Nst=0 IPUBOIATHCS 0 PalliOHAJIbHUX 3HAYECHb

options=optimset(“MaxFunEvals®,10000, "Maxlter”, :
10000, "TolX", 1le-1, "Tolfun®,le-1); 3 ypaxyBaHHSIM BIJHOCHO BEJIMKHX

- . - - Ha4yeHb IIbOBOI (DYHKIIIT, TTOB’sI3aHOT
Y=Fminsearch(" func_s3fnesim®,[12700],options) SHateHb NiNbOBO QYHKILT, 1108’ 43aH0 3
Nst BEJIMKMUMM  3HAQYEHHSMH  PEaKTUBHOI

Puc. 4 MOTYKHOCTI B cucreMi. Lle mae moxim-

BiCTb ~ TO30aBHTHCS  HaJIMIIKOBHX

iTepamid onTUMI3amii, MOB’sI3aHUX 3

JOCSTHEHHSM TOYHOCTI, SIKa BXK€ HE € CYTTEBOIO 33 IIOCTABJICHHX yYMOB IapamMmerpiB cuctemu. Omeparop

fininsearch 3abe3nedye 3BepHEHHs 10 BOymoBaHoi (yHKUii onTuMizamii 3a MeTOAOM JedOPMOBAHOTO

OaratorpanHuka. B poni ¢aktuuHmMx mapamerpiB mi€i (yHKIIT BKazaHO iM’s (GYHKIII I OOYMCIIEHHS

iT0BO1 (DYHKINI{, TTOYATKOBE 3HAYCHHS MAcHWBY 3MIHHHX OITHMi3allii Ta TOCHWJIAHHA Ha BHU3HAYCHI B

nornepeiHbOMy  oreparopi omuii ontumizamii. @aiin 3  ¢QyHKUiEr0 o00YHMCIEHHS UUTBOBOI  (PyHKIT
npeAcTaBIeHUH Ha pHc. 5.

Oneparop global BinkprBae nocTym 10 TI00ANBHUX 3MiHHUX, OTOJIONIEHWX B TOJIOBHIM MpOTpami.

Onepatop npucBoroBanHs st Ck Maciitadye 3HaUeHHS €MHOCTI

function Nev=func_s3fnesim(x) KOMIIEHCAIlii, [0 Ja€ 3MOTY BECTH OOYHMCIICHHS, 3amo0iraroyuu

global Ck Nst Nev MN BIIHOCHO  MajguX 3Ha4eHb 3MIHHOI  ONTHMI3amii, a
Ck=abs(x(1)*1e-6); BUKOPHCTOBYIOYH B IIPOrpaMi ONTHMIi3allii 3HAYEHHS €MHOCTI,
Eé\n) VVEESoptpaper BUpaXeHe B Mikpodapanax. OmepaTtop sim 3amyckae MOMACIb
pause(1/20) CHCTeMH, AKa IMITye eJeKTPOMArHITHi NPOLECH NPOTAroM
NSt=Nst+1 nepiofy SKUBHIBHOI Hampyru. [lpw 1poMy BH3HAYaeThCs 1
MN(Nst)=Nev; MepeacTbcss B poOOUYUIl MPOCTIp 3HAYEHHS LIIBOBOT (PyHKIIIT.

Puc. 5 Hactynni oneparopu Bu3HA4alOTh HACTYNHUM HOMEp iTepamii i
3HAYeHHsI UThOBOI (DYHKINT y BiamoBigHOMY MacuBi. Ha puc. 6
HaBelleHO rpadik 3MiHM LUTBOBOI (YHKIIT B 3aJE€KHOCTI BiJf HOMepa irepamii mpolecy onTuMizamii 3a
BU3HAYEHMX ITapaMeTpax ONTHUMi3aii.
3 mporo rpadika BumHO, mo 3a 30 iTepamii minboBa (QYHKIISA BiJl 3HAYEHHS 10° 3MEHIITY€ThCS
MPAaKTHYHO A0 HYINs, a HeoOximma Toumicts 107, BCTaHOBIGHA OMIisAMHU, HOCATaeThes 3a 64 ireparii
ONTUMI3aliiHOTrO mponecy. BipTyansHuii npuiaa BUMipIOBaHHS aKTUBHOI i
PEaKTUBHOI MOTY)XHOCTEH reHeparopa Micis ONTUMIi3amii 1a€ MOKa3HUKU
BimmoBigao 4.067 MBt i -0.087 Bap. lle o3Haugae, mo KEpeNo
CJIEKTPUYHOT €HepTii Mpalioe B PEXUMI BiJJladi aKTUBHOI MOTY)KHOCTI 3
OIMHUYHMM 3HAUYCHHSAM KoeQilieHTa TMOTYXHOCTi. 3  MOKAa3HHUKIB
_ BIpTYyaJIbHUX NPWIAIiB BUAHO, IO e(QEKTUBHE 3HAYCHHS HANpyrd Ha
Puc.6  HaBaHTaxeHHi jocsrae 221,8 By pasi ciokuBaHHs BiJl TeHEpaTOpa CTPYMY
amIuTiTygoro nuie 913 A.
B Tabmuii 3BemeHi OCHOBHI TMOKa3HWKW TPHhOX MOCHKEHHUX pexumiB. Tyr y croBmumky «llapa-
METpW» TI03HAYEHI TaKi MOKa3HUKU: Un_ rms — eeKTUBHE 3HAUCHHS HAIIPYTH Ha HaBaHTa)KCHHI; Pn — akTHBHA
NOTYKHICTh, CHOKMBaHa HAaBAaHTAXKEHHSAM; (n — pEaKTHBHA TIOTYXXHICTh, CIOKMBaHA HABAaHTAKEHHSM
BKJIIOYAIOYH TOTYXKHICTh KOMIIEHCAaTopa; Pg — aKTHUBHA MOTYKHICTh CIOXKMBaHa Bif reneparopa; Qg —
pEaKTHUBHA TIOTYXHICTb, CIIO)KMBaHA BiJl TeHEpaTopa; Sgen — MOBHA MOTYXKHICTh, IIO ii Biimae reHepaTop;
Imgen — amIiTy THe 3HAUEHHS CTPYMY Te€HEpaTopa; plgen — KyT 3CyBY CTpyMy T'€HepaTopa BiIIHOCHO HAalpyTH
reHeparopa; Cosp — KOe]illieHT MOTY>KHOCTI, II0 XapaKTepU3ye €HepreTH4Hi MoKa3HUKU pexumy; KK —
KoeilieHT KOPUCHOI Mii, M0 XapakTepu3ye PeKuM. SIK BHIHO 3 TaONWIN, pekUM IMMOBHOI KOMIIEHCAIlii Mae
HaWBUIIAN KOSOIIIEHT KOPUCHOT i1 32 HAWMEHIIIOTO CIIOKMBAHOTO BiJ reHepaTopa CTpyMy.
3BepHIMO YBary Ha MOKa3HUK BipTyaJlbHOTO BHMipIOBaua MOTYXKHOCTI HaBaHTaxeHHs. [t #oro
(GYHKIIOHYBaHHS BHKOPHCTOBYEThCS CYMAapHHH CTpyM HaBaHTAXEHHS 1 KOHJICHCATOpa, IO KOMIIEHCYE
pEaKkTUBHY TOTYXHICTh B cucTemi. CymapHa €MHICTh IBOTO KOHIEHCaTOopa MOXKe OyTH pO3KiIaneHa Ha
€MHICTb, 1[0 KOMIICHCYE PEaKTHBHY CKJIAJOBY MOTYXHOCTI Oe3MocepeHbO HaBaHTAKEHHSI, 1 EMHICTb, IO
KOMIIEHCYE PEaKTHUBHI CKIIAJ0OBI TMOTY)XKHOCTEH B pewTi CHCTeMH, TOOTO B TpaHCOpMaTopax, JIiHIfAX
eNIeKTponepeadi Ta y BHYTPIIIHBOMY OIOpi TeHepaTopa.

e
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ITapametp Pexum Pexum 3 | Pexum SAxOu €MHICTH IILOTO KOHJIEHCATOpa KOMIICH-
0e3  KoMm- | miaBH- IIOBHOI CyBaja JIMIIE PEaKTUBHY IOTYKHICTb HaBaHTa)KEHHS,
neHcari INCHHAM | KOMIICH- TO TIOKa3HUK PEAKTHUBHOI MOTY>KHOCTI IBOTO IMPHIaay

HANpPyTH | camii JIOpiBHIOBaB OM Hymi0. Y pasi AOCSITHEHHS MOBHOI

Un_rms [B] 190.2 220 2218 KOMIIEHCAlii IOKa3sHHK PEaKTUBHOI  IOTYXKHOCTI

Pn [MB1] 2.895 3.872 3.935 XapaKTepU3y€e BEIMUUHY PEAKTHBHOI MOTYXKHOCTI, IO

I?n %}?Ap] g(l)g 3323 ;1062;62767 MPUXOJUTHCS Ha PEIITy CHCTeMH, 1 ckiamae QOn=-

g[MBT/]x 3' 066 4' 73 O. 0,8267 MBAp. Bpaxkaroum, 1m0 I TOTYXHICTh

(S)ggeL [MB?X]] 4:302 6:178 4067 CIIOKHUBAETHCS eKB.iBaJIeHTHOIO YaCTKOBOIO €MHICTIO,

Tmgen [A] 965 6 1386 13 sIKa 3HAXOJUTHCS M1J HAMPyT O Un=?.21,8 Bf MO)K'GMO

olgen [en.rpan] | -45.46 4917 0 BUpaxoByBaTH BeauuuHy C, €MHOCT], ska BiANOBizA€

Cos 07014 0.6538 1.00 32 JIOCATHEHHSA ~ PEXMMY  TOBHOI  KOMHEHCAIT

KKJI, % 95.95 95.88 96.75 peaKkTHBHOI MOTY>KHOCTI B cucTeMi (0e3 ypaxyBaHHA

Tiel 4YacTWHHM, 10 3a0e3lmeyye  KOMIICHCAIlII0
PEaKTHBHOI MOTYXHOCTI camoro HapaHTaxenus): C,=-0,/(oU,’)=826700/(314.16-221,8%)= =0,0535 ®.
€muicte (), 1O KOMIICHCYE pEaKTUBHICTh CYTO HaBaHTaxeHHs, ckiaamnae C;=C-Cy= 0,2445-
0,0535=0,1910 ®@. BigHocHe 30inbIIEHHS €MHOCTI 3aJyIs JOCATHEHHS IOBHOI KOMIICHCAIl MOPIBHSHO 3
BapiaHTOM KOMIICHCYBaHHS TIvIIe peaKkTUBHOI MOTYKHOCTI HaBaHTaKEHHS CKIIa/1ae
(C2/C1)100%=(0,0535/0,1910)-100%=28%.

OO0Opaxyemo BeTMYNHY L, €KBIBaJCHTHOI PEaKTUBHOI CKJIQJI0BOI BHYTPIIITHLOT'O KOMIUIEKCHOTO OIOPY
JDKepena 1 TpakTy mepefadi eleKTpoeHeprii B OJHONIHIWHINA y3aralbHEHIH 3acTymHIM CXeMi CHUCTeMH
enekTporioctTadanas [6]. EdexktuBHe 3HAYeHHs CTpyMy 4depe3 JIiHIIO eJeKTporepeaadi Ha CTOpPOHi
HaBaHTaxeHHs ckianae [=18130 A. PeakTHBHA MOTYXKHICTb, SIKa CIIOKUBAETHCS IHAYKTHBHICTIO L, CKJIaae
—-0,=826700 Bap, ToOTO Ty % caMy BEJIWYHHY, Ky KOMIIEHCY€e eMHICTh C,. 3 X MipKyBaHb BUPaXOBYEMO
BEJIMYHHY iHAYKTUBHOTO OMOPY TPAaKTy enekrporepenadi X, s=-0,/(1;')=826700/(18130%)=0,002515 Om.

VY BHIAJIKy 3aCTOCYBaHHS MOB3JI0BKHBOI KOMIICHCAIIIT ITOCIIOBHO 3 i€ IHIYKTUBHICTIO Citif Oyio O
yBIMKHYTH KoHieHcaTop C,., AKkuil MaB OM KOMIIEHCYBATH il peakTUBHMI omip. €EMHICTh TaKOro KOHJEHCATopa
CKJIaJla€ BEJMYHUHY, 0 00paxoByeThes 3a BUpazoM C,=1/(wX;5)=1/(314,16:0,002515)= =1,2656 ®. 3ayBaxkumo,
110 TaKMH PEKUM JOCATAETHCSA 32 YMOBU HASIBHOCTI KOMITCHCAIIl PEaKTUBHOCTI HABAHTAKSHHS KOHJICHCATOPOM
C;=0,191®. CnissignomeHnns emHocreit C,. i1 C, cknanae C,./C>=1,2656/0,0535=23,65, T06TO 3a]Ulsl JOCATHEHHS
TIOBHOI KOMIICHCAIlii NUIIXOM 30UIBIICHHS KOHEHCATOpa IIOTEPEeYHOi KOMITEHCAllli MOTPiOHO KOHIIEHCATOp
Oimer HikK y 20 pasiB MEHIMH, HDK JJIS JOCATHEHHS Ti€l K YMOBU IUIAXOM ITOB3IOBXKHBOI KOMIICHCAITII.
KoHTponbHe MoeroBaHHS PeKUMY TIOBHOT KOMITEHCAIIT IIIIXOM TTOB3IOBKHBOI KOMITCHCAIII] Ia€ HAIpyry Ha
HaBaHTaxeHHI 217,2 B, TOOTO A€II0 MEHIITy, HiXK B PEXKUMI 3 TIOBHOIO KOMIICHCAIIIEI0 32 PaXyHOK 30UIbIIICHHS
KOHJICHCATOpa MOMePEIHOT KOMIICHCAITT.

Jiist OLIHKY CHIBBIJHOIIEHDh BTPAT aKTHBHOI €HEPrii B TPAKTi eNeKTporepenadi mpuiMeMo BTpaTH B
peXHMi MOBHOI KOMIICHCAIlIT 32 paxyHOK 301IbIIEHHS MONEPEYHOro KoHmeHcaropa 3a 100 % 3a aMrutityau
ctpymy 913 A. B pexumi cuctemu 0e3 kommeHcarlii Ta 0e3 MiBUINEHHS HANPYTH HUITXOM 301TbIIECHHS
koedimienTa TpaHCchoOpMaIii aMmIUTITYZa CTpyMy ckiamae 965,6 A, i 1e o3Hayae, Mo B IbOMY PEKHMI
BiHOCHE 36inblieHHs BTpar ckimagae (965,6/913)*=1,12 3a 3HauHOi HEMOJAYl HABAHTAKCHHIO HATPYTH i
MOTY>KHOCTIi. B pexkxnMi 6e3 kommeHcallii y pasi MmiJBUIIeHHS HAPyTH 10 HOMiHAJIBHOI IIUITXOM I ABUINEHHS
koedimienTa TparncopMallii HoMiHaIbHA HAMPYyTa 1 MOTYXKHICTh HA HABAHTAKCHHI JTOCATAETHCA, ajle CTPYyM
reHeparopa mpu 1poMy ckianae 1386 A. Ile o3nauae 36inpmenns Brpar enexrpoereprii B (1386/913)°=2,3
pasu y TOpIiBHAHHI 3 pEKMMOM TOBHOI KOMIEHcamii MHUIIXOM 30iNbLICHHS €MHOCTI KOHAEHcaTropa
ToTrepevHoi KOMITEHCAIli1, 110 CBIAYUTH MPO CYTTEBI HEMOMIKH TAKOTO CIIOCO0Y MiABUINEHHS HANPYTH, KA €
TPaIUIIHHIM 3 BUKOPUCTAHHAM MEPEMHUKAHHS BIAMaOK HA 0OMOTKAX CHIIOBUX TpaHCc(HOpMAaTopiB.

BucHoBKHu.

JociimkeHHsT BUXITHOTO pEXHMMY 3a BIJICYTHOCTI 3ac00iB KOMIIEHCAIlil pPEaKTUBHOI IMOTYXHOCTI
MOKa3aJio, o MPH 3alaHrX MMapaMeTpax reHepaTopa, TpaHChOPMATOPIB 1 JiHIN eleKkTporepenadi MPHHHITE
HaBaHTKEHHS BUKJIMKAE CYTTEBI BTPATH CIIEKTPOCHEPTIl, 1 CIIOKMBAY OTPUMYE 3aHIIKCHI 3HAUCHHS HANPYTH
1 TOTYyXHOCTI. BBeneHHs 3aco0iB TiABWINEHHS HANpyrd CHOXKUBava MUIAXOM 3MiHM KoedilieHTa
TpaHchopMaIlii TPUBOIUTE 10 3HAYHOTO 301IBIIEHHS CTIOKUBAHOTO Bijl TeHEpAaTOpa CTPYyMY 1 MOTYKHOCTI, 1
JI0 TOTO K 30UIBIIYIOTBECS PiBHI PEaKTUBHOI MOTYKHOCTI B CHCTEMI 1 3HM)KYETHCS KOSQIIIEHT MOTYKHOCTI.
3acTocyBaHHs MOITYKOBOI ONTUMI3allii 32 KpUTEPIiEM 3BEJCHHS IO HYJIsI PEaKTUBHOI MMOTYKHOCTI TeHepaTopa
MPUBOANTE [0 ONTHMAIBHOTO pexumy. lled pexxum Moxke OYyTH MOCSATHYTHH 30iMBIIEHHSM €MHOCTI
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KOHJIGHCATOpa TONepevYHoi KOMIIeHCalii PeakTHBHOI IIOTY>KHOCTI CaMoro HaBaHTakeHHS. [lpm mpomy
JIOJTATKOBA €MHICTh MPH TAaKOMY CIIOCOOI € Ha MOPSAJA0K MEHIIOH, HIK BHMAara€ThCsl MPHU TOB3IOBXKHIN
KOMIIeHcalii. ¥ pa3i 3acTocyBaHHsI NMOBHOI KOMIIEHCALlli PEaKTUBHOI MOTY>KHOCTI 332 PaxyHOK 301TbIIECHHS
€MHOCTI KOHJICHCATOpa MONEePEeYHOT KOMITEHCAIII] CIIOCTEPIraeThesl TAKOXK 3MEHILICHHS BTPAT €HEeprii y TPakTi
eJIeKTpoIiepeaadi 1 MiaBUITY€EThCS KOSQIMiEHT KOPHUCHOI il CHCTEMH CHEpProloCTavYaHHs. TakuM YWHOM,
JOCII/DKEHHsSI BUSIBIUIM CYTTEBI IIepeBard 3a OCHOBHHMH TIOKa3HWKaMH PiBHS HamNpyrH, KoedilieHTa
MOTY>KHOCTI 1 BTpaT €JIeKTPOEHepTii came Croco0y AOCATHEHHS peXKUMY MOBHOI KOMIIEHcalii B cUcTeMi 3a
paxyHOK 30iJbIICHHS €MHOCTI KOHIEHCaTopa IIONMEepPEYHOi KOMITGHCAIlli TIepea IHIMAMH CIoco0aMu
MOKPAICHHS TTApaMEeTPiB PEKUMY POOOTH CUCTEMH EJIEKTPOIIOCTauYaHHS.
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The modes of reactive power compensation in the power supply system powered by a synchronous generator through a cascade of
intermediate transformers have been studied. It is shown that the reactive component of the common complex resistance of the generator
and the power transmission path can cause relatively large levels of reactive power in the system. Experiments show that this power
remains in the system even after the application of transverse capacitive compensation, which is not able to provide full compensation of
reactive power in a power supply system with a cascade of transformers. Under these conditions, the optimal value of the capacitance of
the transverse compensation capacitor was found using the search optimization method on the computer model. The results of the study
show the possibility of achieving the mode of full compensation of reactive power due to a relatively small increase in the capacity of the
compensating capacitor, which provides transverse compensation. References 8, figures 6, table 1.

Key words: cascade of transformers, power transmission line, reactive power, full compensation, search optimization.
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ONTUMAJIBHE PO3MIILIEHHSI CEKIIIOHAJIAM3EPIB
JJIA HOKPAIIEHHA HAAIMHOCTI PO3IOAIVIBHUX EJTEKTPUHYHUX MEPEK

O.I'. lllnoastHCHKMIi , KaHI. TEXH. HAYK
InctutyT enekrponunamiku HAH Ykpainn,
np. bepecreiicbknii, 56, Kuis, 03057, Ykpaina, e-mail: shpolianskyi@outlook.com.

B pobomi 3anpononosano espucmuuniii MemoO ONMUMATLHO2O DPO3MIUJeHHS CeKYIOHANAU3epieé 8 pPO3N0OLIbHUX
eeKMPUYHUX Mepedcax De3 a8momMamuino2o pesep8y8anus. Memood noaseac 6 po30iieHHI Mepexci Ha ce2MeHmu 3
OOHAKOBUMU CYMAPHUMU OOBHCUHAMY TIHIU | NOUWLYKY ONMUMANBHO20 MiCYs pPO3MiWeHHs CeKyioHanau3epie & oxoii
moyok nodiny. Ha ocnosi memooy po3pobieHo ancopumm ma npogedeHo PO3PAXYHKU NO SUSHAYEHHIO ONMUMALbHUX
MiCYb PO3MIUeHHSI CeKYIOHANAl3epie ma OYiKy8aAHUX NOKA3HUKIE HAOIIHOCMI eleKmpOnoCmayanHs Ol (pasmenmy
Ppo3n0dinbHoi enekmpuynoi mepesici. bion. 9, Tadin. 2, puc. 1.

Knrouosi cnosa: po3nojiibHa €ICKTPHUYHA MEPEKa, MOKA3HUKU HAIIMHOCTI €JICKTPOIOCTAaYaHHs, CEKIlioHajai3ep,
ONTUMAIILHE PO3MIIIICHHSI.

Beryn. PosnogineHi enekrpuuni Mepexi (PEM) € BaJTMBOIO JIaHKOIO, IO TOB’S3y€ BUPOOHHKIB
eJleKTpoeHeprii 3 11 cnoxuBadamu. Y Oaratbox Bumnaakax 3B sa3ku y PEM e pagianbauMu, mo poOuTh ixHIX
CMOXKMBaYiB BPAa3JIUBUMH UYepe3 TEPEpUBAHHS €JICKTPONOCTauYaHHA. Y JTeparypi MOBiIOMISETHCS, O Ha
noiro PEM nmpunanae monan 80% ycix moaiid, o Npu3BOIAThH 10 BUHUKHEHHS IEPEPB Y eNEKTPOoCcCTayanH1
[1]. Y pa3i mepepB eneKTponOCTavyaHHs XKUTTS Ta 340POB s CIIOKUBAUiB MOXKe OYTH IOCTaBJICHE MiJ 3arpo3y,
BOHHU HECYTh MaTepiaiabHi 30UTKH (MPUIUHAETHCS BUITYCK MPOIYKITii, BUXOE 3 JTaxy OOJIaTHAHHS, ICYETHCS
CHUpOBHMHA 1 MPOMAYKIisl), BiAUyBalOTh (i3i0JIOTiUHI 1 cOLiajdbHI HE3PYYHOCTI (NPUIHHSIETHCS BOMAO- 1
TEIJIONIOCTAYaHHSI, HE MPALIOE 3B’ SI30K Ta eNeKTpoTpaHcnopT). OnHUM i3 coco0iB 3MEHILIEHHS KITBKOCTI Ta
TPUBAJIOCTI ITEPEPB EIEKTPOIIOCcTadaHHs € ycraHoBka B PEM cydacHux komyTariitHux amapatiB (KA) Takux,
SIK BUMHKa4i 3 aBTOMaTUYHUM MOBTOpHUM BItoueHHIM (AIIB), pexioysepu (PK) i cexionanaitzepu (CP).
Bu3HaueHHS ONTHManbHOI KUJIBKOCTI Ta MICUb BCTAHOBICHHS TaKUX HPUCTPOIB 3IIMCHIOETBHCS DPi3HUMHU
METOJaMH, a came: JEKOMITO3UINS Ta OMyKJIui aHami3 [2], eBpUCTUYHUN KOMOiHatopHui momryk [3],
AHATITUYHANA i€papXidHuil mporec [4], aqropuT™M MypamuHoi KoJoHil [5], OiHapHWN mudepeHITiHII
€BOIIOLIMHUH anropuT™ [6], eBPUCTHYHUIA aITOPUTM TUCKPETHOT onTuMi3allii [7] ta 6araro iHIIWX.

Crin 3ayBakuTH, o Micie po3mimeHHs KA Oyzne ontumanbHUM JMIIE OIS THX YMOB, AJIS SKHX
BUKOHYBaBCS omnTuMizaridauii Bubip. lle BimOyBaeThCs dYepe3 BUITATKOBUHM XapakTep BUHUKHCHHS
KOPOTKOTO 3aMHMKaHHS Ha Ti a0 IHIIIH JUISHIN JIiHIT, KOJMBAHHSA MOTOYHOIO HABAHTAXKEHHS CIIOKUBAYiB,
3miny KoHirypauii PEM, ycepenHeHHsi a0o y3arajdbHEHHS MOKa3HHKIB, Ha OCHOBI SIKHUX BEIyTHCS
ONTHMI3alliiHI po3paxyHKH. TakuM duHOM, U pi3sHUX cTaHiB PEM ontumanpHe po3rtamryBanHs KA moxe
OyTu pizHUM. OTKE, SIKUM O CKIIQJIHUM He OyB OM METOJ] ONTHMAILHOT'O BUOOPY Miclisl po3ramryBanHs KA,
BiH MOJKE HaJIaTH JIUIIE KBa3i-ONTHMAaIbHE PIIICHHS.

Ha minisx PEM, siki 6e3nocepenHbo MiIKIYeHO 10 MIUH ITiICTaHIIii, BCTAHOBIIOIOTHCS BUMUKAYI 13
MOXIUBICcTIO 3miticHeHHs AIIB abo pekioy3epw. BoHm maroTh MOXIHMBICTH Biakmounmtu ctpyM K3 Ta
YCYHYTH 3Ha4yHYy KilbKiCTh HECTIMKMX 3aMHKaHb Migdac 0e3cTpyMoBoi may3u. CekuioHamnaizep Ha BiIMiHY
BiJl peKiioy3epa HE IepepuBae CTpyM KopoTkoro 3amukaHHsi. Kontaktu CP po3’emHyroTbes mig yac
oe3ctpymoBoi maysu. KepyBanas CP Moke BHKOHYBAaTHCS BIIOAJICHO 3 JHUCIIETYEPCHKOTO IEHTPY abo
aBTOMATHYHO (JIOKaJIbHO). B 1[bOMy BHMAIKy BiH MiJpaxoBYy€ KiTbKICTh omepaniii BimkimroueHHs PK a6o
BUMHKauya Ha JiHii >kuBieHHs. Ilicns Toro, sk momepenHbO BHOpaHy KiNBKICTH Omepauiid BiIKIIOUEHHS
cTpyMy Oyo 3aiticHeno, koHTakTd CP po3’enHytoThCs. BapTicTh cekilioHanai3epiB € CyTTEBO MEHIIIOO, HIXK
pexioy3epiB, ToMy 3a HasBHOCTI KA 3matHoro Biaxmouatu K3 1 3xidicHioBatu AIIB BOHM MOXyYTh cTatu
HEeOpOruM 1 epeKTUBHIM 3aCO00M BiIOKpEMIICHHS HECTIpaBHOI NUIAHKHY Bia pemrtu PEM.
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Merta po6oTu. IlokpamieHHs OYiKyBaHMX MOKAa3HUKIB HAJIHHOCTI €NEKTPONOCTAYaHHS CIIOKHUBAYiB
Ta 3MEHIIEHHSI 00CATY HEIIOMOCTABJICHOI EIeKTPOSHEPTii B PO3MOMUIBHUX EICKTPHYHUX MEpeKax MUITXOM
ONITUMAJILHOTO PO3MIIIEHHS CEKIiOHANaNH3epiB.

Moxa3Hukn HaiHHOCTI eJeKTPOMOCTaYaHHS TAa KPHUTepili omrumizamii. 3aans OIIHKU piBHA
HaJIHHOCTI OyHmb-IKOTO0 00’€KTa BHKOPHUCTOBYIOTHCS TOKAa3HWKHM HamiiHOCTi. [loka3sHukn HamiitHOCTI —
KIJIbKICHI XapaKTePHCTHKH BIACTUBOCTEM, SIKi B CyKYITHOCTI CKIIaIal0Th HAAIHHICTD 00’ €KTy [8].

B panwmii yac 3aamis OLIHKM HAAIMHOCTI €NEKTPUYHUX MEpeX B 0araTboxX KpaiHax 3acTOCOBYIOTh
MMOKA3HMKH, 1110 0a3yI0THCSA Ha BIAMOBITHUX cTaHmapTax. B [9] ommcano 12 iHmeKkciB, SKi MMOAUICHO Ha TPYTIH:
IHIEKCH CTIHKWX (IOBTUX) TEpepB, IHACKCH HAa OCHOBI HABaHTAKEHHsS, 1HAEKCH HECTIHKMX (KOPOTKHX)
nepepB. BoHM XapakTepusyroTh pi3HI acHeKTH HAIIHOCTI eleKkTporocradanHs. B YkpaiHi 3BiTHUMHU
NOKAa3HUKaMH Uil TOCTayaJIbHUKIB EJIeKTPOCHeprii € iHOEKC cepeJHbOl YacTOTH MAOBIHX IIEPEpPB B
enexrporoctadanHi (SAIFI), imgexc cepemHbOi TPUBAJIOCTI MOBIHX IepepB B enekTporoctadanHi (SAIDI),
iHGKC CepelHbOI YacTOTH KOPOTKMX TmepepB B enekTpomoctadyaHHi (MAIFI), pospaxynkoBuii ob6csr
HeponocraieHol enextpoereprii (ENS).

IToka3HuKH HATIHHOCTI €IEKTPOIIOCTAYAHHS NAl0Th MOMUIMBICTH TIOPIBHATH HAMIHHICTh HE TUTHKH
pi3HUX, HE TMOB’s3aHMX oaHA 3 oxHolo PEM, a i okpemux (parMeHTIB OJHI€I €IeKTPHYHOT Mepexi.
CraTuCTHYHHN aHaNi3 Ja€ 3MOTY BHSBUTH aHOMAaJbHI BIIXWJICHHs OKa3HUKIB OKpEeMHX (parMeHTIiB OnHi€l
PEM Bin neBHUX cepeaHiX 3HaYCHb, BKA3aTH HAa MOXJIMBI IPUUMHH LUX BIOXWIECHb Ta PO3POOUTH 3aX0IH 110
iXHBOMY YCYHEHHIO. 3BiTHI TIOKa3HHUKH HAJIIHOCTI PO3PaxOBYIOTHCS 32 JIOBTUMH i KOPOTKUMH TIEpEepBaMH,
ski Bxke BinOynucs B PEM. KinbkicTh Takux mofid, Miclie iXHHOIO BUHHKHEHHS, KUIBKICTh BIJKIIOUCHUX
CIOXKUBAYIB i Yac MUX MO Ta IXHIO MOTYXHICTh ¥ TPUBANICTH BiJHOBJICHHS €JIEKTPOIIOCTAYaHHS €
Bimomumu. [lix gac po3poOKH 3ax0iB 3 IMOKPAIICHHS IMOKa3HUKIB HAMIHHOCTI BUKOPUCTOBYIOTh OUiKYBaHHI
TMOKA3HMKM HaAiiHOCTI. IX BM3HAYAIOTH HA OCHOBI NMEBHMX MNPHUIYIIEHb, YCEPEJHEHHX MOKA3HHUKIB Ta
CTaTHCTUYHUX JAaHUX, SKI MOXYTh y3arajibHIOBaTH iH(OpMAIiF0 He JIWIIe N0 KOHKpeTHoMy ¢inepy abo
migcTaHIlii, a # mo PEM meBHOro kjacy HampyTrd, IO OXOIUIIOE 3HA4YHy TepuTopito. OIHUM 3 TaKuX
y3arajbHEHb € cepelHs YacToTa BiMOB B JiHisX enekrponepecwianus (JIEIT) — ne kinpkicTh BiqMoB Ha 1
KM JIOBXXHHH JIiHii Ha pik. PO3PI3HSAIOTH CEpeHIO YacTOTy JIOBTHX MEPepB A’ i CEPEIHI0 YaCTOTy KOPOTKHX
nepeps A", 3a JOMOMOTrO0 IMX MOKa3HUKIB MOXHA BH3HAYUTH KUIBKICTH TepepB (BiIKIIOYEHb) HA PIK IS
KOXHOT JiHii, (hparmenTy abo Bciel PEM. Bynemo HasuBatu cermenToM PEM MHOXUHY JTiHIH, MOAIT HA SKUX
IPHU3BOISITh 0 BiakiatoueHHs meBHoro KA. Tomi cymapHa cepemHs KiNbKiCTh JOBrux A' i KOpOTKuX K™
TepepB Ha PiK Bif MOIIKOIKEHb Ha YCiX JIHISIX CETMEHTY S Oy/ie TOpiBHIOBATH

K =xY 0, (1)
K" =0 ()

ne [; — MoBKHHA i-1 JiHii, 10 BXOIUTh B cerMeHT S; A’ i A" mpHiiMarobCcsi OJTHAKOBHM IS BCIX JIiHIM OHIET
HOMIHAJIBHOI HAIIPYTH.

VY pa3i BUHHKHEHHS i-1 TOJil, IO TpU3BeNa JI0 JOBroi NepepBH, Yac BiHOBJICHHS HOPMAaJbHOT

pobotu OyJe ckiaaatu
T=Ty T s (3)
JIe 711; — Yac TOIIYKY MICIIS MOIIKOPKEHHS; F'p; — 9YaC PEMOHTY TOIIKOIKCHHS.

B 3anexxHocTi Bim oOcTaBWH i BHAY PEMOHTY ckianoBi (3) MOXYTh CYTT€BO 3MiHIoBaTucs. Tak,
HANPUKIIA, 9ac MONIYKY MiCIS MOIIKOKEHHS MOXKe OYTH CKOPOYEeHUH y pa3i BU3HAYCHHS] HMOBIPHUX 30H
MONIKO/DKEHHST Ha OCHOBI aHai3y KOHQIryparlii Mepexi i mapamMeTpiB aBapiifHOTO pekuMmy. Pi3Hi BuaM
NOUIKO/KEHb (MaAiHHS OMOpH, OOpHB MPOBOAY, PYHHYBaHHs i30JTOpa) MOTPEOYIOTH PI3HOTO Yacy s
ixaporo ycyHeHHss. [1iq 9ac BU3HaYeHHS O4iKyBaHUX IMOKa3HUKIB HaJIIHHOCTI BUJ] MaOyTHIX TOIIKOKEHb 1,
BIZIITOBITHO, Yac iXHHOTO YCYHEHHS € HEBIMOMHM. BelmWuuHU OYiKyBaHWX MOKA3HWUKHM HAAIHHOCTI B HaHii
poOOTiI BU3HAYAIOTHCS 3a Mepioa OoauH pik. ToMy OuiKyBaHHI 4ac PEMOHTY MPOMOHYETHCS BH3HAUYATH SIK
CEpeTHE HA MPOTS3i MONEPETHHOTO POKY TPUBANICTH PEMOHTY.

Sxmo niHIi eNMeKTPUIHOI Mepeki OCHAIICHI BKa3iBHUKAMHU CTPYMY KOPOTKOTO 3aMHKaHHS, TO IUISIX
MOIIYKY TOIIKOKCHHSI Oy/ie MPOJISITaTh Bijl BIIIMKHEHOT0 KOMYTAIIHHOTO anapary I10 MUISXY MPOTIKaHHS
CTPyMYy KOPOTKOTO 3aMHKaHHs JO MiCIls IMOIIKO/pKeHHs. KoXHa JiHIS HAa bOMY NIISAXY, OKpIM JiHIT 3
TIOIITKO/KEHHM, Oyie mpoliieHa OBHICTI0. MicIle TIONTKOKEHHS MOXKe 3HAXOIUTHCS K Ha MOYATKY JIiHii,
Tak 1 B KiHIi. [IpuiiMeMo, 10 TOMIKOIKEHHS 3HAXOAMTHCS IO cepeamHi ITiei JiHii. OTke Jac MomyKy
MOIIKO/KESHHS MOYKHA TIPEJCTABUTH Y BUTJISIII PIBHIHHS
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B = (D0 ily +0.50) 1V,

ne D; — MHOXWHA JUISHOK JIiHIN, B3IOBX SKHUX IMPOXOIUTh MUIAX 10 AUITHKU 3 TOIIKO/DKCHHSAM; V —
IIBUJIKICTh IEPECYBaHHS; /; — JOBXKUHA JUISHKH d; [; — TOBXHWHA JAUISTHKY 3 TIONITKOKEHHSIM.
Cepenniit yac MONIyKy MOIIKOHKCHHS IJIs1 CETMEHTY MEpeKi Oy ie CKIagaTh

s _ s
" _ZSrHi /K ’

ne K° — kinbKicTh JTiHii B cerMeHTi Mepexi.

Ane Ha miHIAX pi3HOI JOBXKUHH, y BIJNOBIMHOCTI A0 mpuitHATOi Mozeni (1) i (2), KiIbKICTh
MIOIITKO/KEHb Oyne pizHor. Ha moBmmx JiHiIsIX BOHA Oyae OLIBIIOI0, a HAa KOPOTIIMX — MEHIIOH. Tomy
MPOTIOHYEThCSI TIEPEHTH Bil CEPEOHBOTO dYacy TIONIYKY TMIOMKOKEeHHA y cermeHti PEM  mo
CePeIHHO3BAKEHOTO 110 JIOBXKHHI JTiHIH

SEDINT DI

Yac BiTHOBICHHS €JICKTPOIOCTAYaHHS IS BIJKIIFOUECHOTO CETMEHTY EJIEKTPUYHOI Mepexi S Oyne
CKJIaIaTh
r’=r+n,
Je ¥ — YMOBHO TIOCTiliHa CKJIaJ[0Ba TPUBAIOCTI BiHOBJIEHHS €JIEKTPOIIOCTAYaHHs, IKa BKJIIOYAE TTiITOTOBKY
1o Buizny OBB i cepenHio TpuBalicTh pEeMOHTHHUX POOIT.
Uepe3 MOMKOMKEHHS MUISHKH i OOCAT OYiKyBaHOI HEIOIOCTaBIICHOI €JIEKTPOCHEprii Ha piK y
cerMeHTi S PO3IMOAIIBHOT eIEKTPUIHOT MEPEKI CKIIa/Ie
EENS; =\'LP°r",
ne PS— MOTY>KHICTh CIIOXKHBAUiB, 110 OyJIM BIIKIFOUEH] Yepe3 BUHUKHEHHS ITOIIKOKEHHS Y CETMEHTI S.
PigHMit 00CAT HEMOMIOCTABIICHOT €JIEKTPOCHEPT] Yepe3 MONTKOIKEeHHS JIiHii B cerMeHTi S PEM Oyne
MaTH BUTJISI
EENS’ =ML Pr*, 4)
ne L® — noexuna JIIHIN, K1 BXOJATh B CETMEHT S.
Hnst cermenty PEM, sikumit Bimokpemiienuit Bij pemtu Mmepexxi KA, piuHi owikyBaHi iHTerpaibHi
MOKa3HUKHU HAJIIHHOCTI OYAyTh MaTy BUTIIS

ESAIFI® =M*L'N* / N,, (5)
ESAIDI® =\*I'N°*r* | N, (6)
EMAIFI® =\"I'N* / N, , (7)

ne N° — kinbKicTs CIOXKUBAYiB, 1[0 OYJIH BiJIKIIOYCHI; N” — 3aranbHa KUIBKICTB CIIOKHBAYIB.

[Noxaznuku HaxpiiHOCTI PEM OymyTh MOpiBHIOBaTH CyMi MTOKa3HUKIB HATIHHOCTI ii CETMEHTIB.

30UTKHN 32 HEINOMOCTABIICHY €ICKTPOCHEPTiI0 MOXKYTh OyTH BH3HAYEHI 32 Tapudamu Ha TOCITYTH 3
pO3MOIiTy eNeKTpOeHeprii Ta 00CATOM HEAONOCTaBICHOI eIeKTpoeHeprii. JIJis IHIIMX IOKa3HUKIB
HaIIAHOCTI Oe3mocepeHiii 3B’ S30K MK IXHIM BiAXWJICHHSM BiJ TPaHHMYHHUX BEJIIMYMH i cymMOI0 mrTpady B
HOPMAaTHBHHX JOKYMEHTaX BUSBHUTH HE BIAJIOCs. 3a ITUX 00CTaBUH CHOPMYBAaTH €KOHOMIYHO OOTPYHTOBaHY
ITBOBY (PYHKIIIO, fiIKa O BKJIFOYANa BCI 11l MOKA3HUKH, JOCUTh CKJIaJHO. TOMY MPOMOHYEThCS MPUMHATH 3a
KPHUTEPill ONTHMI3allii CyMy piyHOT HEJJOMOCTAaBICHOI eJIEKTPOEHeprii y BigkmoueHnx cermenrax PEM

F=Y EENS’.

EBpucrtuynuii MeTox i aJIFOPUTM ONTHMAJILHOIO PO3MillleHHsI ceKlioHanaiizepiB. [lapamerpn,
MO TMNPUHAMAIOTh yYacTh Yy BH3HAUYCHHI OUIKYBaHMX OOCSTY HEIOMOCTABICHOI eJEKTPOCHEprii Ta
IHTErpaJibHUX TOKa3HUKIB HAIHHOCTI, 3MIHIOIOTHCS JUCKPETHO B 3aJICXKHOCTI BiJl Miciis BCTaHOBJICHHS KA.
Tomy 3acTocyBaHHS METOMIB, IO BHKOPUCTOBYIOTHCS AJsl Oe3mepepBHUX (QYHKLIH, € HEMOKIHBUM.
BusnaunTt ontumaneHe Mictie po3minieHHst KA B PEM moxxna Oyno 6 mepeOpaBIy Bci MOXKIIMBI BapiaHTH.
Ane 1ieit mporec Moxe OyTH TOCTaTHHO TpHBAIMM. CKOPOTHTH KiIBKICTh BapiaHTIB, sIKI PO3TIISAAIOTHCS,
MOXHa, OOMEXHMBIIN 00MacTh MOIIyKy. Ha OCHOBI meBHHX KpHUTEpiiB HaM MOTPiOHO BHU3HAYUTH, B SIKiH
00JacTi NIyKaTy onTuMaibHe (200 HaOIMKEeHEe JI0 ONITUMABHOTO) pimneHHs. Cinill 3a3Ha4nTH, 10 Yepe3 Opax
MEBHUX BUXITHUX TaHUX a00 TEBHI MPUIYIICHHS MOYKHA OTPHMATH JIUIIE KBa3ioNMTHMaIbHE pilieHHs. Tak
aBTOPH MPHUHUHSUIIM, IO YaCTOTA BiIMOB € MOCTIHOIO BEJIMYMHOIO JUTS BCIX JUISHOK (B 3arajlbHOMY BUTIAIKY
1€ HE TaK), peabHUI Yac MOIIYKY Miclisl TOIIKOMKEHHS 1 pEMOHTY MOXKE BiAPI3HATHCS Bi pO3PaxyHKOBOTO,
HAaBaHTAXEHHS CIIOKUBAYIB MOXKE BIAPIZHATHUCS Bia mpuitHATOTO Ta iHmIEe. OTXKE, PIIICHHS, Ke 00UpaEThCs,
Mae OyTH XOPOIIMMH, ajie BOHO HEe MOXe OyTH HalKpaliiM Juist yeix pesxkumiB podotu PEM. 3 Bupasis (4)—(7)
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BUJHO, IIO0 BCI PO3PaxyHKOBI ITOKA3HWKH HAAIMHOCTI TPOMOPIIiiHI JOBXWHI IiHIA cermeHTy PEM.
Pozninenns PEM Ha cerMeHTH OJTHAKOBOi JIOBXXWHH, Y BIAMOBIAHOCTI A0 MPHUUHATOI MOJEII, 3a0e3MeUnTh
OJTHAKOBY KiNBKICTh JOBTUX 1 KOPOTKHX IEPEpPB B KOKHOMY CErMeHTi. SIKIIO MPUIYCTHTH, IO KUIBKICTb i
MOTY>KHICTh CIIOKUBAYIB PO3IIOAUISETHCA MPUOINU3HO PIBHOMIPHO, TO 33U BH3HAYEHHS MICIS YCTaHOBKHU
KA Bapro posaimuti PEM Ha cerMeHTH 3 OXHAKOBOIO L°.

[IponoHyeThCst HACTYITHUI AITOPUTM BUOOPY ONTHMAIILHOTO Miclist yCTaHOBKH KA.

1. dns BuxinHoro crany PEM po3paxoByeMo Benn4HMHU MOKa3HUKIB HaaidHocTi ESAIFT, ESAIDI,,
EMAIFI, Ta HenomocTaBieHy elaeKkTpoeHepriio EENS,.

2. BuzHauaemo npuOIM3HY TOBKHHY CETMEHTY, Ha siKi Oyne posnineHo PEM,

L‘ZszK/(KAJrl), (®)
ne Lix — noexuHa ¢parmenty PEM, 1o XUBUTbCS Bif AUISHKHA, Ha SIKIH BCTAHOBIICEHO BUMHKAY 3
ABTOMAaTUYHHM TIOBTOPHUM BKItoueHHsM abo PK; K, — KimbKicTh KOMyTallifHUX amapartiB, sKa Mae OyTH
BCTaHOBJICHA.
3. {ns xoxnoro KA 3Haxoaumo napy CyMiKHMX insHOK ¢’ i @™, s SkuX BUKOHyeThCs HEpiBHICTD
L' <L <L, )
4. PozpaxoByeMo ouikyBaHi nmoka3zHuku HamitHocTi ESAIFI, ESAIDI, EMAIFI Ta HenmomocTaBieHy
enextpoeneprito EENS juis BCiX MOXKIMBHX BapiaHTiB criomydeHb po3mimenss CP Ha ninsnkax o' i 4™ Ki-

JIBKICTh BapiaHTIB CKJIaJIa€ 254

5. OGupaemo kpaiii 3 OTPUMaHHUX BapiaHTIB.

Mpukaan. Sk npuknan po3mstHEMO GparmeHT PEM, sxuit 300paskeHO Ha pUCYHKY. BiH CKiTamaeTh-
cs1 3 22-x minmsHok. Ha nminstani 0-1 posramoBano pekioysep. HaBantakeHHs npucyTHe y 15-u By3nax. Buxi-
ITHI JaHHI po3MmiieHi B Tabi. 1, 1e 3a3Ha4eHO: HOMEp AUISTHKHW; BY30JI MOYATKY 1 KiHIA JUISHKY, 11 TOBXKHHA,
KM; KUTBKICTB CITOKHBAYIB y BY3JTy KIiHIISI JUISHKHY 1 CyMapHa CepeIHs MOTYXHICTh, KBT. CuMBom “-* Bimmo-
Bila€ BiJICYTHOCTI CrokuBadiB. Byno MpUAHATO Taki 3HAYCHHS Ui y3arajdbHeHHX BenuuuH: A'=0,4 mo-
nii/km*pik; X"=0,5 noxii/km*pik; =135 xB.; V=0,25 kM/xB. 3araibHa JOBKHHA BCiX AUISHOK — 19,15 km. V
pasi BcranoBieHHs ABox CP onrTumanbHa MOBXWHA JUISTHOK CerMeHTiB Oyae cranoButh 6,383 kM. Jlns cek-
mioHamaizepa 1 (CP1) ymogi (9) BinmoBimarots minsaku 5-8 i 4-5, cekmionanaitzepa 2 (CP2) — mimstaky 15-
161 10-15.

23
0 b 1 2 4 5 9 10 15 16 18 21 22
I—D I & = & & & & & @ & ]
| |
3 6 11 @ 19 20
7 13 e ® 14
12
Taoauns 1

Ne ITou. Kin. 1, N P Ne ITou. Kin. 1, N P

1 0 1 1,74 - - 12 11 12 0,21 - -
2 1 2 0,64 15 94 13 12 13 1,05 5 75
3 2 3 0,58 16 85 14 12 14 0,40 32 80

4 2 4 0,51 4 93 15 10 15 2,59 - -
5 4 5 2,10 - - 16 15 16 0,30 17 125
6 4 6 1,07 10 65 17 16 20 0,78 21 130

7 6 7 0,38 7 30 18 16 18 1,52 - -
8 5 8 0,32 - - 19 18 21 0,57 15 77
9 8 9 0,84 - - 20 21 22 1,23 8 67
10 9 10 0,33 12 45 21 15 19 0,94 3 38
11 9 11 0,34 24 105 22 8 23 0,71 12 45

3a yMOBHM BIJICYTHOCTI CeKIliOHaJlaii3epiB OYiKyBaHI TOKa3HWKH HamiiHOCTI ckmamnu: ESAIFI, —
7,660, ESAIDI, — 1228,966 xB., EMAIFI,— 9,575, o0csr HemonocTaBieHo1 enektpoeneprii EENS, — 1418,23
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tuc. KBTeron/pik. B Tabn. 2 HaBemeHO pe3ynbTaTH OOYMCIICHHS BiJIMOBIIHWX IMOKAa3HHKIB y pasi po3Tamry-
BaHHs cekuioHanaizepis CP1 i CP2 na oOpanux aminsHKax, Ta abcomrotHa (A,) 1 BigHOCHA (Ap) BETUUMHH
iXHBOTO MOKpAIIECHHs M0 BIIHOLIEHHIO 0 peXuMy 0e3 cekuioHanai3epiB. Halikpamii pe3ynpTaTd I BCiX
MOKa3HUKIB CIIOCTEPIraroThes y BUNanky BcraHoBieHHss— CP1 nHa nmimstami 4-5 1 CP2 wa minsani 10-15. Tlo-
kpareHas SAIFI i1 MAIFT cxnano 33,95 %; SAIDI — 40,89 %; EENS — 40,43 %.

Tadauns 2
Jinsiaka CermeHt A Ae. %

CPl | cCP2 1 [ 2 [ 3 Cyma A B 70
ESAIFI

5-8 15-16 2,808 2,292 0,560 5,660 2,00 26,10

4-5 15-16 1,968 3,247 0,560 5,776 1,88 24,60

5-8 10-15 2,808 1,245 1,010 5,063 2,60 33,90

4-5 10-15 1,968 2,081 1,010 5,059 2,60 33,95
ESAIDI

5-8 15-16 409,865 326,890 79,266 816,021 412,94 33,60

4-5 15-16 280,513 474,576 79,266 834,355 394,61 32,11

5-8 10-15 409,865 176,506 148,941 735,311 493,65 40,17

4-5 10-15 276,521 300,925 148,941 726,388 502,58 40,89
EMAIFI

5-8 15-16 3,510 2,865 0,700 7,076 2,50 26,10

4-5 15-16 2,460 4,059 0,700 7,220 2,36 24,60

5-8 10-15 3,510 1,557 1,262 6,329 3,25 33,90

4-5 10-15 2,460 2,601 1,262 6,324 3,25 33,95

EENS

5-8 15-16 472,98 347,05 108,79 928,82 489,41 34,51

4-5 15-16 323,71 506,83 108,79 939,33 478,90 33,77

5-8 10-15 472,98 187,39 204,41 864,79 553,44 39,02

4-5 10-15 319,11 321,38 204,41 844,90 573,33 40,43

BucnoBku. Po3pobieHO METONM i alropWTM BH3HAYEHHS ONTHMAIBHOTO MICIS pO3TaIlyBaHHS
CeKIlloHaNaif3epiB B PO3MOJINBHIN €JIeKTPUUHIA Mepexi, SKUH OCHOBaHWH Ha MiHIMI3allii OYiKyBaHOTO
00cCsry HEIONOCTaBIEHOI eJeKTpoeHeprii HuisixoM (opmyBaHHsS 30anaHCOBAHMX IO 3aralbHidl TOBKHHI
BIIOKPEMJICHMX CETMEHTIB. 3alpONOHOBAHWA METOA Ja€ 3MOTYy YHHKHYTH TPOMI3IKHX IOITYKOBUX
mporeayp, OOMEKUBIIM BHOIp MICIS BCTAHOBJIECHHS CEKIIOHANAW3EpIiB JIIHIIMHU eJIEKTpoIepeai, AKi €
CYMDKHUMH a0 Touku po3niny PEM, Ha 30anmancoBani mo 3aranbHiid AoBkuHI cerMeHtd. [lim wac
PO3paxyHKy OYiKyBaHMX NOKa3HHKIB HAJIMHOCTI 3alpOIIOHOBAHO 3IIHCHUTH TEpeXil BiJl CepeaHboi 0
CEePEeNHBbO3BKCHOI 110 JOBXKHHI JIHIH CErMEHTY TPUBAJIOCTI MOIIYKY MICII MOMIKODKEHHS, 0 T03BOIUTH
BpaxyBaTH BiIMIHHICTh KIJILKOCTI BIZIMOB Y JIiHi# pi3HOT TOBXKUHHU.

PospaxyHok ans pparmenty PEM miaTBepauB eheKTUBHICTD 3alPOMIOHOBAHOTO METO/IY.
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The paper proposes a heuristic method for optimal placement of sectionalizers in distribution electrical networks
without automatic reservation. The method consists in dividing the network into segments with the same total line
lengths and finding the optimal location of the sectionalizers around the dividing points. Based on the method, an
algorithm was developed and calculations were performed to determine the optimal locations of sectionalizers and
expected indexes of power supply reliability for a fragment of the distribution network. References 9, tables 2, figure 1.

Keywords: electrical distribution network, power supply reliability indexes, sectionalizer, optimal placement.
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