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MITIGATION OF OVERHEAD LINE MAGNETIC FIELD
BY GRID SHIELD WITH ELECTRICALLY SEPARATED SECTIONS

V.S. Grinchenko*, O.0. Tkachenko**

State Institution “Institute of Technical Problems of Magnetism of the National Academy of Sciences of Ukraine”,
19, Industrialna st., Kharkiv, 61106, Ukraine.

E-mail: vsgrinchenko@gmail.com

The paper deals with the mitigation of the overhead line magnetic field by a U-shaped grid shield. We consider grid
shields made of conductors, which are grouped into electrically separated sections. Conductors within each section are
connected in parallel. We vary the number of sections and their topology. Also we vary the parameters of arms of the
U-shaped grid shield, namely the length and the number of conductors. We show that the U-shaped grid shield with two
electrically separated sections is advisable to use. The one section consists of conductors of a U-shaped shield stem.
Another section consists of conductors of both arms connected in parallel. Also we show that the number of conductors
in the arm can be reduced to five, if the quantity of metal of the arm is kept. References 10, figures 3, table 1.

Keywords: overhead line, magnetic field, shielding, reference level.

Introduction. The 10-330 kV overhead lines cross urban areas in Ukraine. They were built over the
last 50 years without taking into account modern reference levels for the magnetic field. In the past decade the
energy industry of Ukraine has received the reference level in 0.5 uT for living spaces [1]. The overhead line
magnetic field depends on a current load, an arrangement of conductors, and a distance to a building.
Nevertheless the magnetic field often exceeds the reference level inside buildings closed to overhead lines. As
the magnetic field penetrates inside with almost no attenuation [2], some measures to reduce it are to be taken.

The overhead line reconstruction is the most efficient method to reduce the magnetic field. The one
way is to move the overhead line away from residential buildings. Another way is to replace it by the
underground cable line. However the reconstruction needs significant capital expenditures, which limits its
practical application. So the shielding of the overhead line magnetic field is more promising to meet modern
reference levels.

In general, different types of shields are used to reduce the power line magnetic field. Each of them
has advantages and disadvantages. Active loops provide comparably high shielding efficiency [3]. But they
require a source of electrical energy (to generate the current in conductors), detectors, and a control system.
Also expenses for maintenance checkup are relatively high. Passive loops are free of these disadvantages, but
their shielding efficiency is comparably low [4]. Magnetic shields are made of materials with high
permeability. They are used for the cable line magnetic field mitigation, when “shielding of a source”
technique is implemented [5]. For “shielding of a subject” technique implementation the electromagnetic
shields are used [6]. They are usually made of aluminum due to its relatively high conductivity and low
price. Traditionally electromagnetic shields consist of plates making it difficult to install on building walls.

A novel approach to overhead line magnetic field mitigation is proposed in [7]. It is based on the
usage of so-called grid shields made of aluminum conductors. Note that similar types of shields are used to
develop electric machines with low-level external magnetic field [8]. To increase shielding efficiency on
edges of shields, the U-shaped grid shields are proposed in [9]. The recent papers show, that efficiencies of
overhead line magnetic field reduction by the grid shield and by the electromagnetic shield are similar, if
their shapes and quantities of metal are the same. Compared to traditional electromagnetic shields, the grid
shields are more ergonomic because of their transparency to natural light. The disadvantage of known grid
shields is the necessity to connect all its conductors in parallel.

© Grinchenko V.S., Tkachenko O.0., 2020
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The goal of this paper is to simplify the grid shield topology while maintaining the shielding
efficiency of the overhead line magnetic field.

Prototype of shield. The study is based on the assumption that infinitely long conductors of the
overhead line are parallel to each other. Parameters of the overhead line and the building are taken from
[7,9]. The coordinates of conductors are x;=x,=x;=—20m, y;=—4 m, =0, y3=4 m. The ground level
corresponds to y=—20 m. The overhead line runs at frequency 50 Hz. The RMS current is 1000 A and the
initial phases of currents are @;=—27/3, ¢,=0, @;=2n/3. We use [2] to calculate the RMS value of the
magnetic field By of the overhead line in a free space. Fig. 1 shows the distribution of By. The building is
marked with smooth and dashed lines. It is 40 m high, 20 m width, and 20 m away from the overhead line.
The RMS value By exceeds the reference level 0.5 uT in the whole building.

Based on recent research [7, 9] we choose the following U-shaped grid shield as the prototype. The
prototype is made of 121 conductors parallel to each other and to the overhead line. All conductors are
connected in parallel. The diameter of each conductor is 8§ mm. The distance between adjacent conductors is
equal to 0.5 m. The U-shaped smooth line in Fig. 1 shows the arrangement of cross-sections of conductors.
The prototype has two arms 10 m long. Cross-sections of 21
conductors are arranged along each of arms. Their coordinates are
X :(O.S-k)m,yk =420 m,where counter k goes from 0 to 20.

Cross-sections of remaining conductors are arranged along the
vertical 40 m high. This part of the shield we call the stem. Their
coordinates are x;, =0, y, =(— 20+0.5-k)m,where counter k£ goes

from 1 to 79.

We use a model developed in [7] to calculate the magnetic
field shielded by the prototype. We modify the model assuming the
current density being uniform in each overhead line conductor. So
an equation for the phasor of the magnetic vector potential 4 has
the following form:

25 A2
a—f+a—f—ju0wGA+u08:0, D)
Ox oy
where j is an imaginary unit; pe=4m-107 H/m is the vacuum permeability; o= 2m-50 rad/s is the angular
frequency; 6=3.5-10’ S/m is the conductivity of aluminum, and o goes to zero for the non-conductive

x,m

ambient; & is a density current phasor for overhead line conductors, and it goes to zero for the non-
conductive ambient and conductors of the shield.

The density current phasor & is defined as the ratio of current phasor of the overhead line conductor
to its cross-section S;. So
85 =100032 - /% /5, )
where subscript £ goes from 1 to 3.

The boundary conditions between conductive domains (conductors of the overhead line and the
shield) and the non-conductive ambient are the following:

{ A=des 3)
8d; Jon =84, [on
where subscripts i and e indicate the location of the observation point (x, y) inside and outside conductive
domains respectively, and # is the unit vector normal to the boundary surface.

We carry out the numerical simulation with the software package COMSOL Multiphysics. Fig. 2, a
shows the distribution of the magnetic field shielded by the prototype made of 121 conductors. The profile of
the prototype is shown schematically with markers. The magnetic field exceeds the reference level only in

relatively small corner areas. We use 7=S/S,-100% as a quantitative assessment of shielding efficiency,

where S is the total shielding area, and S includes subareas that meet the reference levels for the magnetic
field. According to [1] we take into account only areas distant more than 0.5 m from building walls. Then S,
is the product of 39 m and 19 m. The analyze of Fig. 2, a gives S=734 m®. So the shielding efficiency 1 of
the prototype is equal to 99.1%.

Shields with electrically separated sections. The idea of the simplification of the grid shield
topology is to use electrically separated sections. Conductors within the section are connected in parallel, and

6 ISSN 1607-7970. Texn. enrexmpoounamixa. 2020. Ne 5



there is no electrical connection between separated sections. We consider three types of grid shields with
electrically separated sections. Every shield shown in Fig. 2 has 121 conductors. The diameter of every
conductor is 8 mm. The arrangement of conductors is the same and the distance between adjacent conductors
is 0.5 m. Profiles of shields are shown schematically with markers. Electrically separated sections have
different markers.
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To simplify the prototype, we divide it into three electrically separated sections shown in Fig. 2, b.
So conductors are connected in parallel within the stem and within each of arms. To calculate the magnetic
field distribution, we add extra conditions to the system (1)-(3), namely the total current within every section
in equal to zero. Fig. 2, b shows that the magnetic field exceeds the reference level in corner areas. The
shielding efficiency n of the grid shield with three sections is 78.9 %. We associate the relatively low
shielding efficiency with the following. The magnetic field of the overhead line with plane (horizontal or
vertical) arrangement of conductors is the superposition of a- and B-components [10]. The a-component of
the magnetic field decreases faster when moving away from the overhead line. So the overhead line magnetic
field approximates its f-component inside the building. The B-component of the magnetic field is created by
the loop current in extreme conductors of the overhead line. As the grid shield with three sections does not
provide the closed pass for "opposite" eddy currents, the shielding efficiency is low.

To produce the extra closed pass for eddy currents and to increase the shielding efficiency, we
connect arms in parallel. In other words, we divide the prototype into two electrically separated sections
shown in Fig. 2, ¢. The comparison with Fig. 2, b shows the significant decrease of areas where magnetic
field exceeds the reference level. The efficiency n of the grid shield with two sections is 98.8 %. And it is
negligibly less than the shielding efficiency of the prototype shown in Fig. 2, a.

We modify the grid shield with two sections to increase shielding efficiency in corner areas. We
connect in parallel the conductors arranged on arms and edges of the stem. The central part of the stem
remains electrically separated. The analyze of Fig. 2, d gives the shielding efficiency n=98.3 %. Compared to
the grid shield with simpler topology shown in Fig. 2, c, the shielding efficiency changes insignificantly.

So we conclude that the grid shield with two sections shown in Fig. 2, ¢ is the most promising. On
the one hand, it is simplified relative to the prototype. On the other hand, the parallel connection of arms
allows reducing the B-component of the overhead line magnetic field.

Variation of arm parameters. To simplify the topology of arms, we investigate the dependence of
the shielding efficiency 1 on arm parameters. We vary the number of conductors and the length of the arm
while keeping constant its quantity of metal. As the arrangement and the diameter of conductors of the stem
are the same, then the quantity of metal of all grid shields under study is constant.

We consider a set of arm topologies. The number of arm conductors N takes values 3, 5, 11 and 21.
The arm length takes values 0, 2.5 m, 5 m, 10 m, and 20 m. In the limit case of zero length, the quantity of
metal of the arm concentrates in the corner conductor of the grid shield. We carry out numerical simulation
and calculate the efficiency n of the grid shield for every arm. Fig. 3 shows the results.

As is expected, the grid shield with no arms has the lowest shielding efficiency n=87.3 %. And it is
less than efficiency of the prototype and the grid shield with two sections shown in Fig. 2, ¢. The grid shield
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with no arms provides inefficient magnetic field mitigation in corner areas despite 36.7 mm diameter of its

extreme conductors.
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Fig. 3

The increase of arm length leads to more efficient shielding in corner areas. Accordingly the
shielding efficiency m increases. Fig. 3, a and b show absolute maximums of n for 5 m and 10 m arm,
respectively. However the further increase of arm length leads to the shielding efficiency decrease. We

associate it with the decreasing of gaps between adjacent arm conductors

and the magnetic field penetration through arms. Fig. 3, ¢ and d do not N (arm, m) n, %
show absolute maximums because of respectively large number of 3(5) 97.6
conductors. We collect best cases for every number of arm conductors N in 5(10) 98.6
Table 1. The shielding efficiency is the highest when N is 11 or 21. But this ; 88; Zgi

does not contribute to the topology simplification. So we recommend using
10 m arms length made of 5 conductors. In this case the diameter of arm conductors is 16.4 mm and they are

arranged 2.5 m one from another.

Conclusions. This paper shows that the topology of the U-shaped grid shield can be simplified while
maintaining the shielding efficiency of the overhead line magnetic field. The U-shaped grid shield with two
electrically separated sections is the most promising. The one section consists of conductors of the stem, and
another one consists of conductors of both arms connected in parallel. The shielding efficiency of this shield
is negligibly less than the efficiency of the same shield with all conductors connected in parallel. Moreover
the arm topology can be simplified, namely the number of conductors in the arm can be reduced to five and

the arm length can be reduced to 10 m.
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The method of accuracy improving and uncertain plant parameters sensitivity reducing based on multiobjective synthe-
sis of two degree of freedom nonlinear robust control by discrete-continuous plant is developed. Synthesis of nonlinear
robust regulators and nonlinear robust observers reduces to Hamilton-Jacobi-Isaacs equations solution. The robust
control target vector is choiced by multicriterion nonlinear programming problem solution in which the objective func-
tion vectors is direct indexes performance vector that are presented to the system in various modes of its operation. The
robust control target vector calculated by synthesized nonlinear robust control system modeling for various modes of
system operation with different input signals and for various plant parameters values. The dynamic characteristics
modeling end experimental researching results of a synthesized nonlinear electromechanical servo system for system
operation various modes with different input signals and for plant parameters various values are given. References 8,
figure 1.

Key words: discrete-continuous plant, nonlinear robust control, dynamic characteristics simulation and experimental
researches.

Introduction. Large space structures — solar panels and spatially distributed antenna arrays of space
vehicles, booms of cranes, hands of anthropomorphic robots, gun barrels are discrete-continuous plants
(DCP) [1]. When control such plants, it is necessary to take into account the intrinsic mechanical vibrations
caused by the elastic properties of these extended plants, which limits the high accuracy that modern elec-
tromechanical systems have with standard regulators [2—4]. For such plants sufficiently stringent require-
ments are for the index performances set in various modes. Often such plants are mounted on a moving base,
on which angles, angular rates and angular accelerations sensors are mounted [1]. To improve the existing
systems accuracy two degree of freedom (TDOF) control including closed-loop feed back control and open-
loop feed forward control by references and the disturbances are implemented [5]. However, in the existing
TDOF control using typical regulators, which limit the further accuracy improving of such system.

The goal of this work is to improve the control accuracy and reduce the plant parameters uncertain
sensitivity based on multiobjective synthesis of two degree of freedom nonlinear robust control by discrete-
continuous plants.

Problem statement. Consider the DCP mathematical model in solid body and elastic element form.
Denote the angle ¢(¢) for solid body and the deviation y(x, ) of the points of the rod from its undeformed
state. The torques applied to the solid body equals the actuator torque T4(¢) plus the disturbances torque Tp(?)
minus the turnnion friction torque Tx(f). The disturbances torque Tp(?) acts relative to plant as solid body,
and the distributed forces F(x, f) acts along the length of the DCP as elastic element.

The equations of plant movement can be written as follows:

s ) ) e ()27, )0 )
d*olt) o y(x,t) *y(x,1) O y(x,t)
m, (x)% + m(x)i;T + EI(x)# + @I(x)% =F(x,1) 2)

where Jy¢ is the inertia moment of solid body plant; m;(x) is the mass of the rod, which is connected with the
running weight of the rod m(x) in the ratio m;(x) = m(x)(x + r), in which 7 is the distance of the point of at-
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tachment of the rod to the solid body plant, E/(x) and £ is the DCP distributed rigidity and internal damping
coefficient.

We introduce the external disturbances models with the state vectors x,(2), the components of which
are reference and the disturbances torque, that acts on the plant, and them derivatives. We write the mathe-
matical models of external disturbances in the following form:

dxét—(t) = fa (g (0,0,@,1,0), ya () =Y, (x, (1), 0, ()., ()} (3)

where @,(f), na(f) are external signal and parametric perturbations vectors [6]; f; is a nonlinear functions.

Measured external disturbances models output vector are references plant angular position, angular
rate and angular acceleration are measured by sensors mounted on measuring systems, as well as the angles,
angular rates and angular accelerations are measured by moving base mounted sensors.

Method of synthesis. We introduce the extended system with the state vector x(?) of the extended
system, including the plant state vector x,(?) and the disturbances state vector x4(?). Then we write the ex-
tended system state equatic()n) and output equation in the standard form

dx(t

=" £ (x(@),ut),0(0),7(0)), () =¥ (x(t),0(0),u(?)), @)

where m46(7), Nac(?) are the vectors of the external signal and parametric perturbations [6]; f4c, iS a nonlinear
functions. Initial plant model includes DCP model taking into account the finite number of elastic oscillation
forms in (1)—(2) and drive motors model [1], moving base suspension effects. Measured output vector of the
initial system is formed by different sensors which measured the plant angular, rate and acceleration [1].

Then the task of nonlinear TDOF robust regulator synthesis is the determination of such regulator [6]
which, based on the measured output (4) are formed the control u(t) by the dynamic system is described by
the difference state equation and output equation

dfi—f’) = G(x(0).u(®), @(0.7(0), y(O)  u(®) = R(x(1), y(1)). 5)
where G and R are nonlinear functions.

We introduce the robust control target vector

(1), u(®),7(0)) = Z(x(1) u(®),7(1)), (©6)
where Z is nonlinear function.

Then the synthesis of the nonlinear robust regulator is reduced to determining the nonlinear functions
R by minimizing target vector norm (6) on control vector u(?) and maximization of the same norm on plant
uncertain vector 1(#) for the worst case disturbance. Nonlinear functions G and R are determined from of the
Hamilton-Jacobi-Isaacs equations solutions [6, 7].

Dynamic characteristics of synthesized system including a nonlinear plant (4) is closed by a nonlinear
robust controller and nonlinear robust observer (5) are determined by the control system model of the system,
the measuring devices parameters and the target vector (6). For the correct definition of the target vector (6), we
introduce the unknown parameters vector which is nonlinear target vector function (6) parameterization matri-
ces. We introduce the objective function vector are direct index performance vector that are presented to the
system [1]. The index performance vector calculated by modeling of the initial nonlinear system (4), is closed
by synthesized nonlinear regulator (5) in various operation modes with different input signals and for plant pa-
rameters values various [1]. This multiobjective nonlinear programming problem is solved based on multi-
swarm stochastic multi-agent optimization algorithms from Pareto optimal solutions [8].

In such TDOF nonlinear robust control by DCP closed loop feed back control is calculated based on
plant state vector, but open-loop feed forward control is calculated based on reference and disturbance mod-
els state vector. Moreover, nonlinear robust feed back and feed forward control are calculated simultaneously
based on the Hamilton-Jacobi-Isaacs equations solutions [6, 7].

Implementation example. As an example of the implementation of synthesized robust control by
DCP we consider T-64BM tank 2A46-2 gun stabilization system. This system is designed to guide for given
angular positions and contains from two angular position servo systems in elevation and azimuth axis [1].
The system is mounted on the moving base. Closed -loop feed back control is implemented using electric gy-
roscopic sensors are mounted on the plant in elevation and azimuth axis. This sensors are measured plant an-
gular positions, plant angular rate and plant angular acceleration in elevation and azimuth axis. So the output
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vector (3) components are the plant angles, angular rates and angular acceleration in elevation and azimuth
axis are measured by electric gyroscopic sensors are mounted on plant in elevation and azimuth axis.

To improve the servo system accuracy two degree of freedom control [5] is implemented. Open-loop
feed forward control by reference is realized by means of electric gyroscopic sensors are mounted on meas-
uring systems in elevation and azimuth axis. Open -loop control by disturbance is realized by electric gyro-
scopic sensors are mounted on the moving base in three planes.

The angular positions references are determined by the separate optical or radio technical measuring
systems in elevation and azimuth axis. This measuring systems are mounted on a gyro-stabilized platform. In
addition to the references plant angular positions, these measuring systems also are measured the angular rate
and angular acceleration of changes in the references plant angular position by electric gyroscopic sensors
are mounted on these measuring systems. The output vector components (3) are the references plant angular
position, the angular rate and angular acceleration of changes in the references plant angular position are
measured by electric gyroscopic sensors are mounted on this measuring systems.

On the moving base are mounted electric gyroscopic sensors of angles, angular rates and angular ac-
celerations in three base rotation axis. The output vector (3) components are the angles, angular rates and an-
gular acceleration in three base rotation axis are measured by electric gyroscopic sensors are mounted on
moving base. In addition, linear accelerometers are measured the acceleration of the moving base in three
axes also are mounted on the moving base. These accelerometers are used to evaluate the distributed forces
F(x, t) in (1) are acted along the length of the plant as elastic element in elevation and azimuth axes.

The control u(z) in (3) is the input of the drive motors frequency converters are powered by a syn-
chronous motors with permanent magnets and with direct actuator torques TA(t) control in (1) in elevation
and azimuth axis.

Computer simulation results. Comprehensive research of dynamic characteristics and sensitivity to
the plant parameters change of the electromechanical system with DCP for T-64BM tank 2A46-2 gun stabi-
lization system with synthesized nonlinear robust regulators are developed. The basis of combat in modern
conditions is firing off at a high speed and maneuvering movement of the tank. This operation mode deter-
mines potential accuracy of the tank weapon stabilization systems while firing on the move. On Figure are
shown state variables random processes implementation of the synthesized electromechanical tank gun stabi-
lization systems in the azimuth axis when the tank is moved at a speed of 8 m*s™' along the standard tank
route. On Figure are shown: a) the of plant and the given direction deviation angle ¢(¢) and b) its derivative
do(f)/dt. As can be seen from this figure, the error of stabilization of a given angle of a tank gun is about
0.3 mrad, which is about 1.7 times less than the error of a system with a typical proportional-differential con-
troller [1] and iscorresponded to the modern tank weapons stabilization system accuracy.

During the simulation of the dynamic characteristics of the synthesized electromechanical tank ar-
mament stabilization systems, it was found that the use of nonlinear robust control made it possible to reduce
more then 1.8 times the time spent on working out the initial angular mismatch of 0.1 rad between gun and
targets directions. When the plant inertia moment was changed by 30 %, the mining time was changed by
less than 10 % while maintaining the level of overregulation, while in the system with a typical regulator, the
mining time was changed to 30 % with a significant change in the system overshoot. Thus, the use of nonlin-
ear robust controllers also made it possible to reduce the sensitivity of the system to plant parameters
changes as compared to the existing system.

Experimental researches results. Experimental researches of T-64BM tank 2A46-2 gun electrome-
chanical servo system as DCP with TDOF nonlinear robust controller in different operating modes are de-
veloped. At the beginning the experimental researches of the dynamic characteristics of gun as DCP of ro-
bust control are carried out. To measure the deformations of the tank gun barrel caused by elastic vibrations
of the barrel strain gages are glued to the barrel of the tank gun at a distance of 0.8 m, 2.3 m and 3.8 m from
the gun trunnions axis. Based on these experimental researches, the mathematical model of gun as DCP of
robust control (1)-(2) was refined. In particular the experimentally determined resonant frequency of the T-
64BM tank 2A46-2 gun barrel elastic vibrations is 10.14 Hz. Experimental research of gun electromechani-
cal servo system confirmed the correctness of computer simulation results.

Based on the analysis of experimental researches and computer simulation results of dynamic char-
acteristics of the synthesized electromechanical tank armament stabilization systems as a DCP are shown
that the use of synthesized nonlinear robust regulators made it possible to reduce by 1.7 times the error of
stabilization of a given angular position of a tank gun when the tank is moved along the standard tank route,
reduce by 1.8-2 times the time spent working off the initial angular misalignment of 0.1 rad between the gun
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and target directions, reduce by 20 % the system sensitivity to plant parameters changes in comparison with
the existing system with standard proportional-differential regulator.

It is shown that experimental and calculated dynamic characteristics does not exceed on 20 %.

Conclusions. For the first time the method of multiobjective synthesis of two degree of freedom
nonlinear robust control by discrete-continuous plant to accuracy improving and to uncertain plant parame-
ters sensitivity reducing is developed.

The multiobjective synthesis of two degree of freedom nonlinear robust control by discrete-
continuous plant is reduced to Hamilton-Jacobi-Isaacs equations solution. The robust control target vector is
choice by multicriterion nonlinear programming problem solution. The objective function vectors are direct
indexes performance vector that are presented to the system in various modes of its operation. The calcula-
tion of the robust control target vector associated to synthesized nonlinear system modeling for system op-
eration various modes with different input signals and for the plant parameters various values.

As a result of synthesis of two degree of freedom nonlinear robust control by discrete-continuous
plant are showed that the use of synthesized controllers allowed to improve the control accuracy and to re-
duce the sensitivity of the system to plant parameters changes in comparison with the existing systems.

Field experimental researches of two degree of freedom nonlinear robust control by electromechani-
cal servo system are shown that experimental and calculated dynamic characteristics does not exceed on
20 %.
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HeTUHelHbIX poOACmHbIX Habooamenell céo0umcs K pewenuto ypagnenuil I amuromona-Arobu-Aiizexca. Bexmop yenu
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CEJIEKTUBHICTb OIIHIOBAHHS BUILIUX TAPMOHIK CTPYMY TPU®A3ZHOI MEPEXI

C.M. Ilepecana*, nokt. TexH. Hayk, FO.M. 3aituenko**, B.M. IIu:koB***  xaH1. TeXH. HAYK
HTY Ykpainn «KuiBebkuii nonitexniynuii incruryT im. Irops Cikopcbkoroy,
npocin. [lepemoru, 37, Kuis, 03056, Ykpaina, e-mail: sergei.peresada@gmail.com

B pobomi 3anpononosano nHosutl Memoo HALAWMYS8AHHI CNOCMEPI2AYi6 GUIUX 2APMOHIK CMPYMY 300751 CELEeKMUBHO20
BUSIBTIEHHS. CHOMBOPEHb. Bemanoesneno sanescuicmes mige KoediyicHmamu HALAUWMYy8ants cnocmepieaya ma weuoKo-
0i€I0 OYIHIOBAHHS [ HAAGHICMIO élacmusocmell cerekmuenocmi. [lpedcmasneno pe3yibmamu Mamemamuino20 mMooe-
JI08AHHSL, 5IKI NIOMEEPOACYIONb MEOPEeMUUHI 6UCHOBKU, d MAKONC OeMOHCMPYIOMb eheKmUsHICIb 3anponoHO8AH020
piutenns 0I5l NApaielbHUX CULO8UX AKMUGHUX (DIIbMPIE [3 CeIeKMUBHOI0 KOMNeHcayielo capmonix cmpymy. bioin. §,
puc. 4, Tabun. 1.

Knrouosi croea: cunoBuii akTUBHUH (DUIBTP, BUII TAPMOHIKH, CIIOCTEPIiray, CEICKTUBHICTb.

Beryn. PoGota cydacHOTO €1eKTpOTEXHIYHOro oOJiagHaHHsI TICHO TIOB’s3aHa 3 TUM, IO HOro (pyHKIiOHY-
BaHHS TPU3BOIUTH JI0 TOSIBM TAPMOHIYHUX CIIOTBOPEHD B MEPEXKaX JKUBIICHHS. [[UTaHHS TapMOHIYHOTO CIIOTBOPECHHS
Ha JIAaHUH Yac JIOCUTh TIMOOKO BUBYEHE, a I KOMITICHCAIIIT IIX CIIOTBOPEHB 3alpOIIOHOBAHO Pi3Hi mimxomu [ 1, 2], ski
3HAHILIN CBOE 3aCTOCYBAaHHSI B CEPIHMX CHJIOBUX aKTHBHUX (inbTpax. [IpoTe po3podka cHI0BOro akTHBHOTO (islbT-
pa JIoci Bil3HAYAETHCST BUCOKOIO CKIIAJTHICTIO, OCKUTHKH IS TIOBHOIIIHHOTO BUSIBIICHHSI TAPMOHIYHIX CIIOTBOPEHb Ta
TXHBOT OBl KOMIICHCAITii BIMarae BUCOKHX OOYHCITFOBATLHHX MOTYKHOCTEH KEPYIOTOro KOHTPOJIepa, 3HAUYHNX
BHMOT JIO CHJIOBOI €JIEKTPOHIKH, BUMIPIOBAILHUX MPHUCTPOIB, 10, SIK HACIIIOK, MPH3BOMTH JI0 3HWKEHHS Macorada-
PUTHHX MOKa3HUKIB BUPOOY 1 3HAYHOI KIHIIEBOi BApTOCTI.

SIKICTB eNeKTPIYHOT CHEPTii MEPEKi XapaKTePH3YETHCS IEBHAMH JOITyCTUMUMH 3HAYCHHSIMH TTapaMeTpiB,
SIKI PETJIAMEHTYIOThCS CIICIiaTi30BaHMMKM HOPMATHBHUMH JOKyMEHTamu, Hanpukiazn [3]. OqHuM 3 MmiaxomiB 10
i JBUILICHHS KOCTI JIEKTPHYHOI EHeprii MepesKi, CIIPSMOBaHUM Ha 3a0e3MeUeHH s apaMeTpiB eIeKTPHYHOI eHepril
[[MM CTaHAApTaM, a TAKOX JOCSITHEHHS I1i€1 METH 3 BUKOPUCTAHHSM SIKOMOTa MEHIIIHX PECYPCIB, € CENICKTHBHA KOM-
TICHCAITis TapMOHIK [4]. BinmoBimHO 10 1BOT0 MiAX0ay KOMIIEHCAITIT i AJISTaroTh JIAIIEe HAHKPUTHYHIIT TApMOHITHI
CKJIaZIOBI, 1110 3HAYHO CIIPOLIYE peaizaliio akTHBHOTO (iNbTpa.

J1nis1 OIiHIOBAHHS TAPMOHIYHOTO CKIIaMy CTPYMY HaBaHTaKEHHS B [S5] 3alpOMOHOBAHO 3aralbHOTEO-
pPETHYHY CTPYKTYpy croctepirada JlroeHOeprepa, sIKHid 3aBASKH PE30HAHCHUM BIIACTHBOCTSM ITOTCHIIIHO
3a0e3revye CeJIeKTHBHE BUSBICHHs rapMoHik. [IpoTe, ochiKeHHs JUHAMIKH CIIocTepiraya He POBOAMIO-
Cs, METOJIIB HAJIAIITYBAaHH MaTPHLI 3BOPOTHUX 3B'SI3KiB 151 3a0e3MeueHHsI CeJICKTUBHOCTI He HagaHo. B [6,
7] BHepliie MPEACTABICHO PE3yJILTATH JOCIIDKSHHS TMHAMIYHHX BIIACTHBOCTEH CIIOCTEPIraviB Takol CTPYKTYPH, 3 SIKUX
CIITiIyE, 10 32 PEKOMEHJIOBAHOTO B [ 5] HAAIITYBAaHHS 3 OHAKOBMMH KoedillieHTaMu qeMIyBaHHs s yCIX TAPMOHIK
icHye mpoTupivyst. [TokazaHo, 1110 3HKEHHS PIBHS IeMIT(YBaHHS 3311 TTJICHIICHHS BJIACTUBOCTEH CEICKTHBHOCTI TPH-
3BOJIUTH JIO BTPATH MIBUIKOII OIiHIOBaHHS. [l0JaTKOBO KPUTHYHMM, 3 TOUKH 30py L(pOBOI peaizallii, € HasIBHICTh
«crmabo» neMrihoBaHUX TIONFOCIB CITOCTEPIrada Il «MaJIiX» 3Ha9eHb KOe(iIlieHTiB neMII(yBaHHsI, SKi HeOOXiaHI I
3a0e3MeUeHHs BUCOKOTO PIBHS CEJISKTUBHOCTI. B crcTeMax 3 Harepe/ BiZIOMUMH BKIIMBHMH JUTSL KOMITICHCALTIT YacToTa-
MU FAPMOHIYHHX CKJIJIOBHX TAKWI METOJ HAJIAIIITYBAHHS CIIOCTEpiraya He € parioHaTbHIM. ToMY TIOIIYK KOMITPO-
MiCy MK IMBHAKOIEO Ta CEIIEKTUBHICTIO OITIHIOBAHHS € aKTYaJIBHOO 33/1aUeto, Ky HEMOMKIMBO PO3B’SI3aTH aHATITHY-
HMMU METOJIaMH, HAPUKJIaJI, ONITHMI3AIIiEr0 THIMHAX CUCTEM, BUCOKUM MOPSIKOM criocTepirada (200 — st oriHku S0
TapMOHIK) Ta CIeIU}IKOO OLIHFOBAHHS TAPMOHIK B PE30HAHCHOMY PEXKUMI.

Mertoro iaHoi poboTH € po3poOKa HOBOTO METOJTY HAIAIIITYBAHHS CTIOCTEPIradiB TAPMOHIK, SIKU Ja€ 3MOTY JIOCSTTH
KOMITPOMICY MDK ITIBHIKOIIEFO TA BIIACTHBOCTSMHE CEJICKTUBHOCTI OITIHIOBAHHST, 3aBIAKH YOMY CYTTEBO 30UTHIITYFOTHCS HEO0-
Xi/THI 3HAYEHHs KOe(illieHTIB IeMI(pyBaHH 1 33 paxyHOK LIHOTO CIPOLIYETHCS peatizallisi CIIOCTEpiradis B peajlbHOMY Yaci.

Cnocrepiray rapmonik. Y [5] mokazaHo, IO 3TiIHO 3 METOJOM T'apMOHIYHMX CKIafoBuX Dopreck’e
CTPYM HABaHTaXEHHS i, = (iLd,iLq)T , skuit Mae N TapMOHIK B crcTeMi koopauHar (d-q), opi€eHTOBaHii 3a BEKTO-

POM HAIpyTH Mepexi, MoXe OyTH 3aIicaHiid y BUITISAL
N

N
iLd = Z(Xdpi + ani)’ iLq = Z(qui + ani) s (1)
i=1 i

i=l1
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T cu . . . .
e X, = (X dpi’X api s X qni» X qni — BCKTOP MPOCKIIHN MPAMO1 (HO3Ha‘i€HO IHACKCOM p) Ta 3BOPOTHO1 (nosHaquo 1H-

JIEKCOM 1) TIOCITIIOBHOCTEN i-01 TapMOHIKU CTpyMy HaBaHTa)KeHHsL. J{Jisi OI[IHIOBaHHS TApMOHIYHUX CKIIAJJOBHX Y
Bupazax s crpymiB (1) y [5] 3anponioHoBano crioctepirad JlroeHOeprepa, 3araimbHa Gopma SKOTO Mae BUTIIS

x=A%-K,[i, -C,%], )
K, =[K,,Ky]

& aT AT AT PPN ~ A ~ T PN A A A T
re X=(X,..Xy) , X _(Xdpl’xqpl’xdnl’anl) ) XN_(Xde’quN’anN’anN) >

A, =blockdiag[A,,..,A ], C, eR**,

Kk, —k,, K, Koy 0 -w, 0 0 0 -No, 0 0
|k kg, RN |o, 0 0 o0 Ne, 0 0 0
K=l o, ko 5Tk ko P20 0 0 o AT 0 0 0 Ne, |

—k,, k,, —K,, —ky 0 0 -, 0 0 0 —No, 0

Je o — KyTOBa 4acTOTa MepuIoi rapMoHiky; K, ...k, — KoedilieHTH 3BOPOTHHX 3B’S3KiB crocTepiraua,
sIKi oOMpaloThCs Tak, MO0 3ale3neunTH KoediumieHT AeMiyBaHHS O Ta BIACHY YacTOTy KOJIHMBaHb
o, =(1-28")"ho_, a cave: k, =dw_, k,,
opmuHat (d-q). 3rigHO 3 [5], 3HAUEHHA 0 BCTAHOBIIOETHCS OAHAKOBUM I BCiX TapMoHik. Cmocrepirad (2)
3a0e3rnevyye acMMITOTHYHE OIliHIOBaHHS BCiX N rapMoHik abo Oy/b-SKy Harepe] BU3HAYCHY IXHIO KUTBKICTb
3 BIACTUBOCTSMHM CEJICKTHBHOCTI, IO JOCATAETHCSA BIAMOBIIHMM HAJIAMITYBAHHSAM MATpPHIlI KOE]Iili€HTIB
3BOPOTHHUX 3B’s13KiB K, IIISIXOM 3aBJaHHS 3Ha4YeHHA O .

=[w. —(ho,_)*]/2hwo, , h — HOMep rapMOHIKH B CHCTEMi KO-

J1 nocrimKeHHs 1y JIMBOCTI CIIOCTEpiraya rapMOHIKHY 3 YaCTOTOIO (), JI0 HASIBHOCTI CTOPOHHIX I'apMOHIK

y CIEKTpl Ta BCTAHOBJICHHS BIIACTHBOCTEH CEIEKTHBHOCTI IMOOYJOBAHO aMILTITYIHO-YaCTOTHY XapaKTCPUCTHKY
(AYX) criocrepiraya (2), Ky MPEACTABICHO Y BITHOCHUX OJWHUIIIX HA pUC. | I 3HaYeHb KOS(ILIEHTIB aeMIi(y-

BaHHit 8 =0.02, §=0.01, $=0.001. AUX noGynoBaHo sIK peakilito crocTepiraya Ha curHam i, , =1-sin(o,t),

i, =1-cos(®,t), yactora ®, AKMX MOBIILHO 3MIHIOBANACS B Yaci. 3HAYECHHS M =f(t) Oymno mepepaxoBaHO y

AMITIITY THO-4aC TOTHA XapaKTEePHC THKA
JUIsI OL{IHKY BILTMBY CTOPOHHIX TapMOHIKU

3QJIeKHICTH M =f(o,/0y),

i‘ — MOJIYJIb TIOXUOKH OIIIHFOBAaHHSI.

3 puc. 1 BuIUMBaE, MO 3i 30UIBIICHHAM KoedilieHTa o

e '7 o L ! i J o | B L B i B i | 3HAYHO POMIMPIOEThCS TONIOCA PE3OHAHCY, IO B pe3ynbTaTi MOXKe
3 ‘ = ; ; MIPU3BOANTH 1O XHOHOTO OIIHIOBAHHS TapMOHIYHOTO CKIIAdy. 3
(G | iHIIOro OOKY, 32 YMOB 3POCTaHHS 3aaHOi YaCTOTH OI[IHFOBaHHS
32‘ | JUI OJTHAKOBOTO KOe(ilieHTy aeMIipyBaHHS O 3pOCTa€ UyTiIH-

0.5 ﬁj 1 BICTB criocTepiraya i 0 CTOPOHHIX TapMOHIK, 30KpeMa JI0 Cycia-
S ‘ / ‘ HiX, IO TPOSIBISIETHCS Y 30UIBIIEHH] BETMYMHY MTOXHOKH OIIiHIO-
' 3 ‘ ! BaHHs. [le 3yMOBIIOE HEOOXITHICTD 3a0€3MEUHTH BYXKYY TOJIOCY

PE30HAHCY criocTepiraya Jyisi TApPMOHIK BUILOTO MOPSIIKY, OCKLIb-
KM T10JI0Ca PE30HAHCy CIIOCTepiraya MOKe OXOIUTU YacTOTH, IO
3HAXOSITHCS HA ITe OUTHIMINA BiACTaHi, HDK CyciaHs. ['apMOHIKH
HIDKYOTO TOPSIAKY (3 MOPAIKOM J0 5-T0) HE BUMAraroTh BY3bKOI
MIOJIOCH PE30HAHCY, OCKUTBKH € CIIa0KO YyTJIMBUMH J0 HasBHOCTI
CTOPOHHIX TapMOHIK B CIIEKTi, SIK IIe BUIUIMBAE 3 puc. 1. Hanpuknan, mis koedinienTa nemndysanns o = 0.01
croctepiraya 12-0i rapMOHIKM HasBHICTD 11-0i rapMOHIKH B CHEKTPi CTpyMy HaBaHTa)KeHHS (Y BITHOCHHX OIH-

0 . ‘ 4
0.8 08509 095 1 1.05 1.1 1.15 B.0.
YacToTa BXiTHOTO CUTHATY o, / ©y; B.O.

Puc. 1

HALEIX ©, / oy =0.91 Ha puc. 1) npu3Bene 10 mosBU NOXUOKK ouiHOBaHHA NpuOim3Ho 10%, B TOM yac, sk 3a

3Ha4yeHHs koedinieHTa 3aryxanusa O = 0.001 BennurHa TOXMOKKU CTAHOBUTH MeHIIIe 2%.

HanamryBanus crnocrepirada rapMoHik. B cuMeTprHyHMX TPUIIPOBIAHUX TPH(A3HUX Mepexkax HasiB-
HICTh TIAPHUX TapMOHIK Ta TAPMOHIK, KPAaTHUX TPHOM, € HEXTYBaHO Majolo [4], [8], i, 32 IeBHUX MPUIYIIEHb,
MO’KHA BBQ)KATH, IO TaKi TAPMOHIKH BIICYTHI Y CIEKTPi CTPYMy HAaBAaHTAXXCHHS, a OT)KE HE CIPUUNHATAMYTH
TIOSIBU TIOXUOOK OIIHIOBaHHS. 30KpeMa, sIK MoKa3aHo y [8], TpudasHi crioxuBadi eleKTpoeHeprii, mo0yaoBaHi Ha
OCHOBI 6-TIyJILCHUX CXEM, SIBJISIOTHCS JDKEpeNiaMu rapMoHik 3 mopsiikom 6k +1, k€ 7, k — Homep rapMoHiku
tpudaznoi Mepexi. CydacHi BEKTOPHO-KEPOBaHI Ta YaCTOTHI €JIEKTPOIPUBOIN CIICKTPUIHNX IBHUTYHIB, SKi IT0-
OyII0OBaHO Ha OCHOBI 6-TTyJILCHOTO BHIIPSAMIISTYA 3 TIPOMIKHOFO JIAHKOIO TIOCTIHHOTO CTPyMY, € THIIOBHMH 1 Haii-
OLIBII PO3MOBCIOIKEHUMH CIIOKUBAYaAMHU €JIEKTPOCHEPTii. 3a TaKUX MPUITYIEHb CEJISKTUBHE BHUSBIICHHS 1 IOJa-
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JIbIIIa KOMIICHCAIiSl TaK 3BaHUX KAaHOHIYHUX TapMOHIK 3 mopsakoM 5, 7, 11, 13, 17 ta 19 3abe3neuars BiAmoBiI-
HICTb SIKOCTI €JIEKTPUYHOT €HEprii BUMOTaM PETYIIOI0UMX TOKYMEHTIB.

KoHctpyroBanHst crioctepirada BiIOyBa€ThCsl B CHHXPOHHIN crcTeMi koopauHar (d-q), py repexozi 110 SIKOi 13 cric-
TEMH KOOPJIMHAT (2-b) Mae MicCIe 3CyB YacTOT, TOMY TapMOHIKH TIPSIMOI TIOCITLIOBHOCTI HA0yBArOTh MEHIIIOTO TIOPSIKY, a Tap-
MOHIKH 3BOPOTHOI TTOCITIZIOBHOCTI — BHITIOTO TIOPSIIKY. 32 PaxyHOK ITHOTO 3’ SIBIBIETECS, MOMIIMBICTS HATAITITYBATH CIIOCTEpiradi
6-01, 12-0i Ta 18-0i rapMOHIKK Ha OLIIHIOBAHHSI OIHOYACHO 5-01 1 7-01, 11-0i1 13-0i Ta 17-0i 1 19-0i rapmMoHiku BizmoBiHO. Bpa-
XOBYIOYH Yy TJIMBICTH CIIOCTEpIrada rapMOHIK JI0 HAIBHHUX Yy CIIEKTpi IHIIMX TApMOHIYHUX CKJIaIOBHIX BITIOBIAHO 10 prc. | Ta
TIPHITYITICHHSI TIPO BIICYTHICTH Y CIIEKTPi MAPHHUX TAPMOHIK 1 TAPMOHIK, KPaTHHX TPHOM, METY JOCIIDKEHb MOYKHA TeTIep Tie-
pecpazyBaTi y HACTYITHOMY BHTJISII: 3HAWTH MAKCUMAITHHO JIOITYCTHMUI KO(ILIIEHT 3aTyXaHHs O CIOCTepirada rapMOHIKH 3

TiopsiIKoM K, sIKii 3a0€3MeUNTh OITIHFOBAHHS TAPMOHIK 3 TTOPSIIKOM k-6 Ta k-6 3 TOUHICTIO, IT10 He TIepEBHITIYE 3a7aHYy.

[opsiok rapMOHIKHU B 57 11,13 17,19 Pesy/ibTaTi MaTeMaTHYHOIO MoJeTIOBaHHs. [l 10-
TpudasHiii cuctemi CITIDKEHHST BIUMBY Koe(ilTieHTa 3aTyXaHHs O Ha BIACTHBOCTI Ce-
KOOPJHMHAT JIEKTHBHOCTI CIOCTepiraya TapMOHIKY 3 TIOPSIKOM K MpriAMAeThCs,
IMopsiok criocrepiraya 6 12 18 IO 1151 TapMOHiKa Oyna BIICYTHS B CIIEKTPI, @ CyClTHI 30yprorodl
B CHCTEMI TapMOHIKY TIPUCYTHI. Byro npuiinsTo, mo koedittieHT nemmdysaH-
KoopauHar (d-q) HA O CIocTepirada rapMOHIKH 3 TIOPSIKOM K BBOKAETHCS TPUHHST-

5 0145 | 0035 | 0027 HHAM B TOMY BHTIAJIKY, KOJTM TTOXHOKA OLIHIOBAHHS, sTKa 00YMOBIIEHA

4 ; .
x 10 KapIa MOJIIOCIB CIIOCTEPIravya

N

9 11 13 15 17 19 21 N
Puc. 3

TIPUCYTHICTIO CYCITHIX TapMOHIK, He TiepeBriye 5%. Ha ocHoBi
OTpHUMAaHKX KOC(ILIEHTIB AeMII(pyBaHHS], 3HAYCHHS SIKUX IPE/ICTaB-
JIeHO y Tal0wi, (DOPMYETHCS MATPHILIS 3BOPOTHHX 3B S3KIB CIIOCTE-
pirada K, .

TakuM YMHOM CYTHICTH 3alPOIIOHOBAHOIO METONy Ha-
JIAINTYBAaHHS CrIOcTepiraya Mojsirac B TOMY, 1110, Ha BiIMiHy Bix
CTaHIAPTHOTO HANAINTYBaHHS [5—7], 3HaueHHs KoeillieHTa JeM-
nipyBaHHs O He € TOCTIMHIM ISl YCIX TApMOHIK, & 3aJIeXKHUTh Bif
ixaporo Homepy. llomoch criocTepiraqiB TapMOHIK 32 TaKoro
METO/Ia HAJIAIITYBAHHS TS TIOXMOKH OIIHFOBaHHS 5% po3Tartio-
BYIOTBCS Ha OJTHAKOBIH BizcTaHi r =150 Bix ysiBHOI Oci Ha KOM-
TUICKCHIH TUTOTIIHHI, 5K T1e TIOKa3aHo Ha PrC. 2 (TTO3HAYCHO CUMBO-
JIOM <«*»). EKBIIMCTEHTHE BIMHOCHO YSIBHOI OCI KOMILIEKCHOI
TUIOLIMHK PO3TAIIYBAHHS TIOJIOCIB TAPAHTYE, 1110 OLIHKA KOXKHOI
TapMOHIKHU 3aTyXa€ 3 OAHAKOBOIO IIBHIKICTIO, B TOW 4ac K 3Ha-
YeHHsT KoeillieHTa IeMIT(pyBaHHs 3MEHIITYETHCS 31 30UTBIICHHIM
TIOPSIIKY TapMOHIKH. J{71st IOPIBHSHHS, HA PHIC. 2 TAKOXK TIPEZICTaB-
JICHO PO3TALITYBAHHSI TIOJIFOCIB JUTsI CTAHAAPTHOTO HAIAIITYBAHHS 3
OTHAKOBUM TIocTiHHMM O = 0.027 11151 BCiX rapMOHIK (IT03HaYEHO
CHMBOJIOM «0»), 3BIZIKM BHIHO, IO IIBUJKICTh OIHIOBAHHS Yy
IFOMY pa3i MeHITa. 3 TOYKH 30py Teopii CriocTepiraviB po3pooite-
HEI METOJI TTOKa3ye, 1110 PO3PaxyHOK Koe(iITieHTIB HAJIAIITyBaHHS
Matpull 3BOpoTHMX 3B’s3kiB K, cmocrepirada (2) OLUTBHO
BHKOHYBATH, BUXOJITIH 3 €KBIAMCTEHTHOTO PO3TAILLYBaHHSI TIOJIFO-
CIB criocTepirada Ha KOMIUIeKcHIN miorwHi. CopMyBaBIm 3a-
JlaHe pO3TAlllyBaHHS TIOJIFOCIB  CTIOCTEpirada y  BUIVBIAIL
P=(-r—jo,,~T+jo,,~T+]jo,,~T—jo, )", 0POBOIMTHCI
po3paxyHok koediwieHTiB k,,k, marpumi K, cnocrepiraua (2)
3a JIONOMOTOIO TPOrPaMHIX 3aC00iB aBTOMATH30BaHOTO TPOEKTY-
BaHHS CHCTeM KepyBaHHS, HaIpHKIai, B cepemopuiy Matlab.
BinmiTiMo, 1110 KUTBKICTE «Cltab0» JIeMIT(OBaHMX TIONFOCIB CIIO-
cTepiraya 3a YMOBH 3aIPOIIOHOBAHOTO HAIAIIITYBAHHS 3MEHIIIHIIA-

CsL, IO CTIPOIITYE HOTO IMPOrpamMHy PEaTi3allito.

TecTyBaHHS CHCTEMH Y pa3i HATAIITYBAHHS CIIOCTEpiradiB 6-0i, 12-0i Ta 18-0i rapMOHIKM Ha OCHOBI 3HAYEHB KOE-
(hiltieHTIB 3aTyXaHHS O , IPEICTARJICHHX Y TAOMMII], POBEICHO 3a HACTYIHUX YMOB. | apMOHIUHIIA CKJIal CTpyMy HaBaH-
TaKEHHS TIPEICTARIICHIH B CHCTEMI KoopamHaT (a-b) rapmonikamu ripsmoi (7, 13, 19) Ta 38opoTHoi (5, 11, 17) mocinoBHo-
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creit omuHmaHoI amrtiTymw. Ha puc. 3 mokazano FFT ctpymy tpudasHoi mepexi, FFT omiHeHnx rapMoHIK B cHcTeMi Ko-
opmuHart (d-q). [epexinHi mporiecy OIHIOBaHHS [Isl CTAHAAPTHOTO HANAIITYBaHHS 3 riocTiiianM & = 0.027 (puc. 4, a) i
3aIPOTTIOHOBAHMM BIIIOBITHO 10 3HAaY€Hb y TAOJWI MOKA3aHO Ha puc. 4, a Ta puc. 4, 6. I'padiku mepexiHiX MmporeciB
TATBEPIDKYIOTh ITiIBUAILICHHS IIBUIKOII CIIOCTEpiraya 3a yMOB 30epeKEHHS BIACTHBOCTEH CEJIeKTUBHOCTI.

BucHoBkH. 3anpornoHOBaHO HOBHH METOJ HaJlaIlTyBaHHS

[ToxubKa oljHIOBaHHS cIiOCTEpiravis, A : ) . ) )
: CriocTepiraya TapMOHIK, SKHK 3a0e3redye MiJBUIIECHY MIBUAKOIIIO

61a rapMoHika OIIIHIOBAHHS TAPMOHIYHOTO CKJIaIy CTPYMY MEPEXKi Ta CENICKTUBHICTh
— 12m TapMOHIKa OLIIHIOBaHHS. BCTAHOBIIEHO 3AJIEKHICTh LIUX [TOKA3HUKIB Bis 3HAUYEHHS
181a rapmonika Koe(IliEHTIB NeMII(yBaHHS Ui KOXKHOI 3 OIIHIOBAHMX TapMOHIK.

OTtpuMaHi B TaKuid CItociO KoedilmieHTH HATATyBaHHS CIIOCTEpirada
3HAYHO CIIPOIIYIOTh HOTO TEXHIYHY peati3alilo 3a paxyHOK 3MEH-
IICHHS BUMOT JI0 OOYMCITIOBATBHUX TOTYXKHOCTEH KEPYHOUOro KOHT-
ponepa. Pesynbratu gocmimkeHHs GOpMyIOTh KOHIICITYaTIbHO HOBUIA
IXiT IO TPOEKTYBaHHS MAaTPHINl 3BOPOTHHX 3B’S3KIB CHOCTEpITava,

a BUXOJISYY 3 €KBIIMCTEHTHOTO PO3TAIIIYBaHHS MTOJFOCIB, 1110 € BHECKOM
TMoxu6Ka OLiHIOBAHHS criocTepiraui, A IO TEOPIi CIIOCTEPIrayis PE30HAHCHOTO THITY.
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CEJIEKTUBHOCTb OLIEHUBAHU S BLICIIUX TAPMOHUMK TOKA TPEX®A3HOM CETH

C.M. Ilepecana, 10kT. TexH. HayK, HO.M. 3aiiuenko, B.M. IIbI:KOB, KaH[. TEXH. HayK.

HTY Yxkpaunbl «Kuepckuii noaurexHuyeckuii HHCTUTYT M. Urops Cukopckoroy,

np. Ilo6ennl, 37, Kues, 03056, Ykpauna, e-mail: sergei.peresada@gmail.com

B pabome npeonooicen Hosbill Menmood Hacmpoliku Habaoamenel blCUUX 2APMOHUK MOKA O/ CeLeKMUBHO20 0OHAPYICEHUs
UCKAdICeHUTI. YCmanoenena 3a6ucumocms mMexncoy Kodgduyuenmom Hacmpoiiku Hadbuooamenss u Oblcmpooelicmeuem oyeHu-
8aHUsA U HATUYUEM C8Olicme cenekmugnocmu. I[Ipedcmagienvl pe3yivbmamol MAmeMamuieckozo MOOeIUpPo8ans, KOmopbule
noomeepxcoarm meopemuieckue 6ble00bl, d MAKICe OEMOHCMPUPYIOM IDOEKMUBHOCMb NPEOLONCEHHO20 peleHus 05
NapaienbHblX AKMUGHBIX UILMPOS C CELeKMUBHOU KOMNEHcayuel 2apmonuk moka. bubin. 8, puc. 4, Tabmn. 1.

Knrouesvie cnosa: cvnoBoil akTUBHBIN (UIBTP, BBICIINE TAPMOHUKHU, HAOIIOAATEIb, CEJIEKTUBHOCT.

SELECTIVE ESTIMATION OF THREE-PHASE CURRENT HARMONICS

S. Peresada, Y. Zaichenko, V. Pyzhov

National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”,

Prosp. Peremohy, 37, Kyiv, 03056,Ukraine, e-mail: sergei.peresada@gmail.com

In the paper a new method of current harmonics observers configuration for selective detection of distortions is proposed. The
relationship between the observer tuning factor and the speed of the estimation and the presence of selectivity properties is
obtained. Simulation results confirms theoretical findings and demonstrate the effectiveness of the proposed solution for shunt
active power filters with selective harmonics compensation. References 8, figures 4, table 1.

Key words: active power filter, higher-order harmonics, observer, selectivity.

Hagniitia 28.02.2020
Ocrarounuii Bapiant 18.04.2020

18 ISSN 1607-7970. Texn. enexmpoounamixa. 2020. Ne 5
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OCOBJIMBOCTI NOBYJOBHU ABOHAMNPSIMJIEHUX 3APSIIHUX NEPETBOPIOBAUIB
JUISL PEAJIIBALIT KOHIEMIII JBOCTOPOHHLOIO EHEPTETUYHOI'O OBMIHY
«VEHICLE -TO - GRID» Y PA31 NIIKJIIOYEHHSI EJJEKTPOMOBLIBHOIO TPAHCIIOPTY
JI0 EJEKTPUYHOI MEPEXKI 3ATAJIbLHOIO NPU3HAUYEHHS

A.®. Kapkin"', wr.-xop. HAH Vkpainn, B.O. HoBebknii' ', [OKT. TexH. HayK,
O.11. 3anaummy1c2, KaHJ. HayK 3 Jepx. ynp., B.B. MaanHOBI***, KaHJ. TEXH. HAYK
" Incruryr eaexrpoannamikn HAH Ykpainu,
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? Cexuist npuksiaguux npoiem HAH Ykpainm,

BYyJ1. Bosiogumupcska, 54, Kuis, 01030, Ykpainaro

Pozenanymo ocnoeni acnekmu no6y0o8u nOMyN’CHO20 OBOHANPSAMIEHO20 3aPAOHO20 NEPemeopiosaya Oas peanizayii
KOHYenyii 0860CMOPOHHb020 eHepeemuyHo20 0OMiny « Vehicle-to-gridy («V2Gy») y pasi nioxkniouenus enekmpomoOiibHo-
20 MPAHCROPMY 00 eIeKMPUYHOT MepediCi 3a2aibH020 NPUSHAYEHHS 3 MemOoK 3a0e3neyeHHs nepeoayi eieKmpoeHepeii
810 PO3NOOLILHOI Mepedci 00 MA20BUX AKYMYAAMOPHUX bamapell e1eKmpomMooinie i 2iopudie 01 IXHb020 3aPAONCEHHS,
ma 6 360POMHOMY HANPAMKY — 6I0 bamapell 8 308HIUIHIO eleKMPUUHY mepedcy 071 8UPIGHI08AHH 00006020 epagika
Haganmaoicennsi. Hageoeno ocnoeni mexniuni piwients 3a3Ha4eH020 08OHANPIMICHO20 NepPemEopoeaia y cKkiaoi no-
MYACHUX 3aPAOHUX CIMAHYIU eleKmpomooinie i 2iopudis. bioim. 9, puc. 3, Tabm. 1.

Kntrouosi cnosa: enekrpoMoOib, TATOBa akKyMyJISITOpHA OaTapesi, 3apsHa CTaHIlS, TBOHANIPSIMIICHAN TIEPETBOPIOBAY,
EJIEKTPUYHA MepeKa.

Beryn. Ilepexin Ha MacoBe BUKOpUCTaHHS eneKTpoMoOiniB (EM) — rmoOanbHUi CBITOBUE TpeH[,
30KpeMa, Iie cTocyeTbes i Yipainu, ae Ha 01.01.2020 pik 3a manumu MBC Ykpainu 3apeectpoBano 18401
EM i 17638 riopunis. [Ipo mBHKi TeMIH 3pOCTaHHS iXHBOI KUTBKOCTI B KpaiHi CBIMYHUTH TOH (akT, mo y
2018 poui Oyno nmpundano 5,3 tuc. EM — maiixke BABiui Oinblie, Hi’XK pOKOM paHimie. Y 3B’S3Ky 3 UM IO-
TpeOYIOTh 3HAYHOTO PO3BUTKY Mepexki 3apsaaaux ctaHiii (3C), ski 103BOSITEMYTh €(DEKTHBHO €KCIUTyaTy-
BaTH JiaHi TPAHCIIOPTHI 3aCO0M MO BCiit TepuTopii Ykpainu. MiHicTepcTBO iHPpacTpykTypu Ykpainu 3 2019
POKyY TpaIltoe HaJl iHHOBalliIMHUMH MPOESKTaMU CTBOPEHHS MEPEXi IMIBUIAKUX 3apsSAHUX CTAHIHN B Jiana3oHi
notykHoctel Bifg 50 kBT 1o 150 kBt Ha aBTOMarictpansx Xapkis-Kuis-JIpeiB-Hom Ta KuiB-Oneca-Peni [1].

CroromHi TpakTHIHO Bci EM MaroTh peanbHuit Mibk3apsaauid mpoOir 61au3pko 150 kM, 1m0 3a10B0-
JbHAE TXHIX BIACHUKIB Y pa3i eKcIuTyaTamii eIeKTpoMOoOiLIiB B MiCBKUX YMOBaxX a0o0 X y HEBEJIMKiH Bifmane-
HOCTI BiJI MicTa 3 ypaxyBaHHSIM OJIHi€1 3 TOJOBHUX NepeBar EM — MOXIIMBOCTI peKyrepallii eHeprii mi yac
rarbMyBaHHS. [HIIA CHTyaIlis BUHHUKAE y BUIMATKax ekcruryaTarii EM Ha MDKMICBKHX Tpacax, J¢ B IaHUN
4ac €JMHAM PealbHUM CIIOCO00M 3a0e3IedeHHs e()eKTUBHOTO 3apsPKEHHS TATOBOI aKyMyJsITOpHOI OaTapel
(TADB) enexTpoMoOiiB € yCTaHOBKA CTaHILIN «IIBUAKOI 3apsaku» no uuisixy pyxy EM. Taki 3C, nanpuknag,
«Tesla Supercharger» noryxaictio 135 kBT (a1 EM «Tesla» 3 TAB manpyroro 400 B i ereproemuictio 90
kBreron), MoxyTh 3apsypkari npotrsirom 20 xsunuH TAB no 50% Big #oro MakcHMManibHOI €HEPrOEMHOCTI
cTpyMoM 3apsymxersst 337,5 A, 3a 40 xsunuH — 10 80% ctpymom 3apsunkeHHsa 270 A, a inmi 20% yacy 3apsi-
JOKEHHSI PO3TATYIOTHCS Ha OUTBIIME TepMiH 3aU1s ITiABUIIEHHS HafiiHoCTi podotu TAB [2].
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B ocranHi pokH y CBiTi 1OCTaTHBO IIMPOKO BIPOBAIKYETHCS CydacHa KOHLEMLIS €HEPreTHYHOTO
o0Miny «Vehicle-to-grid» (V2G) abo «eneKTpoMOOLIb - B - MEPEKY», sKa nepeadadae miaKIIOUSHHs SIeKT-
PpOMOOiLTIB A0 3araqbHOI MEpeXi He TINBKH AJS MiA3apsSAKH TSAroBOI akyMyJIATOPHOI Oarapei, ajne i g Bia-
Oopy Ta nepenadi «3aiiBoi» enexkrpoeneprii TAB B posnoznineny mMepexy [3, 4]. Konuenuis «V2G» no3Bomnse
BUKOpUCTOBYBaTH TADB enexkTpoMoOiTiB 1 TIOpUIIB K PO3MOIICHY CHCTEMY 30epeKeHHS (HAKOMUICHHS)
enektpoeneprii, To6to TAB Mo)Xe BHKOPHCTOBYBATUCH SIK JJIsSi HAKOITUYEHHS €HEpril y Mepiofn BUCOKOTO
piBHS reHepalii eHeprii y cucTeMi, Tak i moctadaHHs i1 y MepexXy B MepioJy HU3BKOTO PiBHS reHepamii. Y
IIOMY BUTIAAKY Y BIacHUKIB EM iz yac BUKOpUCTAHHS «V2GY» 3’ IBISETHCS MOXKIIUBICTh IPOJABATH EICKT-
POCHEPTII0 B EHEPTOCUCTEMY B FOJMHU, Ko EM He BUKOPHCTOBYETHCS, 1 3apsKaTi HOTO B TOJMHU, KON
€JIEKTPOCHEPTis AeuleBIla, OCKIIbKH y 0araTbox KpaiHax (y T.4. i B YKpaiHi) BapTiCTh eJIeKTpoeHeprii 3aie-
KHUTh BiJ yacy J0OH 1 BiANOBIAHUM YMHOM TapUQiKyeTbes. V2G—KOHLENLIs 3apa3 LIMPOKO PO3BUBAETHCS Y
CHIA («Google», «Tesla»), Aarmii Ta SAnowii («Nissan», «Enely) Ta iHmmx kpainax [5-7].

3 ypaxyBaHHSIM Cy4acHOTO PiBHA i IEPCIEKTUB PO3BHUTKY, B MEPIIY YEPry, aKyMYJSITOpOOYyyBaHHS
Ta HOro MEpCHeKTHB B HAPSMKY 3HAUYHOTO 3017bIICHHS KUIBKOCTI 3apsSAHO-PO3PSIIHUX LUKIIB, HAPUKIIAL,
TTIA-HOHMX, JITIEBUX 1 TEIEBUX aKyMYJLITOPIB Ta IXHE 3/ICIICBICHHS, a TAKOXK BIAIMOBIIHOT ONITHMI3aIlii «3e-
neHoro» Tapudy Ul BiIHOBIIOBAHOI CHEPreTHKH, 3a3HaYCHA KOHLEMIS € MPUHHATHOIO Y IJIOMY 1 s
VYxpainu. Cnig 3a3HauuTH, mwo «Vehicle-to-grid» nae 3mory interpyBati EM B enekTpomepeski Ta, 30Kpema,
i ABUIIUTH YaCTKy BUKOPUCTAHHS BiTHOBIIOBaHUX Jkepen eneprii (BJIE). YV npoMy BUIMagKy € MOXKIUBICTh
nigkmouatd TAB enekrpomo0ins 10 BiacHOro OyAWHKY, HANPHUKIAMA, «IHTEJIEKTYalbHOTO» Ta BUKOPUCTO-
BYBATHU Take 3’ €IHaHHS U1 Oe3mepeOiitHoTo eneKTpoXKUBJICHHS Oy TMHKY abo odicy.

OCHOBHOIO JTAaHKOIO CUCTeMH «V2Gy» € ABoHanpsiMiieHui 3apsiaauii neperBoproBad (JJH3IT), skuit mno-
3BOJISIE 3MIHIOBATH HAINPSIMOK TIEpeiadi eIeKTpoeHeprii: ado Bix HakomudyBada enekrpoeneprii — TAB emekt-
poMoOins 1o TpudazHoi Mepeki, abo HaBmaku — Bif Mepexi 1o TAB. BinoMi qBoHanpsiMiieHi epeTBoproBayi
(JIHIT) BuKOpUCTOBYIOTHCSI, B OCHOBHOMY, B cricTeMax HakormdeHHs eHeprii (CHE) srinno koHmenmii «Energy
Storage System» niis 6amaHCYBaHHS PEKUMIB €JICKTPHYHIX MEPEXK, 30kpema, 3 BJIE.

Ha croroani icHye 6araro Tonosnoriit nooynosu inBeptopis JJHII, onHy 3 sikux HaBeneHO Ha puc. 1.
[IpakTH4HO BCi Taki TOMOJIOTIT MOXHA 00'€ITHATH 3arajibHOIO BIIACTUBICTIO, a caMe€ — BOHU € iHBEpTOpaMH
HaANPyTH, OCKUIBKHM IXHI CHJIOBI IEPEeMHKArO4Yi €JIeMEHTH MiJKIF0YeHI O MPOMIKHOI MEepexi MOCTIHHOTO
CTpyMy, 1110 TOTpeOye crennpiku KOMYTallii CHIOBUX NIEPEMUKAIOUUX EIIEMEHTIB.

Uepe3 KiHIEBY IIBUAKOIIIO OCTaHHIX
(TpaH3uWCTOpPIB 1 AiOMIB), IO TPAMIOIOTH 3 HACH-
YEHHSM, iXHI Yac BHUMHKAHHS 3a3BHYai 3aBiKIU
Oinpime yacy BKkItoueHHS. OCKUIBKM KOMYTamis
TPaH3UCTOPIB 1 NIOMIB B CTiiilli MOCTOBOTO iHBEp-
- Vd-C'_D TOpa BiAOYBaeThCS OAHOYACHO, MOXYTH ICHYBAaTH
3HA4HI MpoOJjeMu, TOB'I3aHi 3 BUHUKHEHHSIM Ha-
CKPI3HUX CTPyMIB MiJ 4Yac MOPYIIEHHS PEXUMY
MOAyJIAIii a00 3001B y poOOTI BiJl BIUIMBY IOTYXK-
HUX EJICKTPOMATHITHHX 3aBaj Ta iH. s BUKIIO-
YEeHHS! KPUTHYHUX PEXHUMIB POOOTH CHIIOBHX Iie-
pemukarounx enemenTtiB JIHII 3 >xuBIeHHAM Bix
JoKepesia TOCTIHHOT HanpyTH, He0OXiJJTHO BUKOPHC-
TOBYBATH CIICI[ialIbHI AITOPUTMHU YIIPABIIHHSI, [0 YHEMOXJIUBIIOE BUHUKHEHHSI HACKPI3HUX CTPYMIB, a0o
BHKOPHUCTOBYBATH CTPYKTYPH IOOYIIOBH CHJIOBOTO IIEPETBOPIOBAYA, SKi 3/MaTHI 3amodiraTé BHHUKHECHHIO
aBapifHUX PEKUMIB 3 BHIIC O3HAYCHHUX MPUYIKH.

B po0ori [8] moka3aHe 3acTocyBaHHS MEPETBOPIOBAaYiB AaHOro THUMy (pHc. 1) sk iHTEepdelcy Mixk
MEPEeXEI0 3MIHHOTO CTPyMY 1 HaKONUYyBayeM €Heprii Ui KepyBaHHS ABOHANPSIMJICHUM IOTOKOM €Heprii,
NPUYOMY BiH TaKOK MOKE TITPUMYBAaTH MOTIK PEaKTUBHOT €HEPril.

B IEJ1 HAH VYkpainu Bxe Oyno cTBopeHo TpudaszHuii inBepTopuuit moxyns JHII notysxuictio 300
kBT, mo npusHauenwmii 18 3acrocyBanHs y ckiani CHE B enextpuunnx mepexax 3 CEY min yac BUKopuc-
TaHHSA JITiH-3aJ1130-(ochaTHUX aKyMYJIATOPHUX OaTtapeil BEINMKOI €HEPrOEMHOCTI, TEXHIYHI XapaKTEPUCTHKH
SKOTO BI/MOBINAIOTH CBITOBOMY piBHIO. BennuuHa i HampsMOK TepelaBaHHS €HEprii, sIK0i OOMIHIOETHCS
CHE i enexTpuyHa Mepe)ka, BU3HAYAETHCA CHUTHAJIaMH, 10 (popMmyroThcsi cuctemoro ynpasmiaas JIHIL, a
3MiHa HaIPsIMKY TIepenadi eHeprii BiA0yBaeThCs 3a paxXyHOK IEPEeBOLy Horo Tpruda3sHoro iHBepTOpa B iHBEP-
TOpHUIT a00 B BUIIPSIMHUN pexkuM [9].
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Meta pob6oTu nossirae y po3po0ieHHI HOTYXHOTO JBOHANPIMIICHOTO 3apsiIHOIO MEPETBOPIOBAaYA 3
BHUCOKHMMH CHEPreTUYHUMHE TTOKa3HUKAaMU 33115l 3a0e3MeueHHs eJIeKTPOMArHiTHOT CYMICHOCTI B CUCTEMI elie-
KTPOMNOCTaYaHHs 3araJlbHOr0 MPU3HAYSHHs IJsl MPaKTUYHOI peani3anii KOHLENLii JBOCTOPOHHBOTO eHepre-
TUYHOTO OOMiHY «Vehicle-to-gridy» min 9ac MiAKIIIOUEHHS €IeKTPOMOOIITIB 10 PO3MOAIIEHOI MEpexi Ist 3a-
OesrreueHHs e(heKTHBHOI Mepenadi eHeprii Bix Hel A0 TATOBOI aKyMyJISITOpHOI Oarapei eneKTpoMoOiis 1a y
NPOTHUICKHOMY HAaIPSIMKY.

Marepiaau gociaigkens. B poOoTi IpomoHY€EThCS 3aCTOCOBYBATH B cucTeMax «V2G» momudikoa-
HUW BapiaHT 3a3HaueHOro TpudazHoro iHBepTopHOro Moayis JIHII 3 yI1ockoHAIGHOIO CHIIOBOIO YaCTHHOIO
Ta HOBHMH aJITOPHUTMAaMH YIIPaBIiHHS 3 ypaxyBaHHSM, 30KpeMa, 1HIIOi KOHIEMNMii mo0yaoBu TpudazHOTro
JBOHANPSMIICHOTO 1HBEpTOpa Ta CIeUU(piUHUX PEKUMIB «3apsmKeHHs — po3psypkeHHs» TADB enexTpomo0i-
niB mijx gac po6ori 3a3nauenunx JJH3II.

Ha puc. 2 maBeneHo cTpykTypHYy cxemy cmioBoi yactuau JIH3II, mo ckiamaeTbes 3 IBOX OCHOBHUX
BY3JIiB: IBOHANPSMIICHHUX ITiABHIIYBaIbHO-3HIKYBalbHOTO nepeTBoproBaya Harpyru (I13I1H) i tpudasnoro
inBepropa Hanpyru (TIH). Ilepmmii 3 HEX HeoOXimHMHA I PopMyBaHHS 3apsiaHOTO cTpyMmy TADB mig wac
HOTO0 3apsAHKeHHS Ta Y3TOIKCHHS PiBHS MOCTiHHOT HAanpyTu TAD 3 mMHOIO XUBIICHHS iHBEPTOpA MPH ii po3-
psUDKeHHi, a qpyruii — neperBoproe 3a noromororo [13ITH noctiiiny Hanpyry TADB Ha TpudasHy Hanpyry B
peXuMi mepenadi eneKTpoeHeprii 10 Mepeski, abo HaBMmaku — 3ailicHIoe 3apsamkeHHst TADB y pexxumi Binbopy
€Hepril Bijl eJeKTPUIHOT Mepexki HU3bKOI Ta CEpETHBOT HATIPYT.

E KomyTaTop
VIS vT7 ! ABC ©
1 1

lemx Wamx
St

BCY 3 KOHTPONEPOM PEXUMIB 3aPRMKEHHS-PO3PAMKEHH TAB ).. ..................................... :

Puc. 2

OcobmnuBicTio cxemHoro pimeHas Takoro TIH e Te, mo BiH BUKOHaHWN Ha OCHOBI TpU(a3zHOTO He-
CUMETPUYHOTO 1HBEPTOpa, KUK CKJIAJA€ThCS 3 TPHOX HAIMlIBMOCTOBUX IIBOTAKTHHX HECUMETPHUYHMX 1HBEp-
TOPIB 3 TBOOOMOTKOBHMH MAarHiTO3B’s3aHUMH JpoceisMu L1 — L6, 1110 He 3MIHIOIOTh HANPsSMY MarHiTHOTO
MOTOKY y pa3i mepeMarHidyBaHHs BUXIIHOTO MiIBUIIYBAIEHOTO TpaHCPOpMaTOpa, Ta Ma€ JIBi TOJIOBHI 1MO3U-
TUBHI SKOCTIi: TIO-TIEpPIIIe, YCYBAIOTHCSA HACKPI3HI CTPYMH, OCKUTEKH CHJIOBI KJIFOYi HE IMiIKIFOYEHO MOCIiOB-
HO B KO)KHOMY (ha3HOMY IUIEUi; TTO-IPyTe, PO3CIFOBAHHS SHEPTii B IPOIleCi 3BOPOTHOTO BiTHOBJICHHS CHIIOBO-
ro KJIFo4a 3HA4YHO CKOPOUYETHCS, OCKUIBKM HE iCHY€ KOHTYpY NMPOTIKaHHS CTPYMY uepe3 BHYTPILIHIA Iiof
CHJIOBHX KITIOUiB.

VY TakoMy ABOHAIIPSIMIICHOMY iHBEPTOpPi 4epe3 Te, IO B JIAHKY MOCTIHHOTO CTPYMy HOCHIZOBHO 3
TPaH3UCTOPaMH HAIliBMOCTOBOTO iHBEPTOpa BKIIOUYEHO CTPYMOOOMEKYBaJbHI APOCENi, y Pa3i BIAKIIIOYSHHS
IHBEpTOpa BUMUKAIOThCS BiAMoBiaHI Aioan VD1--VD6 Ta 3ailicHIOETHCS epeKTHBHE OOMEKEHHS CTPyMY IIif
yac KOPOTKMX 3aMHKaHb y HaBaHTaxeHHI TIH, ToOTo eHepris, HaKonn4eHa B IPOCETIsIX, [IOBEPTAETHCS Y BXi-
nmaui koaaercarop C1 MoB3 IMepBUHHE KOJIO BHXITHOTO ITiIBHINYBaILHOTO TpaHC(hOpMATOpa, HE PO3CiBaIO-
YKCh B TEIUIO 1 HE MATPUMYIOUH #Horo ctpyM. JIBonanpsivuienuii TIH mpaiiioe ik akTHBHUN BUIPSMIITY 3
NPUMYCOBUM (OPMYBaHHAM CHHYCOIZaJIbHOTO CTPYyMY, KOJHM €HEpTis MepefacTbcs Bifl Mepexi 3MIHHOTO
CTpYMy [0 JKepeJia MOCTIHHOTO CTPyMy, Ta HaBIAKU — IeHepye TpudasHy CHUCTEMY Harpyr, KOJIH €Hepris
nepenaetbes Big TAB enekrpomo6ins 1o po3noaiapHOT Mepexi [9].

J3HIT mictuth TpudasHuii MicT, 3i0panuii Ha /GBT-MoAynax 3 IHTErpOBAaHMMHU LIBHIKOAIIOYMMU
3BOPOTHUMH Ji0JIJaMH, Ma€ APOCEIi Ha CTOPOHI MOCTIHHOTO i 3MIHHOTO CTPYMIB Ta 3a0e3medye: JBOCTOPOH-
Hif 0OMIH €HEpTi€l0 3 Mepekero; OMM3BKUI 10 CHHYCOITAIEHOTO BXITHUM cTpyM TpHba3HOi Mepexki; MOXK-
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JUBICTh OTPUMaHHS OJIU3BKOTO J0 OJMWHUIN KoedilieHTa MOTYKHOCTI; PETYIIOBaHHS 1 CTa01Ti3aIlilo HAanpyTH
(ctpymy) anst 3apsikenHst TAB. Apromarnuni Bumukadi (AB1-AB2), Bumukau nocrifiHoro ctpymy (BIIC)
ta kepoBaHi kmoui (KK) nmpusHaueni 1 mepeMuKaHHS Kildl 3MiHHOTO i MOCTIHHOTO CTpyMy, a 3apsaHUN
npuctpiit (311) 3apsmkae 3a nHeodxignocti TAD Big BJAE. [lns nonatkoBoro 3abe3neuenuss EMC ciyrye me-
pexesuit GinbTp (M®DP) — Tprda3HHi TBOIAHKOBHH «CHUHYCHHID LC-QUTBTp, IO MOMMNIIyE CYMapHHH Koe-
¢inieHT rapMOHIYHHX crioTBOpeHb (abo THD,). Komyrarop HeoOXinuuii ans migkmoyenns J3HIT wepes min-
BUIyBasbHUN TpaHcopmaTop 0,4/6 -10 kB 1o Mepexi cepenHboi Hanmpyru Ta/abo JoAaTKOBOI Mepexki Hu-
3bKO1 HAIPYTH.

Hanpyra TAB xouBeptyeThcs nBoHanpsimiienuM [13[1H B crabinizoBaHy MiABUIIECHY HANpyTy IMpo-
MikHOI mmHY (700 B) 3 €éMHICHUM Hakomu4yBaueM, SIKa CIYXHTb Oy(pepoM MiXK MyJIbCYIOUYOIO BUXIIHOIO i
MOCTIHHOIO BX1THOIO HANpYTOr0. 3aBIsSKU HOTO JOCTaTHRO Benukiin emHOCTi JI3HII Mae Bucoky MHUTTEBY 11e-
pEBaHTaXyBAIBHY CIPOMOXKHICTD 1 HEUYTIWBICTh BHUXITHOI HAIPYTH O MEPEXiTHUX MPOIIECIB y HAaBaHTa-
xeHHi. Kimoui 000X mepeTBopioBaviB KOMyTYOThCs Ha yacToTi 20 kI, a BBegeHHs pikcoBaHOT 3aTPUMKH Ha
BKJIIOUEHHSI TPaH3MCTOpa Micis HOro BiIKIIIOUEHHS, IO paHille IPOBOANB CTPYM, HOJATKOBO I'apaHTYE Bil-
CYTHICTh HAaCKpI3HHX CTPYMIB B CTiiimi MocTa. L{g1 oOcTaBMHA € 0COOIMBO MIHHOIO T Yac MPOCKTYBAHHS
IHBEPTOPIB 3 MiJBUICHUMH BUMOTaMH JI0 €JIEKTPOMArHiTHOI CyMiCHOCTi, TOMY II0 BUCOKOYACTOTHI 3aBajiy,
sIKi (POPMYIOTBCS B Mapa3sUTHUX €MHOCTSX Ta IHAYKTUBHOCTSX MOHTa)y 3a HACKPI3HHX CTPYMIB, Y LbOMY
BUTAJKY BiJICYTHI.

Bararodynxkmionansia cucrema ynpasiuinHs (BCY) cknamaerscs 3 Onoky ynpasminHs [GBT-
MOJYJIB Ta iIXHBOTO 3aXUCTY, OJIOKY KOHTPOJIEPIB PEKUMIB POOOTH 1 TeMIepaTypy CHIIOBHX MOIYJIIB Ta iH.
Kontponep pexumiB «3apsmxeHHI—po3psmkeHas TAby 3ailicHIOe B pexxuMi «online)» MOHITOpPUHT 3HAYE€Hb
HOro BXIHHUX 1 BUXIIHUX PEKUMHHUX MapaMeTpiB, a TaKOXK BiAMOBigHUX MapametpiB TAB mns ontumizarii
npotieciB 3apspkeHHsI—po3pskeHHs» TAB. lo cknany npuctpoie BCY BXomuth yHiBepcaIbHUN KEPyHOUUit
KOHTpOJIep, 0 3a0e3neduye peani3alilo alrOpUTMIB YIpaBIiHHA, OJOKM 3BOPOTHHX 3B'S3KiB TpH(a3HOTO
inBepropa i [I13[1H. bioku BUMiproBaHHS 1 IEPETBOPEHHS Y3TOUKYIOTh CUTHAIM 3 JAaTYUKIB CTPyMy Ta Ha-
MIPYTH 1 BXiIHI PiBHI CUTHAJIIB KOHTpOJIepa PEKUMIB, a TAKOXK HOT0 BUXiAHI 1 BXITHI CUTHAIH JJIS IpaBepiB
cunoBux kimrouiB. Kpim toro, BCY mae 6aratodasui HHIIM-momynstopu, 670k (hOpMyBaHHS €TaJOHHOTO CH-
THaIly i CHHXpOHI3aIlii. Y 3B'SI3Ky 3 THM, III0 BUMIiPIOIOTHCS MUTTEBI Ta JiF04i 3HAYEHHS CTPYMIB 1 HAIpYyT, a
TaKOX 3aBISKH 3aCTOCYBAHHIO CITCIIaJIbHO PO3POOIICHUX aJTOPUTMIB YIIPABIIHHS B KOJII 3BOPOTHOTO 3B'SI3-
Ky, B 3QJIC)KHOCTI BiJ] BUMIPSIHUX CUTHAJIB JOCATAETHCS OijbIla MIBUAKOIIS CUCTEMHU YIIPABIiHHS. 3aBIaHHs
napameTpiB 1 Bidyasi3alis BUMIpSHUX 3HaYCHb 3JiHCHIOIOTHCS 32 JOMOMOIOI0 1HIMKATOPiB KOHTpOJepa pe-
KHUMIB 1 TEMIIEpaTypH CHJIOBHUX MOYJIB, BOASHE OXOJOKEHHS — 3a BUTPAT BOIOHM y cepenHboMy 12 11/XB. B
HOMIHAIBHUX PEKUMaX POOOTH.

Pexxum 3apsimxennss TADB i akymynroBaHHS eHeprii BiIOYBa€ThCsl HUISIXOM BHUINPSMIICHHS HalpyTd
MEpeXi Ta peryJIroBaHHs 3HAUeHHS ii 3apsiiHoro crpymy. i nepemadi peakTuBHOI eHeprii pisHULS (a30Bo-
ro KyTa MK CTPYMOM 1 HaIlpyTroro MOBHHHA 3HAXOJUTHCH B Mexkax Bim Hymsa mo 180 em. rpaa. Tomy JIH3II
HE TIJIBKH JT03BOJISIE 3MIHIOBATH HANPSIMOK Tepeadi eJIEKTPOCHEPTil 3aIeXKHO Bil peKUMYy poOOTH, ale 1 BU-
KOHY€ (DYHKIIIFO aKTHBHOTO KopekTopa koedimienTa nmotyxHocTi (AKKII) s nmigBuieHHs HOTO 3HAYEHHS
MPAKTUIHO IO OJWHUII Ta 3a0e3MeUeHHs eJICKTPOMArHIiTHOI CYMICHOCTI CITOKMBadiB Mepeki. Ha Buxomi
TpuazHoro iHBepTOpa B 000X HampsiMax Iepeaadi eHeprii GOpMyIOTECsS CTPYMH TPAKTHYHO CHHYCOINab-
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XOIWTHCS Y (ha3i 3 HAPYTOK MEpexKi, 0 BiAMOBIae Mepeaadi eHeprii Bi Mepexi 0 iHBepTopa i Jac 3apsi-
moxenHs TADB 1 nirouomy 3HaYeHHI cTpyMy Mepexi y 370 A).

Ha puc. 3, 6 HaBegeHO OCUMIOrpaMu KPUBUX CTPYMIB 1 HAPYTH Mepexki (CTPyM 3HaXOAUTHCS Y TIPO-
Tudasi 3 HaIPyTro MepexKi, 1Mo BiAMOBiAae nepenaBanHio eHeprii Big TAD 3a gomomororo iHBepTOpa 10 HU3b-
KOBOJITHOI MEpeski) 3a MIF0UMX 3HaUYCeHHB (a3Hoi Hampyru 223 B i ctpymy 261 A ta podorti JIH3II Ha noka-
npHY enekTpoMepexy (JIEM) oOMmexeHOi MOTYKHOCTI (po3mofinpHui TpaHchopmatop tumy TM-
160/10/0,4) 3a HasBHOCTi BUpa)KEHOI TPEThOI FapMOHIKH 3 OTJLy Ha migkmtodeHHs o ¢igepis JIEM cytre-
BO HEJIIHITHMX HaBaHTAXCHb.

VY Tabnmumi HaBeIEHO OCHOBHI TEXHIYHI MOKAa3HUKH DPO3POOJICHOTO EKCIEPHUMEHTAIBLHOTO 3pa3Ky
JIH3II Ha Oori 3MiHHOTO (3.C.) Ta TOCTiHHOTO (T1.C.) CTPYMIB.

Ha ocHOBI 3ampomoHOBAaHOTO TEXHIYHOTO PIllICHHS

Hapaverpn TH3IT #a Goni 3.c. CHJIOBOI YaCTWHH Ta CHCTEMH YIPaBIiHHA 3 TNPOrPaMHHUM

Prom 275 xBr 3a0e3MeYeHHsIM Y CKIIaJli eKcriepuMeHTanbHoro 3pasky JTH3IT (3a
Unom 230/400 B+10%-15% | HEOOXiIHOCTI MOJIJIMBA KOMIUIEKTAlLisl PO3pOOIECHHM OJIOKOM
Fons 700 A KoMyHiKarii 3 cucreMoro SCADA, sika ciyrye mis 3a0e3meueH s
T S0 I +2%/-4% poboTu Z[H3H' B PEKHMI PEAbHOro Hacy i 4ac i6opy,

00poOmneHHs, BimoOpakeHHS Ta apXiByBaHHS iH(opMmarii mpo
CKI'C (7HDy) =3% PSKUMH  CJICKTPUYIHOI MEpeki) MOKHA BXKE Ha CBOTOIHI
KKJT opu Prom > 98% PO3pOOUTH BIAIMOBIHI TEXHIUHY 1 KOHCTPYKTOPCHKY JOKYMEHT-
Power factor >0,99 Talilo U CTBOPEeHHs Jociiguoro 3paska JH3IIL, skuii Oyne

Tapamerpn TH3IT na Goui m.c. 3HAYHO JIEIIeBUM BiZ CBijFOBI/IX AHAJIOTIB TAaKUX NPUCTPOIB MpH

JOCSITHEHHI KpaIlluX TEXHIYHUX XapaKTEPUCTHK, IO JaCTh 3MOTY
Ukou 400 B CIPHATH PO3BUTKY Ta MOUIMPEHHIO B YKpaiHi 3a3Ha4eHOi KOH-
Ivaaxe 700 A uentii «Vehicle-to-grid». Y 11boMy BUTIQIKy €HEPTETHYHI KOMTIa-

Hii OTPUMYIOTh MOXKIIUBICTH ICTOTHO MITBHUIIUTH €()EKTHBHICTH
(YHKI[IOHYBaHHSI €HEPrOCHUCTEMH, KOPOTKOYACHO BUKOPHUCTOBYIOUM HakomuueHy eHepriro TAB mis 3rmamky-
BaHHS MIKOBOI'O HaBaHTa)XEHHS NOOOBOTO rpadika eHEeprocloXMBaHHS B CUCTEMax PO3MOJUTYy CEpeAHBOI Ta
HU3bKOI HampyTH. lle Oyme crpusaTH cTabibHOI POOOTI €HEPrOCHCTEMH, 30KpeMa, 3 ypaXxyBaHHSIM TeHeparii
eneprii Bix BJ/IE 3a HassBHOCTI OCTAaTHRO BUCOKHX «3EJICHUX» Tapu(iB HA TaKy €JICKTPOSHEPTIIO, SKa, 30Kpe-
Ma, MOCTaYa€eThCs Bi TATOBUX aKyMyJSITOpPHHX OaTapel eJeKTpOMOOUTB i TiOpHIiB 3 METOrO 3a0e3medeHHs
JUTS IXHIX BITACHUKIB BiJIMOBiTHOT peHTA0ETHHOCTI y pa3i peatizailii JaHOi KOHIIETIIii.

HeoOximuo 3a3HauntH, mo po3podsennii JJH3I1 MoxxHa eeKTHBHO 3aCTOCOBYBATH HE TUTBKH IS
peamizanii koHuenii «V2G», a TakoX y CKIali MOTY>KHAX 3apsSAHUX CTaHIIA — AJISI IIBUIKOTO 3apsKEeHHS
TAD enekTpoMo06iIiB i FiOPUAIB Bil €IEKTPUYHOI MEPEekKi 3arallbHOTO MPU3HAYCHHS aHAJIOTIYHO, HAPHUKIIA,
3C «Tesla Supercharger», ane i3 3a06e3MeUeHHSIM Yy BiUi OUTBIINX 3HAYEHB 3apsIHUX CTPYMIB Ta, BiAIIOBIIHO,
3HA4YHO MEHIIUX 3HaYeHb Yacy 3apskeHHs TAD.

BucHosknu.

3anpoIroOHOBAaHO Ul TMPAKTHYHOI peaitizamii KOHIENIlii JBOCTOPOHHBOTO EHEPreTHYHOTO OOMIHY
«Vehicle-to-grid» 3actocyBatu pospoonenuii B IE]] HAH Ykpainu noTyXHUI TBOHATIPSIMIICHUNA 3apsiTHII
NepeTBOPIOBaY, SIKMH 3a0e3leuye mepefady eHeprii A0 TArOBHX aKyMYJSITOPHUX OaTapeil eIeKTpoMOOinliB
i 9ac IXHBOTO 3apsAKEHHS BiJl PO3MOAUTFHOI MEPEXi, a TAKOXK Y MPOTHIICKHOMY HANpsMKY — Bix OaTapeit
y 30BHILIHIO €JIEKTPUYIHY MEPEXy, KOPOTKOUACHO BUKOPUCTOBYIOUM HaKonu4yeHy eHepriio B TAb ans 3rna-
JUKYBaHHS TIKOBOTO HABAHTAXKEHHSI B €HEPTOCHUCTEMI.

HaBeneno ocHOBHI TeXHIYHI pillIEeHHS CHJIOBOI YaCTUHU 1 0araToQyHKIIOHATBFHOI CUCTEMI YIIpaBIliH-
Hs1 3aIIPOIIOHOBAHOT'O JBOHAIPSMIIEHOI'O 3apsIAHOTO IIEPETBOPIOBAYA 3 BUCOKMMHU €HEPreTHUYHUMHM ITOKa3HU-
KaM¥ IS 3apsiHKEHHS 1 PO3PSIHKEHHS TATOBUX aKyMYJISITOPDHHUX Oarapeid enexTpoMoOiniB i ribpumis i3 3a-
0e3MeYeHHsIM eJIeKTPOMarHiTHOT CyMiCHOCTI B CUCTEMI €NIEKTPOIIOCTauaHHsI 3arajlbHOTO IPU3HAYECHHS.

Pobomy euxonano 3a paxynox rowmie 0100xcemno2o eioomuozo 3amoenennss HAH Yxpainu (KIIKBK
6541030): nayxosa poboma Ne: I1I-27-17 “Po3pobka meopemuunux 3acao i pekoMeHOayill N0 CMEOPEeHHIO BUCOKoepe-
KIMUGHUX CUCTHEM 3apsi0y HAKONUYYBAuie eHepeii enekmpomoOiibHO20 MPAHCROPMY 3 YPAXYBAHHAM 6UMO2 3a0e3neyen-
HSL eNeKmpoMacHimuol cymicHocmi 3 cucmemoro enexkmpooicusnenns” (wugp «Ilapamemp- 5), depoicasnuii peccmpa-
yiunuti Homep 0116U008455.
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OCOBEHHOCTH TIOCTPOEHHUSA JBYHANIPABJIEHHBIX 3APSJIHBIX ITPEOBPA3OBATEJIEN JJIS
PEAJIN3AIIM KOHIENIUHN JBYXCTOPOHHEI'O DHEPTETUYECKOI'O OBMEHA «VEHICLE-TO-
GRID» TP NOJAKJIIOYEHHUHN J3JIEKTPOMOBNIBHOI'O TPAHCIHHOPTA K SJIEKTPUYECKHUM CE-
TAM OBLIEI'O HASHAYEHUSA

A.®. Kapkun', un.-kopp. HAH Vipauusr, B.A. Hoscknii', 1oxt. Texs. Hayk, AL 3anaamuuyk’, KaH. HAyK 10 roc.
ymp., B.B. MapThiHoB', kaH1. TexH. HayK,

ll/IHcTMTyT sjexkrponnHamuku HAH Ykpaunsl,

np. [lobeasnl, 56, Kues, 03057, Ykpauna,

e-mail: novsky@ied.org.ua,

? Cexnust npukiaaubIx npoéaem HAH Ykpaunsi,

ya. Bnagumupckas, 54, Kues, 01030, Ykpauna.

Paccmompenvi ocnogHble acnekmbl HOCMPOeHUsE MOUWHO20 08VHANPABIEHHOZ0 3aps0H020 npeobpazosamenst OJis peai-
3ayuu KOHYenyuu 08YCMOpPOHHe20 dHepeemuyecko2o oomena «Vehicle-to-gridy ( «V2G») npu nodxnrouenuu s1ekmpo-
MOOUTLHO20 MPAHCHOPMA K DNIeKMPUYECKol cemu 06uje20 Ha3HaueHus 015l 0becneueHus nepeoayu 31eKmpodHepeuu
om pacnpedeiumenbHOU cemu ma208bix aKKyMYIAMOPHbIX bamapell 31eKmpomoounel u eubpuoos oisi ux 3apsoku u 6
0bopomHoM HanpasieHuu — u3 bamapetl 60 GHEUIHION JJIEKMPUYECKYIO cemb OJisl GbIPASHUBAHUSI CYMOYH020 2padura
Hazpysku. TIpusedenvl 0CHOBHbIe MEXHUUeCKUe PeuleHUsi YKA3aHHO20 O8YHANPABGIEHHO20 npeodpazosamensi 6 cOCmase
MOWHBIX 3APAOHBIX CMAHYULL dTeKmpomoduneli u 2ubpuoos. budm. 9, puc. 3, tadm. 1.

Kntouegvle cnoga: 31eKTpoMOOWITb, TATOBAS aKKyMYyJIITOpHAs Oarapes, 3apsiHasi CTaHIH, JByXHAIpaBICHHBIN Ipe-
o0Opa3oBaTenp, 3JIEKTPUIECKas CETh.
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FEATURES OF CONSTRUCTION OF BI - DIRECTIONAL CHARGING CONVERTERS FOR
REALIZATION OF THE CONCEPT OF BILATERAL ENERGY-EXCHANGE “VEHICLE-TO-GRID”
IN DISTRIBUTION NETWORKS

A.F. Zharkin, V.O. Novskiy, O.P. Zapadynchuk, V.V. Martinov
!Institute of Electrodynamic National Academy of Sciences of Ukraine,
Peremohy, 56, Kyiv, 03057. Ukraine,

e-mail: novsky@ied.org.ua,

2 Section of applied problems National Academy of Sciences of Ukraine,
Vladimirskaya St., 54, Kyiv, 01030, Ukraine.

Aspects of the practical implementation of Vehicle-to-grid (V2G) technology for bi-directional energy exchange when
connecting electric vehicles to a public electric network based on the use of the designed powerful bi-directional charg-
ing converter are considered. It is intended to the transmission of electric power from the distribution network to trac-
tion batteries of electric vehicles or hybrids for their charging and vice versa - from batteries to public electric network
in order to smooth out the daily load schedule. The main technical solutions and features of the practical implementa-
tion of designed semiconductor converter that can use as part of powerful charging stations of electric vehicles and
hybrids are presented. References 9, figures 3, table 1.

Keywords: electric car, traction battery, charging station, bi-directional converter, electrical network.
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TWO-INVERTER-BASED PHOTOVOLTAIC INSTALLATION ADJUSTED
BY THE MODIFIED SCHEME OF SPACE-VECTOR MODULATION

V. Oleschuk*, Dr.Sc., V. Ermuratskii, Dr.Sc.
Institute of Power Engineering of Moldova,
Academy Str. 5, Kishinau, MD-2028, Moldova.
E-mail: oleschukv@hotmail.com

Algorithms of synchronous one-stage modulation have been modified and disseminated for adjustment of two two-level
inverters of transformer-based photovoltaic installation with specific double-delta configuration of inverter-side wind-
ings of power transformer. Modified algorithms of synchronous space-vector modulation, applied for control of invert-
ers of PV system with specialized connection of windings of power transformer, assure improved spectral composition
of winding voltages of transformer, characterized by the lacking in its spectra of even harmonics and undesirable sub-
harmonics for any control modes and regimes of operation of system. References 9, figures 6, table 1.

Keywords: voltage source inverter, photovoltaic panels and arrays, multi-winding transformer, modulation strategy.

Introduction. Solar-energy-based photovoltaic (PV) renewable energy systems are ones of the most
rapidly growing directions of research, implementation, and application between renewable sources of elec-
trical energy. Effects of researchers are
concentrated nowadays at both development
of perspective structures and topologies of
PV systems, and on investigation of control i
and modulation strategies of power
electronic converters of PV installations [1-
5]. Fig. 1 presents one of perspective .
configuration of transformer-based PV 2,
system consisting from two three-phase
(standard) voltage source inverters VSI1 and
VSI2, outputs of which are connected to the
corresponding six windings of power
double-delta transformer (PDDT) [6]. Fig. 1

T +
Vde

T+
Vde
1

Basic control dependences of PV installation with two PWM inverters. Based on the develop-
ment of the methodology of synchronous space-vector modulation [7-9], and properties of PV system with
PDDT [6], Table presents set of modified control dependences for the presented PV installation allowing
synchronous and symmetrical regulation of winding voltages during adjustment of PV system, including

Switching frequency Fj Parameters of control signals Instantaneous values of winding voltages
Switching sub-cycle t and output voltage of VSIs (Fig. 2) Viii— Vier; of PDDT
Fy pwacy =F(6n=3) B = Limr Vit = (2Var = Vot = Ve)/3 = (Vaz - 2V +
B Ve)/3
Tpume = 0,5F, =[6F(2n—1)]"! B, = p cos[(j -]

Viiz = Var + Vi -2V)/3 - (Vo + 2V -
7, =B,;,{0.8=05tan[(n— j)z]} | Ver)/3

where n=2,3,4.... Ay =1=(B,+ 5112 Z;)j/; (Var = Vor + 2Ve))/3 - (-2Vir +Viz

Fy prapy = F(8n=5)
TPWwMD = 1/[6F(2n —15)]

control modes during fluctuation of frequency of electrical grid. In this Table F is fundamental frequency of
electric grid (usually F=50 Hz with some small fluctuations), m is coefficient of modulation of inverters, V,;,
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Vi, Ver, Vaa, Vo, and V., are pole voltages of VSI1 and VSI2. Fig. 2 illustrates basic control and modulation
parameters of inverters, and shows (inside the 90°-time-interval) sequence of switching of each VSI, and the
corresponding pole (Phases a, b) and line (V,,) voltages of VSIs adjusted by algorithms of continuous
(PWMC, Fig. 2, a [8]) and discontinuous (PWMD30, Fig. 2, b [8]) schemes of synchronous modulation.

Switching sequence

UL STTTULL
mer | U 0 U U 0 1 s IBIRINIRIRIE
S e LIl | L

a b

Fig. 2

Voltage waveforms of PV installation with two PWM inverters. Fig. 3 — Fig. 5 show basic volt-
age waveforms of the system (relative values of pole voltages of VSIs V,;, Vi), Vis, Vi, of line voltage V,;5;,
and of winding voltage V,,;;). Also, harmonic spectra of voltages V,;,; and V,,;; have been presented in these
figures. Curves in Fig. 3 correspond to installation with VSIs controlled by algorithms of discontinuous syn-
chronous version-30 modulation (PWMD?30 [8]), diagrams in Fig. 4 correspond to VSI-based system con-
trolled by the scheme of discontinuous pulsewidth version-60 modulation (PWMDG60 [8]), and curves in Fig.
5 correspond to installation with inverters adjusted by algorithms of the continuous synchronous PWM
(PWMC [8]). Operating frequency of photovoltaic system is equal to 50Hz, and average frequency of switch-
ing of power switches of VSIs is equal to 1.05 kHz. Modulation index of VSIs is equal to m=0.75.

Results of simulation of system, presented in Figs. 3 — Fig. 5, show, that for the all analyzed control
modes both line voltages and winding voltages have quarter-wave symmetry and are characterized by the
lacking in its spectra of even harmonics and sub-harmonics. It is shown also, that spectra of winding voltages
are much better in comparison with spectra of the corresponding line voltages of VSIs.

Total Harmonic Distortion factor of voltages of transformer-based PV installation. Total Har-
monic Distortion (THD) factor is an important parameter for comparison of integral harmonic composition
of basic voltage waveforms of photovoltaic systems [1]. Fig. 6, a, b shows results of determination of THD
of line voltage and winding voltage of the analyzed photovoltaic installation with two values of maximum
numbers of calculated harmonics (k-th harmonics) — k=40 (Fig. 6, a), and k=100 (Fig. 6, b):

40 100
THD = (1/V,11,) kszWZHk (Fig. 6, a); THD =(1/V,11 ) kszj“k (Fig. 6, b).

Corresponding determination of value of THD factor of the V,;,; and V,,;; voltages of photovoltaic
installation on the base of VSIs has been executed for systems controlled by continuous (PWMC) and two
discontinuous (PWMD30 and PWMDG60) versions of synchronous pulsewidth modulation. Average fre-
quency of switchings of power switches of VSIs was equal to 1.05 kHz for these calculations. The presented
results show remarkable improvement of spectral composition of winding voltages of inverter-side windings
of PDDT of photovoltaic installation on the base on VSIs controlled by the modified algorithms of synchro-
nous space-vector PWM, assuring to decrease of the corresponding losses of power transformer.
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Conclusion. Modified algorithms of synchronous space-vector PWM of two VSIs of transformer-
based photovoltaic installation insure improved spectral composition of multilevel winding voltage of
PDDT, characterized by the lacking in its spectra of even harmonics and undesirable subharmonics for any
control regimes of operation of PV system. Also, the used scheme of determination of control signals and
switching frequency of inverters provides synchronous voltage control during fluctuation of grid frequency,
assures better harmonic spectra and integral spectral characteristics of winding voltage of PDDT in compari-
son with line-to-line voltage of inverters. Therefore, the corresponding reduction of losses in inverter-side
windings of power transformer can be achieved. Results of comparative analysis of Total Harmonic Distor-
tion factor of winding voltage of the analyzed photovoltaic system show big dependence of value of this fac-
tor (for systems on the base of converters with relatively low switching frequency) from number of voltage
harmonics taken into consideration for calculation of Total Harmonic Distortion factor.
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Hecmabinvnicms pobomu gionoentosanux odxcepen enepeii (BAE), saxa 3ymoeieHa 3MiHOI0O MemeopoLo2iuHux yMO8, U-
Maeae 8i0n0GioH020 KopueysanHs euxionoi nanpyeu. OOuH 3 6apianmis 30IUCHEeHHA MAKo20 KOPUZYBAHHA NOJA2AE 8
opeatizayii 6016M0000a84020 KAHANY, WO NPONOHYEMBC BUKOHYB8AMU HA OCHOBI HANIBNPOBIOHUKOB020 NEPemaopiosa-
uq enepeii, mpancgopmamopuo-kiroyosa suxorasua cmpykmypa (TKBC) sakoeo cknadaemscsa 3 mpancgopmamopa 3
CeKYiOH08AHOI0 8MOPUHHOIW 068umMKol0 ma bazamopienegozo sunpamaaya. L{a TKBC wiaxom OUcKpemHo-pazo8020
KepYBaHHs1 KIIOUOBUMU eNeMEHMAaMU peaizye HeoOXIOHy YilecnpsamMoeany 3MiHy pieHs euxionol nanpyeu. [Ipoananizo-
6AHO MHOJCUHY CMAIUX CMAHIE yHKYIoHyeanHs (koegiyicnmie nepedaui no wanpysi) TKBC ma eéusnaueno 0oyinvi
eapianmu nepexodis migic Humu. OOIPYHMOBAHO BUCOKY epeKmMUBHICMb BUKOPUCTNAHHS KIIOYOBUX eleMeHmi V Yill
TKBC ma mani cymapui émpamu Ha Hanienpogionuxosux npunaoax. bion. 6, puc. 2, Tadi. 1.

Knrwouoei cnosa: BiTHOBIIOBaHE JHKEPEIO €HEPrii, BOJIBTOA0AABUMI KaHaJl, IEpeTBOPIOBaY HAIPYTH, TpaHCHOpMaTop-
HO-KJTFOYOBAa BUKOHABYA CTPYKTYPa, CEKIlisi OOBUTKH, OaraTOpiBHEBUI BUIIPSAMILIY.

OcraHHI AeCITHPIYYSI y CBITOBIM €HEPTETHUIll BiIOYBAETHCSA CTPIMKHI PO3BHUTOK BiTHOBIIOBAaHUX JKE-
pen eneprii (BJIE) — 3a nanumu [ 1] ixHs 3aranbHa BCcTaHOBJIEHA MTOTYXKHICTH 3pocia 3 1228 I'Bt y 2010 pomui
o 2350 I'Bt y 2018 pori, ToOTO Matixke BIBiui. BigHOBIIOBaHI JyKepena eHeprii Bi3BHAYAIOTHCS MPAKTUY-
HOK0 HEBHUYEPITHICTIO Ta €KOJIOTIYHOI YHCTOTOIO, IO CHPHUSE TOJIMIIEHHIO eKOJIOTIYHOTO CTaHy i He MpH-
3BOJMTH JIO 3MIHU CHEpPreTHYHoro Oanancy Ha ruiaHeTi [2]. [Ipore anpiopHa 3aiexHicTh podotu Beix BJIE
BiJl METCOPOJIOTIYHUX YMOB JIOBKLJUIA BHMarae Juisi 3a0e3MeueHHs YHOPMOBAHOI pOOOTH CHUCTEMH 3aCTOCY-
BaHHS B Hilf IEBHUX TEXHIYHUX 3ac00iB cTabimi3alii BUXiTHOI HATIPYTH.

V [3] 3amponoHOBaHO IiKaBe CXEMOTEXHiuHe pimeHHs i€l npoomemu mist BJIE 3 Buxomom Ha mo-
cTifiHoMy cTpywmi (puc. 1). BoHo mnossirae B opraHi3aiiii BOJIbTOI0AaBUOT0 KaHATY KHUBJICHHS HAaBaHTaKCHHS
(BAK), sixim, 32 HEOOXiTHOCTI, peali3yeThCsl TOAaTKOBE MOJaBaHHS e€Heprii Big okpemoro mxepena. Y BIAK
BXIJTHY HAIIpyTy IMOCTIHHOTO CTPyMy IHBEPTOP
Ig P —— o (3a3131/1.qa171 B.I/ICOKOLIaCTOTHI/II‘/'I) MIEPETBOPIOE HA
—> | 'I: = CHEPIil0 3MIHHOTO CTPyMy, sIKa IMOJA€EThCS Ha

Vg Hv"’ 1:-_}_| —+ TpaHCc(OPMaTOPHO-KITIOYOBY BHKOHABYY CTPY-
krypy TKBC [4], mo ckianaerbes 3 TpaHcdo-

( H - tls =—=[ve pwmaropa (Tp) 3 cekuioHOBaHMMHU OOBUTKAMH Ta
JIBOX HAMIBIIPOBITHUKOBUX KOMYTaTOpiB (TpH

| Mapy 3yCTPIYHO-TIAPAIeIbHO 3'€MHAHUX THPHC-
TOpiB y BXiHOMY Ko Tp Ta IBi — y BHXIiJHO-
Puc. 1 Mmy). PiBenr Buximnoi Hampyru Tp, sika mopa-

€THCS y IiaroHaIhb TIOJHOTO MOCTA, YBIMKHEHO-

r'0 MOCTIIOBHO 3 HABAHTAKEHHSIM, MOXHA LIJIECIIPIMOBAHO 3MIHIOBATH LIUITXOM AMCKPETHO-PAa30BOTO Kepy-
BaHHs [5] Tupuctopamu B giamaszoni (1+6)AU;, ne AU, — kpok peryitoBanHs. L[s Hanpyra monmaerbes 10
HaANPyTH TeHepaTopa y BUMAJKY ii 3HWKEHHS, TOOTO JOCITAETHCS MIEBHE HIBEIFOBAHHS BIIXWJICHb BUXiITHOT
Hanpyru BJIE Bix HOMiHanmsHOTO 3HaYeHHs. (MoBa ¥ije came Tpo BiAXWUJICHHS, a HEe KOJUBAaHHS HAMPYTH, 00
CUCTEMa HE € TPEIU3iHHOI Ta MIBUAKOiI04Y00). OCOOIMBICTIO IOTO PIIICHHS € JOCTaTHbO BEJIMKA Kilb-
KiCTh HamiBIPOBITHUKOBHUX eneMeHTiB (10 TupucTopis, 4 mioau), MPUUOMY OJHOYACHO OOTIKAFOTHCS CTPY-
MOM YOTHPH HaITiBIPOBITHAKOBI IIEPEXOIH, IO HETATUBHO MO03HAYA€ThCS Ha KoedimienTi kopucHoi mii BJIK.

Y po6oTi pornoHyeThest GYHKIIT HiIECTIPSIMOBAHOT 3MiHH JTOJATKOBOI HANIPYTH 3MIHHOTO CTPYMY Ta ii
BUIPSIMJICHHS TIOKJIACTH HA TaK 3BaHMI 0araTOpiBHEBHI TUPUCTOPHUN BHIIPAMIIY [6], SKUH pealti3ye BOJIb-
TOJIO/IaBaHHS Yy TOMY 3K Jiala3oHi, ajie Ma€ JIAIIE BiCIM THPUCTOPIB, 3 SKUX OAHOYACHO ITPAIFOE JIVIIIE JIBA.
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Mertor0 poOOTH € BH3HAYEHHS IOILUIBHOTO NPHHIMITY KEPYBaHHS THPHCTOPAMH TPaHC(HOPMATOPHO-
KJTFOYOBOT BUKOHABYOT CTPYKTYpH 3 0araTopiBHEBHM BHUIIPSMIITYEM Y BOJIBTOM0AABYOMY KaHall BiIHOBIIIO-
BaHOTO JDKepelia eHeprii MOCTIHOTo CTpyMy .

Va1 VS2 Ha puc. 2 nokazaHo oJluH 3 MHOXXHHH BapiaHTiB CXEeMOTEXHi-
9HOI peaiizalii Takoro By3Jia BOJbTOAOAaBaHHS Ha ocHOBI TKBC

Va3 VsS4 nepeTBOproBaya MocTiiiHOT Hanpyru. Jlo Horo ckiagy BXOIHUTH
L TpaHf:(bopMaTop, 0 Ma€ MEePBUHHY O§BI/ITKy Wi, BTOpUHHY 3 TPhOX
V56 cekuid — Wy, Way, W3 Ta 4oTUpH CTIMKH, IO CKIIAIAIOTHCS 3 JIBOX

Vs nociigoBHO 3'enHaHuX THpUcTopiB: Cl1 — THpucTOpH VSI1, VS2; C2
vsg — VS3, VS4; C3 — VS5, VS6; C4 — VS7, VS8. Jlna 3abe3neucHHs

W | W | Was JHIHOT 3MiHHM BUXiHOT HAIPYTH CIiBBiTHOIICHHS KiTBKOCTI BUTKIB
MAAAAN CeKIIiii BTOpHHHOT 00BUTKH TpaHchopmaropa HactymHe: W r=3W,,

! HO JIO BiJIMOBIIHUX BiZBOJIB CEKIiii BTOPUHHOI 00BHUTKH. [laHWiT By-
30J1 BUKOHYE Ty X caMy (PYHKIIiIO, III0 W BUIICHABEACHUI MIPUCTPIH,
Puc. 2 i 3abe3neuye Ti K cami ciM cTaHiB (J=7) 3 HETOTOXHIMH TUCKpET-
HUMH KoediLieHTaMu mepenadi, SKMM BiANOBia€e ciM PiBHIB BUXiJ-
HOI Hampyru rneperBoproBava. lle Hacammepen craH mpsimoi mepenadi abo "tpansut" (j=0) — yBiMKHEHO
KJTFOUl TiTBKH OfHI€T OyIb-sKO01 CTiliku (y aHanora 1ei crad Oyze y BUNAJIKy, KOJH BUMKHEHO K04l KOMY-
TaTopa y BTOpWHHIN 00BUTILI), A€ j — HOMep cTaHy. Pemra cTaHiB GopMyeThCs, KO0 BMUKAIOTHCA JB1 CTiii-
ku. [IpencraBumo iX B MOPSAAKY NPOIOPLIHHOTO 301IbIIEHHS BUXiOHOI HAIPYTW By3Ja BOJBTOHOAABAHHS
(mamigHS Ha THpPUCTOpax He BpaxoByroThes): j=1, AU=AU, — Cl1, C2; j=2 , AU=2AU, — C3, C4; j=3,
AU=3AU, - C2, C3; j=4, AU=4AU, — C1, C3; j=5, AU=5AU, — C2, C4; j=6, AU=6AU, — C1, C4. 3a3Hauu-
MO, III0 HOMEP CTaHy CHIBIAJa€ 3 HAPYTOIO By3Ja BOJLTOAOAABAHHS, HOPMOBAHOIO IO HAMpy3i ceKuii Wo.
Criz 3BEpHYTH yBary Ha Te, 1o, KOJIM 0y/Ie OJHOYACHO YBIMKHEHO TPYIy 3 TPHOX a00 YOTHPHOX CTiHOK, Be-
JWYUHY BUX1JHOT HAPYTH BU3HAYAIOTH KpaifHi CTIHKH B TPYIIi.

E [ ¥ 'w' v ¥ W23=2W,;. Miciig 3'eHAHHS TTApW TUPUCTOPIB y CTIHKAX IMiIKIr0ue-

Onepamii  mepexoay

_ Ju 0 1 b 3 4 5 6 CTPYKTYpH 3 OyAb-SKOTO TIO-
Jn 94aTKOBOTO cTany (j;) y Oyab-
0| c2 FC1 | +C3-C2 | +C3 | +CIC2 | +C4 |+CIC2 | gumii  meoGximmmii it
+C4 +C3 +C4 cTaH (j,;) BimoOpaxxeHo y Taod-
1| -Cl CIC2 [ +C3-Cl | +C3-C1 | +C3-C2 | +C4-Cl | +C4-C2 | o 1¢ jinyii cToBmaMK BU-
1G4 C2 3HAYAE j;;, BEPXHIA PATOK — jy,
2 fc3c+4cz 7843;3 C3C4 | +C2-C4 | +CI-C4 | +C2-C3 [ +C1-C3 | "5 et o muinero da
— — PYHKH, y SKUX HABEIEHO I10-

3| -c3 |+c1-c3 [ +Cc4-C2 | C203 | +C2-C4 | +C4-C3 | +C1-C2
LCA-C3 3HAYCHHS f:vnonyquL npa-
4 | —C1+C2 | +C2-C3 | +C4—C1 | +C4-C2 | CIC3 | +C2—Cl | +C4—C3 | VOIOTHX CTIMOKY KOXHOMY 3
-3 +C4-C3 ceEMu H:ITa:[‘HI/IX CTaHlB (HpI/I
5| —C4 | 1Cl_C4 | +C3-C2 | +C3C4 | +CIC2 | C2ca | +Ciocz | BOMY ju—ju); Bullle i mpao-
+C3-C4 Py4 B1A L1€1 AlaroHal peai-
6 | -C1+C2 | +C2-C4 | +C3-C1 | +C2-C1 | +C3-C4 | +C2-C1 | C1C4 syerses  sbumbmenns AU,
-C4 +C3-C4 HIKYE 1 JIBOPYY — 3MCH-

mIeHHd (TyT 3a CTilKy, IO
3abe3neuye "TpaH3uT", 00paHo criiiky C2). BBeneHHs B J1it0 CTIHKU TO3HAYAETHCS 3HAKOM "+, a BUBEACHHS 3
mii — 3Hakom """,

3acTocyBaHHS TUCKPETHO-PA30BOTO KepyBaHHs KitouaMu Jo3Bosisie v TKBC BukopucToByBaTH Tpu-
POIHIO KOMYTAIil0 THPUCTOPIB, 10 CIIPOILYy€E peaiizamito kepyBaHHs. OCKIJIbKY, SIK BXKE 3a3Ha4ajocs, mepe-
XiZ 3 OIHOTO CTaHy CTPYKTYPH B IHIIHI HEOOXiTHO MPOBOAUTH O€3 MepeprBaHHs CHIIOBOTO CTPyMY, BUOIp
MOMEHTY 3HATTS CUTHAJIIB KEPYBaHHS 3 MPAITIOI0UNX THPUCTOPIB Tpeba 3MiMCHIOBATH B CEpeAMHI MiBIIEPioTy
3MIHHOT HaNpyr#, 0JJHOYACHO MOJIaf0Yd CUT'HAJ KepYBaHHs Ha KIIIOYi, SIKi BCTYNarmTh y podoty. Takuii anro-
PUTM BpaxOBY€ BIACTUBOCTI pOOOTH HETOBHICTIO KEPOBAHUX EIEMEHTIB — TUPUCTOPIB: 3aJeKHOCTI BiJ Ha-
SIBHOCTI CHTHAITY KepyBaHH, BiJl MOJISPHOCTI HAIIPYTH HA HHOMY Ta MTPOTIKAHHS CTPYMY B KOJII.

Peaunizaliis Takoro ajaropuTMmy OaratoBapiaHTHa. Y NESKUX BUIAJKaX BiH MOXKE BiIOYBaTHCS OIHO-
eTarHo (3a oguH Kpok). Hampuknan, nepexix Bin crany "tpamsut” (C2), 3a sskoro AU=0, 1o crany j=1, AU=
AU, Bumarae nuiie nojadi iMImyjbciB KepyBaHHs Ha TupucTopH cTiiiku Cl. Ilepexin Big crany j=1 mo crany
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J=3 peami3yeTbcsl NMUITXOM OJHOYACHOTO 3HSATTS CHTHANIB KepyBaHHS 3 THpUCTOpiB criliku Cl Ta momadero
BIJIIIOBIIHUX CUTHAJIIB Ha TUPUCTOPH cTiiiku C3 To1mo.

[Ipote, B NesSKUX BHIAAKAaX MEPEXOIU IAOBOIUTHCA 3MIHCHIOBATH 4epe3 "HEIITATHUH" MPOMiNKHUN
ctad. Hanpuknan, y pasi mepexona 3 j=1 y j=2. IlouarkoBo yBimkHeHo criliku C1 Ta C2 #, BiqnoBigHO Ha
BUTIPSIMITSTY TTofaeThesl Hanpyra AU,. Jlims mepexoy iemMo 3a alropuTMOM, HaBeIEHUM BHIIE: 3HIMAEMO Ke-
pyBanus 3 C1 ta C2 i momaeMo kepyBaHHsI Ha Tupuctopu crifiok C3 ta C4. Ane tupucropu criviku C1 me
NPOJIOBXKYIOTh MMPOBOJIUTH CTPYM, a JJisi TUpUCTOPiB C4 BUHMKAIOTH YMOBH Ul BMUKAHHS, i BOHH OYHHA-
IOTh TIPOBOJIUTH CTPYM. BenmunHa HanpyTu [J1s BUTIPSIMIICHHS] BUZHAYATUMETHCSl YBIMKHEHHMH B TAHUH dac
Cl1 Ta C4, 10010 BiAmoBimatumMe j=6 (mpomixHui "HemTaTtHH" ctaH). Komn tupucropu Cl 3akpuioTses,
3aJMIIAOThCS BigKpuTHMU THpUcTOpu C3 Ta C4, ToOTO BimOyBaeThes MeEpexil y CTaH j=2, Ha BUIPAMIIAY
nofiaetbes Harpyra 2AU;. SIkmio npu ipoMy niepexo/ii He 6a)kaHo MaTH HEIITaTHUH CTaH 3 BUCOKOIO HAIpy-
rofo (2AU), To MOKHA JiSITH HACTYITHAM YHMHOM.

Crnouarky Brirouaemo C3 — Ha Buxoni maemo AU=4AU; (npamrorotrs C1, C2, C3, ane craH Bu3Haua-
I0Th KpaiiHi cTiiikn); Bukimrodaemo Cl, C2 — na Buxoai AU=0, ("tpan3ut", npaoe C3,); Bkarouaemo C4 — Ha
Buxoni AU=2AU, (mparmorots C3, C4). Lle kinmnesuii cran j=2, akuii moTpideH, TOOTO 3amada BHpIMICHA.
Aune, no-miepiie, nepexij 3AiiicHeHo He 3a OAMH KPOK, a 3a TPH; Mo-Apyre, Ha "nuisaxy" Oyio aBa IpOMIKHHX
cranu j=0 Ta j=4 3 AU=4AU, < 6AU;. Ilepexin 3 j=1 y j=2 MOKHa BUKOHATH 1 3 MEHIINM 3HAYEHHIM MIPOMi-
JKHOTO CTaHy, aje IMepexia moTpedye OUThIIOT KiTbKOCTI KPOKIB — YOTHPHOX. TOOTO, TPUBANICTH TIEPEXOIY
3pociia, aje HaiOUIbIa BeInYrHa MPOMiKHOT Hanpyru 3MeHmmiacs 1o AU=3AU;.

HasBHicTps anbTepHAaTUBHUX BapiaHTIB mepexoy Big ogHoro crany TKBC no iHmoro BuMarae y Kox-
HOMY KOHKPETHOMY BUTAJIKy ITOPiBHIOBAaTH BaroMiCTh MOKJIMBHX HACTIAKIB — a00 "po3TaryBaHHA" Mepexo-
Iy B 9aci y mBTOpa-IBa pas3u, adbo IMEeBHOTO 301IBIICHHAS BUX1IHOI HAIIPYTH y TpoMixkHOMY cTaHi. [Ipore 1eit
KOPOTKOTpUBAINH "cTpuOOK" HANpyTH HE € HAITO KPUTHUHUM.

Takum ynHOM, OaraToBapiaHTHICTH peaii3allii JUCKPETHO-PA30BHX IEPEXO/IiB MiXK CTaHAMU € TIe OI-
HUM acCTeKTOM 3aJIeKJIapoBaHoi [4] anmpiopHOi CXeMOTEXHITHOI, alTOPUTMIYHOI Ta MpaKTUIHOI OaraTtoBapia-
HTHOCTI TPaHC(POPMATOPHO-KITFOYOBIX BUKOHABYHX CTPYKTYp IIEPETBOPIOBAYIB HAMPYTH, IO Bi[3HAYAIOTHCS
BUCOKOIO €()EeKTHBHICTIO BUKOPUCTAHHS HAMIBIPOBIJHUKOBUX KJIIOYOBUX €JIEMEHTIB Ta BCTAHOBJICHOI MOTY-
YKHOCTI TPaHC(OPMYIOUOTO EIeMEHTa.

HaocTaHok 3a3HauMMoO, 10 PO3TISIHYTE Y CTPYKTYPi BIJHOBIIOBAJIBHOTO JKEpesa KHUBICHHS CXEMO-
texHiuHe pimeHHss TKBC Moxe Matu mUpoKy cdepy 3aCTOCYBaHHS y BCiX THX BHUMAJAKax, KOJIU B CHCTEMIi
JKUBJICHHS TOCTIHOTO CTPYMY JOIUIEHUM € BUKOPUCTAHHS BOJBTOAOAABUOTO KaHaiy. [lo Toro x, 3a He0O-
XiTHOCTI MOKJIMBUM € BapilOBaHHS TJIMOMHH PETYIOBAHHS BUXITHOI HAPYTH TPH 3aJaHOMY KpPOIli 3MiHHA 11
piBHS, ab0 X 3MEHIIECHHS IIbOTO KPOKY TPH 3a7aHiil TTHOWHI NIISIXOM 30UIBIICHHS KUTBKOCTI CTIHOK BUTIPS-
MJISiYa Ta BIATOBIAHMM 30LIBIICHHSM KITBKOCTI CEKIi BUXIMHOI OOBUTKU TPAaHCPOPMYIOUOTO €JIECMCHTA.
Bubip nomissHAX BUTKOBUX CITiBBITHOIICHD IIUX CEKIIH € IPEIMETOM OKPEMOTO JOCIiHKCHHS.

BucHoBku. IIpociikoBaHO OCOOJMBOCTI MEPEXOIB MK CTaJIMMU CTaHAMH TpPaHCPOPMATOPHO-
KJIFOUOBOi BUKOHABYOI CTPYKTYPH Y CKJIaJli BOJBTOAOAABYOTO KaHAy MOCTIHHOTO CTPyMY BiJHOBIIOBAJIHHO-
TO JDKepesa eHeprii Mpu peryIroBaHHI BUXiIHOI Hanpyru. BuseieHo 6araToBapiaHTHICTE pearizallii ux Ie-
pexomiB Ta chOpMOBAaHO IPHUHITUITOBI ITOJIOKEHHS TUCKPETHO-pa30Boro kepyBanHs Takoi TKBC.

Pobomy suxonano 3a oepacorooxcemnoro memoro "Bap'ep-2", deporcasnuii peecmpayitinuti nomep 01170007714
(KIIKBK 6541030).
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Hecmabunvhocms pabomoul 60306H06155eMbIX UCOUHUKOS SHepeuu (BUD), komopas obycroenena uzmenenuem memeo-
POI02UYECKUX YCA0BULL, Mpebyem coomeemcmeyloujell KOppekmuposKu 6bixo0Ho20 Hanpaxcenus. OOut u3 6apuanmos
0CyWecmeaieHusl maKou KOpPeKmupogKY 3aKIOYAemcsi 8 OP2AHU3AYUN BOTIbINOO0DABOUHO20 KAHAA, KOMOPbLL NPedid-
2aemcsi GbINOMHAMb HA OCHO8E NOJYNPOBOOHUKOB020 NPeodpa30eamens dHepull, mpanc@hopmMamopHO-KIio4esds uc-
noanumensras cmpykmypa (TKUC) komopozeo cocmoum u3 mpancghopmamopa ¢ ceKyuoHUpo8aHHoU 8MmMopuiHoll 00-
MOMKOU U MHO20YPO8He6020 guinpamumens. dma TKUC nymem Ouckpemno-Kpamuoz2o ynpaeienus Kio4egblMu de-
MeHmamu peaiuzyem HeobXo0umMoe YeleHanpagneHHoe usmenenue yposts 8bIx00Ho20 nanpsicenus. Ilpoananusuposa-
HO MHOJICECMBO NOCMOSIHHBIX COCMOSHUU QYHKYUOHUposanus (kospguyuenmos nepedayu no nanpsiscenuro) TKBC u
onpeoenenvl yenecooopasHvie 8apuanmoi nepexo0os mencoy numu. OOOCHOBAHO 8bICOKYIO P PeKMUBHOCMb UCNOIb30-
8aHust Knouegwvlx dnemenmos 6 s3mou TKUC u manvie cymmapHvle nomepu na NOIYNPoBoOHUKO8bIX npubopax. bubi. o,
puc. 2, tabm. 1.

Knrouegwvle cnoea: BO30OHOBISIEMBII HCTOYHUK SHEPIUH, BOJILTOAO00ABOYHBINA KaHaJl, MpeoOpa3oBaTesb HaNpsHKeHUs,
TpaHCc(hOPMATOPHO-KITIOYEBAS UCTIOTHUTENFHAS CTPYKTYPa, CEKIHsI 0OMOTKH, MHOTOYPOBHEBBIY BBITPSIMHATEI.

ORGANIZATION OF A BOOST CHANNEL IN THE STRUCTURE
OF A RENEWABLE DC ENERGY SOURCE

K.O. Lypkivskyi, A.G. Mozharovskyi

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

E-mail:  lypkivskyk@ukr.net; AnatMozhrvsk@ukr.net

The instability of the work of renewable energy sources (RES), which is caused by a change in meteorological condi-
tions, requires appropriate adjustment of the output voltage. One of the options for implementing this adjustment is to
organize a boost channel, which is proposed to be performed on the basis of a semiconductor energy converter, the
transformer-and-switches executive structures (TSES) of which consists of a transformer with a partitioned secondary
winding and a multi-level rectifier. This TSES through discrete-time control of key elements implements the necessary
purposeful change in the level of output voltage. The set of constant functioning states (voltage transfer coefficients) of
the TSES is analyzed and the appropriate transition options between them are determined. The high efficiency of the
use of switches elements in this TSES and low total losses on semiconductor devices are substantiated. References 6,
figures 2, table 1.

Key words: renewable energy source, boost channel, voltage converter, transformer-and-switches executive structure,
winding section, multi-level rectifier.
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CUCTEMA ABTOMATHUYHOI'O HIACTPOOBAHHS YACTOTHU
PE3OHAHCHUX IHBEPTOPIB YCTAHOBOK IHJIYKIIIHHOI'O HAT'PIBAHHS
3 MOAYJIAIICIO IIIVIBHOCTI IMITYJIBCIB
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Ilpeocmasneno pesyromamu 00CHIONCEHHs cucmem Gaz0020 asmomamuuno2o niocmporosanus yacmomu (PAITY)
BUCOKOUACTIOMHUX MPAHIUCOPHUX [HBEPMOPI8 YCMAHOB0K [HOVKYIUHO20 HAZPIBAHHA 3 NOCTIO08HUM DEe30HAHCHUM
KOHMYPOM HA 8UX00i ma Kepy8aHHAM iH8epmopa 3a 00NOMO2010 MOOYAAYIT WinbHOCMI iMNYIbCi8. 3anponoOHO8AHO Cno-
cib rkepysanus 3 QAIIY, konu Ha iHmepsani HAsIBHOCMI HANPY2U HA GUXOOL [HEEPMOPA GUKOPUCMOBYIOMbCS CUSHATU
360POMHO20 36'A3KY 34 HANPY2010 KONEKMOp-emimep (CMiK-6UumiK) mpan3ucmopie ma 3a eUXiOHUM Cmpymom iHeepmo-
pa, a Ha IHMepeai HyIb08ol Hanpyau Ha UX00i — MilbKu 3a uxionum cmpymom. biom. 7, puc. 5.

Knrwouoei cnosa: iHayKIiHUIA HarpiB, BUCOKOYAaCTOTHHH PE30HAHCHUM iHBEPTOp, (Da30Be aBTOMATHYHE IiICTPOIOBAHHS
YacTOTH.

Beryn. B BUCOKOUAaCTOTHUX yCTaHOBKAX 1HIYKLIIHHOI'O HarpiBaHHS IIUPOKO BUKOPUCTOBYIOTHCS II€-
peTBoproBayi Ha 0a3i TPAaH3UCTOPHUX 1HBEPTOPIB HANPYTH 3 MOCIIIOBHUM PE30HAHCHUM KOHTYPOM Ha BUXO-
Il Ta KepyBaHHSIM iHBEPTOpa 3a JOMOMOTOI0 MOIYJISIIIT IIITBHOCT] IMITYJIbCiB (HU3bKOYACTOTHOI IMITYJILCHOT
Moxynii abo pulse density modulation (PDM)).

VY pasi mMpoKoro Miara3oHy 3MiHH HapaMeTpiB HaBaHTAKEHHS BAKIMBOIO YAaCTHHOIO CXEMH Kepy-
BaHHS BUCOKOYACTOTHUX PE30HAHCHHX iHBepTopiB € cucrema PAIIY, sika gae 3Mory 3a0e3MeUlTH ONTHMA-
JbHI PEKUMH IEPEMHKaHHS TPAaH3UCTOPiB, KOJIM TPAH3UCTOPH IHBEPTOpA BHMHUKAIOTHCS 33 HEBEIMKUM
CTPYMOM Ta iHIYKTHBHUM XapaKT€POM HABAHTA)KEHHsI, & BMUKAIOTHCS 33 HANPYIol, OJM3BKOIO A0 HYJs. Y
bOMY BHUTIAJIKy B TPaH3UCTOpaxX 3a0e3NedyloThCs MiHIMalbHI BTpaTH eHeprii. B myOmikalisx ITOocTaTHBO
HIMPOKO TpencTaBieHo aociimkenHs cucreM OAITY ans pe3oHaHCHHX iHBEPTOPIB, ale Le HE CTOCYETHCS
cucteM kepyBaHHs 3 PDM [1-4]. [IpeacraBneno aHamorosi, mUQPOBi, aHAIOTO-ITUGPOBI Ta 1HIII CHCTEMH
OAITY. i cucreMyn BUKOPUCTOBYIOTh 3BOPOTHiH 3B'SI30K 3 JIaBadiB MepeXoy BUXITHOTO CTPYMY Ta HANpPYyTH
yepes HyJlb, a00 JIMIIE JaBayiB Mepexoy BUXiTHOTO CTpyMy depe3 Hylb. [lepmri 3a0e3neuyroTh Ok BUCO-
Ky TouHicTh pobotn DAITY. OxmHak Bci 1i cucTeMU 3aiisl 3a0€3MeYeHHsT ONTHMAIBbHIX PEKUMIB MTEPEeMH-
KaHHsI TTOBMHHI TTPOBOJIUTH PO3PAXyHKH YaCOBHX 3CYBIB B 3aJI€KHOCTI BiJI TapaMeTpiB TPAaH3UCTOPIB, YaCTO-
TH, HApPYTH XUBJICHHSA Ta 4Yacy 3aTPHMKH €JIEMECHTIB CHCTEMH KepyBaHHA. Po3paxyHKH TPOBOASATHCS 3a
NPUIYLIEHHS! CUHYCOiJaIHOCTI CTpyMy. TakoX € TpyIHOIII 3 BU3HAYCHHSAM E€KBiBaJICHTHOI €MHOCTI TpaH-
3MCTOPIB, Bifl AKOI 3a1€KHUTh 4aC 3pOCTAHHS HAMPYTH HA TPAH3UCTOPAX y pa3i MepeMUKaHHs. [i 3HaUeHHS He
HAIAEThCsl BUPOOHUKAMH JJISl 33JaHUX PEXHMIB BUKOPUCTAaHHS TpaH3ucTopiB. Ha BiaMiHy Bin BHCOKOI, 3a
HU3BKOI TOOPOTHOCTI opMa CTpyMy BiIXWISAETHCA Bl CHHYCOINANbHOI, TOMY PO3paxyHKHU (pa3oBOro 3cyBy
3a HU3BKUX JOOPOTHOCTSAX MPOBOIATHCA 3 IEBHOIO MOXUOKOIO [5].

Cucrema PDM BHOCUTH cKIanHOCTI B poboTy DAITY, ToMy 1110 Hampyra Ha BUXOJ1 iHBEpTOpa B pe-
KUMax MOAYJSLIT JOpiBHIOE HYyJH0. KpiM Toro crmocrepiratloThesi HU3bKOYACTOTHI KONMMBAHHS cTpyMy. Y [6]
npezacrasieHo crnoci6 @AIIY B cucremax KepyBaHHS PE30HAHCHHUM iHBEPTOPOM HANPYTH 3 MOAYJIALIEO
MIUTBHOCTI iMITyJIbeiB. [lix wac pearizarii 100 cIIoco0y BUKOPHUCTOBYETHCS JaBad MEPEXOIy CTPyMy depe3
HYJIb Ta 3MIHIOETBCS Yac 3aTPUMKH MK KEPYIOUUMH iMITyJIbCAMH TPAH3UCTOPIB Ta CTPYMOM B 3aJICKHOCTI
BiJl 3MiHHM aMIUTITyId CTPYMy Ta 4acToTH. llpn mpoMy po3paxoBYyeThCS MiHIMalbHE 3HAYECHHS aMILTITYIH
MyJIBCYIOUOTO CTPYMY 3aJIeKHO BiJl €MHOCTI TPaH3UCTOPiB, JOOPOTHOCTI Ta mapaMeTpiB Momysmii. Lle cyr-
TEBO YCKIIAJHIOE CXeMY Ta 3MEHIye TouHicTh pobotu MAITY. Takox 1 cucTeMa HE BPaXxOBYE HECHHYCOI-
JaNbHICTh BUXIJHOTO CTPYMY 3a HU3BKUX HOOPOTHOCTSX KOJNMBAIBHOIO KOHTYpa. Y [7] 3amporoHOBaHO
CHCTEMY KEpyBaHHs PE30HAHCHUM iHBEPTOPOM i3 caM030yIUKEHHSM, KA TaKOX HE BPaXOBYE OCOOIMBOCTI
cucteM kepyBaHHs 3 PDM.
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Meta po6oTu. Po3poOka crioco0y KepyBaHHS pE30HAHCHUM iHBEPTOPOM 3 MOIYJISIEI0 IIITBHOCTI
imynbciB Ta @AY ycTaHOBOK 1HAYKIIMHOTO HArpiBaHHs, KW 3a0€3MEYUTh ONTHUMANBHI, 3 TOUYKH 30pY
3MEHIIECHHSI BTPAT €Heprii, peXXNMHU MepeMUKaHHS TPaH3UCTOPIB Y IIMPOKOMY Aiala3oHi 3MiHH MapaMeTpiB
HaBaHTKEHHS.

Ha puc. 1 moka3zaHo cXeMy CHJIOBOI YaCTUHU PE30HAHCHOTO iHBEPTOpa YCTAHOBKH IHIYKITIHHOTO Ha-
IpiBaHHS 3 MOCTIIOBHUM KOHTYPOM Ha BUXOJi Ta JaBadyaMH HANPyTH KOJIEKTOp-eMiTep (CTiK-BHUTIK) U, Tpa-
H3ucropis ([Jul...I4), MUTTEBOTO 3HaYeHHS BUXigHOTO cTpyMy i ([cl), cepeanboro 3a MoayeM 3HaUEHHS
BUXIZHOTO CTpyMy I, (JIc2). Bci naBadi cTpyMy MarOTh rajibBaHIYHUM PO3B’A30K 3 CHIOBOIO yacTHHOK. Ha
puc. 2 300paXkeHo iieanizoBani (JOpMHU CTPyMy i Ta HAIIPYTH u Ha BUXOJI iHBepTOpa 3 PDM, HaBeneHo nopsi-
JOK CIiAyBaHHA CHUTHAJIB KEpyBaHHA TpaH3HCTOpaMu. B cxemi MOXyTh BHKOPHCTOBYBAaTHCh CHaOOepHi
koHaeHcatopu C;. 3a PDM nepiox Mmoxysimii 7), Ta yac BBIMKHEHOTO 7oy UM BUMKHEHOTO Topr CTaHy Xapa-
KTEPU3YIOThCS YHCIIaMH, SIK1 BiIITOBINAIOTH KiITHBKOCTI TIEPi0IiB BUX1MHOI HAnpyTH inBepTopa 1y: s =Ty/Ty, m
=Ton'Ty, n =Torr/Ty, e s — KimbKicTh TepioniB T, 3a yac momyJsnii Ty, m — KiIbKicTh nepioniB 7)) 3a 4ac
Ton, n — xinmbKicTh TiepioniB Ty 3a yac Topp, n — IWIIE HATYpabHI YMCTa, a m Ta s — yncia, kpartHi 0,5. Koe-
(hiITieHT 3aIIOBHEHHS Y=M/S.

‘
‘WL VIZ VIIVI2 pIIVI2  VIT'VIL'
VT4 VIS VILVI3 | VI4VI3 | VIZVIS |

Puc. 1 Puc. 2

3anponoHoBano cucremy ®AIY, sika Ha iHTEepBai yacy 7oy BUKOPUCTOBYE 3BOPOTHIH 3B'SI30K 3 Ja-
BadiB IEPEXOy BUXITHOTO CTPyMy depe3 HyJIb Ta CUTHAJIB U, TPAH3UCTOPIB iIHBEPTOPA, a HA IHTEPBAJi Yacy
Torr BAKOPUCTOBYE TUIbKH 3BOPOTHIN 3B'130K 3 JaBaya MEPexXoly BUXIIHOTO CTPyMy uepe3 Hysb. Ha puc. 3
300pake€HO CTPYKTYpHY CXEMy CHCTEMH KepyBaHHs i3 3ampomnoHoBaHolo cucrteMoro PAIIY. Cxema Giioka
OAITY, siky HABEICHO B aHAJIOTOBOMY BUIJIS[I, CKIANAETHCS 3 (ha30BOro JeTeKTopa, GinbTpa HIKHIX Yac-
TOT, IIEPETBOPIOBaYA HANPYTa-4acToTa, IKUH B 3aJIEXKHOCTI Bil (a30BOTO 3CyBY MIABUIIYE YH 3HUKYE YaCTO-
Ty IMIIyJIbCIB KEpyBaHHS TpaH3UCTOpaMu iHBepTopa. Cucrema kepyBaHHs 3 PDM 3abesnedye crabimizarito
CEepEeAHBOr0 32 MOAYJIEM 3HAYCHHS BUXITHOTO CTPYMY 4 T, B 3QJICKHOCTI BiJ] CHTHAITY HOXHOKH CHCTEMH
aBTOPETYIIIOBAHHA, (DOPMYE IMITYJIBCH Uppys, SIKI HATXOIATH Ha OJIOK JIOTIKH Ta 3a0e3MeuyioTh HeOoOXimHi
aNTrOPUTMHU MTEPEMUKAHHS TPAH3UCTOPIB.
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B pexumi Toy @AITY nopiBHIOE a3u cUTHATIB {3 JaBava IEPETHHY CTPYMOM HYJIHOBOTO PIiBHS Ta
CUTHAITy HAIPYTH KOJEKTOP-EMITEp OJTHOTO 3 TPAH3UCTOPIB IHBEPTOPA, IO BiIIOBIAa€ MOMEHTY NOCATHEHHS
HATPYTH U, HA TPAH3HUCTOPI, 110 BUMUKAETHCS, HANIPYTH KUBJICHHs iHBepTopa Up. da3y Hampyru 3pydHo
BH3HAYHTH 33 HAIIPYTOI0 Ha JAPYTOMYy TPaH3WUCTOPi CTIHKH iHBEpTOpA, sIKa B IEH MOMEHT € OJM3BKOIO 10
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HYJISI, B JAHOMY NPUKIAIl 1€ Uy.4. KoMmapaTop / MOPIBHIOE U,,.; 3 HEBEIUKOIO MOCTiHHO0O Hampyrowo Uy Ta
BUPOOJIIE€ CUTHAT U oy , IKUN BUKOPUCTOBY€EThCA It cucteMu DAITY. briok 3aTpumku u 3abe3nedye yaco-
BHI 3CYB MIXK I Ta U ', Ha 4ac T, HEOOXIHHI /I 3aBEPLIEHHS NPOLECY BUMUKAHHS TPAH3UCTOPIB Ta BMU-
KaHHS HACTYITHUX TPAH3UCTOPIB iHBepTOpa. CUTHATM U xof, U e2s U ke3s U et TAKOK HAIXOIATH B OJIOK JIOTIKH
Ta BU3HAYaIOTh MOMEHT BMUKAHHS BIIIOBIJHUX TPaH3UCTOPiB. MOMEHT BUMMKAHHS TPaH3UCTOPiB BU3HA4a-
eTbest curHanoM 3 0ioka @AITY. Ha puc. 4 mokaszano niarpamu, siki mosicHiorote podoty ®AITY nHa inTepBa-
mi Toy , ae T4 — 9ac 3pocCTaHHs U, (4ac claay Hampyrd Ha iHIIOMY TPaH3UCTOpi CTIHKU iHBepTOpa) y pasi
BUMUKAHHS TPAH3UCTOPIB, T oy, T} o — YAC 3aTPUMKH [T0YATKY BMUKAHHS Ta BUMHUKAHHS TPaH3HCTOPIB, 00Y-
MOBJICHUH BIIACTUBOCTSIMH JIpaiiBepiB Ta cCaMUX TPaH3UCTOPIB.

[potsirom yacy Torr Hampyra Ha BUXOJi iHBepTOpa HysiboBa, ToMy Ha Onok DAITY 3aMicTh u .y
HAJIXOAUTh CUTHAI i, TAKUM YMHOM HOJA€ThCS JBa OJHAKOBHUX CUTHAJIM i , IO 3a0e3ledye BXiTHUHA OJIOK
moriku. OgHAKoBi 10 (pa3i CHTHAIM HE 3MIHIOIOTH YacTOTY. BIIOK 3aTPHMKH i CTBOPIOE HEBEIHMKUHN (Pa3oBUi
3cyB Ha Bxoni @AIIY Ha inTepBali Topp, MO MPU3BOANUTEH A0 30UIBIICHHS YaCTOTH BHXIIHOTO CTPyMy Ha
oMy iHTepBai Ta 30inblrye 3HaueHHS 7T,. Lle 3abesneuye Oinbm kopekTHy poboty DAIIY 3a Benmkux
3HA4YEHb /1 Ta PETYIIOBAHHI CTPYMY 0 MAJIUX BEJIUYHH.

HY dinetp @AY ycepenHioe 4acToTy, sika Bipi3HAETHCS HA pi3HUX iHTepBasax PDM. Ha inTtep-
Bani Tppr 9ACTOTA BIAMOBIAA€ YACTOTI BITbHUX KOJUBAHb PE30HAHCHOTO KOHTYPA Ta BU3HAYAETHCS BUPA30M

(M

e Wy — pe30HaHCHA YacToTa KOHTypa; O — HOOPOTHICTH KOHTYpA.
Ha inTepBani Tpy 4acToTa KONUBAHb (¥, BU3HAYAETHCSI CHCTEMOIO

DAIIY Ta 3amexuTh BiJ 3Ha4eHHS 11 (ha30BOTO 3CYBY

Op,y > Oy - 2)

3anpomnonoBana ctpykrypa ®AITY aBroMaTn4HO MiATPUMYE
nocriiinuii yac ¢asosoro 3cyBy 7, Ta, BIANOBIIHO, PEKUMU HEPEMH-
KaHHS TPaH3UCTOPIB, OJU3BKI 10 ONTHUMATLHIX (BUMUKAHHS TPaH3U-

| . ‘o .
U, _ CTOpIB 32 HEBEIMKHM CTPyMOM Ta BMHKAHHS 32 HyJIBOBIH Hampys3i)
! " i yac 3MiHI MapaMmeTpiB HaBaHTaKeHH:, 3MiH1 Up Ta 4aCTOTHU KOJIH-
Tue:rﬁ—'ﬁ— T U BaJIbHOTO KOHTYpa. Ha puc. 4 mTpuxoM moka3aHo, SIK 3MiHIOIOThCS
T ] > niarpamu 1 3MiHI aMIUTITYU CTPYMY 1.
7R : *'_:‘_T“’" AlarpaM’ ¥ past 3 ATy U CIPYMY |
17T | > PerymtoBanns 3a gonomororo PDM mnpu3BOAUTE OO HU3b-

KOYAaCTOTHUX MYJbCAIlii aMIUTITYJ BUXIIHOTO CTPYMY I, BiE Iy

10 Lymar. PAITY y cBOEMY ckiami Mae HY ¢inbTp, TOMY aBTOMATH-

Puc. 4 YHO MiZICTPOEHA YACTOTa Ta BiAMOBiAHO ()a30BHI 3CYB MiX CTpY-

MOM Ta Hampyrolo BiJIIOBIAIOTH CEPEIHHOMY 3HAUECHHIO aMILTITY-

JM BUXITHOTO CTPYMY. 3a Iymqe PazoBuit 3cyB T, 30UIBIIY€THCS HA BENWYUHY 3MEHIICHHS (POHTY HAIpPYyTH

Uye TPAH3UCTODPIB, A 32 Ly I, SMEHIIYETCSA HA BEIMYUHY 301UIbIIEHHS QPOHTY Uy.. Y pa3i HEBEIUKHX ITyIb-

caliif BUXiZIHOrO CTpyMy, IO JOCATA€ThCA 3aBJAKH BIOCKOHAJEHHIO cnocobiB kepyBanusa 3 PDM, T, 3ana-
€TBCSI, BPaXOBYIOUH BEINYMHY MAaKCHMAIIBHOT ITyJIbCallii CTpyMy.

Onrtumaneauii yac 7Ty, HEOOXITHUI U1 Iepes3apsly NapasMTHUX eMHOCTel TpaHsucropa Cpr Ta

€MHOCTI cHabOepHOro koHzaeHcaropa C; (MK MOYaTKOM BUMKHEHHS TPaH3UCTOpA i MEepexoioM CTpyMy Ha

BUXOJIi iHBepTOpa uepe3 HyJb) [6], BU3HAYAEThCA 3a (HOPMYIIOI0

47r(ce_f +CS)UD
1,T

bl
I

tll‘?ﬂf

Y

Th(opty = 2T—”arccos 1- 3)
Ha mpakTtuiii onTUManbHIN peXUM 3a0€3MMeUNTH BXKKO depe3 IMUPOKUH Jiara3oH 3MiHH ITapaMeTpiB
HABAHTA)KEHHSI, OCKITbKM OKPIM 3MIHHM YaCTOTH Ta aMILTITYyId CTPYMY MOXE 3MIHIOBATHCS BEJIMYMHA HAIPY-
TH KHMBIICHHS, € PO301KHICTh MMapaMeTPiB €JIEMEHTIB, SKi 10 TOTO X 3aJIeKaTh BiJ Temnepatypu. Kpim Toro,
y pasi peryoBaHHS CTpyMy 3a jormoMoroio PDM crmocTepiratoThes Horo mymbcarlii. Y HamoMmy BHTIAIKY
(puc. 4) Hanpyra u,, AOCsTae HYIHLOBOTO PIBHS paHillle, HiX CTPYM IIEPETUHAE HYIhOBE 3HAYCHHS, HASBHICTh
T, nae 3MOry 3[iiiCHUTH BMUKaHHs HACTYIIHUX TPAaH3UCTOPIB 3 ypaxyBaHHAM 3aTPUMKU CUCTEMHU KepyBaHHs
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Ta HE JIONYCKa€ PEKUM POOOTH, KOJM TPAH3UCTOPH HE BCTUTAIOTH BUMKHYTHUCS O MOMEHTY, KOJH CTPYM
3MiHIO€ CBili 3HaK.
B pexumMax rnepeMUKaHHs 332 He3HAYHUX 7 y TIOPIBHSHHI 3 TIEPi0OM MOKHA BBaXKATH CIIa]] HAPYTH
Ta cTpyMy JiHilHEM (puc. 4), Toai T, MOXKHA BU3HAUUTH SIK
4 ( Cp +C, )U b
0N (4)
I +1,

ne 1;, I, — 3HaYeHHs CTpyMy Ha TIOYaTKy Ta HANPHUKIHI (POHTY CIaay HANpyTH y pa3i BHMHKAHHS TPaH3HC-
TOpIB.

SAx BunHO 3 (4), T, 3anexuth Bix Up Ta cTpyMiB [}, I,, SKi, B CBOIO 4epry, 3aJeKaTh Bl aMILTITYIU
cTpyMmy 1,. JIyis BeNMKHX MyNbCcalliil aMILUTITY I CTPYMY 337151 3a0€3MeUCHHS PEXHUMIB MEPEMHUKAHHS, OH3b-
KUX JI0 ONTHMAaJbHUX, HeoOXinHO T, 36inbyBaT Ha AT, B 3aJIeKHOCTI Bijl CHiBBIIHOMEHHS Ly, (MOXKHA
BUMIPIOBATH) Ta aMILTITYIU CEPEIHBOTO 3HAYCHHS CTPYMY, SKE MOKHA BH3HAYUTH, IPUITYCKAIOUYU CHHYCOI-
JANBHICTh CTPYMY, SIK Iy, /2. IXHE CIIBBIIHONIEHHS BU3HAYAETHCS BUPa3oM (5) 1 3a1€XUTh Bijl IapameTpis
n, m, s Ta JOOPOTHOCTI KOJIMBAIEHOTO KOHTYpa O [6]

I, " - = =)
22 | ={1-e ¢ ||1-e? oL 4 (5)

Iamin
2

Po3max mynbcanii 30ib11y€eThes y pasi 3MeHIIeHHs O, ToMy A7, BU3HaYaeThes A MiHIMaJIbHUX Q.
3auis BpaxyBaHHsI BIUTUBY ITyJIbCalii aMIUTITY U CTPYMY HEOOXiJHO AOAATH OJIOK BUMIpPIOBaHHS CITiBBiIHO-
meHHs (5) Ta BBECTH B CTPYKTYPHY CXEMY PHC. 3 3B’s3KH, ITO3HAYEHI IITPUXOBOIO JTIHIEH0.

J1s IepeBipKu pe3yNbTaTiB BUKOPUCTAHHS 3alPOIIOHOBAHOTO CIIOCO0Y KepyBaHHS OyJi0 TIPOBEACHO
eKCIIepUMEHTAJIbHI JJOCIIIXKEHHsI Ha MaKeTi IepeTBopIoBaya, noodyaoBaHoro Ha Tpansucropax IRG4PC40UD,
SIKI MICTATH B CBOIH CTpYKTYypi 3BopoTHi mionu. Sk 610k @AITY BukopucroByBanack Mikpocxema CD4046,
cxema KepyBaHHsI, OJOKH JIOTIKH Ta 3aTpuMkH, moOyaoBaHi Ha ocHoBi [IJIIC MAX II (ALTERA) 3 nomaTko-
BUMH aHAJIOTOBHUMH eJIeMEHTaMHU. BIUIHB mysbcallii aMImiiTy iu CTpyMy HE BPaxOBYBaBCHI.

Ha puc. 5, a, 6 HaBegeHo ocuwiIorpaMu BUXigHOI Hanpyru iHBepropa u (100 B/ki.) Ta ctpymy i
(5 A/xm) 3a y=1 Ta pi3HMX 3HaYEHb BHXIAHOTO CTpyMy (MacmTab oci yacy 1 mkc/ki). Yacrora BEXigHOTO
crpymy — 48 kI'n. Sk BuaHo 3 ocumnorpam, cucrema @AIIY miarpumye nocrivinmii yac 7,~650...680 HC y
pasi 3MiHM aMILLTYM CTpyMy npuOnu3Ho B 4 pa3u. 3HaueHHs T, 30epiraeTbcs Takoxk 3i 3MiHOI0O Up Ta vac-
totu. Ha puc. 5, ¢ HaBeneHo ociimorpamu u (100 B/xi) ta i (5 A/ki) 3a y=1/2 (Maciiral oci 9acy 5 MKC/KIT).
3a HasIBHOCTI MOZYJIAIIIT TAKOX 3a0€3MeUYIOTHCS PEKUMH ITEPEMUKAHHS, OJM3BKI 10 ONITHMAIBHUX.

— — T
| 680mc —H—= 650mc Tt u
g — ! .
SR i :
] K — A
u Hi - /
i -—T | /] \v, o
- 1
/ 1 1
‘I‘_
a) 0) B)
Puc. 5

BucHoBKH. 3aipOnIOHOBaHHHN CIIOCIO KepyBaHHSI PE30HAHCHUM 1HBEPTOPOM 3 MOJIYJISIIIEIO TITEHOC-
Ti imMmynbsciB Ta @AITY, xonu Ha iHTEepBasi HASBHOCTI HANPYTH Ha BUXOJI iHBEPTOpa BHKOPHCTOBYETHCS
CUTHaJ 3BOPOTHOTO 3B'sI3KY 3a HAMIPYTO0 KOJEKTOP-eMiTep (CTiK-BUTIK) TPaH3UCTOPIB iHBEPTOpA Ta 32 BUXi-
JTHAUM CTPYMOM IHBEpPTOpPA, a Ha iIHTEPBATI HYJIHLOBOI HAIPYTH HA BUXOMI — TUTBKH 3a BUXITHUM CTPYMOM, J1a€
3MOTY 3a0€3MEeUNTH PeKUMHU IEPEMHUKAHHS TPAH3UCTOPIB, OJM3BKI IO ONTUMAIIBHUX, Y ITUPOKOMY Jiara3oHi
3MiHHU MMapaMeTpiB HaBaHTaKEHHS.
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Ilpeocmasnensvt pe3ynomamel UcCie008aHUus cucmem Gazoeou asmomamuyeckol noocmpotixu yacmomol (PAIIY)
BbICOKOYACTNOMHbBIX MPAHZUCIOPHBIX UHBEPMOPOE YCMAHOBOK UHOVKYUOHHO20 HAZPEBA C NOCLE008AMENbHbIM Pe30-
HAHCHBIM KOHMYPOM HA 8bIXOO€ U YAPABIEHUEM C ROMOWBIO MOOYIAYUU NIOMHOCIU UMRYIbCO8. [Ipednoscen cnocob
ynpasnenust ¢ PAIIY, koeda na unmepeane HAIUYUS HANPSIICEHUS. HA 8bIX00E UHBEPMOPA UCNONb3YIOMCS CUSHATIbL 00-
PAmHOU C6A3U NO HANPSNCEHUIO KOLIEKMOP-IMUMmep (CHOK-UCMOK) MPpanH3uCmopos UHEEePmMopa u No GbIXOOHOMY
MOKY UHBEPMOPA, A HA UHMEPBANe HYIEB020 HANPANCEHUSl HA BbIXOOE UHBEPMOPA — MOLLKO NO GbIXOOHOMY MOKY.
bubmn. 7, puc. 5.

Knroueevie cnoea: VHIYKIIMOHHBIN HArpeB, BHCOKOYACTOTHBIM PE30HAHCHBI HWHBEPTOp, (pa30oBas aBTOMATHUYCCKAs
MOJICTPOMKA YaCTOTHI.

PHASE-LOCKED LOOP SYSTEM OF RESONANCE INVERTERS FOR INDUCTION HEATING INSTA-
LATION WITH PULSE DENSITY MODULATION

V.Ya. Hutsaliuk, O.M. Yurchenko, I.S. Zubkov

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

E-mail: alfa@ied.org.ua; yuon@ied.org.ua

In the paper, it is presented the study of phase-locked loop (PLL) systems of high-frequency transistor inverters having
the output series resonant circuit and inverter control with the aid of pulse density modulation for inductive heating
installations. It is suggested a control method with PLL, when on the interval of the inverter output voltage presence
feedback signals on transistor collector-emitter (drain-source) voltage are bring used, and on the interval of zero out-
put voltage — only the feedback signals on the output current. References 7, figures 5.

Key words: inductive heating, high-frequency resonant inverter, phase-locked loop (PLL).
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1t is known that when starting some technological mechanisms, the resistance moment can exceed the passport value by
several times. The article shows the possibility of forming the maximum possible starting torque with a minimum value
of the stator current, proposes the technique for determining parameters of the supply network when creating the
maximum possible starting torque for an induction motor. The technique is the following sequence. The magnetization
curve and its mathematical image (in the form of a polynomial) are determined for a more precise determination of
machine parameters from experimental or passport data. Adequate values of influence factors (voltage and frequency)
are determined to create a regression model on the dynamic mathematical model of an induction motor using an
iterative method, changing the range and ratio of network parameters. The mathematical calculation of the regression
model is performed with obtaining polynomial dependencies for Mn (U, f) and In (U, f) based on a given optimization
criterion. The range of variation of U, f'is determined from the polynomial Mn (U, f). Equating to the necessary value of
the starting torque, from the passport data the author calculates the maximum permissible magnetic flux, with the
mathematical dependence @ = F (Ii) and determines the value of U and f1 in the saturation region of the engine. The
obtained values of the amplitude U and the frequency of the supply voltage fI meet the optimization criterion In — min.
Based on the obtained values of U and f1, the author forms a control signal of a frequency-controlled induction motor
to create the necessary starting torque. References 10, table 1.

Keywords: heavy pick-up and start-up conditions, the magnetization curve, the mathematical model, regression
mathematical model.

All groups of industrial mechanisms can be conditionally_divided into two classes. The first class
includes mechanisms, electric machine converting units launched without technological load. The second
class of mechanisms is characterized by the fact that when starting, the torque is created not only by the
forces of friction in the kinematic pairs, but also by the forces of the interaction of the working fluid with the
working body (the moment of friction of the pump impeller with water, oil, a liquefied component of mineral
raw materials, post-crash starting with technological environment, etc.) [1].

The work [2] prove that a significant part of general industrial and agricultural mechanisms has an
initial moment of resistance of the technological unit, which exceeds the rated value of the starting torque
during the transition of the electromechanical system from the stationary state to the state of motion (starting
torque). This process is accompanied by a change in the forces and moments of resistance according to
certain physical and mechanical laws. They are caused to the work of friction forces in the kinematic pairs of
the technological mechanism, in the seals, as well as in the zone of interaction of the working body with the
technological environment.

Mathematical methods for representing the electric drive of technological mechanisms take into
account only standard operating modes without taking into account real individual processes occurring in
electromechanical systems, technological mechanisms when starting. Starting as the first phase of an electric
drive with various types of load is almost not considered in the educational and technical literature, and the
issues of the electric drive dynamics are considered under the condition that the load resistance remains
unchanged.

Mathematical dependencies that take into account the peculiarities of starting when performing
technological operations with industrial mechanisms are deduced based on the results of the research in the
works [3, 4, 5]. The results obtained in these works confirm the stochastic nature of the moment of resistance
when starting, which can exceed the nominal value by 2 to 4 times.

© Khrebtova O., 2020
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The work [3] substantiates the use of the controlled starting systems based on a frequency converter
(FC), which allows:

— performing both unidirectional and oscillatory movements of the rotor with a smooth increase in
the speed and amplitude of the electromagnetic moment of the induction motor IM;

— choosing the oscillation frequency and spectral composition of the torque of the induction motor to
most effectively overcome the increased moment of resistance when starting;

— keeping the working body in a predetermined position in order to carry out preparatory pre-launch
or commissioning operations.

However, not all the capabilities of the controlled pull-off system based on the FC — IM are
applicable for starting and pre-launch preparation (breaking down the forces of intermolecular bonds of the
working medium in the working body) of some technological mechanisms (conveyor lines, hoisting-and-
transport mechanisms) [3, 4].

H.I. Shturman considered the issues of the rationality of an induction motor with frequency control
with the condition of creating a constant overload ability of the motor when starting as a function of current.
As a result of the research, mathematical equations of electrical and electromechanical characteristics are
determined depending on the parameters of the supply voltage. Coefficients were introduced into the general
expression of the torque of the machine, characterizing the change of IM parameters from the frequency [6]
to determine the dependences.

These results are confirmed in [7], where it is justified to take into account the influence of saturation
of the magnetic circuit steel and current displacement in the rotor winding to reduce the error in determining
the parameters of adjustable electric drives with heavy pick-up and start-up conditions, operating in wide
ranges of rotation speed.

H.I. Shturman notes that the realization of the same moments at lower currents is associated with the
peculiarity of the quantitative relations of IM parameters, which is clearly manifested near the boundary of
the machine’s transition from synchronous to asynchronous mode. Starting torque, several times higher than
the rated torque, can be obtained in the low-frequency area at a significant voltage, however, the starting
current increases. This dependence can be obtained if the supply voltage is not linearly related to the
frequency of the supply. The dependence of the starting current in the sliding function with a constant
starting torque in the low frequency region has a point /n — min [6].

The issue of the possibility of creating a significant starting torque with a minimum starting current
in the stator circuit by selecting the appropriate voltage-frequency ratio of the supply network arose when
starting the induction motor under load.

The purpose of this study is to develop a methodology for determining the parameters of the supply
voltage when creating the maximum possible starting torque for an induction motor, with a minimum value
of the stator current.

To determine the patterns of the influence of the supply voltage parameters on the IM starting
characteristics, the author used the experimental design method (EDM). The EDM input parameters were
determined based on IM mathematical model in a three-phase coordinate system. The area of research on the
formation of the starting torque in this case lies in the low frequency range.

It is known that ensuring the constant overload capacity of an induction motor with frequency
control, the magnetic flux of the machine increases significantly in the low frequency range of 1-15 Hz at
high supply voltage, which leads to the saturation of the steel of the magnetic circuit of AM. The saturation
mode is accompanied by a significant decrease in the reactance of the magnetization circuit and an increase
in the stator current /c, which can lead to negative consequences. To take into account real physical
processes occurring in an AM, it is proposed to use a mathematical model of an asynchronous motor in a
three-phase coordinate system with considerations of the saturation of the magnetic core. In paper [8], a
results, which confirmed the adequacy of the proposed mathematical model of the asynchronous motors is
presented. According to the experimental data, the magnetization curve is approximated, which allows to
take into account the saturation of the magnetic circuit. Therefore, the dependence of the mutual inductance
parameter Lp on the magnetization current is introduced into the IM mathematical model. The magnetization
curve for IM series 4A can be approximated as follows [9]:

Y'(1")=a-acrg(bl" ), (1)

where a =0,9932814, b =1,4963076 are the approximation coefficients.
In paper [9], a results, mathematical dependences were considered, which confirmed the dependence
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of the mutual inductance parameter on the magnetization current, taking into account the dependence of the
inductance not only on the magnetization current, but also on the stator current. Based on this, after
transformations, the dependence Ly *( Ip*) in relative units will look like

o . d e+, .«
L1, )=—=Y (1, ). )

TR T d]u N
This function has the name of the witch of Agnesi and introduced into the system of differential
equations of the mathematical model of an asynchronous motor in a three-phase coordinate system. During
the research, the method of mathematical planning of the experiment was applied according to the scheme of
rotatable centralized compositional planning, which is based on regression analysis, including the least
squares method and statistical data processing. The proposed mathematical model of AM is used to
determine the impact factors, such as the frequency and value of the supply voltage.In view of the foregoing
,in designing the experiments the range of variation of factors for the supply voltage frequency is 1 = 10 Hz,
and for the supply voltage amplitude is 20 + 192 V. The optimization criterion is the minimum value of the
stator current. The experimental error is modeled as normally distributed with parameters o° = 1,3.
Confidence probability is defined as the maximum allowable @ = 0.05. As a result of the implementation of
mathematical planning for IM type 4A80B4VY3 the author obtains polynomial dependences of the starting

torque (3) and starting current (4)

M, (U, f)=a+aU+af+aU’ +aUf +a,f*> 3)
where a, = -0,0406; a, = 0,1488; a; =-0,2778; a, = 0,0011; as = -0,0111; a; = 0,0182 are the coefficients of
polynomial dependence (3);

I(U,f)=b+bU+b,f+b,fU+bU” +b [ “4)
where b, = 2,9373; b, = 0,4872; b; = -0,6672; b, = -0,0018; bs = —0,0018; bs= 0,0234 are the coefficients of
polynomial dependence (4).

The adequacy of the obtained model, according to the coefficient of determination R’, is 99.3282 %.
In order to be able to compare models with a different number of factors so that the number of factors does
not affect the statistics, the adjusted determination coefficient is usually used, R’ of which is 98.4885%.
Fisher's criterion will be determined as Femp =1,815 if F, =3,22. Student’s T-test is defined as 7,, =1,25 at

t,, =2,23. Thus, the mathematical regression model fully displays the dependence of the starting torque and

emp

current on changes in the frequency and voltage of the supply network with acceptable accuracy in the
specified range. It should be noted that the polynomial dependences obtained for other types of IM in relative
units have deviations between themselves of no more than 2% and fall within the range of permissible
accuracy.

As indicated above, a significant starting torque can be obtained in the low-frequency region, the
choice of supply voltage parameters for such cases will lead to an increase in magnetic flux, which should
not exceed @ = 1,4 @nom. Based on the results of the study, taking into account the above listed features of
blood pressure in the low frequency region to form a given starting torque Mn =kMk, where k is the overload
coefficient (1+4), the allowable value is determined depending on the parameters of IM, a technique was
developed for determining the parameters of the supply voltage.

1. The parameters of the magnetization curve (1) of a given AM are determined.

2. The adequate values of the influence factors (voltage and frequency) are determined on the basis of
the mathematical model of blood pressure taking into account (2) for the EDM.

3. According to the given conditions for the MPE, we obtain the dependences for Mn (U,f) and In (U, f).

4. Given Mn from (3) determine the range of variation of fc and Uc.

5. From the values of fc and Uc obtain @ = F(Iu) provided that s = 1.

6. Choose the range of parameters fc and Uc where the conditions @(f,U) > 1,4 @nom ((f,U) are met.

7. According to (4), with the selected range of supply voltage parameters, the value of fc and Uc is
determined if In — min.

Thus, when applying the methodology for determining the parameters of the supply voltage, it is
possible to obtain a starting start-up torque with a given overload coefficient, taking into account the
saturation region of the magnetic circuit steel with a minimum value of the stator current. The calculation
results for the AD type 4A80V4UZ when the stator windings are included in the triangle are given in table.

For example, to provide a starting torque Mn = 4Mnom at a minimum value of current In, without
allowing the motor to saturate, that is, the AM magnetic flux at the saturation boundary, it is necessary to
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supply a voltage of =~ 156 V with a frequency of 5 Hz to the IM. If it is necessary to obtain Mn = 4Mnom
under the considered conditions, the stator current exceeds the value of the permissible starting current. In
this mode, the engine cannot work for a long time, therefore, with such parameters of the supply voltage
(table) it is necessary to calculate additionally the operating time of the asynchronous machine to prevent
overheating of the rotor windings. A methodology for calculating the IM operating time during pre-launch

preparation with current overload was proposed in [10].

Starting torque Starting torque Frequency Supply voltage value, U*, | Starting current
M, =kM,,,, H M value M, value,f;, Un=220V I*, =min
M,,,,=10,09H - m fn=50Hz In=30,797 A
k=4 4 0,11 0,709 1,006
k=35 3,5 0,15 0,700 0,958
k=3 3 0,19 0,682 0,933
k=25 2,5 0,185 0,614 0,957
k=2 2 0,17 0,532 0,959
k=15 1,5 0,165 0,450 0,914
=1 1 0,16 0,350 0,806

The developed methodology allows using the obtained values of U and f; to generate a control signal
of a frequency-controlled asynchronous motor to create the necessary starting torque during starting and
starting, ensuring trouble-free execution of the process and reducing operating costs.
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®OPMYBAHHS MOMEHTY ACUHXPOHOT O JIBUI'YHA IIIJL YAC PYIIIAHHSA
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ITi0 uac pywanns OesKux MexHoI0SITUHUX MEXAHIZMIE MOMEHM ONOpY MOJiCe Nepesunysamu nacnopmue 3Ha4eHHs 6
dexinvka pasig. Ilokazano mocaugicme GOpMyBanHHs MAKCUMATLHO MONACIUBO2O NYCKOBO2O MOMEHMY 3 MIHIMATbHUM
SHAYEHHSIM CIPYMY cmamopd. 3a0is YMOYHEH020 GUSHAYEHH. NAPAMEmpie MAWUHU N0 eKCNEPUMEHMATbHUM a60
NACNOPMHUM OAHUM BUBHAYAEMbCA KPUBA HAMASHIYYBAHHA Ma ii Mamemamuyte 300padxcenHs (y 6uenidi noiiHoma).
Ha ounamiuniti mamemamuunii MoOeni ACUHXPOHHO20 OBUSYHA IMEPAYIUHUM MemoooM, 3MIHIOIOYU Oianason i
CNiBBIOHOUIEHHS NAPAMEMPI8 MepedcU, BUSHAYAIOMbC A0eK8AmHI 3HAUeHHs (hakmopie eniugy (Hanpyaa i wacmoma)
3a0715 cMEopents pezpecilinitl Mooeni. 3a 3a0anum Kpumepiem onmumizayii 6UKOHYEMbC MAMEMAMUYHUL PO3PAXYHOK
peepeciiinoi mooeni 3 OmpUMaHHAM noaiHomiansrux 3anexcrocmett 011 Mn (U, f) i In (U, f). Hianaszon eéapirosanus U, f
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susznayaemo 3 noninoma Mn (U, f). Ilpupisuioiouu 00 HeoOXiOH020 3HAYEHHS NYCKOBO20 MOMEHMY, 3a NACNOPIMHUMU
OaHUMU PO3PAXOBYEMO MAKCUMANLHO OONYCIMUMULL MA2HIMHUU nomik. 3 mamemamuynoi 3anexcnocmi @ = F (Iy)
susHauaemo 3uauenus U i @ obracmi HacuueHHs 08ucyHa, siKi ionosioaroms Kpumepiio onmumizayii In — min. 3a
ompumanumu 3nadenusmu U i f hopmyemo cuenan ynpasninus 4acmomHio-pe2yibo08aH020 ACUHXPOHHO20 O8USYHA OISl
cmeoperHts HeobXiOH020 nyckoso2o momenmy. bidmn. 10, Tadmn. 1

Knwowuoei cnoea: Baxki yMOBH 3pyIIEHHS 1 IycKy, KpHBa HaMarHiduyBaHHs, MaTeMaTH4YHa MOJEINb, perpeciiiHa
MaTeMaTH4Ha MOJEIb.

OOMUPOBAHHUE MOMEHTA ACUHXPOHOI'O JIBUT'ATEJISI ITPU TPOI'AHUHN

O.A. XpeOTOBa, KaH]. TEXH. HAYK

Kpemenuyrckmii HannoHaabHbIH yHUBepcuTeT HM. Muxaniaa OcTporpaackoro,
ya. [lepBomaiickas, 20, Kpemenuyr, 39600, Ykpanna.

E-mail: 34092@ukr.net

Ilpu mpozanuu HeKOMOPbIX MEXHONOUUECKUX MEXAHUSMO8 MOMEHM CONPOMUBNEHUS MOJICEm Npegblulams
nacnopmmuoe 3nayenue 6 Heckoabko pas. Ilokazana 603MONCHOCML QOPMUPOBAHUA MAKCUMATLHO B03MOICHO20
NnYCKOBO20 MOMEHMA C MUHUMATbHbIM 3HAYeHueM moxa cmamopa. [ns ymouHenHo20 onpedeneHus napamempos
Mawunbl N0 IKCNEPUMEHMATbHOIM ULU  NACHOPMHLIM OAHHLIM ONpedensiemcs Kpueas HAMASHUYUBAHUS U ee
Mamemamuyeckoe uzoopagicenue (6 euoe nonunoma). Ha ounamuueckou mamemamuyeckou Mooenu dCUHXPOHHO20
osuzamens UMepayuoHHbIM MemoooM, UMEeHASL OUANa3oH U COOMHOWIEeHUe NaApaMempos cemu, Onpedensiomcs
aoekeammuvle 3HA4eHUs (AKMoOpos8 GIUAHUS (HanpsdceHue u 4yacmoma) OJid cO30anusi peepeccuoHHou modenu. Ilo
3a0aHHOMY KpUmMepuio ONMuUMU3AyuY 8blNOIHAEMCA MAMEMAMUYECKULl pacyem pezpeccuoHHoll MOOenu ¢ NOTyYeHuem
noaunomuansHwix 3asucumocmeti 01 Mn (U, f) u In (U, f). Quanazon sapvuposanus U, f onpedensiem uz norunoma Mn
(U, f). Ipupasuusas x HeoOX00UMOMY 3HAYEHUIO NYCKOBO2O MOMEHMA, NO NACNOPMHLIM OAHHLIM PACCUUMbIEAeM
MAKCUMATBHO OONYCIMUMbILL MASHUMHBIL NOMOK, U3 Mamemamuyeckou 3asucumocmu @ = F (Iu) onpedensem 3nauenue
U u f 6 obracmu nHacviwenus 0gueamens, Komopvie omaeuaiom Kpumepuio onmumuzayuu In — min. Ilo nonyyenuvim
suauenuam U u [ popmupyem cuenan ynpasnenus 4acmomuo-pe2yiupyemoz0 acuHXpoHHo20 08u2amens O cO30aHUs
Heo0x00uM020 nycko8o2o momenma. bubm. 10, tabm. 1.

Knouesvie cnosea: Ttsxenbie yciaoBus TpOraHus MW IIyCKa, KpHUBasi HaMarHW4YWBaHUs, MaTeéMaTHYeCKass MOJICIIb,
perpeCCuoOHHas MaTeMaTu4eCcKast MO1€CJb.
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Jocniooceno ounamiuni pexcumu pobomu JOKAIbHO2O0 ABMOHOMHO20 0JdCepeld eHepeonOCMAadanHs 3 NIOKIOYeHHIM
OCHOBHUX MUNOBUX CHOJXCUBAYIE eleKkmpoeHepzii. Busnaueno nepesanmasicysanvny 30amuicms — JOKATbHO20
ABMOHOMHO20 Odicepena eHepeONOCMAayans, wo cpopmosane 3 eleKmpoOOIAOHAHHS [HUWO20 QYHKYIOHATLHO20
NPU3HAYeHHs. HA 0a3i ACUHXPOHHOI MAWUHU 3 EMHICHUM camo30yodcenHam. Bcmanoeneno ymosu peanizayii
«CHpUAMIUBOLY KoMymayii nio 4ac nycky eiekmpoosueyHie CniCmagHol ROMYJ’CHOCII ma 0OIPYHMOBAHO OOYLIbHICb
BUKOPUCIMAHHA NYCKOBUX CUCMEM MA CUCeM Nepedcmapmogozo (opcysanis 30Y0iceHHs eleKmpoceHepamopa y
CK1a0i a8MOHOMHO20 Odcepena enepeonocmayans. biomn. 6, puc. 3, Tadm. 2.

Kntouosi cnoea: aBTOHOMHE JKEPEIO KUBJICHHS, ITyCKOBA CHCTEMa, TEHEPaTOp 3 caM030y IKCHHSIM.

Beryn. Ha choroHi oJiHI€IO 3 KIIOUOBUX MPOOJIEM SHEPreTHYHOI He3aJIe)KHOCTI SIK B YKpaiHi, Tak i

B CBiTi € mpobiema 3a0e3neueHHs HafiiiHOI Ta OesmepepBHOI poboTH cucTeM eHepromocTtadanHs [1-3].

JlikBifarist HaCiJIKiB aBapiil CUCTEM €HePrornoCcTadyaHHs MPU3BOIUTH O BUKOPUCTAHHS 3HAYHUX JFOJCHKHX

1 MarepianbHUX pecypciB. [IWTaHHS TiABUINCHHS HAMIMHOCTI CHCTEM CHEProINOCTadaHHS SK CKIIATHOTO

pO3raly’KeHOro Kojia TIeHepallii, MepeTBOPCHHS, Mepeaadi eHeprii g0 CHoKuBaviB HaOyJd 0COOJUBOT

aKTYalbHOCTI y 3B'A3KY 3 yCBiJOMJIGHHSM TOro (akTy, IO HE TUIBKM migmpueMcTBa [1], aje i comianbHa

cthepa [2] cycmiapCTBA BUABISIOTHCS YPANTHBUMH Y pa3i MOPYIIEHs B €HEPTOTOCTaYaHHI HABITH HEBEIMKOT

TpuBasiocTi [4]. Hemoolinka 1iei 00CTaBUHHM BKE MPHUBENA 0 PsAy BEIMKHX aBapiiiHMX CUTYyaIllili pi3HOTO

xapaktepy. Ha ocHoBi nmanux [2] Ha puc. 1 moka3aHO PO3MOAUT KiNBKOCTI HaJI3BUUYAHUX CHTyaIliil 3a
MTOXOJKEHHSM Y CBITI.

l'apanToBane Oe3aBapiitHe eHepro-

300 MOCTa4YaHHS I OUIBIIOCTI ITiIIPUEMCTB

MOXKe OYTH MPaKTUYHO HE3/dilCHEHe depe3

3HAYHI KaIliTaJbHI BUTPATH y pasi Tex-

200 HIYHOI peamizalfii TuX abo IHIIMX PIIICHb.

[Ipore pmocTaTHRO mpoOCTEe BUPIIICHHS

3a/a4i MOJKJIMBE 332 BUKOPHCTaHHSM OTIe-

paTuBHO-COPMOBAHUX JIKEPENl SHEeProro-

cTauaHHs a0o, Tak 3BaHUX, JIOKAIBHUX

ABTOHOMHHX JDKEpell EHEeprormocTadyaHHs

(AJIE), mo notpedye po3BUTKY TEOPETHK-
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T r—— L Fnm——— Meta po6oTH. AHaI3 0co0IH-

Puc. 1 BOCTEH JWHAMIYHHX PEXHMIiB poOOTH

JOKaITLHUX ABTOHOMHHUX JOKepe

EHEeprorocTadyaHHs Ha  OCHOBI  €NIEKTPOYCTaTKyBaHHS 1  €HEPrOoCHWJIOBUX  YCTAHOBOK  iHIIOTO
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(hyHKIIIOHATTBHOTO PU3HAYCHHS.

Hpunuunu ¢opmyBanHs Ta AociaimxkenHs jgoxaabHux AJIE. Jlokanere AJIE dopmyerbes
NEpCOHAIOM BiAMOBITHUX MiATIPHEMCTB B MEpioJ, SIKWil Mepenye aBapii, mpoTAroM ii po3BUTKY abo micis
3akiHyeHHs 11 aktuBHOI (hazu. Kommnekrauis nokansHoro AJIE 31ifiCHIOETBCS 3 HasSBHUX Ta HOPMaJbHO
(DYHKITIOHYIOYHX KOMITOHEHTIB TEXHOJIOTIYHOTO, EIEKTPOTEXHITHOTO Ta TPAHCTIOPTHOTO 00JIa THAHHS.

Jloxanene AJIE (GopMy€eThCS THMYACOBO 1 HE 3HAXOAWUTHCS Ha OallaHCi MiANPHEMCTBA SIK CTaIlio-
HapHa a00 MOOiIbHA eNeKTpocTanLis. Butpatu Ha cTBopeHHS JokanbHoro AJIE moisraroTs Juiie B KOITax
Ha Horo (GopMyBaHHS Ta HACTYNHY PO3KOMIDICKTAIlif0. 3arajibHi MOJ0KEHHS, YMOBH (DOPMYBaHHS Ta iHIIII
aCIIeKTH IIOJI0 CTBOpEHHS Ta (yHKIiOHYyBaHHs JokanbHuX AJIE Oinbln netanpHO HaBeIeHO B [5, 6], a came:
TEXHOJIOT1YHI CXeMH TaKUX JDKEPEs, BAMOTH Ta YMOBH BUOOPY €JEKTPOTEXHIYHOTO 00JIaAHAHHSI TOLIO.

JocnimkeHHs HaBaHTAXXyBAIBHUX PEXHUMIB poOOTH JT0KadbHOTO A/IE 3 aCHHXpOHHMM I'€HEPaTOPOM
(AT') mpoBommIIOCS 13 3aCTOCYBaHHSIM MaTeMaTHYHOI Mojeni, mo HaBereHo B [6]. Sk AT BukopmcTo-
ByBaslacsl aCHHXPOHHA MallvHa 3 nmapamerpamu: F; =1,2 xBT1; n, =2740 o6/mun; [, =2,93 A; R, =9,37

Om; R, =5,13 Owm; Lu =66 MI'H; L =L/, =22 mI'H (BUKOPUCTAHO 3arallbHOBiIOMi TTO3HAYEHHS BEIHYHH

[6]). TlowaTtkoBa eMHiCTH KOHJIEHCATOPiB KOXHOI a3z ckmagana C =30 mx®, mo 3abe3meuyyBaino
30ywKenHs Al' 3 koedilieHTOM HaCHYCHHS MArHITONPOBOAY Ha piBHI &, =1,4. JlOCII/UKCHHS IPOBOAUIHCS

32 YMOBH CTaJOCTi YaCTOTH OOEpPTaHHS 7 = const TPUBOJHOTO ABHTYHA, IO MiATPUMYBajacs peryisTopoM
4acTOTH OOepTaHHs, pealizoBaHUM 3a npuHIunoM [lomyHoBa-Yatra [5], 3 MiOKIIOYEHHSM CHOXKUBAYiB 3i
CTaTUYHUM XapaKTepoOM HaBaHTaXeHHS (OCBITNIFOBANBHI Tpmiaagu ToTyxHicTio 500 BT 1 Oimpmre) Ta
JUHAMIYHUM HaBaHTaXEHHSM (ABUTYHH MOCTiHHOTO cTpymy notyxHictio 0,2 kBT, 0,45 kBt i 0,7 kBT, mo
MIKITFOYAINCS YepPe3 BUIPSMIISY; aCHHXPOHHI JABUTYHH TOTyxkHicTio 0,25 kBt, 0,37 kBT, 0,56 xBt i 0,7
kBrt). Tak, Ha puc. 2 HaBesieHo Xapakrep 3MiHu Hanpyru U, Al (a), enexrpomartitHoro momenty M, (0) 1

9acTOTH ®,, 00epTaHHs (B) A/l pi3HOI HOTY>KHOCTI MiJ{ 4ac NPSAMOTO MyCKy B MOMEHT 4acy ¢ =2 c¢. JIBUryHu
BHOMpPAINCS 32 YMOBOIO CIiBBITHOLIIEHHS ITIOTYXHOCTEH criokuBaya i mxepesna eneprii P, / F; =0,2 (kpua
1); P,/ F; =03 (xpuBa 2)i P, / F; =0,47 (xpuBa 3) BiANOBiIHO.

U, 6.0 M, .6.0. _ O, 6.0.

0.92¢-

0.7

Puc. 2

AHaii3 OTpUMaHUX pe3yJbTaTiB MOKa3aB, IO 3a chiBBigHOmEHHM B, / F; =0,2 myck AJl 3xiid-
CHeHoO ycmimHo. Pasom 3 tum, myck AJl 3a B, / F; =0,47 HeoOXinHO BBa)kaTH TakHM, IIO HE BinOyscs. B

IIbOMY BHIAOKy HOMiHambHI cTpymm AJl i Al € CHOIBCTaBHUMH, a ITyCKOBI CTPYMH IOPYIIYIOTh
NepeBaHTaXYBAIBHY 3JAaTHICTh I'€HEpPaTopa, BHACIIJIOK YOTO BiOYBAETHCS IIBUAKA BTpaTa 30yIKCHHS.
[TpoMi>kHMM BapiaHTOM € BUMAIOK, KOJU YJapHIi MyCKOBI CTPYMU MPU3BOASITH IO TAKOTO 3HWKCHHS HATIPYTH
AT, mo nmBuryH «3actpse» (puc. 2, KpuBi 2) Ha IesAKii 9acTOTi O0OepTaHHS, a MOMAJBIIHA PO3TiH CTae
MOJKJIMBHUM JIUINE MICJIA BiTHOBJIECHHS YMOB 30y pKkeHHs Al (MiIKIIOYSHHS JOJATKOBUX KOHAEHCATOPIB). Y
pe3ysbTaTi BCTaHOBJICHO, 10 poOoTa JokanskHoro AJIE 3 Al He mopymiyeThcst 3 TOTPUMAHHSM TIEBHOTO

CIiBBIIHOIIIEHHs TOTYXKHOCTe F,; reHepatopa i HaBaHTaxkenHa £ (tabm. 1), ne B/, Fpcy, B—

notyxHocti AJl, I[1C i crioxxuBadviB 31 CTATHYHUM XapaKTEepOM HaBaHTAXKEHHsI BiIIOBIIHO.
Tadauus 1
Tun cnoxuBaua Al HAIIC OCBITIIIOBaJIbHI TIPHIATH

JomycTrMe CriBBiTHOILICHHS P/ Py 0,25 B pey ! Py £0,4 P./F;<0,6
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[oninmennss eHeproedexkTuBHOCTI pobOoTn nokanpHUX AJIE MOXIMBO 3a paxyHOK iXHBOT
JOYKOMIUIEKTAIIIT TOJJaATKOBUM OOJIQIHAHHSAM, a CaMe, IPUCTPOSIMA KEPOBAHOTO MYCKY ENIEKTPUYHUX MaIIuH
Ha 0a3i TupuctopHux peryisropiB Hampyru (TPH) it meperBoproBauamu wactotu (IT4) Ta cucremamu
PEryiapOBaHOrO 4M mepeacrapToBoro QopcysanHs 30ymkeHHs Al. Crhim 3a3HauuMTH, MO 3aCTOCYBAaHHS
JOJATKOBOIO OOJaJHAaHHA MIPU3BEIE A0 YIOPOXKYAHHS TAKUX JDKEPESl EHEPrOXKUBIICHHS Ta 301IbIINTH 4ac
Horo BBeACHHS B Ait0. Pesynbratu mocmimkens mycky AJl Bix nokansHoro AJIE 3a momomororo TPH Ta ITH
NOKa3ajy, 10 YCHIIIHUKN MycK Ta mojaibiua podota AJl MOXKIHNBI 32 JOTPUMAHHSIM CHiBBIAHOIIEHD 3TiIHO
tabmn. 2. Kpim Toro, mociimkyBamucs pexxuMmu migkmodeHHs AJl mo 3atuckadiB AlT depe3 THPHUCTOPHUN
komyTtatop (TK) 3 peanmizallieto yMOB «CHPHUSTIMBOI» KOMyTallii. BcTaHOBIEHO, 1[0 B YMOBaX IYCKY Bif
nokaneHOro AJIE 3 AD' Takuii pexkxum MokHa chopMyBaTH HUISIXOM HiAKIodeHHs OBoX (a3 AJl B MOMeHT
HYJIbOBOTO 3HAUEHHSI HATIPYTH, KOJIU TpeTs (a3a MiAKII0YaeThes i3 3aTpUMKOI0 371/ 4 enrpamyca.

Tadanus 2

Crnoci6 nycky A/l Ilepencraprose 3acTrocyBaHHS 3actocyBanns [IT4 | TK 3 peanizamiero pexumy
dopcyBaHHS TPH «CTIPUSTINBODY KOMYTAIlii
30y KCHHS

HQHYFTHMG B! F<0,47 | B/ P <0,47 | B/ Fp<0,63 P./F;<0,7

CIIiBBiTHOIIEHHS

Cucremn mepencTapToBoro 30yKEHHS 37e0iIbIIoro
BUKOPUCTOBYIOTHCS B AJIE 3 cuHXpoHHUMH TeHepaTtopamu. Llei

crnoci® miIBUIIEHHS IMepeBaHTaxyBanbHOI 3maTHOCTi Al Xapak-
0.92 TEPU3YETHCS «TJIMOOKMM» HACHUYCHHSM HOTrO MarHiTHOI CHUCTEM,
II0 JIOIYCTHME JIMIIE y pa3i 3aCTOCYBaHHS CIICIiaTbHO CIPOEKTO-
0.7 BaHUX JUIS IUX Iiel reHeparopiB. B ymoax jokansHux A/IE,
. A mo (GopMyIOTECS 3 €NEeKTPOoOONaAHAHHS 1HIIOTO (YHKLiOHANb-
0. 45 i HOrO IIPU3HAYEHHs, (DOPCYBaHHS EMHICHOrO 30YKEHHS Mae
/ L Pob IyXe OOMEXEHHH Iiama3oH 1 JOMyCKAEThCs JIMIIE Ha KOPOTKU
0.23 N S yac. Ha puc. 3 mokazano pesynsTatu mycky AJl i3 cmiBBigHO-
R 2 RN N HIEHHAM noTyxHocTed Py, / B; 0,36 (kpusi /) ta 0,47 (kpuBi 2)

0 0.4 0.8 1.2 1.6 tc

BIANOBIAHO. Y MOMEHT 4acy t,, = 0,45 c 3aiiicHioBaocs dopey-
BaHHs 30ymkeHHs Al 3a paxyHOK J0JaTKOBO ITiJKITFOUYCHUX
€MHOCTEH. SIK BUITHO 3 pHC. 3, I 000X ABUTYHIB ITyCK BUKOHAHO
ycmimHo. HaBiTh He3Bakarouu Ha Te, 110 Uit AJl MOTYXHICTIO
0,36F; B OJHOMY 3 JOCHIJIB II€ HA CTAafil PO3rOHYy y MOMEHT

qacy loy = 0,9 ¢ monmaTkoBa eMHICTh 30y KCHHS OyJia BiKIIHO4E-

Ha. Omke, 3a JOMOMOTOI0 IEPEACTapTOBOTO  (HOPCYBaHHS
30y DKeHHSI MOKJIMBUH 3amyck AJl, MOTY>KHICTh SIKHX CTaHOBHUTH
1o 47% notyxxuocti AT,

JlocmimKkeHHsT 13 3aCTOCYBaHHSIM 3aMKHYTHX CHCTEM
crabimizanii napametpiB JokansHoro AJIE 3 Al mokasamu, 1o
TaKi CUCTEMH 3a0e3IevyIOTh HOPMalibHE (PYHKIIOHYBaHHS JKe-
peia eHepromocTadyaHHs, SKII0 CyMapHa MOTYKHICTh IiAKIIOUe-
HOTO HaBaHTaKeHHS He nepesuirye 70% MmoTyXHOCTI TeHepaTop-
pa. OnHak Taka KoMIuieKkTallis jokaibanx AJIE BuMarae HassBHO-
CTi IOAAaTKOBUX OaTapeil KOHJEHCATOPIB, a TAKOXK MPU3BOAHUTH 10
3HAYHOTO 3[I0OPOKYaHHA JPKEpelia KUBJICHHS Ta MOTpedye moaart-
KOBOT'O 4acy JJIsi MOHTaXy ¥ MEeBHOI KBasti(hikailii epcoHaty st
HaJIaITyBaHHS.

BucnoBku. YTouHeHo xapaktep 3MiHM Hampyru Al
€JIEKTPOMArHITHOTO MOMEHTY U 4dacToTH obOepraHHs AJl pizHOI
MOTYKHOCTI B iXHIX IMyCKOBHX pekuMax. Bu3HaueHO MakCHMalb-
HO ponyctumy noTyxHicte AJ] ta JITIC, 3a skux 3a0e3neqyeThes
IXHIM BIAIHMHA 3aIyCK 1 TIOaIbIia po0oTa B YCTAICHUX PEKUMaX.
Puc. 3 BcranosieHo, 1m0 BUKOPHCTaHHS ITyCKOBHUX cucTeM Ha 6a3i TPH
Ta CHUCTEM TiepeacTapToBoro ¢opcyBaHHs 30ymkeHHS Al mae

S = N W R~ W

'
—_—

0.75}

0.5
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3MOTY MiJBUILUTH e(eKTHBHICTH poOoTH JokanbHuX AJIE Ta 3a0e3neuntn nmyck AJl mortysxkHictio 10 47%
BiJl HOMIHAJBHOT MOTYKHOCTI TeHepaTopa. 3aCTOCYBaHHS TIEPETBOPIOBAYIB YACTOTH UM 3aMKHYTHX CHCTEM
crabimizauii mapametpiB AJIE 3a0e3neuye iioro Ge3aBapiiiHy poOOTy 31 CllOKMBayaMH, MOTYKHICTb SKHX
CTaHOBUTH He MeHuIe 60% Bix HOMiHAJIBHOT MOTY>KHOCTI ACHHXPOHHOT'O T€HEPaTopa.
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Dynamic modes of operation of a local autonomous energy source with the connection of the main typical consumers of
electricity are investigated. The overload capacity of a local autonomous power source, formed from electrical
equipment of other functional purpose on the basis of an asynchronous machine with capacitive self-excitation, is
determined. The conditions for the implementation of "favorable" switching during startup of motors of comparable
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Key words: autonomous power supply, starting system, generator with self-excitation.

Hapiiimna 28.02.2020
Octarounwnii BapianT 10.05.2020

48 ISSN 1607-7970. Texn. enexmpoounamira. 2020. Ne 5



EJIEKTPOEHEPT'ETUYHI CUCTEMU TA YCTAHOBKU

DOI: https://doi.org/10.15407/techned2020.05.049

ADJUSTMENT OF THE MATLAB SURGE ARRESTER MODEL PARAMETERS

O. Shpolianskyi
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pr. Peremohy, 56, Kyiv, 03057, Ukraine,
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This article proposes a method for the parameters adjustment of the Matlab Simscape library Surge Arrester block. It is
based on building of nonlinear V-I characteristic by approximation of residual voltage and impulse current obtained
from manufacturer catalogs. Given parameters of the exponential function are checked by transient simulations under
impact of standard current impulses on surge arresters. References 14, figure 1, tables 3.

Key words: zinc oxide surge arresters, parameters of mathematical model, residual voltage, impulse of current.

Introduction. Internal and external overvoltages often occur in overhead transmission lines and
substations. They can cause damage of equipment in cases when voltage exceeds the insulation level.
Analysis of transient processes without taking into account the operation of the surge arresters can show the
levels and duration of the overvoltages that affect them [1,2]. This can be useful in a case of choosing ways
and means of overvoltage protection.

Installation of surge arrester can provide a limitation of overvoltage to a chosen protective level [3].
One side of the surge arrester is connected to the protected equipment, and the other to the ground. It limits
transient voltage during switch commutations, lightning discharges and other disturbances by changing the
nature and value of its leakage current.

Modern gapless surge arresters use zinc oxide (ZnQO) elements in form of cylindrical blocks that have
extremely non-linear voltage-current (V-I) characteristic

I=KV", (1)
where K =1/R is the conductance of arrester, B is the measure of non-linearity between V and I. The
measure of non-linearity can also be represented as 1/a.

The parameter K depends upon the dimensions of the block, while a, which describes the nonlinear
characteristic, depends upon the block material. By altering a and K, the arrester can be designed for any
conducting voltage and nominal current discharge.

In Matlab Simscape library the nonlinear V-1 characteristic of the surge arrester is modeled by a
combination of three exponential functions of the form

VIV =k (1/1,,)", i=1,2,3 (2)

base i
where V.. 1s the protection voltage of the surge arrester, /.. is the current used to specify the protection
voltage. Usually 7, takes value 500 A or 1 kA.

The Matlab user guide says that default parameters k and a given in the dialog box fit the average V-I
characteristic provided by the main metal-oxide arrester manufacturers and they do not change with the
protection voltage. But the parameters of the three segments may need to be tuned to fit the V-I characteristic
usually provided in the surge arrester datasheets [4]. The purpose of this article is to verify the accuracy of the
initial V-I characteristics and develop a method to adjust V-I curve parameters of the Matlab surge arrester
model according to the information from catalogs of their manufacturers. There are researches devoted to
arrester model parameters are well known. However, they are mainly concerned to identification of models
parameters and comparison of different model types using measurement result and simulation [5-7].

Surge arrester V-I characteristic curves. The Figure presents typical electrical characteristic of a
ZnO surge arrester [8]. This characteristic has four specific points. Point / corresponds to the maximum
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continues operation voltage (MCOV) V. — the maximum designated root-mean-square (rms) value of power-
frequency voltage that may be applied continuously between the terminals of the arrester. It can be applied
continuously (> 2 hours) across the arrester terminals without a discharge. Leakage current is extremely low
and has capacitive nature, due to ground capacitance. Point 2 corresponds to V, — the rated voltage of a metal-
oxide arrester characterizes the capability of the arrester to deal with temporary overvoltage (TOV) in the
system. The standards stipulate a time period of 10 seconds [9]. Some manufacturers permit a time period of
100 seconds. The  resistive
component of leakage current under
these conditions is about 300 pA
% @ [10]. Point 3 corresponds to V.- the
reference voltage. It is the lowest
peak value independent of polarity
of power-frequency voltage, divided
by the square root of 2, required to
| __Protectivelevel produce a resistive component of

current equal to the reference current
of the arrester or arrester element.
The reference voltage of a multiunit
arrester is the sum of the reference
voltages of the series units. The
Vi = Ve voltage level shall be specified by
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im in uA "T 7 h="7=; the manufacturer. Reference current
e (SRR (1) is the peak value of the resistive
Current through the arrester ——m (peak value of ref p
8/20 p1s wave) component of a power-frequency

current high enough to make the effects of stray capacitance of the arrester negligible. This current level shall
be specified by the manufacturer. Depending on the arrester design, the 7., will typically be in the range of 0.4—
10 mA [8]. At point 4 surge arrester conduct the current 2,5 — 20 kKA or more.

Surge arrester V-1 characteristic curves can be divided on three main regions [11]. The pre-
breakdown region or the leakage current region is where an arrester is not in severe conduction mode and
there are only microamperes flowing through the semiconductor. This area of the V-I curve accounts for the
vast majority of a surge arrester’s typical life and, since very little heat is typically generated, the surge
arrester can operate almost indefinitely. The leakage current in this region is capacitive. The upper boundary
of this zone corresponds to a voltage that slightly above V.. The breakdown region is the part of the V-I
curve in which even minimal voltage increases lead to a significant rise in the current. This region is
characterized by presence of power frequency overvoltages of relatively long duration (from a few cycles to
seconds). These overvoltages usually occur on the healthy phases of a system during an earth-fault involving
one or more phases. Other overvoltage sources are load-rejection, energization of unloaded lines, ferrores-
onance, etc. The current in the breakdown region is predominately resistive. High current region is the area
of currents greater than about 100 A. The lower end of this region is where switching surges are found. The
higher current region surge arrester performs its surge clamping function. The conductivity interval of surge
arrester in this region is milliseconds down to microseconds. Moreover, the higher is the current, the shorter
is the surge length. Also, in this region the zinc oxide grains are controlling the resistance of the surge
arrester. This is the region that gives the discharge voltage or residual voltage data found in most
specification charts for arresters. The current in the higher current region is predominately capacitive [8].

Model parameters adjustment. As already was noted, V-I curve is a critical feature of the surge
arrester. But equipment manufacturers don’t always provide the full range V-I curve in their buyer guides
and catalogs. Information that allows matching a certain current value to voltage value is the maximum
residual voltage with current wave. Residual voltage (V.. is the peak value of the impulse voltage that
appears between the terminals of an arrester during the flow of discharge current. Usually, two types of
discharge current are presented in catalogs. There are switching current impulse and lightning current
impulse. The switching current impulse is the peak magnitude of discharge current having a recommended
standard impulse shape, a virtual front time greater than 30 us but less than 100 us and a virtual time to half
value on the tail of roughly twice the virtual front time [3]. The current amplitudes lie between 500 A and 3
kA for high voltage station class arresters, and roughly reproduce the load of an arrester caused by
overvoltage due to circuit breaker operation. The lightning current impulse is the peak magnitude of
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discharge current having a recommended standard impulse shape, a virtual front time greater than 7 ps but
less than 9 ps and from 18 to 22 ps for time to half-value on the tail. The current amplitudes lie between 5
kA and 40 kA for high voltage station class arresters. The duration of the standard switching and lightning
impulses respectively are 30/60 and 8/20 ps [9, 12]. Residual voltage of 800 kV surge arresters for the
impulses of different amplitudes is shown in the table 1 [13, 14]. As we see, the residual voltage of the
arrester with the same rated voltage V, of both manufacturers are different. This can be explained by the
difference in characteristics of the ZnO blocks from which they are assembled. Therefore, we need to build
V-I curve for surge arresters of each manufacturer.

Table 1
Maximum residual voltage with current wave, kV
Rated MCOV manufacturer’s data
voltage V,, | V, kV
KV rms ms 30/60 ps 8/20 us
05kA | Lka | 2kA | 3kA | 5kaA 10,kA | 20,kA | 40,kA
ABB Exlim T
588 470 - 1134 1167 1189 1247 1299 1402 1525
612 490 - 1180 1214 1237 1298 1351 1459 1587
624 499 - 1203 1238 1261 1323 1378 1488 1618
Siemens 3EQ3
588 470 1098 1131 1164 - 1250 1323 1442 1574
612 490 1143 1177 1212 - 1301 1377 1501 1639
624 499 1165 1200 1236 - 1327 1404 1530 1671

The Matlab default parameters k and a of each segment are: £,=0,955, a,=50, k,=1,0, 0,=25,
k;=0,9915, a3;=16,5 [4]. The parameters of V-I curve for each segment will be determined by the least
squares method. First of all, find the transition currents. The transition currents from segment / to segment 2
and from segment 2 to segment 3 are equal to

_%

ilzzpl(f)l/})z)ﬁal‘23:P2(P2/P3)a370’2’ 3)
[k, i=1,2,3, nis the number of ZnO block columns.

Calculate the transition currents under default parameters. They values are i;,=100,04 A, i,3=1513,25
A. Thus, for the ABB surge arresters we preliminarily have 1 point of the V-I curve in the second segment
and 6 points in the third. For the Siemens surge arresters we have 2 points in the second segment and 5 points
in the third. There are no points of the V-I curve in the first segment for surge arresters of both companies.

Simulation results of residual voltage of surge arresters under default parameters presented in table 2.
I=1 kA and corresponding value of V,.; were chosen as the base point for equation (3). This led to the fact
Table 2

where P =nl

Base

Maximum residual voltage with current wave, kV
Rated MCOV Matlab simulation with default parameters
voltage V,, | V, kV
by e e | e 30/60 ps 8/20 pis
05.kA | Lka | 2k | 3kA | ska 10,kA | 20,kA | 40,kA
ABB Exlim T
588 470 - 1133,6 1170,93 | 1199,33 1235,83 1287,35 1340,97 1396,8
612 490 - 1179,57 | 1218,41 | 1247,96 | 1285,95 1339,56 1395,36 1453,47
624 499 - 1202,55 | 1242,15 | 1272,28 1311,02 1365,66 1422,54 1481,79
Siemens 3EQ3
588 470 1099,22 | 1130,61 | 1167,84 - 1232,56 1283,95 1337,42 1393,11
612 490 1143,88 | 1176,57 | 1215,32 - 1282,68 1336,16 1391,82 1449,78
624 499 1166,21 | 1199,55 | 1239,06 - 1307,74 1362,27 1419,02 1478,11
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that Jres obtained as the results of the simulation for 1 kA impulse will very exactly match the value from
the manufacturer catalog. The difference is about 0.4 kV. The difference under the current impulse of 0.5 kA
for Siemens surge arresters is 0,88 — 1,22 kV or 0,08-0,122%. This can be explained by the fact that the
current value of 0.5 kA is located in the second segment of the V-I curve, which is enough accurately
represented by the default parameters k and a Further, with increasing current, the difference between the
simulation results and the manufacturer's data increases. Its absolute value for 40 kA impulse reaches 136,2
kV for ABB surge arresters and 192,9 kV for Siemens surge arresters or about 8,4% and 11,5%. Therefore,
the default parameters & and a of the third segment of the V-I curve are subject to adjustment.

Using the least squares method, we find the parameters & and o for the third V-I curve segment. Then
we calculate again the transition current values. We repeat this procedure several times to make sure that the
transition currents do not change significantly. If significant changes occur, then we find the residual voltages
with current wave 30/60 and 8/20 ps for the two pairs of k£ and a and choose the best. As a result, the following
values were obtained for the third segment of the V-I curve: £;=0,9542 and a;=11,2992 for ABB Exlim T
models; £;=0,9458 and a;=9,9384 for Siemens 3EQ3 models. Unfortunately, the insufficient number of points
in the second segment and their absence in the first do not allow adjusting all V-I curve parameter.

The results of simulation with adjusted & and a are presented in table 3. The residual voltage of the
ABB surge arresters, except 10 kA impulse, has become much close to the manufacturer’s values. The
amplitude of residual voltage deviation at 10 kA impulse increased from 11,5-12,3 kV to 34,5-37 kV. But at
40 kA impulse, the deviation decreased by more than 10 times and became less than 13 kV. The maximal
relative value of deviation is less than 2,7 %.

The absolute residual voltage deviation of Siemens surge arrester decreased in all points. The
maximal absolute value of deviation doesn’t exceed 29 kV and relative — 1,82 %.

Table 3
Rated Maximum residual voltage with current wave, kV
voltage MCOV Matlab simulation with adjusted parameters
Vi, X;’S kv 30/60 ps 8/20 ps
kV rms 05.kA | LkA | 2kA | 3kA | ska | 10kA | 20ka | 40,kA
ABB Exlim T
588 470 - 1133,6 | 1165,73 | 119561 12523 1333,9 1420,73 1513,18
612 490 - 1179,57 | 1213,01 | 1244,09 | 1303,09 1388 1478,36 | 1574,57
624 499 - 1202,55 | 1236,65 | 1268,33 | 1328,48 | 1415,05 | 1507,17 | 1605,25
Siemens 3EQ3
588 470 1099,21 | 1130,61 | 1162,65 - 1256,81 1347,17 | 1443,96 | 1547,65
612 490 1143,88 | 1176,57 | 1209,93 - 1307,92 | 1401,96 | 1502,68 1610,6
624 499 1166,21 | 1199,54 | 1233,56 - 1333,47 | 1429,35 | 1532,46 | 1642,06

Conclusion. The studies in this article showed that transient simulation using the default Matlab V-I
curve parameters of a surge arrester can lead to the deviation in determining the residual voltage up to 11%.
As the current in the region of switching and lightning impulses increases, the deviation between the
simulation results of residual voltage and manufacturer’s data also increases. To adjust the V-I curve
parameters of the surge arrester, it is proposed to use the least squares method based on manufacturer’s
catalog data. The calculations of the residual voltage showed, that using the adjusted V-I curve allows to
reduce the maximum relative deviation by 3-6,5 times and absolute deviation by 120-160 kV. Adjustment of
the model parameters provide more accurate results of the transient overvoltage simulation and will allow to
more accurately choose a surge arrester for effective overvoltage protection.

The article was prepared on the basis of research within the scientific project No.: IlI-32-19 “Development of
methods and models for the analysis of electromagnetic transient processes in order to prevent overvoltage”. Program
code of classification of expenses «6541030».
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3anpononosano memoo ymouHenHs napamempie mooeni obmedcysaua nepenanpyeu 3 oioniomexu Matlab Simscape.
Bin ocnosanuii Ha no6y0086i HeniHIlHOT 801bM-AMNEPHOT XAPAKMEPUCUKY WISAXOM ANPOKCUMAayii 3a1UKo80i Hanpyau
i imnyaecy cmpymy @yHKYiero 3a0anoeo udy 3a OaHUMU Kamanoeie eupodOHukie. Ompumani napamempu eKcno-
HeHyianbHoi PYHKYIT nepesipalomucs WIAXOM MOOENI0GAHHA Nepexiono2o npoyecy nio 6NAUBOM CMAHOAPIMHUX
imnynscie cmpymy Ha oomedcysay nepenanpyau. bidmn. 14, puc. 1, tabmn. 3.
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B cmamve npeonooicen memood ymouHeHus napamempos mMooenu 02paHuuumesis nepeHanpadceHull usz oubauomexu
Matlab Simscape. OH oCHO8aH Ha NOCMPOEHUU BONLM-AMNEPHOU XAPAKMEPUCTNUKU HYymMeM annpoKcumMayuu
OCMAMO4H020 HANPSICEHUS. U UMNYIbCA MOKA DYyHKYUell 3a0aHH020 6U0a N0 OGHHbIM KAmMaio208 npou3eo0umernel.
Ionyuennvie napamempsl IKCNOHEHYUATLHOU PYHKYUU NPOBEPSIOMCS HYMeEM MOOEIUPOBAHUs NePexoOH020 npoyecca
noo so30eticmauem CmaHOapmHbIX UMNYIbCO8 MOKA HA 02paHuyumens nanpsicenus. bubn. 14, puc. 1, Tadmn. 3.
Knroueevie cnoea: orpaHuyuTellb MEPEHANPSHKEHUS K3 OKCHAA LMHKA, IMapaMeTpbl MaTeMaTHUYeCKOH MoJenH,
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Memoro pobomu € yOOCKOHANEHHA 3aXUcmy 6i0 OOHOQAHUX 3AMUKAHbL HA 3eMAN0 01 PO3NOOLIbHUX eNeKMPUYHUX
Mepedic WAXOM YCYHEHHs 6a0 GI0oMux memoodie saxucmy. [na cenekmusHoi Oii 3axucmy 6U3HAuaiomv HAnpsIM
PEeaKkmueHoi NOMy*CHOCMi 3a 00NOMO20I0 BUOINEHUX 3i CMpymy i Hanpyau Hy1b080i NOCIIO08HOCMI CKIA00BUX 3
yacmomoio, euworo 3a 50 I'y. 3adns yvoeo euxopucmosgyioms yugposi wacmomui ginempu. 3a 0onomozoio
Mamemamuynoi MoOeni UABNEHO MOMHCIUBICIb HeCeNeKMUBHOT poOOmMU MAK020 AnNeOpUMMY depe3 6Naue anepiooudHux
CKNA00BUX Yy CMPYMax i Hanpyeax y NepexioHux npoyecax, d maxoic HeOOCMAmuio 4ymIUGIiCMb 3axucmy y pasi
3aMUKanHs asu Ha 3emnio uepes akmusHi onopu, Oitbwi 3a 10-20 Om. Ompumano 3anedicHocmi peakmusHOL
NOMYACHOCMI 810 Yacmomu CueHanie, axi eudinaromocs ginempamu I epmyens. Li ¢pinompu 6353mo 3a ocnogy, 60 6onu
nompeoby0ms MeHWUX 0OUUCTIOBATILHUX 6UMpam y NOPIGHAHHI 3 Ouckpemuum nepemsopenuam Dyp’e. 3anpononosarno
neped nooauery cmpymy i Hanpyeu HYIb080i NOCIIO0BHOCMI HA YACMOMHI Qinbmpu UKOHysamu ixXHE Ougheper-
Yit08aHHs, WO NOCIAOTIOE BNIUE ANEPIOOUYHUX CKIAO008UX HA (a308i NoXubKu peie ma 3HAYHO NIOCUTIOE KOPUCHI
cuenanu. 3a0na niosuwjeHHs yymaugocmi peie y pasi 3aMuxkanus asu Ha 3emiio yepe3 akmusHuti onip oo 100 Om y
cxemy pene exaoyaroms Qinempu I epmyens (013 cmpymy i Hanpyeu) 3a01a 6UOLIEHHS CKIA008UX Olisi 080X PI3HUX
uacmom, a peaKxmugHy NOMYAHCHICIb 3HAX00AMb K CYMY NOmysucHocmelt 0us neputoi i opyeoi wacmomu. Yymaugicme
VYOOCKOHANEHO20 ANCOPUMMY 3aXUCMY Y NOPIBHAHHI 3 8i00MUMU aneopummamu 3axucmy nioguwero 6 10-20 pasis. bioam.
13, puc. 6, Tabdm. 2.

Kniouosi cnosa: 3amukanus (a3 Ha 3eMIII0, KOMIEHCOBaHA EIIEKTPHYHA MEpEkKa, CEJIEKTUBHUIN 3aXHCT, aJITOPUTM
[epruens, cTpyM i Harpyra HyJIbOBOI IOCJIIJIOBHOCTI, PEaKTHBHA ITOTY>KHICTb.

AKTyaJbHicTH TPO0JIeMH Ta ii 3B’A30K 3 NPUKJIAAHUMH 3a1a4aMu. EnexTpuyni Mepesxi Hanpyroro
6-35 kB i3 3a3emiieHOI0 Yepe3 IHIYKTUBHY KOTYIIKY (peakTop) HEWTPauTlo Ha3MBAOTh KOMIIEHCOBAHUMH.
BoHm € mocTaTHRO MOMIMPEHUMH B €IEKTPHYHHUX CHCTeMaxX. Pe30HaHCHO HaJaITyBYIOUM PEaKTOp, MOXHA
3MEHIIUTH CTPYMH 3aMHKaHHS Ha 3€MIII0, TICPSHAIIPYTU Ta BIPOTIAHICTh BUHMKHEHHS MDK(a3HUX KOPOTKHX
3aMUKaHb, 10 B IJIOMY MiJBHUIIY€E HAAIHHICTD €IEKTPONOCTaYaHHs CroKuBadiB. CyTTEBOIO BajOI0 TaKUX
SIIEKTPUIHUIX MEPEXK € Te, IO TPAAWIIIHHI CHCTEMH PEJICHHOTO 3aXUCTY Bil oAHO(MA3HOTO 3aMUKaHHS a3y Ha
3emiito (O33) He 3a0e3MeuyroTh HEOOXIMHOI CEIEKTUBHOCTI 1 Uy TIUBOCTI. Lle MoB’sa3aH0 3 THM, IO B 3aJICK-
HOCTI BiJI CTYIICHSI HACTPOWKH PEaKTOpa, B YIIKOKEHOMY NPUETHAHHI HAMPSIMOK PEAKTUBHOI MMOTYKHOCTI, SIKY
KOHTPOJIIOIOTH MIPUCTPOI 3aXHUCTY, MOXKE OYTH TaKUM, K y HEYIIKO/HKEHOMY. 3a Tl BUPIIIIEHHS 1€l Ipo0ieMu
MPOIIOHYIOThCS Pi3HI METOJIH, aJie B IIIJIOMY BOHA II[E HE € BUPIIICHOIO.

Ornsan myoaikaniii i Hemoriku Binomux pimensb. [Tutanns 3axucty Big oqHO(a3HUX 3aMUKaHb Ha
3eMITI0 JOCIHIJKYIOThCS JTOCUTh aKTHBHO, KUIbKICTh MaTepialiB Ha If0 TEMY HACTLIBKH BEIMKa, IO 4Yac Bill
gacy 3’SBIAIOTECS poboTu [1-3], sAki KIacudpikyloTh i TOTOMAararoTh po3iOpaTHCh y Pi3HOMAITTI BiJOMEX
cnoco0iB 3axucTy. Y poOoTi [4] mokazaHo, mo B Mepexax 6-10 kB 3a 1omoMororwo mpocTHX CTPyMOBHX 1
CIpPSMOBAaHUX 3aXUCTIB BaXKKO, a iHOMI 1 HEMOXIHMBO, 3a0e3neuntd 3axucT Big O33 3 HeoOXimHOMO
YYTIWBICTIO 1 CeIEKTUBHICTIO. L{e crioHyKae 1o mepeHeceHHs yBaru 3 ycrajieHoro pexxumy 033 Ha mepexinHi
npoiiecH, o BUHUKATh mij yac O33. JlomaTkoBUM apryMEHTOM € Te, IO CTPYM HYJIBOBOI MOCIIIOBHOCTI
i1 4ac MepexiIHOro MpoLecy 3HaYHO NEPEBHILYE TAKUH CTPYM ycTaneHoro pexumy micist O33.

VY cratTi [5] onmcano crioci® kiacudikarii 30ypeHp y cUCTeMaX eNeKTPONOCTaYaHHs, MO OYAyeThCs
Ha YacTOTHIN QimpTpamii CTpyMiB 1 Hampyr 3a JOMOMOIOI0 BEHBIIET-TICPETBOPEHHS W MOJAIBIIOTO BUKO-
pUCTaHHs MalllMHU OMOPHUX BeKTOpiB (SVM) 3aiis BUALICHHS CYTTEBUX O3HAK SIBHII, IO BiIOYBAIOTHCS B
cucremi. Y [6] TPyHTOBHO pO3TJISIHYTO OUIBIN 3arajibHi METOMM aHali3y HEeCTallilOHApPHUX IPOIECiB y
HENTIHIHHAX TUHAMIYHUX CHCTEMaX, SKAMH € 1 eJICKTPUIHI MEePEKi B peKUMI HECTIHKOTO 3aMUKAaHHS Ha 3eMJIIO.

VY [7] nponioHyeThCsl 6araTo4acToTHE pejie OMopy, OCKUIBKA BOHO Ha YacTOTI KHBIICHHSI MEPEki He
MOXKe TPAlOBATH B MEPEXkax 3 PE30HAHCHUM 3a3eMIICHHSM HeHlTpaini. Y poOorti [8] 3ampomoHoBaHO pese
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CEJIGKTUBHOTO 3aXWCTy 3 BHIUICHHSM 31 CTPyMy 1 Hamnpyrd HyJIbOBOI ITOCHIJOBHOCTI 3a JOTIOMOTOIO
4acTOTHOTO QUIBTPY CKIaI0BO1 3 yacToToro Buiie 3a 50 ['m.

Ha mamr mornsiji, mepcrneKTUBHUM € BUKOPHUCTaHHS 0araTo4acTOTHOTO peje MOTyKHOCTI. OCKiUTbKU
JOKEpPEeNIOM TaKMX YacTOTHHX CKJIaNoBUX € Tmepeximaumii mpomec O33, To HEOOXiTHMMH € BiIIOBiIHI
JOCITIKEHHS Tiepexigaux mporeciB mpu 033 1 po3podka HOBUX e(hEKTHBHUX aJTOPUTMIB IXHBOTO aHAJI3Y.
Amnani3 nepexigHux nponeci mig 9ac O33 € HEOOXiTHUM SIK Y MEPBHHHHUX KOJaX MEpEkKi, Tak i B KoJax
3axucty. s 11pOro moTpiOHO pPO3POOMTH BIAMOBIAHI MareMaTHU4Hi Mojeni. Bimomi myOmikariii, B sSKuX
OmHMCaHO MaTeMaTu4yHi Moxaelni Mepex 6-10 kB [9] i moxem amroputMmiB 3axucty [10]. Takox B [11] Oyio
OIMCAHO CXOXKHH aJTrOPUTM 3aXHCTy 3 BUKOPHCTAHHSAM 3311 BUAUJICHHS HEOOXiTHUX HUPPOBUX (QLIBTPIB
JIPYTOT'0 MOPSIKY 3 HECKIHUYEHHUMH IMITyJIbCHUMH XapaKTepUCTHKaMH. BiToMO Mpo BUKOPUCTAHHS MPOTpa-
mu moxemtoBaHHs EMTP-ATP nns anamizy mepeximHUX TPOIECiB y eIeKTpUYHHX cucTemax [12], omHak,
Taka MporpamMa HE € IMHPOKO TOCTYITHOIO 1 He 3abe3medye, Ha HAII TMOTJIAN, HEOOXiTHOI THYYKOCTI Ta
MPO30POCTi MOJICTICH.

[Iporte, HamIi JOCTIIKEHHS PUCTPOIB 3aXKCTY, B IKHX BUKOPUCTOBYIOTHCS YaCTOTHI CKIIAJ0BI BHIIE
50 T'ip [11], mokasany iXHIO HEAOCTATHIO YYTIHMBICT ¥ pa3i 3aMHUKaHb (Da3u Ha 3eMJIIO Yepe3 aKTHUBHI OMOPH
nopsinky 10 Om 1 Oinbine, a TakoXX MOKIMBICTh IXHBOI HECENEKTHBHOI poOOTH 3a HAsSBHOCTI BIJHOCHO
BEJIMKUX 3HAYCHD allePioIMYHUX CKIAIOBUX Y CTpyMax i Hampyrax HyJbOBOI MOCIiIOBHOCTI.

Merta pocaimkenb. Y TOCKOHAIECHHS 3aXHCTY BiJl OMHO(A3HNX 3aMUKaHb HA 3€MITIO JIJISl PO3TIOALITE-
HUX ENIEKTPUYHUX Mepexxk 6-35 kB 3a paXyHOK MiABUIIEHHS YYTIMBOCTI 1 CENEKTHBHOCTI il HUISXOM
BU3HAYCHHS HAMPSIMKY CyMapHOi PEaKTHBHOI MOTYXXHOCTI B KOHTYpPi HYJIBOBOI IMOCIIiJOBHOCTI JUISl CKJIA0-
BHUX 3 YacToTaMu, BUIIMMH 3a 50 I,

OcHoBHHUII MaTepiaJ i oTpuMaHi pe3yabTaTH. 32711 YCYHCHHS YKa3aHUX BUIIE HEAOIKIB JIIOUNX
3aXHUCTIB y poOOTI 3aMPOIOHOBAHO METOIU YAOCKOHAJICHHS 3aXHUCTIB, SKi MOJATAIOTh Y 3MEHIICHHI BIUIUBY
anepioIMYHNX CKIAJOBUX Yy CTpyMax 1 Halpyrax HyJbOBOI IOCHIJIOBHOCTI 32 JOTIOMOTOK) TOTIEPEIHBOTO
3HaXOKEHHs iXHIX moximaux. OTpuMaHi MOXiTHI TOAa0Th HA CMYTOBI 9acTOTHI QiIBTPH I BUIIJICHHS 3
HUX CTPYMiB 1 Hampyr onHiei 3 4acror i3 miamazony 100-300 I'm, mono sKWX i BU3HAYAIOTh PEAKTHBHY
MOTY>KHICTh IS MOYaTKOBOro MOMeHTy BuHHMKHEHHs O33. 3a HEOOXiAHOCTI MOAANBIIOrO MiABHINECHHS
YYTIMBOCTI 3aXHCTy BHKOPHUCTOBYIOTh HAIpPSIMOK CyMapHOi PEaKTHBHOI MOTYXKHOCTI, Ky 3HaXOAATH 3a
JIOTIOMOTO0 (ITBTPIB 31 CKIAJOBUMHU JIBOX Pi3HUX 4acToT, Hanpukian, 100 i 250 T'o. J{ng 3MeHmieHHs gacy
CIIPAIIOBaHHS PeJie OPTOrOHANBHI CKJIAJIOBI BUIUISIOTH 32 JOMOMOIOI YacTOTHHX (iIbTPiB, TOOYIOBaHUX
3a anroputMoM ['epTuens, sikuii moTpeOye MPUOTU3HO Y /Ba pa3d MEHIIE OOYMCIIOBAILHUX OMepaliil y
MOPIBHSIHHI 3 TUCKPETHUM TIepeTBOpeHHIM Dyp’e.

Bnok-cxeMy ynOCKOHalIEeHOTO 3aXUCTy HaBEJCHO Ha PUC. 1, CipMM KOJBLOPOM BUALICHO OJOKH, SIKi
JI0OJaHo 10 Bimomoi cxemu [11].

orf1 )
SN N = X
Q(f1)
Or-f2 f—
U(f1)
s
o+ = BO
Or-fl
y 1(f2) Q(f2)
—»l AL > d/dt X
> OI-f2 J u(e2)
Puc. 1

CxeMa MicTUTh aHajoroBo-mudpoBi meperBoproBadi (ALIl), mo mpamrorore 3 dacroToro 1600
BiZUTIKIB HA CeKyHAy. Ha HHMX MOAaloTh CTPYMH 1 Hampyru HyJIbOBOi MOCTIJOBHOCTI, SIKi HaIXOAATH BiA
BAMIPIOBAIBHAX TpaHC(HOPMATOPIB CTPYMY HYJIBOBOI MOCTIJOBHOCTI 1 HANpyTd HYJHOBOI ITOCIHiOBHOCTI
BimmoBigHo. CurHaym 3 Buxo#niB AllIl momarots Ha Omoku mudepentitoBanas d/dt, miciss 4oro BOHH
Hanxoaate Ha ¢QinbTpu ['epruens (DPI) 3aans BUAINCHHS OPTOTOHAIBHHX CKIAJOBUX CTPYMY 1 HAllpyTH 3
yactotamu fl Ta f2. PeaktuBHi motyxHocTi 1y gactoT Q(fl) i Q(f2) oGuncmoroThes y 6mokax q1o0yTKy X
3a BHPa3oM

O(fy)=Re[I(f)]- Im[U(f,)]-Re[U(f)]- Im[I(f)], (1)
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a micns iXHBOTO MiJICYMOBYBaHHS BOHH HaJIXOMATh J0 BUKOHABYOro oprany BO, B sikoMy 3a JOMOMOTrOO
KOMIIapaTopa MOPiBHIOIOTh CyMapHy PEeaKTUBHY MOTYXHICTh () 13 3a/IaHOI0 MOPOroBoto O, i, Akuo O>0,, T0
pelie 3aXUCTy CIpalboBYye
Q=0(/DH+0(f2)>0p. 2)

XapakTepHOIO OCOOJMBICTIO JAHOTO 3aXHCTy € Te, IO BiH pearye Ha YacTOTHI CKJIAJOBi, BHII 3a
4acTOTy >KuBJIEHHS Mepexi (50 I'm), siki 3aBKAM MPHUCYTHI y CTPyMi 1 Hampys3i HyJbOBOi MOCTIIOBHOCTI B
MOMEHT 3aMUKaHHS a3y Ha 3eMJII0, KOJM BHHUKAE MEPEXiJHUI Mmpoliec y 3B’A3Ky i3 MOPYIICHHAM MOTe-
PEHBOTO HOPMAIBLHOTO pexuMy. [IpH 1IbOMY TPHBAJICTh BUXIJTHOTO CUTHAITY CIIPAIFOBAHHS 3aXHCTY Y pasi
033 cknanae npudbau3Ho 20-25Mc, a aMIUTITY1a 3aJIeKUTh BiJl BHOpaHOi yacToTH sl GinbTpiB [epriens.

3a1is1 AOCTIHKEHHS CIIEKTPAIbHOIO CKIIaAy CHTHANIB Y CTPyMax i Hampyrax HyJbOBOI MOCTIZOBHOCTI
Ha oyaTKy O33 Ta OIIHKK YyTJIMBOCTI 3aXHCTY 3a Pi3HUX 3HAYCHH OIMOPY B MICIIi 3aMUKAHHSI CKOPHUCTAEMOCS
METOJIOM MAaTeMaTHYHOIO MOJICNIOBaHHs. MaremMaTuuHa MOJelb Uil CXEMH eJEeKTPOIOCTadyaHHs 3aJaHol
crpyktypu [11] ckmamaerbest 3 audepeHUiHHUX PIBHSAHB [UIS BITOK 1 BY3JIB CXEMH, PIBHSIHb YHCEIBHOTO
BU3HAYCHHSI MOXIMHUX 1 PIBHAHb BU3HAYCHHS OPTOTOHAIBHUX CKIAJ0BHX 3aJaHOT YacTOTH 32 JOMOMOTIO)
anroput™my [eprriens. 3amis 3MEHIICHHS MOXIJIMBOTO MIACHICHHS 3aBaj Y BXIJHHX CHTHaJaX CTPyMy i
Hanpyru ONoKu Au()epeHIiFOBaHHS BUKOHAHO Ha OCHOBI METOJly €KBIBAJICHTHUX CUHYCOIf [13], 3rifHO 3 SKUM
BUKOPUCTOBYIOTh IHTEIPAJIbHE YCEPEIHEHHS 3-5-X MUTTEBHMX 3HAYCHb CHTHAJIB, a MOXiJHY 3HAXOIATH JJIsI
IeHTpy iHTepBady. Hampuimam, 3a HOMOMOTOH TPhOX ITUCKPETHUX 3HAYCHb CTPYyMy (HAmpyTH) ITOXiTHI
BU3HAYAIOTh 32 BUPA30M, Y SIKOMY (® — KyTOBa 4acTOTa, /I — KPOK pO3paxyHKy

di 1 _ . .
E:—Z-a)-h(?,'l”_4.l"71+l”72)' 3)

OpToroHanmbHI CKIIAOBI CTPYMIB 1 HAIIPYT AJIT TAaPMOHIKH K-ro HOMepa 3a JOTIOMOTOI0 aJlTOPUTMY
epruens 3HaX0AATh Ha KOXXHOMY KPOIi pOo3paxyHKiB, BAKOPUCTOBYIOUM MacuB 3 N JIMCKPETHUX 3HAYEHb i,
iz,.., IN CTPyMy (Hampyrw) Ha Tmepiofi mepmoi TapMOHIKH YacTOTH JKUBJIGHHS Mepexi. Po3paxyHku
MPOMDKHHAX 3HA4YeHb IPOBOATH METONOM iTepalliidf, a Ha 3aKIOYHOMY KpOIll 3HAXOIATh KOMIUICKCHE
3HAYEHHSI BUX1THOTO CHTHAJY 32 BHpa3aMu

X =l Xy=hAacl; X, =LAl =0 e Xy =iy + iy —iy

z , 2 A - 4)
a=2~cos(2~ﬁ'k); Xkiny =N'[xN -exp(]~2~ﬁ'k)—xN1}

Hocnimkeras nporeciB O33 1 MOBEOiHKY 3aXHCTy PO3TIASHEMO Ha NPHKIANI THIIOBOI CXEMH
€JIEKTpPOIIOCTayaHHs Hampyror 6 kB 3 KOMIEHCOBaHOIO HEWTpayuIio, MPUHIMIIOBY 3aCTYIHY CXEeMy SKO1
HaBeJleHO Ha puc. 2. Cxema MiCTHTh TpaHcdopMaTop, 110 KUBUTH Mepexy (BiTku 13-15), Tpu dpinepu F1-F3
3 kabenpHUMH JiHIIMH (BiTKH 1-9), peaktop (BiTka 16), mixkdasni emHocTi (BiTKH 10-12). €mHOCTI (a3 Ha
3emito s digepie F1-F3 BiamosigHo cranommsth 1, 8 1 12 Mx®d, a onopu i30s11il Ha 3emito RIT-RI9 — 1
1 MOwM. IHAyKTHBHICTH peakTopa 3a PEe30HAHCHOTO

E13 |43 L1 RI >
R = p HajamTyBaHHA cTaHOBUTH 00,1463 I'H, a Hioro akTHs-
E14 L1a o, L2 R2 Ri2 o Huit omip — 0,1 Om. 3a pe3oHaHCHOTO HaJaII-
<23 TYBaHHS pEaKToOpa 1 CTIKOrO 3aMHKaHHS Ha 3eMJII0

L15 L3 3 :
€15 R18 R3 ¢dasu 4 dinepa F1 (RI1=1 Om) ycraneHi 3HaueHHS

F

CTPYMiB HYJIBOBOi ITOCTITOBHOCTI (imepiB 1 peak-
TOpa, & TaKoX Hampyra i peakTHBHA TOTYXHiCTh
¢inepa F1 cTaHoBIsATH
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1., =(0,577 - j10,339) 4;
! I, =(~0,018— j27,448) 4;
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PeaktuBHi motyxHocTi s dinepiB F2, F3
MaloTh Takui ’ke HampsMmok, sk B F1, Tomy
CEJICKTUBHICTh 3axucTy Ha dvactori =50 I'm He
3abesrneuyeThesi. Pesynpraté MoaemtoBaHHS poOOTH
QITOPUTMY 3aXHUCTY 3a goromoroio (3), (4) miarep-
JWIA JTOLUIBHICTh BBEJCHHS 10 OJOK-CXeMH pejie
(puc. 1) 610kiB audepenuitoBannas d/dt st ctpymis
1 HampyT HYJIHOBOI IOCIITOBHOCTI. 3aBISKHA ITMM
di(t)/dt 0JloKaM, SK BUJHO 3 PHC. 3, HA SIKOMY HaBEICHO
pe3yabTaTH MAaTEeMaTHYHOTO MOJAETIOBAHHS 3MIiHH B
gaci CTpyMy HynboBOi mociimoBHocti mnpu 033

150

100

50

-50

=100

1, CeK

-150 gepe3 omip 1 OM 10 1 micna MPOXOPKEHHS depes
1.3 134 1.38 142 b 15 1 6nok mudpepenuirosanns d/dt, 3HauHO 3MeHIIYeTHCS
Puc. 3 BIUTUB Ha pOOOTY pele amnepioguyHHuX CKIaJI0BHX,

SIKI BHOCSTH MOXHOKH y PO3pPaxyHKOBI HMOTYKHOCTI
Yyepe3 BIUTMB Ha KYTOBI CIIBBIIHOMIEHHS MK CTPYMOM 1 HAallpyToO0.

Kpim TOTO, BOHM 3MEHIIYIOTh Yac CHPALIOBAHHS i 301IBIIYIOTh Yy TJIUBICTh 3aXUCTY, SIK 1€ BUIHO 13
pe3ynbTaTiB po3paxyHKiB peakTuBHOI oTykHOCTI 32 O33 Ha dinepi @1, HaBeneHux y tadn. 1. Po3paxyHku
npoBesieHo Jis YacToTHUX QinbTpiB [epruens (PI), HanamroBaHUX HA BUAUICHHS YaCTOTHUX CKIIAJOBUX
Big 50 go 350 I'm. 3a Takux yMOB JOCIHiIKYyBaBCsl K PE30OHAHCHHMU CTaH HaJalTyBaHHsS PEaKTOpa, Tak i
niepe- 1 HemokoMIteHcais. HaBeneHo cepenHi 3HaYeHHS MOTYXKHOCTI, sIKi o0unciaeHo 3a N=32 nuCKpeTHHX
BI/ITIKIB.

Taoauns 1
Q, xBA Q(50) Q(100) | Q(150) Q(175) Q(200) | Q(250) | Q300) | Q(350) Biioxu
d/dt
0,5*Lrez -119,0 41,77 37,88 35,29 34,84 30,22 19,18 10,23 €
1,0*Lrez 97,83 74,70 45,43 40,89 39,74 32,57 20,44 10,90 €
1,5*%Lrez 166,7 79,71 46,71 41,01 38,89 30,61 18,49 9,512 €
0,5*Lrez -211,4 3,367 2,033 1,749 1,142 0,587 0,215 0,055 HEMA€E
1,0*Lrez 30,0 19,35 5,06 3,73 2,24 1,1 0,487 0,214 HEMae
1.5*Lrez 111,1 24,75 6,0 4218 2,528 1,208 0,542 0,252 HEMae

Sk BuaHO 3 Taba. 1, 3amns 3a0e3MEYEHHS CENCKTHBHOTO 3aXUCTy MOXYTh OyTH BHKOPUCTaHI
YaCTOTHI CKJIaM0Bi, yacToToro BHIe Bix 100 I'11, mpu 1IbOMY 4acTOTH HEOOOB’ I3KOBO MalOTh OYTH KpaTHUMHU
4acToTi JKUBJICHHS Mepexki. 31 30UIbIICHHSM YaCTOTH MOTYXHICTh 3MEHIIYETHCS, 1 TOMY BHCOKI 4acTOTH
TaKOXX BUKOPHUCTOBYBATH HE BapTo. 3 maHWX Tabm. | Takok MOXXHA Oa4yuTH, MIO 3aCTOCYBAaHHS OJIOKIB
nmudepeHITitoBaHHS 301UTBIITYE TTOTYKHOCTI B 15-20 pazis, 10 3HAYHO ITiABHUIYE Yy TIUBICTH 3aXHCTY.

Po3paxyHkoBi moTyxHOCTI (Tabi. 1) oTpuMaHO 3a 3aMHKaHHsAM ()a3u Ha 3eMIII0 4Yepe3 aKTUBHUUI
omip R=1 Om. 3a GifbIINX 3HAYEHb LBOTO OMOPY MNOTYXKHICTh 3MeHIIyeThes 1 32 R=100 Owm, i 3a HasBHOCTI
omokiB d/dt moxxe OyTH HEZOCTATHBOIO, K I1€ BUIHO 3 JaHUX TalI. 2.

SIK1o moporose 3HaueHHS MOTY>KHOCTI MPUUHATH, Hanpukiaa, 1| KBA, To 4yTinuBicTh 3aXUCTY MOXKeE
Oyzae HeJOCTaTHBOI. Y IIbOMY BHIAAKY CIIii BAKOHATH 3aXUCT 338 CXEMOIO Ha pHC. 1, y IKOMY MOTY>KHICTb
3HAXOMAATh SIK CyMy MOTY)KHOCTEH, OTpuMaHHMX 3a jgomnomoror ¢ineTpie @I mis ABOX pi3HUX 4YacCTOT,
HarnpukiIam, st gactot 1501 200 I,

Ta6auus 2
Q, kBA Q(50) Q(100) | Q(150) | Q(175) Q(200) Q(250) | Q(300) | Q(350) Bioku
d/dt
0,5*Lrez 2,2 2,844 0,749 0,353 0,322 0,172 0,104 0,068 €
1,0*Lrez 8,88 3,8 0,988 0,461 0,437 0,24 0,151 0,102 €
1.5*Lrez 12,2 3,75 0,99 0,495 0,438 0,241 0,150 0,100 €

Jlist mpukiany Ha puc. 4, a, 06, 6 TOKa3aHO BUXIIHI CHTHAIH cTpyMy (@) 1 HanipyTH (6) 610KkiB OI mis
yactoTd 250 I'1] Ta BUXITHHI CUTHAI peakTUBHOI MOTYXHOCTI () mpu O33 3a BiacyTHocTi OJokiB d/dt i 3a
iXHBOI HASBHOCTI.
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0.445 0.45 0.465
a
2500
1250
0
-1250
-2500 : i, 2l
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o
1000
Q, kBA
800
600
400
200 *
Q1*20 t. cex
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6000
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0
-6000
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Sk BUImHO 3 puC. 4, a, KOPHCHHH CHUTHAJ PEaKTHBHOI IOTYXHOCTI i€ Oe3rmocepesHbo IMicis
yrBopeHHst O33 mpotsirom =0,022 ¢, 1 BiH (Q2) 32 HasBHOCTI OioKiB d/dt ik Hixk B 20 pa3iB nepeBHITYE
notyxkHicte Q1 3a BigcyTHOCTI Takux OnokiB. HaBeneni B Tabxa.1 maHi #alOTh 3MOTY BUSIBUTH 3aJI€KHOCTI
peakTuBHOI moTtyxkHOocTi Q(K) Binm wactoTH, sSKy BHAUIIIOTH (imbTpu [eprTiens, i BHOpaTH ONTHMAIbHY
KOMOiHaIlif0 9acToT. Ha HU3BKMX dYacToTax CTYHIiHb HaJAMTyBaHHSI KOTymKH [lerepceHa BIUIMBae Ha
BEJINYMHY PEaKTHBHOI MOTYKHOCTI, TOMY HaliMEHIIIOI0 YacTOTOIO, SIKYy 0€3MeYHO BUKOPHUCTOBYBATH, HAa HalI

noriisia, € yactora 150 I'm.

Ha puc. 5, a, 6, 6 HaBeneHO Pe3yJBTaTH MOJICITIOBAHHS poOOTH 3axUCTy 3a Hectiiikoro O33 Ha
¢inepi F1. Ha puc. 5, a nokazaHo Hanpyry, a Ha pHc. 5, 6 — CTPYM HYJIbOBOI ITOCIiIOBHOCTI, SIKi MOJAI0THCS
Ha BXiJ peje; Ha puc. 5, ¢ — KOHTakTH BO, KU 4iTKO cHpalboBY€e HE3AJICKHO BiJ 3HAUCHHS allepioAnvHOI
CKJIaJIOBOi y CTpyMi 1 Hampy3i HyJnboBOi mociinoBHOCTi. Ha puc. 6 mokazano rpadix cTpymy i Hampyru
HYJIBOBOI ITOCITIIOBHOCTI B Pe3yJIbTaTi MOJEIIOBAHHS OHO(GA3HOTO 3aMUKAHHS Ha 3€MIIIO, III0 OTPUMAaHO Ha

260

130
i0*10, A

~130

t, cex

=260 — N
0015 002 0025 003 0035

Puc. 6

004

¢bi3nuHii Mozei.

Bimomo [11], mo Ha movartky mepe-
xigHoro mportecy pu O33 (mpotsrom 0,015 -
0,025 c¢) BHHUKAIOTH BHIII TapMOHIIHI
CKJIaJOBi B CTpyMi 1 Hampy3i, a 3HaliaeHa 3a
iXHBOIO OTIOMOIOI0 PEaKTHBHA MOTYXHiCTh
Ha YIIKOIKCHOMY INPHEIHAHHI A0AaTHA, a Ha
HEYLIKOKEHOMY — Bin’eMHa. [Ipn npomy, sk
MOKa3ajdl AOCHiIKEHHS, 3aBISKU PO3PAAY-
no3apsaay €MHOCTeH (a3, IMIyJIbCHA peak-
THBHA TOTYXKHICTh y 5—8 pa3iB mepeBuIlye
notyxHicTe ipu O33 B yCTaIEHOMY PEXUMI.
[{ro 0coOIuBICTH BUKOPHUCTAHO B PO3POOITIO-

HOMY aJrOpUTMIi 3aXHUCTY Miji yac BUOOPY Mopory cnpautoBaHHsa (,, 3HaUeHHs siKoro Bubuparors sk (0,1 —
0,15)Omins 1€ Omi=UnomI'min — PEAKTHBHA TOTYKHICTh YCTAJIECHOTO PEXHMY (igepa 3 MiHIMaIbHUM
€MHICHHM CTPYMOM 3aMUKaHHS (Da3W Ha 3eMITIO, KOJM Ha CEKIlii MiJKIF0YeHO TiUTbku aBa Qimxepu. Uyrnm-
BICTh 3aXUCTy OyJe CKIafaTh Oible IECTH, SKIIO aKTUBHUI OMip B MICIli 3aMUKaHHS HE MEPEBUIILyBaTUME

100 Om.

JIOCTOBIpHICTh POOOTH PO3POOJICHOTO AITOPUTMY 3aXHCTY MiATBEPIUKEHA pe3ylbTaTaMH MaTeMa-
TAYHOTO MOJICTIOBAHHS Ta MOCIHIDKEHHAMHU Ha (izudHiit Momeni Hanpyroro 0,4 kB. UytmuBicts po3pobire-
HOT'O peJie Ha MOPSIO0K MEPEBUIYE BioMi po3po0KH, 1 BOHO HaJlIHHO CIIpalboBYeE y pasi 3aMUKaHHS (a3u Ha

3emutto uepes onopu A0 100 OM BKITIOYHO.
BucnoBku.

1. 3’sicoBaHoO, IO anepioAnyHi (Taki, MO eKCIOHEHILIHHO 3racaloTh) CKJIaJ0Bi B KOHTYpPi HYJIHOBOT
MOCIJOBHOCTI MOXYTh 3aBakKaTH CEJEKTHBHIA poOoTi 3axucry. 1100 3amoOirtu mpoMy, B cCXeMy pesie
BBEJIEHO OJIOKH, SIKi BUKOHYIOTh YHCEIbHE AU(EPEHIIFOBAHHSI CUTHAJIB CTPYMY 1 HANPYTH 1, TAKAM YHHOM,
BiI(pUTETPOBYIOTH amepioAMYHI CKIIAIOBI IEPEXiTHOTO MPoIiecy 0aHO(a3HOTO 3aMUKAHHS Ha 3€MITIO.

2. OTpUMaHO 3aJeXHICTh PEaKTUBHOIT MOTY>KHOCTI Bijl YaCTOTH B KOHTYDI HYJIOBOI MOCHiJOBHOCTI,
sKa J1a€ 3MOTy 00paTH JUI 3aXUCTy ONTHMAaJIbHI 3HAYSHHS YaCTOTH.

3. 3amia MABUINEHHS YYTIMBOCTI 3aXHCTy y pa3i 3aMHuKaHHS depe3 omopd 10 100 OM BKIFOYHO
3aIpOIIOHOBAHO 32 JIOTIOMOT'OI0 II(POBHUX YACTOTHHUX (iNBTPiB ['epTiens BUALIATH 31 CTpyMY 1 HAIPYTH HYJIHOBOT
TIOCITITIOBHOCTI YaCTOTHI CKJIAJIOBI JUTS IBOX PI3HUX YaCTOT, PEAKTHBHI MIOTY>KHOCTI IS SIKUX JIOJ[aBaTH.

4. Tlpaue3aTHicTh PO3POOJICHOTO ANTOPUTMY 3aXUCTYy IIATBEPPKEHO pe3ysIbTaTaMH MaTeMaTHd-

HOT'O MOJICJIFOBAHHS Ta AOCIIKCHHIMHU Ha (PI3UUHINA MOJEI.
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The purpose of the article is to improve the single-phase earth fault protection for compensated electrical networks by
eliminating the disadvantages of the known protection methods. The developed mathematical model revealed the
possibility of non-selective protection operation due to the influence of aperiodic components in currents and voltages
in transients. Insufficient sensitivity of protection at phase to earth faults due to active resistors greater than 10-20
ohms was also detected. The dependence of the reactive power on the frequency of the signals, isolated by the Hoertzel
filters was obtained. These filters are taken as a basis because they require less computational cost than a discrete
Fourier transform. It is suggested to perform differentiation before applying current and voltage of zero sequence to the
frequency filters, which reduces the influence of aperiodic components on the phase errors of the relay and greatly
enhances the useful signals. To increase the sensitivity of the relay when the phase is grounded through active
resistance up to 100 Ohms, the relay circuit includes Hoertzel filters (for current and voltage) to select the components
for two different frequencies (both higher than fundamental), and reactive power is found as the sum of power for the
first and second frequencies. The sensitivity of enhanced protection algorithms compared to known algorithms is
increased 10-20 times. References 13, figures 6, tables 2.

Key words: phase-to-earth fault, compensated electrical network, selective protection, Hoertzel algorithm, zero-
sequence current and voltage, reactive power.
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Llenvio pabomul A61seMCA COBEPUIEHCMBOBANUE 3AUWUMNBL OM OOHODAZHBIX 3AMBIKAHUL HA 3eMA0 0 pacnpeoeni-
MENbHBIX INEKMPUYECKUX cemell nymem YCmpanenus HeO0CmamKo8 U36eCmHbIX Memooos8 3auumaul. [{is ceieKmueHo2o
Oeticmeust 3auumol  ONpeoession HANPAeieHue PeakmueHOl MOWHOCHU C HOMOWbIO GblOCICHHbIX U3 MOKA U
HANPAJ’CeHUsl HYe8ol NOCied08amenbHOCmU cocmasisowux ¢ yacmomot, eviue 50 T'y. [na smozo ucnonv3yom
yugposvle wacmomuule uirbmpul. C ROMOWBIO MAMEMAMUYECKOU MOOEU BbIAGLEHA 803MONCHOCHb HECELeKMUBHOU
pabomvl Mako2o AnOPUMMA U3-3a GIUSHUSL ANEPUOOUYECKUX COCAGTSIIOUUX 8 MOKAX U HANPSANCEHUSIX 8 NePeXOOHbIX
npoyeccax. Taxace obHapydceHa HeOOCMAMOYHAs YYECMEUMETbHOCMb 3AWUMbl NPU 3AMbIKAHUSAX (Pazbl HA 3eMII0
yepe3 akmusHwvle conpomusienus, ooavute 10-20 Om. Ilonyuensvt 3asucumocmu peakmusHou MOWHOCHU O YACHOMbl
cuenanos, evioensiemvlx Quivmpamu Iepmyens. Omu Quabmpel 635mvl 34 OCHOBY, NOMOMY UYMO OHU Mpedylom
MEHbUUX BbIYUCTUMENbHBIX 3ampam Nno CpasHeHuio ¢ OucKkpemuvim npeobpazosanuem @Pypwve. Ilpednosiceno nepeo
nooaveli MoOKA U HANPAJICEHUS HYJIe80U NOCIe008AMENbHOCNU HA  YACMOMHbIe (QUILMPbL  GbINOAHAMb  UX
ougppepenyuposku, umo ociabiasiem GIUSAHUE ANEPUOOUYECKUX COCMAGISIOWUX HA (DA308ble NOSPEUWHOCU pee U
HAYUMENbHO YCUNUBAEM NOJe3Hble CUSHANLL. [ NOSblueHUs YY8CMEUMENbHOCU pele NPU 3aMbIKAHUAX (asbl Ha
3emaro yepes akmusHoe conpomusnenue 0o 100 Om 6 cxemy pene exmouarom guivmpul epmyens (0na moka u
HANpsiicerust) OJisk GbLOENIeHUs. COCMAGNSIOWUX Ol 08YX PANIUYHBIX YACHONM, d PEAKMUGHYIO MOWHOCHb HAXOOSIM KAK
cymmy MowgHocmetl Onsi NEpeoll U 6mopou uacmomsl. HdyecmeumenbHOCms YCOGEPUEHCIMBOBAHHO20 AN20PUMMA
3aWUmMsbl N0 CPABHEHUIO ¢ uzgecmuvimu nogvlutena 6 10-20 pas. bubn. 13, puc. 6, Tadi. 2.
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THE IMPACT OF SAMPLING FREQUENCY ON THE ACCURACY
OF TRAVELLING WAVE-BASED FAULT PROTECTION METHODS
P. Regulski*, D.Bejmert**
Wroclaw University of Science and Technology,
Wyb. Wyspianskiego 27, 50-370 Wroclaw, Poland, e-mail: pawel.regulski@pwr.edu.pl

This paper investigates the impact of sampling frequency on the effectiveness of travelling wave-based fault detection and
location in cases when the fault is very close to the relay location. The arrival times of consecutive reflected travelling
waves in such situations may result in errvors if the sampling frequency of the relay is too low. Effectively, this will limit the
accuracy of estimated fault location. This issue is investigated by simulating a fault close to the relay and observing the
extracted voltage travelling waves for different sampling frequencies. The results confirm a strong correlation and prove
that high accuracy will require higher sampling frequencies. References 7, figures 4.

Keywords: Travelling wave, line protection, fault location, sampling frequency

Introduction. Technological advancement of microprocessors allows for more demanding
algorithms to be implemented and at higher sampling rates. This also applies to power system protection
schemes, which already have seen sampling rates as high as 1 MHz [1]. This opens new possibilities for
practical application of methods, which so far existed only in the academic domain. One of such applications
is the theory of travelling waves in transmission lines, which existed in the literature for several decades [2],
but becomes more and more popular nowadays [3-7]. There are many advantages of applying travelling
wave theory to fault detection and location in transmission lines, such as much shorter detection times,
independence from fault resistance and high accuracy of fault location. On the other hand, disadvantages
include the requirement for high sampling rates in order to capture the high frequency components, as well as
the problem of the frequency range of traditional current and voltage transformers. This paper focuses on
investigating the former, especially in the context of hypothetical single-end fault detection and location
algorithms in cases when a fault is very close to the location of the relay. Such situation is problematic due to
the fact that it creates multiple travelling wave reflections within a very short period of time. This, in turn,
brings a question of the required sampling rate and its impact on the effectiveness of algorithms in such
cases. For two-end methods with communication this may not be a problem, but methods based only on local
measurements may have limited effectiveness for very close faults. The purpose of this paper is to perform a
preliminary study in the aforementioned topic as it is often overlooked and faults closer than 4-5% of line
length are not discussed when fault location algorithms are proposed. Additionally a wider range of sampling
frequencies are investigated. Typically specific sampling frequency is assumed and investigated.

Problem formulation. Travelling wave theory states that a fault in a transmission line creates
voltage and current travelling waves propagating with a constant speed, close to the speed of light, in both
directions from the location of the fault (fig. 1). These travelling waves also undergo reflections, which
happen at discontinuities created by network connection points, such as buses. The main concept of fault
detection and location based on travelling waves assumes that knowing the propagation speed of travelling
waves, the arrival times of direct and reflected travelling waves indicate whether the fault is in the protected
line as well as the location of the fault in the line.

Fig. 1 depicts a case, in which the fault is close to bus A, where the relay is installed. It can be
observed, that the travelling wave arrives several times at bus A before the initial travelling wave even
reaches bus B. Assuming that a single-end algorithm is employed at bus A, the distance to the fault seen
from bus A can be obtained with the following formula:

m=0,5(t, —t,)v (1)
where ¢ is the arrival time of the initial travelling wave; ¢, is the arrival time of the reflected travelling wave
and v is the travelling wave propagation speed.

It is obvious that as the distance to the fault as seen from bus A decreases, the difference between the
arrival times of the initial and reflected travelling waves will also decrease. It can be expected that at some
point the frequency of the arriving travelling waves will be so high, that the assumed sampling frequency
may not be sufficient for accurate distinction of consecutive travelling waves. This paper assumes a small
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distance to the fault and investigates the impact of sampling frequency on the identification of consecutive

travelling waves arriving at the relay location.

In order to obtain the travelling waves from
instantaneous voltage signals the following procedure has
been applied. First, to decouple the phase measurements,
the popular Clarke transformation [4] is applied:

WO 1) 111 |[v,®
VO (1) _1 2 -1 =1{|v,®
0] o i Bl

where () is the ground mode; v\"(¢) and v(f) are two
aerial modes. The first aerial mode is then select for
further processing, as it contains the necessary transient
information. The high frequency content is then extracted
using a discrete wavelet transform (DWT) [4]. For this
purpose the optimal results were obtained with Daubechies
1 (dbl) wavelet.

Results. A simple test system depicted in fig. 2
and modelled in ATP/EMTP software has been used to
obtain the test signals. The base simulation frequency has
been set to 10 MHz and was later decimated to lower
frequencies with the use of an appropriate anti-aliasing
low-pass filter.

A 3-phase fault has been simulated 1 km from the
relay location, whereas the line is 240 km long. Often testing
for faults below 5 % of line length is neglected and in this
case the fault is located at 0.42 % of line length. During the
testing 4 different sampling frequencies have been used -
original 10 MHz, 1 MHz 0.5 MHz and 0.2 MHz. The fault
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Fig. 3 shows the
instantaneous  values  of
phase a voltage v, (f) for
different sampling
frequencies. It can be clearly

observed that as the
sampling frequency
decreases the amount of
detail to be extracted for
further  processing  also
decreases and the time
information may not be
accurately maintained
anymore. The details
extracted by the DWT

presented in fig. 4 show that

accurate arrival time of
consecutive voltage
travelling waves is

maintained only for the
highest sampling frequency.
Lower sampling frequency
of 1 MHz retains part of the
information with 2 peaks
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being visible, but the accuracy is already limited by the time resolution. The arrival time information is
almost completely lost for lower sampling frequencies.

Conclusions. This paper presented a short investigation into the impact of sampling frequency on the
effectiveness of traveling wave-based protection methods for faults located very close to the relay. An
extreme case of a fault located 1 km from the relay has been tested for 4 different sampling frequencies from
10 MHz to 0.2 MHz. It has been observed that only the highest sampling frequency retains accurate arrival
time information of the voltage travelling waves. With a sampling frequency of 1 MHz part of the details has
been retained, but the time information was not as accurate anymore due to the time resolution. The lowest
tested sampling frequencies had too low time resolution to allow extraction of any details.

It should be noted that these observations are specific to the DWT used in this work and it is possible
that other methods of detail extraction could perform better. Nevertheless, the strong impact of the sampling
frequency will always be visible for very short distance to the fault.
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WITH POWER EVACUATION BY NETWORKS OF THE CHERNOBYL NPP
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This paper deals with the system study for the development and connection of 1200 MWp Chernobyl photovoltaic (PV)
plant to the transmission grid of interconnected power system of Ukraine. The aim of this study is to develop the plane-
tary models of solar power plant, to perform quasi-dynamic simulation and to check network steady-state operating
conditions at peak production of the PV plant, including identification of the element loadings in the transmission and
distribution networks, bus voltages in the area, fulfillment of the grid code requirements. References 5, figures 5.

Key words: extra-power solar plant, Chernobyl nuclear power plant (NPP), power evacuation, quasi-dynamic simula-
tion, solar irradiation, voltage, equipment loading.

Introduction. This paper is dedicated to the system studies for the connection of extra-power solar
plant (1200 MWp PV plant) to the transmission grid of interconnected power system (IPS) of Ukraine. In
order to integrate such an extra-power solar plant, powerful network facilities are needed. After decommis-
sioning the Chernobyl nuclear power plant (NPP), the transmission network of this power plant is not used.
Thus, the main goal of this work is to develop the new simulation approach for extra-power solar plant and
integration of such plant to IPS of Ukraine using the existing electrical networks, in particular, the evacua-
tion scheme of Chernobyl NPP.One of the approaches used in this study is performing a Quasi-Dynamic
Simulation of the whole IPS of Ukraine operation.

Nowadays the Quasi-Dynamic Simulation is widely used in international practice to analyze the im-
pact of intermittent generation on the grid. The application of the comprehensive model of the PV system
allows considering time-series data of the real irradiation level measured for each hour of the year for the
latitude and longitude of the PV plant location in order to simulate active power output of the system for
every hour. As a result, this results in a more realistic estimation of PV plant generation considering the pe-
riod of interest (day, week, month, season, year etc.). The application of Quasi-dynamic simulation allows
considering the system load curve and operation of other renewables in the area as well. However, in com-
parison with the simple dataset for the traditional deterministic approach, Quasi-Dynamic Simulation re-
quires much more data and more complex models.

The software models of collector and evacuation schemes of the Chernobyl PV plant have been de-
veloped and integrated into the IPS of Ukraine calculation model which was updated for the planning hori-
zon. All system study is performed in DIgSILENT PowerFactory software. In general, the study methodol-
ogy combines two approaches: a classical deterministic approach (which is out of the scope of this paper)
and Quasi-Dynamic Simulation. This methodology considers the particularities of the renewable intermittent
generation and allows performing the grid calculation in a way that is more realistic. However, Quasi-
Dynamic Simulation requires many input data and more complex models based on hourly time-series meas-
urements of solar irradiation, temperature, etc. for a quite long period of time. Additionally, Quasi-Dynamic
Simulation allows calculating the load flow for each hour of a year considering the realistic intermittent gen-
eration of Chernobyl PV plant and load demand curves in the IPS of Ukraine as well. This allows determin-
ing not only the critical values of network elements overloading but also the appearance frequency of these
overloads. In order to perform Quasi-Dynamic Simulation, the active power values of each model of PV
System have been calculated, the data of the solar panel type, the arrangement of the solar array, the local
time and date, and irradiance data have been also considered.

Methodology. Taking into account the aims of the PV plant study and a state of the art of the renew-
ables simulation technologies, a special methodology has been developed in this study. It should be noted
that medium to long-term analysis must be carried out mainly using Quasi-Dynamic Simulation due to the
consideration of the solar irradiance based on GPS coordinates, PV panel models, different mounting op-
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tions, including single/dual axis of the maximum power point (MPP) trackers, various steady-state volt-
age/reactive power control options coordinated with other units, etc.

A Quasi-Dynamic Simulation allows considering the data, which may be represented by hourly de-
pendences. In particular, these data include load curves, a maintenance schedule of the grid elements, con-
ventional generation dispatch and intermittent generation forecast/recorded time series data, etc. In this study
daily load curves of IPS of Ukraine, generation dispatch of the most powerful Ukrainian pump storage power
plant and Chernobyl PV plant active power generation profile have been simulated. The operation of the
power system can be studied considering voltage limitations (over- and under-voltage), loading violations,
reverse power flow in distribution networks, primary/secondary frequency control as well as similar analysis
in microgrids including diesel generators and battery systems, etc. In the frame of this paper, the long-time
series calculations (including 8760 hours, 1hour equals to 1 calculation) are performed.

Solar plant models. In order to perform a Quasi-dynamic simulation, the computer models of col-
lector and evacuation schemes of the Chernobyl PV plant have been developed. In general, extra-power solar
power plant consists of 8 blocks. Each block contains the 68 solar inverter stations with a capacity of 2250
kVA. The two solar invertors are combined into one PV unit (as shown in Fig. 1). The each solar inverter
stations consist from the array of 6720 photovoltaic modules (the
nominal power of each module is 335 W), connected to the grid

E;i-rm;l E,,’::‘; s221.59 uwn| through a single inverter of 2200 kVA. Considering the above
1T . mentioned, the total capacity of the Chernobyl PV plant is
44NN N33508 1224000k VA.

In order to evacuate the PV generation power, a new sub-
station model has been developed. It is equipped with eight 33kV
switchgears, eight 150 MV A 330/33 kV step-up transformers, 330
kV breaker-and-a-half scheme and two short parallel overhead
lines connecting the substation with the existing 330 kV switch-

Ave: 0,28 MW

Max: 2,10 MW gear of Chernobyl NPP (this is the point of common coupling).
s~ This configuration is the most appropriate case to connect the PV
plant to the grid. The advantage of this approach is the re-
connection of the existing 330 kV overhead lines in this area from

PV System 1 PV System 2

switchgear 330 kV Chernobyl NPP to this new substation in the
Fig. 1 future, taking into account prospective plans of decommissioning
of 750, 330 and 110 kV switchgears of Chernobyl NPP.

The PV system provides an option of automatic estimation of the active power setpoint based on the
geographical location, date and time. The active power value can be directly defined and usually used for the
deterministic approach, otherwise, it can be calculated considering data of the solar panel type, the arrange-
ment of the solar array, the local time and date, and optionally irradiance data.

Solar radiance and insolation. The solar radiance is an instantaneous power density in units of
kW/m® and it varies throughout the day from 0 at night to a maximum of about 1 kW/m?. This value is
strongly dependent on location and local weather. Solar radiance data are measured periodically throughout
the day [1]. While solar irradiance is most commonly measured, the solar insolation is a more common form
of radiation data used in system design.

The solar insolation is the total amount of solar energy received at a particular location during a
specified time period, often in units of kW h/m” per day. Solar insolation data are commonly used for simple
PV system design while solar radiance is used in more complicated PV system performance considering the
values at each point of the day [1].

Traditionally, the PV electrical characteristics are measured at a reference incident radiation of 1000
W/m® and at an ambient temperature of 25°C (these parameters are used in the deterministic approach). In
practical applications, the solar cells do not operate under standard conditions. The operating temperature of
a PV module is determined by the energy balance. The nominal operating cell temperature is defined as the
temperature of the cell or module when the cells are mounted in their normal way at the solar radiation of
800 W/m?, the wind speed of 1 m/s, the ambient temperature of 20 °C, and no-load operation [2].

Solar irradiation in the area of the Chernobyl plant. The maximum and average values of the
global irradiation on the horizontal plane at ground level (GHI) at the Chernobyl area during the last ten
years were analyzed. The annual global in-plane irradiation is 1325 kWh/m* [3]. These data correlate with
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the average data for the past 10 years, i.e. with 133 W/m’. However, the GHI exceeding 900 W/m” appears
during the year for a few hours only.

The data on solar irradiance for the site have been taken from [4] and entered into the model. The
Copernicus Atmosphere Monitoring Service (CAMS) radiation service provides time series of Global, Di-
rect, and Diffuse Irradiations on a horizontal surface, and Direct Irradiation on a normal plane (DNI) for the
actual weather conditions as well as for clear-sky conditions (Fig. 2). The geographical coverage is the field-
of-view of the Meteosat, namely: Europe, Africa, Atlantic Ocean, Middle East (—66° to 66° in both latitudes
and longitudes). Data are available with a time step ranging from 1 min to 1 month. For purposes of the

R study, irradiance data have been simulated on an hourly
\ basis. Additional data on monthly average temperature

and ground albedo from Atmospheric Science Data Cen-
ter [5] have been considered in the model. Besides, the
monthly air temperature during the last 22 years has
been considered as well.

Operating transmission system in the area of
the Chernobyl PV plant. Initially, the 750/330/110 kV
substation and grid connection scheme of Chernobyl
NPP has been designed to evacuate 4000 MW generated
by four nuclear units (the capacity of each generating
unit is 1000 MW). However, due to the NPP decommis-
sioning, the connection scheme and grid infrastructure
of this area have been significantly changed. Nowadays, one of two 750 kV overhead lines is already de-
commissioned. The entire 750 kV switchgear may be decommissioned in the coming years due to the differ-
ent reasons (absent of necessity to transfer such power and high radiation level at 750 kV switchyard, as it is
situated near the fourth nuclear unit exploded in 1986). The decommissioning is foreseen by the Ten-Year
Network Development Plan of IPS of Ukraine. The most powerful connection is in the 330 kV networks.
The evacuation scheme at 330 kV level includes three overhead lines to IPS of Ukraine. The fourth line
(Chernobyl NPP — Mozyr) is a tie line connected with the Belarus power system. This line will be discon-
nected in the future, in case of the operation of the Ukrainian power system in parallel with ENTSO-e and
disconnection from IPS/UPS. The 110 kV switchgear is connected to 330 kV busbar systems by two auto-
transformers with a capacity of 125 MVA each. At the present, a few 110 kV overhead lines are connected to
the main grid of IPS of Ukraine through 110 kV distribution network of the Kyiv area.

Simulation results. In this study, a Quasi-Dynamic Simulation has been performed for different
time intervals including day, week, summer and year with a time resolution of 1 hour. Therefore, 24 load
flow cases have been calculated to identify different possible overloadings and/or voltage deviations in the
electrical network occurring during the whole day, 168 load flow cases — for a week, 2208 cases for the
summer season and finally 8760 cases for a whole year.

Based on the proposed model of PV system and model of electrical collector/evacuation schemes, ac-
tive power generation of Chernobyl PV plant has been calculated by using time series on GHI, DNI, Ambient

E ; Temperature and Ground Albedo with
hourly resolution data. The Quasi-
Dynamic simulation results for annual
power generation of the single PV unit
based on historical meteorological data
are shown in Fig. 3.

As seen, the maximum active
power of a single PV unit with installed
capacity 4502 kVA is about 4,16 MWp
only (considering real irradiation data).
And this maximum active power gen-
eration will appear extremely seldom.
Whole Chernobyl PV plant generation
profiles for summer working week with
maximum irradiation and the whole

Direct Diftuse

Fig. 3
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year are presented in Fig. 4, a and 4, b, respectively.

Fig. 4

Besides, under a normal grid configuration (all overhead lines of the area are in operation), the con-
nection of the Chernobyl PV plant does not lead to the overloads of the network elements. The Quasi—
dynamic simulation has been performed for different cases of single disconnections of overhead lines, which
are connected to the point of common coupling. As expected, no voltage violations have been defined. The
loading (in %) of the 330 kV overhead lines in the area of Chernobyl NPP during the different time intervals
(summer working day, summer week, summer and year) is depicted in Fig. 5, a and 5, b. Fig. 5, a illustrates
the loading of the overhead lines for the summer week (these are days with maximum irradiation) for normal
system conditions. The obtained results for the same period but considering “N-1" cases are shown in
Fig. 5, b. It should be noted that the rated line currents have been decreased in the assumption of 40°C of
ambient temperature for the summer period that allows defining the real loadings of the network elements.

In case of the disconnection of one of two parallel 330 kV overhead lines Chernobyl NPP — Cherno-
byl PV plant connecting the switchgear of Chernobyl NPP with Chernobyl PV plant, may lead to the over-
loading of another 330 kV overhead line up to 125% for two hours in the summer. It should be noted that the
duration of such overloading is too short (1-2 hours).

Fig. 4

Conclusions. The new approach proposed for calculation of extra-power solar plants allowed more
accurately simulating the extra-power solar plant integrated in IPS of Ukraine and obtaining the more realis-
tic data concerning PV station. In fact, the maximum output of the Chernobyl PV plant does not exceed 1100
MW during the year. The conditions with the higher output of the PV plant are extremely short-term cases
and may be estimated as a few hours per year (1170 MW is assumed as a maximum output by deterministic
worst-case scenario). The maximum loading of the overhead lines in the surrounding area of the Chernobyl
PV plant in the normal scheme does not exceed 70% during the maximum generation of this PV plant.
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Pobomy sukonano 3a paxynok kouimis 0100xcemnoi npoepamu « Po3pobra nianemapnux mooeneil eenepysa-
HA HaonomyxcHoi conaynoi cmanyii 1200 MBm 3 oyiHKOW0 pedcumis euoayi NOmyx#cHocmi uepes eleKmpuuiHi 36 A3Ku
Yoprnoodunvcokoi AECy (KIIKBK 6541030).
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VK 626.311
HOBMH MIJXIJI 1O MOJEJTIOBAHHSI HAJITOTYKHOI COHSIYHOI EJTEKTPOCTAHIII
3 BUJAYEIO IIOTYKHOCTI YEPE3 3B'SI3KM YHOPHOBUJIbCHKOi AEC
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InctutyT enekrponunamiku HAH Ykpainn,
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E-mail: lukianenko.lukian@gmail.com

Haseoeno pezynomamu cucmemnux 0ocnioxceHv po3eumxy ma niokmodenus YopHobunbcvkoi COHAUHOI eneKmpocman-
yii (CEC) nomyacnicmio 1200 MBm 0o mazicmpanvrux mepesxc OEC Vrpainu. Memoro docniddcenns € pospobka ma
narawmysanns nianemapuux mooenet CEC, suxonanHs KeasiouHaMiuno2o MOOEN08aHH Ma Nepesipra pedCUMHUX
VMO8 pObOMU MePedCT 3 YPAXYBAHHAM MAKCUMALLHOL NOMYNCHOCMIE 2eHepayii COHAYHOL CMAnyil, @ maxkoic 3 ypaxyeaH-
HAM NOA0MNHCEeHb NPUHYUNy Haoitinocmi «N-1» 6i0nosiono 0o mepeicesux kooekcis. bioin. 5, puc. 5.

Knrouosi croea: consiuna enexrpoctaniis, Yopaobmiscrka AEC, BuIada mOTYKHOCTI, KBa3iJHHAMIYHE MOJICITIOBAHHS,
COHSTYHA Ippajialisi, HAIpyTa, 3aBaHTAKEHICTh 00JIaHAHHSL.

VJIK 626.311
HOBBIA NOAXOJ B MOJEJIMPOBAHMM CBEPXMOLIHOW COJIHEYHOI#i SJIEKTPOCTAHLIUN
C BBIJIAYEIf MOIIIHOCTH YEPE3 CBSI3 YEPHOBBLJILCKOM ADC
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Ipusedenvl pe3yrbmanmol CUCMEMHBIX UCCIEO08ANUL PA36UMUsL U NOOKTIOYeHUs: epHOObLILCKOT CONHEYHOU eKMPO-
cmanyuu (COC) mowmocmoio 1200 MBm k macucmpanvuvin cemam OOC Vrpaunwl. [lenvio nacmoswezo ucciedosa-
HUsL si67emcs paspabomka u Hacmpoika nianemaprvix mooeineti COC, binonnenue K8a3uOUHAMUUHOZ0 MOOEIUPOBA-
HUSL U NPOBEPKA PENCUMHBIX YCOBULL pabOmbl cemu ¢ Y4emom MakCUMATbHOU MOWHOCMU 2eHepayul COTHEYHOU CMAaH-
Yuu, a maxaice ¢ yyemom noaoAHceHul npunyuna naoexcnocmu «N-1» @ coomeememeuu ¢ cemegbiMu KOOEKCAMU.

bubmn. 5, puc. 5.

Knrouesvle cnosa: connednas snekrpocranuus, YepHoOsuibekas ADC, BbIIaya MOLTHOCTH, KBa3UAWHAMUYECKOE MO-
JIeTTMPOBAHKE, COTHEYHAS HppaIualisl, HalpsHKeHUE, 3arpy>KeHHOCTh 000pYAOBaHUSL

Hagniiirora 28.02.2020
Ocrarounwuii Bapiant 12.05.2020

ISSN 1607-7970. Texn. enrexmpoounamixa. 2020. Ne 5 69



YK 621.316:681.3 DOI: https://doi.org/10.15407/techned2020.05.070

OIIIHKA BAPTOCTI IIOXUBKHU ITPOTI'HO3Y «HA 10BY HAIIEPE1»
TEXHOJIOTTYHUX BTPAT B EJJEKTPUYHUX MEPEXKAX YKPATHA

L.B. BainoB*, nokt. TexH. HayK, B.O. Mipomnuk**, I1.B. lllnmanok
Incturyt eaexrpoannamiku HAH Ykpainn,

np. [lepemorwu, 56, Kuis, 03057, Ykpaina.

E-mail: blinovigor81@gmail.com, miroshnyk.volodymyr@gmail.com

Buxonano amaniz ocobnusocmeii pobomu onepamopie cucmem po3nodily ma onepamopa cucmemu nepeoadi 6
KOHMeKCMI MexaHizmie 8i0n08i0aibHOCMI 34 HeOANAHCU COJCUBAHHS eNeKMPUYHOL eHepell ma GUKOHAHHS CReyialbHUX
0008’53Ki6  HA pUHKY eleKkmpuuHoi euepeii Vkpainu. Po3pobneno MemoouKky pO3DAXyHKY YiHu NOXUOKU
KOPOMKOCMPOKOBO20 NPOSHO3Y 00CA2i6 MeXHOI02INHUX empam eaieKkmpudnoi enepeii. Ilpoananizoeano posnodin yinu
nOXUbKU npocHo3y no eooduHam 0odu. Ha ocnosi Oanmux 3a uemeepmuil keapman 2019 p. pospaxosaro
CepeoHbO36adCeRy Yily NOXUOKU NPOSHO3Y Ma OYIHEHO cepeOHbOPIUHI CYKYNHI 6UMPAMU HA NOKPUmMMms Hebanancie y
po3mipi 5% 6i0 3a2anbH020 06CA2Y MEXHONOSIUHUX BUMPAM 8 efleKmpuuHux mepedcax. bidmn. 4, puc. 1.

Kniouoei cnosa: puHOK €J1€KTpOCHEPrii, KOPOTKOCTPOKOBE MPOrHO3YBAHHs, TEXHOJIOTIYHI BTPATH €JEKTPOCHEPrii.

Beryn. 3ampoBamkena B Ykpaini 3 01.07.2019 poxy HOBa MoJiellb ONTOBOTO PHHKY €JIEKTPHYHOT
eHeprii [1] mepenbavae MOKIMBICTH KYITyBaTH 1 MPOAABaTH €IEKTPUYHY €HEPril0 Ha KOHKYPEHTHHX 3acajax.
OnToBuii pHHOK pO30MBAETHCS HA YOTHPH CETMEHTH: PUHOK IBOCTOPOHHIX moroBopiB ([/1), puHok «Ha 100y
Harepeny (PIH), BHyTpimmHb01000BHH prHOK (BJIP) Ta 6anancytounii puaok (BP). B yyacHukiB puHKy [2]
CJIEKTPUYHOI EHepril 3’sBISETbCA MOXIIMBICTh YKIaJaTH MOpsAMi JOBrOCTPOKOBI TOTOBOPU Ha TOCTaBKY
eNeKTpoeHeprii mo oopanomy rpadiky poOOTH Ta 3a B3aEMOBUTITHUMH I[iHAMH.

Ha punky «Ha 100y Hamepem TOPTYEThCS €ICKTPOSHEPTIs 31 CTPOKOM TIOCTaBKH Ha HACTYMHY 100y .
ina wa P/IH Bu3HauaeThcs OKpeMO M KOXKHOI TOJUHHM JOOM 3riHO MPUHIUIY TPAHUYHOIO IIHO-
YTBOPEHHSI, 110 pealli3oBaHui y (GopMi TBOCTOPOHHBOTO AYKIIOHY. 3TiJHO I[LOTO MPUHIIUITY TPaHUYHA IiHA
€ TOYKOIO TEePETHHY TpadikiB CYKYITHOTO IMOMHUTY Ta MPOIO3HUIli i 3aBXIM Ma€ OyTH IIHOK OCTAaHHBOTO
NPURHITOTO KPOKY 3asBKH Ha MPOJaX, TOOTO PiBHOIO ab0 HMUKYOIO BiJl I[IHM OCTaHHBOI 3asBKU Ha KYIIiBIIIO.
VY BuUmagKy mojadvi 3asBOK/TPOMO3MUIINA MPOAABLi i MOKYIIl BKa3ylOTh BiAMOBiAHI 00CSATH Ta LiHU. 3asBKU
npuiiMaroTecs 10 12 roguan 100w, 1o nepenye 1001 MOCTaBKH.

Ha B/IP yuacHMKHU pUHKY halOTh MOJIMBICTh JOJATKOBO 3aKYITUTH HEOOXIIHY EICKTPUYHY SHEPIit0
a0o0 mpoJaTH HaUIMIIOK B MeKaXx OJHiel no0u, ane He paninie Hixk 3a 60 XB. 10 TOAWHU MOCTABKU. Y TaKOMY
pasi 3asBKM MPUHMAIOTHCS TOUYMHAIOYH 3 15 roanHu 106w, 1mo nepeaye 1061 mocTayaHHs.

Ha GanancyrodoMy puHKY OIlepaTop CHCTEMH Ilepeaadi KyIlye nociayru 3 6anancyBanss. [IpaBuinamu
PHUHKY TiepeadadeHo, o NocTavalIbHUKaMHU OCITYT OallaHCyBaHHS MOXKYTh OYTH 1 BUPOOHUKH 1 CIIOKHBai,
aie A BUPOOHUKIB (KpiM CTaHIliH 3 BiIHOBIIOBaHUMH JKepelaaMu eHeprii) ydacts B BP € 000B’s13k0BO}0.
ITicns oTpUMaHHS aIMiHICTPATOPOM PO3paxyHKIB (DaKTHUYHUX NaHUX IO CITOKMBAHHIO CICKTPUYHOI €Heprii B
00y TocTadaHHs, ISl BCIX YYaCHUKIB pUHKY PO3PAaXOBYIOTHCS IUIATEXKI 3315l IOKPHUTTS HeOaTaHCIB.

«bypmtuncekmii eneprooctpiB» (BEO) BumineHo B okpeMy IIHOBY 30HY, B SIKii BU3HAU€HHsI rpa-
HuuHol winu P/IH ta BP mpoBoamthes HesamexHo Binm pemru OO0’eqHaHoi eHeprocucremu Ykpainwm. Lle
00YMOBJICHO THM, IIIO B CHITY MepekeBHX oOMexeHb [3] mina B8 OEC Oyna 6 HeBUIpaBIaHO 3aBUIIECHOTO.

B [4] mpoBemeHO pO3paxyHKH BapTOCTI MOXMOKM MPOTHO3Y IS PUHKY EHEpProcucreMu New
England. Tak, cepenabopiuni BTpatu 3a mepion 2004 — 2014 pp. A KoMmaHii 3 MKOBOIO MOTYXHICTIO B
1000 MBT orinrorotbest B $300 TrC. 32 301UIBIIEHHS TOXUOKH KOPOTKOCTPOKOBHX MPOTHO3IB Ha 1%.

Jlnist €eBpONeChKUX PUHKIB pidHA BapTiCTh MOXUOKH mporHo3dy B 2017 mocsrana Ha OTE (Yemiceka
pecnyOmika) — €890 tuc., EPEXSPOT (3aximna €Bpoma) — €340 Tuc., NordPool (IliBHiuna €Bpomna Ta
kpainn banrii) — €400 tHc.

MeTto1o 1aHoi po6oTH € Po3poOKa METOJMKH OIIHKH BapTOCTI OXHOKH MPOTHO3Y TEXHOJIOTTUHHX
BTpaT €JEKTPOEHEPrii omepaTropiB ENEKTPUYHUX MEpEeX B YMOBAaX HOBOI'O PHUHKY EJEKTPUYHOI eHeprii
Ykpainu.
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Oco0smuBocTi podoTH omepaTopiB Mepe:k y HOBOMY PHHKY eJeKTPUYHOI eHeprii. Y HOBOMY
puHKy omeparopu cuctem posnoniny (OCP) ta omeparop cucremu nepenadi (OCIT) moBHHHI KymyBaTh
enektpoeneprito 3amta nokputts Brpar (TBE) y BiracHux mepekax. 3 METOIO 3HW)KEHHSI BapTOCTI eJeK-
TpOeHepril s BCix KaTeropit crioxkuBauiB Kadinerom MiHicTpiB YkpaiHu OyJo 3aTBEPIKEHO IOJOKESHHS
OJT0 TIOKJIafmaHHs crernianbHuX 000B’ s13kiB (IICO) Ha MEeBHWX YYaCHHKIB PUHKY €ICKTPUIHOI eHeprii. J{o
HUX BiIHOCATHCS M0OyTOBI crioxkuBadi, J{I1 «"apanToBanuii mokyneusy» (I'T1), BUpoOHUKH elleKTpOoeHeprii 3a
«3eneaum» Tapudom, AI1 «<HAEK «Eneproatomy», [IpAT «YkpriapoeHepro», mocrayaibHUKA YHiBepcalb-
HHUX IIOCIIyT, OIEPaToOpu CHCTEMHU DO3IOAULY €IEeKTPUYHOI €Heprii Ta omepaTop CHUCTEMH Iepenadi enek-
TPUYHOT eHeprii.

B pamkax mexanizmy [1CO Bcs enextpuyna eneprisi, Bupodiena Ha AEC (kpim yacTku 000B’ I3KOBOT
st nponaxy Ha PJIH) ta 35% enextpuuHnoi eHeprii, BupoOieHoi Ha riapoe’IeKTpoCcTanLisnX, npoaaerscs I'T1
3a (hiKCOBaHMUMH IliHAMU (HIDKYMMH BiJl PUHKOBHX) 3a IBOCTOPOHHIMH moroBopamu. B cBoro uepry I['T1
NPOJIAE EIEKTPOCHEPTil0 MOCTaYaJbHUKaM YHIBEpCAIBHHUX MOCTYT 3aIJisl MOKPUTTS PI3HMLI IiH ONTOBOTO
PHHKY Ta yHiBepcaibHOi nociyry, a Takox OCII ta OCP, B o6¢csrax 80% Bif ixHiX BTpaT 3 KOPUTYBaHHSIM
HebalaHCiB y HacTymHOMY Micsmi. Kpim Toro, mo 30608’ s13anb ['T1 BXOAUTE KYIIBIIS €IEKTPOCHEPTii y BU-
poOnukiB 3 BJIE 3a «3enenum» tapudom. Hagmumok enexrpoeneprii I'TI nponae na P/IH. Jlogatkoso B
Tapu¢ omnepaTopa CUCTEMH INepeaadi CIpsIMOBYETbCSA JOXiJ 1 Ha MOKPUTTS BIACHUX BUTPAT Ta BHUIUIATH 3a
«3€TICHUM) Tapu(OM.

Takuii MexaHi3M CyOCHIIIOBaHHS Ha psAy 3 HH3bKHM IOIMTOM Yepe3 aHOMAalbHO BHUCOKY TEMIIe-
patypy oceHi-3umu 2019 p. Ta iMIIOPTOM e€JIEKTPOEHEPTii MPU3BENU 1O 3HAYHOTO MPOQIHUTy Ha «PUHKY Ha
noOy» Hamepen. B meBHI mepioam yacy OucrieTdep €HEprocUCTeMH OYB BHMYIICHHWH OOMEXHTH BiAITYCK
BITPOBUX €IEKTPOCTAHIIIN.

3 01.01.2020 p. Bcrynwiu y cuiny 3minu B Mexanismi [1CO, 3a skumu OCII ta OCP noBuHHI Kymy-
BaTu cBoi BTpatu Ha PJ/IH. ¥ Toii e Jac BiINOBiJANBHICTh 32 HEOATAHCH €HEPropo3MOIiIbUNX KOMITAHIH
MTOCHITIOETHCSI, OCKUTBKHE BOHH Oy IyTh 3MYIIICHI IIOKPUBATH CBOI HEOAaHCH Ha 3aTJIbHUX ITiCTaBaxX.

- IMS . .
Cykymsi utpatn (V") y9acHHKa pMHKY Ha KOMITEHCAIII0 BIACHAX HEOANAHCIB PO3PAXOBYIOTHCS
3a GopMyIIOI0
MS _ " IMS |77 IMS __ . plMs _wS e
= VI e P =W WY
IMS : . . . . .
ne V" — BapTicTh HeOalaHCIB B i-Ty TOJMHY, SKa MOXe OyTH fK Bil’€MHa TaK i JOJAaTHA, OCKUIBKHU 3a

. . . .. . IMS .
HAsBHOCTI Y y4acHUKa PUHKY mpodiuuTy BiH BukymnoByetbes OCII mo mini HebGanancie; P — 1iHa HeOa-

1
JIaHCIB B i-Ty TOJIMHY 3a pe3yJIbTaTaMH cecii 0aaHCyro4yoro puHKY, rpH./MBTTO; Wl.f , W — daktnunuii Ta

MIPOTHO3HUH 00CSATH BTPAT €JIEKTPOCHEPTil B i-Ty ToauHy, MBTTOI.

Linn HebanmaHCciB PO3paxOBYETHCS SIK CEPEAHBO3BAKEHA IiHA KYITIBI TOCIYT 3 PO3BAHTAKEHHS Ta
3aBaHTaKEHHA y MOCTaYaIbHHUKIB MMOCTYT OallaHCYBaHHS.

Bapricte nmoxuoxku nporuody TBE «ua no0y nanepen». Ilpumyckarouu, 1o y4aCHUK PHUHKY
3aBXIHM TTOMIUIIETHCS B HEBUTIAHY I HHOTO CTOPOHY, TOOTO MOKYyMoBYe Ha bP 3a BUIOO MiHOIO, HiXK MIT
ou kynutu Ha P/IH, Ta nponae napnuinku Ha BP 3a Hux4o10 11iHOMO, HiXk HA PJIH, 1iina moxuOku mporHo3y B
OKpeMill TOpProOBiii 30HI B KOKHY TOAWHY JOpiBHIOE pi3HHUII Mik miHoo P/IH Ta miHoro HeOamaHCiB 1Mo
Moxaymro. Ile B meBHil Mipi 1ae OmiHKY 3BEepXy Ha IIiHY IMOXHOKH, OCKUTLKH B IEBHI TOAWHH TOOW YIaCHHUK
PUHKY MOXX€ OTPUMYBATH BHIOJY BiJi TOKPHUTTS BIIACHUX HeOanaHCiB. BpaxoBylouwm HasiBHICTH JIBOX
TOPTOBHX 30H, yCEepeIHEHa IiHa MOXMOKH MPOTHO3Y PO3PaxOBYETHCS 3a (HOPMYJIOI0, MPUIYCKAIOUH, IO
o0csr HebanaHCiB nponopuiiHui o0csary topriB Ha P/IH B naniii roguni

DAMIPS IMSIPS IPS DAMBEI IMSBET DEI
R e e e

P =

4 W-IPS + WBEI ’ (1)

ne P° — uiHa nmoxuOku mporHo3y Ha 100y Hamepea B i-Ty TOAMHY BiA II0YaTKy Mepiofy, sKHil po3-

DAMIPS DAMBEI
F, B
IPS BEI

[JISIIA€THCS; — miam Ha P/IH Biamosimuo mis OEC Ykpainu ta « bypIITHHCEKOTO €Hepro-

octpoBy»; W, — noroAuHHI 00csTH TopriB Ha P/IH.
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Hus OCP ta OCII xapaktepHuM € Kopensiis rpadiky BTpaT, a, BiINOBiIHO, i Tpadiky MOXHOKA
NPOTHO3Y, 3 rpadikoM CHOXXHUBaHHs, TOMY U OLbII TOYHOI OLIIHKH CEPEeIHBOI LIHU MOXHOKH TOLIIBHO
BUKOPHUCTOBYBATH CEPEAHBO3BAKEHE MO TOAWHAM 3HAUCHHS

L YEW,
p DI (2)

n b
> W,
i=1 !
-

Ie p — cepelHs IiHa IOXMOKHU NPOTHO3Y Ha 100y Hamepen; W, — cymapuuii o6csr Topris Ha P/TH B 060x

TOPTOBHX 30HaX.
st po3paxyHKy CepemHbOl MIHA MOXUOKHU MPOTHO3Y BUKOPUCTOBYBAJIMCH JIaHi 1O IiHAM Ha PHUHKAX

PZIH ta uninam HeOananciB 3a uerBepTHid kBapTan 2019 p., ocKiIbKH B mepini Micsii poOOTH PUHKY LiHU
Oynu 3aBUILEHI 1 KOHCOMiAyBaluch y BepecHi-xkoBTHI. Cepennpo3Baxkena mina PJIH B OEC Vkpainu 3a
nmaHuii nepiox ckimana 1343 rpa./MBTTox Ta 1754 rpH./MBT'TOR B «BypIITHHCEKOMY €HEPTOOCTPOBI» 3a
CepeHIX MOTOAWHHUX 3HaueHHsIX obcariB y 5050 MBt'rox ta 487 MBT'rox BimmoBigHo. Po3paxoBaHna 3a
thopmynamu (1, 2) cepems miHa MOXUOKH MPOTHO3Y CTaHOBUTH 225 rpH./MBT TOI.

3a manmMu MiHicTepCcTBa SHEPreTHKH Ta 3aXHCTy JOBKULIS CyMapHHUH BIAITYCK €NEKTpOeHeprii B
Mmepexy 3a 2018 p. cknaB 147 man. MBtron. ¥V Toii xe yac daktuyni Brpatu B Mepexax OCP ta OCII
cranoBiATh 11,58 % abo 17 mua. MBTTOZA. 3a 12 micsauis 2019 poky 3arajbHi TEXHOJOTiYHI BUTPATH
€JICKTPOCHEePTii Ha 1i TpaHCHIOPTYBaHHS EICKTPHYHAMH MEpeXaMH BCiX KIIaciB Hampyrw ckianm 16,4 MiH.
MBtTox abo Ti x cami 11,6 % Bim 3arajabHOTO BIJIMYCKY C€JICKTPOCHEprii B Mepexy. BukopucroByroun
Cepe/IHIO IiHy MOXUOKH MporHo3y 225 rpH./MBT'TOn, BapTicTh cepeqHbOi MOXUOKH MPOTHO3Y B 5% Bix
cymapuux TBE cranosuts 184 miH. rpH. Ha pik B 2019 p.
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Ha pucysky HaBeneHo rpadik cepemHix 3Ha4YCHb IIHA MTOXUOKH IIPOTHO3Y B OKPEMi TOIWHU 00U 3
BpaxyBaHHsM 3HaKy. Bin’emHi 3HaueHHs1 Ha rpadiky BiINOBigar0Th cutyanii, Koy uina PJIH Hmxua 3a mwiny
HeOanaHciB Ha OamaHCyrodoMy puHKY. OTpuMaHi pe3yinbTaTH € O4YiKyBaHUMH B YaCTHHI I[iHU MOXUOKHU
MPOTHO3Y, sAKa € Ounbmmoro B mikoBi romuHu moowm (3 08:00 mo 23:00). Takok BiA3HAYEHO aHOMAILHY
noBeiHKy rpadiky B okoni 7-8 Ta 15-17 ronun noow.

BucHoBku. 3a pe3yibpraTaMy aHamizy OCOOMMBOCTEH pOOOTH HOBOTO PHHKY €JEKTPHUYHOI EHeprii
BU3HAYEHO, L0 Y €HEPropo3NOJiNIbYNX KOMIIaHiil (omepaTopiB CHCTEM pPO3MOIUTYy Ta OIeparopa CHUCTEMH
nepenavi) 3’SBISIOTBCS TPSAMI SKOHOMIYHI CTHUMYJM 3aJisl TIJBUIICHHS TOYHOCTI KOPOTKOCTPOKOBHX
NPOTHO-3iB TEXHOJIOTIYHMX BTpaT. BpaxoByroum npuitasari Kabinetrom MiHicTpiB YkpaiHu 3MiHH 110
MeXaHI3My TIOKJIQJaHHs CHemialbHuX O0O0O0B’s3KiB, ski modamm pista 3 01.01.2020 p., ¢inancosa
BIIITOBITANBHICTS 3a HEOAIAHCH CHEPrOpO3IMOMUIEYNX KOMIIAHIM TOCHIUTHCS, OCKUIBKH BOHH OyIyTh
3MyIIIeHI 3aKyOBYBaTH HEOOXiTHI 00CSTH eNEKTPOCHEPrii Ha BUTLHOMY PHHKY.

Po3paxyHOK eKOHOMIYHOTO eeKTy Bifl 3HIKEHHs MmoxuOku mporHo3iB TBE eneproposmomimbumx
KOMITaHii 3 TOPU3OHTOM ymepemxkeHHs Bix 12 g0 36 romun («Ha moOy Hamepeny), 3TiTHO po3podieHOoT
METOJIMKH, TI0Ka3ye, M0 3MEHIIEeHHs MOXUOKM Ha 5% JacTh 3MOTY 3HH3WTH CyMapHi BUTpPATH 32U KOM-
neHcanii HeOamaHciB Ha 184 MJIH. TpH. Ha piK, a, BIONOBIAHO, 1 Tapupu Ha PO3MOALT Ta Mepenady
EJIEKTPUYHOT €HePTii /I BCIX KiHIIEBUX CIOXHBAYiB.

Pobomy suxonano 6 mesrcax sukoHanHA 6100HCEMHO20 HAYKOB8020 Npoekmy «Po3pobka memodie ma 3acobis
KOPpOMKOCMPOKO6020 NPOCHO3Y6AHHA BY3106UX EIeKMPUUYHUX HABAHMANCEHb €EJ1eKmpoeHepeemudYHux cucmem e
PUHKOBUX YMOBAXY, KOO Npocpamuoi kiacugixkayii sudamxis 6541030.
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JIEKTPUYECKOI SHEPT MU
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Buinonnen ananus ocobennocmeii pabomuvl onepamopos cucmem pacnpedeienus u onepamopa cucmemvl nepeoaiu 8
KOHmMeKCme MeXauu3mos omeemcmeeHHoCmuy 3a Hebanancbl nompeOienus dNeKMmpuiecKoll dHepeuu U GbINOIHeHUs.
CneyuanbHuix 06sA3aHHOCmell Ha pblHKe dNeKmpuieckol snepeuu Ykpaunvl. Paspabomana memoouxa pacuema yeHvl
nozpeHoOCmy KpamKoCpOUHO20 NPOSHO3Ad 00BbEMO8 MEXHOIOUYEeCKUX NOmepb daeKmpudeckol snepeuu. Ilpoananu-
3Uposano pacnpedeienue YeHvl NOSPeuHOCu nPo2HO3a No yacam cymok. Ha ocnoge dannuix 3a uemeepmuiil Keapmar
2019 200a paccuumana cpeoHes38eUeHHAs YeHA NOSPEUHOCNU NPOSHO3Ad U OYEHEeHbl CPeOHe20008ble COBOKYNHbLE
Pacxoovl Ha nokpvimue Hebanancos @ pasmepe 5% om obujeco 0dvemMa MexHOIOSUUECKUX NOMEPb 8 INEKMPUUECKUX
cemsx. bu6n. 4, puc. 1.

Knrouesvie cnoea: pPHHOK 3JEKTPOIHEPTUH, KPATKOCPOYHOE NPOTHOZUPOBAHME, TEXHOJIOTHYECKUE MOTEepH
JIEKTPOIHEPTUH.

THE COST OF ERROR OF "DAY AHEAD" FORECAST OF TECHNOLOGICAL LOSSES
OF ELECTRICAL ENERGY

I. Blinov, V. Miroshnyk, P. Shymaniuk

Institute of Electrodynamics National Academy of Sciences of Ukraine,

Peremohy ave., 56, Kyiv, 03057, Ukraine.

E-mail: blinovigor81@gmail.com, miroshnyk.volodymyr@gmail.com

The analysis of the features of the functioning of the distribution system operators and the transmission system operator
in the context of mechanisms of responsibility for unbalances of electric energy consumption and the performance of
special duties on the electricity market of Ukraine is carried out. A methodology has been developed for calculation the
price of error of a short-term forecast of the volume of electric energy technological losses. The distribution of the
forecast error by hours of the day is analyzed. The weighted average price of the forecast error based on data for the
Jourth quarter of 2019 is calculated. The average annual total cost of covering unbalances was estimated at 5% of the
total volume of technological losses in electric networks. References 4, figure 1.

Keywords: clectricity market, short-term forecasting, technological losses of electrical energy.
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EJIEKTPOTEXHOJIOI'TYHI KOMIUJIEKCHU TA CUCTEMU
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MATHITHI CAJIA I CTPYMHU THIIYKTOPA JIJISI MATHITHO-IMITYJIbCHOI OBPOBKH
3BAPHUX 3’€JHAHb HEMATHITHUX TOHKOJIUCTOBUX METAJIIB
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3 Memoio yCyHeMHA 3aMUUKOBUX HANPYHCEHb V 36APHUX WEAX THOHKOIUCOBUX HEMASHIMHUX Memanie po32iao0acmvcs
MOJNCTIUBICG  3ACMOCYBAHHA MASHIMHO-IMIYTbCHOT 00poOKU. Posenanymo enexmpomacrimuuii inoykmop 3 I1-o6pasnum
MAZHUMONPOBOOOM | 080MA KOMYUIKAMU 3 MACUBHO20 NPOGIOHUKA. 30151 CIMBOpenHs OOHONONAPHOLO IMIYIIbCY CIMPYMY 8
0bMmomyi THOYKIMOpa GUKOPUCHIOBYENbCS MPUHUCTOP, SIKULL KOMYMYE eNeKmMpUYHe KOIO0 3 KOHOEHCAmOopa, IHOYKMUGHOCHI |
AKMUSHO20 ONOPY, A NPU OOCASHEHHI CMpPYMY 8 0OMOmYi IHOYKMOpA HYIb08020 3HAYEHHA posmukac xono. Pospaxymox
nepexiono2o npoyecy 6 eieKmpuyHOMy KOJIi 3 UHOYKMUBHOCMbIO, WO OUHAMIYHO 3MIHIOEMbCS, GUKOHYEMbCA ULISAXOM
PO36A3aHHS  KONO-NOLOBOT 3a0a4i 3 3a0aHUMU NOYAMKOSUMU YMOBAMU, A PO3PAXYHOK €NeKMPOMASHIMHO20 NONs —
MeMOoOOM CKIHYEHUX eNleMeHmig 051 0808UMIPHOT MoOeni IHOyKmopa. J{ocniodxiceHo enekmpomasHimui npoyecu 8 iHOyKmopi i
MOHKOMUCIOBUX HEMAZHIMHUX 3a20MOBKAX 3 AMATIMYA0I0 MAKCUMansHoi winsnocmi cmpymy 1 kA/mn’. Hagedeno posnoodin
WinbHOCMi cmpymy i WiNbHOCMI MASHIMHOI cuiu NO NOBEPXHI 3a20mosKU i 8 4aci. JlogedeHo, wjo auute O He3HAYHO!
MOBWUHU 38APHUX 8UPOOIE (2 MM) MOdHce OymuU 00CACHYMA 0OHOUACHICIb CUT08020 1 MOK08020 enugy. bioi. 9, puc. 4.
Knwwuoei cnosa: wmarHiTHO-IMIylbcHA 00pOOKa, IMIYJNbCHHH 1HAYKTOp, MepexigHi npouecH, [I-momiOHuit
MAarHiTOIPOBI.

OnHUM 3 HAWNOIIMPEHINIUX Memodie 0OpobKu METaliB s HalaHHA iM MOTpiOHOI (opmu €
naacmuyHa deopmayis, IKa MPaKTUIHO 3MIHCHIOETHCS PI3HUMH CIIOCOOaMHU: TIPOKATKa, BOJIOYIHHS, BUJIABIIIO-
BaHHS, NPECYBaHHA, KyBaHHSA Ta iH. [lracmuuna Oegopmayis Momudikye CTPYKTYpy MaTepiany, 3HAYHO
MiBUINYIOYM 11 sKicTh. B Jeskux Bumajgkax ruiacTuHa jgedopMarlliss BUSABISETbCS CKPYTHOK a00 HaBiTh
HEMOJKJIMBOIO 3 OIJIIy Ha BHCOKMH PpiBEHb OMOpy Matepialy AedopMyBaHHIO. Y TakuX BHIagKax Ha
JIOTIOMOTY TIPUXOIAATE creyianbhi Memoou niacmuynoi oegpopmayii, 3aCHOBaHI Ha JOAATKOBOMY BIUIMBI Ha
Marepiall eJIeKTPUYHOIO CTPyMy, IO B YMOBaX aKTUBHOTO TUIACTUYHOTO Je(opMyBaHHS MPH3BOAUTH JIO
3pOCTaHHs IUTaCTUYHOCTI Matepianmy. Lleii MeTon Bke 3apa3 3HaXOIUTH IIMPOKE NPAKTUYHE 3aCTOCYBaHHSI.
JlonaTkoBHiA BIUTMB Ha Matepian (000B'I3KOBO METaNICBUI) 3MIMCHIOETHCS SNEKTPUYHAM CTPYMOM T'YCTHHOIO
10 1 kA/MmM® [5, 9]. CtpyM 36ymKyioTh iMmyascamu 100 MKC 3 HH3bKOIO dacToToro (~ 1 I'ir). Taka oGpoOka
Ha3uBaeThCsl enekmpoimnyavcroro (EIO). Metog oOpoOKH, KOMH 3aCTOCOBYETHCS TUIACTHYHA Jedopmarist
pa3oM 3 ereKkmpoiMnyibCHO 00poOKol, OYB Ha3zBaHUU erexmponiacmuyroio degpopmayicio (EINN). Takum
YUHOM, OJHUM i3 TNUIIXIiB iHTeHCH(DIKAIlil TEXHOJOTIYHHUX IIPOIIECiB, TOB'SI3aHUX 3 OOpPOOKOI0 METalliB, €
30ymKeHHS B 30H1 iepopMyBaHHS IMITYJIBCIB CTPYMY 3HaYHOI MIUTBHOCTI [5, 8, 9].

EIlJ] ocranHiM yacoM IpUBEpTa€ yBary AOCTIAHUKIB B 00JacTsaX (i3HIHOr0 MaTepialo3HaBCTBaA i
00poOKkn MetanmiB THCKOM [l]. 3MiHa TIACTHYHOCTI METANiB y pasi 30BHIIIHIX CTPYMOBUX BIUIUBIB €
OCHOBOIO CTBOPEHHSI HOBUX 1 BJIOCKOHAJICHHSl ICHYFOUMX TEXHOJIOTiH 3 METOI0 MiJBHIICHHS KOMIUIEKCY
eKCIUTyaTalii-Hux BiaacTuBocTel MeTtaniB. 3okpema EIO 3amobirae BTOMHOMY pyHHYBaHHIO i CyNPOBOJIKY-
€TBCSA 3POCTAHHAM BTOMHOTO pecypcy. Takum duHOM, 3a momomoroir EIO mpencTaBnseTbhess MOMXKIUBHM
BITHOBJICHHS pecypcy 1 BTOMHOI MiITHOCTI MeTaiiB i cruraBiB. B [2] moBeaeno, mo EIO BrummBae Ha Hampyske-
HUI CTaH, CTATUYHY 1 BTOMHY MII[HICTb, TPIIIMHOCTIMKICTh 1 KOPO3iiiHY CTIHKICTh, a TAKOX yIapHY BS3KICTH
METAJliB 1 CIIaBiB.

[Ticnst 3BaproBaHHSA METANIB B 30HI IBa 1 HABKOJUIIHHOI 30HW BUHUKAIOThH 3aJHIIIKOBI HAPYKCHHS
po3Tsary [3], ski pa3oM 3 Pi3HOIO 3EPHUCTICTIO METaly, 00YMOBJICHOIO JOKAJLHUM IIBHUAKICHUM MEPETPiBOM
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3BapHUX 3’ €IHAHb, IPU3BOIATH IO 3HIKCHHS BTOMHOI MIIHOCTI. 3a1yisi 3amo0iraHHs MOXKJIMBOIO PYyHHY-
BaHHS 3BapHOrO 3 €IHAHHA MOTPIOHO, B MEpUIy Yepry, HANpy>KCHHS PO3TATY 3BECTH N0 HAIPYKEHHS
ctuckanHs. B poOoti [3] TeopeTHuHO i ekcriepuMeHTanbHo nociimkeHo BB EIO pazom 3 auHamiuHUM
MEXaHIYHUM HaBaHTAXXECHHSIM (IMHAMIUYHE CTUCHEHHS) Ha 3HIDKCHHS 3aJIHIIKOBUX HAIPY)KEHb 1 IMiIBUILECHHS
BTOMHOI MIITHOCTI 3a NUKJIIYHAX HABAaHTAXKCHHSX 3BapHUX 3’€IHAHb aJIOMIiHI€BOTO CIIaBy. B poboTi [7]
EKCIIEPUMEHTAJIbHI JTOCII/PKCHHSI BH3HAUMIIM CHEPreTHYHHMU e(eKT BiJ OJHOYACHOI il JUHAMIYHOTO 1
CTPYMOBOTO (PaKTOpiB BIUTUBY Ha MEXaHi4Hi XapaKTEPUCTUKU 3BAPHOTO 3’ €THAHHSI.

Peanizamiss EIO mmsxom 3actocoBaHoro B [3] KOHAYKTHBHOTO MIIBOAY E€ICKTPUIHOTO CTPYMY IO
3arOTOBKHU 3a JIOTIOMOT'OIO €JIEKTPOJIIB MOXKE MPHU3BECTH JO TOSBU CHIJIB JOTHKY, MOPYIICHHS KOHTAaKTY i
HaBiTh BUHUKHEHHS HeOa)kaHMX AYTOBHX IpoleciB. BukopucTanHs iHAYKTOPIB 32151 CTBOPEHHSI BUXPOBOTO
IMIYJIbCHOT'O CTPYMY Ja€ 3MOr'y OE3KOHTaKTHHM CHOCOOOM TaKOX OJEpXaTh BHCOKY I'YCTHHY CTPyMy B
3aroTOBLI 1 0JAaTKOBO €IEKTPOAMHAMIUHY CHIy Ha 3aroTOBKY. Takuif MeToJ 3aCTOCYBaHHs JOJATKOBOIO
BIUIUBY Ha MaTepiall eJIeKTPUYHHUM iHIYKOBaHHUM CTPYMOM BHUCOKOI TYCTHHM IiCTaB Ha3BY MACHIMHO-
imnytscrnos 06pobku (MIO). Y 1poMy BHNAiKy Ha 3aroTOBKY mie immymschmit ctpym 10°...10° A/m
TpuBaiicTio iMmynbeiB 100...500 mxc [3, 5, 9].

3pocTaHHs MIACTUYHOCTI MeTany BHacuinok MIO mae HasBy maewimonnacmuunui egpexm. Ilpu
00poOJIeHH] 3BapHUX IIBIiB HAHOLIBLI MOUITBHUM NPH LBOMY BBa)KA€ThCS 3acTOCyBaHHS iHmykTopa 3 Il-
MOJIIOHMM MarHiTOMPOBOJIOM, I1a3 3 OOMOTKOIO SIKOTO PO3MIIIYETHCS HaJ 3BapHUM IIBOM (puc. 1), mo nae
3MOTY OJICpKAaTH MaKCUMAIIbHUN CTPYM Y 3BapHOMY IIIBi.

MeTto10 podoTH € MOPiBHSIHHA B 00JIACTi, J¢ 3HA-
MarsiTorposia XOJUTHhCA 3BapHUU IIOB Y TOHKOJHMCTOBOI HEMAarHiTHOL
Koymia }w e €JIICKTPOIIPOBITHOT METaJIEBOI 3arOTOBKH, MEPEXiTHAX TIPO-
LECiB i pO3MOALTY MO MOBEPXHI 3arOTOBKU T'yCTUHH Mar-
HITHOI CHUIM Ta TYCTHHHM CTPYyMy aMIUTTYmoi0 1 KA/MM’,
SIKI 3MIHIOIOTHCSI B Yaci y BUTJISII TIBIIEPiOAYy CHHYCOINH i
HAaBOJISTHCS IMITYJIbCHUM iHAYKTOpOM 3 [I-moniOHuM mar-
HITONPOBOAOM Ta ABOMa KOTYLIKaMH, a TaKOXX BCTaHOB-
JISHHsI BIUIMBY HA TIEPEXiJHI MPOILECH €MHOCTI i HANpyTH
KOHJICHCATOPa, BiJ SIKOTO YXHBHTHCS IMIYJIbCHUHM 1HIYK-
TOp.

3anms BU3HAYCHHS €HEPreTUYHHX IOKAa3HHKIB iMIYJIbCHOTO iHAyKTOpa 3 Il-momiOHuM marHiTompo-
BOJIOM JIOTTUTBHAM € BUKOHAHHS PO3PaXyHKY €JIEKTPOMArHITHOTO TOJISI B TPUBUMIPHIN ITOCTAHOBII, OCKUTBKH
JBOBHMIpHA TIOCTAaHOBKAa HE BpPAaXOBY€ JIOOOBI YAaCTHHM 1HAYKTOpa. AJe 3aJUIi HIBHIIIOTO PO3PaxyHKY
JOCTaTHBO OOMEKUTHCH MOJCTIOBAHHSM Y IBOBHMIpHil mocTaHoBLi (puc. 2). [Ipu npomy amst BpaxyBaHHS
BIUIMBY JOOOBHX YAaCTHH IPOIOHYETHCS TIIHOMHY (0 KOOPAWHATI z) CHUMETPUYHOI 2 YaCTHHU MOZEIi
(puc. 2) po3paxoByBaTH HACTYITHUM YHHOM:

3Bﬂp moE MeTanegra 3aroToBKa

.

Puc. 1

Is=Ils+7, (1)
ae |5 — NOBKUHA MarHiTONPOBOJY 110 KOOPJMHATI z, 7 — ITOJOCHA BIJICTaHb KOTYIIOK.
IMITyIbCH  €TIEKTPUYHOTO CTPYMy B OOMOTII 1HAYKTOpa i B METalIeBiil 3aroTOBIl OIEPKYIOTHCS

M LUIIXOM KOMYTAallil eJeK-TPUYHOTO KOja, SKE BKIIOYAE IOMepPEeIHbO
¥ . . .
) 3apsamkeHnit 1o Hanpyru Ue koHaeHcarop emHicTio C, aKTHBHHI
h, OTIip TPOBIAHWKIB iHIyK-TOpa r 1 Horo iHAyKTHBHICTH L. Komyramis
| KOJIa 3[1HCHIOETHCS. TPHHICTOPOM, KU 3a0e3euye po3MUKaHHS KOJia Yy
o] e by =] pasi JOCATHEHHs CTpyMy HyJeBOro 3HaueHus. Lle 3abesnedye mpori-
. — I KaHHA OJHOIO-JIIPHOTO IMIYICY CTPYMy B OOMOTII 1HIYKTOpA.
:' U ). ITporuec 3apsKaH-HS KOHJIEHCATOpa 0 IT0YaTKOBOI HANMpYrH MHepes
0|0 S E} O KO>KHUM TaKUM IMITyJIbCOM He OepeThCst 10 YBaru B 1ii poOoTi.
i, Jist po3paxyHKy CTPyMY B KOJi 3 IHIYKTHBHICTIO, SIKa TUHAMIYHO
F A . . . .
LTk 1 3MIHIOETBCST 4epe3 MPHCYTHICTH (hepOMarHiTHOTO OCEpAs 1 eNeKTponpo-
o ——————— — = BIJIHOTO MacHBHOT'O TiJIa, HEOOXITHO CyMICHO PO3B’SI3aTH OCHOBHE PiBHSH-
T =l =let HS €NIEKTPUIHOTO KoJa [4]
oy . 1T
Puc. 2 W ir+—[idt+Uc(0)=0 )
ot Co
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1 pIBHSIHHS €JIEKTPOMAarHiTHOTO TIOJIS, 3aIIMCaHOTO JUIS eKTPOMArHITHOI CHCTeMH (puc. 2)
rot((u, 1t,) ' rotA)+c 0A / ot = j, , 3)

1€ [y — MarHiTHa MOCTiliHa, 4, — BIAHOCHA MarHiTHAa NPOHMKHICTb, O — €JIEKTPONPOBIIHICTD, jo =i/s p -

TYCTHHA CTPYMY B IPOBiTHUKAaX OOMOTKH, s — ILIOMIA TIONEPEYHOTrO TIepepizy MPOBiAHUKIB OOMOTKH.

P

B piBusHHI (3) npuiiMaeThes: JUIA TOBITPSA 1 TOBITPIHUX MPOMDKKIB Moxeni (puc. 2)
H.=1,0=0,j,=0; B 00nacTi MarHiTONpoBOLY — L, (B)> L,c=0,j,=0; B mpoBigHuKax OOMOTKH —
H.=1,0>0,j,= i/s p > B obmacti enekrponpoiaHoi cmyru — 4, =1,0>0,j, =0. [loyaTkoBi ymOBH /1A

po3B’s3anus piBHsHb (2) 1 (3) (1=0)
A=0, i=0, odw/ot=-Uc(0). 4)
I'pannyni ymoBH Ut piBHSHHS (3): Ha 30BHIIIHIX TPaHUILIX MOBITPsHOI obmacti Mozeni (puc. 2)
PIBHICTH HYJIO BEKTOPHOTO MAarHiTHOTO MOTEHINialdy, KpiM TpaHHLi, IO CHiBIajae 3 JiHIEI0 cUMeTpil
innykuiiiHoi cucremu (x =0, puc. 2), 1e NpUiMaeThCs yMOBa PIBHOCTI HYJIIO TaHTCHI[IaJIbHUX CKJIQJIOBHUX
HaANPy>KeHOCTi MAarHiTHOTO ITOJIS.
Po3paxyHOK eeKTpOMarHiTHUX TPOIECiB IHIYKIIHHOI cucTeMu (puc. 1, puc. 2) BUKOHAHO 3 HACTYII-
HUMH pO3MipaMH MoOJeTl IHAYKTOpa (puC. 2): MOBXKHHA OCEpsA MAarHiTONMPOBOAY IO KOOPIMHATI Z
l'5=0,164 m; cepenns mmpuHa Kotymiok 7 =0,047 m; mmpuHa 3y6uiB ocepas maraironposoay b,=0,03 m;
Bucora sipMa /1, =0,03 M; BHCOTa NMPOMDKKY MIK OcepasM iHAyKTopa i MeraneBorwo cmyrowo o =0,002 m;
ToBIuHa cMyru /. =0,008, 0,002 m; martepian cmyru — natyHb (o =22 MCwM/M); KUIBKICTh BUTKIB B KOXKHIH
KOTYIILi w=6; KOTYIIKHM MiIKIIOU€HI MOCTiA0BHO. Y mpoueci po3poOiaeHHsT MOJENi BpaXOBaHO TOBLIMHY
130wl npoBiguukiB b; = 0,0004 M, TOBIMHY KOpIycCHOI i30isuii KoTymok by =0,002 M, 305410 Mix

KOTymkaMd B masy Il-noxiGHoro wmarsitompoBomy — b

o =0,001 M. lns marHiTOonpoBoay iHIYKTOpa

BIJTHOCHAa MarHiTHa NPOHUKHICTH A, BINNOBiZa€ KpHUBIM HaMarHidyBaHHsS LIMXTOBAHOI €JIEKTPOTEXHIYHOI

crami Cr.2411. Baxaroun texHonoriuauii mpouec MIO TOHKONHCTOBHX HEMAarHITHHX MeTajiB Oesre-
PEpBHUM 3 0araTopazoBHM MOBTOPEHHSM IMITYJIbCIB, 3a]UIs 3a00iraHHs eperpiBy 0araToBUTKOBa 0OMOTKa
IHAYKTOpa BUKOHYETBCS 3 MPSMOKYTHOI MimHOI TpyOu 6,0x6,0x1,5 MM, B sKiii mpOTIKae OXOJIOKYyrOUa
pinuHa. ToBIIMHA CTIHKHM MPOBiTHUKA TPYOKH BiAIMOBITa€ TOBIINHI CKiH-e(heKTy.

3MiHOI0 €MHOCTI KoHAeHcaTopa C BCTaHOBIIOETHCS TPHUBATICTH IMIYJIBCY CTPYyMy. AMILTITYIA
CTPYMY PETyIIOEThCS BENNIHHOI Hanpyru koHaercatopa Ue (0). s po3paxyHKy iHAyKTOpa MPpUHAMAEThCS
emMHicTh KoHAeHcaTopa C=2 M® i Hanpyra Uc (0) = 0,8 xB.

MurreBe 3HAYCHHS CTPYyMy { B BHUTKaX OOMOTKHM BW3HAUYAETHCSA PIBHSIHHAM (2). MakcumanbHe

3HAQYCHHA T'YCTUHHU CTPYMY jmax B METajieBiil HeMarHiTHiH 3aI‘OTOBI_[i BU3HAYAETHCA dK CCPCAHE 3HAUCHHSI

TYCTHHH CTpyMy B 0671acTi s, = 1 MM” (pHc. 2) 3BapHOTO 1IBa

. 1 . 1 rotA
Jmax = .[(]zySZ j[rOtz JJS' (5)
Ssh Ssh Ho
Hanpyra Ha konaeHcaropi Uc BU3Ha4Ya€Thes i3 piBHAHHS (2)
oy
-Upr=—+ir. 6
c=7, (6)

BiamoBimHo 1m0 [6] TeH30p MOBEpXHEBOI MAarHiTHOI CHJIM IO MOBEPXHI 3arOTOBKH, HOPMAaJlb SIKOT
CHiBNaae 3 BicClo y (puc. 2), po3paxOBYEThCS 32 BUPA30M

Ty, = 4, M{Hﬁ —O,5|H|2j, (7)

Ae H, — ckiazosay po3noxity Bekropy H Hanpy»eHOCTi MarHiTHOro 1oJist 10 MOBEPXHI 3ar0TOBKH.
OueBuHO, 1O MOJEIb HA PHUC. 2 MA€ JIBi CKJIaJ0BI BEKTOPY HANPY)KEHOCTI MArHiTHOro nomus — H,
ta H,, 1 Ha MOBEPXHI MeTaNeBOi 3arOTOBKH BiJHOCHA MarHiTHa NMPOHMKHICTH £, = 1. MHUTTEBe 3HAYECHHS

cuaM F, MK 1HIyKTOPOM 1 METaleBOI0 3arOTOBKOIO PO3PaXOBYEThCA 3 BHKOPUCTaHHAM (7) MO MOBEPXHI
METAaJIeBOI MJIACTUHU

' 7 ' T2 2 T2 _ g2
Fy:215(J;Tyydx:2ﬂ015(];(Hy_0,5H )szﬂolé‘z[)(Hy—HxPx, (8)
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ne s — po3paxyHKOBa JIOBKHHA JBOBUMIPHOI MO (puc. 2) Mo KOOPIMHATI Z, IO BU3HAYAEThCs BUpasoM (1),

mrdpa 2 osBIiiacs B (8), OCKIIBKA MOJIENb Ha PHC. 2 TIPESCTABIIIE CAMETPIYHY TTOJIOBHHY 1HITYKIIIIHOT CHCTEMH.
Ha puc. 3, a moka3aHo 3MiHy B Yaci cTpyMy B OOMOTII / Ta TIOBEPXHEBOI T'YCTUHH CTPYMY j.x B

obnacTi 3BapHOro mmBa Sy, (puc.2), Hanpyru Ha KoHzaeHcaTtopi Uc 1 cuiu F), MK MartiTornpoBOAOM 1

METaJICBOIO 3arOTOBKOIO 32 TOBIITMHHN METAJIEBOi 3arOTOBKM 8 MM, a Ha puc. 3, 6 — 3a TOBIIMHHA METaJIEBOI
3aroTOBKU 2 MM. Y TOHIIIM 3aroToBIli MaKCHMaJlbHA I'yCTHHA CTpyMy Ha 35% Oinbmia. Ha puc. 3 BumgHO, 1110
MaKCHUMaJIbHE 3HAaYEHHS CTPYMY .« HE CHIBIAJAE B 4aci 3 MAKCUMAaJIbHUM 3HAYEHHSAM MArHiTHOI cuiu F,.

h

LB h=8%mum U.=08xB C=2nd i=xi o =2mm L=08xB C=2ud ;4.
. 2 Foald Il B L rd;
oA agad L _ 3 | Pl
800 N 10 SAE I
600 ‘5 . 5 SO0 ___;,é’;-__ih\
— e 5
400 ,/ \\ \\_\—— -0
200 T\ 7N ° NS o
0 17T '\\ 71 ' s 0T <70 o6l
| R P NV AR 10 \ r | A
-200 4 T \ £ -10
P s, -15 500 ]
YA FIT T~ 20 — -15
600 = \ /
800 —r———p F o——————————+ -5 -1000 ——— # -20
; /A
1000 = . —tc> -30 \\—-/ -25
‘FFPJ!I\ F
-1200 -35 -1500 -30
e 6
I, Hiw? A I Hines ]
0.00E+00 —: 0.00E+00 \/_
2005406 ] -1.25E+06
] -2 50E+06
1 74 mEC 1
-4 00E+06 — ]
] -3 75E+06 156 mxc
] 302 mEc E
.00E+06 sy -5.00E%06 |50 e e e Ty
0.00 50.00 100.00  140.00 0.00 50.00 100.00  140.00
& Fi
. 2 g
AN ] AnE
0.00E+00 et 0.00E+00
5.00E+08 ] 302 nxc -5.00E+08 —:
i -1.00E+09 186 uxe
-1.00E+09 T4 e E
T T T T T T T T T MM -1.50E+09 T 5'6 I“'A-IKF UL L MM
0.00 50.00 100.00 140.00 0.00 50.00 100.00 140.00
2 e
Puc. 3

Po3noin noBepxHEBOi TYCTUHH CTPYMY Jiy 1 TYCTHHH MAarHiTHOL cuian 7, Ha MOBEPXHI 3ar0TOB-

KU 110 KOOPAMHATI X IPHU 2-X 4aCOBUX MOMEHTaX (MaKCHMAJbHOTO 3HAYE€HHS cuiu F), 1 MaKCHMAallbHOIO
3HAQUEHHS TYCTUHU CTPYMY Jjnax 13 PHC. 3, @, 6) Ul TOBIIMHM 3arOTOBKU 8 MM 1 AJIs1 TOBIIMHU 3aTOTOBKH 2

MM II0Ka3aHo Ha pUC. 3, 8, 0 1 puc. 3, 2, e BIAMOBIIHO.

I3 puc. 3, @ BUIHO, 1110 32 TOBIIMHM 3arOTOBKH 8 MM Pi3HHIA B Yaci MK MaKCUMaJIbHOIO I'yCTHHOIO
CTPYMYy 1 MAaKCUMaJIbHOIO TYCTHHOIO ciH cKiafae 128 mxc (27% Bix HOBHOI TPUBAJIOCTI IMITYJIBCY CTPYMY B
oOMoOTIII iHIyKTOpa), a 3a 2 MM (pHc. 3, 6) — 30 MKc, 1o B 4,27 pa3 MEHIIIe, HIXK 3MiHA TOBIIUHU 3arOTOBKHU.
AJe TyCTHHA CTPYyMY ¥ T'YCTHHA CHIIM OiJIbIII B 3arOTOBLI TOBIIMHOIO 2 MM.
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Ha puc. 4, a mokazano ananoriuni pospaxynku 3a C =5 m®. [TopiBHsHHS 3 pHC. 3, ¢ MOKa3ye, 10
HiIBUIIEHHS €MHOCTI B 2,5 pa3iB MPU3BOAUTH 0 3POCTAaHHs TPUBAJIOCTI IMITyJIbCY CTpyMy B 1,5 pasiB i 1o
HE3HAYHOTO 3POCTAaHHS aMILIITYIu CTpyMy; Ha puc. 4, 6 — pospaxyHku 3a C=2m® i U,(0)=0,6 kB, sxi
MOPIBHIOIOTBCA 3 PHC. 3, @. 3MCHIIEHHS HANpyrd KOHJeHcaropa Ha 1/4 NpU3BOAUTH 1O 3MCHINCHHS
aMILUTITYAHOTO 3HAYEHHS TYCTHHU CTpyMy Ha 1/3, a TakoX HE3HAYHOro 301JIbILEHHS TPHUBAJICTH IMIYJIbCY
BHACJIIJIOK HENIHIHHIX apaMeTpiB MarHiTONPOBOIY.

25 h=8%um U=08:B C=3ud ; 4. I B; h=8mm U;=0,6sB C=2mD j xd;

; 2 7
JCLERER T Pl " Foxd
| | T - LA nand ;
LS N 600 TN,
. 5
500 ; 0 200 //_ \\_
7 L 7
YT J -10 00 NI T T T — ro
0+ T — ; 20 T 7
J 0.2 [ 0.6 08 Ak o L U =
] T -30 2
sop UL L TTT LI T ™N 200 M1 0, _53,4 0.6 08 e
AREE am -40 R i -10
400 H— A
1000 Ry -50
I b -15
e 8 L L -60 _600 TN ¥ F
erm'
-1500 -70 -8B00 -20
a &
Puc. 4

BucnHoBok. MopenroBaHHS KOJIO-TIOJIEOBHUX IPOIIECIB TOKa3ajo, IO 3aCTOCYBAaHHS IHAYKTOpa
IMITYJIbCHOTO €JIEKTPOMArHITHOTO MO 3 [I-TomiOHNM MarHiTOIpoBOIOM 1 BOMa KOTYIIKAMH A€ 3MOTY
OIIepKATH IMIYIbCHI CTPyMH BHCOKOI miimbHOCTi (I KA/MM?) B 06IACTi 3BapHOTO IIBa TOHKOIHCTOBHX
HEMAarHITHUX METANliB y pa3l BUKOPUCTAHHS €MHICHOTO HAKONMHYyBada CYMapHOI €MHICTIO Bim 2 MO,
3apsKeHoro 10 HanpyrH 1o 0,8 kB.

3anpornoHOBaHW METOJ OiNbIl MPUHAHATHUN 3 TOYKH 30py JOCSTHEHHS MAarHiTHOIUIACTUYHOTO
edekTy y pasi OOpOOJCHHS TOHKOJIMCTOBHX HEMarHiTHUX MeTamiB. [Ipo 1€ CBiAYUTH TOPIBHAHHS
pe3yJIbTaTIB PO3PaXyHKY E€JIEKTPOMArHiTHOI CUCTEMM 3 3arOTOBKaMH JIMCTIB JIATYHI TOBIIMHOIO 8 1 2 MM.
BcranosieHo, 1110 3a 00paHUUX TapaMeTpiB IHAYKTOpa MaKCUMajlbHa MarHiTHA CHJIa i MAKCUMAaJIbHUAN CTPYM
y TOHILOMY JIUCTI MAaTHMYTh MEHIIY PO301KHICTD Y 4aci MPOMOPLIitHO 3MiHI TOBIIMHH 3arOTOBKH (IIpU 8§ MM
- 27% 1 mpu 2 MM — 6%). Y mpomy pasi gocsiraetbesi Ha 35% Oinbplua rycTHHa CTpyMy Ha IOBEPXHI
3arOTOBKH TOBIIIMHOIO 2 MM TIOPIBHSIHO 3 8 MM.

TpuBasicTh i IHTEHCHBHICTh IMITYJIBCIB CTPyMy B OOMOTIII iHIYKTOpa Ta BHUXPOBOTO CTPYMY ¥
00’€exTi 00p0oOKH MarOTh HENHIHHUI XapaKTep BiJ BEIMYWH EMHOCTI Ta HAIIPYTH Ha Hill.

Pobomy euxonano 3a OepoicOrodicemnoro memor «Poszsumox meopii enexmpoghizuunux npoyecie 6
IMRYTbCHUX CcUCeMAaX eleKmpoMAzHImHOI 00pobKu enekmponpogionux cepedosuuy (“BAP’€P-2"), Odepacagnuii
peecmpayiiinuil Homep 01170007714 (KIIKBK 6541030).
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YK 621.3:539.3

MATHUTHBIE CWJIbI U TOKA UHIAYKTOPA JIUII MATHUTOUMITYJIbCHOM OBPABOTKH CBAPHBIX
COEJIMHEHUI HEMATHUTHBIX TOHKOJIMCTOBBIX METAJIJIOB

A.Il. Pamenkun, nokt.texu.Hayk, W.II. Kongparenxko, un.-kopp.HAH Ykpaunsi, A.H. Kapnos, kana.TexH.Hayk,

P.C. Kpuuiyk, KaH/.TeXH.HayK

Hucturyr 3nekrpognnamuxkn HAH Ykpannsl,

np. [Hobenw1, 56, Kues, 03057, Ykpauna,

e-mail: anatoly raschepkin@ukr.net, dep7ied@ukr.net, lexa.k.ua@gmail.com, kr@nas.gov.ua

C yenvlo ycmpanenus 0Cmamo4HbIX HANPAICEHUL 8 CEAPHBIX WBAX MOHKONUCIOGLIX HEMASHUMHBIX MEMAlI08 PaccmMampu-
8aemcs 603MONHCHOCTb NPUMEHEHU MASHUMHO-UMNYIbCHOU 0bpabomku. Paccmompen anekmpomaznumuulil unoykmop c I1-
00pa3HbLIM MASHUMONPOGOOOM U OBYMA KAMYUIKAMU U3 MACCUBHO20 NPOBOOHUKA. {5 CO30aHUs OOHONONAPHO20 UMNYIbLCA
moka 8 obmomke UHOYKMOPAa UCNOb3YeMcs MPUHUCTHOP, KOMOPbILL KOMMYMUpyen 21eKmpudeckyio yens us KOHoeHcamopa u
UHOYKMUGHOCMU, A NPU OOCMUdICEHUU MOKA 8 0OMOMmKe UHOYKMOpA HY1e6020 3HAYeHUs pazmblikaem yens. Pacuem nepexoo-
HO20 mpoyecca 8 2NEKMPUYEcKoll yenu ¢ OUHAMUYHO USMEHAIOuelcs UHOYKIMUBHOCBIO BbINONHAENCA Nymem peuleHus
YenHo-nonesoll 3a0auu ¢ 3a0aHHbIMU HAYATbHBIMU YCIOSUAMU. Pacuem snexmpomaznumnoz2o nons 6binOIHAEMC Memooom
KOHEYHbIX J1eMeHmos Ojid O8YMepHOU Mooenu uHOyKmopa. Beinonnenst ucciedosanus s1eKmpomMazHUmMHbIX Npoyeccos 8
UHOYKMOpE U MOHKOIUCMOBHIX HEMAZHUMHBIX 3A20MOGKAX ¢ AMAAUMYOOl MAKCumaibHoii niomuocmu moka 1 KA/,
IIpusedenvi pacnpedenenus niOMHOCHU MOKA U NIOMHOCTNU MASHUMHOU CUTbL NO NOBEPXHOCTNU 3A20MOBKU U 80 BPEMEHU.
Tokaszano, ymo auwb 018 HE3HAYUMENbHOU MOMWYUHBL CBAPHBIX udenuti (2 mm) moacem Ovbimb O0OCMUSHYMA 0OHOBPe-
MEHHOCMb CUN08020 U MOK08020 8030eticmausi. budi. 9, puc. 4.

Knioueevie cnoea: MarHUTHO-UMITyJbCHas 0OpabOTKa, MMIYJbCHBIH WHIYKTOp, HEpPEXOAHBIE Ipolecchl, II-oO0pa3Hblit
CEepICYHIK.

MAGNETIC FORCES AND CURRENTS OF THE INDUCTOR FOR MAGNETIC-PULSE PROCESSING OF OF
WELDING JOINTS OF NON-MAGNETIC THIN SHEET METALS

A.P. Raschepkin, I.P. Kondratenko, A.N. Karlov, R.S. Kryshchuk

Institute of Electrodynamics National Academy of Sciences of Ukraine,

Peremohy av., 56, Kyiv, 03057, Ukraine,

e-mail: anatoly_raschepkin@ukr.net, dep7ied@ukr.net, lexa.k.ua@gmail.com, kr@nas.gov.ua

In order to eliminate residual stresses in the welds of thin-sheet non-magnetic metals, the possibility of using magnetic pulse
processing is considered. An electromagnetic inductor with a U-shaped magnetic circuit and two coils of solid conductor is
considered. To create a unipolar current pulse in the inductor winding, a trinistor is used, which switches the electrical circuit
from the capacitor, inductance and active resistance, and when the current in the inductor winding reaches zero, the circuit
opens. The calculation of the transient process in an electric circuit with a dynamically changing inductance is performed by
solving a circuit-field problem with given initial conditions. The calculation of the electromagnetic field is performed by the
finite element method for a two-dimensional model of the inductor. The study of electromagnetic processes in the inductor and
thin-sheet non-magnetic workpieces with the amplitude of the maximum current density of 1 kA/mm’. The distribution of
current density and magnetic force density on the workpiece surface and in time is given. It is proved that only for a small
thickness of welded products (2 mm) can be achieved simultaneous power and current. References 9, figures 4.

Key words: magnetic pulse processing, pulse inductor, transients, U-shaped core.
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HIGH VOLTAGE PLANT WITH 3 MW PULSE POWER FOR DISINFECTION FLOW OF
WATER BY NANOSECOND DISCHARGES IN GAS BUBBLES
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The processes in the discharge circuit of a powerful high-voltage pulse installation with three multi-gap spark gaps op-
erating in parallel are experimentally investigated. Oscillograms of voltage and current pulses at the load in the form
of three reactors are obtained with running water. The discharge processes are compared when using in the discharge
circuit three multi-gap dischargers and three reactors connected in parallel, on the one hand, and one such discharger
and one reactor on the other. The regimes of synchronous discharges in gas bubbles were obtained in three reactors,
which ensured the complete inactivation of the E.coli in water with an initial concentration of 10° CFU/cm3 (CFU is a
colony-forming unit). References 5, figures 4, table 1.

Keywords: nanosecond discharge in a gas bubble, a high-voltage pulse plant, pulse power, a spark discharger (gap),
disinfection of water in a stream, a reactor - a discharge unit.

Introduction. The disinfection and purification of water by electric discharges have been the subject
of growing research interest in recent years [1, 2]. It was experimentally shown that with an increase of the
input power the water purification rate has increased however, the energy efficiency has decreased [3]. It was
shown in [3] also that with an increase in the current density over the permissible one the process of quench-
ing of OH radicals with a characteristic lifetime of ~1 ms intensifies. Therefore, to create industrial plants for
water purification and disinfection, it is necessary to increase the total power introduced into the load (reac-
tors) by distributing it between the reactors so that the current density and power in each discharge unit do
not increase. Thus, with an increase in plant productivity, the number of electrical discharge nodes (reactors)
should increase. In this case, one high-voltage pulse generator can operate on such a number of several reac-
tors whose total impedance is Z,,>2Z,, where Z, is the internal impedance of the generator.

The purpose of this work is to create a high-voltage pulse installation for disinfecting water in a
stream using nanosecond discharges in gas bubbles with a rated pulse power of up to 3 MW and
experimental study with its help the possibility of complete inactivation of indicative microorganisms with a
high initial concentration in the
water, that must be disinfected.

Distinctive features of
the experimental plant. The

P ----i electrical circuit of the installa-
T r = rot=—- |-—- ———=E < E tion (without a pump and com-
[ [ 1 [] : : .
& 3k la d i - n,i. i pr'essor) is shown i Fig. 1. In
&% |7 o 4 ! ! ! g i-l ii = E Fig. 1 capacitance Cy=4230 uF
iy R3S CGhm 17 i i i' RIEL ! (9 TAMICON 470 pF capaci-
- ! | ! i W!i ' tors, 450V in parallel) is
= Ra |} i | i L La charged from the network
To e coatrd ST TR ?P (220 V, 50 Hz) through a diode
systen bridge (not shown in Fig. 1) to
e — - < voltage U, according to [4]. V is
Fig. 1 tothe ; a voltmeter. The switch is a

transistor switch 7, consisting of four parallel-connected IGBT - transistors of the type IRG4PHS50UD.
Switching energy is carried out when the transistors are in the process of opening in the switch 7. The dura-
tion of the open state of the key T'is 110 ps. D, are the reverse diodes of the IGBT key built into transistors;
C..>1 nF is the capacitance of the "emitter-collector" of the IGBT key; R, is the resistance of the measuring
shunt; R,,;=300 Ohm, R,,=60 60 Ohm - matching shunt resistances, R;,=2.5 Ohm; C,, C, are the capacitan-
ces of the high-voltage and low-voltage arms of the capacitive voltage divider CDV (C;=2,7x10"*F,
C»=20,4x10 F, division ratio ky ~7650) with matching resistance R,=50 Ohm; C,<<C,.<<C. In the electri-
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cal circuit of each of the three discharge nodes (reactors) C,, R, are the capacitance and nonlinear active re-
sistance of the discharge gap in the gas bubble, and C, R are the capacitance and nonlinear active resistance
of the water layer between the discharge gap (DG) and the grounded electrode. The pulse transformer PT is
represented by the magnetization inductance L, and the leakage inductances L, L;, of the primary and sec-
ondary windings of PT, respectively. L. is the inductance of a high-voltage discharge circuit (excluding PT
and inductances of L, reactors). Cj, is the peaking capacity, SD is the peaking multi-gap spark discharger
(MG SD). The capacitance C;,,=150 pF is composed of six KVI-2 capacitors with a capacity of 100 pF each
for a voltage of 20 kV.

The disinfecting effect of the created plant with three discharge units and three peaking MG SDs
operating in parallel was experimentally verified in this work. Spark dischargers (spark gaps) operate in the
air at atmospheric pressure. The discharge nodes provide discharges in gas bubbles in the water.

The method based on pulsed electric discharges in gas bubbles inside water is one of the most
promising methods for disinfection and purification of water. The discharges generate a series of high-
intensity factors, including OH radicals, atomic oxygen, ozone, hydrogen peroxide, broadband radiation that
contains ultraviolet light, and other factors that disinfect and purify water. The method can be used for the
preparation of drinking water, for disinfection and purification of water in swimming pools, municipal water,
wastewater, the water of various industries, etc. Fig. 2 shows a block diagram of the plant implementing this
method. The plant consists of a low-impedance generator / of high voltage pulses, compressor 2, pump 3,
pipeline 4 with a diameter of D=40 mm with running water, made of insulating material. The plant includes
also three branch pipes 5 with a diameter of D;,=40 mm, through which insulation hollow cases 6 without a
bottom are inserted and fixed there. Cases 6 are made combined with high-voltage conductors — pointed elec-
trodes 7 in isolation and with tubular gas pipelines 8. The plant contains also a grounded electrode 9 in each
of the three discharge units. This electrode is made in the form of a metal cylindrical ring with a hole in its
side surface for the location of the case 6 in the pipeline 4. KaxubIit pa3psaHbIil y3ell COCTOUT U3 DJICKTPOa
7 B TBEP/OW M30JILMU, KOHYMK KOTOPOTO HE M30JMPOBaH, Kopiyca 6 3 XapaKTepHbIM BHYTPCHHUM JIMHEH-
HBIM pa3MepoM S=2,8 cM, ra3zomnpoBoja &, anekTpoaa 9 u ciios BOAbl BHYTPH TPyOOIpoBoa 4 1o maTpyo-
KoM 5 u okoiro Hero. Each discharge unit consists of an electrode 7 in solid insulation, the tip of which is not
insulated, a case 6 with a characteristic internal linear size $5=2,8 cm, a gas-pipe 8, an electrode 9 and a water
layer inside the pipe 4 under and around the branch pipe 5. The branch pipes 5 may have caps (Fig. 2 not
shows caps) with the
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C gas 1nic Z
into the III*—T-‘Ill The gas inlet outflow  of  water
t
incling 8 1 8 tubular gas _ through the caps on the
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\ —\ || condioton branch pipes 5 is im-
| _L: —_,-—— insulation 7 possible. A pump 3
— A — Al d' g B The water pumps water into a
a evel in the 1
d . ] rancn pive pipe 4 from a water
- | /—\ — | __— source /0. The distance
Din between adjacent
e | | Outputfrom  branch  pipes  is
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untreated /61\ the treated d=300 mm. The flow
water stream  f El 7 r‘% water stream rate of water and gas
S s S from the compressor is
ey A ANk . B }’j._._ ________ N i i adjustable. The com-
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be different. The flow
o o 0 4 of water can be carried
3 i
The The
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ence of three MG SDs working in parallel, and three separate discharge units on water treatment in the
stream. The operation of the dischargers in parallel is complicated by the short connection of their main elec-
trodes to each other, to which three water treatment units are connected. Such a connection provides a guar-
anteed connection of each MG discharger to any discharge unit. However, such a connection increases the
likelihood of operation only one or two out of three spark dischargers at the overheating of the electrodes in
the MG SDs. To avoid overheating, each MG SD is cooled by a separate fan.
F1g 3 shows a photo of three MG SDs working in parallel (Fig. 3, @) and a photo of a pipeline for
— treating water in a stream with three
branch pipelines, three discharge units
and an end valve (Fig. 3, b). The multi-
gap spark dischargers provide nanosec-
ond fronts of voltage and current pulses
in the load - in reactors with discharges
in gas bubbles in the water and layers of
water under the bubbles.

a Fig. 3 b
Experimental results. Fig. 4 shows the waveforms of voltage pulses (curves /) and current (curves
2) for a variant of operation of a plant with one reactor and one MG DS (Fig. 4, a) and for a variant with
three reactors connected in parallel and with three MG DSs included in parallel, (Fig. 4, ). When using three
my ] T LE ML B 2R reactors in parallel, the active resistance of load
.dﬂl "FM” e decreases approximately three times, the total ca-
f i ;\lﬂ ‘ pacity of the water layers in the reactors increases,
0 N e i M i O R the oscillation period increases (see Fig. 4), and the
U ] quality factor of the discharge circuit increases
; o Pl compared to using of one discharge unit (reactor).
iy o=t mm ne mweswowe Therefore, the amplitude of the oscillations on the
a Fig. 4 b voltage waveform increases, they occur closer to a
zero line. The oscillation period increases due to an increase in the total capacity of the water layers between
the discharge gaps (DGs) with discharges in gas bubbles and grounded electrodes. The amplitude of the
current pulse increases more than twofold with a decrease in its duration at the base by about 5 times (from
250 ns to 50 ns). It is necessary to take into account the increase in the switching time of the MG SDs with a
decrease in the total load resistance - the active and capacitive resistance of the water layers in three reactors
connected in parallel and the resistance of the emerging discharge channels in gas bubbles that connected in
series with the corresponding water layers in the reactors (see Fig. 1). The shape of the current curve from
aperiodic with superimposed oscillations in Fig. 4, a transforms into a triangular shape in Fig. 4, b, close to
the shape of the critical discharge. In Fig. 4, b, several waveforms of voltage and current are superimposed
on each other to show the repeatability of the signals. An experimental check at a pulse repetition rate of
more than 2000 pulses/s showed the reliable operation of three MG SDs in parallel with pulse current ampli-
tudes up to 100 A and pulse voltage amplitudes at the discharge units of about 30 kV. The characteristic
pulse durations, in this case, were 20—30 ns (see Fig. 4). The rated power Pp of the plant in the pulse when
working on three reactors in parallel is up to P,=Up*Ip=30000 V*100A=3*10° W=3 MW.

After treating the water in the stream with discharges in gas bubbles, the pulses shown in Fig. 4, b,
within 35 seconds at a pulse repetition rate of f,,~2400 p/s, complete inactivation of E.coli bacteria was
achieved. The results of the analyses are shown in the table. The seeding by indicative microorganisms -
E.coli bacteria and analyzes of treated and control water samples were carried out in the specialized enter-
prise “Sanepidservice” (Kharkiv, UA). The initial seeding (bacterial concentration, number of bacteria per
unit volume) of both the experimental and control samples was 10° CFU/cm® (CFU — colony forming units).
This is a very high concentration, at least 100 times higher than the maximum concentration of E.coli bacte-
ria in real dirty wastewater.

Name of indicator, Regulatory documentation for test Research re-
units of measure methods sult
Determination of total coliforms in drinking water or coli-index in pool water and wastewater
Experimental sample E.coli 10° (CFU/cm’) Methodical instructions # 10.2.1-113- 0
CFU - colonies forming units 2005 approved by the order of the Min-
(water treatment by electric discharges in gas bubbles) istry of Health of Ukraine from
Control sample E.coli 10° (CFU/cm’) 03.02.2005, No. 60 10°
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An important characteristic is the specific energy consumption of W, for disinfection [5]. To reduce
the obtained value W,,.~660 W*h/m’ in this plant, at an initial concentration of E.coli of 10° CFU/cm’, there
is a significant reserve. If the initial concentration decreases by a factor of 100, a corresponding additional
decrease in W,,. should be expected. The total concentration of E.coli in the treated (experimental) sample
turned out to be zero, while in the control sample the concentration (the seeding) remained equal to
10° CFU/em’.

Conclusions. The experimental high-voltage pulse plant with a rated pulse power of 3 MW was cre-
ated and successfully tested, in which the disinfection of water in a stream is carried out using nanosecond dis-
charges in gas bubbles. Complete inactivation of E. coli bacteria with an initial concentration of 10° CFU/cm3
in water (CFU - colony forming units) was achieved In the flow mode of treatment at a water flow rate of 120 1
/' h. The method of water disinfection using nanosecond discharges in gas bubbles is promising for industrial
applications and can successfully replace or supplement ozonation and ultraviolet treatment.

1. Kukhno A.V., Makalskiy L.M., Tsekhanovich O.M. Purification of water from organic pollution by avalanche-
streamer discharges. Samarskiy Nauchnyi Vestnik. 2017. Vol. 6. No 1 (18). Pp. 46-51. (Rus)

2. Ajo P., Kornev Ia., Preis S. Pulsed Corona Discharge in Water Treatment: The Effect of Hydrodynamic Conditions
on Oxidation Energy Efficiency. Industrial and Engineering Chemistry Research. 2015. Vol. 54. Pp. 7452—7458.

DOI: https://doi.org/10.1021/acs.iecr.5b01915

3. Yasuoka K., Sato K. Development of Repetitive Pulsed Plasmas in Gas Bubbles for Water Treatment. International
Journal of Plasma Environmental Science and Technology. 2009. Vol. 3. No 1. Pp. 22-27.

4. Boyko N.I., Makogon A.V. Generator of high-voltage nanosecond pulses with repetition rate more than 2000 pulses
per second for water purification by the discharges in gas bubbles. Tekhnichna Elektrodynamika. 2018. No 4. Pp. 37-41.
DOI: https://doi.org/10.15407/techned2018.04.037

5. Dolina L.F. New methods and equipment for disinfecting wastewater and natural waters. Dnepropetrovsk: Continent,
2003. 218 p. (Rus)

YJK 537.52:621.373

BbICOKOBOJIbTHASI YCTAHOBKA UMITYJIbCHOM MOIIHOCTHIO 3 MBT JIJ151 OBE33APAKHBA-
HUs BOJbI B IIOTOKE ITPHU ITIOMOIII HAHOCEKYHIHBIX PA3PSI/IOB B I'A3OBbBIX ITY3bIPAX
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DKCnepumMeHmanbHo UCCIe008aHbl NPOYECcyl 8 PA3PAOHOU Yenu MOWHOU 8blCOKOBOIbMHOU UMNYIbCHOU YCMAHOBKU C
Mpemsi MHO203A30PHbIMU PA3PAOHUKAMY, pabomatowumu 6 napaiieiv. 11oayyensl 0cyunioepammobl UMRYIbCO8 HANpPsi-
JICEHUST U MOKA HA HAZPY3Ke 6 8ude mpex peakmopos ¢ npomounou 600ou. IIposedeno cpagnenue paspsaonbix npoyec-
CO8 NPU UCNOAL3IOBAHUU 8 PA3PAOHOU Yenu mpex MHO203A30PHbIX PA3PAOHUKOE U MPeX PeaKmopos, 6KIOUEHHbIX 8 Na-
panneib, ¢ 0OHOU CMOPOHDL, U 0OHO20 MAKO20 PA3PAOHUKA U 0OOHO20 PeaKmopa ¢ Opy2oli cmopoHul. B mpex peaxmopax
NOLYUEHbL PENCUMbL CUHXPOHHBIX PA3PSI008 6 2A306bIX NY3bIPAX, obecneuusuue noanyio unakmusayuto E.coli 6 6ode ¢
ucxoonoii konyenmpayueti 10° KOE/cm® (KOE — kononueo6pasyiowas edunuya). bubn. 5, puc. 4, tabn. 1.

Knrouesvle cnrosa: HaHOCEKYHIHBIN pa3psii B Ta30BOM ITy3bIpe, BBICOKOBOJIbTHAS UMITYJIbCHASI YCTAHOBKA, HMITYJIbCHASI
MOIIIHOCTh, UCKPOBO# pa3psIHUK, 00€33apaKMBaHKEe BOJIbI B TOTOKE, PEAKTOP — Pa3psIHbII y3ei.
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BUCOKOBOJIbTHA YCTAHOBKA IMITYJIbCHOIO MNOTYZKHICTIO 3 MBT JVI51 3BHE3APAKEHHSA
BOAU Y TOTOLI 3A JOITOMOI'OIO HAHOCEKYHJIHHUX PO3PAAIB Y TA3OBHUX BYJIbBKAX
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Excnepumenmanvro 0ocniosceno npoyecu y po3psaoHOMY KO NOMYHCHOI BUCOKOBOILIMHOI IMIYIbCHOI YCIMAHOBKU 3
mpbLoMa 6a2amo3a3opHUMU PO3PAOHUKAMU, WO npayloioms 6 napaneisb. Q0epicano ocyunocpamiu IMRYIbCie Hanpyau
ma cmpymy Ha HABAHMAdICEHHI Y 6U2NA0I MPbOX PEaKmopie 3 nPomouHol0 6000i0. [Ipoeedeno nopieHaAHHA pO3PAOHUX
npoyecie nio 4ac GUKOPUCMANHA Y PO3PAOHOMY KoL MPbox 6a2amo3a30pHux po3PAOHUKIE | MPbOX peaKkmopie, GKaoye-
HUX 8 napanenw, 3 00H020 OOKY, Ma 00HO20 MAKO20 PO3PAOHUKA | 00HO20 peakmopa 3 iHuoz2o 60ky. B mpvox peaxmo-
PAX 00epAHCAHO PeNCUMU CUHXPOHHUX PO3PAOIE 6 2a308ux OYIbKax, AKi 3abe3nequnu nogny inakmusayiio E.coli y 600i 3
guxionoro konyenmpayicro 10° KYO/enm® (KYO — kononicymeopioioua odunuys). biém. 5, puc. 4, tab. 1.
Knrwouoei cnosa: HaHOCEKYHTHUI pO3psiI B ra30Biil OyJIbIli, BUCOKOBOJIBTHA IMITYJIbCHA YCTaHOBKA, IMITYJIbCHA ITOTYX-
HICTB, ICKpPOBHMH PO3PSIHUK, 3HE3apaXKEHHS BOAM Y TIOTOLIl, PEaKTOp — PO3PSAHUH BY30II.
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BU3HAYEHHS IHOOPMAIIMHUX KOOPJIUHAT CUCTEMHU KEPYBAHHS
BUCOKOBOJIbTHUX YCTAHOBOK EJIEKTPOPO3PSJTHOI OBPOBKU BYTJIELIEBMICHUX
I'A3IB
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Busnaueno ingpopmayiiini koopounamu cucmemu Kepy8anHs 3a07s 30ilUCHeHHs Ad8MOMAMUYHO20 Pe2YT08AHHI BUXIOHUX
Xapaxmepucmux 6UCOKOBOJIbMHO20 (POPMYBAYA PO3PAOHUX CIPYMIE BUCOKOBOIbIMHUX YCTNAHOBOK €leKMPOPO3PIOHOT
00pobru  eyeneyeemicnux easie. Ilpoananizosano ocobausocmi pobomu, SKi APUMAMAHHI  6UCOKOBOIbIHUM
€IeKMPOPO3PSIOHUM YCIHAHOBKAM, Md NOKA3AHO, WO IHGOPMAYiliHOI0 KOOPOUHAMOW CUCEMU KEPY8AHHS € 6XIOHA
NOMYACHICMb 0JICEPea HCUBTEHHS YCMAHOBOK eleKmPOopOo3PAOHOT 00poOKU 8y2leyesMICHUX 2a3is, a 3a cmabini306aniil
6XIOHIU Hanpy3i — Oiloue 3HAueHHs cmpyMmy Ha 6xo00i. Lle dac 3mozy onepamusHo GU3HAYAMU NOMOYHE 3HAYEHHS
O00BICUHU  MIXHCENEKMPOOHO20 NPOMINCKY 018 RIOMPUMKU — pedcumy pobomu  6UCOKO-BONbIMHUX — YCINAHOBOK
eeKMPOPO3PAOHOTI 0OPOOKU BY2leye8MICHUX 2d3I8 3 MAKCUMAIbHOIO NPOOYKMUBHICMIO 3A MIHIMATbHUX NUMOMUX
eHep2osUMpamax Ha OOUHUYIO Macu 8UXiono2o npodykmy. biom. 9.

Kntouosi cnosa: indopmamiiiHa KOOPOMHATA, IMOTYXKHICT, TIIOYHHA CTPYM, MIKEIEKTPOIHHN MPOMIKOK, PEXKUM
po6OTH, TPOAYKTHUBHICT, IUTOMI €HEPTOBUTPATH.

Beryn. YV pasi BHCOKOBONBTHIN €NEKTPOPO3PAIHiA 0OpoOIi BYTJIEIEBMICHHX Ta3iB 3 METOIO
OTPUMAaHHS BYTIICIEBUX HAHOMAaTEpPialliB MIMPOKOTO CIEKTPY BUKOPHCTAaHHS BHHUKA€E MpoOiieMa orepa-
TUBHOT'O BHM3HA4YEHHS MOTOYHOI'O 3HAYCHHS AOBXXUHH MDKEIEKTPOAHOTO HMPOMIXKKY /gn. Ilim wac oOpobku
BYIJICLIEBMICHUX Ta3iB B BHCOKOBOJBTHUX EJIEKTPOPO3PSIHHX YCTaHOBKAX TIPOCTIP MIXK eNEeKTPOJaMH
3a0pyIHIOETHCSI CTPYMOINPOBIIHMMYU BYTJIELIEBUMU YTBOPEHHSIMH, L0 3MEHIIYIOTh /py. Sk mokaszano B [1]
BiJl MOBXHHHA MIDKEINEKTPOAHOTO TIPOMIKKY 3aJI€KUTh IPOAYKTHBHICTb BHCOKOBOJBTHHUX YCTaHOBOK
EIEKTPOPO3PAIHOT 00POOKU BYTJICIICBMICHHUX Ta3iB 1 MMUTOMI €HEPrOBUTPATH HA OJUHUIIO MAacH BHXIIHOTO
npoaykry. ToMy myke BaKIMBO BHUPILIMTH 3aJa4y BH3HAU€HHS /g y pPeallbHOMY 4Yaci 3aaisl 3AiHCHEHHs
ABTOMAaTUYHOTO PETYJIFOBAHHS BUXIIHUX XapaKTEPUCTUK BUCOKOBOJIBTHOTO (hOpMyBada pO3PSIHUX CTPYyMIB
YCTAHOBOK EJICKTPOPO3PSAAHOI 0OpOOKH BYTJICIIEBMICHHX Ta3iB. AJle 3a/yid 3aMKHEHHS KOJIa 3BOPOTHOTO
3B’SI3Ky CHCTEMH KEpYBaHHS YCTAaHOBKOKO IMOTPIOHO BU3HAYUTH 3B’S30K MK EIEKTPUYHUMH XapakTep-
pucTHKaMU i pkepelia SKUBICHHS 1 /gy Ta BU3HAUUTU iHpOpMauiitHi koopauHaTu. ToMy MeTo0 poOOTH €
BH3HAYCHHSI IIHOTO 3B’ SI3Ky Ta iH(QOPMAIIITHIX KOOPIUHAT CUCTEMH KEPYBaHHS.

3ajuist 3MiICHEHHST aBTOMATHYHOTO PETYJIIOBaHHS BUXITHHX XapaKTepUCTHK (OpMyBada BHCOKO-
BOJIETHUX PO3PSAIHHUX IMIYJIBCIB HEOOXIHO, 00 CHCTEMa PEryJIIOBaHHS OyJia 3aMKHEHO [2,3], ToOTO Oyna
MOBWHHA 3JIIMCHIOBATH KEPYHUi BIUIMBH BIAMOBITHO [0 pO3pOOJICHMX 3aKOHIB [4] Ha OCHOBI 3HA4YCHBb
iHQOpMaIIfHUX KOOPAMHAT BHXiTHOTO BEKTOPY CHUCTEMH, SIKI HECYyTh iH(MOpPMAIIIIO TIPO CTaH 00'€EKTY Kepy-
BaHHS. BUKOpPUCTaHHS Ta BU3HAYCHHs 1H(OPMAIIHHUX KOOPAWHAT JJII BUCOKOBOJIbTHUX EIIEKTPOiM-
MyJECHUX CHUCTeM omucaHo B [5]. OmHUM i3 BUCHOBKIB [5] € Te, M0 JAaTYWUKU IJI1 BUMIPIOBAaHHS (i3UIHHUX
BEITMYMH MOBUHHI OyTH TaJIbBAHIYHO 130JIbOBaHI BiJl BHCOKOBOJIBTHOTO KOHTYPY 3211 3MEHITICHHS 3aBaj Ta
30UIBIICHHS. HAAIWHOCTI CUCTEMH BW3HAYEHHs iH(GOpPMAaLidHUX KoopauHAT. TOMy TOJIOBHOIO ige€ro i€l
po0oTH € BUMIpIOBAaHHS HE BHUXIJHMX XapaKTEPUCTHK CUCTeMH (BHXiJHa BHCOKA HAampyra Ta CTpyM), a
BXITHUX (HAIIPUKJIT, BXiTHUI CTpyM ab0 MOTYKHICTB).

OCHOBHHM TMapaMeTpoM, BiJ SKOTO 3aJIe)KaTh HAmpyra Ha KaHaii po3psay 1 ONTHMalbHUH po3-
pAIHUN CTPYM, € JOBXHMHA MDKEIEKTPOJHOro MPOMiKKY. Sk mokas3aHo y [6], /g MOCTIHO 3MiHIOEThCH,
TOMY HEOOXiTHO BUSHAYUTH METOJH 11 KOHTPOIK0. ToMy mpoBeneHo BU3HAYEHHS 1HPOPMAIHHUX KOOPIUHAT
BUXITHOTO BEKTOPY CHUCTEMH KEpyBaHHS PEKHMHUMH TapaMeTpaMH, fKi Jal0Th 3MOTY KOHTPOIIOBAaTH
JIOBXXHHY MIXEJIEKTPOJHOTO MPOMIXKKY .

© Binnnuenko /[.B., Binanuenko [.JI., 2020
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LinpoBi TexHONOTIUHI XapakTepucTuku Kp (IPOMYyKTUBHICTB), Wy (TUTOMI €HEprOBUTPATH) MalOTh
(hyHKI[IOHATIBHI 3aJIeKHOCTI Bia BuximHoi motykHocTi [1]. ToOro 3amis epekTUBHOI poOOTH cHucTeMa
NOBHWHHA 3a0e3MevyBaTH 3aJaHy MOTYXHICTb Y KOXXHOMY CTaHi eNeKTpopo3psiAHOro mpouecy. B oGmacTi
PO3pSATHUX CTPyMiB, SKi BiJMOBINAIOTh MIHIMAJIBHUM IUTOMHM EHEPrOBHTpaTaM, Hampyra Ha KaHali
pO3ps Ay BU3HAYAETHLCS B OCHOBHOMY HOTO TOBXKHHOIO 1 HE 3AJICKUTH Bill CTpyMy [1].

Ha nepmmit nornsia, HaiOuIbn eGekTHBHUMH iH(GOPMAaLiHHIMU KOOPIUHATAMH ITOBHHHI BUCTYTIATH
BUXIJHI XapaKTEepUCTUKW CHCTEMH >XHUBICHHSA (CTpPyM KaHaly pO3psily, Hampyra Ha KaHaji, BHXiTHa
MOTYXKHICTB). AJie TIpH IIbOMY ITOTPIOHO 3BEPHYTH yBary Ha HACTYITHI OCOOJMBOCTI pOOOTH, SIKi IpUTaMaHH1
SIK BHCOKOBOJITHUM EJIEKTPOPO3PSTHAM YCTaHOBKaM B3aralli, Tak i CHCTeMaM BHCOKOBOJBTHOI O0OpOOKH
BYTJICIICBMICHHX T'a3iB:

— BXIIHA{ CTPYM i3 TIPOMIECIIOBOI MepexXi KUBJIeHHs Mae 9acTtoTy (50 ['m), mo minimym y 200 pasis
MeEHIIe, HiXK MiHIMaimpHa gacToTa po3psaHoro crpymy (10 xI'm) [1] Ha BHX0mi BUCOKOBOJIBTHOTO DKEepeia
KUBJICHHA. TOMy BUMIpSATH Hil04Ye 3HAUY€HHS BXiJHOTO CTPYMY 3HAYHO MPOCTimie K 3 OOKy amapaTHOI
peamizamii (J11 BUMIpIOBaHHS HH3bKOYAaCTOTHOTO 3MIHHOTO CTPyMy IIOTpiOHAa cHCTeMa 3 HEBEIHNKOIO
IIBUIKOMIEI0), TaK 1 3 00Ky Oe3meku [5] (Hemae BTpyJaHHS B BUCOKOBOJIETHE KOJIO);

— BXiJIHA Hampyra JpKepena >KUBJICHHS € CTa0lli30BaHOI0 BEIMYMHOIO (HAa BXOJI CHCTEMH, 3 OOKY
POMHMCIIOBOI MEPEXi, € CTa011i3aTOp HAPYTH Ta KOPEKTOP KOe(illieHTy MOTY>KHOCTI);

— BHCOKOBOJIbTHA CHCTEMa XHBJICHHS Ma€ PE30HAHCHUN KOHTYP, SKUH CKIIQJAETHCS 3 PEAKTHB-HUX
€JICMEHTIB 1 MpaIlfo€ Ha PI3HUX YacTOTaX, ajie BUXIJHA MOTYXXHICTh OJHO3HAYHO BU3HAYAETHCS BXII-HOIO, 3
ypaxyBaHHSAM KOediIli€eHTiB KOpUCHOT Ail (77) 1 MOTYXHOCTI (cos @), TOOTO Aif04Ye 3HAYEHHS BXiTHOTO CTPYMY
MO’K€ BUKOPHUCTOBYBATHUChH ISl BU3HAUCHHS MOTYKHOCTI Ha 1i BUXO/I1

Foyr =Up L, ncosg, (1)
ne U, I, — nito4i 3Ha4YeHHs Hampyrd HPOMHUCIOBOI MEpEXki JKUBICHHS Ta CTPYMY, IO CIIOKHUBAETHCS
BHUCOKOBOJIBTHOIO €IEKTPOPO3PATHOIO CUCTEMOIO 13 TPOMHCIIOBOI MEpEeXi KHUBJICHHS, BiAMOBITHO;

— BHXiHA MOTYXKHICTh MMPAKTUIHO JIIHIHHO 3aJICKHUTH BiJl TOBKHHHA MIKEIEKTPOIHOTO MPOMIKKY [1]
JUTST KOOKHOT'O 3HAYEHHS PO3PSITHOTO CTPYMY, TOOTO ii MOXKHA BUKOPUCTOBYBATH 337151 BU3HAUYCHHS IOTOYHOT
BEJIMYMHU JOBXKHHU MIKEIEKTPOJHOTO IMPOMIKKY, SIKa 3MIHIOETBCS B Mpoleci oOpoOKH Tra3omomiOHHX
BYTJICBOJHIB;

— HeoOXimHOI yMOBOKW iH(MopMamiiHOi KoopauHAaTH € 11 omepamiliHa BH3HAYEHICTh, TOOTO
MOXIIUBICTD ii BUMiptOBaHHS. AJie BUXiTHI XapaKTEpPUCTHKH BUCOKOBOJBTHOI CUCTEMH KMUBJICHHS CKIIAQJHO
Y3rOANTH 3 HU3bKOBOJIBTHOIO U(PPOBOIO CUCTEMOIO KEPYBaHHS;

— KOOPIMHATH BEKTOPY CTaHy € BUIIAJKOBHUMHU BEJIMYMHAMH, BU3HAUCHUMHU HAa MHOXHHI peaji3allii,
TOOTO I aHajdi3y MPOLECIB i po3p0OKH MaTeMaTUYHUX MOAEIel MOTpiOHO BUKOPUCTOBYBATH iXHi CTaTHC-
TUYHI XapaKTepUCTUKH [7].

AHayiz ocoOnmBOcTEel pOOOTH CHCTEM BHCOKOBOJIETHOI OOpOOKH BYTJICIICBMICHUX Ta3iB IIOKAa3ye
JOIUTBHICTh BUKOPUCTAHHS EJIEKTPUYHUX XapaKTEPUCTHK HA BXOJI CUCTEMH K iH(OpMAaLiHHUX KOPIU-HAT
CHUCTEMH KEpyBaHHS ycTaHOBKOIO. lle BXimHa akKkTHUBHA MOTYXXHICTh a00, BpaxoBYIOUW CcTalimi3oBaHE
3HA4YCHHS BXiIHOI HANpyru, BXiTHUHA TIIOYMHA CTPYM, SIKUH NPOIMOHYETHCS BUKOPHCTOBYBATH sIK iHpOpMa-
[iifHy KOOpAWHATY (CHUTHAI 3BOPOTHOTO 3B’ SI3KY CUCTEMH) )

y :I,',, — U POUT — UOUTIOUT . (2)
in77005¢ Uin77005¢

BpaxoBytoun, mo cos¢ =1 3a HasBHOCTI Ha BXOIi JKepeJia >KUBJICHHS CUCTEMU KOPEKTOpy Koedi-
MIEHTY MOTYXXHOCTI, U;, — 11e cTrabijmi3oBaHa Halpyra MPOMHCIOBOI MepexXi >KMBIICHHS, a [oyr — cTadii-
30BaHMI CepelHbOKBAAPATHYHUN PO3PAOHUN CTPYM, KU 3a0e3ledye crucTeMa XHUBJICHHS, 3MiHa BUXiIHOT
KOOPAMHATY 3aJIeKUTh TUTBKH BijJ 3MiHU BuximHOI Hanpyru Ugyr, Ka, B CBOIO Yepry, 3alIe)KUTh TUTHKH BiJ
JIOBXIHH MI>KEIIEKTPOTHOTO TIPOMIXKKY [6]

Uour = Eculpp » 3)
ne Ecy— nuToMa poOoda Halpyra KaHainy po3psy, o oTpuMaHa y [6]. 3Biacu
y=1,=K/ly, 4)

ne Ki=(Eculour)/(Unn) — KoedilieHT MpOHOpUiHOCTI MiX CTPyMOM MEpeXi >KHBJICHHS Ta JOBXHHOIO
MDKEICKTPOTHOTO TIPOMiXKKY.

OcTaHHIM BaXIIMBUM THTaHHSAM 3aJIMINAETHCA BU3HA4YeHHA B (4) koedimieHTy KopucHOi mii (77)
BHCOKOBOJIBTHOTO JIXKepelia KUBJICHHs. Sk mokaszaHo y [8, 9], koedillieHT KOPHUCHOI Aii JKepel KUBICHHS,
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no0yJOBaHUX Ha OCHOBI PE30HAHCHHUX 1HBEPTOPIB, 3MIHIOETHCS He3HauHO (Ha 1 — 2%) B pobouoMy niamazoni
HaBaHTAXKEHb Ta JIGKUTH B Mexax BiJ 89% 10 91%. Tomy 11 BUCOKOBOJIBTHUX JPKEPEI KUBJICHHS CUCTEM
00pOoOKHM ra30moiOHKUX BYIJICBOJHIB MOXKHA BBa)KATH CTAJIOK BeMWYHHOIO (<90%), sika HE 3aJICKHUTH BiJ
3MiHH MTapaMeTpiB HABaHTAKECHHSI.

ToOTo, 321711 BU3HAYCHHS JOBXHHH MIKEJIEKTPOIHOTO TPOMIXKY JOCTATHHO BHMIPIOBATH BX1THHIMA
CTPYM 3a YMOBH HE€3MIHHOTO 3HAUCHHS HANIPYTH KUBNCHHSA [,;=1;,/K;=y/K].

BucnoBku. B po6oTi BU3HaUEHO 3B’SI30K MK BXiTHUM CTPYMOM JDKEpeia KUBICHHS Ta TOBKHHOIO
MDKEJICKTPOTHOTO MPOMIKKY BHCOKOBOJIBTHHX €ICKTPOPO3PSITHUX CHCTEM OOPOOKH BYTJICIICBMICHUX Ta3iB,
Ky MOXXHa BH3HA4YWTH, K l,=I,/K;=y/K; OtpumaHo iHpOpMaNiiiHi KOOPIUHATH CHCTEMHU KEpyBaHHS,
SIKUMU € BXiJHa MOTY)KHICTh JKepeJia >KUBJICHHS YCTaHOBOK €JIEKTPOPO3PSIIHOI 0OPOOKH BYTJIELIEBMiCHHX
ra3iB, a 3a crabimi30BaHil BXigHIN Hampy3i — Airfoue 3HaYeHHS CTpyMy Ha Bxomi. Lle mae 3mMory omepaTHBHO
BH3HAYATH ITOTOYHE 3HAYEHHS IOBXKHHH MDKEICKTPOIHOTO MPOMDKKY 33/l MIATPUMKH PEXUMY pOOOTH
BHUCOKOBOJIBTHUX YCTaHOBOK €JIEKTPOPO3PsAHOI OOpOOKM BYIJICHEBMICHHX Ta3iB 3 MAaKCHMAJIbHOIO
NPOIYKTUBHICTIO 32 MiHIMATbHAX MUTOMHUX CHEPTOBUTPATAX HA OJMHUIIKD MACH BUXiTHOTO MPOIYKTY.
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Onpedenenvl  uHGOpMAYUOHHBIE KOOPOUHAMbBL CUCTEMbl YNPABNEHUs OAsl  OCYWEeCMENeHUs  A8MOMAMUIecKo20
PecyIupOBaHus 8bIXOOHBIX XAPAKMEPUCIUK 8bICOKOBONLINHO20 (HOPMUPO8amens paspaoHbiX MOKO8 6blCOKO-60IbMHBIX
VCMAHOBOK 2NeKMPOPA3PA0HOU 0bpabomiu yerepoocodepacauux 2azos. Ilpoananusuposansl ocobeHHocmu pabomboi,
KOMOpbie NPUCYuji 8b1COKOBOTIMHBIM NEKMPOPAIPAOHBIMU YCIMAHOBKAM, U NOKA3AHO, YMO UHPOPMAYUOHHOU KOOPOU-
HAMOUl cucmemvl YHpAeieHUs AGIAeMCA 6XOOHAA MOWHOCMb UCMOYHUKA NUMAHUA YCIAHOBOK SIeKMpOopa3pAOHOU
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00pabomKu yenepoocooepicaux 2a308, d npu cmMabduIU3UpOBAHHOM BXOOHOM HANPA’CEHUU — Oelicmayloujee 3HaueHue
MoKa Ha 6xode. JmMo NO360JAem ONEPamueHo Onpedensimv mexyujee 3HaueHue ONUHbL MeHCINEKMPOOHO20 npoMe-
AHCYMKa 01 NOOOEPHCKU pedcuma pabomsl 8biCOKOBOIbMHBIX YCMAHOBOK INEKMPOpaspaoOHol obpabomxu yaiepoo-
COOEPAHCAWUX 2308 € MAKCUMATLHOU NPOUIEOOUMENLHOCBIO NPU MUHUMATLHBIX YOEIbHbIX IHEep2o3ampamax Ha
eOUHUYY MACChl UCXOOHO20 npodykma. buoi. 9.

Kniouesvie cnosa: nHpopManmoHHass KOOpAWHATA, MOLIHOCTb, JCUCTBYIOLIMHA TOK, MEXKAIJIECKTPOIHBIH MPOMEXYTOK,
PEXKHUM pabOThI, IIPOU3BOJUTENILHOCTD, Y/CIbHbIE SHEPTr03aTPaThI.

DETERMINATION OF CONTROL SYSTEM INFORMATION COORDINATES OF HIGH VOLTAGE
INSTALLATIONS FOR ELECTRODISCHARGE TREATMENT OF CARBON-CONTAINING GASES
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The information coordinates of the control system for the automatic control of the output characteristics of the high-
voltage discharge currents former of the high-voltage installations of electrodischarge treatment of carbon-containing
gases are determined. The peculiarities of the work that are inherent in high-voltage electric discharge installations are
analyzed and it is shown that the information coordinate of the control system is the input power of the power source of
the installations for the discharge of carbon-containing gases, and with a stable input voltage, the current value at the
input. This allows to fast determination of the current value of the length of the electrode gap to maintain the mode of
operation of high-voltage installations for the discharge of carbon-containing gases with maximum productivity at
minimum specific energy consumption per unit mass of the product. References 9.

Keywords: information coordinate, power, operating current, interelectrode gap, operating mode, productivity, specific
energy consumption.
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ERROR OF MEASURING ELECTROLYTIC CONDUCTIVITY BY A CELL (JONES TYPE)
DUE TO RADIAL DISPLACEMENT OF ITS PARTS AFTER ASSEMBLING

D.V. Meleshchuk
Institute of Electrodynamics National Academy of Sciences of Ukraine,
Pr. Peremohy, 56, Kyiv, 03057, Ukraine, e-mail: mdim@meta.ua

The article describes the error in measuring the electrolytic conductivity of solutions using a differential electrolytic
cell (with a removable central part), due to inaccurate assembling of its design. It appears when additional resistance
of the test sample is formed after changing the current path in the solution in the presence of displacements between the
parallel longitudinal axes of the connected parts of the cell. This resistance is similar to the constriction resistance
defined in the theory of fixed electrical contacts. To take it into account when determining the required error, a
parameter (the constriction coefficient) is introduced that characterizes the degree of constriction of the electric current
lines at the joint of two parts of the cell. To evaluate the components of the error in the conductivity measurement,
computer simulation of electrolytic cells and the finite element method were used. Expressions are obtained for
determining the errors in measuring the electrolytic conductivity of solutions and cell resistance in the presence of
radial displacement of parts of the cell after assembling. Using the finite element method, the dependences of the
constriction coefficients on the radial displacement at the joints for cell models with different tube diameters are
obtained. Also, the errors of measuring the resistance of cell models of different sizes are calculated. To evaluate the
measurement error of electrolytic conductivity that can occur when using a specific measuring cell, the proposed
expressions and the obtained dependences for the constriction coefficient can be used. Studies of cell models have
shown that the error due to inaccurate assembling of differential cells can reach significant values (of the order of
0.01%) in the presence of radial displacements at the level of tens of um. References 4, figures 4.

Key words: differential cell, radial displacement, solution, electrolytic conductivity, error, computer model, resistance.

Introduction. Electrolytic conductivity measurement is widely used to evaluate the degree of
ionization of aqueous solutions. For accurate measurements of the electrolytic conductivity of solutions, a
contact measurement method is used. According to this method, the electrical resistance of a solution sample
is measured using a measuring cell. The cell provides a fixation of the shape of the test sample, a
determination of its geometric dimensions, the supply and reception of measuring electrical signals. The
measured resistance of the cell is theoretically strictly related to the geometric dimensions of the cell and the
electrolytic conductivity of the sample solution. At the same time, various factors influence the accuracy of
measuring the cell resistance. The main ones are associated with a number of parasitic phenomena that occur
in the zone of contact of the solution with the measuring electrodes when an electrical signal is applied [1].
To eliminate the influence of these near-electrode processes on the accuracy of measuring the conductivity of
solutions, two-electrode differential cells are widely used. The metrological centers of many countries use
differential reference cells with a removable central part (Jones type) [1]. A differential cell of this type
consists of three parts. Two identical half-cells contain fixed platinum electrodes and tubes for filling the cell
with a solution. The third part of the cell (central) can be inserted and removed between two half-cells. It is a
precision machined tube. The created differential cells in the leading world metrological centers are used to
measure the electrolytic conductivity of solutions in the range of 0.001 S/m — 10 S/m. The extended
measurement uncertainty lies in the range of 0.5% — 0.03% [1]. The main disadvantages of this type of
differential cell are differences in the geometry of the solution column and possible contamination after each
assembling of the cell.

The method for measuring the electrolytic conductivity of a solution using a differential cell of this
type involves two measurements of the resistance between the electrodes of the cell. One measurement of
resistance is carried out in the presence of the central part of the cell, and the second after its removal. The
difference in the measured resistances depends on the geometric dimensions of the removable central part
and is used to determine the electrolytic conductivity of the solution (k) according to the expression
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Ry —Ryo=pl/ A=Ky /k, (1)
where Ry, Rwo are cell resistances with and without the central part; / and 4 are the length and cross-
sectional area of the central part of the cell; p is the resistivity of the solution; Kce= //4 is the constant of the
central part of the cell (called the cell constant).

When assembling parts of the cell (with and without the central part), there may be a radial
displacement of its parts at their joint (i.e., the distance between the parallel longitudinal axes of the
parts). Obviously, this will result in a decrease in the cross-sectional area of the conductive medium in the
joint plane and a change in the path of the electric current inside the cell. These effects will lead to an
increase in the resistance measured between the electrodes of the cell, compared with the resistance of the
same cell at the most accurate assembling.

The purpose of the article is to evaluate the component of the error in measuring the electrolytic
conductivity of solutions using a cell (Jones type), which will appear in the presence of radial displacements
of parts of the cell after assembling.

Cell resistance measurement error. In the presence of radial displacements, the measured cell
resistances with and without a central part (R,,w and R,wo) will differ from the desired values (Ry and Ryo —
resistance in the absence of displacements) by a certain amount (AR). Obviously, the value of AR in each
case will depend on the values of the displacements (b) of the parts of the assembled cell. The measured cell
resistances will be determined by the expressions

me(bl,bz)ZRW +ARW1(b1)+ARW2(b2):RW(1+5W1 +5W2):RW(1+5W), 2)
meo(b3) = Rwo +ARW0(b3) = Rwo(l +5WO)’ 3)

where ARy, ARw», ARwo are the additional cell resistances due to the presence of radial displacements at the
joints (between half-cells and the middle part, half-cells without the middle part); b,, b,, b5 are the values of
the corresponding radial displacements; dw=dw+dw2, Owo are the corresponding errors in the measurement of
cell resistances (with and without removable part).

The additional resistance of the cell in the presence of radial displacements of its parts can be
compared with the "constriction resistance", which is defined in the results of the study of the resistance of a
stationary electrical contact [2]. It says that the electric current lines should be constricted together, passing
through the limited areas of the apparent contact surface, that causes an increase in resistance compared
with the case of full conductivity. This increase in resistance is constriction resistance. An accurate
calculation of the constriction resistance is very difficult even for idealized, symmetrical contacts.

In [2], “constriction areas” are called contact areas where, due to the smallness of the contact spots,
the current lines are significantly curved. These areas in cylindrical conductors depend on the ratio of the
radii of the contacts and the contact spot between them. As a rule, the actual area of electrical contact is
much smaller than the area of the apparent contact surface. In the case of an electrolytic cell, the difference
in similar areas is extremely small. It is determined by the very small radial displacement of the parts of the
cell, which can occur during the next assembling. Given the geometric dimensions of real electrolytic cells
with a removable central part [3, 4], it is obvious that the possible displacement is much smaller than the
radius of the cell tubes. It can be assumed that the constriction areas in the connected parts of the cell will be
small. They depend on the magnitude of the displacement and the radius of the cell tubes.

In the studies performed by the author, computer simulation was used to evaluate the magnitude of
the constriction resistance in the areas of the joint of the cell parts (in the presence of radial displacement)
and the corresponding error in measuring the cell resistance. The constriction area near one joint in the cell
with the solution was investigated using a model to connecting two parts of the cell (two tubes with a
solution) of different lengths and diameters. The value of the constriction resistance (ARs) was calculated as
the difference between the model’s resistances in the presence of displacement (R,) and without it (Ry),
which were determined by the finite element method. The calculation results showed that the length of the
constriction area in each of the connected cell parts can be considered (as applied to these studies) less than
cell tube radius () at b<<r.

As for electrical contacts, the constriction resistance in the electrolytic cell is proportional to the
specific resistance of the solution. For further calculations, a parameter Kg (called the constriction
coefficient) is used, which characterizes the degree of constriction of electric current lines in the area of one
joint of the cell parts

K, =(R,—R,)p ' =ARk. 4)
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Further, it can be assumed (based on an evaluation of AR, actual cell sizes and possible radial
displacements of cell parts) that the constriction coefficient of each cell joint depends only on the geometric
dimensions of the joint and does not depend on the distance to the other joint and electrodes (this assumption
will be verified).

Thus, the relative errors of measuring the resistance of the cell with and without the central part, due
to the presence of radial displacements of the cell parts, according to (2—4), will be determined by the
expressions

AR, + AR Ko + K K K
S, =08, +08,, = WIR w2 _ o( sw1K swa2) _ sz1 + szz ’ (5)
W Py w w

o = ARy _ PKswo _ Kswo , (6)
Ryo PKyo  Kyo
where Kswi, Kswa, Kswo are the constriction coefficients for two joints in the cell with the central part and one joint in
the cell without the central part; Kw= kRw, Kwo= kRwo are the cell constants with and without the central part.
Calculation results. To evaluate the constriction coefficient of one joint in a cell, the finite element
method was used. The dependences Ks(b) were obtained for cell joint models with different internal radii of
the tubes (5 mm, 7.5 mm, and 10 mm). The results were shown in Fig. 1 and Fig. 2 (the lengths of the

connected tubes are equal to their inner radius).
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Fig. 1 Fig. 2

The dependences Ks(b) were calculated for various lengths of the cell parts forming the joint. The
relative difference in the K5 values obtained with the length of the cell parts equal to the tube radius () and
equal to 10r did not exceed several percent. Therefore, it can be assumed that each joint in the cell is
characterized by its constriction coefficient, which depends on the radius of the tube (7) and the magnitude of
the displacement (b).

To confirm the possibility of using formulas (5), (6) for evaluating the investigated error in
measuring the cell resistance, the dependences dw(b)=dw1(b1)+dwa(b2) for cell models with different sizes
were calculated by the finite element method. The case of identical displacements (b;=b,) of the central part
of the cell relative to the side parts was considered. In Fig. 3 and Fig. 4 show graphs of such dependences for
two cell models with an inner radius of 5 mm (/ = 80 mm, K¢ = 1000 m'l) and 7,5 mm (/ = 10 mm, K¢ =
55 m™) for different values of the cell constant with central part (Ky).

Also, similar dependencies of errors are calculated by the formula (5), taking into account the
previously determined values for (Ks). The relative difference in the values of the errors obtained in both
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cases does not exceed two percent. Therefore, in the presence of various displacements at the joints during
the assembling of a cell of three or two parts, the calculation of the desired error can be carried out using
formulas (5), (6) and the obtained dependences Ks(b) for a certain radius of the cell tubes.

Studies show that the error in measuring the cell resistance (due to radial displacement of cell
parts) is approximately proportional to the square of the displacement at the joint. Also, it is inversely
proportional to the constant of the assembled cell. For a cell of three parts, the value of the error in the
measurement of resistance can reach a significant value (of the order of 10™) in the presence of sufficiently
large displacements (more than 0.05 mm) at both joints.

Measurement error of electrolytic conductivity. The considered errors in measuring the cell
resistances will lead to the appearance of a corresponding additional error (Jy) in determining the electrolytic
conductivity of the solution. From (1), taking into account the expressions for the measured resistances of the
cell (2), (3), the expression for electrolytic conductivity is

k= KCell — KCell (1 _ 5k) — KCell (1 _ Rw5w — Rwo5wo
me - meo RW - Rwo Rw - Rwo Rw (1 + 5W) - Rwo (1 + 5WO)

Considering that the errors dw, dwo are much less than unity, an approximate expression for the

errors dy is

) (7

Oy —OwoKyweo / K K
O, 7N WO WO W — (5 —FKyg ! Ky )X —2 . 8
k 1_ KWO /KW ( w WO WO W) KCCH ( )

Since Kw /Kcen >1, the investigated error in determining the electrolytic conductivity of the solution
(8) using the differential cell can reach a value that will be greater than the error in measuring the resistance
of the cell with the central part dw (at dwo = 0).

Conclusions. The presence of radial displacements of the parts of the differential electrolytic cell
(Jones type) after assembling leads to the appearance of an additional component of the error in measuring
the cell resistance, which depends on the geometric dimensions of the cell and the magnitude of the
displacements. It must be taken into account when determining the electrolytic conductivity of a sample of a
solution.

For each joint in the cell, a "constriction coefficient" can be determined, that characterizes the
constriction of the lines of electric current in the area of the cell joint. It depends on the radius of the cell tube
and the magnitude of the radial displacement of the parts of the cell at the joint. Using computer simulation
by the finite element method, the dependences of this coefficient on the displacement value for the joints of
real cells are obtained.

To evaluate the investigated error in measuring the electrolytic conductivity of a particular cell, the
expressions obtained in this work can be used. In this case, information on the cell constants (assembled
from two and three parts) and the obtained dependences of the constriction coefficient on the magnitude of
the radial displacement are needed.

The calculations show that the considered error in measuring the cell resistance can reach significant
values (of the order of 0.01%) with radial displacements at the level of tens of um. At the same time, the
error in determining the electrolytic conductivity of the solution can be several times larger.

The work was performed within the departmental theme "Development of scientific bases for improving the
accuracy of conductometric measurements with reference two-electrode cells (code: Dipole-2). Program code of
classification of expenses «6541030».
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HNOT'PEITHOCTH U3MEPEHMS SJIEKTPOJIMTUYECKOM MPOBOAUMOCTH STYENKOM (JONES
TYPE), OBYCJIOBJIEHHASI PAJIMAJIBHBIM CMEIIEHUEM EE YACTEM IIOCJIE CBOPKA

J.B. Meaemyk, KaHz. TEXH. HAYK

Hucruryr 3iaekrpoaunamukn HAH Ykpaunsl,

np. [lobeasl, 56, Kues, 03057, Ykpauna. E-mail: mdim@meta.ua

B cmamve onucana noepewinocmov usmepenusi 31eKMpOIUMUYECKOU NPOBOOUMOCIU PACHEOPOE C HOMOULIO
ougppepenyuanvHoll  KOHOYKMOMEMPUHeCcKoU  S4elku (CO  CbeMHOU UYEHMPATbHOU 4acmvio), 00YCI06IeHHAS
HemouHocmvlo cOopku ee KoHcmpykyuu. OHa noseusiemcs npu 00paz08anuu OONOTHUMETbHO20 CONPOMUGTEHUS.
uccnedyemoeo obpasya nocie UsMeHeHus Nnymu NpOmeKaHus MmoKd 8 pacmeope Npu HATUYUU CMeWeHUll MexHcoy
NAPANIETbHOIMU — NPOOOTLHBIMU — OCAMU — COCOUHACMbIX — uacmell  A4eliku. DOmo  COnpomueieHue  aHaI0cUyHO
CONPOMUBTIEHUIO CIASUBAHUSA, ONPEOCTEHHOMY 8 TeOpUl HeNnOOBUNCHBIX INEKMPUHECKUX KOHmakmos. [ e2o yuyema
npu onpeoeieHuu UCKOMOU NOZPeuHOCU 88e0eH napamemp (Kodg@uyuenm cmacuganus), KOMopbwlil Xxapaxmepuszyem
cmenenb CMAUSAHUA TUHULL INEKMPULECKO20 MOoKd 6 obnacmu cmuika 08yx yacmell aueiiku. [{na KonuuecmseeHHou
OYeHKU — COCMABIAIOWUX — NOSPEUWHOCTIU — USMEPEHUsl  INeKMPONPOBOOHOCHU  UCNONb30BANIOCH — KOMNbIOMEPHOe
Mooenuposanue INeKMpoIUMU4ecKux A4eex i Memoo KOHeuHvlx demenmos. 1lonyuensi gvipadicenus 0 onpedenenus
nozpewHocmenl UsMepenus 2NeKMpOIUMUYecKol NPOSOOUMOCIU PACMEOPO8 U CONPOMUBNEHUSA AYeUKU NPU HATUYUL
PaouanbHo2o cmeujenus yacmell adelku nocie cOopku. Memooom KOHEUHBIX 2NEeMEHMO8 NOAYHUeHbl 3A8UCUMOCIU
KO2Ghpuyuenmos cmazueanus om 6eIUUUHbL PAOUATILHO20 CMEWeHUs Ha CMblKax Ol Mooenell AYeeK C PA3IUYHbIM
ouamempom mpyook. Ilposedensvi pacuemvl nocpewtnocmeil UMepeHust CONPOMuUsLeHusi Mooeneu SYeeKk pPa3HbiX
pasmepos. [{na oyeHKu NoZpewHOCIU UsMePeHUs SIeKMPOIUMUIECKO NPOBOOUMOCIU, KOMOPAsSi MONCEN 803HUKHYMb
npU UCNOTB30BAHUU KOHKPEMHOU USMEPUMETbHOU AYElKU, MONCHO 80CHOTb308AMbCA NPEOTIOHNCEHHBIMU BLIPANCEHUAMU
U NOMYUEHHBIMU 3ABUCUMOCTNAMU O Kod(hpuyuenma cmasueanus. Hccnedosanuss modeneil sueek NOKA3AMU, HMO
nOSPeuHOCmb, 00YCI061EHHAS. HEMOYHOCMbIO COOPKU OUDDEPEHYUATLHBIX AYeeK, MOHCen OOCMUSAMb CYUjeCEeHHbIX
suauenuii (nopaoxka 0,01%) npu naruuuu paouanbHelx cmeweHull Ha yposhe decamkog um. bubm. 4, puc. 4.

Kntouesvie cnosa: nupdepenunanbHas siuelika, paguanbHOE CMEIEHHE, PACTBOP, IEKTPOIUTHYECKast TPOBOIUMOCTD,
HOTPEIIHOCTh, KOMIIBIOTEPHAs MOJEITb, COIPOTUBIICHUE.

YIK 621.3.08

INOXUBEKA BUMIPIOBAHHS EJIEKTPOJITHYHOI TPOBITHOCTI KOMIPKOIO (JONES TYPE),
OBYMOBJIEHA PAJIIAJIBHAM 3CYBOM MIK il YACTUHAMM IICJIS 35IPKA

J.B. Meaemyk, KaHz. TEXH. HAYK

InctutyT enexrponunamikn HAH Yxkpainn,

np. [lepemoru, 56, Kuis, 03057, Ykpaina. E-mail: mdim@meta.ua

Onucano noxubKy GUMIPIOBAHHS eNeKMPOLIMUYHOL NPOGIOHOCMI PO3HUHIE 304 O00NOMO20l0  OughepeHyianbHol
KOHOYKMOMEMPUYHOi Komipku (i3 3'€MHOI0 YeHmpanibHOI0 YACMUHOIO), 00YyMosNeHy Hemounicmio 30ipku il
KOHCcmpyKyii. Bona 3'sensiembcs 3a ymeopenHs 000amKo8020 ONopy OO0CHIONCYBAHO20 3PA3KA NICAS 3MIHU WIAXY
NPOMIKAHHS CIMPYMY 6 PO3YUHI Y pa3i HASAGHOCMI 3CY8I8 MIJC NAPALEIbHUMU NO3008NHCHIMU OCAMU 3'€OHYEANIbHUX
yacmun Komipxu. Lletl onip ananoziunuti onopy Cms2y8amHs, GUSHAYEHOMY 6 Meopii HepyXoMux eieKmpudHux
Kommaxmie. [[na 1020 6paxyeéanHs Ni0 YAC GU3HAYEHHS WYKAHOI noxubku egedeHull napamemp (KoeiyicHm
CMASYB8AHMSL), SIKUL XAPAKMEPU3YE CMYNiHb CMAZYBAHHA NIHIU eeKMPUUHO20 CIMPYMY 6 00AACmi CIMUKY 080X YACTUH
KOMIpKU. 3a01s OYIHKU CKAAO008UX NOXUOKU GUMIDIOBAHHS eeKMPONpPO8IOHOCI SUKOPUCMOBYBANOCS KOMN'TOmepHe
MOOENOBAHHA eeKMPOLIMUYHUX KOMIPOK I Memoo KiHyesux enemermis. Ompumano eupasu O/ 6U3HAYEHHS NOXUOOK
BUMIDIOBAHHA eNeKMPOIIMUYHOI NPOBIOHOCMI PO3YUHIE | ONOPY KOMIPKU y pa3i HAABHOCMI pPAOdiANbHO20 3MIiljeHHs
YACMUH KOMIPKU NICs CKAadanus. Memooom KiHyesux enemenmie Ompumano 3aiedCHOCMI Koepiyicnmie cms2eyeanis
8i0 GenUYUHU pPAOdiANbHO20 3MIWEHH HA CMuKax 01 Mooeiel KOMIPOK 3 pisHum Oiamempom mpyook. Ilposedero
PO3DPAXYHKU NOXUOOK BUMIDIOBAHHA ONOpY MoOeiell KOMIPOK pPisHUX po3mipis. 3a0na OyiHKu NOXUOKU BUMIDIOBAHHS
eeKMPONIMUYHOL NPOGIOHOCI, AKA MOJICE GUHUKHYMU Y pA3l GUKOPUCMAHHS KOHKPEMHOI GUMIDIOBANbHOI KOMIPKU,
MOJICHA CKOPUCMAMUCS 3aNPONOHOBAHUMU BUPA3AMU | OMPUMAHUMU 3ANEHCHOCHAMU 0I5 KOepiyieHma cmscy8anHsi.
Jlocnioocenus mooeneil KOMIpOK noKasau, wo noxXudxa, 00ymMosiena Hemouricmio 30ipKu OughepeHyiaibHux KOMIpOK,
Modice 0ocsizamu icmomuux sHaveHs (bauzvko 0,01%) 3a naseHocmi padianbHux 3¢y68i6 HA PiHI 0eCAMmKie m.

Bi6x .4, puc. 4.

Kntouosi cnosa: nudepeHmiarbHa KOMipKa, pagiallbHUA 3CYyB, PO3YHH, E€IEKTPOJITHYHA IPOBIOHICTH, IMOXHOKA,
KOMI'FOTePHA MOJIEITb, OTIIp.
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