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EnekmpuyHi MawuHu ma anapamu
UDC 621.316+621.316.53

E.I. Baida,|B.V. Klymenko), M.G. Pantelyat, Yu.A. Yelanskyi, D. Trichet, G. Wasselynck

CHALLENGES OF DYNAMIC SIMULATION OF HIGH-SPEED ELECTROMAGNETIC
VALVES OF GAS DISTRIBUTION DEVICES

doi: 10.20998/2074-272X.2020.5.01

High-speed electromagnetic valves of gas distribution devices are used in modern missile and space technology as jet micro-
motors of the executive elements of missile stabilization systems, as well as to control the movement of spacecrafts in space. The
problem of creating such valves which are simple and reliable in the operation is relevant. In this work, it is proposed at the
development and design stage to perform computer modelling of mutually coupled electromechanical processes, such as:
distribution of transient electromagnetic field, transients in an electric circuit, and movement of an electromagnet armature.
Besides, the calculation of the force with which the compressed gas acts on the corresponding structural elements of the valve is
proposed to be performed by solving the system of Navier-Stokes equations. All problems are solved by numerical methods in
axisymmetrical formulation with the corresponding initial and boundary conditions. Improvement of the accuracy of
electromagnetic calculations and taking into account the movement of the armature of an electromagnet in the process of
multiphysics numerical simulation is achieved using so-called tunable elastic meshes. The paper presents a comparative analysis
of the numerical results obtained for several designs of electromagnets. The features of the dynamics of high-speed
electromagnets of gas distribution valves during on and off operations are analyzed, the corresponding dynamic characteristics
calculated using the proposed technique are presented. References 17, table 1, figures 10.

Key words: high-speed electromagnets, dynamics, Finite Element Method, multiphysics, elastic mesh.

Bvicmpooeiicmeyouue rnekmpomaznumusle Kianansl 2a3opacnpedeiumenbHvlX YCIMPOUCIE NPUMEHSIOMCA 6 CO8PEMEHHOU
PAKEMHO-KOCMUYECKOIl MeXHUKe 6 Kawecmee peaxkmueHblX MUKpPoOsuzamesneil UCROTHUMENbHbIX Op2AHO8 CUCHeM
cmabunuzayuu pakem, a makdce O YAPAGIEHUA OBUNCEHUEM KOCMUYECKUMU JICMAMENbHbIMU ANNApamamu 6
npocmpancmee. Ilpobnema coszoanus npocmelx 6 IKCHAYAmMAUUU U HAOEHCHLIX 6 pabome YKA3AHHBIX KIANAHOE SAGIAEHICA
akmyanvnoi. B nacmosuweit pabome npeonazaemcsa na cmaouu papaoomku u RPOEKMUPOBAHUs BLINOIAHAMb KOMNbIOMEPHOe
Modenuposanue 63aUMOCEAZAHHBIX INEKMPOMEXAHUUECKUX NPOUeccos, MAKUX Kak: pacnpeoeienue HeCMAauuoHapHozo
INEKMPOMACHUMHO20 RO, NEPEXOOHble NPOUECCHl 6 INEKMPUUEcKol yenu, osuxcenue AKopsa nekmpomaznuma. Ilpu smom
pacuem cuavl, ¢ KOMOPOU cxHcamvlii 2a3 Oelicmeyem HA COOMEEMCMEyIoujue KOHCMPYKMUGHbIe INeMeHmbl KIanaua,
npeonazaemcs @vINOAHAMb nymem peuwienus cucmemsl ypasnenuii Haeve-Cmoxca. Bce 3adauu pewaromcs uqucnennsimu
Memooamu 6 ocecumMmMempUYHol ROCMAHOBKE C COOMBENCMEYIOUUMU HAYATbHOIMU U 2panuunbimu ycnosuamu. ITosviuenue
MOYHOCIU IIIEKMPOMACHUMHBIX PACYEMO8 U YUem OGUMNCEHUs AKOPA INeKMPOMAZHUMA 8 Rpouecce MylbmMu@uU3n4ecKozo
YUCIEHHO20 MOOETUPOBAHUsL 00CMUZAemcs 0J1a200aps UCNOJIb306AHUI0 MAK HA3bIEACMBIX NEPECMPAUBAEMBIX YRPY2UX CemOoK. B
pabome npueedeH CPAGHUMENbHbLL AHAINU3 YUCIEHHLIX PE3YAbMAMO6, NOJYYEHHBIX Ol HECKOJIbKUX KOHCMPYKUUIL
anekmpomaznumos.  Ilpoananuszupoeanvt  ocobennocmu  OuHaAMuUKU — ObICIMPOOCIICMEYIOWUX  INEKMPOMAZHUMOE
2azopacnpedenumenbHblX K1ananoé npu GbINOJHEeHUN OnePayuil 6KAI0UEeHUA U OMKIIOUEeHUA, NPUGEOEHbL COOMEEMCMBYIouUe
OuHaAMUYECKUE XAPAKMEPUCHUKU, DACCUUMAHHbBLE RO NPEdN0NHCeHHOU memoduKe. bubn. 17, tabn. 1, puc. 10.

Kniouesvle cnosa: OBICTPONEHCTBYOIHE 3JIEKTPOMATHUTHI, JTHHAMHKA, MeETOJ KOHEYHBLIX 3JIEMEHTOB, MYJIbTH(H3UKA,
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Introduction. The use of jet micro-motors as the
executive elements of missile stabilization systems [1]
imposes stringent requirements on their dynamic
characteristics. The range of control forces of such motors
is much smaller than the forces created by missile engines
designed to bring the spacecraft to a given flight path. To
ensure the operation of micro-motors, a special power
system and automation units (valves, regulators, starting
devices) are required. Micro-motors with a power system
form an autonomous system to obtain a control force due to
the reaction of gas outflow from the nozzles of the motors.

Among the main problems of improving the gas-jet
executive elements described above, it is necessary to
note the problem of creating easy-to-operate and reliable
in operation high-speed electromagnetic valves of gas
distribution devices. As mentioned above, such valves are
used, in particular, in modern missile and space
technology in the system of executive devices to control
the movement of spacecrafts in space (orientation,
stabilization, orbit correction, maneuver, etc.) [1, 2].

In the vast majority of DC electromagnets, including
the electromagnets of the drive of high-speed gas
distribution valves, shunt windings [3] are used, which are

connected in parallel to the control circuit power sources.

At the stage of development and design of objects
with DC electromagnets, including those used in space
and missile technology, it is necessary to carry out
numerical solution of the multiphysics problem including
computer simulation of the following coupled phenomena
and processes: distribution of transient electromagnetic
field, transient current changes in the winding, and the
movement of the armature of an electromagnet. Here,
numerical solution of the problem of calculation of the
force with which compressed gas acts on the
corresponding structural elements of the valve should be
obtained by solving the system of Navier-Stokes
equations for the valve model. Despite the large number
of publications on the calculation of DC electromagnets,
there are no publications on complex computer modelling
of these interrelated multiphysical processes.

A feature of the dynamics of electromagnets used in
micro-motors of control systems for orienting spacecrafts
is a small (about 0.3 mm) change in the size of the
working gap at the displacement of its movable system,
high speed of the order of 10-15 ms and short travel time
of the order of 1-1.5 ms. Therefore, improvement of the

© E.I. Baida, B.V. Klymenko|, M.G. Pantelyat, Yu.A. Yelanskyi, D. Trichet, G. Wasselynck

ISSN 2074-272X. Enexmpomexnika i Enexmpomexanika. 2020. N5 3



accuracy of electromagnetic calculations and reducing the
time required to perform calculations in the process of
multiphysical modelling in such cases can be achieved by
the use of so-called tunable elastic meshes. This should
also be implemented when developing an algorithm for
numerical solution of the problem.

The goal of the paper is to develop a mathematical
model of coupled multiphysics processes in high-speed
DC electromagnets, to construct a numerical algorithm for
calculation of the dynamics of high-speed DC
electromagnets based on the technique of tunable elastic
meshes as well as to apply the developed mathematical
model and algorithm for numerical analysis of the
dynamics of high-speed electromagnets of gas distribution
valves of micro-motors of missile and space technology.

Problem definition. This paper presents a technique
and results of the calculation of the dynamics of a high-
speed armored-type electromagnet used in missile and
space technology, in particular, in micro-motors of
control systems for the orientation of rockets [3, 4].

Figure 1 shows a sketch of one of the designs of an
electromagnet gas distribution valve with a switching ball
as a locking element. Compressed high-pressure gas
(7.5 MPa), which enters the valve through the inlet
orifice, tends to lift the ball and direct the gas flow into
the Laval nozzle, which provides the creation of reactive
force, but this is prevented by a compression spring
located in the electromagnet. This spring, with one side
resting on a fixed stop, with the other side acts on the
armature and, through the rod, pressed into the armature,
on the ball. The spring is designed so that the force of its
initial compression surpasses the force with which the
compressed gas acts on the ball, which is pressed against
the locking saddle, as a result of which the gas does not
enter the nozzle.

spring fixed stop

gas inlet  armature

Electromagnet
compressed

i

Valve

Laval nozzle (gas outlet)

Fig. 1. Sketch of the electromagnetic valve

If a current is passed through the electromagnet
winding, the armature is attracted to the stop, the rod
moves together with the armature and stops exerting
pressure on the ball, which, under the action of
compressed gas, moves to the drainage (upper) saddle,
releasing the locking (lower) saddle and the gas begins
to flow into the Laval nozzle, creating the necessary
reactive force.

One of the key parameters for electromagnetic
valves is its switch-on speed. The operation time of these

valves, controlled by  short-stroke  high-speed
electromagnets, is a few milliseconds. In the process of
designing valves, it is necessary to calculate a variety of
design options. For example, in the original version
(Fig. 2,a) there is a zone of possible saturation of the
magnetic core, so it is important to compare the results of
the calculation of the dynamics in the original version and
in the modified one (Fig. 2,b), where such a zone is
absent. In the process of calculations, a different
combination of materials (non-corrosive steel / «Armcoy»
steel) is tested, as well as various conditions during the
switch-on operation (cold winding / heated winding,
maximum allowable voltage / minimum allowed voltage,
etc.). For such calculations, it is necessary to use
numerical methods for calculating dynamics that
adequately reflect real processes in the electromagnet.
The basis of such techniques is mathematical computer
codes aimed at solving the problems of electromagnetic
fields calculations.
r

k4

!

«Armco»

0,0 |_J 0,0
satureg(l);UJ

Zone [ «Armco steel

MW non-corrosive steel /
[ non-magnetic steel
O winding

[ air

a b
Fig. 2. Sketches of geometrical models of electromagnet for gas
distribution valve: on the left (a) — the initial version,
on the right (b) — the modified version

In gas distribution valves, armor electromagnets
with penetrating armature are usually used, which with a
high degree of adequacy can be considered as 2D
axisymmetrical objects in a cylindrical coordinate system
[5, 6], which greatly simplifies the technique and speeds
up the calculation.

A technique proposed.

Geometry description (development of a geometric
model). The use of computer codes in which the Finite
Element Method is used requires careful preparatory work
related to the description of the problem being solved,
namely, the description of the geometry of the
electromagnet on the r-z plane passing through the axis of
its symmetry; a dividing of the cross-section of the
electromagnet and the environment approximated to it (in
the aggregate — the calculation domain) into subdomains
that can be considered homogeneous in terms of physical
properties; specifying the boundaries of these subdomains
and differential equations describing the processes in
these subdomains; as well as specifying the initial and
boundary conditions.

The geometry description (development of a
geometric model) of an electromagnet, taking into
account the axisymmetrical nature of the calculation
problem, is carried out on a plane passing through its axis
of symmetry. This axis is located vertically, forming the z
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axis in a cylindrical coordinate system, and its positive
direction must coincide with the direction of movement of
the armature of the electromagnet. One of the points on
the z axis should be designated as the origin of the
calculation domain, then the straight line passing through
the point (0, 0) perpendicular to the z axis is the r axis in
this coordinate system.

On a specified plane in the preprocessor
environment of the corresponding code (FEMM or
another code that uses the Finite Element Method), it is
necessary to specify the coordinates of the nodal points of
the «imprint» of a half axial section of the electromagnet
and connect them with straight lines or arcs. The result
should be a combination of closed figures that correspond
to different parts of the electromagnet. For each of these
closed figures, it is necessary to designate the material of
which the corresponding part of the electromagnet is
made, and in the material library of the corresponding
computer code to prescribe the physical properties of this
material to be used in the calculations.

The process of preparing a geometric model of an
electromagnet described above is quite labor-intensive,
however, it can be significantly accelerated if using one
CAD software (AutoCAD, SolidWorks, etc.) to draw the
mentioned «imprint» without dimensioning, shading,
pouring, etc. In this case, this drawing must be placed on
a computer «board» so that the origin of coordinates on
the drawing and on the computer «board» coincide. If
such a fragment of the drawing is saved in the .dxf
format, then the resulting file can be imported into the
appropriate mathematical computer code, which uses the
Finite Element Method. One use this technique of
preparing geometric models.

A mathematical model and problem solution.

The defined task is solved as a multiphysics problem
involving computer simulation of the following coupled
phenomena: transient electromagnetic field distribution in
axisymmetrical formulation, transients of current change
in the winding, and the movement of the armature of the
electromagnet. Attempts of generalization and techniques
of various multiphysics problems numerical solution are
presented in [7-13].

Electromagnetic calculation is carried out by
numerical solution of a system of partial differential
equations describing transient magnetic field within the
computational domain. The number of equations in the
system is equal to the number of subdomains (including
the outer space). One of these subdomains, namely the
subdomain that corresponds to the cross-section of the
winding, differs from the others in that it is influenced by
external electric field. All subdomains filled with non-
ferromagnetic and non-conductive materials have almost
the same electric and magnetic characteristics as air or
vacuum. If such subdomains are located nearby, they can
be combined into one subdomain. In subdomains filled
with non-ferromagnetic, but conductive materials, eddy
currents arise, which ones depend on the specific
resistance of the material of which the corresponding part
is made. Therefore, each of these subdomains must be
described separately.

When calculating transient magnetic field, the
system of partial differential equations in terms of the

magnetic vector potential A is solved, which, provided
that all subregions in the calculation region remain fixed,
has the following form [14]:

oA -
o+~ +eurl(p ) -eurl d) =0 - Ey.

, (D
k=12,..,n,

where & is the number of the subdomain; o; is the
electrical conductivity of the material of the #k-th
subdomain; »n is the total number of subdomains,
including the outer space; , is the magnetic constant;
My(H) 1is the relative magnetic permeability of the
material of the k-th subdomain depending on the magnetic
field strength H; E, is the vector of the external electric
field strength created by an external field source in the
k-th subdomain; J; is the current density vector in the k-th
subdomain; ¢ is time.

In electromagnets, external sources act only on the
winding, in which the vectors of the external electric field
strength and current density have only azimuthal
components, therefore the right-hand side of (1) for the
subdomain of the winding does not depend on the
electrical conductance of its conductive part

Gk'Ek:Jk:(l"N/S)'lg, (2)
where i is the current in the winding; N is the number of
turns of the winding; S is the area of the winding window
indicated in the initial data: the winding’s filling rate (the
ratio of the cross-sectional area of copper conductors and
the total cross-sectional area of the winding, i.e. the total
cross-sectional area of the conductors and insulation) of
the winding under consideration is 0.65; 1, is the
azimuthal ort — a unit vector directed perpendicular to the
plane of the calculation domain.

Since the winding consists of many insulated coils
and its electrical conductance in the directions 7 and z is
equal to zero, the equivalent electrical conductance of the
winding is usually assigned a zero value and equation (1)
for the subdomain of the winding acquires the following
form:

curl (curl 4) =y -(i-N/S)-1p . 3)

In other subdomains, external sources of electric
field strength are absent, and in them E; = 0, and in
subdomains occupied by air, also o} = 0, so the equations
for sections of the magnetic core are the following:

A _
Oy -(Z—t+curl ((uo - ter) U curl A)=0;

)
k=1,2,...,ny
and in the subdomains occupied by air or insulation:
curl(curl 4)=0, k=1,2,...,n,, %)

where n,, and n, are the numbers of subdomains of the
magnetic core and air, respectively.

Since vector 4 has only an azimuthal component
A = Ay = A, equations (3)-(5) can be represented in scalar
form, but the corresponding mathematical expressions are
very cumbersome and are not given here.

One assume that by the time of the beginning of the
transient (1 = 0 s) the electromagnet is at rest. This means
that there is some initial air gap & between the armature
and the stop, the winding is not powered and there is no
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magnetic field at all points of the computational domain,
which corresponds to the zero initial condition for the
magnetic vector potential:

A(r,z)|=0=A(r,z,0)=0. (6)

To obtain a solution to the system of equations
(3)-(5), it is also necessary to formulate conditions at the
boundaries of the calculation domain. A natural geometric
boundary is the axis of symmetry, at which the magnetic
vector potential is zero. Considering the electromagnet as
an object located in infinite space, then in solving such
problems, one can use the Kelvin transform [15]. At the
same time, experience shows that as the distance from the
electromagnet moves away, the field attenuates very
quickly, so with minor error this problem can be
considered with a closed external area, limited in the r-z
plane in a semicircle centered at the origin of coordinates.
The radius of the semicircle should be 1.5-2 times the
distance from the origin of coordinates to the farthest
point of the «imprint» of the cross-section of the
electromagnet. Thus, the calculation domain is a closed
area, divided into n closed subdomains corresponding to
individual parts of the electromagnet and the surrounding
space within the calculation domain. Due to the fact that
the magnetic field is very rapidly weakened, approaching
zero with distance from the electromagnet with a
practically closed magnetic core, the nature of the
boundary conditions practically does not affect the
calculation results, therefore zero conditions can be set at
all points of the boundary I (see Fig. 2) of the calculation
domain for the azimuthal component of the magnetic
vector potential A (Dirichlet zero conditions) [14]:

Alr=0. (M

Provided that all parts of the electromagnet remain
fixed, for some given law of current i variation in time,
using well-known numerical methods, it is possible to
obtain a solution of the system of equations (2)-(4) taking
into account the initial condition (5) and the boundary
condition (6). In this work, the problem is solved by the
Finite Element Method, and for discretization in time
domain the implicit multistep Adams-Moulton method of
the 4™ order with adaptive selection of time step values is
used. On each time step the system of equations (2)-(4)
and the problem of dynamics of motion descrbed below
are solved sequentially with the same numerical value of
the time step for both indicated problems. The numerical
solution is obtained in the form of a table of values of the
magnetic vector potential at different points in time at the
nodal points of the mesh, covering the of calculation
domain, however, using various methods of interpolation,
numerical differentiation and integration, it is possible to
build a graphical picture of the force lines at different
temporal points, as well as to calculate the values of a
number of physical quantities, in particular, the values of
magnetic flux density, magnetic flux, the force acting on
individual subdomains, etc. at these times.

The solution of the system of equations (3)-(5) for a
given law of current variation in the winding corresponds
to the problem of calculation of the electromagnets with
serial windings, which are used, for example, in current
relays. In the absolute majority of electromagnets,
including in the driving electromagnets of gas distribution

valves, shunt windings are used, which are connected in
parallel to the power sources of control circuits. When
solving the problem of calculating the transient magnetic
field of such electromagnets, provided that all its parts
remain fixed, the system of equations (2)-(4) should be
supplemented with a non-linear differential equation
describing the transient of current change in the winding:

Use=r-i+0- 3. @®)
dt

where U is the winding power source voltage; R is the
resistance of the winding circuit; L is the inductance of
the external circuit; e is the back EMF arising in the
winding:

e:—z-n-ﬁ-j%-r-dr-dz, )
S Sdt

When solving the system of equations (2)-(4), (7),
taking into account dependence (8), zero boundary
conditions (initial conditions (5) and conditions (6) on the
boundary of the calculation domain) are used for the
azimuthal component of the magnetic vector potential,
and for the current i in the winding zero initial condition
should be set:

il,=0=1(0)=0. (10)

If the power source of the shunt winding is a
capacitor with a capacitance C, pre-charged to the voltage
Ucy, then in equation (7) the value U must be replaced by
the current value of the voltage uc on the capacitor:

an

and the system (2)-(4), (10) with regard to (8) must be
supplemented by additional differential equation:

di
uc+e:Roi+Lo—l,
dt

duc _
dt

In the process of solving the system (3)-(5), (8)
taking into account dependence (9) or system (3)-(5),
(11), (12) taking into account (9), it is necessary to control
the value of the traction force F, acting on the fixed
armature of the electromagnet, and compare it with the
initial value of the opposing force Fy. Until the force F is
less than the opposing force Fy, the electromagnet is at
rest and the armature is remain fixed.

The gas distribution valve is a precision device — the
full stroke of its armature is 0.26 mm, and the stroke of the
switching ball, from the stop saddle to the drainage one, is
0.19 mm. The characteristic of opposing forces acting on
the electromagnet armature is shown in Fig. 3. The initial
force of compression of the spring is equal to Fy= 40 N,
and the initial opposing force is only F;y =21 N, since the
force created by the compressed gas and acting on the ball
«pushesy it upwards and reduces the force opposing the
movement of the armature. Thus, the valve will not
operate if the electromagnetic force is less than 21 N in
the presence of compressed gas at the valve inlet or when
the force is less than 40 N without gas.

The numerical solution of the problem of calculating
the force with which the compressed gas acts on the ball at
its different positions is obtained by the Finite Element
Method based on solving the Navier-Stokes system of
equations for the valve model (see below). Compressed air
heated to temperature of 1200 °C is considered as a moving

—i. (12)
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medium. The boundary conditions are the zero speed on the
surface of the ball, the rod and on the inner walls of the
valve, as well as the value of air pressure at the valve inlet
(7.5 MPa) and exit to the atmosphere (0.1 MPa).

FuN
45
Fo
40 e — R
Fso
35
Fy
30
25
20>/‘
15
10
5
0
0 0,05 0,10 0,15 0,20 025 &mm

Fig. 3. Characteristics of the opposing forces acting on the
electromagnet armature: Fj is the opposing force of the spring;
F, is the force with which the compressed gas acts on the
switching ball; F, is the total opposing force that occurs when
gas is supplied to the valve inlet (in the absence of gas at the
valve inlet, only the spring with the initial force F, opposes
the movement of the armature)

The system of Navier—Stokes equations in the
absence of volumetric forces has the following form in
the matrix representation:

p-(u~V)-u:V-[—p-I+r7-(V-u+(V~u)T)—

_G.nj.(v.u).l];

V(pu)=0; p=p(p,9) n=n(, (14)
where p is the gas density; u is the gas speed vector
matrix; p is the pressure; / is the unit matrix; 7 is the gas
viscosity; ¢ is the temperature (here and above units of all
quantities are used in the SI system).

Equation (13) is the equation for the steady flow of a
gas stream, and expressions (14) are conditions for
continuity of flow.

The boundary conditions for equations (13), (14)
are: zero speed values on the walls of the elements, the
condition of axial symmetry is that the normal speed
component is zero, and the pressure values on inlet
(7.5 MPa — compressed gas pressure) and outlet (0.1 MPa
— atmospheric pressure).

The thermophysical characteristics of a gas (density
and viscosity) substantially depend on temperature,
therefore the system of equations (13), (14) must be
supplemented with the equation of heat conduction for a
gas in a stationary mode. Since gas is a compressible
medium, it is necessary to take into account pressure work
in the heat conduction equation — the ability of a gas to
produce work by pressure, which significantly affects the
temperature of the medium. The corresponding heat
conduction equation in this case has the following form:

V-(4-V-9)=p-C,-u-V-9+

()(5) o

where A is the thermal conductivity of gas; C, is the heat
capacity at constant pressure.

The boundary conditions for equation (15) are: the
absence of heat transfer along the boundaries of the gas

(13)

(15)

flow channel, the axial symmetry conditions, the inlet

temperature which is assumed to be 1200 °C, and the

open boundary condition at the outlet:
k-V-3=p-C,-u-3. (16)

The force acting on the switching ball is defined as
the surface integral of the forces caused by pressure,
viscosity and speed pressure:

—-n,p+n %+au" +
P " )

e

y4

S| +2n.nm 0

where n is the ort of appropriate direction.

A sketch of the valve system and its geometric
model are shown in Fig. 4. The outlet in the valve has the
shape of a cylinder, and in the model it has the shape of a
disk with the same cross-sectional area in the direction of
movement of the compressed gas (in the model — in the
radial direction).

A specific feature of this problem solution is that the
sought quantities (the temperature 9, the speed u and
pressure p at all nodes of the mesh covering the
calculation domain) are complex interdependent
functions, and the compressed gas characteristics (the
specific heat conductivity A, the density p, the viscosity 7,
and the specific heat C,) in individual nodes of the mesh
can differ from each other by several orders of magnitude.
The use of simple iterative procedures for solution of
problems in which the convergence of the iterative
process strongly depends on the initial values of the
sought quantities, as a rule, does not lead to success. Our
problem belongs to the category of exactly such ones: at
unsuccessfully selected initial values of the sought values,
the iterations do not converge, and at successfully
selected ones they converge. Therefore, in the
calculations we applied more complex iterative
procedures, which, finally, led to the convergence of
iterations. The essence of these procedures is that the
solution to the problem is divided into two stages: 1)
preliminary calculations to determine the initial values of
the sought quantities in the iterative process of joint
solution of equations (13)-(15), and 2) the iterative
process of joint solution of equations (13)-(15) with initial
the values of the sought quantities found in step 1). In
turn, stage 1) is divided into two sub-stages: 1a) solving
the problem of calculating the distribution of the speed
and pressure in the calculation domain at a given initial
temperature distribution, and 1b) solving the problem of
calculating the temperature distribution in the calculation
domain at the found distribution of the speed and
pressure. With this approach to solving this problem, the
calculation algorithm looks like this:

1. We set a fixed temperature distribution (for
example, the temperature at all mesh nodes in the
computational domain is taken equal to the ambient
temperature) and solve equations (13), (14), as a result of
which values of the temperature and speed are obtained at
all mesh nodes which are considered as new initial values
for the next iteration, etc. Here, the results at the previous
and subsequent iterations are compared and the
calculations continue until the changes in the pressure and
speed in the module in all the calculation nodes become
smaller than some small positive predefined values.
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2. Having fixed the obtained values of the pressure
and speed, the heat equation (15) is solved using the
iteration method, where at each iteration at each node
the compressed gas characteristics are determined (the
specific thermal conductivity A, the density p, and
specific heat C,) as a function of temperature values,
found in the previous iteration. The results of calculating
the temperature at all nodes of the mesh are considered
as the initial values for the next iteration and the
calculation is repeated until the temperature changes in
the module in all the calculation nodes become less than
some small positive values given in advance.

U/ Laval nozzle /

a

3. Having accepted the obtained values of the
pressure, speed and temperature at all nodes of the mesh
as the initial ones, we solve the equations of gas flow
motion and thermal conductivity (13)-(15) jointly using
the iteration method, where at each iteration in each
node values of compressed gas characteristics (the
thermal conductivity A, the density p, the viscosity 7,
and the specific heat C,) are determined as a function of
pressure, speed and temperature values found at the
previous iteration, until the changes in the pressure,
speed, and temperature in the module in all calculation
nodes become smaller than some small positive values
preset in advance.

p=0.1 MPa

rod &
constant radial =
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Fig. 4. Sketch of the valve system (a) and its geometric model (b)

The results of the calculation of the forces acting on
the ball in its various positions are shown in Table 1.

Table 1
The results of the calculation of the forces acting on the ball

s, mm 0.00 0.05 0.10 0.15 0.19
F,N 18.25 21.46 21.13 23.39 23.45
Notes:

1. The path s is measured from the initial position of the ball.
2. The force F has only the axial component.

Figures 5, 6 illustrate some intermediate results of the
calculations: a picture of the pressure field of the compressed
gas on the ball and a picture of the speed field of the
compressed gas in the nozzle at the outlet of the valve.

When performing calculations of the dynamics with
a moving armature for the subdomain corresponding to
the armature, equation (4) and expression (9) should be
replaced by expressions that take into account the
movement of the armature:

0A
Cyar (— — Ve X cur]Aj +

o (18)
curl((ro 'urar)_l -curld) =0,
e:—z-n-ﬁ-j Ay P ardz, (19)
S 3 ot 0z,

where G, . are the electrical conductance and relative
magnetic permeability of the material (steel) of which the
armature is made; v, is the speed vector of the armature
in the direction of z coordinate.

4

Fig. 5. Picture of pressure field of the compressed gas on the
ball at s = 0.19 mm (final ball position)
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Fig. 6. Picture of the speed field of the compressed gas in the
nozzle at the valve outlet at s = 0.10 mm (close to the average
position of the ball)
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When calculating the dynamics in the process of
motion, the system of equations describing the magnetic
field and current in the winding is supplemented by the
equations of motion, which, with a constant moving mass
m, has the form:

.dvﬁ =F-F,;
dt (20)
ds _ v
- Varz
dr @1
with zero initial conditions:
Varz(tO) = 09 S(IO) =0. (22)

Here, the following notation is used: F is the
electromagnetic force that ensures the movement of the
armature; F; is the force opposing the movement of the
armature; v, is the module of the vector v,.; s is the path
traversed by the armature after the start of the movement;
ty is the point in time corresponding to the beginning of
the movement.

The fixed and moving subdomains appear to be
located in a certain elastic space covered with a mesh.

When the position of the moving subdomain
changes, the meshes belonging to the fixed and moving
parts remain unchanged.

T~

moving armature -

a

Similar algorithms based on the use of deformed
elastic finite element meshes are used in the numerical
solution of hydrodynamic problems [16, 17]. The mesh
belonging to the elastic subdomain is deformed in
accordance with the law of motion of the armature, which
is defined by equations (20), (21). With a significant
change in the gap, the angles opposite the bases of some
mesh cells become close to 180°, which reduces the
accuracy of the calculations.

In this work, an algorithm is used that involves
monitoring of the angles of the deformable mesh cells and
stopping the computation when one of the angles becomes
greater than a certain predetermined value (in our case,
170 °C). After stopping, the code rearranges the mesh and
continues the calculation.

Figure 7, as an example, shows a fragment of
computational subdomains covered with a triangular
mesh. As can be seen, the meshes on moving and fixed
subdomains, corresponding to different parts of the
electromagnet magnetic core, are not deformed during
movement of the armature due to the invariance of the
shape of these subdomains, and the mesh covering the
subdomain surrounding the armature is elastic and
significantly deformed.

\
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Fig. 7. A fragment of the calculation domain covered with a triangular mesh:
a — armature in the initial position; » — armature in the end position

Numerical results and their analysis.

Figure 8 shows the results of the calculation of a
modified version of an electromagnet corresponding to the
geometric model shown in Fig. 2,b. In Fig. 8,a, in addition
to the picture of the field distribution, the main dimensions
of the electromagnet are shown: the gap o varies from
0.3 mm in the initial position to 0.04 mm in the final
position, thus the armature stroke is 0.26 mm. In Fig. 8,5,
in addition to the field distributions, the main subdomains
are indicated: 1 — electrical steel, 2 — winding, 3 —
insulation («air»), 4 — non-magnetic steel, as well as a scale
of values of magnetic flux density B is shown.

Magnetic field distributions presented in Fig. 8, show
the process of penetration of the magnetic field into the
magnetic core along the entire perimeter, and the magnetic
flux density in the area of the working gap reaches large
values (1.8 T) within 5 ms after the start of the process.

Figures 9,a,b show the results of the calculation of
the basic dynamic characteristics of this electromagnet
under the following operating conditions: the armature is

made of electrical steel, the number of windings is 1155,
the winding is heated to 112 °C, the resistance of the
heated winding is 55 Q, the supply voltage is minimal
allowable: 24 V. Figure 9,a shows the calculation results
for the case when gas is supplied to the valve inlet, and
Fig. 9,b — when the gas is not supplied. In the first case, the
operating time is 9 ms, and in the second case 13.5 ms.
It can be seen that the modified electromagnet operates in
both cases. In the original version of the electromagnet
with a saturation zone corresponding to the geometric
model shown in Fig. 2,a, the operating time when there is
a supply of compressed gas to the valve inlet is 9.5 ms,
and without gas supply the electromagnet does not
operate.

The requirements for the speed of gas distributors
are put forward not only when the winding is switched on,
but also when it is switched off. Switching off the
winding with the help of contact switching elements is
accompanied by their sparking, which can cause radio
interference and a negative effect on the electronic
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devices of the control object. Switching off the winding
using semiconductor switching elements requires
overvoltage protection. Typically, such protection is
implemented by shunting the winding with an «opposite»
diode that does not conduct current when the winding is
energized, and automatically opens when the switching
element stops energizing the winding. After this moment,
the current in the winding, and, consequently, the force of
attraction of the armature to the stop, begin to decrease,

but for some time the armature remains in the attracted
state until the force of attraction exceeds the opposing
force. At the moment when the force of attraction is
compared with the opposing force, the movement of the
armature begins in the opposite direction. This movement
continues until the armature returns to its original
position. The time interval from the moment when the
winding supply ceases to the moment when the armature
movement ends is called the release time.

- F,N F,N
BT ’ ’
J] @56
1 1,6 100 100+
\ 1,4
| B | 2 % F e %
3 i, A “ QA
?JL | o 1.0 0,6 60 / s 0,3 0,6 60
v | 2l 0.8
r 0,6 0440 0.2 04 40;
i
0,4
0,2 20 0,1 0220
8 14 0.2
LIy L oo oo 0 00 0
0 5 10 15 20 25ms 0 5 10 15 20 25ms
a b a b

Fig. 8. Distribution of the magnetic flux density
module in 1 ms after the beginning of the
transient process (a); the same in 5 ms (b)

Calculations of dynamic processes during the
operation of switching off the winding, shunted by an
«opposite» diode, are performed for the case when the

FN !
g
“
60 b 0,3
i, A
0,4 40 0,2
0,2 20 0,1
00 0
0 5 10 15 #ms
a

Fig. 9. Basic dynamic characteristics of a modified version of an electromagnet
when performing the switching on operation: @ — when supplying compressed gas

to the valve inlet; b — the same without gas supply

operation of switching off occurs when there is a supply
of compressed gas to the valve inlet. In this case, the
release time is 16 ms (Fig. 10,a).

F,N|
100}
g
801 L
%)
i, A
0,4 40 10,2
0,2 20} 10,1
0 0 0

10
b

15 ¢, ms

Fig. 10. Dynamic characteristics of a modified version of an electromagnet when performing the switching off operation of the
winding, shunted by the «opposite» diode: a — without additional resistor; b — with a resistor with resistance of 56 QQ

It is possible to reduce the release time connecting
an additional resistor in series with the diode. This
reduces the time constant of the winding circuit, and
accelerates the process of reducing current, magnetic flux
and force. This is confirmed by the results of the
calculations presented on Fig. 10,b: in the presence of an
additional resistor with resistance of 56 Q, the release
time is reduced from 16 ms to 9.5 ms which corresponds
to experimental results.

Conclusions.

A numerical technique and results of the calculation
of the dynamics of a high-speed armored-type
electromagnet used in micro-motors of control systems for
the orientation of rockets are presented. The multiphysics
computer simulation involves numerical analysis of the
following coupled phenomena: transient electromagnetic
field distribution in axisymmetrical formulation, transients
of current change in the winding, and the movement of the
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armature of the electromagnet. All corresponding
differential equations are solved with regard to appropriate
initial and boundary conditions as well as taking into
account nonlinear material properties for all structural parts
of electromagnets. Electromagnetic field calculations are
carried out by the Finite Element Method involving the use
of so-called tunable elastic meshes. Peculiarities of the
numerical algorithms used are described in detail.
Comparative analysis of numerical results obtained for a
few electromagnet designs is presented.
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B.1. Munsix, JI.B. Illunkosa

TOKOBBIA METO/ KOHTPOJISI KOHIIEHTPAIIUY ®EPPOMATHUTHBIX
3JEMEHTOB B PABOYEN KAMEPE TEXHOJOTMYECKOI'O UHIYKTOPA
MATHHUTHOI'O TOJIA B ITPOLUHECCE ET'O OKCIIVIYATALIUHN

Ilpedcmaenenuii memoo 6uU3HAYEHHA KOHYEHMPAayii hepomazHimuux enemenmise é pooouiii Kamepi inOyKmopa 06epmogozo ma-
ZHIMHO20 NONA, RPUHAYEHO20 ONA MEXHON02IYHOI 00poOKuU pi3HUX peuoeun. Memoo nonazac ¢ KORmMpPoOui cmpymy ooOMomKu
cmamopa iHOyKmopa i He sumazac empy4anna 6 mexnonoziunuii npoyec 06pooxku. Haoano meopemuune o0rpynmyeanusa me-
moody i npogedeHa NPAKMUYNHA PO3PAXYHKOB8A OUIHKA 11020 A0CKeamHnocmi HA RPUKiadi KOHKpemnozo indykmopa. Teopia i
RPAKMUKAQ Memooy 3ACHOGANI HA YUCENbHUX PO3PAXYHKAX MAZHIMHO20 NONA, eNeKMPOMAZHIMHUX RApamMempie i Kymosux xapa-
kmepucmuk indykmopa. Ilpaxkmuune eukopucmanns memooy nojisaac y 6U3HaA4eHHI 4acy 000amK06020 3a8AHMANCCHHA KaMmepu
epomaznimuumu enemenmamu, AKi cmupaiomucs 6 npoyeci pooomu indykmopa. bioin. 10, puc. 8.

Kniouosi cnosa: iHAyKTOpP MarHiTHOro noJsi, po6oya kamepa, KOHIEHTpaLiss (ePOMATHITHUX eJIeMEHTIiB, KOHTPOJIb CTPyMY,
YHCeabHO-TI0JIbOBUI aHAJII3, eJIEKTPOMATHITHI BeJIMYMHH, KYTOBi XapaKTePUCTHKH.

IIpeocmaenen memoo onpedenenus KOHUEHMPAYUU HeppomazHuUmMHBIX IJ1IEMEHMO08 6 padoueii Kamepe UHOYKmMopa epawiaiouie-
20CA MAZHUMHO20 MO, NPEOHAZHAYUEHNO20 ONA MEXHOI02UYECKOl 00padomKku paziuunslix éewjecms. Memoo 3akniouaemcs 6
KOHmpONle moKa 00MOmMKU cmamopa uHOyKmopa u He mpedyem eMeuidmenscmea 6 mexHo102udeckuil npoyecc oopadomku.
Jlano meopemuueckoe ob6ocnosanue memooa u nposedena NPAKMUUECKas PACUemMHAs OUEHKA €20 A0eK6amHOCmU Ha npumepe
Konkpemnozo unoykmopa. Teopus u npakmuka memooa 0CHOGANBI HA YUCTEHHBIX PACYEMAX MAZHUMHO20 N0, INEKMPOMaz-
HUMHBIX RAPAMEMPO8 U Y2106bIX Xapakmepucmuk undykmopa. Ilpaxmuyeckoe ucnonv3osanue memooa 3aKu04aemcs 6 onpe-
Oelenuu gpemenu 003azpy3Ku Kamepol heppomazHumHusimu I1eMEHMAMU, KOMOpPble UCIUDPAIOMCsl 8 Npoyecce padomul UHOYK-
mopa. bu6n. 10, puc. 8.

Knrouesvie crosa: MHAYKTOP MAarHUTHOTO MOJis, padoyasi KaMepa, KOHIEHTPanun (peppOMArHUTHBIX 3JIEMEHTOB, TOKOBBIil

KOHTPOJIb, YHCJIEHHO-T10JIeBOM AHAJIN3, JJIECKTPOMATHUTHbIC BEJIMNYHUHBI, YIJIOBbIC XaPAKTEPUCTUKH.

Beeagenue. B psje npou3BOACTB MOJIYUYUIIM Pacpo-
CTpaHEHHE MHIYKTOPHI BPAIIAIOMIETOCS MAaTHUTHOTO TIOJIS
(UBMII) ans TexHOJOTHMYECKOH 00pabOTKH pasHBIX Be-
mecTB. Takwe WHAYKTOPHI BXOAST B COCTaB Pa3IHYHBIX
TepeMeIrBaresei, n3MenpauTeneit u cenaparopos [1-3].

Koncrpykumus cratopa UBMII nomoOna craropy
Tpex(}a3HOro acMHXpOHHOTrO jaBHrarens. BHyTpu Hero
pacriojyiaraercsi UWIMHApUYEcKas pabodas kamepa, depes
KOTOPYIO B aKCHAJILHOM HaIpaBlIeHUH IPOITycKaeTcs 00-
pabateiBaeMoe BeriecTBo. s 0OpaboTku ciayxar dep-
pomarHuTHble 3neMeHTHl (D) B BHIE OTpPE3KOB Keles-
HOW TpoBOJIOKH. OHU SBISFOTCA (DeppOMAarHUTHBIMU M
JOBIDKYTCS C BPAIAIOIIAMCS TIOJIEM, CO3[aBas B Kamepe
TaK Ha3bIBaeMbI «BHUXpeBoil cmoit» [1, 3]. OGomouxa
KaMepsl BBIMOJHIETCS M3 HEMAarHUTHOW CTajlH W C Mar-
HUTHBIM TI0JIEM HE B3aUMOJICHCTBYET.

MarsuTHOe 1oJjie B Kamepe 00ecreuBaeT He TOJIBKO
nBwkeHne @O, HO U yJepKUBAaeT UX Ha aKTUBHOM JUIMHE
UHJYKTOpa, KOTOpast IPUMEPHO paBHA aKCHAJIBHOW JJIMHE
(eppOMarHuTHOTO CeplIeYHHKa CTaTOPA.

Jist paboThl HHAYKTOpa B pabovylo Kamepy 3achlra-
eTcsl ompenesneHHoe komudectBo DD, 3aBucsiee OT
CBOMCTB 00padaThIBAEMOTO BEIIECTBA W MHTEHCHBHOCTH
pexxuMa o0pabotku. [lo pasHBIM NpUYMHAM, PACCMOT-
peHHBIM B [ 1], 3amonHeHe KaMephl SJIeMEHTaMH CO Bpe-
MEHEM YMEHbBIIAaeTcs, M TpeOyeTcs MepuOgUIecKOoe WX
MIOTIOJTHEHHE, YTO JENAETCs Yepe3 CIeHHUalbHBIN maTpy-
60K 0e3 BBIKITIOUEHHS HHAYKTOpa.

B naHHOM cnywae paccMaTpHBaeMblil HHIYKTOP
npeaHa3Ha4YeH Jyisl armapara ¢ «BHXPEBBIM CIOEM», 00-
pabaTbIBaroLIero CTOuHbIe BOABI, 4yTo onucaHo B [1]. [Ipu
sToM n3Hoc @D mpeponpeneneH TpeHNEM UX KOHLIOB 00
000JI0YKy KaMmepbl, YTO MPHUBOAUT AaXKe K IOSIBICHUIO B
000J104Ke CKBO3HBIX KOJBLEBBIX Oopo3n. Ecte m npyrue
(haxTOpBI M3HOCA, HO TI0 CPABHEHHIO C ITHM OHH HECYIIe-

cTBeHHBI. Mctupanme xoHmos @D B (yHIaMEHTANBHON
paborte [1] onmpenenway TEPMUHOM «H3HOC JUTHHBD).

Opuolt U3 Tmpo0IeM IKCIUTyaTaIlil OMMCAHHOTO all-
mapata SIBJISETCS 3ajada — KOTrJa M B KaKOM KOJIMYECTBE
HAaJI0 TIOTIOJTHUTH KaMepy HOBOI moprein 3.

W3BecTHBIM BapUaHTOM PCIICHUA SABJIACTCA YCTa-
HOBKa Ha PacTOYKEe CeplIeYHHKa CTaTOpa U3MEPUTEIbHBIX
KaTylieK. B Hux BpalaromyMcess MarHuTHbIM IIOJIEM Ha-
Boautcs DJIC, koTopas Py YMEHBIICHUU KOHIICHTPAIUH
@D w1, 3HAYNAT, U3MCHECHUH MAarHUTHBIX CBOWCTB CPENbI B
KaMepe, TOJDKHA M3MEHAThCS. brmaromaps atomy, omepa-
TOp WM CHCTEMa YIPaBJICHUS MOIYyYaroT WH(POPMAIIHUIO,
CIIOCOOCTBYIOIIYIO PEIICHUIO YKa3aHHOW 3aaqul.

OnHako Ha MPAKTHKE OMHCAHHBIN METOJ| OKa3hIBa-
€TCSI MaJIOYyBCTBUTENBHBIM. 1l OH He OBII JOCTAaTOYHO
000CHOBaH pacueTHBIMH TECTaMH, BBUIY CEpHE3HBIX JIO-
MyIIEHUH METOJa Ha OCHOBE T€OPUM MAarHUTHBIX LEnew,
HCTIOJIB30BABIIETOCS AJIS pacueTa MarHUTHBIX MOJIEH.

Cutyauusi M3MEHHMJIACh C pa3paboTKOil METOIUKH
pacdera 3JIEKTPOMATHUTHBIX MapaMETPOB U XapaKTepH-
ctuk UBMII Ha ocHOBe YHMCIEHHBIX PACYETOB MAarHUTHBIX
MOJICH, YTO TPEICTAaBICHO B aBTOPCKHX pabotax [4, 5].
Brmaromapst 3ToMy BBIIBUIIOCH, YTO MOKHO IPOTHO3HPO-
BaTh W3MEHEHHE TOKa OOMOTKH CTaTOpa HHIYKTOpa C
n3MeHeHneM KoHneHTparmuu ©D B paboueit kamepe. ITo
MOATBEPAWIIOCH B [6] TIpH HCCIIEIOBAaHUM OTHOCHUTEIHHO
HEOOJIBIION SKCIIEPUMEHTAIBHON MOETH HHIAYKTOPA.

Heabo naHHOWH PadoOThHI SIBISIETCS TEOPETUIECKOE
000CHOBaHME M PAcUYeTHOE MOATBEP)KACHUE aJeKBaTHO-
CTH MCTOJa IMPOTHO3UPOBAHUA TeKleleﬁ KOHIICHTpalun
®D B paboueii kamepe UBMII Ha ocHOBe HabiroNeHMs 32
TOKOM OOMOTKHM €ro cTaTopa. JTO OCYIIECTBIAETCS Ha
OCHOBE YHCJICHHBIX PacYeTOB MArHUTHOTO IOJS U DJIEK-
TPOMArHUTHBIX TTAPAMETPOB UHIIYKTOPA.

© B.U. Musix, JI.B. IllunkoBa
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O0beKT uccjeT0BaHusl. DIEKTPOMArHUTHAS CHUCTE-
ma VMIBMII nana Ha puc. 1 ee MomepedyHBIM CEYCHHEM.
[okazanbl ucmonb3yemble NpsAMOYronbHas (X, ¥) W IO-
JISIpHAast CUCTEMbI KOOpJHHAT (7, ).

Puc. 1. OnexrpomaruutHas cuctema IBMIT:
1 — MUXTOBaHHBIN CEPACYHHK CTaTOpa; 2 — TpexdasHas
00MOTKa; 3 — BEeHTUIIAIIMOHHBIC KaHaJbl; 4 — 000JI0uKa padoucii
KaMephbl TOJIIIMHON 3, = 5 MM

Wnupykrop siBisercss Tpex(asHBIM IBYXIOIIOCHBIM.
[To TexHOMOTWYECKHM COOOpaKEHUSAM 3aTaHbl PATNYC
BHYTpPEHHEH MOBEPXHOCTH Kamepsl 7y; = 0,047 M u akcu-
anbHas JUIMHA cepaedHuka craropa [, =0,25 m. Paccum-
TaHBl PagUyCHl PacTOYKU cepaeyHuka ry; = 0,06 M u Ha-
pyXHoO# ero mosepxHocTH 7y, = 0,109 M. OOMOTKa MH-
JlyKTOpa JBYXCIOWHAs C OTHOCUTEIIBHBIM YKOPOYEHHEM
10/12, cxema coemuHEeHUs — «3Be3la», Ha (asy mpuxo-
qurcst 72 Butka. CepleyHMK BBINOJIHEH W3 3JIEKTPOTEX-
HUYECKOM ctanu mapku 2212, tonmuHa auctoB 0,5 MM,
ko3 unmeHT 3anonHeHus K, = 0,95.

®parMeHT UACATU3UPOBAHHON CTPYKTYPHI C PaBHO-
MEpHbIM pacnpezencHueM PO B paboueil kamepe mpen-
CTaBJIeH Ha puc. 2. PeanbHas CTpyKTypa 3JIeMEHTOB OyaeT
MeHee CTporoi [6], a uaeanusans, kak u B [1, 4], HeoO-
X0AuMa JJi JOCTYITHOW OpraHu3aluy pacuyeToB.
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Puc. 2. ®parmeHT uneanu3upoBaHHON CTPYKTYPBI
(heppOMarHUTHBIX HIIEMEHTOB

@D Bemonsstores u3 crau Cr3. VX pasmeps! 1 3a30-
PBI B3STBI COOTBETCTBEHHO pHC. 2,a: d, = 1 Mm; b, = 20 MM;
d, = 1,5 Mmm; d, = 1 mm. TIpu 5T0M KO3 UIMEHT 3amomHe-
HUSA KaMepbl MU B IDIOCKOCTH Xy (puc. 2,0) Kp, = 0,322.
B mutockocty yz npuHsT Takoit xe koadduiment, u torna

o0beMHbI Ko3(duuuent zanonHeHus K Fe‘,:K]Z:eS U

nony4aet 3HageHue 0,104.

B nonepeunom ceuennn UBMII (puc. 1) marautHoe
MOJIe CUMTAETCs IJIOCKOoNapauiensHbM. [loatomy Kpyr-
able ceueHns PO 3aMeHSIOTCS KBapaTHBIMHU C COOTBET-
CTBYIOIIMMH IIepEeCUeTaMH Pa3MepOB, KaK OMUCAHO B [4].

HomunansHoe da3HOe HampspkeHHe OOMOTKH CTaTo-
pa Uy coctasisier 100 B nipu vactote f; = 50 I'. B pe-
JKUME HIIEAIEHOTO X0J0CTOro Xoaa (XX), T.e. IpH OTCyT-
CcTBUU (peppOMarHUTHBIX 3JIEMEHTOB B paboueil kamepe,
CpelHee 3Hau€HUWE MAarHUTHOW MHIYKUUH B,, 3amaHo u
cocrapisier 0,12 Tn, 4yTO COOTBETCTBYET MNPAKTHUYECKU
MPUMEHAEMbIM HHIYKTOPAM.

OcCHOBBI 4YHCJEHHO-TIOJIEBBIX pacuyeToB. lcrou-
HUKOM BpAIIAIOIIErocss MarHUTHOTO HOJNS B MHAYKTOpPE
ABJsieTcst TpexdasHas CHMMETPUYHAs CHUCTeMa TOKOB
(hazHBIX 0OMOTOK cTaTopa (puc. 1):

iy =Imcos(®st+l3);
ig = I cos(wy—2m/3+PB); (1)
ic =Imcos(mst+2n/3+[3),

rae t — Bpems; [, = ﬁ]s — aMIuIMTyAa (ha3HbIX TOKOB;

[, — ux neiicTBylollee 3HAaYCHHE; M, = 27f; — yrJIoBas yac-
TOTa; 3 — HavyaimbHas (a3a TOKOB, 33aJArOINAs HEOOXOIU-
MO€ 7 KOHKPETHOTO PEXHUMa pacdeTa yriioBOEe CMeIle-
Hue HarpasieHns M/IC odMoTku craropa F; 0T OCH .

Ha puc. 1 noka3aHsl HanpaBJIeHHs TOKOB B (ha3HBIX
0o0OMOTKax B pexuMe wujeasbHoro XX, NMpH KOTOPOM
B =0, u noaromy Bekrop MJIC F HanpaBJieH Mo OCH Y.

MarHuTHOe Tojie MHAYKTOpa B €ro IIEHTPaJIbHOM
MONIEPEYHOM CEUCHHWH OIMCHIBAETCS OOIEH3BECTHBIM
JIBYXMEpPHBIM ] depeHInanbsHbIM ypaBHEHHEM:

rotfp 'rot(kA, )] = kJ, | )

rae k- OpT MO aKCUANIBHOM ocH z; 4., J, — coCTaBIIsIOLI1E
BEKTOPHOTO MarHUTHOTO moTeHmuaiga (BMII) u mioTHO-
CTH TOKA; |, — a0COIFOTHAS MArHUTHAsSI TIPOHUI[AEMOCTb.
PacnpocTpanenue MarHUTHOTO TOJISI OTPAHIMYUBACT-
Csl BHELITHEH MOBEPXHOCTHIO CEpIIEYHHKA MHAYKTOpa, TIe
3amaHo TpaHndHOe yenosue Jupuxie: 4, = 0.
MHCTpyMEeHTOM IIpeACTaBISIEMbIX UCCIEA0OBAHUM SIB-
JISIOTCS YHCIICHHBIE PAcYeThl MATHUTHOTO TIOJIST METOAOM
KOHEUHBIX 23JIeMeHTOB Mo mnporpamme FEMM [7] ¢
YIpaBJICHHEM €0 CO3IaHHBIM ckpunToM Lua, kak B [§].
[Ipuuem, B oTiimume ot pabor [4, 5], 3Mech cam pac-
YeT TOJA TIPOBOAWUTCS TPU HETOCPEICTBEHHOM Y4eTe
JcKpeTHOM cpenbl ¢ @D B paboueil kamepe, BMECTO ee
3aMEHBl SKBHUBAJICHTHOW CIUIONIHON Cpemoil. DTUM wHc-
KITIOYacTCd AOMYIIECHUSA W JOINOJHUTE/IbHBIC IMOTPEIIHO-
CTH, CBSI3aHHBIC C TAKOM 3aMCHOM.
Jlonyme}me OIMCAaHMA MarHUTHOI'O IOJIA YPaBHCHHEM
(2) obocHOBaHO pacdyeTamu B [9] M TOOTBEPXKICHO JKCIE-
puMeHTanbHO B [10], mpuyeM B JaHHOM HHIYKTOPE COOT-
HOIIICHNST aKCHAJbHOW UIMHBI M JHAMETpa PacTOuKH cep-
neunuka [,/dg; B 2,3 u 3,2 pa3a 0oJiblire, COOTBETCTBEHHO, UTO
YMEHBIIIaeT BO3MOXKHYIO PACUETHYIO ITOTPEITHOCTb.
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ITpu pacuere mosst MarHUTHasl MIPOHMUIIAEMOCTH |4, B
LIMXTOBAHHOM CTaJIbHOM cepAedyHuKe U B OO y4uThIBa-
CTCA 06L[IeI/I3BeCTHbIM METOAOM C YYE€TOM KPUBBIX HaMmar-
HuuuBaHus craneil. KoadduuueHTsl 3amonHeHus cep-
neunuka Kr, 1 padboueit kamepsl K., 10 OCH Z 3aaI0TCS
KaK MCXOAHble mapameTpsl i nporpamMmel FEMM, u
YUHUTBIBAETCS €€ IPOrPaMMHBIMH CPEICTBAMH.

®Daz30BbIE COOTHOLICHUS AJIEKTPOMArHUTHBIX BEJIH-
YMH WHIYKTOpa ¥ CYTh YIia [3 HOAPOOHO paccMOTpPEHHI B
[4, 5]. Tloka3aHo, 4TO TpW paboTe WHIYKTOpA IO Ha-
rpy3koit yron 3 Haxoautcs B quanasoHe 0 — 90°, a mpu
KpaifHUX 3HAYEHUSIX JIEKTPOMArHUTHBIH MoMeHT (OMM)
OTCYTCTBYET. JTO COOTBETCTBYET pexuMy padodero XX
[5], ornumuaromierocss oT MacalbHOTO XX HAIMYHEM B
Kamepe (peppoMarHUTHBIX HJIEMEHTOB.

Ha puc. 3 u puc. 4 mokazaHsl pe3yJnbTaThl pacdera
MarHUTHOTO NOJIS B pexume padouero XX u B pexuMe
HOMMHAJIBHOM HAarpy3KH NpHU yKa3aHHBIX 3HAUEHHIX TOKa
cratopa /; u yrna B. Ha puc. 5 marauTHOe nosne B pabo-
4yell Kamepe IOKa3aHO Uil PeXWMa HOMUHAJIHHOW Ha-
IPY3KH B YBEJIMUEHHOM MacIiTade.

Puc. 3. MarauTtHoe 1ose B MHIYKTOPE B PEXHUME
pabouero xomnocroro xona mpu /=35 A u =0

Puc. 4. MarauTtHoe 1oje B MHIYKTOPE B PEXUME
HOMHHAJIBHOU Harpy3ku npu ;=36 A u =26,7°

Ha puc. 4 u puc. 5 BUIHO OTKIIOHEHHE CHIIOBBIX JTH-
HUH OIS OT MPOIONBHBIX oceit @D. JTo SABISLETCS yCIo-
BHEM BO3HHKHOBeHHs OMM, neiicTByromero Ha BCIO
Maccy @D u mpuBomsmero ux B ABIDKeHHe. Ilpupoma
3TOr0 MOMEHTa COOTBETCTBYET TECOPHUH TEH30pa MAarHUT-
HOTO HaTs>KeHUs: MakcBesia, 4To nosicHsiercs B [5].

]
!h

Puc. 5. ®parmMeHT KapTHHBI MATHUTHOTO IOJIS B paboueit
KaMmepe HHIYKTOpa B PeKMME HOMHHAIBHON Harpy3KH

ITo cytn, OMM B paccMaTpuBaeMOM HHAYKTOPE SIB-
JACTCA PCAKTUBHBIM, U €0 NPUHIUAII I[eﬁCTBHH COOTBET-
CTBYET CHUHXpPOHHOMY PpC€aKTUBHOMY JBUIraTCJito, 4YTO
obocHoBaHo B [4, 5]. [TosTomy B paboueii kamepe 10 Ha-
npaBiieHuo opueHTanyu OO HazHayeHa MPOIOJIbHAS OCh
d, a IepreHIMKYISIPHO el — ronepedHas ock ¢ (puc. 1). B
YCTaHOBHBILEMCS] pab0UeM PEKMME OCH BPAIAIOTCS BME-
CT€ C 3THMH IEMEHTaMH U TI0JIEM C YaCTOTOH A;.

JuexkTpomaruuTHble BeauunHbl B UBMII ompe-
JIEJISIIOTCS. HA OCHOBE METOJUKH, U3JI0KEHHOM B [5], 1 I
JAaHHOM pabOTBl W3 HEe BOCTPCOOBAHHBIMH SIBJISIOTCS
CJICAYFOLIHE TIOJIOKCHHUS.

ITo pesynpraram pacyera MarHMTHOTO IIOJISI TPO-
rpaMmHBIME cpenacTBamMu FEMM [7] uepe3 TeH30p mar-
HUTHOTO HaTsDKEHUs MakcBemia noiaydaercss OMM:

. | B,ByrdS , 3)
o (rsi —7wi) g
rae B, u B, — pamuaibHas U YIJ0Bas COCTaBIISIIOIINE
MarHUTHOM WHIYKUWH; S; — IUIOMAAb CEYEHHs 3a30pa,
OTpaHWYEHHAs OKPYXHOCTSMH C PajnyCaMH Fy U Iy CO
CTOPOH KaMephl U CTaTopa; iy — MAarHUTHAs TIOCTOSIHHASL.

Mo pacnpenenenuto BMII popmupyercst BpemeHHast
(yHKIMS EpPBO rapMOHMKH MarHUTHOT'O MOTOKOCLIEI-
nenust pazHol 0OMOTKH cTaTopa:

P, =P, cos (@ +Vyq)- (4)

M

em —

B cooTBeTcTBUM C 3aKOHOM 3JIEKTPOMAarHUTHON WH-
nyknnu u3 (4) momygaercs 3J1C 3Toit 0OMOTKH:
e, =¥, cos((ost+yw —n/2), (5)
OTKyZa ee IeUCTBYIOoIIee 3HaUeHHE U HadallbHas (a3a:
Ea:ﬁnfs\ljm; YEa:Y\ua_n/z- (6)
PaBHOBecue HanpspKkeHHU B (ha3HOM OOMOTKE CTaTo-
pa mpencTaBIeHO KOMILIEKCHBIM YpaBHEHHEM [4]:
QS = _Ea + ijis + (RS + Rmag )ZS > (7)
rze Ha ocHoBe (1) u (6) pUrypupyroT KOMIUIEKCHI €€ TOKa
I, =1, udJIC E, =E,e/l5

B ¢opmysy (7) BXOIAT aKTUBHOE COMPOTHBIICHUE R
0OMOTKH cTaTopa U PEaKTHBHOE COMPOTHBIICHUE €€ J000-
BOTO paccesiHust X,, KOTOPbIC BBIUUCIIAIOTCS, KaKk U B
acuHXpOoHHBIX nBuratenix: R, = 0,31 Om u X, = 0,39 Om.
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AKTUBHOE CONPOTHUBJIEHHE R, OTOOPAXAET MOILHOCTH
MarHUTHBIX TOTEPh W OMpPENENsAeTCsl B MpOLEecce HTepa-
LHOHHOTO PacdeTa MarHUTHOTO MOJISL.

IMo wampspkenuto (7) B mokasaTeibHOW (opme

u,=U (/' maxonutes ero neicteyrouee 3Hauenue U,

1 (ha30BBIil CABUT OTHOCUTENBHO TOKA (5 = Yy — P.

[Mocne pacuera MarHUTHOTO IOJISL M AJIEKTPOMArHUT-
HBIX IIapaMeTpOB B PACCMOTPEHHOM pPEXHME Harpy3Ku
UBMII npu U = Ugy 1 yKa3aHHBIX Ha puUC. 4 3HAYCHUAX
I, u B momyueHo: R, = 0,01207 Om; ¥,, = 0,376 BOG;
Yy, = 15,08°; E, = 83,6 B; @,= 73,5°.

B [4, 5] BesiBNIcHO, 4TO TipH 3amanuu 3 = 0, 3HaYCHUE
Y, THOJIyYHIIOCH TAKUM €, U 3TO COOTBETCTBOBAJIO PEXKH-
My pabodero XX, Tak kak 1 SMM ObUI paBeH HyJI0. YTOJ
MIOBOPOTA BEKTOpPAa MArHUTHOTO IoTokocuemienus ¥, or
pexuMa XX B PEXUM Harpy3kd, COINIACHO TEOPHM CHH-
XPOHHBIX MallINH, 3TO yroix Harpy3ku ©. Iloatomy yrox vy,
B (4) — a1o0 yrox Harpy3ku IBMII, T.e. ® = yy,. B3aumo-
CBSI3M YTIIOB 3 1 ® IpyT ¢ Ipyrom, a Takke ¢ MOMEHTOM
Harpy3kKd W JIPYTUMH 3JIEKTPOMArHUTHBIMU MapameTpamMu
HHIyKTOpa Moapo0OHO MpeaCcTaBIeHs! B [4, 5].

Omnpenenenne TOKoBOro ¢akropa 3amoJHeHHs
padoueii kKamMepsl pepPOMATHUTHBIMH JIEMEHTAMU.

Kak mnokazarenp 3anonHeHHsi paboueil Kamepsl
MIpeJIaraeTcsi UCIOIb30BaTh CUIY TOKa OOMOTKH CTaTo-
pa, a KOHKpeTHee — M3MEHEeHHe Toka (ha3HOH OOMOTKH.
Jns BBISBIIGHHMST TaKOW BO3MOXKHOCTH TIpOZIETIaHa CEpHs
COOTBETCTBYIOIIMX PACYETOB MAarHUTHOTO ITOJIST M 3JIEK-
TPOMAarHUTHBIX MapaMeTpOB MHAYKTOPA IO H3JIOKCHHOU
BhIIIIe MeToauke ¢ popmynamu (3)-(7).

IIpouecc m3HOCa (EepPPOMArHUTHBIX 3JIEMEHTOB B
JaHHOI paboTe WMHUTHPYETCS B MPOCTEHIIEM BapHaHTE
U3MEHCHUEM UX JUIMHBI, KOTOpas y)ke 0003HaueHa Kak b,,
U 1pu 3ToM yucino OO 35IeMEHTOB B KaMepe CUUTaeTCs
HEU3MEHHBIM.

Panee yxe npencTaBieHsl pe3ybTaThl pacueToB MpU
0a30BOM 3HAYCHHU JIUHEI b,, paBHOM 20 MM, U U30paH-
HBIX 3HAYEHUSIX yria 3 ¢ COOTBETCTBYIOIIMM TOKOM Ij.
Temeps k 3TOMYy 3Ha4YeHHIO b, 10OaBUM ele YeThIpe 3Ha-
yeHns HEL PO mpu ee yMEHBIICHUHN ¢ marom 2 Mm. 1
pacyeTsl MpOBeIeM YK€ IPH psizie 3HauUCHUH B ¢ Ienbio
MOTy4EHHs YIVIOBBIX XapaKTEpUCTUK HHIyKTopa. [lpm
3TOM, €CTECTBEHHO, 3a30Dbl d), MEXKY DJIEMEHTAMH COOT-
BETCTBEHHO BO3PACTAIOT, a AMAMETP JJIEMEHTOB d, U 3a-
30pbI d, MEKILY HUMU COXPAHSIOTCS.

Ha puc. 6 noka3aHbsl MOJIENM MOJIEPHHU3UPOBAHHOIO
3arnoJjHeHus paboyell KaMephl (CHMMETPUYHBIE YETBEPTH
MIOTIEPEYHOTr0 CEYEHHsI) C COOTBETCTBYIOIIMMHU KapTHHA-
MU MarHMTHbBIX rojieid. [lyist 6a30Boro BapuaHTa 3aIoJHe-
HUsI aHAJIOTMYHOE TT0JTHOE M300paXkeHHe aHo Ha puc. 4 n
B Buze (pparmenTa — Ha puc. 5.

[pu npunaTEIX Moanpukamusx PO xodpdunreHt
3anojHeHus pabodell Kamepbl B IONEPEYHOM CEUYECHHU
Kr.s m3MeHsIETCS, a BOT KO3 (PHUIIMEHT 3al0THEHUS B TIPO-
JIONbHOM cedeHUH Kp,,, COXpaHseTcs, Kak B 0a30BOM Ba-
puante— Kp,g. Torma oObeMHBIH KOI(PQUIMEHT 3aros-
HEHUS KaMepbl onpeaensercs Kak K= Kres Kregp-

Hcxonuble nmapaMeTpsl ISTH PacYETHBIX BapUAHTOB,
a uMeHHO: b,, Ky, n K., NpuBeacHbI B TA0M. 1.

[Tpn 3amaHHOM HaNpsDKEHUMHM OOMOTKHM cTaTropa Juis
IISITH  OTIPEJENICHHBIX BapHaHTOB 3allojHeHHs paboueit

KaMepbl pacCUnTaHbl, Kak B [5], cemeiicTBa 1ByX HE00X0-
JUMBIX B JAHHOM CIIy4yae YTJIOBBIX XapaKTEPHCTHUK WH-
nykropa: I(®) u M,,(®) — oHu n300pakeHsl Ha puc. 7.

MeTtoauka pacdeTa XapaKTEPHCTHK 3aKjIloyanach B
CIIEYIOILIEM.

B kxavecTBe BapbHpyeMOW BEIHMYUHBI MPUHATA BXO-
nsmrast B (1) o0oOmieHHas HavanbHas (a3a TOKOB f3, KOTO-
past 3aBUCHUT OT YPOBHS HAarpy3Ku UHIYKTOpa [4, 5].
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Puc. 6. BapuanTs! 3anoHeHus paboueii kaMephl
C U3MCHEHUEM JIMHBI ()epPOMArHUTHBIX HJIEMEHTOB!
a—b~18 Mm; 6 — b=16 mm; 6 — b,=14 Mmm; 2 — b=12 MM

Ta6muuna 1
3aBUCHMOCTH [IAPaMETPOB UHIYKTOPA OT JUTHHBI
(heppOMATHUTHBIX JIEMCHTOB

- IssA
BapH be’ KFex KFev Eaa B
ant MM M, emo 0 M, emN
1 20 0,322 0,104 35,0 36,0 83,6
2 | 18 | 0,290 | 0,094 | 384 394 | 82,6
3 16 | 0,256 | 0,082 | 41,1 42,1 | 81
4 14 0,226 0,073 43,5 44,1 80,1
5 12 0,193 0,062 45,8 46,5 79,1
Hm
12
10
8
6
4
2
0 (5]
15 30 45 60 75 90
rpag

Puc. 7. IlocTpoenus Ha yrioBbIX XapaKTEPUCTUKAX
toka [, u OMM M,,, nist nomyuenust 3aBucumoct /(b,)
[py HOMUHAJIBHOM OMM M.,y

Ilpu nHeuzmeHHoM HamnpspkeHun Us JUIsl KaXKJ0TO
3HaYeHHs yriaa [} pemraercss oOpaTHas 3ajada pacdera
MAardiuMTHOroO 1mojigd ¢ noJIy4€HUEM B UTOIC HeO6XOJII/lMOFO
3HaueHUs TOKa [;. DTO pelieHne, Kak mokasaHo B [5], noc-
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TUTAETCSI METOJOM IIOCIEOBAaTENFHBIX NPUOIIKEHUH C
pelIeHneM Ha KaXJOW UTepaluu NMpsMOW 3ajlayu — pac-
YE€TOM MArHMTHOIO IOJIA MPH 3alaHHOM 3HAYCHUU yIJjia B
U [OI0MpacMoOM 3HAYCHUU TOKa [, W, 3HAYUT, U3BECTHOM
pacripeziesieHu TOKOB B 00MoTKax 1o (1).

[lpu KOHKpPETHOM 3HA4YCHWHW yria [3 3agaeTcs Ha-
YalkHOE MPHUONMKEHUE TOKa [; M PacCUMTHIBACTCS Mar-
HUTHOE I10J1e, U B utore 1o (7) moiydaercsi 3HaUCHHUE Ha-
npspkeHust Us. OHO cpaBHHUBAETCS € 3aJJaHHBIM 3HAYCHHUEM
Usy, 1 B 3aBHUCHMOCTH OT pe3yJIbTaTa KOPPEKTHPYETCs
3HaueHue Toka /. tepanuu nmpoaoskaroTest 40 coBIaje-
aus Us u Uyy ¢ )xeaeMoi TOYHOCTBIO, YTO OTMCAHO B [5].

XapaKTepuCTUKN WHAYKTOpPA pPACCUUTHIBAIHNCH B
muamazoHe yria ot 0 o 90° mpoxokIeHneM ero ¢ ma-
roMm 5°. TIpu KakooM 3HAYCHUH [3 OMpENeIsUTUCH COOT-
BETCTBYIOUIHE 3Ha4ueHus Toka [, OMM M,,, DAC E, n
yroJl Harpy3ku ®, KOTOpBIM Jajnee NMpUHUMAaETCs Kak ap-
TYMEHT U1 XapakTepuctuk /(0) u M,,(0).

Jlnst BeisiBiieHus 3aBucuMoctu [ (b,) pu HOMUHAIb-
HOM 3JIEKTPOMAarHUTHOM MOMEHTE M.,y IPOBEICHBI I10-
CTPOCHHMSI, IIOKa3aHHbIe Ha pHUc. 7. 3HaueHue M.,y co-
cTaBisu1o 6 H'M, M OHO MPHUHSATO paBHBIM IOJIOBUHE MaK-
CHUMAaJIbHOTO MOMEHTa M. TIpH 0a3oBoit mmmHe dep-
POMAarHUTHBIX IeMEHTOB b,=20 MM.

[lony4yeHHble pe3ysbTaThl — 3HAUYEHUSI TOKa [; mpu
M.,y ¥ IpU TIPUHATHIX 3HAYEHUSAX b, CBEeNEeHBI B TabOm. 1.
3meck ke NMPUBEICHBI 3HAYCHHWA TOKa I, TPU HYJIEBOM
3HaYeHUH MOMEHTa M,,,, YTO COOTBETCTBYET ONHCAHHO-
My paHee pexxumy padouero XX mpu ff = 0.

Nmeromiuecs: Teneps Mo JaHHbIM Taba. 1 1Be 3aBu-
cumoct Iy(b,) npu M.,y u M., npeacTaBiIcHbI rpaduye-
cku Ha puc. 8. OueBUAHO, YTO BCE OCTAJIbHBIE JOMYCTH-
MBIC PEXHMBI pa0OTHl OyIyT HAaXOAWTHCS B TpEAeiax
MEX]y MOJYYUBIIAMUCS JBYMS TPaQUKaAMH.

3nech ke 1o AaHHBIM Tabn. 1 mocTpoeHs! rpaduku
3aBUCUMOCTEN IIOCKOCTHOIO Kfp M 00BbEMHOIO Kfp, KO-
3¢ UIIEHTOB 3aMIOTHEHNS PadoUei KaMephI.

0.3 \

o.e| A
0.25 | 50 I
-—
==
0.2 |40 == =
= Mm\'
— Mm(} \

0,15 | 30

0.1 | 20 g

0,05 | 10

—

b,
20 18 16 14 mm 12

0'"o0

Puc. 8. 3aBucumoctu k03 urrieHToB 3anonHeHNs padboueit
KaMepsl K., U Kp,, 1 Toka 00MOTKH cTatopa /; oT anuael OO b,

Tenepr mo Tabn. 1 u puc. 8 BUIHO, UTO B PaccMOT-
PSHHOM JMaria3oHe W3MCHEHHs IJIMHBI (DeppOMAarHUTHBIX
JJIEMEHTOB TOK OOMOTKH CTaTropa aBTOMATHUYCCKUA H3Me-
HUTCS HA IOCTaTOYHO 3aMETHOE 3HaYeHue — nopsaka 10 A.
OT0 Nerko (UKCUPOBATH HENPEPHIBHO IO aMICPMETPy
WIH CICIAATBHOMY JIaTYUKY TOKA.

Takum oOpazom, omepatop, yNpaBJsIOUIMNA HWHIYK-
TOPOM, WJIM aBTOMAaTH4ECKasi CHCTEMA yIIPABJICHHUSI MOTYT
OIPEJICTINTh TeKyllee 3HaYeHHe KO QUIIEeHTa 3aI0JIHe-
HUs pabodel kameps! (heppOMArHUTHBIMHU 3JIEMEHTAMH H,
3Ha4YUT, MOMCHT BPEMCHU, KOI'/la HGOGXOHI/IMO IIOITOJIHUTH
€e HOBBIMH 3JIEMEHTaMHU.

Eme B Tabn. 1 go6asnen crondern 3/C dasznoit 00-
MoTKH cTtaropa E, (6). B paccMoTpeHHOM nuamna3oHe H3-
MEHEHHs JUIMHBI (DeppOMarHUTHBIX 3ieMeHToB 3Ta DJIC
n3MeHwIach Ha 5,4 %. B Toii e Mepe Oyner U3MEHAThCS
OJIC m mo0bIX M3MEPHUTENBHBIX BUTKOB, KOTOPBIE TPH-
MEHSIIOTCSI IIsl MHIUKALUK 3aII0JIHEHUS] pabodell KaMepsbl
MHIYKTOpa (heppOMarHUTHBIMHU IEMEHTaMU.

A BOT (ha3HBIi TOK B TO K€ BpeMsl M3MEHWICS Ha
29,2 % — moATOMy MIMEHHO OH SBIISIeTCS] O0Jiee HATIISTHBIM
M YyBCTBHUTEJBHBIM IOKa3aTeJeM KOHLEHTpauuu (eppo-
MAarHUTHBIX 3JIEMEHTOB B pabouel KaMepe, TO eCTh I10Ka3a-
TeneM o0beMHOro Kod(duumeHnTa 3anoyHeHHs paboueit
KaMmepbl Kr,,, KOTOpBIN B Ta0J. 1 m3menmics Ha 40 %.

KadecTBeHHBIM THOATBEPKICHNUEM IIOJyYEHHBIX pe-
3yJIBTaTOB SIBISIFOTCS JaHHbBIE SKCIEPHMEHTOB Ha YIIPO-
LIEHHOW Mojenu uHaykTopa [6]. B ycrnoBusx nposeneH-
HbIX TaM I/ICCHGJIOBaHI/Iﬁ BBISABJICHO, YTO YMCHBIICHUEC
o0beMHOr0 KoddduienTa 3anoaHenus kameps! ot 0,037
no 0 mpuBeno K yBeIMUYEHHWIO TOka cratopa Ha 13,4 %.
MeHbllee M3MEHEHHE IO CPaBHEHHIO C paccMaTpHBaec-
MbIM B cTaThe BMII 00BsICHSIETCS CYIIECTBEHHO MEHB-
[IMMU 3HAYCHUSIMH KO3 pHIICHTa 3aTIOTHEHUS Ky .

BriBoabI.

1. Pa3paboTaHHbIi HA OCHOBE YMCIIEHHO-TIOJIEBBIX pac-
YEeTOB MAarHUTHBIX IT0JICH TOKOBBIN METO]] TIO3BOJISIET CBSI-
3aTh KOHLEHTpPALMIO (peppOMarHUTHHIX JIEMEHTOB B pa-
Ooueil kaMepe WHAYKTOpA BPAILAIOLIETOCS MAarHUTHOTO
HOJIS U TOK B €r0 0OMOTKE.

2. [lpakTdecknue pacdeTsl Ha KOHKPETHOM oOpasie
MHJIYKTOpa IOKa3ajJM, YTO W3HOC JUIMHBI (eppOMarHuT-
HBIX 3JIEMEHTOB BCJIEICTBHE NX HcThpanus Ha 40 % npu-
BOJUT K aBTOMATUYCCKOMY YBCJINYCHHUIO (1)33HOF0 TOKa Ha
29,2 %. B Toxe Bpems, IPUMEHSEMBIH albTepHATHBHBINA
METOA KOHTPOJIA MNOCPCACTBOM H3IMEPUTCIILHBIX BUTKOB
TpeOyeT YCIIOKHEHUs] KOHCTPYKIMH WHIYKTOpa W JaeT
ymenbiienne DJC ymump Ha 5,4 %, TO ecTh oOnamaer
3HAYNTEIHHO MEHBIIEH YyBCTBUTEILHOCTHIO.

3. HabmoeHue 3a TOKOM OOMOTKH MHIYKTOPA H03BO-
JsIeT KOHTPOJIMPOBATh 3allOJHEHHE ero paboueil Kamepsl
(heppoMarHUTHBIMHU BJIEMEHTaMH, HE MpepbIBas Ipolecca
skciutyatanuu UBMII. D10 naeT BO3MOKHOCTh CBOEBpE-
MEHHO TIOMOJHATh KaMepy TaKMMHU 3JIEMEHTaMH W, TeM
caMbIM, ITOJUIEPXKUBATh Ha 33JaHHOM YPOBHE TEXHOJIOTH-
4ecKylo 00pabOTKy pa3lIMYHBIX BEIIECTB, MPOIYCKAaEMBIX
yepes 3Ty Kamepy.

4. HecmoOTpst Ha TO, YTO UCCIIEOBAHMUS IIPOBEAEHBI IIPU
KOHKPETHOM BapuaHTe n3Hoca @3 (M3HOC JUIMHBI), MTpe-
JI0KEHHBIH METOJ] TOKOBOI'O KOHTPOJIS 3alOIHEHHS MU
paboueii kaMepbl MOKET OBITH NPHMEHEH W NPU APYTHX
BapuaHTax m3Hoca. Hanpumep, npu yronuennu @3, mpu
KOMOMHAIMN yMEHbIIEHUS JIMHBI U ToMIuHbl O3, 1160
mpocto npu BeiHOCE DD U3 paboueit kamephl.
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Control current method of the concentration of ferromagnetic
elements in the working chamber of the technological
inductor of magnetic field during its operation.

Introduction. A rotating magnetic field three-phase inductor
designed for the technological processing of various substances
is considered. The processing is carried out by ferromagnetic
elements in the form of pieces of iron wire moving with a mag-
netic field. Problem. The control problem of the concentration
of ferromagnetic elements in the working chamber of the induc-
tor is solved. This is necessary in order to replenish the chamber
in time with elements that wear out but without interrupting the
processing. Methodology. The proposed control method consists
in observing the current of the inductor stator winding, which is
carried out during its operation and does not require interven-
tion in the technological process of processing. Results. The
theoretical substantiation of the method is given and a practical
calculation evaluation of its adequacy is made on the example of
a specific inductor. The theory and practice of the method are
based on numerical calculations of the magnetic field, electro-
magnetic parameters and the angular characteristics of the
inductor. Practical value. The practical use of the method is to
automatically determine the time of reloading the chamber with
ferromagnetic elements that are worn out during the inductor
operation. This increases the performance of the inductor and
eliminates its downtime. References 10, figures 8.

Key words: magnetic field inductor, working chamber, con-
centration of ferromagnetic elements, current control, nu-
merical field analysis, electromagnetic parameters, angular
characteristics.
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AHAJIN3 ITOTPEBJEHUA DJIEKTPOOHEPI'MU ACUHXPOHHBIMH _
ABUI'ATEJISAMMU KJIACCOB D®@PEKTUBHOCTH IE1 U 1IE2 B HACOCHOH
YCTAHOBKE MOIIHOCTBIO 11 kBt

Ha cboz00niuniii 0ens 6 Kpainax €6pasilicbko20 eKOHOMIUHO20 COI03Y 8 OCHOGHOMY 3ACHOCOGYIOMbCA €NeKMPOOSUZYHU HUZLKO-
20 Knacy enepzoegpexmuenocmi IE1, gionogiono oo cmanoapmy MEK 60034-30 (OCT MEK 60034-30-1-2016). Oonax, 32iono 3
pimennam Komicii €8pasiiicbK020 eKOHOMIUn020 co103y, 3 1 eepecns 2021 p 3nauenns xoeghivicnma KopucHnoi 0ii 0euzynie ne
nOBUHHO Oymu MeHuie 3HaA4eHb, 6CMAN08IeHUX 01a Knacy enepzemuunoi epekmusnocmi IE2. Tomy ona kpain €Eepasiiicbkozo
CO103y AKMYANbHUM CIAE AHAI3 eKOHOMIUNHO020 ehekmy 6i0 3aminu deuzynie knacy IE1 na oeuzynu xknacy I1E2. Y oaniit po6omi
npeocmaenenuii NOPIGHANbHULL AHAII3 NOKA3HUKIE eHEP2OCRONCUBAHHA ACUHXPOHHUX e1eKMPOOSUZYHIE KNacie eHepzoedhexmu-
enocmi IE1 i IE2 ¢ enexmponpueodi eiouenmpogozo Hacoca nomyxycuicmio 11 kBm cucmemu eooonocmauannsa 3 opocenvHum
PezynioeannaAm. ACUHXPOHHI O8UZYHU HCUBNAMBCA (e3n0cepeonbo 6i0 enekmpuuHol mepedici. O0uosi HACOCHI cucmemu mMarOmoy
00un i moit yce zpaghix sumpamu piouHu, XapaKmepHuil 011 po3iMKHymux HacocHux cucmem. Kinvkicms eumpauaecmuoca naco-
COM 800U PezyIIEMBCA 3A PAXYHOK OpOcentoéanns. Ompumano pe3yavmamu no 006080mMy i piunoMy eHePZOCHOHCUBAHHIO 080X
posenanymux Kongizypayiii nacocnoi cucmemu. Ilokazano wo cucmema, de 3acmoco8yEmMycsa ACUHXPOHRUI 0GUZYH Kacy eHep-
20epexmusnocmi IE2, 3abe3neuye exonomito 118,6 eepo 3a pix i 2000 espo 3a scummeeuii YUK, 6 NOPIGHAHHI 3 ACUHXPOHHUM
osuzynom knacy IE1. Po3paxosanuit mepmin oxynnocmi osuzyna knacy I1E2, axuii cknaoae 5 micayie 6 pasi 6eedenns é 0ito Ho-
60i ycmanoeku i 2 poxu, é pasi 3aminu 06u2yHa 6 npayrorouii ycmanoeyi. biomn. 25, Tabin. 5, puc. 4.

Knouosi cnosa: acHHXpOHHMH ABUTYH, Apoce/ibHE PeryJioBaHHs, TEPMiH OKYIHOCTI, BiALeHTPOBHii Hacoc, eHeproegeKTHB-
HiCTh, eHEPrOCIOKHBAHHSI.

Ha cecoonsawnuii oenv ¢ cmpanax Eepasuiickoco IKOHOMUUECKO20 €003 8 OCHOGHOM RPUMEHAIOMCA IIeKMPOOGUzamenu
HU3K020 Knacca InepzoIhgpekmuenocmu IE1, coznacno cmandapmy MIK 60034-30 (FOCT MIK 60034-30-1-2016). Oonaxo,
coznacno pewenutro komuccuu Eepaszuiickozo 3konomuueckozo coiosa, ¢ 1 cenmaopa 2021 2. 3nauenue koygpgpuyuenma no-
J1e3H020 Oeiicmeusn 0guzamereii He 00JIHCHO Oblmb MEeHbULe 3HAYEH UL, YCHAHO06IEHHbIX 014 Kldcca IHepzemuieckoil I¢hghex-
muenocmu IE2. IToomomy ona cmpan Eepazuiickozo colo3a aKkmyanbHbiM CIMAHOGUMCA AHANU3 IKOHOMUUECKO20 IPhekma
om 3amenvt osucameneit knacca IE1 na osuzamenu knacca IE2. B dannoit pabome npedcmasien cpasHumenbHuvlii aHaiu3
noxazameneii IHepzonompedIenus ACUHXPOHHBIX IIeKmpooguzameneii Kaaccos nepeordppexmuenocmu IE1 u I1E2 ¢ rnek-
mponpugode ueHmpooteycnozo nacoca mouwiHocmolo 11 kBm cucmemvt 6000cHadyicenus ¢ OpoCCeIbHbIM PEyTupo8aHue.
Acunxponnsie 0gucamenu RUMAIOMCA HARPAMYIO Om IneKmpuueckol cemu. Obe nacocnvie cucmemsl UmMelOm 0OUH U Mom
Jce zpagpuk pacxooa HcuOKocmu, XapaxKmepHulil 014 pa30MKHYMBIX HACOCHBIX cucmem. Konuuecmeo pacxodyemoii nacocom
600vl pezynupyemca 3a cuem opoccenupoganusn. Ilonyuenvl pe3ynomamol RO CymouHoMy U 200060My IHEPZONOMPedIeHUIO
08yx paccmompennvix Konguzypayuii Hacocnoii cucmemsl. Illokazano umo cucmema, 20e RPUMEHAEMCA ACUHXPOHHDBLI O6U-
2amens Knacca Inepzorppexmuenocmu IE2, obecneuusaem sxonomuto 118,6 eépo 3a 200 u 2000 eepo 3a rxcuznennwlii YUK,
no cpasnenuio ¢ acunxponnvim oeuzamenem knacca IE1. Paccuuman cpok okynaemocmu 0suzamens knacca 1E2, komoputii
cocmagnaem 5 mecayes 6 ciyuae 66e0eHUsA 6 CMpoll HOGOI YCMAHO6KU U 2 2004, 6 ciyuae 3amenbl 0guzameJia 6 padomaiowieil
ycmanogke. bubn. 25, Tabn. 5, puc. 4.

Knrouesvie crosa: acHHXpOHHBIH ABHIaTe/Ib, JPOCCETBHOE PEryINpPoOBaHNe, CPOK OKYNAeMOCTH, IIeHTPOOEeKHbBIH Hacoc, Hep-
ro3¢peKTUBHOCTH, IJHEPronoTpedIeHue.

BBenenne. Bricokasi 3HEPrOeMKOCTh COBPEMEHHOM
MMPOMBIIIJICHHOCTH OGyCﬂaBJ’lI/lBaeT BBICOKYIO aKTyallb-
HOCTh TIOBBIIIEHHSI 3HEProd(P(EKTUBHOCTH HPOU3BOJICT-
Ba. DJIEKTPOABUTATENH MOTPEOIITIOT okojo 70 % anek-
TPOIHEPIUU B NPOMBINUICHHBIX NMpHUIOKeHHusX. [ToaTomy
BO MHOTHX CTpaHax MHpa IOCTEIIEHHO BBOIMTCS 3alpeT
Ha HCIOJb30BaHME JBUTATeNled C HU3KUMH Kiaccamu
sHeproddpdexTuBHOCTH. OHAKO B Poccun Ha HacTosIIuit
MOMEHT MPHUMEHSIOTCSI B OCHOBHOM AJICKTPOIBHUTATEIH
HU3Koro kiacca sHeprodddexrunoctn IE1, cormacuo
craagapty MOK 60034-30. Ipurarenu kiacca IE2 ore-
YEeCTBEHHOT'O IIPOM3BOJCTBA TAaKKe IIPEACTABICHB Ha
poccuiickoMm peirke [1]. OgHako crpoc Ha dHEprodddek-
THUBHBIC ABUI'aTCJIU B Poccun man u3-3a HU3KOH CTOMMO-
CTH 3JIEKTPOIHEPTHH, IO CPaBHEHMIO cO cTpaHamu EBpo-
nerckoro corosza. st cpaBHEHHUs LIeHA Ha JIEKTPOIHEP-
THIO U TIPOMBIIUICHHBIX THoTpebuteneld B ['epmanun
cocraniser okoio 0,2 eBpo/kBT4, a B Poccun — TOIBKO
okono 0,057 epo/xBtu [2, 3].

B Espometickom Corosze ¢ 2017 roga B obmemnpo-
MBIIIJICHHBIX HNPWIOKECHUAX JONYCTHUMO HNPUMCHCHHUEC
JIBUTaTeNIed KiaccoB He Hibke, yeMm IE3, mis momqHocTH
0,75-375 xBt. bonee toro, ¢ 1 uronst 2023 rona B EBpo-
neifickoM Coro3e JBUTATENU ¢ MOIIHOCTBIO Ooiee 75 kBT
JIOJDKHBI COOTBETCTBOBaTh kiaccy IE4 [4]. B nmanbHeil-
IIeM UMCIOTCS TUIAHBI PACIIUPEHUs 00sI3aTeIHHOTO KIIac-
ca [E4 Ha mBUTaTENM MEHBIIEH MOIIHOCTH M Iepexoja K
o0s3arensHOMY Kiaccy IES mis MomHbIX nBurareneit [5].
CTOUT OTMETUTB, YTO YK€ B COBPEMEHHBIX YCIOBHUSX
npuMeHenne npurateneil kiaccoB IE4 u IES moxeT ObITh
OTIpaBIaHO, BBUAY BBICOKHX, ITOCTOSTHHO BO3PACTAIOIINX
[IEH Ha JHEPrOHOCHUTENN W HEOOXOAWMOCTH CHIDKCHHS
BIIMSIHUSL HA OKPY’KaIOIIYIO cpeny [6].

MaccoBoe mpUMEHEHHUE JABHUraTescii 00Jiee BHICOKUX
KJIacCOB 3HEProd3(h(HEeKTUBHOCTH IMO3BOJUT CYIIECTBEHHO
COKpAaTHUTh SHEPrOnoTpeOIeHNe, CHU3UTh YHEPTOEMKOCTh
BaJIOBOTO BHYTPEHHErO MPOJIYKTa, a TaKkKe OyJeT crio-
CcOOCTBOBATH yIyUIIEHHIO SKOJIOTHIECKON OOCTAHOBKH 3a
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CUEeT CHIKEHHS BbIOpOCa BPEIHBIX BELIECTB IIPU TeHEpa-
LUK 371eKTpodHeprun. [Ipumenenne sHeproadGeKTHBHBIX
JIBUTaTeNIeil COOTBETCTBYET JOCTHIXKCHHUIO LENICH, 3asB-
JICHHBIX B SHEPTEeTHYECKUX M HKOJIOTHUECKHX CTPATErusix
pasmmuHBIX cTpaH: EBpomeiickoro coroza (European
Green Deal [6]), CIIIA (State Energy Program), IlIBeii-
napuu (noanepxkuBaer [lapmwkckoe cornamienue), Kuras
(momnepxuBaer [lapmkckoe cornamenne), Anonun (Net
Zero Energy Building), }OxHo#t Kopen (nmomnepxuBaer
[Tapmxckoe cornaimenue), a Takxke Poccuiickoit denepa-
uuu [7] v T.1.

IToaToMy, cornmacHo peuleHur0 koMuccuu EBpasuii-
CKOT0 9KOHOMHYECKOTO CO03a 0 TpeOOBAaHUAX K 3Hepre-
THYIeCKON 3(PPEKTHBHOCTH HSHEPTOMOTPEOIAIOMMNX YCT-
poiict [8], ¢ 1 centsOps 2021 r. 3mauennme KIIJ mns
nsurareieid MonHocTeio 0,75-375 kBT He HOMKHO OBITH
MEHbIIIE 3HAYCHUH, YCTaHOBJIECHHBIX Ul Kilacca JHepre-
tnaeckoil apdexruBrocTH [E2. A ¢ | centsops 2023 T.
snadenue KIIJ[ nBurarenmeit mMomHocThIO 7,5-375 KBT
JOJDKHO COOTBETCTBOBaTh yxe kiaccy IE3. TpeGoBanue
kmacca IE3 ¢ 1 cenrsiops 2025 r. Oymer Takxke pacrpo-
cTpaHeHo u Juis asurareneit 0,75-7,5 kBt [8].

O0s13aTenbHbIN TIepexo/ K nurareisiM kiacca [E2 B
Poccun u crpanax EBpasuiickoro 3KOHOMU4ECKOTO COH03a
MI03BOJISIET HaJeeTcs, YTo B OyayIieM, MyCcTb U ¢ HEKOTO-
pOii BpEMEHHOW 3aJIePKKOH, OOYCIIOBICHHONW OOBEKTUB-
HBIMH 3KOHOMHMYECKUMH TNPHYMHAMH, TpEOOBaHUS K
9HeprodpPEeKTUBHOCTH ABUTATEIEH OyIyT MPHOIMKATHCS
K COBPEMEHHBIM TpeboBanusM EBporeiickoro coro3sa.

Hacocusle cuctemsr notpetisitor okoio 22 % 3miex-
TPORHEPTUH, Mpou3BoauMon B mupe [9]. bonpmroe komm-
4yecTBO padoT [10-16] mocBsmIeHO BOIIpocaM COMOCTAaBIIe-
HUsI 9HEPronoTpeOIeHUs] HACOCHBIX CHUCTEM C IPUMEHE-
HUEM pa3iuyHbIX JBUrareneil ¢ pasHeiMu IE-knaccamu.
OnHako BO Bcex 3THUX paboTax paccMaTpUBAIOTCSI HAcOC-
HBIC€ CUCTEMBI C PEryJIMPOBAaHUCM CKOPOCTHU ABUTATEIA C
MIOMOIITBIO TTpeoOpa3oBarens 9acToTel. HecMoTps Ha BBI-
cokuit KIIJI, a Takke jgydiive cTaTUUECKUEe U JUHAMUYe-
CKHE PEryJHpPOBOYHBIC XapaKTEPUCTHKH IPHUBOJA IIepe-
MEHHOTO TOKa C IIpeo0pa3oBaTesieM YacTOThI, M3-32 BbI-
COKOM cTOMMOCTH TpeoOpaszoBarens Ooibllas 4acTh Ha-
COCHBIX TIPHBOJIOB BCE €lIE IHMTACTCS HEMOCPEICTBEHHO
oT anexTpudeckor cetu [9]. Hampumep, mons perymu-
pyemoro IpuBoja Ha peiHKe I epmanuu — okono 30 %, a
Ha peiHke [IBeiinapuu — 20 % [17]. B Poccun u B apyrux
ctpanax CHI' nmonmsi 9acTOTHO-pEryIHpPYeMBIX 3JIEKTpO-
MIPUBOJIOB TPAaIULMOHHO HMXKE, YeM B cTpaHax EBpomneii-
CKOT'0 COH03a.

Jlyst HacoCoB, MUTAIOIIUXCS HAMPSIMYIO OT 3JIEKTPHU-
YECKOH CEeTH, BOIPOCHI COMOCTABICHUS SHEPronoTpeode-
HUSL TpU TPUMEHEHUM JBurarenedl c pasHeiMu |E-
KJIJacCaMHU paccMaTpHuBaeTcsi HamMHOro pexe. Tak B [9]
paccMaTpuBaeTCs CPaBHUTENBHBIA aHAJIN3 3HEProIo-
TpeOJIeHns] CUHXPOHHBIX M AaCHHXPOHHBIX JIBUTaTeIeH
kiaccoB 1E3 u IE4 ¢ npsMbIM MUTaHHEM OT CETH B 3JIEK-
TPONIPHUBOJE IIEHTPOOEKHOTO HAcoca C APOCCETBHBIM
peryiaupoBanueM. Takke B [9] mokasaHo, 4To 1pH BBIOO-
pe ABUTATCIIA HeOGXO}II/IMO YUYUTBIBATHL HEC TOJIBKO KJIaCcC
3HeprodGGeKTUBHOCTH, HO W HATPY30UHBIA IMKJI, B KO-
TOpoM paboTaeT IBUTATENb, U, COOTBeTCTBEHHO, KIIJ]

JIBUTATEIIS TIPH TOHIDKEHHBIX Harpy3kax. OQHaKo mpumMe-
Henne nsurareneil kinaccoB IE3 u 1E4 ma ceromusa mon-
JIEPKUBACTCS 3aKOHOATEIIEHO HE BO BCEX CTPAHAX.

Ha ocHoBanum mpuBeneHHOro BHIIIE 0030pa JH-
TepaTyphl, MOXKHO 3aKJIIOYUTh, YTO BOIPOCHI COIMOC-
TaBJICHUS JBUTATENICH Pa3IMYHBIX KJIACCOB 3HEProdd-
(DEeKTUBHOCTH B HACOCHBIX YCTAHOBKAaxX C HEpEryJaupye-
MOH 4YacTOTOH BpalleHHs OCTAKTCSI HEIOCTATOYHO
OCBCIICHHBIMH.

Ienbio nanHOil padoThI SBIAETCS CPAaBHUTEIBHBIN
aHaIM3 TOKa3aTellell PHepromoTpedIeHus aCHHXPOHHBIX
nBurareineid MomHocThi0 11 kBT, murarommxcs Hemo-
CPEICTBEHHO OT CETH, ¢ KIaccaMi SHeprod(peKTHBHOCTH
IE1 u IE2 B smektponpuBoae IEHTPOOEIKHOTO Hacoca ¢
JIPOCCETBHBIM PETyITUPOBAHHEM.

AKYTaTbHOCTH JaHHOI PadoThl 00yCIIOBIIEHA He-
00XOIMMOCTBIO OLEHKH OSKOHOMH4YecKoro sddekra ot
3aMeHsbl aBurarenei kiacca [E1 na apurarenu kiacca [E2
JUTSL TAKOTO PAacIpOCTPAHEHHOIO KJIacca MEXaHU3MOB Kak
HEHTPOOCIKHBIE HACOCHI, BBUAY CKOPOTO BBEJCHHS B
ctpanax EBpasuiickoro coro3a TpeOoBaHU 00s3aTeIbHO-
ro UCMoib30BaHUs Aurarenen kiacca IE2. Jlns cpaBHe-
HUS COIIOCTABIISIFOTCS TTOKA3aTeNd YHEPTOMOTPEOICHUS U
croumocTs asurareneid kinaccoB IE1 u IE2 3a mepuon
KI3HEHHOTO IIMKJIA, aHAIU3UPYETCS CPOK OKYIAeMOCTH
neuratens knacca IE2. B pa6ote [18] Takoit aHanu3 Obu1
MPOBEACH [JIsl YacTHOTO CiIydass HAacOCHOTO arperata
MouiHocThio 15 kBT. JlaHHas pabota pacmmpsieT 3TOT
aHaJM3.

XapakTepucTukn Hacoca. J[ns pacuera BhIOpaH
Hacoc Calpeda NM 50/20A/B momHocThi0 11 KBt [19].
HomunanbHast gactoTa Bpamenus Hacoca — 2900 06/MuH.

MakcumanbHass —TPOM3BOJUTEIBHOCTh  HACOCHOMH
CHCTEMBI COOTBETCTBYET TOUYKE, B KOTOPOH Pacxo] BOJBI
Ha 10 % Ooxnpme, yem B Touke ¢ HambompmmMm KIIJI
(anrn. «best efficiency point», BEP) Q1109 = 1,1:Opep =
=66 M’/uac.

Ha puc. 1,a nokazana karanoxnas Q-H xapakTepu-
ctuka Hacoca [19], a Ha puc. 1,6 — 3aBHCHUMOCTh MEXaHU-
YECKON MOIIHOCTH MPUBOJHOTO JBHMTraTessl Hacoca B 3a-
BUCHUMOCTU OT NoAadu BOABI IpH HOMHHAJIbHOM 4acTOTE
Bpamienus [19].

XapakTepucTUKH ACHHXPOHHBIX JBHraTtesei.
Jist pacdera ObuTH BBEIOpaHBI ACHHXPOHHBIC JIBUTATEIH
poccuiickoro mpomsBoacTBa: 7AVEC160M2iel (xmacc
IE1) m TAVEC160M2ie2 (kmacc IE2) cepun 7AVE [1],
momHocThio 11 kBT. Bennumnaer KITJ] stux aBurarenei
B HOMHHAJIBHOM pexume paBHH 88,2 u 90 %, cooTBeT-
CTBEHHO.

B Ta6n. 1 nmpusenens! nanubie o KITJ BeIOpaHHBIX
JIBUTaTesiel B 5 pa3iMuHbIX HATPY304YHBIX pexuUMax. P,
— MCXaHHMYCCKas MOIIHOCTH JABHIAaTCIIA, Pn — HOMMHHAJIb-
Hasg MEXaHHU4YCCKasds MOIIHOCTb JABUIATCIIA. Taxxke »tH
JTAaHHBIC ITPOJAEMOHCTPHPOBAHBI Ha PHC. 2.

Pabouue Toukn Hacoca. PaccmaTrpuBaercss pa3oMK-
HyTas HACOCHAsi CHCTEMa, PacXo]] BOJbI KOTOPOU M3MEHSI-
ercs B auanasone ot 75 1o 110 % pacxona Oy, COOTBET-
cTByMomero paboueit Touke Hacoca ¢ HambomsmmM KITJT
(anrn. «best efficiency point», BEP). 25 % BpemeHu Ha-
coc pabortaer B Touke ¢ pacxonoM 0,75:Op.,, 50 % Bpe-
MEHH — € PacxoloM Opp, H ele 25 % BpeMeHH — C pac-
xo1oM 1,1:Qp,. DTa 3aBUCUMOCTB C NOMOILBIO AHArpam-
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MBI [T0Ka3aHa Ha puc. 3. JlaHHbINA rpaguk HArPY3KU PEeKo-
MeHAyeTcs Oo0beAMHEeHHEeM mpom3BoAuTened Europump
JUISL OLICHKH JHEprornoTpeOsieHHss HACOCOB C HEperyliu-
pyeMbIM npuBooM [20].
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0 — TpeOdyemasi MeXaHU4eCKasi MOLTHOCTD JIBUTATENS
B 3aBHCUMOCTH OT PacXo/ia )KUIKOCTH
Puc. 1
Tabmuma 1
Hannsie o KITJI neurareneit
KIT nBurarens, %
Heuratens | P, = | Ppeen = | Puech = | Poech =| Prech =
=0,25-P,|=0,5P,|=0,75-P,| =P, |=1,25P,
AN IE1 79,5 86,6 88,4 88,2 85,8
ALl IE2 83,8 89,2 90,4 90 88,5
92%
90%
88%
= 86%
~ 84%

=——@—[E | asurarens

IE2 xgurarens

2 3 4 5 6 7 8§ 9 10 11 12 13 14
MexaHuueckass MOITHOCTh, KBT
Puc. 2. Kpussie KI1/] nBurareneii

Ilpu makcumansHOM pacxone Boabl (O = 1,1:Opep),
3aJIBUKKA TIOJTHOCTBIO OTKPBIBACTCS, & JUII 00CCICUCHUs
pacxonoB, paBHbIX (Opep M 0,75-Opep 3aIBHIKKA YACTUYHO
3aKpBIBAETCS, YTOOBI XapaKTEPUCTUKA CUCTEMBI W3MEHS-
Jlach, a TOYKa €€ MepeceyeHus ¢ XapakTepuCTUKON Hacoca
nepeMmenanock BieBo. Ha puc. 4 mokazansl Q-H Xapakrte-

PUCTHKA HACOCa M XapaKTEPHUCTHKH THAPABINIECKON CHC-
TEMBI B Pa3JIMYHBIX Pa00OYUX TOUKAX.

75

w
o

Hons pabouero Bpemenu, %
)
(9]

75 100 110
Pacxon Boast O, %
Puc. 3. [luarpamma pacxoza Bozs! 3a nuxi [20]
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Puc. 4. O-H xapakTepucTHKa HacOCa U KPUBBIE CUCTEMBI

Jis onleHKH SHEPTrONOTPeOICHHS B IEPBYIO OYepeab
paccuMThIBaeTCA MEXaHWYECKas: MOIIHOCTh NPHBOIHOTO
JIBUTATEIA, B TPEX PEXKUMAX, MOKa3aHHBIX Ha pHc. 3. [Ipu
PeryJIMpoOBaHUM Pacxoja BOJbBI IPOCCENUPOBaHUEM pabo-
Yhe TOYKH HACOCHON CHCTEMBI IIEPEMEUIAOTCS 10
(Q-H xapakTepHuCTHKe Hacoca 3a CUeT M3MEPEHUs Xapak-
TEPUCTUKU THIPABIUYCCKON CHCTEMBI. XapaKTCPUCTHKA
TUJIPABIIMIECKON CHCTEMBI OIUCHIBACTCS —CIICIYFOIIUM
ypaBHeHHEM [9]:

H=Hy+ k0, (1)
rae O n H — Tpebyemble 3HaUEHUS MOJIa9X BOABI U HATIO-
pa THAPABINYECKON CHUCTEMbI (THIPABIMYECKONW HArpys-
Kku); Hy — cTaTUYEeCKUi HAMop THAPABINIECKON CUCTEMBI
(Hy = Hpep 1 2 = 22,5 m); k — xodbunuenT Tpenus rui-
PaBJIMYECKON CHCTEMBI, 3HAUEHHE KOTOPOI'O 3aBHCHUT OT
BCJIMYMHBI OTKPBITHSA 3aABUKKH.

B Ta6i. 2 mpuBeacHBI Pe3yJIbTaThl pacueTa MEXaHH-
9eCKOH MOIMHOCTH (P,u..;) U IPYTHX XapaKTECPUCTHK Ha-
coca IpU TPeX Pa3HBIX PacXOAax BOIBI, COOTBETCTBYIO-
X puc. 3.

Tabmnuma 2
JlaHHBIC IIMKIIA PabOTHI Hacoca

0, %| k, wac* /v’ | O, M*fuac | H, m | KIIJ| Hacoca, % | Precn, KBT
75 0,014 45 51,31 67,3 9,35
100 | 0,006 60 45,00 70,3 10,47
110 | 0,004 66 41,47 69,2 10,78

Koapdumment tpeHns npu paznudeHbslx ( paccuu-
thiBaeTcs, uexons w3 (1), kak k= (H—Hy) / Q.
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KIIJ nacoca paccuuThIBaeTcst Kak Phygr / Precr, THE
Pjya = p'g'H'Q — ruapasindeckas MOIIHOCTH HACOCA;
p = 1000 Kr/M® — IIOTHOCTH kuakoctu; g = 9,81 m/c? —
YCKOpPEHHE CBOOOIHOTO MajcHUs; P, ONpenensercs,
COTJIaCHO 3aBUCHMOCTH, MTOKa3aHHOH Ha puc. 1,6.

JHepronorpedaeHne HACOCHOIO arperara. 3Haye-
Hust KIIJ| nmBurarenmeid B pasHbIX padOYMX TOYKax
(Tabim. 3), HaXOMATCS COTJIACHO 3aBUCUMOCTSIM, ITOKa3aH-
HBIM Ha pHucC. 2.

Tabmuna 3
KIIJI nBurareneii B paccMaTpuBacMbIX pabouuX TOUKAX Hacoca

KIIJI nBurarens, %
0. % Prnecn, KBT IEL Al 1E2 AJl
75 9,35 88,32 90,24
100 10,47 88,24 90,08
110 10,78 88,22 90,03

Ucnonp3ys naHHble U3 Ta0l. 3, MOXKHO HAWTH BEIH-
YUHBI TOTPEOJIIEMON AIEKTPHYSCKOW MOITHOCTH B pac-
CMaTPUBAEMBIX pabOYHX TOYKAX, COTJIACHO (POpMyIIe:

Pl = Pmech /nmotor, (2)
TAC Nmotor — KILJ| aBUTATENS.

Pe3ynpraTel Takoro pacdyéra moxasassl B TaOnI. 4, B
KoTopo# i = 1..3 — HOMep paccMaTpuBaeMoW Harpy30d4-
HOM TOYKH.

Tabnuna 4

DNeKTPUYECKHE MOIHOCTH, HOTpeOIIsieMble IBUIaTENIsAMH, B
paccMaTpHBaeMbIX pabo4MX TOYKaX Hacoca

. Py, kBt

FO.% | 4] s % AJl xnacca IE1 1 AJ] xnacca IE2
1] 75 25 10,585 10,360

2| 100 50 11,865 11,623

3| 110 25 12,223 11,997

C mOMOIIBIO TONTyYeHHBIX pe3yiabTaToB (Tabm. 4)
BBIYMCIIMM JHEBHYIO MOTPEOJIIEMYIO 3JEKTPOIHEPTHIO
(E4qy), TOIOBYIO TIOTPEOIISEMYIO DIEKTPOIHEPTHUIO (E)eyr),
CYMMY TOJIOBBIX 3aTpaT Ha 3JEKTPOIHEPTUIO (Cypp) ¥ TO-
JIOBYIO DKOHOMHUIO CPEICTB (Sy¢,) AT HACOCHOH CHCTEMBI
¢ nsurateneMm kiacca IE2, mo cpaBHeHHIO ¢ HAacOCHOH
cucremsl ¢ Apurarenem kiacca [E1 [9]:

3

t t;
E = _sum | p..—t ; 3
day 1000 o li toum ( )
Evear = Eday : 365: (4)
Cvear = Evear . GT: (5)
S year — Cyear 1= Cyear 25 (6)

rae t; / ty,, — 007 pabouero BpeMEHH [-Ir'0 PEKUMa PabOThHI;
tom — TPOJOJDKHTENIBHOCTh pabodero Iwkia (24 4yaca);
GT = 0,057 eBpo/kB1tu — Tapud Ha 3JIEKTPOIHEPTHUIO
B Poccun 3a 1 xBru mna npomeinuienHoctn (Mocksa,
2019 ron) [2]; Cyeart M Cyeqrr — CyMMa TOJIOBBIX 3aTpaT Ha
AJIEKTPOIHEPTHIO NIEPBO# (IIPU MCIIOBL30BAaHUHN JIBUTATEIS
knacca [E1) u Bropoii (nBurarens knacca IE2) koudury-
paluy HAaCOCHOM CHCTEMBI.

Tarxke omeHHM MOTpeOIeHNEe >HEPTUM B TCUCHHE
BCEr0 JKU3HEHHOIO LIMKJIA HACOCHON CHCTEMBI, KOTOPBIH
00br9HO coctaBisier 20 jer [21]. OueHka CTOMMOCTH
SHEPrHH B TEUEHHE BCETO >KU3HEHHOTO LUKJIa HACOCHOM
CHCTEMBI OTIpeieNsaeTcs ciemyomeii popmymoi [21]:

C,. = z Cyearm
lec — Z

b (7)
o 1+ [y = p]”

rae Cyeyr » — CyMMa 3aTPaT Ha SIEKTPOIHEPTHIO /M-TOTO
roga; y — npoueHTtHas craBka LleHTpanbHoro banka
(y = 0,06); p — oxxunaemas rogosas uadrwms (p = 0,04);
1 — CPOK ciry)k0bI cuctemsl (n = 20 sier).

Pesynbrarsl pacuera o gopmynam (3) — (7) npuse-
JIeHbl B Ta0II. 5.

Tabmmma 5
CpaBHeHHE TapaMeTPOB SHEPTONOTPEOIICHHS
HaPaMeT‘ Eduy: Eyear’ Cyeaw Syear’ Clco ThIC.
pHI kBruac | kBtuac | eBpo |eBpo/ron| eBpo
A IE1 279,2 101921 | 5809 - 95,0
ALl IE2 273,5 99827 | 5690 | 118,6 93,0

Kax BumHO u3 Tabin. 5, rogosas 3KOHOMHS S, CO-
craBiseT 118,6 eBpo mpu NpUMEHEHUHU IBUTATENS Kiiacca
IE2, B cpaBHennu ¢ apurarenem kiacca IE1. Dxoromus
3a 20 ner (pasHocth Cj.. JABYX IBHraTelicil) COCTaBJISCT
2000 eBpo ¢ y4ETOM IPOICHTHOW CTABKH U MH(IISAIHH.

Tax>xe Ha ocHOBe MOJYUYCHHBIX JTaHHBIX MTPOU3BCIACM
pacueT Cpoka OKYIaeMOCTH INPH HCHOJIb30BAHUH JBUTA-
tens kinacca IE2. [lo paHHbIM cTaTtbu [22], pa3sHuULa B
CTOMMOCTH aKTUBHBIX MaTEpPHAIIOB aCHHXPOHHOTO JBHTa-
tens 7AVE momnuocteio 13 kBt u kinacca IE1 u IE2, co-
craBisieT Bcero 6,7 % (B crarbe [22] HEeT maHHBIX 00 ak-
TUBHBIX MaTepHajax Uil JBUTaTeNs C MOITHOCTBIO
11 kBt). OnHako pa3HUIlA B PHIHOYHOMW II€HE aCHHXPOH-
HBIX DJIEKTPOJBHUraTeNeil COCeAHUX KJIAcCOB IHEProdd-
textuBHOCTH cepun 7AVE [1], cornacuo [23], cocraBms-
et 20-25 %. Cpok OKymaeMOCTH paccuuTaeM IS ABYX
CIIy4aeB:

1) ipy BBEAICHUU B CTPOI HOBOTO HACOCHOTO arperara
¢ npumenenueM A/l knacca IE2 Bmecto A/l knacca IE1;

2)npu 3ameHe A/l knacca IE1 na A/l knacca IE2 B Ha-
COCHOM arperaTe, HaXOISIIeMCs B SKCILTyaTalliH.

B mepBoM citydae CpOK OKYIaeMOCTH OIpEHeIIs-
€TCsI KaK OTHOIICHHE PA3HUIIBI CTOUMOCTH JBHUTATeNeH
kimacca IE1 u IE2, x rog0BO# 2KOHOMHH 3JIEKTPOIHEP-
run [24] (8):

T= (CmZ - le) /Syear: (8)
rae 7 — BemWYMHA CPOKa OKYHNaeMOCTH CHCTEMBI, TOJ;
C,1 = 194,21 eBpo — CTOMMOCTh ACHHXPOHHOTO JIBHTATE-
ns knacca [E1 [25]; C,p = 1.25-C,,; = 242,76 eBpo — cTOU-
MOCTh aCUHXpOHHOTO fBurarens kiaacca [E2 [23].

Bo BTOpOM ciiyyae paccuuTaeM CpPOK OKYINaeMOCTH
KaK:

T= CmZ /Syear~ (9)

CpoKu OKyNnaemMoCTH, pacCUUTaHHbIE 10 (HOpMyJIam
(8) u (9), cocransror 0,41 ron (mpuMepHO 5 MecsIEB)
IIPY BBEJICHHH B CTPOM HOBOT'O HACOCHOTO arperara ¢ A/l
IE2 u 2,03 ner npu 3amene A/l knacca IE1 na AJl knacca
IE2 B cymecTByroLieM arperate.

BeiBoabI.

B nmanHO# paboTe MpoOBENEHO CpaBHEHHE IOKa3aTe-
nei SHeprodPpPEeKTHBHOCTH HACOCHOTO arperara MOIIHO-
cteio 11 kBT npm mMcnonp30BaHUM aCHHXPOHHBIX IBHTA-
teneit knaccoB IE1 u IE2. B oboux ciydasx paccMaTpu-
BaeTCsl OJIMHAKOBBII TpaduK pacxoja »KHUIKOCTH, Xapak-
TEpHBIA JJI1 Pa30MKHYTBHIX HACOCHBIX cHcTeM. Pacxon
KHUJIKOCTH PETYJIHPYETCs 3a CUET JAPOCCEIUPOBAHUS TPY-
borpoBoa.

IlokasaHo, 4To cuctema, B KOTOPOIl ImpHUMeHseTcs
aCHHXPOHHBIH JBUTaTenh Kiacca IE2, obecmednBaer
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skoHomuto 118,6 eBpo 3a rog um 2000 eBpo (c yduerom
MIPOIEHTHOW CTAaBKW W WHQISIINN) 32 KU3HCHHBIA LIUKI,
II0 CPAaBHEHUIO C CHCTEMOH, B KOTOPOH NPUMEHSETCS
ACUHXPOHHBIN nBHraTenb kinacca [E1.

CpoK OKymaeMoCTH IPHU UCIOIB30BaHUHU Ooliee J0-
pororo asuratens kiacca [E2 BMecTo aBuratens kiacca
IE1, cocraBnser 5 mecsieB npu BBEJEHUU B CTPOU HO-
BOTO HacCOCHOTO arperata u 2,03 roma mpu 3aMeHe IBU-
rateneil B HAaCOCHOM arperare, HaxoJsIleMcs B JKC-
IUTyaTaIiH.

Maublii CpoK OKYyNaeMOCTH Ui IEPBOIO ciydas Io-
3BOJISIET ClIeJIaTh BBIBOJ 00 OUYCHb OOJBIIONH pEeHTadelNb-
HOCTU TpUMeHeHus jsurareneii knacca IE2 B HOBBIX
YCTaHOBKAaX IpH JAEHCTBYIOIIMX IIeHAX Ha JBHUTaTeIH H
AJIEKTPOIHEPTHUIO.

Pa6oTa BbInoJIHeHA NPH (PUHAHCOBOI MOJTEPIKKE
MuHucTepcTBA HAYKM W BbIcIIero oopaszopanusi P®
(6a3oBast yacth roc3aganusi, npoext No. FEUZ-2020-
0060).
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Analysis of electricity consumption of induction motors of
IE1 and IE2 efficiency classes in a 11 kW pump

installation.

Purpose. Comparative analysis of energy consumption indicators of
electric motors of different energy efficiency classes in an electric
drive of a centrifugal pump with power of 11 kW of a water supply
system with throttle regulation. Methodology. In this paper a com-
parison of energy consumption of 11 kW pump units with induction
motors of energy efficiency classes IE1 and IE2 is presented. The
induction motors are powered directly from the mains. Both consid-
ered pump configurations have the same fluid flow rate characteris-
tic of open pump systems. The amount of water consumed by the
pump is adjusted by throttling. Results. The results on the daily and
annual energy consumption of the two considered pump system
configurations are obtained. It is shown that the pump unit using the
1E2 class motor provides the annual energy savings of 9.65 thou-
sand rubles and the life cycle energy savings of 158 thousand rubles
compared to the IEI class motor. The payback period of the IE2
class motor is calculated, which is 5 months if a new installation is
commissioned and 2 years if the motor is replaced in an operating
installation. Practical value. Nowadays the countries of the Eura-
sian Economic Union mainly use electric motors of the lowest en-
ergy efficiency class IE1, according to the I[EC 60034-30 Standard
(GOST IEC 60034-30-1-2016). However, according to the decision
of the Commission of the Eurasian Economic Union, since the Ist of
September, 2021 all general-purpose motors shall not be less effi-
cient than the IE2 efficiency level. Therefore, the analysis of the
economic effect of replacing IE1 class motors with IE2 class motors
becomes relevant for the countries of the Eurasian Union. Pump
drives are one of the most important consumers of electricity. Most
of the pump drives are powered directly from the mains.
References 25, tables 5, figures 4.

Key words: induction motor, throttle control, payback period,
centrifugal pump, energy efficiency, energy consumption.
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B.1. Kuznetsov, T.B. Nikitina, I.V. Bovdui

STRUCTURAL-PARAMETRIC SYNTHESIS OF ROLLING MILLS MULTI-MOTOR
ELECTRIC DRIVES

Aim. Improving of control accuracy by rolling strip thickness and tension and reducing of sensitivity to changes of plant
parameters based on structural-parametric synthesis of robust control by rolling mills multi-motor electric drives with parametric
uncertainty. Methodology. The method of structural-parametric synthesis of robust control by rolling mills multi-motor electric
drives with parametric uncertainty which improves control accuracy by rolling strip thickness and tension and reducing of
sensitivity to changes of plant parameters is developed. The method based on the multi-criteria game decision in which payoff
vectors are dispersions of longitudinal thickness and tension of the rolled. The calculation of the payoff vector associated with
modeling of the synthesized system with different input signals and for various values of the plant parameters for various modes
of operation of the system. The multi criterion game solution is calculated based on particles multiswarm optimization algorithms.
Results. The results of the structural-parametric synthesis of robust control by 740 three-stand cold rolling mills multi-motor
electric drives are presented. Comparisons of the strip thickness and tension accuracy of the synthesized robust system with the
existing system are completed. It is showed that the use of synthesized robust controllers allowed to improve strip thickness and
tension accuracy and reduce the sensitivity of the system to changes of plant parameters in comparison with the existing system.
Originality. For the first time the method of structural-parametric synthesis of robust control by rolling mills multi-motor electric
drives with parametric uncertainty based on multi-criteria game decision and particles multiswarm optimization algorithms to
improve the control accuracy by rolling strip thickness and tension and to reduce of sensitivity to changes of plant parameters is
developed. Practical value. Practical recommendations on reasonable choice of the structure and parameters of robust control by
740 three-stand cold rolling mills multi-motor electric drives to improving of control accuracy by rolling strip thickness and
tension and reducing of sensitivity to changes of plant parameters are given. References 20, figures 2.

Key words: rolling mill, multi-motor electric drive, rolling strip thickness and tension control, computer simulation.

Llenv. Ilosvluienue mounocmu pecyiupoGanus MONWUHbL U HAMANCEHUA NPOKAMbIGAEMOU NONOCLI U CHUJICEHUE
YYECMEUMENbHOCIU K USMEHEHUAM NAPAMEMPOs 00beKma ynpagienus Ha 0CHO8e CHMPYKMYPHO-NAPAMEMPUIECK020 CUHMe3a
pobacmuozo  ynpaeneHus  MHO2006UAMENbHBIMU  INEKMPONPUCOOAMU  NPOKAMHBIX CHMAHOE €  NAPAMEMPUYECKOI
neonpeodenennocmuio. Memooonozus. Paspaéoman memoo cmpykmypHo-napamempuseckozo cunmesa pooacmnozo ynpasienus
MHO2008U2AMENBHBIMU  INEKIMPORPUCOOAMU NPOKAMHBIX CHIAHOG ¢ NAPAMEMPUUECKON HeOnpedeieHHOCHbIO, KOMOpbLil
no3eonAem NOGLICUMDb MOYHOCHL PEYIUPOSAHUA MONUUHBL U HAMANCEHUA HNPOKAMBIGAEMOU HOIOCLL U  CHU3UND
YYBCMEUMENbHOCHb K USMEHEHUAM RApamMempos oovekma ynpaeienusn. Memoo 0cHo6an Ha pewteHuu MHOZOKPUMEPUATbHOI
uzpvl, 6 KOMOPOU GEKMOPOM BbIUPLIULA ABNAIOMCA OUCHEPCUU NPOOOJILHOU MOAWUHBL U HAMANCEHUA NPOKAMbIEAEMOIL
nonocwl. Beluucnenue 6ekmopa ebluzpvluia c6A3aH0 ¢ MOOEIUPOBAHUEM CUHMEIUPOBAHHOI CUCHIEMbL RPU PAZAUYHBIX 6XOOHBLX
CUZHANAX, ONA PA3JIUYHBIX 3HAYEHUIl NAPAMempos 00beKma YnpagieHus U 6 pasiudHuvlxX pexcumax pabomel. Pewrenue
MHOZOKPUMEPUANbHOU UZPbL OCHOBAHO HA ANIZOPUMMAX onmumuzayuu poem yacmuy. Pesynomamot. Ilpusodamcea pesynivmamat
CIPYKIMYPHO-NAPAMEMPUYECKO20 — CUHIME3d  POOACMHOZ0  YNPAGNEeHUs  MHO2006UAMENbHbIM  IJIEKMPONPUBOOOM
mpexknemoeeo2o cmana xon00noi npokamxu 740. Ilposedeno cpasnenue mounocmu pecyiuposanusn moauunbl U HAMANCEHUA
RONOCHI 6 CUHME3UPOBGAHHOU pobdacmhuoil u ¢ cywjecmeyloueii cucmemax. Ilokazano, Yymo npumeHenue CuHmMe3UPOBAHHOZO
POBACMHO020 pecyniamopa no360aun0 NOGLICUNDL MOYHOCHb PeYIUPOSAHUA MOTUUHBL U HAMANCEHUA RONOCHL U CHUUMDb
YYECMEUMENbHOCH CUCHIEMbL K USMEHEHUAM RAPAMEMPO8 00beKma ynpasienus o CPAGHEHUI0 ¢ CYWeCmayuei cCucmemoi.
Opuzunanvuocmo. Bnepevie paspaboman memoo CMPYKIMypHO-NAPAMEMPUYECKO20 CUHME3A POOACMHO20 YNPAGIEeHUs
MHO2006U2AMESILHBIMU  ITIEKMPONPUEOOAMU NPOKAMHBIX CMAHO6 C NAPAMEMPUYECKOU HeOnpeOe/leHHOCMbI0 HA OCHOGe
Ppeuienus MHO20KPUMEPUAILHO USPbL U ANIZ0PUMMOE ORMUMUSAUUY POEM YACIUY, 014 ROGbIUIEHUA MOYHOCIU Pe2YIUPOSAHUA
MONWUHBL U HAMANCCHUA NPOKAMbBIEAEMOIL RONOCHL U CHUNCEHUA YYGCIMGUMEIbHOCIU K USMEHEHUAM NAPAMempos odveKma
ynpasnenus. Ilpakmuueckaa yennocms. /lanvl npakmuyeckue peKoOMeHOAUUU MO 0OOCHOBAHHOMY 6bLOOPY CMPYKMYpPbL U
napamempoe pooacmmozo ynpasieHus MpPexKiembesblm CHIAHOM X0J100HOU npokamku 740 O0na nosevlwenus moynocmu
PecYnuposanun MoONWUHLL U HAMAHCEHUA HPOKAMBIGAEMOU ROAOCHL U CHUMNCEHUE YYECHGUMENbHOCMU K UIMEHEHUAM
napamempog o6vexma ynpaenenusa. butn. 20, puc. 2.

Kniouesvie cnosa: MPOKATHBIH CTaH, MHOTOJABHTATENBLHBIH 3JeKTPONPHBO], PeryJHpOBaHUe TOJIIUHBI M HATSKEHHS
NPOKATHIBAEMOIi 110JIOCHI, KOMIIBIOTEPHOE MOIeJIMPOBaHHeE.

Introduction. A rolling mill is complex multi-
motor unit in which individual stands are interconnected
by a rolling metal strip [1-5]. The multi stands rolling
rolls rates using the main electric drives must be strictly
coordinated to maintain a given strip tension in the inter-
chain spaces. In addition, in hot rolling mills, loopers
electric drives are used to control by strip tension. The
strip tension is controlled by a simultaneous change the
looper elevation angle and a coordinated change of the
rolls rates of the previous and subsequent stands [6-9]. By
means of front and rear winders, the specified strip
tension at the inlet and outlet of the rolling mill is

controlled. Regulation of the rolling rolls position is
carried out with the help of electric drives of pressure
screws [10-14].

The regulation system uses gauges of thickness,
tension and speed of movement of the rolled strip at the
inlet and outlet of the rolling mill, as well as in the inter-
clearances [15-18].

The rolling process is accompanied by fluctuations
in technological parameters — thickness, rolling pressure,
strip tension, etc. Moreover, if the fluctuations in the strip
thickness are caused by both the unevenness of the
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thickness and mechanical properties of the rolled
products, as well as by the eccentricities of the rolls of the
rolling stand, then the fluctuations in the strip tension and
proportional fluctuations in the currents of the main drives
are due to the presence of elastic elements in the
transmissions of the rolling moment from the drive motor
to the rolling roll.

Fluctuations of the rolling mill rolls due to the
presence of elastic elements (natural vibrations) have a
decisive influence on the quality of the rolled products
and are referred to as «vibrations». At the same time, in
rolling mills, the frequencies of natural vibrations are in
the range of 10-70 Hz [16-18].

The strip tension is influenced to the output strip
thickness, so there is a fundamental possibility of «thin»
thickness control by influencing the peripheral of the rolls
rates (the main drives rates). In addition, the strip tension
contributes to the production of a higher quality of strip
with respect to the thickness difference in the strip width,
which obtained due to the uneven production of work
rolls «barrelsy.

Strip tension is an important technological factor
that ensures the normal operation of the entire mill. The
strip tension is a complex function of the speed difference
of two adjacent stands and created due to the traction
force of the drive motor of each subsequent stand. With a
change in tension, the pressure of the metal on the rolls
changes: with an increase in tension, the pressure of the
metal on the rolls decreases, with a decrease in tension,
the pressure increases. This is true for both front and rear
strip tension changes. A metal pressure change on the
rolls, in turn, leads to a change in the elastic deformation
of the cage elements, i.e. at the same position of the
pressure screws, the output strip thickness may be
different.

Therefore, the design of advanced automatic control
systems for a rolling mill requires the consideration of a
multi- motor electromechanical mill system as a single
electromechanical system. The synthesis of control
systems by geometric parameters of multi-strand rolling
mill is a complex problem that has a high dimension and
cannot be solved by traditional methods.

The purpose of the work is improving of control
accuracy by rolling strip thickness and tension and
reducing of sensitivity to changes of plant parameters
based on structural-parametric synthesis of robust control
by rolling mills multi-motor electric drives with
parametric uncertainty.

Problem statement. Let us consider the main
provisions of the concept for design of automated
control by rolling technological processes based on the
synthesis of a two-level optimal control, which allows to
synthesize optimal control systems for the main drives
roll rate, position of pressure screws, positions of loop
holders and of individual rolling stands at the lower
level, and to synthesize optimal controllers at the upper
level automatic control systems by thickness, tension,
and loop of rolling strip.

Mathematical models of electric drives. At the
beginning let us consider the mathematical models of

electric drives which is need to synthesize of control
systems by the position of pressure screws, positions of
loop holders and rate of the main drives for individual
rolling stands.

All the main electric drives of newly built rolling
mills are AC electric drives. Upgrading of existing main
drive lines due to limited production space, existing DC
motors replaced by AC motors. These motors have a
greater degree of load, higher dynamics due to a decrease
in the moment of inertia of the rotor and almost twice as
much output power with the same requirements for the
size of the installation site. In addition, synchronous
motors have higher efficiency, a large available field
weakening zone and high accuracy of torque
maintenance.

Each individual main drive has its own setting action
supplied through the regulator to the input of the
frequency converter [15].

In the vector control by synchronous drives in most
control systems, an algorithm for direct control of the
motor torque is implemented [16]. Moreover, according
to the majority of manufacturers of frequency converters,
the rise time of the moment does not exceed 2 ms. The
decay time of the moment with such a control algorithm is
generally practically taken to be zero. Therefore, we will
assume that the system uses frequency control of drive
motors, implements hardware-software direct torque
control, and we will take mathematical models of direct
torque control loops in the form of proportional links.

Let us consider the mathematical models of
individual main drives in the form of two-mass and three-
mass electromechanical systems [16]. The mathematical
model of the main electric drive, the motor is located
closer to the rolling stand, takes into account two
concentrated moments of inertia of the motor rotor and
the rolling roll connected by an elastic shaft.

The equations of such main electric drive can
written as follows

JRath—tRZME + By —op)—Mp;
daM
~ = Crloy —or) (1)
d
JM%:MM ~Mg - Bglwy — o),

where @y, @), — rotation rate of the roll and the motor;
Jr, Ju — moment of inertia of the roll and motor;
M} — elasticity moment; Mp — rolling moment; Cr, fr —
stiffness and internal viscous friction coefficient of the
elastic shaft on twisting.

The mathematical model of the main drive, the
motor of which is located further from the rolling stand,
takes into account three concentrated moments of inertia -
the rotor of the motor, the coupling and the rolling roll
connected by elastic shafts.

The equations of such main electric drive can
written as follows
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d
JR%:MEZ + Braoc —wg)—Mp;
7)74
thz =Cpaloc —op);
d
JC%ZMEI +Piloy —oc)-Mgy — ..
.= Baloc — wp)
aM
thl =Cpilwy —oc);

dw
JMT;M:MM ~Mpy - Bpi(oy —oc),

where wgr, @c, oy and Jg, Jc, Jy — are the rotation rate and
moments of inertia of the roll, coupling and motor; M,
Mg, — are elasticity moments in high-rate and low-rate
shafts; Cg, Cgy and g, Pr — are stiffness and internal
viscous friction coefficient of the elastic high-rate and
low-rate shafts on twisting.

For hot rolling mills, the mathematical model of the
electric drives of looper positions usually are adopted
two-mass electromechanical systems form.

The equations of such main electric drive can
written as follows

dw
JLd_tL:MEL + Ber @y — o) M p;
am
EL = Cpy (opy — o ) 2
dt
dw
I e = My~ M g - B (op — o),

where @, @y, — rotation rate of the looper and the motor;
Ji, Jur — moment of inertia of the looper and looper
motor; My, — elasticity moment; M; — looper moment;
Cgr, P — stiffness and internal viscous friction
coefficient of the elastic shaft on twisting for looper.

However, the feature of work of electric drives of
looper positions is the nonlinear (sinusoidal) dependence
of the looper load moment on the looper table angular
position, that makes such electromechanical systems a
substantially non-linear plant [4, 5].

The mathematical model of the electric drives of
pressure screws usually are adopted in the form of single-
mass electromechanical systems.
dwpg

dt
where wps — rotation rate of the pressure screws; Jps —
moment of inertia of the pressure screws; M),ps — moment
of the pressure screws motor; Mpps — load moment to the
pressure screws by rolling pressure; Mpps — dry friction
moment on the pressure screws.

Moreover, the dry friction moment on the shaft of
the compression screws makes up a significant part of the
moment of motor breakdown, which makes it necessary
to consider such electromechanical systems as a
substantially nonlinear plant [4, 5].

Mathematical model of rolling mills multi-motor
electric drives.

Consider now the mathematical model of rolling
mills as plant by multi-motor electric drives. For the
design of local subsystems for automatic control of the

Jps =M yips — M pps — M ppssign(wps ), (3)

thickness, tension and loop of the strip, a mathematical
model of the rolling mill as a plant is required. Let us first
consider the basic equations relating the energy-power
parameters of one rolling stand. The quantitative
increment of the final thickness A/, the total rolling force
AP and the rolling moment AM, as well as the increment
of the rolling metal lead value AS, are as follows [1]:

Aly :%Aho +%AT0 +%AT1 +%Azo +...
aho 6TO 8T1 820 (4)
Ohy ohy
ot ——Aor +—Af;
oor of
AP:—aP Ahy +a—PAh1 +—ajD ATy +...
Ohy ohy o7, )
...+8—PAT1 +a—PAaT +a—PAf;
0T Oor of
AM :aﬂdho +aﬂAh1 +aﬂATo +6£AT1 +...
Ohy oh o7y 0T 6)
oM oM
vt ——dop +—Af;
Oop of
48 :a—SAhO +a—SAh1 +6—SAT0 +6—SAT1 +...
Ohyy ohy 0Ty on %)
oS oS
oot —dog +—A4f,
Oop of

where Ahy, ATy, AT\, Az, Aoy, Af are the absolute
increments, respectively, of the initial thickness, the rear
and front tension of the strip, the roll gap, mechanical
properties, rolled metal and the value of the external
friction coefficient in the deformation zone.

Based on these equations, we consider a
mathematical model of a multi-stand rolling mill
consisting of k stands located at a distance L; from each
other and interacting through an elastically strained strip
following [1].

We introduce the vectors of the input H; and

output H; thicknesses, the input T,-* and output 7; tension
and the position B; of the pressure devices, the
components of which are the corresponding values for
each stand J :L_n, for the linearized model and small

deviations of the values from their nominal values, we
obtain the following relation

H=-HHQH +HT ®T +HT QT +...
...+ HB® (B +ysinat),

where HH, HT *, HT, HB are the vectors of the
corresponding transmission coefficients; 7 — vector of
eccentricities of rolls; ® — Kronecker (element-wise)
multiplication of vectors. The time index hereinafter,
where it is not needed, is omitted.

Similar relations can be obtained for the moment
vectors of the main drives and the advance of the strip
speed:

®)

M=MH ®H +MHQH +...
o AMT QT —MT®T:

S=SH ®H +SHQH +...
P+ ST ®T +ST®T,

(€]

(10)
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where the vectors of transmission coefficients with respect
to the moment MH " ,MH M T , MT and leading SH ¥ s

SH, ST * according to the corresponding variables are
determined by the technique described in [1].
The strip output speed vector is determined by the
relation
v=y0Qw+vS®S, (11)

where w, ve — are the vectors of speed of rotation of the
drive rolls and the circumference of the rolls barrel; vS —
the vector of transmission coefficients of the change in
the strip output speed when changing the lead S.

From the second volume constancy equation during
rolling

V' OH =v®H, (12)

the input velocity vector v" can be determined.
Neglecting the mass of the strip and assuming the
instantaneous propagation of stresses along the length of
the strip, we obtain

T(j)=T"(j +1) for j=1,(n-1), (13)
where T°(j) is the tension on the strip unwinder.
Strip winding tension
T()=TL()" (i +1)- () o "

j=1 1 n—1 i,
where TL is the vector of specific stiffness of the strip in
tension in the inter-cleft gap between the j-th and (j+1)-th
stands, having a (n—1) dimension.

The thickness H'(j+1) of the strip at the entrance of
the (j+1) stand is equal to the thickness H(j) of the strip at
the exit of the j-th stand, taking into account the time of
transport delay

H; (j+1)=H;(j) and j=1{n-1),
where k = int(L; 1) / L) — is the integer part of the
number equal to the deviation of the length of the inter-
cleft gap L; ;1) between the j-th and (j+1)-th stands from
the base length L,; of the strip in this gap.

Mathematical models of the main electric drives,
winder drives, loop holder drives, push-button electric
drives are described in the form of a state space in the
form of corresponding state equations.

Method of synthesis. We form the structure of a
multi-connected system for automatically controlling by
thickness, tension and loop of the strip based on typical
schemes for a broadband mill. We introduce the vector X
of the desired parameters, the components of which are
the gain of the regulators (P, PI, PID, etc.).

We also introduce the vector A of uncertainties of
the system characterizing the real deviation of the system
parameters from their calculated values. Note, then the
transmission coefficients in the (1-4) expressions change
most strongly during the rolling process for different
rolling passes and when the rolled strip assortment
changing.

Changes in strip thickness and tension are random
processes. The main purpose of the system for regulating
the thickness, tension and loops of a broadband hot rolling
mill is to maintain the set values of the strip thickness
behind the rolling stands, inter-stand tension and also the
rotation angles of the loop holders at given levels.

Then the problem of structural-parametric synthesis
of robust control by rolling mills multi-motor electric
drives with parametric uncertainty can formulated in the
multi-criteria game form [12] with payoff vector

AH(X,N)P,AH(X,A)3,...
J(X,A) = .., AH(X,A)3,AT(X,A)7 ...
WAT(X, A3, AT(X, M)

(15)

The components of the payoff vector are the

dispersions of thicknesses AH,-2 and dispersions of

fluctuations in interstand tension ATZ-2 relative to their

given values, and the deviations of the strip thickness at
the exit of the i-th stand from the given value.

In the multi-criteria game (15) the first player is the
vector X of the desired regulators parameters, and its
strategy is the minimization of the vector gain, and the
second player is a parametric external influences vectors
A and the strategy of this player is maximization of the
same vector gain [6], [7] and [12].

To find the decision of the multi-criterion games
(15) from Pareto-optimal decisions [19] taking into
account the preference relations [20], we used special
nonlinear  algorithms  of  stochastic =~ multi-agent
optimization.

The synthesized system parameters are determined
from the multi-criteria game solution. The synthesized
system structure is formed by nonzero elements from the
initial excessively specified structure.

Computer simulation results. For the structural-
parametric synthesis of robust control and for research of
the rolling strip thickness and tension accuracy the
mathematical model of multi- stands rolling mills as plant
by multi-motor electric drives and the mathematical
models of external influences are required. In addition,
the external influences mathematical models are needed
to calculate the performance and required power of
electric drives, and to formulate requirements for the
measuring devices accuracy.

As an example in Fig. 1 are shown experimental
oscillograms of the rolling process variables on the three-
stands cold rolling mill (STAN-740) with systems for
controlling the thickness and tension of the strip is off. In
Fig. 1 are shown: Ty, T»; — strip tension in the inter-stand
spaces between the first and second stands and between
the second and third stands; H, is the rolling pressure in
the second stand; S; — deviation of the strip thickness
behind the third stand. From these oscillograms, the
mathematical model of external disturbances is
constructed.

Fig. 1. Experimental oscillograms of variables of the rolling
process on three-stands cold rolling mill (STAN-740)
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The developed set of programs based on MATLAB
was used in the synthesis of a system for automatically
controlling the strip thickness and tension of a three-stand
mill, on which comprehensive studies were conducted to
identify the model of the mill as a control object. As an
example in Fig. 2 are shown the implementation of
random changes in longitudinal thickness variation and
inter-stand tension in the synthesized system for three
stands of the cold rolling mill (STAN-740) for the
conditions of rolling steel 65G width 600 mm from

thickness H, =2 mm to H; = 1.55 mm.

1.sec

0 fsec

2s5L

5 :“'.”3.”0

0 f,sec

254

1 ATpN*10f

0 r‘\ I.sec

1 ‘II"‘:,,\"’IO* /\ /\ \\

0 f/\\ m M n j A l.sec
LAY

Fig. 2. Realization of random changes in longitudinal thickness
variation and inter-stand tension in a synthesized system for
three stands cold rolling mill (STAN-740)

The greatest decrease in the longitudinal thickness
difference of the rolled strip occurred in the first stand due
to the strip tension regulation between the first and second
stands. However, the longitudinal thickness differences
behind the second and third stands are almost the same.
This, apparently, is due to an increase in the rolled strip
rigidity in the second and third stands due to the strip
hardening during its rolling in the first stand. As can be
seen from Fig. 2, random processes of adjustable
coordinates in the synthesized system satisfy the technical
requirements for the system for automatically controlling
the strip thickness and tension.

Numerous computer simulations of the strip
thickness and tension for synthesized systems for various
rolling conditions in cold and hot rolling mills were
carried out.

Based on this results are shown, that the use of
synthesized robust regulators made it possible to reduce
the dispersions of longitudinal thickness and tension of
the rolled strip in the inter-stand spaces more than
1.7-2.5 times in comparison with the existing system with
typical regulator.

During the rolling process, the transmission
coefficients in the (1-4) expressions change most
strongly. These coefficients change most strongly for
different rolling passes and when the rolled strip
assortment changing. So the numerous computer
simulations of the strip thickness and tension for
synthesized systems for various transmission coefficients
in the (1-4) expressions in cold and hot rolling mills were
carried out. Based on this results are shown, that the use
of synthesized robust regulators made it possible to
reduce the system sensitivity to plant parameters changes
on 20 % in comparison with the existing system with
typical regulator.

Conclusions.

1. For the first time the method of structural-parametric
synthesis of robust control by rolling mills multi-motor
electric drives with parametric uncertainty based on
multi-criteria game decision and particles multiswarm
optimization algorithms which improves the control
accuracy by rolling strip thickness and tension and
reducing of sensitivity to changes of plant parameters is
developed.

2. The method based on multi criterion game decision
in which the vector payoff components are dispersions of
longitudinal thickness and tension of the rolled strip in the
inter-stand spaces. Vector payoff components calculated
by modeling of the synthesized nonlinear system with
different input signals, for various values of the plant
parameters and for various system operation modes.

3. Based on the results of computer simulation of strip
thickness and tension with the synthesized system of
automatically controlling by the 740 three-stand cold
rolling mill are shown, that the use of synthesized robust
regulators made it possible to reduce the dispersions of
longitudinal thickness and tension of the rolled strip in the
inter-stand spaces more than 1.7 times, reduce on 20 %
the system sensitivity to plant parameters changes in
comparison with the existing system with typical
regulator.
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CTIMKICTb KOMBIHOBAHOI CUCTEMUM HAKOIIMYEHHS EHEPI'Ti HA OCHOBI
CYHNEPKOHJEHCATOPA TA AKYMYJISITOPHOI BATAPEI

B poboomi po3zenanymo komobinoeanuil eMHicHuill HaKonuuyeay enepzii Ha 0cnogi akymynamophoi 6amapei (Ab) ma cynepkonoe-
Hcamopa 0xcepena HcueieHHA 011A YCMAHO6KU KOHMAKMHO20 MIKP036apiosanna. /[na 3abe3neuenns pieHOMIPHOZ0 CROMCUBAH-
Ha cmpymy 6i0 AB obépano nanieaxmueny mononoziio Ab ma nepemeoprweau SEPIC (Single-Ended Primary-Inductor
Converter). Memooom ycepeOnenHs ¢ npocmopi 3MIHHUX CIMANY AHANIMUYHO OMPUMAHO MAMEMAMUYHY MOOeNb cucmemu. 3
MemoI0 nPOGEOeHHA AnAI3y CIMINKOCHI KOMOIHOBAN020 HAKONUYYEAYA NPU PI3HUX 3HAUEHHAX Koeiyichma 3anoeHeHHns imny-
bcis, cmpymy Hasanmaxcenns ma nanpyzu Ab ompumano nepedasanvny xapakmepucmuky cucmemu xepyeants. Pesynomamu
aHaNi3y ROKA3G7U, WO 3ANPONOHO6AHA CUCHEMA € CIITIKOIO PU 3MIHI napamempie y eécmanosienux mexcax. bion. 10, tadmn. 1,
puc. 8.

Kniouosi cnosa: xomOiHoBaHuii e€MHicHMiiI HaxonuuyBay eHeprii, SEPIC neperBopooBay, MeTo] ycepeAHeHHs1 B NpPoOCTOpi
3MIHHHUX CTaHy, aHAJI3 CTil{KOCTi, KOHTAKTHE MiKPO3BapIOBAHHSI.

B pabome paccmompen KOMOUHUPOBAHNDLIL EMKOCHMHBIIL HAKONUMENbL IHEPZUL HA OCHO8E AKKyMyaamopuoi 6amapeu (Ab) u
CYNEpKOHOeHCamopa UCMOYHUKA RUMAHUA 0N YCMAHOGKU KOHMAKMHOU MUKpoceéapku. /lna obecneueHus pagHomMepHozo
nompeonenun moxka om Ab ovinu eviopansvt nonyakmuenas mononozus Ab u npeoopazosamenv SEPIC (Single-Ended Primary-
Inductor Converter). Memooom ycpeoneHUA ¢ NPOCMPAHCIMEE NEPEMEHHBIX COCMOAHUA AHATUMUYECKU NOJIYYEHa MAmemMamu-
ueckaa mooens cucmemol. C yenvro npoeedeHUs AHAIU3A YCHOUYUEOCHU KOMOUHUPOGAHHO20 HAKONUMENA NPU PAZTUYHBIX
3HAUEHUAX KOIPduyuenma 3anonHeHus UMnYIbCo08, MOKaA Hazpy3ku u nanpaxcenus Ab nonyuena nepedamounaa xapakmepu-
cmuka cucmemsl ynpaenenusn. Pezynomamosl ananusa noxasanu, umo npeodioydceHHAsA CUCMEMA AGNAEMCA YCMOUUUBOl npu
U3MEHEeHUU napamempos 6 ycmanosieHHvix npedenax. buodin. 10, Tadmn. 1, puc. 8.

Kniouesvie croéa: KOMOMHUPOBAHHBIN €MKOCTHBI Hakonureab 3Hepruu, SEPIC npeoGpa3oBareib, MeTOA ycpeaHeHUS B

NPOCTPAHCTBE NMEPEMEHHBIX COCTOSIHHS, AHAJIN3 YCTOHYNBOCTH, KOHTAKTHASI MUKPOCBapKa.

Beryn. IlepeBakHa OUMBIIICTh MTOPTATHBHUAX €JICKT-
POHHUX TPUCTPOIB Mae CKIAIHUN HENIHIHHUHA XapakTep
€HEeprocroXuBaHHs. J)kepena >KUBJICHHS TaKUX IIPUCTPO-
1B MOBHMHHI 3a0e3medyBaTd CEpegHIO Ta IIKOBY IOTYX-
HICTh HaBaHTAXKEHHA, 3a0€3MeUyBaTH MPUHHATHI Macora-
0apHTHI MOKa3HUKU Ta BUCOKI MOKa3HUKH €HeproeeKTH-
BHOCTI [1]. TlommpeHuM € BUKOPHCTaHHS PI3HUX THIIB
aKyMmyJsiTopHux Oartapeil (AB) B sikocTi Hakomu4yBauiB
eHepril JuId NOpTaTUBHUX cHcTeM. [IpoTe 3HAUHMH MiKO-
BUH CTpyM HaBaHTaXECHHS, SKUH IEPEBUILYE CepeHii
ctpyM AB, MOXXe CIpHYMHUTH 3HaYHE CKOPOUEHHS iXHBO-
TO TepPMiHy eKcIuTyaTalii. Bukopucranus komOinamiii Ab
ta cynepkornaeHcaropiB (CK) moxe Oyti edekTHBHUM
BHpIIIEHHSIM TakuX mpobiem [1].

3anexHo BiJ KOH(QIryparii HAaKOMMYyBadiB Ta HaBa-
HTaXXEHHsI PO3PI3HAIOTH TPU OCHOBHI TOIMOJIOTIT TiOpwI-
HHUX CHCTEeM 30epiraHHs €Heprii: nacuBHA, HaliBaKTHBHA
Ta aktuBHa Tomojorii [2]. KoxkHa 3 HUX 3HaXOJMTH ILU-
POKE BUKOPHCTaHHS B Tally3l €JEeKTPOTPAHCHIOPTY, TEXHO-
norii Microgrid, cucremMax BiIHOBIIOBAIBHOI eHEprii
[1-3]. Takox BHKOPHCTaHHSI KOMOIHOBAaHMX €MHICHHX
HaKOIMYYyBaviB € IEPCHEKTUBHUM HANpsIMOM Y Traiy3i
KOHTaKTHOTO MiKpo3BaptoBaHHS [4].

KontakTtHe Mikpo3BaproBaHHS € €()EKTUBHOIO TeX-
HOJIOTI€I0 OTPUMAHHS HEPO3 €MHHX 3’ €IHAHb, KA IIHPO-
KO BHKOPHCTOBYETBHCS B CyYaCHOMY IIPOIIECI BUTOTOB-
JICHHS €JIeKTPOHHOI amapaTypu. TexXHOJOris 3BaplOBaHHS
peartizyeTscsl IUITXOM HarpiBaHHS JeTajed 3aBIsKH Ipo-
TIKQHHIO EJISKTPUYHOI0 CTPYMY BEJIMKOI aMILITyIu ue-
pe3 Micue iX KOHTakTy. AMIUIITYAa CTpyMy 3a3BHYaid
BapiIOETHCS BiJl COTEHb JI0 THCSY aMIlep i 3aJIeXKHUTh Bij
(dopmu Ta Marepiany 3BaplOBaHMX AeTaineii [5].

EneprocrioxvBaHHsT 3BaprOBAIBHUX YCTAaHOBOK Ma€
criennQiYHui XapakTep, a came CIOXKMBAaHHS 3HA4HOI I10-

TYXHOCTI KOPOTKOTPHUBAIUMH IMITyJIbCAMH Y TIOPIiBHSHHI 3
may3aMd MK HUMH. L{i 0cOOMMBOCTI €HEpProCIOKUBAHHS
MOXKYTb OyTH IIPUYMHOIO HETaTUBHOTO BIUIMBY 3BapIOBAlIb-
HHUX arapariB Ha IPOMHCIOBY Mepexy. 11106 3HiBemroBaTH
neil edexr, pKepena SKUBICHHS 3BapIOBAIBHIX yCTAaHOBOK
PO3POOIISIOTHCS 33 TOMOJIOTIEND 3 MPOMIKHAM HAKOITUYCH-
Hsim eneprii (Energy Storage Topology). 3a3Buuaii mxepera
noOyJOBaHi 3a TaKOK TOIOJIOTIEI MOYKHa YMOBHO PO3Jii-
JIMTH HA TPH OCHOBHI (DYHKLIIOHABHI OJIOKH:

® 3apsIHUNA NPHUCTPil — 3abe3nedye Kpally eleKTpo-
MarHiTHy CYMICHICTb 3 MEPEXEIO Ta PEryJIO€ CHOXXKHUBaH-
HS €HepTii A 3apsay IPOMIDKHOTO HAKOITUIyBaJa;

® TIPOMDKHHWI €MHICHHA HAKONMUYyBad — 3a0e3redye
HEOOXiTHY €HEPTio MPOTIATOM 3BapIOBAIFHOTO IHKITY;

e (opmyBau 3BaprOBaJBHUX IMITYJICIB — 3a0e3neuye
BHCOKY TOYHICTH PETYJIIOBAHHSA MapaMeTpiB IMITyJIbCiB
3BapIOBAJIBLHOTO CTPyMy [5].

Eneprist anst 3apsy Takux HaKOIMUYYBadiB CIIOKH-
BAETHCS 3 MEPEXKi PIBHOMIPHO, Maike HE CIPUYMHSIOUN
Ha Hel HeratuBHOTO BIUMBY [5]. Kombinarnii CK, Ab Ta
€JIEKTPOJIITHYHUX KOHJICHCATOPIB MOXYTh OYTH BUKOpPHC-
TaHi B SKOCTI NPOMDKHUX HAaKOIMYyBauiB €Heprii uis
Energy Storage Topology [4, 5].

OpHak, He3aJeXKHO BiJl raily3i BUKOPHUCTaHHS, CHEp-
roe()eKTUBHICTD, CTIHKICTh Ta MacorabapuTHI MOKa3HUKU
€ KIIOYOBUMH TapaMeTpaMH TMpH Po3poOIli cucTteM Ha
OCHOBi KOMOIHOBaHMX HaKONHM4YyBadiB eHeprii. HasBHICTH
HaKONMHWYIyBadya €Heprii BEIMKOi €MHOCTI Ta HENiHIHHOTO
HaBaHTAXXCHHS B IEPETBOPIOBaYi MOCTIHHOTO CTPyMy
MOJKE HETaTHBHO BIUIMBATH HA CTIMKICTh HOro poOOTH.
HecrilikicTs cucremu MoXe NPOSBIATUCH Y BHUIIIAL Oi-
(ypkanili, XaOTHYHUX Ta KBa3IMEPIOJUYHUX PEXKHUMIB
pobotu [6]. OTxke, MiHIMI3aMiS HMOBIPHOCTI BHHUKHCHHS
MOMIOHUX SBHUII € KPUTUYHUM 3aBJAHHAM JUTS 3a100iraH-
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HSl BUXOXy 3 JaJy CHUCTEMH €JIEKTPO)KUBJICHHSA Ta 3MEH-
IICHHS TEMIIB Jerpajamii XapakTepUCTHK aKyMyJSATOp-
HUX Oarapeil Ta CylepKOHIeHCAaTOPIB.

3a oCTaHHI POKH BEJIMKA KUIBKICTh JOCIIPKEHb CKO-
HIICHTPOBaHA HAa METOJIaX OI[IHKH CTIHKOCTI HEPETBOPIO-
BayviB MOCTIHHOTO cTpyMy [6] Ta, 30Kpema, JKepes >KUB-
JICHHS Ha OCHOBI KOMOIHAIili €MHICHUX HAKOIHYYyBaYiB
[7]. Hanpuknan, y poboti [6] mpeacTaBieHO NOKIaIHUMN
OTJISAJ PI3HUX METOMIB OLIHKU CTIHKOCTI CHCTEM Ha OCHO-
Bi ITEPETBOPIOBAYIB IMOCTIHHOTO CTPYyMY, HaBEIEHO 0CO0-
JMBOCTI 3aCTOCYBAHHS, NIEPEBard Ta HEJOMIKH IIUX METO-
IiB, a TaKOX NPUKIAAW aHANi3y CTIHKOCTI CHCTEMH.
Takox mpoaHasli30BaHO Pi3HI MAaTEeMAaTUYHI MOJIENI, cepen
SKUX JMCKPETHI Ta HeNepepBHI B Yaci MOJEJi NepeTBO-
pIOBauiB MOCTIHHOTO CTPYMY, 10 BUKOPUCTOBYIOTBCS JUIS
JOCIIIZDKEHHST CTIHKOCTI 32 PI3HUMH KpUTEPisIMU. AHali3
CTIHKOCTI Ta i€papXiYHWH KOHTPOJb CHUCTEM Ha OCHOBI
KOMOIHOBaHMX €MHICHMX HaKONHWYyBauiB eHeprii s
Microgrid posrisiHyTo B poborTi [8].

[Tonpn HU3KY TepeBar CUCTEM KEpyBaHHS IS KOM-
OIHOBaHMX €MHICHUX HAKONMHMYYBAdiB 3alpPOIIOHOBAHHUX Yy
sraganux poborax [7, 8], 3aBmaHHA HOCITiIKEHHS CTiHKO-
cTi moTpedye 0co0IMBOT yBaru Al CUCTEM, IIIO BUKOPHUC-
TOBYIOTBCS] B TEXHOJIOT1i KOHTAKTHOT'O MiKpO3BapIOBaHHS,
OCKIJIBKH JI0 TAKOTO OOJIaJIHAHHS BHUCYBAIOTHCS ITIJBHIIC-
Hi BUMOT'H HaJ{IHHOCTI.

OTXxe, METOI0 CTATTI € aHalli3 CTIMKOCTI TiOpUIHOTO
HaKOIHM4YyBada EHEprii JuKeperna >KUBICHHS Ul anapaTy
KOHTaKTHOT'O MIKpO3BapIOBaHH:.

MaremaTuyHa MoJejb KOMOIHOBAHOI CHCTEMH
HAKONMUYEHHSA eHeprii.

VY3araspHeHa CTPYKTYpHA cXeMa JpKepela JKHUBJICH-
HS U1l YCTAaHOBKHM KOHTAKTHOTO MiKpO3BaprOBaHHS MO0Y-
JIOBaHa 3a TOIOJIOTIEI0 3 MPOMDKHUM HaKOIWYEHHSIM
eHeprii HaBeieHa Ha puc. 1.

3apsaHAN TPUCTPI CIIOKUBAE SHEPTil0 BiJ MPOMHU-
coBoi Mepexi Ta 3a0e3medye HEOOXigHE 3HAYCHHS Ta
(hopMmy 3apsiTHOTO CTPyMY, KpiM TOrO HEOOXigHO 3a0e3-
MEYNUTH TANbBAaHIYHY PO3B’SI3Ky MK MEpeXero 1 HaBaH-
TQXEHHSM Ta KOPEKIiIo KoedilieHTy moTyxHocTi. B
SKOCTI HAaKONM4YyBadya MOXYTb OyTH BUKOPHCTaHI €JIEKT-
POJITHYHI KOHJIEHCATOPU BEJIMKOI €MHOCTI, pi3HI THIH
aKyMyJISITOPHHX Oatapei, CynepKOHAEHCATOPH Ta KOMOi-
Hanii BUIIE3raJlaHiX HakonudyBauiB. PopmyBay iMITyJIb-
CiB Ha PUCYHKY HaBE/IEHO Y BUIIISI JBOX KOMIpPOK, O/THaK
JUIS  3a0e3reueHHs B HaBaHTAXKCHHI 3BapIOBaJIBHOTO
CTpyMy HEOOXimHOi (OpMH Ta aMILTITyId BHKOPHCTOBY-
€Tbcst N-KOMIpOK TapajielbHo MigKITF0YeHIX O KOMOiHO-
BAaHOTO HAKOMHMUYyBada. Y SKOCTI OIHi€I Takoi KOMipKH
BHCTYIIA€ TIOHIKYIOYUH IepeTBoproBay (Ha puc. | mo3Ha-
geHo BUCK) [4, 5].
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Puc. 1. V3aranpaena CTPYKTYpHa CXE€Ma JPKEpEeIa JKUBJICHHS YCTAHOBKH KOHTAKTHOT'O MiKpO3BapIOBaHH5[

Ha puc. 2 mpencrasieHa 3amponoHOBaHa cUCTEMa
HaKOIMYECHHS €Hepril Ha OCHOBI HaIliBAKTMBHOI TOMOJIOTI]
AB. B sKocTi mepeTBoproBada IMOCTIHHOTO CTPyMY IUIS
KOHTpoIo posmoniny eHeprii mick Ab ta CK o0pano
SEPIC. OcHOBHOIO TIepeBaro0 HaIiBaKTHBHOI TOITOJOTI1
AD € crioxuBaHHS MOCTIITHOTO CTPYMY BiJI aKyMyJIsTopa 3
HU3BKUM piBHEM IIyJIbCallii HE3BaXKal04d Ha KOJIMBaHHS
CTpyMy HaBaHT@xeHHs. LI ocoGuuBicTh NO3BONISE 3HAU-
HO TIJBUIIUTH NPOAYKTHBHICTH POOOTH aKyMyJsiTopa B
YMOBax pI3KOr0 3pOCTaHHS CTPyMy HaBaHTaxeHHs [2].
IleperBoproBay SEPIC 00paHO B SKOCTI JOMOMIXHOTO,
OCKIJIbKM 3a0e3Meuy€eThCsl BiANOBIAHICT OCHOBHMM BH-
MoraM: CIIOKHBaHHS IocTiiHOTO cTpymy Bin Ab; pery-
JIIOBaHHS BUXIAHOTO CTPyMy; IIMPOKHH Aiama3oH pery-
JIOBaHHS BHXiIHOI Hampyru. Taka peryiroBaibHa Xapak-
TepucTHKa HeoOXinHa mms Li-ion akyMmynsaTopa, OCKUTbKH
HampyTra MOBHICTIO 3apsDKeHOl Oarapei MOpiBHIOE TIpH-
6mu3Ho 4,2 B i moctynoBo 3HmKyeThes g0 2,5 B. Boxno-
yac s epekTuBHOT poOOTH BUXigHOTO (hopMyBaua 3Ba-
pIOBaJIbHUX IMITYJIBCIB, 1110 kuBUTHCs Bij CK, ioro BXia-
Ha Harpyra IoOBHHHA MiITpUMyBaTHCs Ha piBHi 2,7 B.

OCHOBHHM JDKEpEJIOM CTaTHYHUX BTPAT B CXeMax
HU3BKOI IOTYXHOCTI Ta 3 BiJIHOCHO BEJIUKUM CEpEIHIM
3HAQYEHHSM BHXIJHOTO CTPyMy € OIip HalliBIPOBiJTHHUKO-

BUX KJIIOYIB y CTaHi MpoBigHOCTI. [y miBUILIEHHS eHep-
roeekTUBHOCTI 3ampornoHoBaHoi cuctemu miof HIoTTki,
mo 3a3BUYail BHKOpHUCTOBYeThCss B Tomojorii SEPIC,
3amineHo Ha MOSFET tpan3ucTop, OCKUIBKH TaIiHHS
HATPYTH Ha OTIOPi BiIKPUTOTO KaHATY TaKHX TPAH3UCTO-
piB (Ugds on = 0,3 MB ... 0,7 B), npu HOMiHaNbHUX 3HA-
YEHHSAX CTPYMY KOMYTaIlii € BOAHOYAC TPSAMUM TaJiHHIM
Hanpyru gioxy Hottki (Up = 0,3 ... 1,5 B). Ilpore crix
3a3Ha4yuTH, 1o 3 l'[i]IBl/IIJleHHSIM 4acCTOTH 3pOCTANOTh AU-
HaMi4YHI BTpaTW TPaH3UCTOpA 3a PaxyHOK Iepe3apsay
napa3uTHUX eMHoOCTeH [5].

Jns oTpuMaHHS JOCTaTHHO TOYHOI JUIA aHali3y
CTIMKOCTI MaTeMaTHYHOI MOJeNi BUKOPHUCTAHO METOJ
ycepemHeHHs 3MiHHUX ctany [9]. Ins crpolieHHs aHai-
3y CHCTEMY MOXHA MpPEICTaBUTH y BHUIIIAII IBOX OKpe-
MHX CXeM, JJIS IHTepBaliB Yacy KOJM KII0Y 3aMKHEHO
[0, dT] Ta posimkreHo [dT; T). [Tapametp d — KoedimieHT
3aIOBHEHHS IMITYJIBCIB, 110 BH3HAYA€ IHTEPBAJIHM IPOBIiI-
Hocti kimouiB y [IIM-kepoBanux meperBoproBavax. Jlms
SEPIC miHiManbHe Ta MaKCHMaJIbHE 3HaY€HHS d B 3aie-
’KHOCTI BiJl piBHS BXIJHOI Halpyru BU3HAYA€ThCS BHpa-
3amu (1) 1 (2) BigmoBinHO:

U out T U f

dinin = ; ()
e Uin max +Uout +Uf
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Uout +Uf

d )
Uin min T Uout + Uf

max — 2
ae U, — BuxigHa Hanpyra; Uy — npsAMe NajiiHHs Hanpyru
Ha 3aMKHEHOMY KIE0Ui Sp; Ujymin — MiHIMAJIBHE 3HAYCHHS
BXigHO1 HANPYTH; Ujymax — MaKCHMaNIbHE 3HAYEHHS BXif-
HOI HaNpyru.

SEPIC nepemeopiosay
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_rvm_.,_| ._; ° o
5 /}\ i VT | |VTz—[>|— J_ 1\
1| + . ]
_::__ TJ'” MJ:} ;J[.:? L, Csc Uimr
& o}
L ,c
C3 11 R'-I
J_LL =
s M HHC U
el e, [Tl
PWM EA; R,
Ir]ll'é?}"
a
L1,RL1 CLRCI é
YN I
—
Bl + l1 0?. /I\ LZ,RLZ + R
- ‘o5 iz Csc,Rsc
6
L1 RLl CI,IRCI 5‘2
? I ! IL14112
B L1 ] +
% S II 1/,2/]\ ' R

Puc. 2. Cnpomena cxema KOMOIHOBaHOTO €MHICHOTO
HaKONHU4YyBa4a eHeprii (a); JTiHeapu30BaHa eKBiBaJeHTHA CXeMa
neperBoproBaua Ha intepsaii [0; d7] (6); niHeapr30BaHa EKBi-
BaJICHTHa cxeMa neperBoproBaua Ha intepsaii [dT; T] (8)

B poGoTi posrisiiaeTbcs KBasiyCTAJIEHHH pPEXuM,
ko AB ta CK 3apsupkeHi 10 HOMIHAJIBHOTO 3HAYCHHS.
3HaueHHS MaKCHMAalbHOI YacTOTH JJIS aHamizy oOpaHo
TaKAM YHHOM, 1100 3amac 1o ¢asi A IepeTBOpoBayda He
mepeBumIyBaB 50°, M0 3HAXOOWTHCS B MEXaX 3arajibHO-
MPUHHATHX CTaHAAPTIB. 3aIPONOHOBaHA MOJENb € CIpa-
BEJIMBOIO, JUIS TAKOTO THITy MEPETBOPIOBAYIB HA YaCTO-
tax 110 150 k"1, OCKiIbKY He BpaxOBYy€e AWHAMIYHI BTpaTh
HamiBrpoBinHukoBux eneMentiB. MOSFET Tpan3uctopu
VT1 ta VT2 3amiHeHO ifeallbHUMHU KiarodamMu S; Ta S,
OIlip B 3aMKHEHOMY CTaHi SKMX HECKIHYEHHO Majui, a B
PO3IMKHEHOMY CTaHi HECKIHUCHHO BENHMKHU. [neanizoBaHi
JiarpamMy HampyrH i cTpyMy HepeTBOpIoBaya, 110 JEeMOH-
CTPYIOTh POOOTY IEpEeTBOPIOBaYa 32 IEPioJ EPEMUKaHHS
HaBEeICHO Ha puc. 3.
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Puc. 3. IneanizoBani niarpamu Hanpyru i crpymy SEPIC
HepeTBOpPIOBaYa 3a IepioJ] NepeMHKaHHS

EHeprist j1s 3BaproBaHHSI CIIOXKHBA€ETHCS KOPOTKO-
TPUBAJIUMH IMITYJIbCAMH 31 3HAYHO TPHUBATIIMIUMH Tay3a-
MH MiX HAMH, Ta Ha IEBHOMY iHTEpBaJli MOXKe PO3TJIsiIa-
THUCS K IMITyJIbCHE HaBaHTaXeHHs 3 nepiogoMm T,,. Takum
YUHOM, CEpPenHiil CTPYM CIIOXKHBaHHS 3a OIMH 3BaploBa-
neHul K [0, 7,,] MOXHa BU3HAYHTH 5K [2]:

T,

o= 2 [ Ot = D, +0=D iy =L, B)
w 0
I€ ijpaq — CTPYM, IO CIIOKHMBAETHCS (popMyBaueM 3Bapro-
BaJbHUX IMIYJbCIB, imax — AMIUIITYJa 3BapIOBAIBHOTO
CTPYMY;  imin MiHIMaJbHEe 3HA4YCHHS 3BapIOBAIBLHOTO
ctpymy (piBHe Hymo); D, — KoedilieHT 3allOBHEHHs
IMITyTbCiB, (hiKCOBaHA BEITUYMHA, IO BU3HAYAETHCS TEX-
HOJIOTIYHUMH OCOOJIUBOCTSIMH 3BapIOBATBHOTO IUKITY.
OcCkinbKM TIepiojl NMepeMHKaHHS KIoviB S 1a S;

3HAYHO MEHINHMN TPUBAIOCTI OJHOTO LUKy 3BapIOBAHHS
T, cTpyM HaBaHTaXKeHHA Ha miepioni [0; 7] Oyme moctiii-
HUM Ta BU3HAYATUMETBCS YCEPEIHEHUM CTPyMOM I, 3a
OJIVH 3BapIOBAJIbHUN LIUKIL.

MaremaruuHa Mozeib 0a3yerbcs Ha AuepeHiiii-
HUX PIBHSHHSX, CKIQJCHUX TSI KOXKHOI JIHIHHOI CXemu
3aMilieHHs. B Komax 31 3MIHHOIO CTPYKTYpOIO CHUCTEMH
MUGEPEHIIITHAX PIBHSAHB JJIS JIHIHHUX CXEM I Pi3HUX
IHTEpBaIIB CKJIAJIal0Th HE3aJICHKHO OJIHA Bix 01HOI. Takum
YHHOM, YCEpeIHEHA MOJEb CHCTEMH 32 OJWH LUK Iie-
PEMUKaHHS MOXKe OyTH OIHCcaHa HACTYITHOK CHUCTEMOO
JdepeHIiHHIX PIBHSIHB!

X'=(d4+(1-d)4y)- X +(dB, +(1-d)B,)-U;

Y=[dC+(1-d)Cy)- X +(dE| +(1-d)E,)-U,

ne X — BeKTOp-3MIHHUX CTaHy; A Ta A, — MaTpuili koedi-
LIEHTIB NPH 3MIHHUX CTaHy JJIsi KOXKHOI JIHIHHOT cXeMH
3amimeHnss; U — BEKTOP-CTOBMEIb 30BHINIHBOT il;
B, ta B, — marpui xoeQilieHTiB MU eleMEeHTax 30BHilI-
HBOI [Jif 1O KOKHOI JIHIHHOT CXeMH 3aMilleHHS;

“)
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Y — Bekrop-croBnenp BuxigHux BemmumH; C; ta C, —
MaTpUIli 3B’SI3Ky BUXITHUX BEIUYWH 31 3MIHHUMH CTaHY
IUIS KOXKHOI JIIHIMHOI cXeMH 3amileHnss; £, ta £, — mat-
pHLli 3B’S3KY BHXIIHHX BEJIWYMH 3 BEKTOPOM 30BHIIIHBO]
Iii 71 KOXKHOT JIIHIHHOT CXeMU 3aMilleHHS.

CucreMy piBHSHb MOXHa NPEICTaBUTH Y BHIJISI
CYMH CHUCTEMH aireOpaidHuX piBHSAHB (5) U1 NOCTIHHOTO
CKJIQJIHUKa Ta cHCTeMU Au(epeHuiiHuX piBHIHB (6) s
3MIHHOTO CKJIQJHHKA:

X'=A"'BU;
Y =-CA™'BU+ EU.

[Micns 3acTocyBaHHs neperBopeHHs Jlamnaca cucre-
Ma TudepeHIiHHNX PIBHAHB UL 3MIHHOTO CKJIaTHHKA
NpuiiMae BUIIISIA:

)

A -1 -1 u(s)
x(s)=[C(sI-A)" B C(s[-A) Bd]-{ };

ne By= (41 —A) X+ (Bi —B)Ura E; = (C1 — C) X +
+(E, — Ey)-U.

Pimenns cucremu piBHAHD (6) Hae mepenaBalbHY
XapaKTepPUCTHKY IE€PeTBOpIOBaYa B PEXUMI MalnX
BiZIXHJICHB!

Gu(s)=C(sI—A)'B,+E, . (7)

Ha ocHOBI BuILEBHKIaJEHUX pIBHSHb MPOBEICHO
aHaji3 3amponoHoBaHol Tomosorii. PiBHSHHS cTaHy B
MaTpuaHil GopMi s inTepBairy podotu [0, dT| oTpuma-
HO Ha ocHOBI 3akoHiB Kipxroga (8). PiBHSIHHS BUXiTHHX
BEJIMYMH y MaTpuuHiii Qopmi s iHTepBanmy podoTH
[0, dT] BuzHauaeThes sk (9). AHATOTIYHUM YUHOM OTpH-
MaHO piBHSHHS cTaHy (10) Ta piBHIHHS BUXiTHUX BETUIUH
(11) B MmatpuuHiii Gpopmi mist intepsaity podoru [dT; T1:

d(s) A 6)
A 1 -1 u(s)
) =|CGI-A)B+E C(sT-A) By +Ey [ 5|
d(s)
. )
—% 0 0 0
, 1 . 1
ZL R R lL -
i'Ll 0 o My 1 0 iLl L
i e b 2] 0 ol (®)
< 0 = 0 0 “
uCSC 1 uCSC 0
L Csc(R+Rgc) |
~ R { . . F
Uout_|:0 00 —R+RSC]ZL1 ip, uc, Isc +[o]- ], )
. }
_i_i_REl - Ry LI
p L L L Li(R+ Rgc) ; 1
L Ry R L -
i -Rp» ——=Rgy 0 ] L
L Ly Ly (R+ Rgc) Lo [v,]
ug, 1 uc, in
' — 0 0 0 0 , (10)
Ucy. % 2 . UCqe 0
Csc(R+Rgc)  Csc(R+Rsc) Csc(R+ Rge) |
Ry = R Rsc Ry, = R Rsc
Li(R+ Rgc) Li(R+ Rgc)
R-R R-R R
out = A 5¢ 0 ‘[iL ip, uc iSC]T +[0] [Us]. (11)
R+RSC R+RSC R+RSC 1 2 1

IlepenaBanpHa XapakTepUCTHKA IMEPETBOPIOBaYa B
PeXHMMI MamuX BIIXWJICHb OTPHMaHAa aHAIITHYHO Ha OC-
HOBI PpIIIEHHS Yy3arajibHEHOI cUCTeMH JU(epeHIIHHIX
PiBHSHB JUTst 000X 1HTEPBAJIIB 1 Ma€ BUIIISII;

4 3 2
b4S +b3S +b2S +b1S+b0

GdV(S) = 3 2 >
ags +azsT +apsT +aist+a

(12)

oe dag...ds — KoediieHTH 3HAMEHHHKAa IIepelaBaibHOI
XapaKTePUCTHKH, by...b; — KOCPIMIEHTH YHCEIbHHKA
repesaBabHOl XapaKTePUCTUKH.

AHaJi3 cTiHKOCTI KOMOIHOBaHOI cUCTEMH HAKO-
nuyeHHs eHeprii. Cucrema kepyBanus SEPIC neperBo-

pIOBaveM IMPEACTaBICHA y BUIIISAI OJIOK-CXeMHU Ha puc. 4,
Jie OCHOBHI JIAHKM CHUCTEMHU KEPYBaHHs 3aMIHCHO IXHIMHU
nepeaBabHIMA XapaKTePUCTUKAMHU.

Ures Uerrog| TP | Usppe| IIIM |Upwit | SEPIC|Upue
Ge(s) 1/Fm i Gdv(s)
Usensur

Puc. 4. V3aranbHena crpykrypa cucreMu kepyBanHs SEPIC
MEPETBOPIOBAaYEM JIJIsl KOMOIHOBAHOTO €MHICHOTO
HAKOMUYyBaya eHEeprii
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IlepenaBaibHa XapaKTEPUCTHKA PO3IMKHEHOT CHCTEMHU
JUISL aHaj i3y BIUIMBY 3MIiHH mapaMerpiB (KoedilieHT
3allOBHEHHS, CEpelHIi CTpyM HaBaHTa)KEHHS Ta BXiJHA
HArpyra) Ha CTIHKICTh CUCTEMHU, BU3HAYAETHCS SIK:

H(s)=Gc(s) Fur -G (s), (13)

ne G(s) — nepenaBanbHa xapakrepuctuka [1l-perynstopa,
Fy — xoedimient migcunenns I[IIM kommaparopa,
G,(s) — nepenaBanbHa xapakrepuctika SEPIC B pexxumi
MaJIuX BiJIXHJIEHD.

IlepenaBansHa xapakrepuctuka SEPIC neperBoprosa-
4ya G4(S), 10 BUKOPUCTOBYETHCS AJISI KOHTPOJIIO PO3IIOIIi-
Ty eHeprii MiXK elleMeHTaMH KOMOIHOBaHOTO €MHICHOTO
HAKONMYyBa4a, OTPIMaHa aHATITHYHO Ha OCHOBI PiBHSHB,
NIPE/ICTABIICHNX Y NONIEPEIHEOMY PO3ALI.

OCHOBHOIO (DYHKIII€EIO peryisitopa € 3a0e3nedeHHs
HEOoOXI/IHOI TOYHOCTI KepyBaHHs 1 3amacy 3a (asoro Ta
aMIUITYJIO0  BIJNOBIZHO JO  KPHUTEpil0  CTIMKOCTI
Haiikgicra. B sixocTi perynsitopa oopano I11 (mponopuiii-
HO-IHTErpaJbHUI) PpEryJsTop, [ONOBHEHHH (iIBTPOM
HU3BKHUX 4acToT. Llel TUII perymsTopiB IHUPOKO BUKOPHUC-
TOBYETBHCS B TIPOMUCIIOBOCTI 3aB/SIKM MPOCTiil KOHCTPYK-
i, HU3bKIH BapTOCTI Ta HECKJIQJAHOMY aJTrOPUTMOBI Ha-
namryBaHHs. [1l-perymsaTop ycyBae BUMYILEHI KOJHMBaH-
Hs TA CTATHYHY NTOMUJIKY, llepejaBalibHa XapaKTepHCTHKA
SIKOTO Ma€e HacTymHuH Burn [10]:

G (S) _ Kc(1+TCs)
Y Tes(+Tys)

ne K¢ — xoedimient migcuineHHs; T¢ — mocTiiiHa dacy
inTerpysanns; 7, — nocTiiiHa yacy ¢impTpanii.

Koedimient miacuiaenns IIIM-komnapartopa F), Bu-
3HAYAETHCSl AMIUTITYAOK MHHJIKOMOAIOHOrO CHrHANY Ta
Mae HaCTyHHHﬁ BUTJIAL:

(14)

F M = UL N
M
ne Uy — aMIutiTy1a MAIKOIOIOHOT HATIPYTH.
B 1abn. 1 HaBegeHO OCHOBHI ITapaMeTpy KOMIOHEHTIB
SEPIC neperBoproBaua Ta [1l-perymnsropa, a Takox BUXi-
IHI TaHi KOMOIHOBaHOi CHCTEMH HAKONMYEHHS €Heprii,
10 BUKOPUCTAHI IS aHANI3Y CTIHKOCTI.

(15)

Tabmuns 1
Jani 1uist aHaizy cTiikocTi
Buxinni napamerpu [TapameTpy KOMITIOHEHTIB
U,, B |2,5;3,7;4,2 Ly, L, Mmx['H 10
Uy, B 2,7 Cy, Mx® 820
L Al 5;10; 15 Csc, @ 350
y  104;0,5;0,6| Ri, Ry, Rer, Rege, MOM 10
Uy, B 2,7 C,, nd 100 | Ry, Ry, kOm|1,2
Ues B 1,35 C5, MkD 1 R;,kOm |15

Pimennst ycepenneHnoi cucremu audepeHUinHux pi-
BHSHb Ta JIOrapu(MiuHi aMILITyIHO-(a30Bl 4YacTOTHI
xapakrepuctuku (JIADOYX) po3iMKHEHOI cHCTeMH 3a
pi3HHX yMOB OyJI0 OTpUMaHO 32 JOIIOMOTOI0 MAKEeTy MpH-
xiagaux nmporpaMm MATLAB.

Ha puc. 5 naBenena JIA®UX po3iMKHEHOI CHCTEMH
IUIsL PI3HUX 3HA4YeHb CTPYMYy HaBaHTa)KeHHsS IPH HOMiHa-

JbHUX MapaMeTpax KOMIOHEHTIB CXeMH, BXiJHIN Harpy3i
U, = 3,7 B ta koediuieHTi 3all0OBHEHHS IMIYJbCIB
d = 0,5. 3 niarpam BHIHO, cuCcTeMa KepyBaHHs 3a0e3re-
gye 3amac 3a $a3zoro Big 45,4° no 54,8° Ta 3a aMIUTITY 1010
Bix 14,6 1b 1o 26,4 nb, npu 3MiHi CTpyMy HaBaHTa)KCHHS
CHCTEMa JINIIAETHCS CTIHKOIO.

Bode Diagram
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R 135

.

1" 10°
Frequency (rad/s)
Puc. 5. JA®UYX po3iMKHEHOI CHCTEMH JUIS Pi3HUX 3HAYCHb
CTPyMY HaBaHTaXKCHHS

JJA®UYX cucremMu npu 3MiHI KOCQII[IEHTY 3aroB-
HEeHHSl IMIYJBCIB Ta HOMIHANBHIM BXIAHIH Hampysi
U, = 3,7 B, ctpymoBi HaBaHTaxeHHs [,,, = 10 A HaBexe-
HO Ha puc. 6. Cucrema € CTIMKOIO 3a PI3HUX 3HA4YCHb
koedillieHTa 3aMOBHEHHS IMIYJIbCIB. AHAJONYHO Ha
CTIMKICTh CHCTEMH BIUIMBAE 3MiHa BXiTHOI HANPYTH MPH
d=0,5T1al,, =10 A (puc. 7). Bci inmi nmapamerpu cuc-
TEMH JIMIIAIOTHCS HE3MIHHMMH Y BCIX TPHOX BHIIAJKAX.

Bode Diagram
100
= =0 g
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=
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b
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= 100
-150
270
225
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-t
[75)
%3]

90

i

5

10
Frequency (rad/s)

10

Puc. 6. JIAOUX po3iMKHEHOI CHCTEMH AJIsI PI3HUX 3HAYEHBb
koedirieHTa 3aII0BHEHHS IMITyJIbCIB
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Bode Diagram
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Puc. 7. TA®UYX po3iMKHEHOI CHCTEMH IJIs Pi3HUX 3HAUCHb
BXiZIHOT HaNpyTH

Peakiiss cucTemM# Ha BIUIMB Y BUIJISIII OJUHUYHOL
crynindacTol GpyHkuii 300paxkeHa Ha puc. 8. OCKiIbKU B
CHCTEMi IPUCYTHIN CyNepKOHICHCATOP BEIMKOI €EMHOCTI,
TPUBAJICTD MEPEXiAHOTO TMPOLECYy CKIANa€ ONMHHUIN Mi-
JIICEKYHJl. 3 METOI HIBEIIOBAHHS I[LOI0 eEKTY CyIep-
KOHACHCATOp MOXXHa MNpEACTaBUTU Y BI/IFIISI,Hi JoKEpeiia
HaIpyru, OCKUIBKM Halpyra Ha HbOMY 3a OJIUH IepioJ
MepeMUKaHHs Maike He 3MIHIOEThCSL.

Step Response

Uin=3.7B; lout=104; d=0.5

1 \_/’—

Amplitude
e e

0.4

0.2

0 1 2 3 4
Time (seconds) <1072
Puc. 8. Ilepexinna ¢yHKIis nepeqaBabHOT XapaKTePUCTUKI

3aMKHEHOT'0 KOHTYpY

BucHoBku.

3arporoHoBaHO HAKONM4YyBad €Heprii Ha OCHOBI
KOMOiHAaIIil CylepKOHIeHCaTopa Ta aKyMyJIATOPHOI Oara-
pel mns oKepena JKUBJICHHS, pO3pO0JICHOTO 32 TOIIOJNOTi-
€10 MPOMDKHOTO HaKOIIMYEHHS eHeprii, 1[0 BUKOPUCTOBY-
€TBCS JJISI TEXHOJIOTII KOHTAKTHOTO MIKPO3BapIOBAHHS.
OOpano HamiBakTUBHY Tomojorito Oarapei ta SEPIC
HepeTBOPIOBaY JJIsl PO3IOJILTY €HEeprii MiXk HakoNu4yBa-

4aMH, IO J03BOJIAE 3a0€3MeYUTH Po3psi Oarapei HOMi-
HalbHUM CTPYMOM Ta HOMIH&JIbHY Hampyry Ha
CYINEpKOHICHCATOP1 He3aIeKHO Bix piBHA 3apsny Ab.

OTpumaHO MaTeMaTU4YHy MOJEb IEepeTBOPIOBAYA,
0 BpaxOBY€ Mapa3uTHI OOPH KOMIIOHEHTIB cxeMHu. J[is
JIOCTIIKEHHS CTIHKOCTI 3aIpOIIOHOBAHOI JIAHKH KepyBaH-
Hsl BUKOpHcTaHo Kpurepiii HaiikBicta. B pe3ynbrari aHa-
Ji3y BU3HA4YEHO 00JacTh CTIHKOCTI CHCTEMH IpH Bapiarii
KITIOYOBUX TapaMeTpiB cucTeMu. HaBemeHa TOIONOTIS €
CTIMKOIO TP 3MiHI KOedilli€eHTy 3allOBHEHHS iMITyJIbCIB,
CTPpyMy HAaBaHTa)KEHHsI Ta BXiJHOI HAaIPyI'W B IIUPOKOMY
Iiamma3oHi.

[onanpma pobora Oysne NpUCBSUCHA INPAKTHYHIN
Bepudikauii OTpUMaHUX pe3yJbTaTiB 3 BHUKOPUCTAHHIM
¢izngHOl MOAeNi 3ampoIOHOBAHOTO KOMOIHOBAaHOTO
HaKOIMYyBaya.

PoGory BuKOHaHO 3a minTpumku MiHicTepcTBa
oceitn i Haykn Ykpainm (b Ne 0119U100189 Tta
Ne 0120U101285).
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Stability analysis of hybrid energy storage based on
supercapacitor and battery.

The aim of the work is to analyze the stability of the battery-
supercapacitor hybrid storage of power supply for resistance
micro-welding equipment, considering the possible variation of
the system parameters and taking into account parallel series
resistance of the circuit components. Methodology. The suffi-
cient accurate mathematical model of the hybrid energy storage
system to stability analysis has been obtained by the state-space
average method. According to the state-space averaging meth-
od, PWM switching converters are described by separate circuit
topologies for each switching period. The system of differential
equations for each time interval has been derived by use of the
Kirchhoff rules. The small-signal model transfer function of the
SEPIC converter has been obtained by applying the Laplace
transform to linear state equations averaged over one switching
cycle. Finally, the Nyquist stability criterion has been consid-
ered to evaluate the stability of the proposed energy storage
system. Results. Bode diagrams of an open-loop system for
different values of the duty cycle, average load current, and
input voltage have been obtained by using MATLAB software.
The gain margin ranges from 14.6 dB to 26.4 dB and the phase
margin ranges from 45.4 degrees to 54.8 degrees. From these
results, it is obvious that the proposed system meets the stability
criteria regardless of the aforementioned parameter fluctua-
tions. Originality. The high-efficiency energy storage system for
micro resistance welding technology has been proposed. Devel-
oping of the energy storage system according to the battery
semi-active hybrid topology enables to control the Li-ion battery
discharge current within the maximum allowable value. SEPIC
converter utilization ensures the high-efficient operation of the
power supply despite the battery charge state. Moreover, this
topology allows implementing series and parallel configuration
of both batteries and supercapacitors to obtain the required
value of voltage and current. Practical significance. The
mathematical model of the SEPIC converter has been developed
by applying the state-space averaging technique. The stability
analysis for parameter variation, such as duty cycle and the
average load current, the input voltage has been performed by
using Nyquist criteria. References 10, tables 1, figures 8.

Key words: hybrid energy storage, SEPIC converter, stability
analysis, state-space average method, micro resistance
welding.
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TeopemuyHa effeKmpomexHika
VK 621.3.013

doi: 10.20998/2074-272X.2020.5.06

B.C. I'punuenxo, K.B. Uynuxun

HOPMAJIM3ALIMA MATTHUTHOT'O TOJISI B 2KUJIBIX TOMAX, PACIIOJIO’KEHHBIX
BbJIN3U BO3YIIHBIX IMHUU DJIEKTPOIIEPEJAYN, PEHIETYATBIMUA DKPAHAMM

Hceneoosana 603mMoicHOCD YMEHbULEHUA MAZHUMHO20 RONA 8 HCUIBIX 00MAX, KOMOPble HAXO0AMCA HA ZPAHUUE OXPAHHOIL
30HbBl PACHPOCHPAHEHHBIX 6 20POOCKUX INEKMPOCEMAX 0OHOUCHHBIX 6030YUIHBIX TUHUIL I/1IEKMPONeEPeoaiu ¢ pacnosiodcenuem
npo60006 6 epuIunaAX MPEY2oabHUKA U 08YXUEHHBIX 8030YUIHBIX TUHUI Inekmponepedayu 110 kB, npu nomowu npeonosicen-
HbIX AemMopamu peuwiemuyamuix IKpanos. Paccmompennvie IKpanvl 6bINOJIHEHBl U3 AIIOMUHUEBHIX NPOBOO0G, COCOUHEHHBIX NA-
PANNenbHo mexcoy coooil, u ycmanosiensl Ha cmenst 0oma. Hccneoosanwt yppexkmusenocmu nnockozo u U-o6paznozo pewrem-
uamulx IKPanoe paznuunoii memannoemkocmu. Ilokazano, umo nnockuii peuwiemuamolii IKpaH He odecneuugaem 00CMamouHo-
20 YMEHbUIEHUA MAZHUMHO20 NOA 6 Y2/108bIX 001ACMAX HCUNBIX 00M08. B mo sce epema U-obpasnviii pewemuamulii IKpan
IKGUGATIEHMH O MEMAIIOEMKOCIU NO3B0IAEM YMEHbUIUMb MAZHUMHOE NOJle 00 npedeabHo donycmumozo ypoens 0,5 mxTn ¢
oonee uem 97 % nomeujenuii ooma. Ilpeonosrcenvt pekomenoayuu no KOKCMPYKMUGHOMY UCHOTHEHUIO PEULeMUAmMbIX IKPAHOG.
bu6n. 11, puc. 9, tabm. 4.

Kniouesvie cnoéa: MarHUTHOe IoJie, JKPAHHPOBAHWE, BO3AYIIHAS JUHHUS JJIeKTPONepelauH, OXPAHHAsl 30HA, MpelebHO
JOIyCTUMBII YPOBEHb.

Hocnioxnceno modxcnugicmo 3MeHWEHHA MAZHIMHO20 NONA 6 HCUMIO06UX 0YOUHKAX, AKI 3HAXOO0AMbCA HA PAHUUI 0XOPOHHOT
30HU 0OHOKON06UX NOGIMPAHUX NIHI eleKmponepeoadi i3 po3mauty8antam npPoeooie y 6epuiunax mpuKymHuKka ma 060KoJ10-
eux nosimpanux niniti enexkmponepeoaui 110 kB, nowupenux ¢ micokux enexmpomepextcax, 3a 00ONOMO02010 3anPONOHOBAHUX
asmopamu rpamyacmux ekpamnie. Po3znanymi ekpanu euUKOHAHO 3 ANIOMIHIEGUX NPO60OOIG, 3’ €OHANUX NAPANEILHO MiXdC c0DOI0,
ma écmanoeneno na cminu 0younky. /locnioxnceno epexmusnocmi nnackozo ma U-nodionozo rpamuacmux ekpanis piznoi me-
manoemnocmi. Ilokazano, wjo naackuil rpamyacmuii eKpan He 3a0e3neuye 00CMaAmnb020 3MEHUEHHA MAZHIMHO20 NONA 8 K)-
moegux oonacmax yncumnogux Oyounkie. Y moit ynce wac U-nodionuii rpamuacmuil eKpan ekeieaieHmuoi MemaiocmMHocmi 00-
360/1A€ 3MEHWIUMU MAZHIMHeE noe 00 2PanuiHo oonycmumozo pieus 0,5 mxTn ¢ oinvuw nixe 97 % npuminiensv oyounky. 3anpo-
HOHOBANO PEKOMENOAUIT 000 KOHCIMPYKMUGHO20 6UKOHAHNA Ipamyacmux ekpanig. bioin. 11, puc. 9, Tabun. 4.

Kniouogi cnosa: MarHiTHe 10J1e, eKpaHYBaHHs, NOBITPSHA JIiHifA eJleKTponepenayi, OXOPOHHA 30HA, TPAHUYHO JAONMYCTHUMUIA

piBeHb.

BBenenune. BozayiiHele JHMHUM 3JEKTpOIEpenadd
110 xB (BJI), pacnionoeHHbIE B 30HaX >KUJIOW 3aCTpPOM-
KM, SBJISIIOTCSI OCHOBHBIMH HMCTOYHHKAMHM MAarHUTHOTO
nosist (MIT) npombinuieHHO# dacToThl B Aomax [1]. Jlmu-
TeabHOE Bo3zeucTBue MII IPOMBINIIIEHHONH YacTOTHI,
JlaKe OTHOCHTENIBHO CJIabdoro YpOBHS, OKa3bIBaeT Hera-
THUBHOE BJIMSHKE Ha 3JI0POBBE JIFOJIEH, 4TO 00YyCIIaBINBaET
MUPOBYIO TE€HACHIUIO 10 YXECTOUEHHIO COOTBETCTBYIO-
LIMX CAaHUTApHBIX HOpM. B Vkpamne mpenensHo gomyc-
TUMBIN ypoBeHb MII MpOMBINUIEHHON YacTOTHI VIS JKU-
neix noMenieHni coctapisger 0,5 MxTu [2]. OnmHako 3ta
HOPMa HE BBIMOJIHACTCS I OOJIBIIMHCTBA KHUJIBIX IOMOB,
PacIOJI0KEHHBIX BOMM3H JIEHCTBYIOLINX BJI,
B YACTHOCTH, Ha TPaHUIAX X OXPaHHBIX 30H. ITO 00BsIC-
HSIETCSl TE€M, YTO pa3Mepbl OXpaHHbIX 30H BJI, KoTopsie
periaMeHTHpPOBaHbI B [3], HE YUYMTHIBAIOT COBPEMEHHBIE
TpeOOBaHUS K TpElNeNIbHO JONyCTHMOMY YpoBHI0O MII
MIPOMBILIIIEHHON YacToThl. [JeMoHTax u nepenoc BJI nu-
00 ee 3aMeHa Ha MOJ3eMHYI0 KaOeJIbHYIO JIMHUIO TPEOYIOT
3HAYUTENbHBIX MaTepHalbHbIX 3aTpatT. [loaToMmy neneco-
o0pazHbIM sBisiercs: ymenbinenne MIT BJI mpu nomorn
JIEKTPOMArHUTHBIX 3KPAHOB — CIUIOIIHBIX 3JIEKTPOIPO-
BOJSIINX IUIACTUH, KOTOPBIE YCTAHABIMBAIOTCS HA BHYT-
PCHHIOIO WJIM BHEIIHIOI ITOBEPXHOCTH CTeHbl. OmHaKo
CIUIOIIHBIE 3KpPaHbl HE MOTYT OBITh MCIOJIB30BAHBI Ha
CTEHAaX JKHIIBIX JOMOB C OKHaMH.

B [4, 5] paccmotpeno ymensiienne MII, co3nmaBae-
Moro opHouenHod BJI ¢ BepTUKaJIBHBIM PaCIOIOKEHUEM
IPOBOJIOB, IPU MOMOIIM MPEIJIOKEHHOTO aBTOPaMHU HO-
BOT'0 THIIA 3JIEKTPOMArHUTHOTIO YKpaHa: TaK Ha3bIBaeMOTO
peLIeTYaToro 3KpaHa, COCTOSIIETo U3 Habopa alMoMHHNE-
BBIX IPOBOJOB, COCAMHEHHBIX NapayienbHo. OCHOBHOE

MIPEUMYIIECTBO 3TOTO SKpaHa 3aKII0YACTCA B TOM, YTO OH
HE MEIIaeT MPOHUKHOBEHUIO CBETA.

OpmHako ocranack HE MCCIEIOBAHHONH BO3MOXHOCTH
MIPUMEHEHHUS PEeHIeTYaThIX SKPaHOB 1A yMEHbIIeHnsT MI1
B JKWJIBIX JIOMaX, KOTOpPbIE HAXOATCA HA TPAaHUIIE OXPaH-
HOM 30HBI LIUPOKO PACIPOCTPAHEHHBIX OAHOLENHBbIX BJI
110 xB ¢ pacnonoxxeHueM IPOBOJOB B BEpIIMHAX
TpeyrojapHuka u apyxuenusix BJI 110 kB, co3nparomux
Bpamaroeecst MIT.

Heabio paHHO pabOTHl SBISETCS OIpEETICHUE
BO3MOKHOCTH HOPMAIIM3AI[UN MATHUTHOTO TTOJIS B JKHJIBIX
JIOMaX, KOTOpBIE HAaXOIATCS Ha TPAHUIE OXPAHHBIX 30H
TUIOBBIX BO3AYIIHBIX JUHHU 3nekTponepenaun 110 kB
C pacmoIOKeHHEM HPOBOJIOB B BEPIIMHAX TPEYTOJbHHUKA
1 ABYXLEIHBIX JTUHUH, C TIOMOIIBIO PEIIETYATHIX IKPAHOB
U pa3paboTKa pPeKOMEHJalMi M0 MX KOHCTPYKTHBHOMY
HCTIOJTHEHHIO.

I'eomeTpuyeckue pa3mepnl oaHouenHoii BJI u
oxpaHHO# 30HBI. Ha puc. 1 mokazansl nmpuHSTBIE 000-
3HAYEHUS JUISl Pa3MEpOB OJHOLEIHBIX ONOpP: i, da, A3 —
KpaTJyaiilie pacCTOSIHHUS OT BEPTHKAIBHONH OCH CHMMET-
pHH OTIOpHI 10 TOYEK IIOABECA MPOBOMAOB; /1, i, — UX BHI-
coTbl. OTMETHM, YTO B 3aBHCHMOCTH OT KIMMAaTHYECKUX
YCIIOBHIA MOTYT HMPUMEHSTHCS ONOPHI C Pa3IAIHBIM pac-
CTOSIHUEM MEXIYy MpoBoAaMu 1o BepTukamu [2]. Taxxe
Ha puc. | mpuBeneHa HyMepanus IIPOBOIOB OJHOICTTHOM
BJI, npunsras B manHoil pabote. Ilomaraercs, 4yto 3Ta
JIMHUSL DJIEKTpOoIepeaay paboTaeT B CHMMETPUYHOM pe-
JKUME U, COOTBETCTBEHHO, JI€ICTBYIOIINE 3HAUEHHUS TOKOB
B IIPOBOJIAX PaBHBI MEXKIY CO00H, T.e. [L1=L=I;.

© B.C. I'punuenxo, K.B. Uynuxun
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Puc. 1. CxemaTndeckoe n300paxeHHe OJHOLETIHONH OMOPbI
BJI 110 kB

B Tabm. 1 cBemeHBl TeOMETpHUYECKHE pa3MepHI
TUIOBEIX ofHomnenHbix omop 110 B [6]. Kak BumHo,
pasMepsl a,, a,, as u hy, hy onopsl Tuna [1110-3B Haunbo-
nee OIMM3KM K COOTBETCTBYIOIIMM YCPEIHEHHBIM 3HaYe-
HUSM, TIpUBEACHHBIM B TaOin. 1. Ilostomy mpu maipHEH-
mux pacderax MII omnonennoi BJI monaraercsi, drto
ar=42m, h=19m, a;=2,1 M, h,=23 m 1 a;=2,1 m.

st co3nanysi HOpMabHbIX YCIOBUHM 9KCILTyaTaluu
IEKTPUYECKHX CeTeH M 00eCreYeHusI UX COXPaHHOCTH, a
TaKKe COOJ0IeHHsT TpeOOBaHNH TEXHUKU 0E30IacHOCTH
yCTaHaBJIMBAIOTCS OXpaHHbBIE 30HBL. B Ykpamne pazmep
oxpannoit 3081 BJI 110 kB cocraBmser 20 m [3]. TToarto-
My B JaHHOH paboTe paccTOsTHHE MEXIy KpaiHUM IIpo-
BOJOM C HOMEPOM | M CTEHOH KMJIOro J10Ma, pacioiio-
JKEHHOTO BIOJIb TPAHUIIBI OXPaHHOU 30HBI x=0, MPHHATO
paBHbIM 20 M (puc. 2).

MarnuTtHoe noJie ognouenHoii BJI. B [7] noka3a-
HO, yto MII BJI npoHuKaeT BHYTpb JKUJIOIO JOMA IIpaK-
THUYECKH 0€3 0CIIabJICHUI.

Jns pacuera MII, co3znaBaemoro BJI, npunsTh cie-
nyromue ponymenust [1, 7, 8]: mposoga BJI monaraem
0ECKOHEYHO JIMHHBIMH, TapajuIebHBIMU JIpYT APYTy U
TIOBEPXHOCTH 3€MJIM; IpeHeOperaeM BIIMSIHAEM OIOp Ha
pacupeneneane MII BJI; mperebperaem aneKTpUIeCKUMU
TOKaMH, KOTOPbIe HHAYIUPYIOTCS B 3eMJIe, TIoJaras JeK-
TPUUYECKYIO MPOBOAUMOCTD NOCIEAHEN PABHOM HYJIIO.

Tabmuna 1
Pa3meps! TunoBbix ogHouenHbix onop BJI 110 kB

Tum onopst a;, M az, M hi, M a, M hy, M
I1110-3B 4,2 2,1 19 2,1 23
[1110-3B+4 4,2 2,1 23 2,1 27
T1IC110-9B 4,2 2,6 19 2,6 25
[IM110-1® 4,7 2,4 19 2,4 23
[IM110-3® 3,9 2,3 15 2,3 19
11B6-29 2,75 2,0 13,5 2,0 17,5
SCHI;Z?;Z 40 | 23 18 23 | 224

0.25 MkTn

0 - - - L -lmfy - 1
-30 =20 -10 0 10 20 XM
Puc. 2. Pacnpenenenune MII ognonennoit BJI

[IpuHATEIE NOMYIICHUS TO3BOJISIOT 3aIICaTh aHATHU-
Tryeckoe BoipaxkeHue st MII, coznaBaemoro BJI B cBo-
601HOM TIpOCTpaHCTBE. B cmily mepBoro AOmyImieHus Io-
Jie ABISETCS IUIOCKONapaulenbHbIM. Ecim cuctema ne-
KapTOBBIX KOOPJMHAT BBEACHA KaK IOKa3aHO Ha pHC. 2,
TO JEUCTBYIOIIEE 3HAUEHUE MATHUTHOM MHAYKIUH B MIPO-
M3BOJILHOM TOUKE (X, ) MOXKET OBITh HAWAEHO IPH ITOMO-
M CIEAYIOIIETo BhIpaxeHus [7]:

. 2
3 uol e’ - |
B= 2“0 p yz Yp . n
o G -y
1 (D
. 2\
ipolpej(pp X=X,
+
2 2 ’
p=1 2n (.X—Xp) +(y_yp)

rae I, u ¢, — nelicTByIollee 3HaYeHNE U HayanbHas (asa
TOKa B p-M nposoge BJI; x, u y, — KoopIMHATBI pacmoo-
EHHs p-T0 TPOBOJA B MIOCKocTH xOy; po=4m-107 T'u/m
— MarHuTHas MOCTOSIHHAS; j — MHUMAs €JMHULA.

Benununna HomuHansHoro Toka BJI npussita paBHOM
1,=500 A [1, 7, 8]. HauanbHelie (ha3bl MPHHATHL CIETYIO-
mmMa: ¢ =—21/3, ¢,=0, @;=27/3. Pactpenenenue IuHMHA
PaBHBIX YPOBHEH MarHMTHOM HMHAYKLUHU, HalJEHHOE C
nomomeio (1), mpeacraBieno Ha puc. 2. IlyHKTHpHOM
JVHUEH OTMEYeH KOHTYp JI0OMa, Paclo0OKEHHOTO BOIU3H
BJI. U3 pactipeneneHyst BUAHO, YTO B JIEBOM YaCTH JKUIIO-
ro JIOMa BeJIMYMHA IOJIS MPEBBIMIAET MPEAeIbHO JOIyC-
TuMBIH ypoBeHs 0,5 MxT.

JxkpanupoBanue MII onnouennoii BJI. OcHOBBI-
Basich Ha [4, 5], BEIOpaHBI clieyroniue mapaMeTpsl MIoc-
KOTO pelIeTyaToro 3KpaHa: 4MCIO MpoBonoB — 81, nua-
METp Ka)XIO0TO TPOBOJAa — 8 MM, PAaCCTOSIHHE MEXIY CO-
cemHuMH TpoBogaMu — 0,5 M. MeTamioeMKOCTh 3KpaHa
obo3HadyeHa depe3 V. DKpaH PACIONOKEH B IJIOCKOCTH
x=0, T.e. Ha cTeHe noma, obOpamenHoit k BJI (pumc. 3).
Takum 00pa3zoM, KOOpIWHATHI OCEH MPOBOJOB TAKOBBHI:
X, =0, v = (0,5-k) m, Te k=0..80. DnexTprudeckas mpoBo-
JUMOCTh  PEIIETYaTOr0 OJKpaHa IMOJO0)KEHa PaBHOU
3,5:10" Cm/m.

Jis HaxoXXOeHus pachpenesieHus 3KPaHUPOBAHHOTIO
MII noouepeHO UCIIOIB30BAHBI ABA PA3IMUYHBIX IOAXO0MA!
YHCJICHHOE MOJICJIMPOBAaHHE B paMKaxX MOJEINH, MpeJCTaB-
JeHHOU B [4, 5], ¥ aHaNUTUYECKUH pacueT B paMKax MOJe-
T, IPeJI0>KEHHOH B [9].
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Puc. 3. Pactnpenenenue MII ognonennoit BJI
MPY MCIOJB30BAaHHUH TIOCKOTO PEIIETYATOrO IKpaHa

OTtnnune 3HAYCHUH MArHUTHOM MHIYKIMH SKPaHU-
POBaHHOTO OIS, MOJYYSHHBIX MIPU HCIOIb30BaHUH yKa-
3aHHBIX MOJieleH, He npeBbimaet 3 %. s Bepudukammn
HCIIOJB30BAHHBIX MOJENeil ObUT pacCMOTPEH Ciy4ail Hy-
JIEBOM NIPOBOAMMOCTH 3KpaHa: pe3ynbTarhl pacueta MII B
KOHTPOJIbHBIX TOYKAaX COIJIACYIOTCS C pe3yJibTaTaMu
pacueTa, IpOBEIEHHOT0 IpH oMoy mMetoauku [10].

Pesynbratel pacuera MII BJI npu ucnonb3oBaHuu
IUTOCKOTO PEIIeTYaTOro 3KpaHa MpeACTaBIeHbI Ha puc. 3.
Kak BunHO 13 nomyuennoro pacnpeaenenus, MII ve npe-
BBIIIAET NPEAETbHO AOMYCTHMbIH ypoBeHb 0,5 MkTn B
Goutbiueit yactu qoma. OHAKO B YIJIOBBIX 00JIACTSIX JI0Ma
IUTOCKHH 3KpaH He 00eCnedYMBaeT AOCTATOYHOTO YMEHB-
wenus MIT BJL

Jns noBemmerns 3(QQPEeKTHBHOCTH SKPaHUPOBAHUSL
MII ucnonp30BaH MOAXO, IPEIJIOKEHHBIN B [5], cormac-
HO KOTOPOMY PEKOMEHYeTCs UCTIOIb30BaTh U-00pa3HbIit
pemerdatelii 3kpaH. COOTBETCTBEHHO, mapameTpbl U-
00pa3HOro HKpaHa 3a/laHbl CIEAYIOIIMEe: YUCIIO TPOBOIOB
— 121, nuameTp Kaxxaoro mposoaa — 6,5 MM, paccTOsTHHE
MEXIy COCeIHUMH mpoBojgamu — 0,5 M, AIMHA «PYKABOBY
— 10 m. U-00pa3Hblii KOHTYp, BJOJIb KOTOPOTO C PaBHBIM
1IaroM pacroJIoKeHb! IPOBOJa, MoKa3aH Ha puc. 4. Bep-
THKaJIbHAsl CEKIMs WICHTHYHA IIOCKOMY pPELIeTYaTOMYy
9KpaHy. «PykaBa» 3KpaHa, KaXIbIi U3 KOTOPBIX COCTOHT
n3 20 OpoBOJOB, PACIOJIOKEHB HAa BEPXHUX U HUKHHUX
TEXHUYECKHX 3Ta)kax >Kminoro qoma. Ocu MpoBOJOB, IPH-
HaJUIeXAIINX «pyKaBaM», UMEIOT CIEIYIOINE KOOPIHHA-
ToL: X;=(0,5-k) M, 1,=0 ans HIDKHETO «pyKaBa» U y; = 40 M
JUIA BepXHETo «pykaBay, rae k=1..20. IIpu sToM Mmetain-
JIOEBMKOCTh ~paccMmaTtpuBaemoro U-o0pa3Horo skpaHa
paBHa V.

Pesynbratsl pacuera MII onnouennoit BJI npu uc-
nojp30BaHuK U-00pa3HOro pemeryaroro SKpaHa MoKasa-
Hbl Ha puc. 4. 3 mpeacrasnenHoro pacnpeaenenus MIT
ClIeIyeT, 4TO MPAaKTUYECKU BO BCEM >KUIOM JOME BEIH-
YHMHA MOJISI HWXKE TPEJEeNbHO JOIYCTUMOTO YPOBHS, a €To
NIPEBBIIIEHNE HAOIIONAETCS TOJNBKO B OKPECTHOCTSIX
KpalHUX MPOBOJOB 3KpaHa.

B kauectBe kputepust 3 PeKTUBHOCTH dKpaHUPOBa-
Hus MII B goMe ¢ MOMOUIBIO PENIETYATHIX ASKPAHOB
MOJKET OBITh HCIOJb30BaH MOKa3aTeldb HOPMaln3alyn
MarHUTHOTO IOJIS 1), ONPEAEIIIOMUI OO0 XKUJIOTO IpPo-
CTpaHcTBa, B KOTOpoM MII HOpManu30BaHO U HE NIPEBBI-
11aeT MpeieabHO JOIyCTUMBIN YPOBEHb.

Y™ -

40 -
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Puc. 4. Pactipenenenue MII ognouennoit BJI
pH ucnoiab30BaHuy U-00pa3HOro pemeryaToro 3KpaHa

[Ipu mockonapamnensuom MII nokaszarens HopMma-
JM3aLUH PaBeH

n:SiJOO%, @)

0
rae S — cyMMa IDIOMIafel cedeHuid obiactei B 1oMe, B
KOTOpbIX ypoBeHb MII He mnpeBbIIAaeT NPEAEIBbHO
JIOITyCTUMBIH, Sy — TUIOMmaab cedeHus Bcero goma. OTMe-
THM, YTO COTJIacHO [2] mpu HaXOoXIeHuU S u Sy He OepyT-
Ci BO BHMMAaHHMC YYAaCTKH, HaAXOAAIHCCA 6.]'[1/1)1(6, yeM
0,5 M K cTeHaM JoMa.

IIpennoxeHHbIN I0Ka3aTeNIb HOPMAIU3ALMHY 1| SABIISA-
eTCs MHTETPAIbHBIM II0Ka3aTesieM, KOTOPBIH KOJINYecT-
BEHHO XapaKTepu3yeT oObeM TOW YacTH JKHIOrO J0Ma,
rae coONroeHsl HOPMATHBHBIE TPEOOBAHUS MO YPOBHIO
MII npombIlUIEHHON YacTOThl. AHaNU3 paclpereieHUi
MII, npencraBiIeHHBIX HA pUC. 3 U pHC. 4, TO3BOJSET OII-
penenuts S B Kaxa0M u3 cirydaeB. [lmomane Sy Haxoaut-
Csl KaK TPOM3BEIEHHE JIUH CTOPOH OOJIACTH IKPaHUPO-
BaHusa. Torma cormacHo (2) mokaszaTellb 1) COCTaBJISET
88,3% mnpu HCIONB30BAaHMM IUIOCKOTO PEIIeT4aTOro
skpaHa ¥ 99,2% mnpu wucnons3zoBaHun U-oOpa3HOro
peLIeT4aToro SKpaHa.

VBenuueHne WIM YMEHBUIEHHE METaJUIOEMKOCTH
peleTyaToro SKpaHa, KOTOPOE JOCTUraeTCs IyTeM H3Me-
HEHUsI AMaMEeTpa ero IpoBOJOB, BEAET K COOTBETCTBYIO-
[IeMy M3MEHEHHIO TTOoKa3aTelsl HopManu3anun. B Tabm. 2
MIPEICTaBIICHEI PE3YJIbTAThl pacdeTa 1) IPH BapbUPOBAHUH
MeTaJUIOeMKOCTH 3kpaHa oT 0,2'V mo 1,2-V. Pe3ynbTatsl
pacueTa TOKAa3BIBAIOT, YTO NPHMEHEHHE IUIOCKOTO pe-
[IETYaTOro AKpaHa HedPPEeKTHBHO i1 yMeHbIeHus MII
BJI ¢ pacnonoxeHuemM NpoBOLOB B BEPUIMHAX TPEYIOJb-
HUKAa, Ipyu KOTOpoM MII MOXKHO CUMUTaTh BPAILAIOLIUMCSL.
B To e Bpemsi U-00pa3Hblii pelieTdaTbiii 9KpaH M03BO-
JISIeT IOCTUTaTh IMoKaszarens HopMmaiausanuu n=97 % npu
metaioemkoctu 0,5-V. CnepoBarenbHO, AUaMETp MPO-
BOJIOB DKpaHa IPH COXPAaHEHUH MX KOJMYECTBAa U Pacrio-
JIOKEHUS MOXKET OBITh YMEHBIICH 10 4,6 MM.

Heo0xonuMo OTMETHTH, YTO OTHOCHUTEIEHO BEICO-
K€ 3HAYeHUS 1|, IpPUBEACHHBIC B TaOI. 2, Takxke 00y-
CJIOBJIEHBI TEM, YTO B IPABOM 4acTU JoMa ypoBeHb MII
HE TPEBBIIIACT MPENENbHO JOMYCTHMBIA U MPH OTCYTCT-
BHUM 3KpaHa. Tak, U3 aHajIu3a pacipeesieHuss MarHuTHOM
MHAYKIMY, TPEACTaBICHHOIO Ha pHC. 2, CIeayeT, 4To
nokaszareiab Hopmanuzauuu MII npu oTcyTcTBUM 3KpaHa
cocrasser 38,1 %.
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Tabnuua 2
ITokazarenb HOpMaNIKU3aLKUKH MAarHUTHOTO TIOJIS M
VIS IOMa, PacloyioxKEHHOr0 BOIM3U ogHonenHoi BJI,
IIPY MCIIOIb30BAaHUHU PEIIETYATOTO SKpaHa

n, %
MerTanaoeMKoCTb
9KpaHa, IIpumenenue IIpumenenue
OTHeceHHas K V TUIOCKOTO U-o6pa3Horo
9KpaHa JKpaHa

0,2 60,5 64,3

03 68,6 81,0

0,4 75,3 91,6

0,5 80,1 97,4

0,6 83,0 99,2

0.8 86,6 99,2

1,0 88,3 99,2

1.2 89,2 99,2

I'eomeTpuueckue pa3meps! AByxuenHoii BJI. Cy-
IIECTBYET HECKOJIbKO BapUaHTOB PACIOJIOKEHHUS MPOBO-
noB AByxuenHoi BJI Ha omopax: «BepTHKaIbHOE pacIio-
JIOKEHHEY, «IIpsiMast Elkay, «o0paTHas Enka» U «0odKay.
B Ykpanne HanbombInee pacpoCTpaHEHUE TONYYHI 1O~
ciennuii Bapuant (puc. 5). Ilo aHanorum c npenpytynm-
MH pa3/iellaMd BBEJCHBI CIICAyIONne 0003HAYCHHS pa3-
MEpOB IBYXLEIHOW OMOPBL: d;, Ay, A3 — KpaT4yallIne pac-
CTOSIHUS OT BEPTUKAJIBHON OCH CHMMETPUHU OIOPHI [0
TOYEK IT0/IBeca MPOBOJIOB; /1, hy, h3 — WX BBICOTHL. Takxke
Ha puc. 5 IpHUBeLeHa HyMepaLus NPOBOJOB ABYXLEIHON
BJI, npunstas B manHOi paborte. TpaauiimoHHO IS YII-
pomienust skcrutyatanuu BJI mpoBonma 1-3 cocTaBusioT
onHy Tpex(hasHYI JIMHUIO JJIEKTPOIepeayt, a IpoBoa
4-6 — npyryro. [lonaraetcst, 4To KaXkaasi JIMHUS DJIEKTPO-
nepefayd paboTacT B CHMMETPUYHOM pexume. Torma
JIEHCTBYIOIINE 3HAUEHHUS TOKOB B MpoBojax 1-3 paBHBI
MeXIy cO00H, T.e. [3=I)=I|. AHAIIOTHYHO IJI1 BTOPOW JIU-
HUU 3JEeKTporiepenadu BemonHseTcs [,=Is=I;. OT™MeTnM,
YTO B OOIIEM ciy4ae 3HauYeHUs TOKOB /| U [g MOTYT OBITH
Ppa3TMIHBIMU.
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Puc. 5. Cxemarnueckoe n300pakeHne IBYXIETHOH OMOPHI
BJI 110 kB

B Tabmn. 3 cBeneHbl TeOMETPUUYECKHE pPa3MEPhI THITO-
BbIX AByxmenHsix omop 110 kB [6]. Kak BuaHO, reomer-
puyeckue pasmepbl omopsl THna I1110-4B Haubonee
OJIM3KHM K yCpeIHeHHBIM 3HaueHusM. [loaTomy npu naib-
Heimux pacuerax MII nByxuennoi BJI monaraercs, uto
0122,1 M, h1:19 M, 02:4,2 M, h2:23 M, a3:2,1 M, h3:27 M.

MarnutHoe noje asyxuennoii BJI. [lns ompene-
nenus ypoHs MII nByxuennoit BJI npunsatsl nomyie-
HUS, B paMKax KOTopbix noxydeHo (1). Torma mis Haxo-
xkpenus: pacnpeneneHns MIT neyxnennoit BJI (puc. 6-7)
MOJKHO BOCHOJB30BaThCs (1), 3aMEHHB [UII CUETUHKA p
BEPXHIOIO TPAHUIy HHTEpBasia H3MEHEHU ¢ 3 Ha 6.

B [8, 11] moka3zano, yto MII nByxnennoit BJI mu-
HUMaJIbHO, KOTAa MpoBoJa ¢ OJJWMHAKOBbIMH HadaJIbHbIMU
(hazamMM TOKOB pacIiooKeHbl LEHTPAIbHO CUMMETPUYHO.
Ha puc. 6 npencraBneHo pacnpeneieHue JIUHUNA paBHBIX
ypoBHe MarHuTHoM wuHAykuuu 1pu  11=[=500 A,
01=04~21/3, 0,=0s=0, @3=0s=271/3. [IyHKTHPHO} JNHUHU-
eil, KaKk M IpexJe, OTMEYeH KOHTYp J0Ma, KOTOpPBIH Ha-
XOJUTCS Ha TPaHUIIE OXPAHHOW 30HBI Ha paccTOSHUH 20 M
ot KpaitHero nposoaa BJI. Kak Bugno, MII He npesblia-
€T TpeAeThbHO AOMYCTUMBIH ypoBeHb 0,5 MK mpakTide-
CKH BO BCEM JKMJIOM IIPOCTPAHCTBE, a MOKa3aTelIb HOpMa-
m3auuu MIT cocrasisteT 99,2 %.

Tabmauna 3
Pasmeps! THIOBBIX AByXUenHbIX onop BJI 110 kB
Twum onopst a,M | hym | ap,m | ho,m | az, M | A, M
I1110-2 2,0 19 4,1 23 2,0 27
I1110-4B 2,1 19 4,2 23 2,1 27

I1110-4B+4 21 | 23 | 42 | 27 | 201 | 31

M110-2® 2,4 19 4,7 23 2,4 27

M110-4® 2,3 15 3,9 19 2,3 23

I1110-6B 2,1 19 4,2 25 2,1 31

I1110-6B+4 2,1 23 4,2 29 2,1 35

[1C110-10B 2,6 19 4,2 25 2,6 31

IIM110-8DP 2,4 19 33 25 2,4 31

[IM110-6D 2,4 15 33 21 2,4 27

Cpennee

2,3 19 4,0 24 2,3 29
3HAYCHUE

i | | :
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Puc. 6. Pactipenenenue MII nByxuennoit BJI
MLt enydast @1=04, P3=Ps
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Puc. 7. Pacnipenenenne MII nByxuennoii BJI
Lt enydast @1=0s, P3=04
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Haunbonsmme ypoan MII myxuenHo#t BJI moctu-
TaloTCsl  NpH  NPOTEKAaHWH  HOMUHAIBHOTO  TOKa
I=I=500 A u HadabHBIX (azax @;=@—21/3, P;=@s=0,
03=04=21/3. B 3TOM ciy4ae, kak BHAHO M3 paciperesne-
Hust MII Ha puc. 7, ypoBEHb IOJIS IPEBBIIIACT IIPEAECIBHO
JIOITYCTUMBIN BO BCEM KHUIJIOM JIOME.

Oxpanuposanne MII neyxmennoii BJI. Ompene-
JIUM TOKa3aTenb HOPMalM3alMu 1) UL JIOMa, Pacloio-
eHHoro BOim3u nByxuentHoit BJI (puc. 7), npu ucrois-
30BaHMH TIOCKOTO U U-00pa3HOro pemeTyaTsix 3KpaHoB,
METaJNIOEMKOCTh KaXJI0r0 W3 KOTOpbIX paBHa V. Ilapa-
METpBl 9KPAaHOB TIPHBEAEHBI B IPEABIAYIINX pasJenax
paboTel: 4ucio mpoBojoB — 81 1 121, COOTBETCTBEHHO;
JMaMeTp MPOBOJIOB — 8 MM U 6,5 MM, cOOTBETCTBeHHO. Ha
puc. 8 u puc. 9 mpencTaBiIeHBl JUHAU PABHOTO YPOBHS
MarHuTHOM MHAYKUMU npu yMmesblnenuun MII nByxuen-
HoM BJI, coorBercTBeHHO, MockuM U U-00pa3HbIM
peIlIeT4aThIM SKPaHOM.

IIpu ncnonp30BaHUM IIOCKOTO PELIETYATOrO dKpaHa
MII He mpeBbIIAET MPENENbHO IOMYCTHMBIA YPOBEHb
0,5 mxTn B Gonprreit yactu noma. OHAaKO, Kak ¥ B CIy-
yae ogHouenmHO! BJI, B yriToBBIX 00IACTSX TOMa IDIOCKUI
9KpaH He 00ecreduBaeT JOCTaTOYHOTO yMeHbimeHuss MIT
nByxuenHoil BJI. B 1o xe Bpemsl Nmpu HCIOJI30BAHUU
U-06pa3Horo pemerdaToro dKpana it yMeHbieHns MIT
nByxuenHoil BJI, mpakTtuuecku BO BceM JOME BEJIMYMHA
MarHUTHOW MHAYKIMU HE MPEBBIMIAET NPENEIbHO JOIyC-
THUMBII YPOBEHb.
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Puc. 8. Pacnipenenenne MII neyxuennoii BJI

HPH UCIIOIB30BaHUHU IUIOCKOTO PELIETYATOr0 IKpaHa
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Puc. 9. Pactipenenenne MII nByxuenHoit BJI
P UCTIONB30BaHMK U-00pa3HOro penreTdaToro KpaHa

Anamu3 pacnpenenenuit MII, mpeacraBieHHBIX Ha
puc. 8 u puc. 9, N03BOJISIET ONMPENEIUTH [TOKa3aTeIb HOP-
Manm3aiuu 1. Coriacuo (2) o cocrarisier 83,9 % mpu
WCIOJIb30BaHUU TIOCKOTO U 98,7 % mpu MCHOJb30BaHUU
U-o0pa3Horo  pemierdaTblX 9KpaHOB C  METajlIo-
eMKOCThIO V. B Tabim. 4 mpencraBiieHbl pe3ysbTaThl pac-
4eTa 1) IPH BapbUPOBAHNN METAIUIOEMKOCTH SKPAHOB.

W3 momy4eHHBIX pPe3yNbTAaTOB CIEAyeT, YTO JUIA
ymenbpmennss MIT neyxnennoit BJI memecooOpas3Ho wc-
moyib30BaTh U-00pa3HbIil pemeTdaTbliii 3KpaH 00beMOM
0,75-V. CooTBETCTBEHHO, THAMETP MPOBOJIOB dKpaHa, MpH
COXpaHCHHH HX KOJMYECTBA M PACIIONIOXKEHUS, MOXKET
ObITh yMeHbIIIeH 10 5,7 mMm. [Ipu 3TOM mokaszarens HOp-
MaJM3alid MarHUTHOTO MOJsI 1) IoMa coctapisieT 97 %,
9TO MO3BOJISIET YPPEKTHUBHO MCIOJIB30BaTh 97 % €ro xu-
JIOTO MPOCTPAHCTBA.

[IpoBeneHHBIN aHATN3 MTOATBEPKAAET BO3MOXKHOCTD
HOpPMaJIM3allMid € TIOMOIIBIO pEUIeTYaThIX HKPaHOB
MarHUTHOTO TIOJIS B XKIJIBIX JOMAaX, PAcCIIOJIOKEHHBIX Ha
TPaHUIIE OXPAHHBIX 30H THIIOBBIX BO3IYIIHBIX JIHHUH
anekrpornepenaun 110 kB, u nmo3Bossier chopmMyIupoBaTh
PEKOMEHAANN 10 KOHCTPYKTHBHOMY HCIOJIHEHHUIO pe-
IIETYATHIX SKPAHOB.

Tabmnuna 4
TTokasarenb HOpMaNM3aLKUKU MAarHUTHOTO TIOJIS 1
IUISL IOMa, PACIIONIOKCHHOTO BOIM3H AByXUenHOoM BJI,
IIPY MCIIOJIB30BAaHUU PEIIETYATOTO IKpaHa

n> %
MeTannoeMKoCcTb
SKpaHa, IIpumenenue [Ipumenenue
OTHECEHHas K V IJIOCKOTO U-o6pa3noro
JKpaHa JKpaHa

0.2 15,0 27,7

0,3 41,6 52,9

0,4 60,7 70,6

0,5 69,7 82,8

0,6 75,2 90,4

0,75 80,3 97,0

0,8 81,3 97,9

1,0 83,9 98,7

1,2 85,2 99,0
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BuiBoabI.

1. [TokazaHo, 4TO MJIOCKHI penieT4aTshlii IKpaH, BbI-
MOJHEHHBIM W3 aIOMHHHUEBBIX IMpOBOAOB AHUAMETPOM
8 MM M YCTaHOBJICHHBIIl Ha CTEHE JI0Ma, OOpAILEHHOW K
BO3JLyLIHOM JIMHKUMU anekTporiepenayn 110 kB (oxHouen-
HOH € pacIiojio)KeHHEM ITPOBOAOB B BEPILIUHAX TPEYTOJIb-
HUKa WIM JABYXIENHOH), 0O0eclednBacT yMEHBIICHHE
MarHUTHOTO MOJIsI 0 HPEAENBHO JIOIyCTHMOTO YPOBHS
0,5 MxT B Gompmiei acTH XUIOTO MpocTpaHCcTBa. [Ipu
3TOM IIPEBBILIEHUE AOIMYCTUMOTO YPOBHSI MOXKET HAOIIO-
JIaThCsI TOIBKO B YTJIOBBIX 00JACTSIX TOMa.

2. Jlns HOpManu3alud MarHUTHOTO IOl BO BCEM
KHUJIOM JOME, PACHOJI0KEHHOM Ha TPAaHHIE OXPaHHOU
30HbI Bo3aylHOW uHuK 110 kB, nenecoodpasHo mpume-
HeHue U-00pa3Horo pemeTryaroro sKkpaHa.

3. DddekTuBHOE MPUMEHEHHE PEIIETYATHIX IKPAHOB
JIOCTHTAETCS, KOTJIa PacCTOSHAE MEXIY €ro COCeIHHUMH
IpoBoAaMu cocrasisier He Oonee 0,5 M, a aguamerp mpo-
BOJIOB — He MeHee 4,0 MM TIpH SKpPaHUPOBAHHH OJHO-
menHoit BJI 110 kB ¢ pacmonoxeHuemM mpoBOAOB B Bep-
IIMHAaX TPEyroJbHUKA U HE MEHee 5,7 MM IpU IKpPaHHUpPO-
BaHuH nByxuemnHoi BJI 110 xB.
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Magnetic field normalization in residential building located
near overhead line by grid shield

This paper deals with the magnetic field mitigation of 110 kV
trefoil single-circuit and double-circuit overhead lines by grid
shields. The shields under study are made of aluminum conduc-
tors connected in parallel. These shields are mounted on the
walls of the building. We study the efficiencies of plane and
U-shaped grid shields as the dependence from the quantity of
metal. As the result, we show that the plane grid shield does not
supply the required efficiency of magnetic field mitigation in
corner areas of the building. At the same time, the U-shaped
grid shield having equivalent quantity of metal allows to miti-
gate the magnetic field to the reference level 0.5 uT in more
than 97 % part of the building. References 11, figures 9, tables 4.
Key words: magnetic field, shielding, overhead line, right-of-
way, reference level.
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B.M. Muxaiinos

0 NOAOBUH IINTIOCKONAPAJJIEJIBHBIX UMITYJIbCHBIX MAI'HUTHBIX MOJIEM,
MHNPOAOJIKAEMBIX C PA3JIMYHBIX KOOPAUHATHBIX OCEN

Mema. Memoro pobomu € hopmynto6anns ymoe nodionocmi naioCKonapanenbHux MazHimHux noie npu pizKomy noeepxnHeeomy
eghexmi, W0 NPOOOGIHCYIOMBCA 8 HENPOBGIOHE | HeMazHimHe cepedosuye 3 PI3HUX 0cell RPAMOKYMHUX KOOPOUHam, Kompi oome-
JHcyroms naocki noeepxui npogionuxie. Memoouxa. Bukopucmano knacuune gpopmynroeanns 3aoaui Kowii ona pienanna Jlan-
J1aca 6iOHOCHO 8eKMOPHO20 NOMEHUIANY MAZHIMHO20 NONA, MEMOOU MAMEMAMUYHOI Qi3UKU MA OCHOBHI NON0IHCEHHA Meopil
noodionocmi. Poszenanymo 06i 6ionogioni 3adaui: 3a0aua npoo0eIHceHHs UXiOH020 nOA 3 00HIET 0ci ma 3a0aua nPoodOeI}HCeHH
nooion020 noas 3 inwol oci, po3noodin indyKyii MazHimnozo noas na Kompii € negioomum. Pesynomamu. Cghopmynvosano neoo-
XIiOHI ma 0ocmamui ymoeu nodiOHOCMI NI0CKORAPANEAbHUX IMIYIbCHUX A00 6UCOKOUACMOMHUX MACHIMHUX NOJIIG, W0 NPOOO-
8HCYIOMBCA 3 PI3HUX OCell NPAMOKYMHUX KoOopounam. /[N 3a0anux HenapHozo ma napuozo po3noodinie iHOyKkuii na oci euxiono-
20 MAZHIMHO20 NONA 6U3HAYEHO 6I0N0GIOHI PO3NOOINU HaA 0Cl, @ MAKOXHC PO36°A3aHi 3a0aui NPOO00IHCeHHA NOOIOH020 nona. Hay-
Koea Hosu3na. /loeedeno, uio 014 nodioHocmi nonie, AKi po3enAHYmMo, HeoOXiOHa ma 00Cmamus nponopyiinicms npeocmagie-
HUX y Kpumepianwvhiii popmi 6i0nosionux npoeKyiii 6eKmopie yux nonie y cxoxncux moukax ocei. bion. 11, puc. 4.

Kniouogi cnosa: miaockomnapaliejibHe MarHiTHe moJie, pi3kuii moBepxHeBuii edekT, 3agauya Kowi ans piBusnusa Jlamiaca,
Teopisi MOAIOHOCTI.

Llens. Ienvio pabomel asnnemcesn opmynuposKka yciosuii n000OUs NIOCKORAPAINETbHBIX MACHUMHBIX NOJIEl RPU Pe3KOM no-
6EPXHOCMHOM IhgheKkme, KOmopvle NPOOOSIHCAIONMCA 6 HENPOGOOAULYIO U HEMAZHUMHYIO CPedy C PA3IUYHBIX 0Cell NPAMOY20b-
HbIX KOOpPOUHAM, 0ZPAHUYUBAIOWUX NIIOCKUE NOBEPXHOCMU NPO6OOHUK06. Memoduka. Hcnonv3oeanvl knaccuueckasn popmynu-
poexa 3a0auu Kowu ona ypaenenus Jlannaca omnocumensHo 6eKmMopHoz0 NOMeRyUana MazHUmMHO20 o, Memoobl Mamema-
MmuyecKoil Qu3uKu u OCHOBHblE NONONHCEHUA Mmeopuu noooousa. Paccmompenvl 0se coomeemcmeyroujue 3a0auu: 3aoava npo-
0071ICEHUA UCXOOHO20 NONA C OOHOU OCU U 3A0a4a RPOOOINHCERUA ROOOOHO20 NOA C OPY20il OCuU, pacnpedeienue UHOYKYUU Maz-
HUMHO20 NOA HA Komopoli heuzeecmuo. Pesynomamot. Chopmynuposansvl neodxooumovie u 0ocmamouHsle yciosus no0ooOUs
NI0CKONAPANNENbHbIX UMBYIbCHBIX UU 6bICOKOUACHOMHBIX MAZHUMHDBIX NOEl, NPOOONHCAEMBIX C PAIAUYHBIX OCell NPAMO-
Y2071bHbIX KOOpOunam. /Ina 3a0aHHBIX HEYEemHO20 U YenHO20 pacnpedesieHuil UHOYKUYUU HA OCU UCXOOHO20 MAZHUMHOZ0 NOAA
onpeoesieHvl COOmMeemcmeylouiue pacnpeoesienus Ha 0CUu, a MaKice PeuleHsl 3a0auu nPoooHCeHUA ne00oHo20 noas. Hayunas
HosusHa. /lokazano, Ymo 011 nO00OUA PacCMOMPEHHBIX NONEH He0OX00UMA U OOCMAMOYHA NPONOPUUOHATILHOCHb RPEOCMAg-
JIEHHBIX 6 KPUMEepUANbHOU (opme COOMEEeMCmEyIouiux NpoeKyuil 6eKmopos mux Nojeil 6 CXO0O0CMEEHHBIX MOYKAX OCell.
bubn. 11, puc. 4.

Kniouesvie cnosa: miaockonapaielbHoe MArHUTHOE 110JIe, Pe3KUi NMOBepXHOCTHBIN 3¢ ¢ekT, 3anaua Komm a1 ypaBHeHMs
Jlannaca, Teopusi mogoous.

Brenenne. ®opMy MaCCHBHBIX COJICHOMIOB (WH-
JYKTOPOB) W 3JIEKTPOJIOB, MCHOJIB3YEMBIX B DJIEKTPODU-
SUYCCKUX TCXHOJIOIUAX HJIA MOJYUYCHUS DJICKTPOMArHuT-
HBIX TOJICH 3aIaHHOTO PACTPEICICHUS, HAXOISIT PH TI0-
MOIIM pEeIlIeHus 3a1auu npojopkeHus nois [1-3]. Orpa-
HUYHAMCS. PACCMOTPEHHEM IDIOCKOMApaUIeTbHBIX (ILIO-
CKHX) WMITYJIBCHBIX WJIM BBICOKOYACTOTHBIX MArHHUTHBIX
TOJIEH, IPOJOIKAEMBIX C OJHON U3 OCE NPAMOYTOJIbHBIX
KoopauHaT (Harpumep, ocu x) [4]. B dopmynuposky 3a-
Jladu BXOIWT 3aJlaHHOE Ha 3TOM OCH pacmpeiesieHHe He-
KOTOpPOM MPOEKLHH BEKTOpa Mpojaosnkaemoro nojs. Ha
MPpaKTUKEC MOXKET BO3HUKHYTH HeO6XO[ll/IMOCT]> PCHINTD
3aJjauy MPOJOJDKEHHUS TSl C MOA00HBIM pacipeeeH -
€M Ha OCH ). le/l 9TOM OYCBHUIHBIM SABJISICTCS HCIIOJIB30-
BaHUE PE3yJbTATOB, MONYYCHHBIX s ocH x. OCHOBHas
TPYJHOCTb TaKOTO TOJXOJa COCTOUT, MPEXAE BCEro, B
HEJOCTATOYHOM TEOPETUYECKOM OOOCHOBAHHH, BCIICICT-
BHE Yero 3alaHHOE pachpeeieHre Mo Ha OCH ) OKa3bl-
BaeTCs HEM3BECTHBIM.

Heas pa6oTbl — GOpMYIHPOBKA YCIOBHH MOA00MS
IUIOCKOTIAPAJUIETbHBIX MArHUTHBIX IIOJNEH TpPH PEe3KOM
TIOBEPXHOCTHOM 3 deKTe, KOTOPhIE MPOJOIDKAIOTCI B
HENPOBOIIYI0 M HEMarHUTHYIO CpPEdy C Pa3iIMIHBIX
ocen MMpAMOYTOJIBHBIX KOOpAWHAT, OrpaHUYMBarOIIUX
TJIOCKHE MTOBEPXHOCTH MIPOBOJIHUKOB.

YcnoBuss moao0usi MATHUTHBIX IOJIeid, MPO0JI-
JKaeMbIX C IUIOCKHX TOBEPXHOCTeH TPOBOJIHUKOB.
B MaccuBHOM NPOBOJAHHMKE C IUIOCKOM TIpaHUYHOU

MOBEPXHOCTHIO 1TOJ ﬂeﬁCTBHeM HUMITYJIbCHOT'O WJIM BBICO-
KO4YaCTOTHOI'O MAarHuMTHOI'O 1OJid BHEIIHETO HUHIAYKTOpa,
npodHIb KOTOPOTO HYXKHO ONPENENUTh, HHAYKTUPYIOTCS
BUXPEBbIE TOKH. B ITPOBOAHMKE PE3KO MPOSBIISETCS I10-
BEPXHOCTHBIN 3 dekt. [Ipumem nomnymeHue uaeaIbHOro
MOBEPXHOCTHOTO 3¢dekra [3] U 3aMEHUM IPOBOJHUK
UOCaTbHO  CBEPXIPOBOIAIINM  IMOIYIPOCTPAHCTBOM.
Hcnonp3yeM Tpu CHUCTEMBI OEKapTOBBIX KOOpPAMHAT Ha
IUIOCKOCTH: OCHOBHYIO (00mryio) xOy W IBe BCIOMOTa-
tenbHBIE — X0y U X,0y,. PaccMoTpuM IBE COOTBETCT-
BYIOIIME 33734 MPOAOJDKEHHS IUIOCKONAPaJUIEIBHOTO
MAardimMTHOIrO MmoJisi B HEMariuTHbIC HECIPOBOAAIIUE T1OTY-
npoctpadcTBa y; > 0 u x, > 0 6e3 nucrouHukos (puc. 1): ¢
ocu x; (TepBas 3a/1a4a, peIICHUE KOTOPOH M3BECTHO) U C
ocu y, (Bropas 3amaua). [lomynpocrtpanctBa y; < 0 mn
X, < 0 SABJSFOTCS HAEANTBHBIMH CBEPXIIPOBOIHUKAMHU.
VYpaBHEeHHE a1 BEKTOPHOrO moTeHnuana A(x, y)

TaKHX ToJIeH UMeeT BHI [5]

0’4 %4

—+—=0. (D

ox? 6y2

B ypaBuernn (1) x = x; V X2, ¥y = y1 VvV 1, A(x, y) =
= A(x1, ¥1) V Ax(x2, y»). T paHU9HBIE YCTIOBUS HAa OCH X| —

04
A (x,0)=0, —H =B, (x.0), (2,3

Y1 Nn=0
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Ha OCH Y, —

04
4;(0,y,)=0, —%

:_BZy(O:yZ)a (4: 5)
*2 X,=0

rae Bi.(x;, 0) u By,(0, y,) — IPOEKIMU MHIYKIUHY MarHUT-

HOTO MOJIs él(xl,yl),yl >0u Ez(xz,yz), X, > 0 Ha ocu

X1 U )).

Mo(=-xa Y1) (v, )A
!

Mi(xar, yar)

P, 3p)

////i//////////
0 x

T AT 77T
X,x,)

e
/]

M (-xaz-ya1) Y, M, "(xar,-yvur)

Puc. 1. Cuctembl KOOpIUHAT U MapaJJICNIbHBIX OCEH ¢ TOKaMH,
CO3JAI0IIMMH 33JaHHbIE PacIpeaeIeHUs HHAYKIMA MarHUTHOTO
o (8)

3ametnm, uto B, (x1, 0) — 3amannas QyHKuus, a mpo-
exuuio B,(0, y,) mpexacrout omnpenenuts. CpaBHHMBas
(dbopMyITUpOBKH ABYX paccMmaTpuBaembix 3anad (1) — (3) u
(1), (4), (5), oTMeTHM, YTO OHM HUMEIOT T€OMETPHUYECKU
noI00HbIe 00JIACTH pelieHust (MOIynpocTpaHcTsa y; > 0
u x, > 0, puc. 1) ¢ OAMHAKOBBIMU (PH3MUYCCKUMH CBOMCT-
BaMH, COAEp)KaT ypaBHEHHE OJHOTO W TOTO XK€ THIA H
NoA00HbIE TPaHUYHBIE YCIIOBHS (2) U (4) Ha OCSIX X| U )y, C
KOTOPBIX TPOJOJDKAIOTCS TOJs. OINHCAaHHBIE —YCIIOBHS
SIBITEIOTCST HEOOXOTUMBIMH, OJHAKO MX HEIOCTATOYHO ISt
moto0us: OCTArOTCS TpaHuyHbIe yeIoBus (3), (5).
[IpenmnonoxuM, 4To paccMaTpUBAacMble MarHUTHBIC
ot mogo6ubl. Torma u3 (1) — (5) cremyet, 4To cxoacT-
BEHHBIMU KOOpAWHATaMH [6-8] B 00JIACTAX MPOJOKEHUS
MOJICH SIBJIIFOTCS X1 U V), V| U Xz, @ COOTBETCTBYIOIIUMHU
byukupsMu — A(xy, y1) 1 Ay(xa, ¥2). [TosTomMy aHanoruny-
HBIMHA BEIMYMHAMH, XapaKTCPH3YIOIMIMMHU MPEAIIOIIOKH-
TEJIBHO MOJTO0OHBIE MMOJIS, JOKHBI OBITh
o on
—B1,(x1, y1) 1 Boy(x2, ¥2), Bix(x1, 1) U —=Bay(x2, ¥2). (6, 7)
[ycTh P — ToYKa HAOIFOICHUS TIOJIS ¢ KOOPAWHATAMH
Xp=Xi1pV Xap, Yp = Y1p V Vop (puc. 1). Torga cxoncTBeHHBI-
MH KOOPIUHATAMH TOUKH P OYIYT X1p U Vp, V1p U Xap.
VY4uThIBasE OCHOBHBIC IMOJIOXKCHUS TCOPUHU MMOA00US
[6-8], B momosHEHWE K OTMEYEHHBIM HEOOXOAMMBIM yC-
JIOBHSIM MOYKHO YTBEP)KIATh CIEXyroIee: s MmomoOus
JIBYX COIOCTaBJISIEMBIX MAarHUTHBIX TI0JIEd HEOOXOAUMO U
JIOCTATOYHO, YTOOBI 3HAYCHHUS MPEICTABIICHHBIX B KpPHUTE-
puansHON (popMe MPOESKITNI HHIYKIINA MAaTHATHOTO TTOJIS
Biy(x1, 0) u By(0, ) B CXOACTBEHHBIX TOUKaX OCEH,

, WK

C KOTOPBIX HPOAOIDKAIOTCS 3TU OIS, OBIIM IPOIOPIHO-
HaJIbHBI.

OT10 ycnoBue no3BonsieT Haltu By, (0, y,) n TeM ca-
MBIM HOJIy9HTh TOJHYIO (OPMYIUPOBKY BTOPOH 3a1ayu.

PacnipenesieHne HHAYKIUU HA OCH Yy, JJ1s NOA00-
HOT0 MarHuTHOro moJsi. ITycTs B nepBoii 3aga4e 3a1aH-
HBIE pacrpelelieHns WHIYKIUU Ha OCH X; MOTYT OBITh
mpeacTaBIeHbl (popMyToi

I 1 _
By, (x,0)= #O;M Nm +

T 1
(o + le)2 + yle ’
TJ€ iy — MATHUTHAS TIOCTOSHHASL, [}y, X147, Y1y — TTAPAMET-
PBI pacpeesIeHUN.

Oyukiys B GUrypHsix ckodkax gopmynst (8) sBisi-
€TCsl HEYETHOM WM YETHOW B 3aBUCHMOCTU OT 3HaKa MH-
HYC WIH IDTFOC MEXIy ClIaraéMbIMU B KBaJ[PaTHBIX CKOO-
Kax. B o0oux ciay4asx oHa MMeeT M3BECTHOE CHHYC- HIIH
KocuHyc-TIpeoOpa3oBanne Oypre. MHOKUTENH TIEpe] pac-
CMaTpUBACMON (PYHKIIMEH SIBISCTCS TIOCTOSIHHOW, TIO3TOMY
Takue npeoOpa3oBaHust uMeeT u By (x;, 0). Pusnyeckuit
cMBICT (8) — MHIYKOWS MarHUTHOTO ITOJIS, CO3aBacMOTrO
Ha OCH X| CUCTEMOM YeThIPEX MapauIeIIbHBIX, CAMMETPHY-
HO PacCTOJIOKEHHBIX Oceil ¢ Tokamu +[), = £}, nBe u3
KOTOphIX (M|' m M,') 3aMeHSIOT BIMSHUE HIDKHETO HJIe-
aJbHO CBEPXIPOBOJSIIET0 modymnpocTpanctea [9, 10]
(puc. 1). ITapaMeTpsl X = X141, Vs = Vi OTPEAEIAIOT TO-
JIO)KeHHe oce B Toukax M, M,', M,, M, miockoctu
x10y,. Toku +ly; IMEIOT TOJOXKUTENBHOE, & —[); — OTpH-
[aTeIbHOE HaNpaBJIeHHs], 0003HaUYE€HHBIE COOTBETCTBEHHO
TOYKOM MM KpecTUKOM. Jljig TOKOB Ha puc. 1 momydaem
HEYeTHOE pacrpe/eicHue WHIYKIuU. Eciu Toku B Bepx-
HEM MOJYIPOCTPAHCTBE MMEIOT OJMHAKOBOE (Hampumep,
MOJIOKUTETIFHOE) HampaBlieHHe (MPU 3TOM TOKH B HIK-
HEM MOJTyIIPOCTPAHCTBE HAIPABJICHBI TAKXE OJUHAKOBO,
HO MPOTUBOIOJIOKHO MO OTHOIICHUIO K HepBI)IM), nMeemM
YEeTHOE pacipeesieHIe HHIYKIHH.

Haiinem takne pacnpenenenus B,,(0, y,) Ha ocH y»,
KOTOpBIE Y/IOBIETBOPSIOT CHOPMYJIMPOBAHHOMY BBILIE
HEOO0XOMMOMY H IOCTaTOYHOMY YCIOBHUIO OA00us. J{s
ATOTO BHAYaJe YCTAHABIMBAEM CXOJCTBEHHEIC IMapaMeT-
pol [6-8] pacnpenenenuit B (x1, 0) 1 Byy(0, 2): Ly ¥ Do,
Xip ¥ Yors, Vi B Xowg, THE Doy, Xopr M Yoy — IAPAMETPEI HE-
U3BECTHBIX TOKa pacrpeneneHnii By(0, y,). 3arem, uc-
MOJIB3YsI COOTBETCTBUE aHAIOTWYHEIX BenmvuH (7), 3aMe-
HUM B opmyJe (8) KOOpIUHATHI U MapaMeTpbl Ha CXOJ-
CTBCHHBIC KOOPAWHATHI W MapaMeTphl BTOPOW 3amadm.
omyuum:

I 1 _
By, (0.2)= —'uo% Yo +

(J/2 - J’zM)2 + X%M

©)
1
2 2
(2 +yau ) + 33y
[pencraBum dopmyiner (8) u (9) B 6e3pazmepHOM
BUJE (B KpUTEPHAIBHON (popMe), UCTIONB3Ys ABE CHCTEMBI
0a3UCHBIX BeNUYHH: [1, U [y, — niuny, I, u I, — TOK, By, 1
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By, — naaykuuio (udpy oAWH B HIDKHEM HHIECKCE HMEIOT
0a3ucHbIe BeMMYUHBI 1 popmydsl (8), nBa — (9)). bes-
pa3sMepHbIe BEJIMYHMHBI II0JIy4aeM [EJICHHEM COOTBETCT-
BYIOIMX Pa3MEPHBIX Ha 0a3MCHBIC U OMEYAEM 3BE3/10Y-
kamu. [locme mpeobOpasoBanuit Qopmymsr (8) u (9)
MPUHUMAIOT TaKOW BUJI:

* * 1 * * l —
le(xl,0)=;11MJ’1M (* " )z 2T
X| —X; +y
1~ XM 1M (10)
- 1 %
+ , —0<x <oo;
* * * 2
(xl +x1M)2 + Vv
BZy(OaJ’Z)z_;[ZMXZM( . )2 .
- +x
V2~ Vom 2M (a1
_ 1 *
L Era— o p TP<I<®
(yz +y2M)2+x2M
Cpasnusas (10) u (11), Bugwm, 9ro mpu
* * * *
XM = YoM s VIM = Xom (12)

B CXOACTBCHHBIX TOYKaAX ocent X1 U y, C KOOpAWHATaMH

* * * *
X] =y, 3HaueHus Bj, (xl ,O) MIPOMOPIIMOHAIBHBI 3HAYE-
* *
HUAM Bzy (0, yz). CrnenoBaTeibHO, HEOOXOAUMOE U JI0C-

TATOYHOE YCJIOBHE IOAOOWS BEIOJNHSICTCS, 8 HUCKOMEIC
pacnpenenenus B,y (0, y,) JUIsI MOAOOHOTO MarHUTHOTO
nonss wmeror Bu (9). Ecmm momomautensHo K (12)
MIPUHSTH

I =Iou s (13)
TO MOIYJIU CPaBHHBACMBIX 3HAYCHHUU WHIYKIMHA OYAyT
PAaBHBI, XOTsI JJIs OO0 3TO HE 00sI3aTEIBHO.

Bce Benmmumnsbl, Bxomsmue B ycmosus (12) u (13),
SIBIISIFOTCSL KPUTEPUSIMU TIOA00Ms. Ba3ucHble BETMYHHBI
l1p, >, BBIOMPAEM TaK, YTOOBI BBIOIHSIUCH ycioBus (12).
B obmewm ciyuae [, u I, MOTYT OBITH JIFOOBIMH, HO TIPU
HEO0OXOAMMOCTH WX HaXoAuM c yderom ycioBus (13).

IIpn omnpenenenun Bl*x(xik ,0) u B;y(O, y;) IIPHHATO

By = polip/lip, Bop = polop/lap.

®usnueckuil cMplicn pacnpeneneHuil (9) anamoru-
YeH ONMWCaHHOMY i (8): MHAYKIMS MarHUTHOTO MOJI,
CO3/1aBa€MOT0 Ha OCH y, YETHIPHMsI MapajlIeEHBIMU OCSI-
MU C ToKamu [y, = +lp), (OCH pacIONOKEHBI B TOYKAX,
KOOPIMHATBI KOTOPBIX +X), M V), ONPEACIAIOTCS Iapa-
METpPaMH Xy, U £)5y, pUC. 1).

Ha puc. 2 moka3zaHbl CHMMETPUYHBIC YaCTH HEUYET-
HBIX (@) ¥ 4YeTHBIX (6) pacnpeneseHUH WHIYKLIUH Mar-
HUTHOTO TOJIA Ha OcsX mipu x; > 0 u y, > 0, paccuntaHHBIE
mo ¢opmynam (10), (11). Hpunsro: 1, = by, Ly = Ly,

Iy = DLy, s kpuBbIX 1 XTM =01, )’TM =0,1;2-0,25,
0,1;3-0,15,0,2;4-0,25,0,2.

3HaveHus x; M H y; M OIIPEIENICHBI MPU ITOMOLIN
(12).

Bl*x (xl* ,O) u —B; ¥ (O, y;) WILTIOCTPUPYET HEoOX0UMMOe U

COOTHOLLEHUHI CoBnageHue  pacrnpeneieHuit

AOCTATOYHOEC YCJIOBUE HOIIO6I/I$I MarHUTHBIX TOJICH.

182020
B0V
3
1
2
4
1
3
0 0.1 02 03 04 05 x* %
a
2B *% 0)
-B,X0,y7)
4|2
3
2
|
0 0,1 02 03 04 05 xky*

0

Puc. 2. Heuernsle (@) u ueTHbIE (6) paclpeaeneHus] HH Iy KUK
MarHUTHOTO TIOJIS Ha OCSIX X1, )5

IIpono/zkenne NOAOOHBIX MATHUTHBIX MOJIel IpH
MOMOIIM pelieHUil mepBoil 3agavu. Pemenus nepBoit
3amaun (1) — (3) ¢ yuerom (8), mosydeHHBIE METOAOM
YAaCTHBIX PEIICHUI, HEMPEPBIBHO 3aBUCAIINX OT MapaMeT-
pa, UMEIOT TaKO! BUJI;

24y Ty inlong 2)sinten) |
Al (X,y) - ps El)‘e {COS(xMﬁ)COS(Xﬂ) (14)

x A1 sh(yi)dﬂ, —w<x<ow, 0<y<yy.

IlepBass cTpoka MHOXMTENS MOJBIHTErPaIbHON
¢yHkuuu B purypHsix ckobkax (14) oTHocuTCs K HEdeT-
HOMY pacnpezeneHuto By, (x;, 0), BTopas — K Y4€THOMY.

Pemwennst Bropoit 3amaum (1), (4), (5) ¢ yuerom (9)
HaxoJuM 3ameHod B Qopmyre (14) xoopauHat M mapa-
METPOB HA CXOJCTBEHHBIC BEJIMYHHBI IOJ00HOTO MOJIS.
Honyuum:

 2uls T,y [sinlna2)sin(37)
)= [ o)™ 1

x[lsh(x/”t)d/l, —o<y<o, 0<x<xy,.

B dopmynax (14), (15) Ly = L v Lasss X = X1s V X,
Yu=Vim V Yoy Orpanudenus y < yy 1 x < x,; 00ycIIoBIIe-
HBI CXOJMMOCTBIO HECOOCTBEHHBIX MHTErpajioB [4]. Ilpa-
BWJIBHOCTH ONMCAHHON METOAMKH OIPEAeIeHHs T0J00HO-
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IO MarHUTHOTO MOJIsl ¥, B YaCTHOCTH, (popmyust (15) moa-
TBEP)KAAETCS COBMACHUEM TIOCIEIHEN C PEIICHHEM BTO-
poii 3a71auu TeM K€ METOJIOM, YTO U IIEPBOM.

Jpyroii MeTon peleHus NepBoi 3ajayl COCTOUT B
HCII0JIb30BAHUHU (l)yHKLII/II/l FpI/IHa U1l OCH C €AMHUYHbIM
TOKOM, PACIIOJIOKEHHONH B HEMAarHUTHOW W HEMPOBOJIS-
el cpene mapajiesIbHO IMOBEPXHOCTH MJEAIBHO CBEPX-
MIPOBOJAIIET0 MOIYHNpPOCTpaHcTBA. [[ndg HedeTHoro pac-
npeneneHus By, (x, 0) (8) umeem [10]:

A(P)Z ,Ll()IM In rM{PrMZP

s (16)
i "M\ P p
THE 7pp o> er'Pn "M,P > rM'zP — PACCTOSHUS MEKIY

Toukamu P u cootBeTcTBeHHO M|, M|', M>, M, (puc. 1).
Hcnonp3ys M3BECTHYIO CBS3b MEXKIY WHIYKIHCH W
BEKTOPHBIM TIOTEHIIMAIOM MarHuTHoro mons [5] u (16),

JUIA pacyeTa MpOeKITHi f}l MOJy4uM cienytomue Qop-

MYJIBL:
siol s 1 1
By,(P)=- g bp=yu)5—-5—|+
7 P TM,P
7)
1 1
+(vp+yu - 3 |}
"vyp TMmip
siol s 1 1
By, (P)= ) (xp—xp ) 5—-—5—
i "MP o Typ
(18)
1 1
*ep oy ) 5—-—5—
"vyp  MyP

3amerum, uTo B hopmymnax (16) — (18) mpunsTO, 9TO
TOYKa HAOMIOACHUS P pacrojioKeHa B BEPXHEM MOIYIIPO-
cTpaHcTBe y > 0 (B 4acTHOM cirydae — Ha ocH x). Halinem
B> (P) n Byy(P) nng no1o0HOr0 MarHMTHOIO MOJISA B 00-
nmactd x > 0 (B yacTHOM cily4ae Ha OCH )), 3aMEHsIs B
¢dopmynax (17) u (18) xoopauHaThl M mNapameTpbl Ha
CXOACTBCHHBIC BCINYUHBI. HonyqaeM YAUBUTECJ/IbHBIC, HA
TIEPBBIN B3I, pe3yNIbTaThl: (POPMYJIBI JIsl OTIPEISIICHUS
By(P) u B(P) dopmanbHO coBnajfanT c (opmyaamu
(17) u (18). IIpuuuHOii ABISIETCS TO, YTO CHCTEMA YETHI-
pex ocell ¢ TOKaMH, CO3[AroIlas MarHUTHOE II0JIe B 00-
nacta y > 0 mepBoif 3agaun (moapoOHee — B GU3HIECKOM
cMbiciie popmynsl (8)), OTHOBPEMEHHO CO3/aeT MOH00-
HOE€ MarHuTHoe moJsie B obmactu x > 0. IIpu 3TOM ocH,
pacrnoyiokeHHbIe B Toukax M, u M,' (puc. 1), 3aMeHstOT
BIMSIHUE HICATFHO CBEPXIIPOBOJIAIIECIO ITOIYyIPOCTPaH-
ctBa x < 0. CnenoBaresnbHo, Gopmyna (16) siBiseTcst pe-
IHICHUEM H BTOpOﬁ 3aa4yu i HO[[O6HOFO MAarHuTHOI'O
nmoJist B obiactu x > 0 B cilyyae HEUETHOTO pacIpesierne-
HUsA Byy(0, 7).

[Tpu ucnons3oBannyu GyHKIMU ['prHa B ciydae deT-
HBIX pacnpenenennii Bi(xi, 0) u B0, y,) Hy)kHO U3Me-
HUTH HAIIPaBIICHUS TOKOB B ABYX OCSAX Ha IPOTHBOIO-
JIOXHBIE TT0 OTHOIICHHUIO K MPUHATHIM Ha pHc. 1: mis uc-
XOJHOIO IOJs — B ocax M, u M,', i1 mogo0HOro Mot —
B ocsax Mi' u M,'. B oTiinune OT HEYETHBIX pacrpesese-

HUI MHIYKIWU Ha OCSIX BEKTOPHBIN noTeHnuan 4(P) omnu-
CBIBAETCS IBYMS pa3iuuHbiMK Gopmyiaamu. VX monmy4dum

u3 dopmyisl (16), TOMEHSIB MeCTaMu My W Ty p IS
HCXOZIHOTO TIONS, 7y py U 1y JUIS I0JJOOHOTO TIOJIS:
1 "M P M, P
a4(P)=FON ) DI (19)
T "M\ P"M,P
I erPrM' P
Ay(P)=20"2M 2 (20)
T rMIPrM{P

@opmyibl 11 pacueTa NpoeKuuit nHIyKuuu Bi,(P)
U B1(P), B2«(P) u B,(P) otnnuarorcs ot (17) n (18) mpo-

THUBOIIOJIOKHBIMA 3HAaKaMH TIEPEN ,Hp06}IMI/I l/r]\%l P n
2

/72, , 1 2 w1t . [IpaBubHOCTH TIpeoOpazo-
M,P M,P M,P

BaHUIl MOATBEPKACHA COOTBETCTBHEM IMOIyIaeMbIX (op-
MyJI cOOTHOIIEHUM (6, 7).

Ha puc. 3 u 4 u300paxxeHbl CUIIOBBIE JIMHUN UCXOI-
HOTO W TMOJOOHOTO0 MarHUTHBIX mojei A(x, y) = const,
paccuutanubie mo ¢gopmynam (16), (19), (20) mus pac-
npeAeneHnd MHAyKIuM 2 Ha puc. 2, a, 0. Ilpunsarto
A= AlAy, Ap = poly, Ap = A1y v A, A1p = Ay Ly = by

Jns cunoBblx jguHUM 1, 5 Al* =A; =0,05, 2, 6 — 0,1,
3,7-0,15,4,8-0,2.
YA
0,5
0.4

0,3 5

0,2

>

1 A

0

02 03 04 05x*

a

0 0,1

>

>

il
0,5

>

0,4

>

0,3

>

0,2

>

0,1 \_/

0 01 02 03 04 05x*
o

Puc. 3. CuitoBble TMHUM MarHUTHOTO TIOJIS TIPY HEYETHOM (a)
1 4eTHOM (0) pacnpeaeIeHUsIX HHIYKIUH Ha OCH X|

Bl/I[lI/lM, 4TO COOTBETCTBYIOIIUE CHUJIOBBIC JIMHUU
paccMaTpuBacMbIX MAIHUTHBIX MmoJeH T COMCTPHUUICCKU
HOHO6HI)I, YTO MOATBCPIKAACT MPABWIBHOCTb MOJTYYCHHBIX
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pe3ynbraTtoB. CHIIOBBIE JIMHUM, ITOKa3aHHBIE Ha puc. 4,a,0,
OrpaHUYMBAIOT NPOGIIM HHAYKTOPOB-TOKOIPOBOJOB ISt
CO31aHUsA I/IMHyJ'lI)CH])lX HNJIIX BBICOKOYACTOTHBIX MAarHuT-
HBIX TIOJICH 33JJaHHBIX PACTIPEICIICHUI HA OCH ).

y;‘Jk
0.4
0,3
0,2

0,1
0

0,1 02 03 04 05)("=

-0,1
-0,2
-0,3
-0,4
-0,5

b

% A

¥}
0.4
03 ¢
02
0.1
0 < >

:QH*V

-0,1
0,2
0,3
0,4

-0,5

0

Puc. 4. CunoBble TMHUM MarHUTHOTO TI0JISL IIPH HEYETHOM (a)
¥ 9eTHOM (0) pacIpeeleHUsIX HHAYKIUH Ha OCH ),

Pe3yﬂbTaTbI, MOJYUYCHHBIC MJII MAarHuTHOTO I10Jid,
MOYKHO MCIIOJIB30BaTh JJIsl onpeiesieHns: npoduieit ogHo-
T'O UMW HECKOJbKUX MJIMHHBIX MapajuICJIbHBIX PaABHOMED-
HO 3apsDKEHHBIX AJICKTPOAOB, MPH TOMOIIY KOTOPHIX Ha
IUIOCKOM TIOBEpXHOCTH TIPOBOJHHMKA HYXXHO CO31aTh
JIEKTPOCTATUYECKOE TII0JIe 3aJaHHOTO paclpeaeIeHus.
Jnist 3TOro WCHOIb3yeM 3JIEKTPOCTATUYECKYIO AHAJIIOTHIO
IUIOCKOMAPAIICIBbHBIX 3JEKTPOCTATHYECKUX U MArHUTHBIX
TOJIC TIPOBOJTHUKOB TIPH PE3KOM MOBEPXHOCTHOM 3(h(heK-
te (J.D. Cockroft, 1929, [4]), cortacHO KOTOpPOii pacmpee-
JICHUSI B3STOH CO 3HAKOM «MHUHYC» TPOEKLUH HAIPSKEH-
HOCTH 3JIEKTpHYecKkoro nous Ey(x;, 0) u By(x;, 0) coot-
BETCTBYIOT OJIHO JIPYTOMY.

IIpunoxkenue. Vcnonbs3oBaHue OBYX METOIOB pe-
IIEHUS 33734 IPOJOJDKEHUS MOJIeH TO3BOJISIET HE TOJIBKO
BBITIOJIHATH POBEPKY PE3YJbTaTOB, HO U MOIY4UTH (BOp-
MYJIbI JUIS BBIYMCIIEHUH CJIOKHBIX HECOOCTBEHHBIX HHTE-
TpajoB, OTCYTCTBYIOIINE B CIIPaBOYHOM ymuTepatype [11].
Hanpuwmep, cpaBuuBas dopmyist (14) u (19) nis ucxon-
HOT'O I10JIA, UMCCM JIBa HECOOCTBEHHBIX HHTErpaja:

0

J‘e_yM/ll_l

0

Sin(oy DSINEA) |y vz =
cos(xyrA)cos(xA) 4
_ (x—x37)? +(y+yM)

8 (x—xp)* +(y— yM)

@

(x+xM>2+<y—yM>2
(x+xM) +(y+J’M)
(x+xM) +(y+yu)’
() + (v =y’

I'panunmp! N3MEHEHNA X U Y TaKWe ke, Kak U B (op-
myie (14). OnmcaHHBIM CIOCOOOM MOKHO TOJYYHUTH €I11e
HECKOJIBKO (OpPMYJ Al BBIYUCICHUS HECOOCTBEHHBIX
uHTerpanoB npu momorw (17), (18), a Takxke cooTBeTCT-
Byromux (opmyn s noxobuoro nois. CpasHenue (15)
¢ (20) mpuBOOMT K pPALY HECOOCTBEHHBIX HWHTETPAJIOB.
Hanpumep:

0

J‘e, X ] sin(yA)sin(yA)

h(xA)dA =
cos(yyrA)cos(yA)

0
Ly (x> +(y— J’M)
8 (x=xp) 2 + (- yM)

(22)

(x—xM)2+<y+yM)2
(X+XM) +(J’+yM)
(x+xM) +(+ym)
(x—xp) +(+yp)’

Buaum, uro ¢opmyna (22) ornmuarorcs ot (21)
TOJIBKO CXOJICTBEHHBIMH BEJIMYMHAMH II0JJOOHOTO Mar-
HUTHOTO ToJI1. KpoMe Toro, Hy)KHO Y4eCTh TaKkKe APYTHE
TpaHUIIBl I3MEHEHUS X U ) (cM. dhopmyy (15)).

BriBOaBI.

1. Ins momoOus TUIOCKOMApauIeNbHBIX HWMITYIBCHBIX
WJIN BBICOKOYACTOTHBIX MarHWTHBIX MOJIEH, MPOIoJDKae-
MBIX B HEMAarHUTHYIO U HEMPOBOJAILYIO CPEy C pasind-
HBIX OCEH JIeKapTOBBIX KOOPAMHAT, OrPaHMYHBAIOIINX
IUIOCKHE TIOBEPXHOCTH MPOBOJHHUKOB, HEOOXOAWMO H
JIOCTaTOYHO, YTOOBI 3HAUEHHsI TIPEJICTABICHHBIX B KPHUTE-
pHaibHON (opMe COOTBETCTBYIOMIMX MPOEKIMNA HHIYK-
IIUM MarHUTHOTO TIOJSI B CXOJICTBEHHBIX TOYKaX OCeH ObI-
JM TPOIOPIUOHAIBHEL. DTO YCJIOBHE MO3BOJISIET HAWTH
pacrmpeneneHne HHIYKIIMA Ha OCH, C KOTOPOH MPOI0IDKa-
€TCs TOTO0HOE TTOJIE.

2. Penienust 3a1a4 MpONOIDKEHHS MOJOOHBIX MarHWT-
HBIX T0JIEd MOTYT OBITH MOJYYEHBl M3 M3BECTHBIX pellle-
HUM 3a7a4d NOPOJOJDKEHHS HCXOJHBIX IOJEH 3aMEHOM B
HUX KOOpJWHAT M IapaMeTPOB Ha COOTBETCTBYIOIIHE
CXOJICTBEHHBIE BETUUUHEL.
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On the similarity of plane pulsed magnetic fields continued
from different coordinate axes.

Purpose. The purpose of this work is formulation of similarity
conditions for plane magnetic fields at a sharp skin-effect contin-
ued in non-conducting and non-magnetic medium from different
axes bounding plane surfaces of conductors. Methodology. Clas-
sic formulation of Cauchy problem for magnetic vector potential
Laplace equations, mathematic physics methods and basics simi-
larity theory are used. Two problems are considered: the problem
of initial field continuation from one axis and the problem of simi-
lar field continuation form other axis on which magnetic flux den-
sity or electrical field strength in unknown. Results. Necessary
and sufficient similarity conditions of plane pulsed or high-
frequency magnetic fields continued from different axes of rectan-
gular coordinates are formulated. For the given odd and even
magnetic flux density distributions on axis of initial field corre-
sponding the distributions on axis and solution of continued simi-
lar field problem are obtained. Originality. It is proved that for
similarity of examined fields the proportion of corresponding
vector field projections represented by dimensionless numbers in
similar points of axes is necessary and sufficient. References 11,
figures 4.

Key words: plane magnetic field, sharp skin-effect, Cauchy
problem for Laplace equation, similarity theory.
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TexHika cunbHUX eJIeKMPUYHUX ma Ma2HimHux noiJiie. IHxeHepHa estlekmpogbi3uka
VK 621.3.022: 621.319.53: 621.373 doi: 10.20998/2074-272X.2020.5.08

M.U. bapanos, C.I'. Bypsikosckuii, B.B. Kus3es

MOIIHBIN CI/IJIBHOTO‘IHI)IFIIEHEPATOP MHUKPOCEKYH/IHbIX UMITYJIbCOB
HANIPSKEHUAA AMILTATYIOU 10 +£2 MB U TOKA AMILIATY IO 10 £150 kA
C 3AITACAEMOMU B KOHAEHCATOPAX 3JIEKTPUYECKOMU S9HEPI'MEH 10 1 M/I:x

3anpononosana i anpoboeana nHosa cxema noGyO008U HOMYMNCHO20 HAOBUCOKOBOIbMHO20 CUTbHOCHIPYMHO20 2eHepamopa imny-
avcuux Hanpyz ma cmpymie I'THC-2 306Hiuinb0i ycmanosxku, uio popmye Ha akmueHo-iHOyKmMueHoMy Ha6anmaxceHHi Mikpoce-
KYHOHI imnynvcu Hanpyzu amnaimyooiro 00 +2 MB i cmpymy amnaimyooro 0o £150 kA npu enexkmpuuniit enepeii, ujo 3anaca-
emucsa, 00 1 M/Dxe. lanuit zenepamop nooyooeanuii Ha 0CHOGI PO3MIULEHO20 8 NOTBLOBUX YMOBAX MOOEPHI308AH020 cCIMAUioHaAp-
Hoz2o zenepamopa I'THC-4 na nominanvny nanpyzy +4 MB i nominansnuii cmpym amniimyoor +£75 KA 3 enekmpuuHor enepei-
€10, W0 3aNACAEMBCA 6 11020 6UCOKOBONbMHUX KOHOEeHCamopax, Hominanvuum snayenuam 1 M/Duc. Ilpugedeni onucu cxemnux i
KoncmpykmugHnux eupimens 2enepamopa I'THC-2, w0 0o3éona10me 3a6e3neuumu npu 306epexncenni 0CHOBHOT eneKmpomexHiy-
Hol enemenmnoi 6asu zenepamopa I'NHC-4 ompumanns na 00620my po3paAOHOMY NOGIMPAHOMY RPOMINCKY 060€1eKmpPOoOHOT
CUCMeEMU «20]IKA-NAOCKICMb) IMARYIbCI6 CIPYMY MIKPOCEKYHOHOT mpueanocmi 3 R00BOECHOI0 AMNIIMYO0I0 6 NOPIGHAHHI 3 napa-
Mempamu imnyavcie cmpymy, wio gopmyromsca é po3paouomy koai zenepamopa I'HC-4 3 eukopucmannuam ananoziunoi 06o-
enekmpoonoi cucmemu. Ilepesedenns zenepamopa I'THC-4 6 pescum pooomu zenepamopa I'HC-2 i3 3menuwenum yogiui pienem
euxionol imnynvcHoi nanpyzu i 30in1buieHUM YOBIui pigHeM GUXIOHO20 IMNYILCHOZO0 CIPYMY 00YMOB1EHO 6UMOZAMU CHIAHOAGPMIE
HATO AECTP-250: 2014 i CLLIA MIL-STD-464C: 2010 npu éunpooysanuax mexuiunux o06'ckmieé na enekmpomazHimmy cymic-
Hicmb [ HechpUIHAMHKICMb 00 il HA HUX NOMYMCHIX €IEKMPOMACHIMHUX 3A8aA0 80 AMMOCHEPHUX 2PO308UX CUTNLHOCHPYMHUX
enekmpuynux po3pacie (dauckasox). bion. 19, puc. 6.

Kniouoei cnosa: HaiBHCOKOBOJILTHHI CHIILHOCTPYMHMII reHepaTop iMIyJIbCiB HANIPYIH i CTPYMY, TeXHi4Hi 00'€KTH BilichbKo-
BOI'0 NPH3HAYEHHS, CTAHAAPTH BUNIPOOYBAHb HA €1eKTPOMATHITHY CYMiCHICTB i 0JIMCKABKOCTIHKICTD.

Ilpeonoscena u anpobuposana Ho6as cxema ROCMPOEHUA MOWIHO20 CEEPXBHICOKOBOILINHOZO CUTLHOMOYHO20 2eHEPAmMOpa UM-
nynscuvix Hanpaxycenuil u mokoe I'HHT-2 napysycnoii ycmanogxu, gpopmupyrouiezo na akmugHo-unHOYKMuUGHol Hazpy3Ke MuK-
POCEKYHOHbBLE UMNYIbChl HARPANCEHUA AMRAUmMYOol 00 £2 MB u moka amnaumyooii 0o £150 kA npu 3anacaemoit Inexmpuue-
cKoit anepzuu 00 1 M/Ixc. /lannsiii zenepamop nocmpoen Ha 0CHOGe PA3MEU|CHHOZ0 6 NONEBbIX YCTIOGUAX MOOEPHUZUPOBAHHOZ0
cmayuonapnozo zenepamopa 'HHT-4 na nomunanvnoe nanpaycenue +4 MB u nomunansnwtit mox amnaumyooii =75 kA c 3a-
nacaemoil 8 €20 8b1COKOGOILMHBIX KOHOEHCAMOPAX INeKmpuyeckoii Inepeueil Homunanvnvim snauenuem 1 M/Ixnc. Ilpugedenst
ORUCAHUA CXEMHBIX U KOHCMPYKmugnwvix pewenuii zenepamopa I'HHT-2, no3eonaouux obecneuums npu coOXpaneHuu 0cHog-
HOIL J1eKmpomexHuyecKkou nemenmuou 6azvt 2enepamopa F'HHT-4 nonyuenue na Onunnom paspaonom 6030yuiHOM npome-
JHcymKe 08YXINeKmpPOOHOl CUCHEMBL (UNA-NI0CKOCHIb) UMRYI6CO8 MOKA MUKPOCEKYHOHOU OIUMEIbHOCHU ¢ YOBOCHHOU aMm-
RAUMYOO0U RO CPAGHEHUIO C RAPAMEMPAMU UMNYIILCO8 MOKA, hopMupyemusix 6 pazpaonoii yenu zenepamopa I'HHT-4 ¢ ucnonp-
306anueM AHANOZUYHOU 08YXINIeKMPOOHOIL cucmembl. Ilepesod zenepamopa T HHT-4 ¢ pescum pabomur zenepamopa THHT-2 ¢
YMEHbUIEHHBIM 8060€ YPOGHEM GbIXOOHO020 UMNYIbCHO20 HANPANICEHUA U YEENULCHHBIM 6060€ YPOGHEM BLIXOOHO20 UMNYIbCHO20
moxka odycnoenen mpeoosanuamu cmanoapmoe HATO AECTP-250: 2014 u CIHIA MIL-STD-464C: 2010 npu ucnsimanusax
mexHu4eckux 00veKmo6 Ha IIEKMPOMAZHUMHYIO COBMECHUMOCHb U HEGOCHPUUMUUBOCHb K 6030€HCMEUI0 HA HUX MOUIHBIX
INEKMPOMAZHUMHBIX HOMEX OM AMMOCPHEPHBIX 2PO30BBIX CUTbHOMOUHBIX IJIEKMPUUECKUX pazpaooe (moanuii). budn. 19, puc. 6.
Kniouesvie ciosa: ¢BepXBBICOKOBOJIBTHBIH CHIILHOTOYHBII FeHEPATOP MMITYJIbCOB HANPSIKEHUS] U TOKA, TEXHUYeCKHE 00beK-
ThI BOEHHOT0 HA3HAYEHNUs, CTAHJAPTHI HCIBITAHHIA HA 3JIEKTPOMATHUTHYIO COBMECTHMOCTH M MOJTHHECTOHKOCTB.

I[ocTranoBka npodsemsl. B coorBeTcTBHE € Tpebo-
BaHUAMH JeicTBytomux cranaaproB HATO AECTP-250:
2014 [1] u CIOHA MIL-STD-464C: 2010 [2] mpu ucmsiTa-
HUSX Pa3TUYHBIX 0OBEKTOB BOOPYKEHUS M BOCHHOW TeX-
HuKd (OBBT) Ha sneKTpOMarHuTHYI0 COBMECTHMOCTH
(BMC) u cTolKOCTh K NPsIMOMY (KOCBEHHOMY) €M CTBHIO
Ha HUX MOIIHBIX 3JEKTPOMAarHuTHeIX nomex (MOMII),
BBI3BaHHBIX aTMOC(EPHBIMHU I'PO30BBIMU CHIBHOTOYHBIMHU
HCKPOBBIMH JIEKTPUUECKUMH paspsgaMu  (MOJIHHUSIMH)
[3-5], TpeOyeTrcst B 30HE pa3MEIeHHs Ha UCIBITATECIBHOMN
miomanke ykazanHeix OBBT ¢dopmupoBats B OkpyKaro-
IIeM UX BO3IYITHOM MPOCTPAHCTBE 33 CUET NMPOTEKAHHS B
HEM HCKPOBOTO KaHaja MCKYCCTBEHHOW MOJHHH C 0OJb-
muM UMITyasCHBIM TokoM (BUT) Takue cuibHBIE 3Jek-
TPUYECKHE U MAarHUTHBIE TIOJIS, KOTOPBIE TOJKHBI Xapak-
TEepU30BaThCsl CKOpocThio HapacTaHusi BUT monHuu no-
psimka 10" A/c mpu ero ammmatyze g0 (100-200) KA.
IIpu 3TOM CKOpOCTH HapacTaHHs HAIPSKEHHOCTEH 3JIeK-
TPUYECKOTO U MAarHUTHOIO ToJiel B OJMKHEW KPYroBOU
30HE paguycoM 7. 10 (3-10) M OT MCKpOBOro KaHaja HC-
KYCCTBEHHOW MOJIHMM JOJDKHBI COCTaBIISITH COOTBETCT-

BenHo nopsaaka 10" B/(mc) u 10° A/(m-c) [1, 2]. T
obecrieueHHs BBITIOJTHEHUS TAKUX JKECTKUX TPeOOBaHUH K
aMIUTNTYJHO-BpeMeHHbIM Tapamerpam (ABII) BUT wuc-
KyccTBeHHOW MoiHMH U MDOMII HeoOXoauMBI COOTBET-
CTBYIOIIIMC MOIIHBIEC CBEPXBBICOKOBOJIbTHBIE CHUJIBHOTOY-
HBIC HCIBITATSIILHBIC 3JICKTPOYCTAHOBKHU, CIIOCOOHBIC Ha
OTKPBITOM BO3yX€ UMHUTUPOBATH B6J'll/131/l Win BAaJIU OT
ucnbiTeiBaeMbix OBBT mnuaHBIC (mmuHOH 1| M 1 Oonee)
HCKPOBBIC AIEeKTprueckue paspsiasl (Moaaun) ¢ BUT yka-
3aHHbIX ABII. Pa3zpaboTka n cozganue 1mo00HOTO CBEpX-
BBEICOKOBOJIBTHOTO (HA BBIXOJHOE WMITYJIBCHOE HaIpsDKe-
Hue amrumtynoi | MB um Oonee) cunpHOTOWHOTO (Ha
BBIXOJTHOW MMIYJIBbCHBIA TOK amMmuuTynoi 100 kA u 6o-
Jiee) HCIBITaTeIFHOTO 3JIEKTPOOOOPYIOBAHHS CONPSIKEHO
¢ OonpiuMK (PUHAHCOBBIMH U MaTEpUAIbHO-TPYAOBBIMU
3arparaMu. MI3BeCTHO, 9TO CTOMMOCTH COOPY>KEHHS TaKO-
IO CIEIHAIbHOI0 HCIBITATEIBHOTO 3JIEKTPOOOOPYI0Ba-
Husl, pa60Ta}omer0 B MHUKPOCCKYHJIHOM BPEMEHHOM JHa-
Ma30HEe TCHEPUPYEMBIX Ha 3JICKTPUYECKOH Harpyske
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HMITyJIbCOB HANpsDKEHHS M TOKA, COCTAaBISIET IOPSAKa
1000 $ USA 3a 1 /I 37eKTpUYECKOMN DHEPTHH, 3amacae-
MO B €ro eMKOCTHOM Hakomnwurene 3uepruu (EHD) [6].
[MosToMy npu sHeproemkoctu Ttpebyemoro mo [1, 2]
CBEPXBBICOKOBOJIFTHOTO CHIBHOTOYHOTO HCIBITATENbHO-
ro anekTpoobopynoBanus nopsiaka 1 MJDk mis ero co-
OpyXeHHsI B YKpanHe HeoOXOAWMBI CpEJCTBA HE MEHee
1 M. $§ USA. B at0ii CBSI3U 11€1€CO00pa3HBIM IS €ro
pa3pabOTIMKOB TEXHUYECKHM DPEIICHUEM SIBISETCS COOT-
BETCTBYIOIIAass MOJEPHHU3aLUs ACHCTBYIOIINX T'€HEpaTo-
poB UMITYyIIECHBIX HanpspkeHnid U TokoB (TMHT), obecte-
YHMBAIOIIAs BBIIOJHEHWE TPEOOBAHUI HOPMATHUBHBIX
JOKyMeHTOB [ 1, 2].

B 1970-x romax nnsi WCHBITAaHUHA JJIEKTPUUYECKOM
NPOYHOCTH HAPYKHOW (BHYTPEHHEH) N30JSILUN O0BEKTOB
anexTposHepreTukd 1 OBBT na OMC u MosHuecToi-
KOCTh Ha 3KCIIEPUMEHTAILHO-UCIIBITATEIbHOM IOJIUTOHE
HUITKU «Momausty HTY «XIIW» (mrt AHApeeBka,
XapbKOBCKOM 00J1.) OB CO3/1aH MOIIHBIH T€HEepaTop TH-
ma 'MHT-4 srtaxkepodyHOro Tuma, XapaKTepU3YIOIIUHCS
HOMHHAIBHBIM BBIXOJHBIM HampspkeHuem U,=+4 MB
P HOMMHAJIBHOM 3alacaeMoOi B €ro BBICOKOBOJIBTHBIX
KOHJIEHCATOpax dJEKTPUIECKON sHepruu, paBHor 1 MJIx
[7]. N3onsmmonnas Hecymas koHcTpykuus (MMHK) storo
reHeparopa Oblla BBITIOJHEHA HA OCHOBE 576 mT. dhapdo-
POBBIX omopHbIX H3ossiTopoB THrna KO-400C, Ganok u
PacKoCOB U3 JIPEBECHOr0 CIIOMCTOrO IUIACTHKA THIIA
JACIIB-3-40, a ero wu3oJsMOHHAs 3alMTHas (Orpax-
Jlaroliasl) KOHCTPYKIUS — Ha 0a3e CTEeKJIOIUIACTHKOBBIX
Tpy0 TMnma TCIIO m CcTEeKIOIaCTHKOBOTO PYJIOHHOTO
JEKTPOTEXHUUECKOro Matepuana tuna POM-0,8 [6, 7].
[punsaras B xorctpykuun [MHT-4 cxema moctpoeHUs
ero 3apsgHo-paspsnHoro koHtypa (3PK), mpuBenennas
U ommcaHHas B [8, puc. 12], obecnieunBana noiaydeHrne Ha
aKTHBHO-UHIYKTHBHOW Harpyske (HampuMep, IpH 3JeK-
TPUYECKOM MPOOOE IIMHHOTO BO3IYILIHOTO Pa3psaHOTO
NPOMEXYTKa JJIMHOU /,=3 M B IByXdJIEKTPOAHOU CHCTEME
«WIJIA-TJIOCKOCThY) 3aTyXalOIIero CHHYCOUAAIBHOIO UM-
IIyJIbCA TOKA C aMIUIMTYJOM €ro IepBOM MOJIyBOJIHbI JJIN-
TeJabHOCTBIO 0 11 Mkc He Oonee [,,~+75 xA [7, 9].
Crenyer yxkaszarb, uro 3PK reneparopa 'MHT-4 Obut
BBINOJIHEH 0 KJIACCHYECKOW IBYXIIOJSIPHON cxeme Ap-
KameeBa-Mapkca, comepxamnieit 16 3meKTpuaecknx Kacka-
OB W COOTBETCTBEHHO 32 pa3HOIMOIIPHO 3apspKaeMbIe
€ro CTYIEHHU O MOCTOSIHHOTO HOMHHAJIBHOTO HarpsiKe-
Hust Uc~+£125 kB, pa3zgeneHnsle Mexay coboir 16 nByx-
IEKTPOJHBIMUA HEYNPABISIEMBIMH BO3LYLIHBIMH KOMMY-
TaTOPaMH, BBIMOJIHEHHBIMHM B BHJIE CTaHIAPTHBIX IIApO-
BbIX paspsnuukos (IIIP) muamerpom 125 mm [7]. B co-
CTaB Ka)kJIOW CTYIEHH 3JEKTPUUECKUX KACKaJ0B BXOIUIIO
1o 4 WT. BHICOKOBOJIbTHBIX KOHAEHCATOPA B MeTajlIHye-
ckoM kopmyce thna KBMI'-125/1 (HomuHanmbHOE 3apsia-
Hoe Hampspkenue Uqs~*125 kB; anekrpuueckas eMKOCTb
C=1 wmx®) pazpadorku HUIIKU «Momauss» HTY
«XIIN». B pesymsrate 3PK renepatopa TMHT-4 nmen
128 mr. konnencatopoB tuna KBMI'-125/1. B stoii cBs-
3 eMKOCTh «B pazpsne» C, JaHHOTO TeHepaTopa COCTaB-
jsuta okojio 0,125 mx®, a HOMHHAIBEHOE 3HAYEHUE 3arla-
caeMOi B €ro KOHJIEHCaTopax >JEKTPUYECKOW SHEpPruu
Wg=0,5CdUex2 6bu10 paBHbiM 1 MJDk. B nByXmossipHbIX
Hensix 3apsjga (1o JBe Ha KXY 3JIEKTPHYECKYH I0-
nsapHocTh KoHzaeHcatopoB C ero 3PK) yka3aHHBIX KOH-

nercaropoB reneparopa ['MMHT-4 Oputnm ycTaHOBIICHBI
OJTHOCEKIIMOHHBIE BBICOKOBOJIBTHBIC 3apsJHbIC PE3UCTO-
pel Rc HomMuHanoM 500 Om B komudectBe 32 mT. (1O
8 IIT. Ha KaXXIyI0 M3 YEThIpeX 3apsiAHBIX BETBEHl cTyme-
Hell ero KackajoB), BBIIIOJHEHHbIE HA OCHOBE HHUXPOMO-
BOH IIPOBOJIOKM, HAMOTAaHHOW Ha JUIMHHYIO CTEKJIOILUIa-
CTHKOBYIO TpyOy W 3aJIMTOI SMOKCHIHBIM KOMIAyHIOM
[7, 9]. 3PK reneparopa T'MHT-4 conepan 16 pa3psaHbIx
OJTHOCEKIIMOHHBIX PE3UCTOPOB R, (1O 8 MIT. I Kaxmoi
U3 JIBYX Pa3HONOJISIPHO 3apsKacMbIX BETBEH CTyleHEH
ero kackanoB) HomMuHaoM 110 kOM, KaXIbelid U3 KOTO-
PBIX OBUI M3rOTOBJICH HA OCHOBE ITOCIIEOBATENBHO 3UI3a-
rooOpa3HbIM 00pa30M COETUHEHHBIX W 3aKPEIJICHHBIX Ha
MPSIMOYTOJIBHOM TeTHHAaKcOBOM miuactuHe 50 mT. mocro-
SIHHBIX KEpPaMUYECKMX OOBEMHBIX COIPOTHUBICHHH THIIA
TBO-10-2,2 xOm u paccuuran Ha HanpsbkeHue +500 kB
[7, 9]. Bce kackanst reneparopa TTHT-4 B 30He pa3me-
meHus ux P ObuM OCHAIEHBI YCHOKOMTENIBLHBIMU pe-
sucropamu Rc, HomuHamoMm 0,5 OM, H3roTOBJICHHBIMHU
MyTeM HAaMOTKH HHUXPOMOBOW IIPOBOJIOKM Ha KOPOTKHE
CTEKJIOIUIACTUKOBBIC TPYOBl M 3aJMBKH €€ 3MOKCHIHBIM
kommayHzaoMm [7, 9]. B pexume paspsaga KOHISHCATOPOB
3PK reneparopa 'MHT-4 Ha 3meKTpHyYecKyl0 Harpys3Ky
3a CUET JIEBSITU YCIIOKOUTENbHBIX PE3UCTOPOB Rc, B €r0
pa3psAAHYIO IEMb BKIOYAETCS CyMMapHOE aKTHBHOE CO-
npoTuBieHue, paBuoe Rcs~4,5 Om. ABII dopmupyembix
Ha JJIEKTPUUYECKONW Harpy3ke HMIIYJIbCOB HAIpPSKCHUS
(Toka) ompenensuuck BeibopoM B 3PK manHOro resepa-
TOpa YpPOBHS M HOJISIPHOCTH 3apsaHOTO HampspkeHust Uc
CTYIEHEH ero 3JIeKTPUIECKNX KaCKaJIOB, a TAKXKe HCIIOIb-
3yeMBIMH Ha €ro BBIXOJE€ CXeMaMH (OPMHpPOBaHHS Tpe-
OyeMbIX SJIEKTPHYECKHX CHTHAIOB. IIpuHATas B KOHCT-
pykumnu rtenHepatopa [MHT-4 cxema moctpoenms 3PK
MPUBOJMIIA K HOIYyYCHHUIO HAa BBIXOJE €r0 CBEPXBBICOKO-
BOJIbTHOM pa3psiAHON LN JOCTATOYHO BBICOKOI'O YPOBHS
yIenbHOH COOCTBEHHOH WMHIAYKTHBHOCTH JaHHOTO THIIA
reHeparopa, cocrasistouiero g0 20 mx['w/MB [7, 9].
B 27011 cBA3M COOCTBEHHAs! HHIYKTHBHOCTD L, paspsiHO
uenu resepatopa tuna [ MHT-4 npu U,=+4 MB cocras-
ssina okosio 80 Mk['H [7-10]. OTHOCUTENBEHO Majnoe 3Ha-
yeHue emkoctu «B paspsage» C,~0,125 Mk® u orHOCH-
TEJILHO OOJIBIIOE 3HaYeHHE COOCTBEHHOM MHITyKTHBHOCTH
L,~80 mxI'n reneparopa tuna I'MHT-4 npuHnMnuanbsHo
HE TO3BOJIIIOT C €ro MOMOIIBIO BBIMOJIHUTH PAacCMaTpH-
BaeMble Hamu TpeOoBaHus cranmaptoB HATO AECTP-
250: 2014 [1] u CIOHA MIL-STD-464C: 2010 [2] mpu
ucnsiTanusgsx OBBT na OMC, neiictBue Ha Hux MOMII u
MOJIHUECTOMKOCTb. M3  NPHBENEHHBIX TEXHUYECKUX
xapakTepucTuk reHepatopa tuna I'MHT-4 Buano, dro
NPUMEHUTENBHO K TPeOOBaHUSIM, M3JIOXKEHHBIM B [1, 2],
€r0 OCHOBHBIM HEJIOCTATKOM SIBJISIETCSI OTHOCUTENILHO HU3-
KU ypoBeHb (POPMHPYEMOTO MM Ha JJIEKTPUYECKOH Ha-
rpy3ke (Hampumep, Ha UIMHHOM BO3JYIIHOM pa3psIHOM
npomexxytke) BUT wuckycctBenHo Momuum (He Ooree
1,,~+75 kA). B 3T0i1 cBsI3M aKTyallbHOM MPUKIIAJHOM 3a1a-
4ell sBIISeTcs Ta, KOTOpasl HallpaBlieHa Ha MOAEPHH3ALHIO
3PK cBepXBBICOKOBOIBTHOTO TeHepaTopa tuma ['MHT-4
C LENbI0 PEabHOT0 MPUONIMKEHHUS C €r0 MOMOIBIO K BbI-
nonHenuo B HUTTKU «Momaus» HTY «XIT» ocHOBHBIX
TpeOOBaHMII HOPMATUBHBIX JOKYMEHTOB [1, 2] npu ucnbl-
tanussx OBBT na OMC, Bo3zielcTBHE HA HUX COOTBETCT-
Bytorux bBUT, MOMII 1 MOJTHUECTOMKOCTB.
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Heabo cTaTby sBIsAETCA pa3paboTka W anmpoOamms
Ha OCHOBE CYIIECTBYIOIIETO CBEPXBBICOKOBOJIETHOTO Te-
Heparopa tuna ['MMTHT-4 HOBON cxeMbl OCTPOEHUSI €ro
3PK u co3zmanue MOJAEpHU3UPOBAHHOTO MOIIHOTO CBEPX-
BBICOKOBOJIBTHOTO ~ CHJIBHOTOYHOTO TeHepaTopa THIa
I'MHT-2 nnst hopMupoBaHus Ha SIEKTPUUECKON HArpy3Kke
MUKPOCEKYH/IHBIX MMIIYJbCOB HAIPSDKEHUS aMIUIUTYIO0H
1o +2 MB u Toka ammomatymoit 1o +150 kA mpu 3amacae-
Moii B ero EHD snexrpudeckoit sneprun g0 1 MJ[x.

1. PesyabTaTthl pa3zpadorku HoBoi cxembl 3PK
MOJIePHHU3UPOBAHHOTO0 MOIIHOTO CBEPXBBICOKOBOJBT-
HOr0 CHJIBHOTO4YHOro reneparopa I'MHT-2. Ilpu mo-
nepuuzamuu  3PK MoOIIHOro  CBEpXBBICOKOBOJIBTHOTO
cuIbHOTOYHOTO TeHepatopa tuna [MMHT-4 Hame ocHOB-
HOE BHIMaHHE OBLIO HAIpaBJICHO HAa YBEIHMYCHHE €MKO-
cTu «B paspsne» C; U yMeHbLIEHHE COOCTBEHHON MHIYK-
THBHOCTH L, JJAHHOIO TeHepaTopa. 3a CYET TaKMX MEpO-
MIPUATHHN U HAC CTAHOBUTCSI PEANBHBIM JOCTHYH IIEITH,
onpenenssemMolt st ucneiteiBaeMbix OBBT nHopmaTus-
HbIMA JokyMeHTamu [l, 2]. Ilpm 3TOM HempeMeHHBIM
yCIIOBHEM SBIBLIOCH coxpaHeHue B ero 3PK ocHoBHOI
JIEKTPOTEXHMYECKOH 3IEMEHTHOI 6a3bl TeHepaTopa THIa
I'MHT-4.

Ha puc. | mpuBeneHa nmpuHIUNHATIBHAS DIIEKTpPHYE-
CKasl CXeMa MOJIEPHU3MPOBAHHOTO MOIIHOTO CBEPXBBICO-
KOBOJIBTHOTO CHJIBHOTOYHOTrO reHeparopa tuna ['MHT-2,
conepkamero B ceoeM 3PK mpu ero emkoctn «B paspsi-
ne» C~0,5 Mmx® BoceMb JJEKTPUUECKHUX KacKalloB, BO-
ceMb HeynpasisieMblXx Bo3ayliHbeix P nuamerpom
125 mm, omuH ympasisembii TP TpurarponHoro Tuma
u 128 mT. BBHICOKOBONBTHBIX KOHIEHCATOPOB THIA
KBMI'-125/1.

B 3PK renepatopa tuna 'MHT-2 pa3psaHbie oaHO-
CeKIIMOHHBIE pe3ucTopsl R, HomMmHaIOM 110 xkOMm (o
4 mT. Ha KOXAYI0 MOJIPHOCTH €ro ABYX BETBEH 3apsia
BBICOKOBOJIBTHBIX KOHJeHCaTopoB C CceKUui BCeX KacKa-
moB) ocrammch mnpexHumu w3 3PK  rereparopa
tuna TMHT-4.

Ha puc. 2 nokasan o0muii Buzg reneparopa [ MHT-2.

Ha puc. 1 B xauecTBe o0bekra ucteitanmii (ON) BEI-
CTymaeT NBYXIJIEKTPOJHAs paspsHas CHCTeMa «urja-
IUIOCKOCTBY, JUIMHA [, BO3AYIIHOTO IPOMEXYTKa B KOTO-
poif MOXKET U3MeHsThes oT 1 1o 4 M. BumHo, 9T0 B OT/IH-
yhe OT CXEeMbl NOCTpoeHus reHeparopa tuna I'MHT-4
HoBbIH 3PK renepartopa tuna [THT-2 B kaxxao¥ cTyneHu
CBOMX DJJIEKTPUYECKHX KAacKaZoB COAEPKUT IO BOCEMb
koHzaeHcatopoB Turma KBEMI-125/1. Tlpu mapamiensHOM
3apsae 10 HanpsbkeHus Uc COOTBETCTBYIOLIEH MOJIIPHO-
CTH 3THX KOHJCHCATOPOB Yepe3 3apsaHble Pe3UCTOPH R¢
HoMuHANIOM 30 KOM CTymeHH BceX KacKaloB TaJbBaHU-
YEeCKH COEANHEHBI MEXy COO0I MOCpPEeICTBOM 3aMMCTBO-
BaHHbIX OT 3PK I'MHT-4 3apsaHO-pa3neauTenbHbIX CO-
MIPOTHUBIICHUH R o HOMHUHATIOM 180 OM, He y4aCTBYIOIIHX
B CWJIBHOTOYHOM LIeNH pa3psana reHeparopa tuna I'MHT-2
(cm. puc. 1) [11]. B pexume paspsaga depe3 BO3AYIIHbIE
P Fi—Fg ¢ yCIOKOUTENbHBIMU PE3UCTOPAMHU R, HOMHU-
HasioM 0,5 OM CTymeHu BcexX KacKaloB MeEXay coOoi
MOJKJIIOYAIOTCS MOCIEI0BATENIBHO, UYTO OMpEIesieT eM-
KOCTh «B paspsizey» Kaxaoro kackana, papayo C—4 mx®.
C yuerom TOro, 4ro NpH pas3psAe TIeHepaTopa THIa
I'MHT-2 na OU Bce ero BoceMb dJIEKTPUUECKUX KACKa0B

| I W W iy S I |
C C==C=C|R C==CxC=x=C
Orellre TATIiTATL = TAiTATIT
o I oion o b b wmd| |Ry| (R,
e Roa 1o |
-1, 0 050u ¥0m | 501
R - L1

s
—e |

K TTH

Puc. 1. IlpuHuunuanbHas 3IeKTpU4ecKas cXeMa MOJIEPHU3HPO-
BAaHHOT'O MOIIHOTO T€HEPATOPa UMITYJILCHBIX HAPSDKCHUH U
tokoB ' MHT-2 Ha HOMHHANBHOE HanpshkeHue + 2 MB, Homu-
HaJIbHBIN TOK + 150 KA ¥ HOMHHAJIBHYIO 3aI1aCaeMyI0 B €r0
KOHJIGHCATOpax IeKTpudecKyto sHepruro 1 MJIx, cobpanaoro
Ha 0a3e reHepaTropa UMILYJIbCHBIX HAIIPSDKEHUI U TOKOB
I'MHT-4 na HoMuHanbHOE HanpsbkeHue + 4 MB, HoMuHanbHbIH
TOK + 75 KA 1 HOMHHaNIBHYIO 3amacaeMyto B ero EHD anexrpu-
yeckyto sHepruio 1 M/Ix (kupHOI TMHUEH oKa3aHa HOBas
paspsiIHas Lelb CBEPXBBICOKOBOIBTHOTO CHIIBHOTOYHOTO
TeHepaTopa)
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Puc. 2. BHemnuii B MOAEPHU3UPOBAHHOIO MOIIIHOI'O CBEPX-
BBICOKOBOJIPTHOI'O CHJIBHOTO4HOTO reHeparopa tuna TMHT-2,
COJIepKalllero MIIOCKUM CO CKaTOM CTaJIbHOM IKpaH-KPBIIILY
IPAMOYTOJIbHO (hOPMbI MIIOMAIEI0 60 M ¢ KPYTIBIMHU 3aKpaK-
HaMmH (Ha nepenHeM miane 11 usmepenus ABII popmupyembix
Ha 00BEKTe UCTIBITaHNIl UMITYTbCOB HATIPSKEHHUSI YCTAaHOBIIEH
OMHYECKUH enuTenb HanpspkeHus Ha £2,5 MB tuma O/IH-2)
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COCIMHAIOTCA B BOCXOIIYI0 K CTalbHOMY OJKpaHy-
Kpeime (cM. puc. 1) mocienoBaTenbHyO Ieb, TO 3Haye-
HHE €MKOCTH «B paspsae» C, Takoro reHeparopa CTaHO-
Butcs paBHbIM 0,5 Mx®. BuaHo, 4TO 3HAYEHHE ITOU €M-
koctu reneparopa 'MHT-2 B 4ersipe pasa crano 06ojb-
LIMM 10 CPaBHEHMIO C EMKOCTBIO «B paspsiae» C, reHepa-
topa tuna 'MHT-4. Baxxno ykasats T0, 4t0o B 3PK rene-
patopa tuna I'MHT-4 pa3psanad nens ero 16 mr. snek-
TPUYECKUX KACKaJOB IPOUCXOAMIA IO BOCXOJIIEH CHU-
3y-BBEpX K DJKpaHY-KpBIIIE CIHAPAaT OTHOCHTEIBHO
6onpmoro auametpa (mo 6 M) [7, 9]. Ilpu 3ToM Ha oxwH
BHUTOK JaHHOW CIHPAJH MPHXOIWIOCH YETHIpE JJIEKTPH-
YecKHX KacKaga 3TOro TeHeparopa. B MomepHH3HpOBaH-
HoM 3PK reneparopa 'MHT-2 (puc. 3) pa3psianas nens
€ro BOCBMH 3JIEKTPUYECKUX KAaCKaJ0B OCYLIECTBISETCA
[0 BOCXOMSIIEMY CHHU3Y-BBEPX K IKPaHy-KpBILIE JHHEH-
HO-OM(UISIPHOMY NIETIIEBOMY IYTH OTHOCHTEIIBHO MasloH
mmpuHbl (1o 3 M). B pesynbrate Takoi mpeuioskeHHOH
koHCTpykimu HoBoro 3PK ynenpHas coOcTBeHHAs WH-
OYKTHBHOCTh CBEPXBBICOKOBOJIFTHOTO TeHEepaTopa THIa
I'MHT-2 crana cocraBustts a0 10 Mx['#/MB. ITpu HOME-
HAJIBHOM BBIXOJHOM HampspkeHnn U,=+2 MB co0cTBeH-
Hasg MHIYKTHBHOCTH L, JJAHHOIO TEHEPaToOpa yMEHBIIH-
Jlach B YeTBIPE pas3a Mo CPaBHEHHIO C COOCTBEHHOW WH-
AyKTUBHOCTBIO L,~80 MKI'H reneparopa tuna I'MHT-4 u
ctana He mpeBbimiate 20 Mx['H (mpu Beicore MHK pac-
CMaTpPHUBAEMbIX MOIIHBIX TeHepaTopoB 110 12 M [7, 9]).

"

[SL3

% = . .
Puc. 3. BHelHuii BU OCHOBHBIX AJIEMEHTOB MOJIPHU3UPOBAHHOTO
3PK reneparopa tuna 'MHT-2, coctaBnsaBux paHee
3JIEKTPOTEXHUYECKYIO JJIeMEeHTHYI0 0a3y renepatopa ' THT-4

3apsanbeie conpotuBineHus R B 3PK renepatopa
I'MHT-2 no TEeXHOJOrMYECKUM U TEXHUYECKUM IpPUYU-
HaM (A1 BO3MOXKHOCTH HCIIOJIB30BAaHHS B JalbHEHIIEM
3PK renepatopoB ['MHT-4 u TWHT-2 npu co3manuu
CBEPXBBICOKOBOJIBTHOTO TEHEpATOpa amepHOANYECKUX
KOMMYTAIIMOHHBIX UMITYJIbCOB HAIPSHKEHHUS CTAaHIAPTHOU
BpemeHHoO# (opmbr 250 Mrc/2500 mkc [12]) mpunuiocs
3aMEHUTH Ha «HOBBIE» JIByXCEKIMOHHbBIE CONPOTUBICHUS
HomuHaIoM 30 kOM u gymHO# okoso 1500 MM (puc. 4).

Puc. 4. O0umii BUI KpYIIIBIX WIMHIPHIECKHX «CTAPBIX» (BHU3Y)
U TJIOCKUX MPSIMOYTONIBHBIX «HOBBIX» (BBEPXY) 3apAIHBIX
pe3uctopoB R coorBeTcTBeHHO HOMUHANIOM 500 OM 1 30 kOM,
BXoasAmux B coctaB 3PK coOoTBeTCTBEHHO MOLTHBIX
CBEPXBBICOKOBOJIBTHBIX TeHepaTopoB Tuna [ MHT-4 u Tumna
TMHT-2

Kaxnast cexius «HOBBIX» 3apsiIHBIX CONPOTHUBIIE-
Huii Rc B 3PK renepatopa [MMTHT-2 6buta n3rotoBieHa u3
MOCJIEIOBATEIbHO M 3Ur3arooOpa3HO  COENMHEHHBIX
50 mr. KepaMH4YeCKMX OOBEMHBIX  PE3HCTOPOB
TBO-5-300 Om, pa3MeIIeHHBIX Ha IUIOCKOH IpsIMO-
YTOJIbHOW T€THHAKCOBOM IUIACTUHE M 3aJIMTBHIX AIIOKCHI-
HBbIM KoMIayHAoM [12].

YkakeM, 4To IpH JOCTHXEHUH Ha KOHJeHcaropax C
3PK renepatopa tuma 'MHT-2 (cMm. puc. 1) 3amanHOTO
YPOBHS 3apsITHOTO HarpspkeHust £Uc OT TeHeparopa Iyc-
KoBbIX uMIynbcoB (I'TIM) Ha ympaBiseMblif BO3MYIIHBIH
paspsaaHuK Fo TpUTaTpoHHOTO McnofHeHus [13] mogaercs
3aIlyCKAIOIUI MHKPOCEKYHIHBIH HMITYJIbC HAIPSHKEHHS
ammutyoi £10 kB (1ossipHOCTE 3TOr0 MMITyJIbCa Olpe-
JIeNIgeTCsl MOJIAPHOCTBIO 3apsaa MEepBOM OT 3eMIIN 3JIeK-
TpUYecKol ceKuuM Kackazna reneparopa). Ilocie cpaba-
TeIBaHus ynpasisemoro P Fy nuamerpom 125 mMm u3-3a
MIOCJIEI0BATEIFHOIO BOHUKHOBEHHUS B KacKajax paspsii-
Hoii nenu 3PK reneparopa I'MHT-2 nepenanpsbxeHuit
MIPOUCXOIUT CpabaTHIBAaHWE IO €r0 BBICOTE BO3IYIIHBIX
P F|—Fg Bcex KacKamoB, YTO MPUBOIUT K (opMupoBa-
Huto Ha O TpeGyeMBIX UMITYIbCOB HANPSDKEHUS U TOKA.
[Tpudem, MOISIPHOCTD BBIXOAHOTO UMITYJILCA HAIPSDKEHUS
U,, renepatopa 'MHT-2 OyneT NpOTHBOIOIOXKHOM I10-
JIIPHOCTH 3apsfa ero NnepBoil OT 3eMJIM CEKIUH 3JIEKTPHU-
4eCKOro Kackasja, MojakIogaeMoi Hanpsamyo k [P Fo.

2. Pe3yabTaThl pacueTHOl W ONBITHOH ampoda-
nuu HoBoil cxembl 3PK MomHoro cpepxBbICOKO-
BOJIbTHOT0 CHJILHOTOYHOro reneparopa I['MHT-2.
CoriacHO 3aKOHOMEPHOCTSIM TEOPETHYECKOH 3JIEKTpPO-
TEXHUKH W3BECTHO, 4TO B RLC— menu NpUMEHHUTENBHO K
3PK ™onepHm3upoBaHHOTO reHeparopa tuma ['MHT-2,
XapaKTEepPU3YIOMIEMyCsl YMEHBIICHHBIM BJBOE YPOBHEM
HOMHUHAJILHOTO BBIXOJHOTO Hampspkenus U, (1o £2 MB)
1 YMEHBIICHHOH B YeThIpe pa3a cOOCTBEHHON WHAYKTHB-
HOCTBIO L, (10 20 MxI'H) 1o cpasnenuto ¢ 3PK reneparo-
pa tuna ['MMHT-4 [7], npu ycnoBuu RC;<2(Lg/Ca,)1/2 am-
nTyaa I, pa3psaHOrO CHHYCOMAAIbHOTO TOKAa Ha €e
BBIXOJIE OY/IeT IPSMO MPONOpIHOHaTbHA BemmunHe (C,)"
[14]. Tak xak emkocTb «B paspsaae» C, reHeparopa Tuma
I'MHT-2 crana B 4yeTbIpe pa3a 0oJbllle COOTBETCTBYOLIEH
emroctu C, reneparopa tuna [MHT-4, To paccmatpu-
BaeMasl aMIUIUTyna [,,) HOMHHAJIBHOTO Pa3psJHOTO TOKa
Ha BbIxone 3PK MomepHH3MpOBaHHOTO TeHepaTopa TUIa
I'MHT-2 nomkHa BO3pacTH B JIBa pa3a MO CPABHEHHIO C
COOTBETCTBYIOIIEH aMIuTynoi /,1~+75 kA Toka [7, 9] B
paspsiaHoi nenu rerepatopa Tuma [MMHT-4 1 coctaBUThH
npumepao +150 xA. XapaxrepHoil ocobenHocThio 3PK
MOJIEpHU3UPOBAaHHOTO  reHeparopa Tuma [WHT-2
ABJISiETCA TO, 4TO Mepuoj| T, KonebaHunii pazpsagHOro Toka
B HeM B cooTBercTBUM ¢ (¢opmynoid Tomcona
T g:Zn(Lng)l/Z:ZI MKc [14] ocTaeTcst mpakTU4YEeCKU HEU3-
MEHHBIM 110 CpaBHEHUIO ¢ BennuuHol T, B 3PK renepa-
topa tuna [THT-4.

PacueTHy10 OIIEHKY MaKCHMAJIbHOTO 3HAYEHUS CKO-
pocTH HapacTaHus paspsgHoro Toka ic B 3PK momepHu-
3upoBaHHOr0 reHeparopa tuna [MHT-2 ¢ OU B Buae
BO3/yLIHOM CHCTEMBl «HUIJIA-IFIOCKOCTB» MOXHO BBINOJ-
HUTB 110 CIIEYIOIIEMY NTPUOIMKEHHOMY COOTHOIICHHIO:

dic/dt ~ 27T, 1, . (1)
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IIpu Tg=21 mkc u 1,,=150 kA no (1) ucxomoe pac-
YeTHOE 3HAUYEHHE MAaKCHMAaJIBHOM CKOPOCTH HapacTaHHs
paspsiagHoro cuHycouaaiabHoro Toka ic B 3PK reneparopa
T'MHT-2 cocTaBUT OKOJIO O,45~1011 A/c. Buano, 4To mo-
JIlydeHHOE YHUCIIeHHOe 3HaueHue dic/dt npubnmxaercs K
TpeOOBaHUSM HOPMATHBHBIX JOKyMeHTOB [1, 2]. Pacuer-
HOC 3HAYCHHE MAaKCHMAJILHOW CKOPOCTH HApACTaHHS B
BO3J[yX¢ HANpsHKEHHOCTH H: MarHUTHOTO IIOJIT BOKPYT
30HBI TPOTEKAaHUS CWJIBHOTOYHOTO KaHala paspsiia OT
reaeparopa [THT-2 ¢ OU B Buae pa3psoHON CHCTEMBI
«HTIIA-TDIOCKOCTE» MOXHO C Y4YeTOM 3aKOHa IIOJHOTO
TOKa ONpPENETUTh [0 CJIEOyIomed NpHOImKeHHOH’
bopmye:

dHcldt ~ Q) \dic/dt =17 T Ly . ()

U3 (2) npu r.~4,46 M, T,=21 Mxc u 1,,;=150 KA cie-
JyeT, 4YTO YHWCIeHHOe 3Ha4deHue dH /dt okasbiBaeTcs
npumepHo pasrbiM 1,6:10° A/(m-c). [HomyuenHnoe 3Have-
Hue dHc/dt TOMHOCTBIO COOTBETCTBYET TpeOOBaHHUAM
u3 [1,2].

Uto Kacaercs pacueTHOM OLEHKHM MaKCUMaJbHOU
CKOPOCTH HapacTaHWsi B BO3AYIIHOW Cpelie HalpsKEeHHO-
cTi E¢ DIIEKTPUYECKOTO II0JISI BOKPYT LIMJIMHIPUYECKOH
30HBI NPOTEKAHUs KaHaia JJIMHHOTO MCKPOBOTO paspsijia
OT CBEPXBBICOKOBOJBTHOrO rexeparopa tuma I'MHT-2 ¢
OU B BUzE CTaHAAPTHOW BO3MYIIHOW pa3psIHOU CHCTe-
MBI «HUTJIa-IUIOCKOCTB», TO €€, C OMHOH CTOPOHBI, MOXKHO
OILICHUTBH IO CIEAYIONIEMY IIPUOIIKEHHOMY BBIPaKEHHIO:

dEC/dtzUCU/(TCla)ﬂ (3)
rne Ucy —HampsbkeHue cpesa JUlsl BBIXOJHOTO MMITYJIbca
U., B paspsnHoii nenu resepatopa [MTHT-2 ¢ yka3aHHbIM
OU B BHIE CHCTEMBI «HUIJIA-IIOCKOCTH»; T¢ — TIpenpas-
pAOHOE BpEeMsS B CHCTEME «HIIIA-IUIOCKOCTBY; [, — IUTHHA
BO3YIITHOTO IMPOMEXKYTKA B CHCTEME «UTTIA-TIOCKOCTHY.

YxkaxeM, uro napametpsl Ucy u T¢, Bxoasmue B (3),
JOJDKHBI OTIPENIENATHCSA B COOTBETCTBHU C TPEOOBAHUSIMHU
JIEHCTBYIOIIEro MexXrocyaapcrsenHoro crangapra ['OCT
1516.2-97 [15]. Ilpu mony4eHHBIX A CHIbHOTOYHOU
LIENH CBEPXBBICOKOBOJIBTHOTO reHeparopa tuma ['THT-2
OIBITHBIX JAHHBIX C pacCMaTpUBAaEeMOH pa3psIHON CcHcC-
TEMOI «UIJIa-IFIOCKOCTh», UMEIOIINX YHUCIICHHbIE 3Haye-
Hus Uc=1180 xB, T¢=1,7 mxc u [,=2 M, u3 (3) noryya-
€M, 4TO B O3TOM CJy4ae HCKOMas BeluuuHa dEd/dt
MPUHAMAET YWCIIEHHOE 3HAa4YeHHWE, pPaBHOE OKOJIO
3,47-10"" B/(m-c). BuaHO, 4YTO MONy4EHHOE pACUETHOE
3HadyeHne dE /dt mpubmmkaercs kK Tpedyemomy 1o [1, 2]
3HAYCHUIO.

Ha puc. 5 mng cimydas onmbITHOH ampoOaruy HOBOU
cxembl 3PK MoaepHHU3HPOBAaHHOTO MOIIHOTO T'eHepaTopa
tuna I'MHT-2 npuBeneHa Tumu4Has oOcLUIIOrpaMMa
MHKPOCEKYHIHOTO MMITyJibca HampspkeHust U, (f), moiry-
YEHHOI'O B CWJIBHOTOYHOM pa3psiIHOM LENU 3TOro reHepa-
topa (U~=*100 kB) npu snextpudeckom npobdoe Ha OU
JUIMHHOTO BO3IYITHOTO MpoMexyTka (/,=2 M) B pa3psi-
HOW CHCTEME «HIJIA-TUIOCKOCTEY». BHIHO, YTO HCKpOBOH
Mpo0O# JaHHOTO BO3AYIIHOTO IPOMEXKYTKA MPOUCXOIUT
Ha HapacTaronel 9acTd GOpMUPYEMOTO U IIPHUIIOKESHHOTO
K HEMy HMITyJIbCa CBEPXBBICOKOTO HampspkeHus. I[lpum
9TOM HMIIyJbCHOE HampspkeHune cpeza Ucy COCTaBisieT
~1180 kB, a mpeapaspsgHoe Bpems ¢ — okoo 1,7 Mkc.

C npyroi CTOpOHBI, C Y4€TOM KJIaCCHUYECKOTO 3JIEK-
TPOJMHAMHYECKOTO COOTHOIICHHS B BO3AYXE MEXIY

HaINpsHKEHHOCTSAMHU 3JIEKTpUUecKoro E¢- u MarHutHoro He
nosnieit B hopmupyemoit s ucnbrranuii OBBT anexrpo-
MaruuTHo# BonHe (E/H~377 OM B nmanbHeil KpyroBoii
30H€ OT MCTOYHHKA DJIEKTPOMArHUTHOTO W3NMy4yeHUs [6])
Juisi BenmunHbl dEc/dt Ha (QpoHTE IepBOW IOIYBOJHBI
HATPSKCHHOCTH E -1 B ONMVOKHEH BO3IYIIHOW KPyro-
BOI1 30He panuycoM 7, <10 M OT KaHana UCKPOBOTO pa3ps-
Jla NCKYCCTBEHHOM MOJIHMM B paccMaTpHBaeMOM CHIIbHO-
TOYHOM pa3psiaHoil uenu reneparopa tuna 'MHT-2 mox-
HO 3aIlCcaTh CIEAyIomee IPUOIIKEHHOE BRIPaKEHHE:
dEc-/dt =377dH -/ dt . 4
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Puc. 5. Ocuusuiorpamma cpe3aHHOTo Ha HapacTarolien 4acTu
HMITyJIbCa HAPSDKEHUS, IPHIOKESHHOTO K JUITMHHOMY BO3YIII-
HOMY IIPOMEXYTKY (/,=2 M) HOIKJIIOYEHHON K CUIIBHOTOYHOM
LIENH CBEPXBBICOKOBONILTHOTO reHepaTopa ' MHT-2 nByxanek-
TPOAHOW Pa3PsIIHON CUCTEMBI «UTTa-TI0cKoCcTh) (U~%100 kB;
Uc=1180 kB; T=1,7 MKc; MacuTal 1Mo BepTUKAIN —
268,2 kB/knetka; Mmacmrad 1mo TOpU30OHTAIH — 2,5 MKC/KIIETKa)

Ha Bo3moxHOCTH ucmonb3oBaHus (GopMyisl (4) B
BBITIOJTHSAEMOM MPUOIMKEHHON pacdYeTHON OICHKE BEJIH-
ynHbl dE/dt yKka3bIBaeT TO, YTO PAacCTOSHUE OT IEHTpa
KaHajla MCKPOBOTO paspsiia UMHTUPYEMOW MOJIHHHM, Ha
KOTOpOE€ pPAaCHpOCTpaHsAETCs IO BO3AYXY IepBasi IOJY-
BOJIHA HANpPSDKEHHOCTH Ec-TIONSL TIPH  3JIEKTPUYECKOM
npo0Ooe BO3IYIIHOTO NpoMexyTka miauHod [,<(1-4) ™M
B JIByX2JIGKTPOJHOW CHUCTEME «HUIJA-IUIOCKOCTB»  JUIs
Tc=<2 Mxc (cM. puc. 5), unciaeHHo He npesbimaer 600 M.
Taxoii moaXox pH pacdeTHOU oneHke dE/dt He TpoTH-
BOPEUYHUT TPEOOBAHMSAM yKa3aHHBIX HAMH BBIIIE JJOKyMEH-
ToB [1, 2]. KpoMe Tor0, MOAOOHBIN MOAX0A MTPUMEHSETCS
npu ouenke ABIT ¢popMupyeMBIX B BO3IYIIHBIX OMMKHUX
30HaX  MMHUTaTOpOB  MOINHBIX  3JIEKTPOMAarHUTHBIX
uMnynbcoB (OMM) HCKYCCTBEHHOTO MPOMCXOXKICHUS
(HampuMep, MHUKpO- M HAHOCEKYHAHBIX OMMU saepHbIX
B3pHIBOB) [16].

Torna u3 (4) npu dHJ/dt=1,6-10° A/(m-c), nonyuen-
HOMY BbIIe 110 (2) npu 7,~4,46 M U1 paccMaTpUBaEMOTO
cayyas (Tg=21 wmxc; 1,,=150 kA), cnenyer, uro dE /dt
MOXET NPUHMAMATh YUCICHHOE 3HA4YCHHE, PAaBHOE IIpH-
MepHo 6,03-10"! B/(M-c). DTo 3HAaUEHHE CKOPOCTH Hapac-
TaHUs 1 dE/dt mpakTHYeCKu COOTBETCTBYET TpeOoBa-
HUSIM, U3JI0’KEHHBIM B HOPMaTUBHBIX JOKyMeHTax [1, 2].

Ha puc. 6 nokazana Tunu4Has OCHWIIOIPaMMa
3aTyXawlIlero CUHYCOMJAIBHOTO Pa3psiIHOTO ToKa ic(f)
(Ty=21 mxkc) B 3PK reneparopa tuna 'MHT-2 npu snek-
TPUYECKOM NpOOOE BO3AYIIHOTO IMPOMEXKYTKA IJIHHOU
/=1 M B pa3psiHON CHUCTEME «HIJIA-TDIOCKOCTbY. M3 naH-
HBIX pUC. 6 caenyer, uro npu ysenuuenuu B 3PK renepa-
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topa TMMHT-2 3apsaHoro HampsikeHus Uc KOHIEHCATO-
POB 10 YpPOBHS HOMHHAJIFHOTO M paBHOro *+125 kB cra-
HOBUTCSI BO3MOXKHBIM IIOJIyY€HUE B BO3LYLIHOW Pa3psil-
HOM CHUCTEME «HMIJIa-INIOCKOCTh» HMITYJIbCOB TOKa C aM-
IUTUTYJION €ro MepBO MOJTyBOIHBI, paBHOIL /,,;~+150 KA.
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Puc. 6. OcunmnorpaMMa UMIyJIbCHOTO TOKA B Pa3psITHOM
CHJIBHOTOYHOH L[ETIN CBEPXBBICOKOBOJIBTHOTO T'€HEpaTopa THIA
I'MHT-2 npu 251eKTpHYIecKOM ITpoOoe BO3IYIITHOTO IPOMEKYTKA
JUTMHOH /,=1 M B pa3psIHOH CHCTEME «UITIa-TIOCKOCTHY
(Uc~=£50 B; 1,,1~62,1 kA; T;=21 MKc; MacIuTad 1o BepTUKaIu
— 22,52 xA/xneTka; MacmTab mo ropuzoHTanu — 10 MKc/KieTKa)

[Tpu mmepernn ABII popmupyembIx B paspsaHOii
uenu reHeparopa [MHT-2 wumnynbcoB HanmpspKeHUs
(cM. puc. 5) ObUT HCIIONB30BAH COTIACOBAHHO BKJIFOUEH-
HBIH B WM3MEPHUTEIBHYIO IEIb CBEPXBBICOKOBOJIBTHBII
OMHYECKHHA JeTUTENh HMITyJbCHOTO HampsDKeHUS Ha
+2,5 MB tuna OIH-2 (cM. puc. 2), umeromuii ko3hdu-
nuent aernenns K,~53,65:10° [17]. Ot OJJH-2 skpasupo-
BaHHas KaOeJbHas JIMHUS CBS3U JJIHMHON 10 60 M coria-
COBAHHO MOJIKIIIOYAJIach K 3alIOMHHAIOIIEMY LU(PPOBOMY
ocimutorpagy Tektronix TDS 1012, pazmenieHHOMY [UIst
YMCHBIICHUS B €r0 pabodeM KaHaje 3JIEKTPOMAarHUTHBIX
HABOJIOK U ITOBBIIICHUS] TOYHOCTH M3MEPEHUN YKa3aHHBIX
ABII Bmamu ot remeparopa tuma [MMTHT-2 u OU B 3a-
rTyOJIC€HHOM SKPaHUPOBAHHOM M3MEPHTEIBHOM OyHKEpe.

IIpu peructpaunu ABII nMiysbcoB pa3psaHOro To-
ka ic B 3PK reneparopa TMHT-2 B kadectBe pabouero
U3MEPHUTENILHOTO CPEACTBA ObUI MCIOJIB30BaH IOBEPEH-
HBIIl TOCYJapCTBEHHOM METPOJIOTUYECKOM CITyKOOH Koak-
cuanpHbli mIyHT Tuna IIK-300 [18] ¢ sxpanupoBaHHOM
KaOeNbHOM JHHHEH CBSA3H JIMHON 10 70 M, UMEIOLIU
koo dunmenr mnpeoOpazoBaHUs, YHCICHHO pPaBHBIN
Ke=1 1,26~103 A/B ¥ cOrTacoBaHHO BKIIIOUEHHBINA B U3Me-
PHUTETBHBIN TPaKT C 3aIIOMHHAIONINM IH(PPOBBIM OCIIHII-
norpagom Tektronix TDS 1012, pa3smemeHHbBIM 0TS
YMCHBIICHNS TAapa3UTHOTO BIMSHUS Ha HETO BHEIIHHUX
MOMII Bpamm OT WCHBITATEIHHOH IUIOMIAAKU B 3ariy0-
JIEHHOM 3KpaHHPOBaHHOM H3MepuTeNsHOM OyHKepe [19].

Y4YuThiBast OTCYTCTBHE B OTKPHITOM IMeYaTH JaHHBIX
06 HCHBITATCJIbHBIX CBCPXBBICOKOBOJIbTHBIX YCTAHOBKaxX
ctpan HATO, peanusyromux TpeOOBaHUS yKa3aHHBIX
BbIIIE CTAaHIAPTOB [1, 2], MOKHO 3aKJIIOYUTh, YTO MO CBO-
UM TexHu4YeckuM xapakrepuctukam (ABIT dopmupye-
MbIx Ha OU umnynscoB HampsbkeHusi, Toka 1 MOMII,
YpOBHIO 3amacaemoii B ero EHD snexrpudeckoil sHEprun
U CPaBHHUTENHHO HU3KOH CTOMMOCTH pPa3pabOTKH WU CO-
OpPY)KEHHS) CBEPXBBICOKOBOJBTHBIA TEHEpaTOp THIIA
I'MHT-2 cooTBeTCTBYET BBHICOKMM MHPOBBIM TpeOOBaHU-
SM B 00JIACTH BEICOKOBOJIBTHOW UMITYJIbCHON TEXHHKH.

BeiBoasl.

Pazpaborannbiii u cozmanubeii B HUIIKW «Mod-
Hus» HTY «XIIM» MomHbIA CBEpXBBICOKOBOJBTHBIN
CHJILHOTOYHBII TE€HEepaTop HMITYJIbCHBIX HANpsHKEHHH U
tokoB THna ['MHT-2, ¢opmupyrommii Ha akTHBHO-
MHIIyKTUBHOH 3JIEKTPUUECKOI Harpys3ke, BHIIIOJHEHHOH B
BUJIE CTAHIAPTHON IBYXDJIEKTPOJHOW BO3AYLIHOM pas-
PSITHOM CHCTEMBI «HIJIA-TUIOCKOCTBY», MHUKPOCEKYHIHBIE
UMIYJIbCHl HANPSDKEHUS aMIuATyaou mo £2 MB u Toka
aMIuuTyIoi 1o +150 KA ¢ 3amacaeMoil B €ro BBICOKO-
BOJIbTHBIX KOH/EHCATOPAX 3JCKTPUYECKOW SHEpPruer 1o
1 MJI>x TO3BOJISIET B COOTBETCTBUH C TPEOOBAHUAMH JCH-
creyronx crtaagaproB HATO AECTP-250: 2014 u
CIIA MIL-STD-464C: 2010 npoBoauTs HAaTypHBIE HC-
NIBITAHUSI OOBEKTOB BOOPYIKEHHS W BOCHHOH TEXHUKH Ha
JIEKTPOMAarHUTHYI0 COBMECTHUMOCTh U CTOMKOCTb K Ipsi-
MOMYy (KOCBEHHOMY) Bo3zeiicTBuio Ha HUX BUT u mom-
HBIX DJIEKTPOMAarHUTHBIX TIOMEX, BBI3BAHHBIX aTtMmocdep-
HBIMH I'PO30BBIMH MCKPOBBIMH pa3psiiaMy (MOJHHUSIMH).

IIpumeuyanue.

Paboter mo paspabotke u co3manuio B HUIIKU
«Momaus» HTY «XIIN» cBEpXBBICOKOBOIBTHOIO CHJIb-
HOTOYHOT'O TEHEPaTOPa MMITYJIBCHBIX HANPSKEHUH U TO-
koB THrna [MIHT-2 mpoBogmmuce B paMKax IBYX NpH-
KIIaJHbIX HAyYHO-TEXHHYECKHX IPOEKTOB, (hHMHAHCUpYe-
MBIX MHHHCTEPCTBOM 0OOpa3oBaHUsi M HayKd YKpauHbI:
«3abe3ne4yeHHs BiIOBIIHOCTI 030pOEHHS Ta BifiCHKOBOT
TeXHIKM YKpaiHu cydacHMM BuMoram cranaapris HATO
3 €JIEKTPOMAarHiTHOI CyMiCHOCTI» (HOMep Jep KpeecTparii
0117U000533); «Po3pobka cucrem BUIPOOYBaHb THIIO-
BUX BHUJIIB 030PO€HHS Ta BiICPKOBOT TEXHIKM YKpaiHM 3a
cragmaprama HATO 3 eleKTpOMarHiTHOI CyMiCHOCTI»
(HOoMep meprkpeectpartii 0119U002571).
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Powerful high-current generator of microsecond voltage
pulses with voltage amplitude up to £2 MV and current
amplitude up to +150 kA with electric energy stored

in capacitors up to 1 MJ.

Purpose. Development and evaluation, on the basis of existing
ultra-high-voltage generator of pulsed voltages and currents of
GINT-4 type, of the new scheme of design of its charging-
discharging circuit (CDC), and creation of modernized powerful
ultra-high-voltage high-current generator of GINT-2 type to
form microsecond voltage pulses with amplitudes up to +2 MV
and current with amplitude up to £150 kA in the electrical load,
with electrical energy stored in its capacitive energy storage
(CES) up to 1 MJ. Methodology. Fundamentals of theoretical
and applied electrical engineering, electrical power engineer-
ing, electrophysical principles of high-voltage and high pulsed
current engineering, fundamentals of electromagnetic compati-
bility (EMC), instrument engineering, high-voltage instrumenta-
tion and standardization. Results. The new scheme of design of
CDC of the modernized powerful ultra-high-voltage, heavy-
current generator of GINT-2 type of outdoor placement, that
allows obtaining, with preservation of the main electrotechnical
elemental base of existing powerful prototype generator GINT-4
(rated output voltage £4 MV with rated electrical energy stored
in CES of 1 MJ and maximal amplitude of output current pulse

in electrical load up to £75 kA) pulses of current of microsec-
ond duration with doubled amplitude (up to £150 kA) in the long
(from 1 to 4 m length) air gap of standard two-electrode dis-
charging «needle-planey» system, in comparison with parameters
of current pulses with amplitudes up to £75 kA that are formed
in the discharging circuit of generator of GINT-4 type with the
use of the analogous air discharging system, has been devel-
oped. Experimental evaluations of the developed new discharg-
ing circuit in CDC of the modernized generator of GINT-4 type
has been performed in field conditions, and its advantages over
the old discharging circuit in composition of CDC of generator
of GINT-4 type have been shown. Calculated evaluations of rise
rates of high pulsed current (HPC) in plasma channel of air
spark discharge of CES with energy up to 1 MJ of generator of
GINT-2 type, and strength of electric and magnetic field that are
formed around this high-current channel of spark discharge and
are powerful electromagnetic interference (PEMI) for objects of
armaments and military equipment (OAME) were performed. It
was shown that rise rates of HPC obtained for generator GINT-
2 in the channel of long air spark discharge (of artificial light-
ning) and PEMI around this channel practically satisfy strict
requirements of the NATO Standards AESTP-250: 2014 and
USA MIL-STD-464C: 2010. Originality. The new scheme of
design of CDC in composition of the modernized powerful ultra-
high-voltage high-current generator of GINT-2 type (developer
— Research & Design Institute «Molniyay of NTU «KhPIy),
satisfying requirements of the mentioned standards for full-scale
tests of OAME for EMC and immunity to action on them of
PEMI from long atmospheric spark electric discharges (light-
ning) was developed for the first time. Practical value. Applica-
tion of the created ultra-high-voltage high-current generator of
GINT-2 type in tests of OAME for EMC and immunity to action
on them of PEMI from artificial lightning will assist increase in
reliability of OAME functioning in conditions of damaging (de-
stabilizing) action on them HPC and PEMI of natural and arti-
ficial origin. References 19, figures 6.

Key words: ultra-high-voltage high-current generator of
voltage and current pulses, technical objects of military use,
standards of tests for electromagnetic compatibility and
lightning resistance.

ISSN 2074-272X. Enexmpomexnika i Enexkmpomexanika. 2020. N5

57



Enekmpu4yHuti mpaHcrnopm
VIIK 629.12-8:629.12.037

doi: 10.20998/2074-272X.2020.5.09

B.A. fposenko, I1.C. Yepnukos, E.W. 3apunkas, A.H. [lymmno

YIIPABJIEHUE I'PEBHBIMH 3JEKTPOABUT'ATEJ/IAAMHA 3JEKTPOXO10B
IPU IBUKEHUU 11O KPUBOJIMHENHOU TPAEKTOPUH

Memoto pobomu € nowyk onmumanvHozo ynpaeninnua zpeonumu enexkmpoosuzynamu (I'E/]) enekmpoxooie npu pyci no kpueo-
NIRRT mpaekmopii. B akocmi kpumepiie onmumanvnocmi 00pani NOKA3HUKU, w0 Xapaxmepusyioms cyono. Memoouka. On-
mumanwhi 3axonu ynpaeninua I'E/], uj06 3a0e3neuumu naikpawi manespeni XapaKmepucmuKku e1eKmpoxoois, Moxcyms oymu
3Haii0eni npu cnibHOMY po32nAdi 2pedHOT eneKmpoenepzemuinoi ycmanoeKu, zpednux 26unmie i kopnycy cyona. Pezynomamu.
Po3pobneno memoo po3paxynky nepexionux peicumis nPOnyiIbCUBHUX KOMNIEKCIG e1eKmPOoX00ie npu Maneepysanti Ha Kpueo-
JNIHIAHIL mpackmopii. 3anpononoeano nosuii cnocio gopmysanna 3axonie ynpaeninna I'EJl. Buseneno xapaxmep uinvogux
ynxyit i po3poonenuit memoo onmumizayii napamempie cuznanie ynpaeninns. Illposedeno onmumizayiiini po3paxynku i 3naii-
0€HO OnMUMAIbHE YRAPAGIIHHA 2PDEOHUMU eIeKMPOOBUZYHAMU eIeKMPOX00i6é npu pyci no Kpueoainiitnii mpackmopii. Onmumi-
3auia npoeedena 3a Kpumepiem MiniMymy eumpam enepeii i 3a Kpumepiem minimymy eubizy cyoua. Ilpointocmposana epexmue-
nicmo onmumizayii. Haykoea noeuzna. Memoo nowiyKy onmumanbHux 3aKoHie ynpaeuinua nooy00eanuii 3a CucmemHum npuH-
UUNOM, U{0 00380JI1AC ONMUMIZYBAMU YRPABIIHHA ZPEOHUMU eTIeKMPOOGUZYHAMU 3a Kinyesum pe3ynvmamom. IIpakmuuna 3na-
yumicme. 3anpononoeani peKoMenoayii MoJICyms GUKOPUCINOBYEAMUCA | NPU NPOEKMYBAHHI ZPeOHUX eNleKMmPOeHePZeMUYHUX
ycmanoeox i npu ix excnayamayii. bion. 10, Ta6n. 3, puc. 6.

Kniouoei cnosa: rpedHi eJ1eKTPOJABUIYHH €JIEKTPOXOAiB, YIPaB/IiHHA HA MaHeBPaX, ONTHMAJIbHE YNPAB/IiHHA IPU KPHBOJIi-
HiliHOMY pyci, MeTo] onTHMi3amii.

Llenvto pabomel saensemcsa NOUCK ONMUMANbHO20 YRpasieHUs 2pednvimu rnekmpoosuzamenamu (I'3/) snekmpoxooos npu
0GUIICEHUU NO KPUBOJIUHENHOU mpaekmopuu. B kauecmee Kpumepuee onmumanvHocmu 6blpansvt noKazamenu, Xapakmepu-
3yrouque cyono. Memoourka. Onmumansvhuie 3akonvl ynpaenenua I'3/], obecnevusaoujue nauayyuine MaHeepeHHbvle XapaxKme-
PUCHUKU I]IEKMPOX0006, MO2ym Oblinb HAOEHbL NPU COBMECMHOM PACCMOMPEHUU 2PEOHOIl INEKMPOINEP2emuUiecKoil ycma-
HOGKU, ZpeOHbIX 6UHMOG U Kopnyca cyona. Pezynomamul. Pazpaboman memoo pacuema nepexoonsix peicumos nponyibCugHbvxX
KOMNeKCo8 INeKmpoxo008 npu Manespuposanuu na Kpueonuneiinoi mpaexmopuu. Ilpeonoscen nogutit cnocoé gpopmuposa-
Hus 3axonoe ynpaenenus I'3/]. Boisenen xapaxmep uenesvix YyHKUUil u pazpadooman memoo ONmuMu3ayuu napamempos cuez-
Hanos ynpaenenus. Ilposedenvt onmumuszayuonnsie pacuemol U HAllOEHO ORMUMATbLHOE YAPAGIEHUE 2PEOHBIMU IIEKMPOOBU-
2amenamu I1eKMpPoxo006 npu OBUICEHUU NO KPUBOIUHEUHoU mpaekmopuu. Onmumuzayus npoeedena no Kpumepuio MuHu-
MyMa pacxooa rnepzuu u no Kpumepuro Munumyma evibeza cyona. Ilpounnwocmpupoeana sppexmusnocme onmumuszayuu.
Hayunasa nogusna. Memoo noucka onmumanbHbviX 3aKOHO6 YRPAGIEHUA NOCIMPOEH N0 CUCHEMHOMY NPUHYUNY, YMO NO3607iA€em
ONMUMU3UPOGAMb YNPAGNEHUE ZPEOHBIMU IIEKMPOOsUzamenAmu no Koneunomy pesynsmamy. Ilpakmuueckas 3nauumocms.
Ilpeonosicennvie pekomenoayuu MO2ym UCRONBL308AMbCA U NPU RPOCKMUPOBAHUU ZPEOHBIX INEKMPOIHEPZEMULECKUX YCMAHO-
60K u npu ux 3xkcnayamayuu. butn. 10, Tadn. 3, puc. 6.

Kniouesvie cnosa: rpeGHBIE IeKTPOABUIATEIH YJIEKTPOXOI0B, YNIPaBjleHHe HAa MaHeBPaX, ONTHMAJbHOEe yNpaBJjeHHe NMPH
KPHBOJIMHEIHOM ABH:KeHHH, METO ONNTHMH3ALUH.

BBegenune. Hanuune y 351€KTpoX010B, KpOME pyJie-
BOM MAIlIMHBI, HECKOJIBKUX MOIIHBIX, JMHAMUYHBIX U YC-
TOWYMBBIX K MEPErpy3kaM TpeOHBIX 3JIEKTpOABUTATEICH
(I'S]1) mo3BonsieT MOOUTHCS BBICOKMX MAaHEBPEHHBIX Ka-
YECTB y ATUX CyJ0B. [Ipu coBMECTHOM MaHEBpPUPOBaHUU
PyJEeM U BUHTAMHU YJIy4dIIACTCA MOBOPOTIMBOCTL CYy/JHA,
MOBBIIACTCA CTCIICHb 6e3OHaCHOCTl/I BBIIIOJIHCHHUSA Ma-
HeBpeHHBIX onepauuii [1]. B To >xe Bpemsi, Ipu 3TOM Cy-
IIECTBEHHO M3MEHSIOTCS HAarpy3KH Ha IpeOHbIE 3JIEKTPO-
JIBUTATEId U Ha BCIO TPEOHYIO IIEKTPOIHEPreTHYECKYIO
YCTaHOBKY B LIEJIOM.

KprBonMHEHHOCTh TPAEKTOPUM ABWXKEHHS CY[JHA,
€ro pbICKaHHE, W3MEHEHHE YCIOBUN B3aUMOJECHCTBUS
rpeOHBIX BUHTOB, PyJisi M KOpITyca CyIHa CYyILIECTBEHHO
BIMSACT HAa CHJIBI U MOMEHTBI CHJI, JICHCTBYIOINE HA KOP-
IyC CyJHA MPU €r0 KPUBOJMHENHOM HEYCTAaHOBUBILIEMCS
newkennu [2, 3]. Eme OosblinM M3MEHEHHEM MOJBEp-
JKCHbI CUJIbI U MOMCHTBI Pa3BUBAC€MbIC BUHTAMH — I10JIE3-
HBI yHOp ¥ MOMEHT CONpPOTHUBIECHHSA BOIBI BPALECHHIO
rpeOHOr0 BUHTA U COOTBETCTBEHHO — MOMEHT COIPOTHB-
JeHnst TpeOHOMY 3JeKTpojBHrarento. VX 3HadeHus u3-
MEHSIOTCSI B pe3yJbTaTe HM3MEHSIOIIETrocss yria cKoca
IIOTOKA BOZBI M M3MEHEHHsI CKOPOCTH JIBIDKCHHUS CyIHA.
3HavyeHHUs ynopa, MOMEHTa CONPOTHBIICHHS W TIOTEped-
HOW CHJIBI BHYTPEHHEIO M BHEIIHETO I'PEOHBIX BHHTOB

(110 OTHOIIEHWIO K LEHTPY HHUPKYJSAIHUHA) 3HAYHTEIHEHO
OTIIMYAIOTCS MEX Ly coboii [4].

Ha puc. 1 mocTpoeHs! 11aHel CKOpOCTEH IBYX BUH-
TOB NIPH KPUBOJIMHEHHOM IBW)KEHUH CyIHA, T/€: V — JIH-
HeHMHas CKOPOCTb JBWXKXCHHSA ULEHTpa TAKECTU CYJHA,
S — yron apeiida; ope, U Opger — YIJIBI CKOCA IIOTOKA BO-
Iibl, Haberaroliel COOTBETCTBEHHO Ha JIEBBIA W MpaBBIid
BUHT; Yy U Up — TIONEPEUHbIE COCTABIISIIOIINE CKOPOCTU
JIBIYKEHUS! JIEBOTO U MPABOT0 BUHTOB; vV U Vg — CKOPOCTH
JIBUXKEHUS JIEBOTO U MPABOT'O BUHTOB.
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trajectory

Puc. 1. Ilnan ckopocTell BUHTOB IPU KPUBOJIMHEHHOM
JBIKECHUN
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U3 puc. 1 BunHO, 9TO BHYTPEHHHH BHHT paboTaeT B
MMOTOKE C OONBIINM YIJIOM CKOCa, a BHEIIHHH — C MEHb-
MIAM. DTO BIUSIET Ha JAUHAMHUYCCKUC XapaKTECPUCTUKU
BUHTOB, HAa MOMCHT CONPOTHUBJICHUA BHCIIHCMY U BHYT-
pennemy I'D/1. Harpy3ku Ha HUX OKa3bIBalOTCS Pa3HBIMH,
YTO MOXKET IMPUBECTH K cpadaThIBAaHUIO CHCTEM 3allHThI
OoJsiee Harpy»X€HHOTO TPEOHOrO JIEKTPOJBHUTaTelNs U, B
KOHEYHOM HUTOTe, K HEBBIIOJIHEHHIO MaHEBPA.

Bce 310 HEOOXOMUMO YUHTHIBATH TPH (HOPMHUPOBa-
HUW YTIPABILIIONINX CUTHAIOB Ha TPEOHBIC IEKTPOIBHUTA-
tenm. OHM HOJDKHBI OBITh TAKMMH, YTOOBI OOECIIEUHTH, C
OTHOW CTOPOHBI, HAWIYYIIYIO YIPaBISIEMOCTh 3JIEKTPO-
X0J1a, a ¢ Ipyroii — paboTy BceX COCTaBHBIX YacTel rped-
HOM aJyieKTpodHepreTuyeckoi ycraHoBku (I'DDY) B go-
IIyCTUMBIX PEXUMAX.

CocTosiHHe MCCJIeAyeMOro Bompoca. YIIpaBleHHE
YaCTOTHO-PETYJINPYEMBIMU TPEOHBIMU DJIEKTPOABHIATE-
nsvu ['ODY anekTpoxopa ocymiectsisiercss GopMupoBa-
HUEM JBYX CUTHaJOB [5-7]:

— OTHOCHTENIFHON YaCTOTHI MUTAIOIIETO HAIPSHKEHUS

S/
a=—=—; (D
SN
— OTHOCHTCHBHOﬁ BCJIMYHNHBI HaprDKCHI/Iﬂ IIUTAaHUA
U
y=—-. 2
Uy

CoOTHOIICHNE MEXITYy OTHOCHTEIBEHBIM HAIPSKEHH-
€M Y U OTHOCUTEJIBHOM YacTOTOH ¢ HA3bIBAIOT 3aKOHOM
4acTOTHOTO ympasieHus. B pabotax [8, 9] mokaszano, 4To
JUIA 9aCTOTHO-PETYIMPYEMBIX T'PEOHBIX JIEKTPOIBUTATE-
neil kjaccudeckui (IIPONOPLMOHATIBHBIN) 3aKOH YIpaB-
neHusi He 3()(EKTHBEH, MOCKOJIbKY OH IOJYYeH MpHMe-
HUTCJIIbBHO K IIOKa3aTeIsIM KaydyeCcTBa pa6OTI)I HUMECHHO
aJIeKTpoBHrareseil. B rpeGHbIX 2JIeKTpOIHEPreTHIEeCKIX
YCTaHOBKax JUIsl yNpaBJCHUS TPEOHBIMH 3JIEKTPOJIBUra-
TEJISIMA Ha MaHEBPax HEOOXOIMMO MMETh TaKHe 3aKOHBI,

KOTOpBIE 00€ecreyaT HamlydlIne MaHEBPEHHbIE CBOICTBA
anekTpoxoaoB. [Tokazarenu ke pabotsl DY, npu 3TOM,
HE TOJDKHBI BBIXOAUTH 3a NOITYCTUMBIC ITPEACIIbI.

B [8] onrcan moaxos K pelieHuIo 3a1a4 moucka or-
TUMAJIBHBIX 3aKOHOB YIIPaBJICHUA FpeGHbIMI/l 3JICKTPO-
geurarensmMu.  [Ipemyoxken  cnocod  QopmupoBaHMs
YIPaBISIONINX CUTHAJIOB, B OCHOBE KOTOPOTO 3aJI0KEH
cucTeMHBIH npuHIun. Pazpaborana mpoueaypa ONTHMH-
3aI[MOHHBIX pacyeToB. HalineHsl onTHManbHbIE TapaMeT-
PBI 3aKOHOB YNpPABJICHUS P MaHEBPUPOBAHUH HA TIPS-
MOM Kypce. D(PPeKTHBHOCTH mepexona K peKOMEHAIye-
MBIM 3aKOHaM YIPaBJICHHs IIPOMIUIIOCTPHPOBAHA CPABHH-
TEJIbHBIM aHAJM30M PE3YyJIbTAaTOB BBIIIOJIHEHUS! MaHEB-
PEHHBIX ONepaluil MpH YNPaBICHUH MO KIACCUYECKHUM
3aKOHaM H I10 HaﬁﬂeHHbIM OIITUMAaJIbHBIM COOTHOILICHUSAM
MEXAY y U a.

W3menenne xapakrepa MaHeBpa, OIHOBPEMEHHOE
yIpaBieHUE U TPEOHBIMHU BIICKTPOJBUTATEISIMU U PYJIEM,
HEOOXOAMMOCTh ydeTa M IIOKa3aTeleldl MaHEBPEHHOCTH
ANIEKTPOXOAa W TOKa3arenell kKadecTBa pabOTHI TPeOHOM
JIEKTPOIHEPTETUIECKOH YCTAaHOBKH, HECOMHEHHO, TI0-
BJIMSIIOT HAa 3aKOHBI YACTOTHOTO YIIPABIICHHS.

Ieab0 1aHHOTO HCCIEJOBAHMSI SIBISETCS IOUCK
ONTHUMAJIBbHBIX 3aKOHOB YIIPaBJIECHHUS I'PEOHBIMH 3JIEKTPO-
JBUTATEIIAMH DJICKTPOXO/O0B, JBIKYLIUXCSA 10 KPUBOJIH-
HEUHOW TPaeKTOpUH, IIPU COBMECTHOM MAaHEBPUPOBAHUU
'S u pynem.

Meton pemenusi 3anaum. [yt JOCTYOKEHUS LU
HEoOX0aMMO pa3paboTaTh MaTeMaTHUECKYyI0 MOJIENb Iie-
PEXOIHBIX PEXUMOB PaOOTHI MPOIYIbCUBHOTO KOMILIEK-
ca UIEKTPOXOJa MPH JABMXECHUH MO KPUBOJIMHEHHOW Tpa-
eKTOpUH, CPOPMHUPOBATH LENEBYI0 (DYHKIMIO W HAUTH
ONTHMAaNbHBIC 3aKOHBI yripasienus ['D/] Ha MaHeBpax.

YKpynHEHHas! CTPYKTypHast CXeMa OJJTHOTO CHJIOBOTO
KOHTypa TPOIYJIbCHBHOIO KOMIUIEKCA 3JeKTpoxona 0e3
ydeTa B3aUMHBIX CBSI3€H NPEICTaBICHA Ha pHC. 2.
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Puc. 2. CTpykTypHas cxema 0JJHOTO CUJIOBOTO KOHTYpPa MPOITyJIbCUBHOTO KOMIIJIEKCA JIEKTPOX0aa

B cocraB kaxxJoro ee «CHUI0BOro» KOHTYpa BXOJST:
TEIUIOBOM JBUTaTeNb — [, CUHXPOHHBIN renepatop — G,
YaCTOTHBIM MpeoOpa3oBaTeNb JNeKTpodHeprun — SE,

ACHHXPOHHBINA TpeOHON AyeKTpoaBHraress — M, peryis-
TOp 4aCTOThI BpallleHHsl TEIUIOBOro asurarens — DR, pe-
TYJIATOP HAaNpsDKEHHWS CHHXPOHHOrO reHeparopa — GE,
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rpebHoi BHHT — P. B cocTaB mpomynbCHBHOTO KOMILIEKCA
BXOJIAT TakXke pyiab — R u xkopmyc cyaHa. OCHOBHEIE TTa-
PaMETPhbl KOMIUICKCA, YIIPaBJIAOMINE CUTHAJIBI U CUTHAJIbL
00paTHBIX CBsI3Cil: wp U Pp — yIiaoBas CKOPOCTh Bpalle-
HHMS M MOIIHOCTh TEIUIOBBIX asurareneii; Ug u I; — Ha-
NpsKEHHE U TOK Ha BBIXOJE reHepatopoB; Uy, u Iy, — Ha-
MPsDKEHUE U TOK TPEOHBIX 3JICKTPOJBUTATENCH; M)y, U )y
— Bpallaloluid MOMEHT M YIJIOBasg CKOPOCTb BpAICHHS
I'D/1 (v TpeOHBIX BUHTOB).

Ha 6aze cTpykTypHOIi cxeMbI pa3paboTaHa MaTeMa-
TUYeCKas MOJENh M TPOTPAMMBI pacueTa IEepPEeXOIHBIX
PEXKUMOB pabOThl MPOIMYJIbCUBHOTO KOMILIEKCA Ha Ma-
HeBpax [10]. Halinensl o0oOIIeHHbIe Oe3pa3MepHbIe Ma-
pamMeTpsl KoMmIuiekca. M3MeHeHusl 3HAYeHUH STUX Mapa-

PU Acceleration

METPOB OIPEACIISIOT NOBEICHHE AIIEKTPOXOIOB U BIHSIOT
Ha YHCJICHHBIE 3HAYEHHs MOKazaTejell KauecTBa MaHEeB-
PUPOBaHHUS.

B kauectBe mpumepa, Ha puc. 3, IPHUBEICHBI pe-
3yJbTaThl Pacuy€TOB TEKYIUMX 3HAYCHUI OCHOBHBIX pe-
JKUMHBIX TIOKa3aTeled COCTaBHBIX YacTeW IPOILYJIbCHB-
HOTO KOMIUIEKCA IIPH BBINOJHEHHH 3JIEKTPOXOJIOM Ma-
HEeBpa «pasroH I'peOHOM 3JIEKTPOIHEPreTHYECKOH ycTa-
HOBKH — BBIXOJI Cy/IHA Ha KPUBOJHMHEHHYIO TPACKTOPHIO
(Ha TUPKYISALINIO ).

Pe3ynbTaThl JaHbl B OTHOCHTEIILHOM BPEMEHU

T=wvt/L, 3)
Tlie: Vo — CKOPOCTh JIBU)KEHHS CyIHA B YCTaHOBUBILEMCS
(6azoBOM) pexuMme; L — IJIMHA CYIHA; [ — TEKyIIee BpeMs.

Circulation movement
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30 35
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g
trajectory to y = 90°

g

trajectory to y = 360°

Puc. 3. Tekymiue 3Ha4eHHs OCHOBHBIX PEXKUMHBIX IOKa3aTelei pU BHIMIOJIHEHUU MaHeBpa «pa3rod '90Y — Beixo[ cyaHa
Ha LUPKYJIALHIIO»

Ha puc. 3 moka3aHbsl OTHOCHTENIbHBIE 3HAYEHUSI pe-
KMMHBIX ITIOKa3aTeledl BHYTPEHHEro, Haubosee Harpy-
JKEHHOT'0, CHJIOBOTO KOHTYpa: TEIUIOBOTO ABHraTels (wp,
Pp); rpebHOTO Anexrpoasurareins (Iy, My, wy). Ilpuse-
JICHBI TaKXXe TEeKYIIWe 3HaueHWs: pacxoma >Hepruu (W);
CKOpOCTH JBIXKEHHUA cygHa (v) U ero kKypca (i); mpoii-
JIEHHOTO 3MeKTpoxomoM myTu (X1 u Y1) B He3aBUCHMOI
OT CyIHA CHCTeME KOOPAMHAT, U YIIIOBOI CKOpocTH (£27)
ero BpamleHHsa (IIOBOPOTAa) BOKPYT BEPTHUKAIBHOW OCH,
MIPOXOASAIIEH depe3 IEHTP TSHKECTH CyTHA.

B HNCXOJHOM COCTOSAHHHU CYAHO HECHOABUIKHO, I'CHE-
paropHble arperarsl paboTaroT Ha XOJOCTOM Xoay. Pas-
TOH HAaYMHACTCA C YBCIMYCHUEM OTHOCHUTCIIBHBIX 3HAYC-
HUH o ¥ y TIMTAIOLIETO 3JIEKTPOJIBUTATEIN HAIPSIKEHUS.
I'D/] maunHaroT pasroHsaThesa. Bpamarommii MoMeHT M),
YBEIIMIUBACTCS, COOTBETCTBEHHO YBEIMUHUBAIOTCS CKOPO-
CTH BpAIICHUS JBHUTATENCH W TPEOHBIX BUHTOB (). YTIOp
BHHTOB BO3PAacCTaeT, W 3IEKTPOXO HAYMHAST Pa3roH (ero
CcKopocTh Vv yBenmuuBaercs). C yBEIMYEHHEM YaCTOTHI
BpAILEHHsI ABUTATENS () ¥ CKOPOCTH JABWXCHHUS V Cy/IHA,
pacTeT MOMEHT CONPOTHUBIIEHUS TpedHOoro BuHTa Mp. Tlo
MEpE poCTa NUTAIOMIETO HAIPAKCHHUA, YBCINMYUBAIOTCA
TOK /) M BpaIlaloUINiics MOMEHT M), 3JIeKTpOABUraTeIs.

Harpy3ska Ha TemnoBoil asurareins Bo3pacraeT. Ero mMou-
HOCTb Pp TIOBBINIAETCS, a 4acTOTa BPAIEHHS (p, COOT-
BETCTBEHHO, HECKOJbKO CHWXaercsi. Pacxon sueprum W
pacTeT. YBeIUUUBaeTCA NMPONAEHHBINA CyqHOM IyTh. Ilo-
CTeTIeHHO, Yepe3 12-13 0THOCHUTENBHBIX eIUHHI] BpEMEHH
(B ommicaHHOM MaHEBpE), IEPEXOIHBIN MPOoIece 3aKaHIH-
BACTCs, ¥ MPOIYJILCUBHBINH KOMIUIEKC BBIXOAUT HA PEKUM
paboTel, Onm3kMi K YyCTaHOBUBIIEMycsd. PaccrosHue,
MPOHWJEHHOE 3JEKTPOXOJOM IIPH BBINOJHEHHH MaHEBpA,
OTHMChIBaeTCS KpUBOit X1.

C momenTa 7 = 20 OTHOCHUTETBHBIX €IUHUI] BpeMe-
HUA Ha4YMHAETCs MPOLECC BbIXOJA CyJIHA Ha KPHUBOJMHENU-
HYIO TpaekTtopuro. Harpy3ku Ha rpeOHbIe dJIEKTpOJBHUIa-
TEJIM ¥ Ha TEIUIOBHIE JIBUTaTENIN IT'€HEPaTOPHBIX arperaTton
Bo3pactaroT ([, My, Pp yBenWuuBarOTCA, () MAIACT).
DJeKTPOX0J BBIXOANUT Ha mupKymsiuio. [loseusercs yr-
JoBasi CKopocTu 2, u momepedynoe cmemenne Y1. Cko-
pocts cymHa v cHmkaercs. [Ipubmmurensro B T = 33
OTHOCHUTENBHBIX EUHUL] BPEMEHH 3aKaHYMBAETCS IBOIIO-
LIMOHHBIA MEPHOA LUPKYJSIIUOHHOTO JABMKEHHUS U HAauM-
HAETCsl €T0 KBAa3WyCTAHOBMBIIMICS MEpUOJ. DIEKTPOXO
BBIXOAUT Ha YCTAHOBUBHIMECA 3HAYCHUS CKOPOCTU IBU-
JKEHUS Ve M YTIIOBOI CKOPOCTHU BpallleHHs (LUPKYJIISLINH )
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Q.ire. MaHeBp 3aKaHYMBACTCS NPHU JOCTHIKCHHUH CYTHOM
Kypca w = 360° (monmHast mmpKyismus). Obmas mpoxoi-
JKUTEIBHOCTh paccMoTpeHHoro manespa 7 = 40.5 otHo-
CUTCJIbHBIX C€AWHUI] BPEMCHHU. TpaeKTome JBUXKCHUSA
LIEHTpa TSXKECTH IEKTPOXOJia [oKa3aHa Ha puc. 3.

H3meHeHHe TeKyIIMX 3HAUYCHUH PEXMMHBIX ITOKa3a-
TeNIe HarJIsAHO JEMOHCTPUPYET XapakTep NpOTEKaHMs
NepexoHbIX mporeccoB. OpHaKo, A OLEHKH MaHEB-
PEHHBIX XapaKTePUCTUK KOMIUIEKCA HY>KHBI OTIEIbHBIC
ITOKa3aTeNN KauyecTBa BBITOJHEHUS MaHEBPEHHBIX OIepa-
[UH, TIO3BOJISIONINE OIEHUTH MOBEIECHHE KaK COCTABHBIX
gacTed rpeOHOM 3IEKTPOIHEPIreTHIECKON YCTaHOBKH, TaK
U DJIEKTPOXO0JIa B LEJIOM. DTO: KOJIeOaHMsI 4acTOThI Bpa-
IICHUA U KOHe6aHI/l}I MOIIHOCTH TCIIJIOBBIX IlBPIFaTe.Heﬁ;
MAaKCUMAJIbHBIC 3HAYCHUSI TOKOB U MOMCHTOB CHHXPOH-
HBIX T€HEPaTOpOB U I'PEOHBIX 3JEKTPOJBUTATENIe Ha Iie-
PEXOIHBIX PpEeXHMax; IIOKa3aTeld, XapaKTepH3YIOoIue
CTa0MJIBHOCTh IIapaMEeTPOB 3JIEKTPOIHEPIUH  CYIOBOU
JIEKTPUYECKON CETH; WHEPLHOHHBIE XapaKTEPUCTHKU
CyIHa; PacXoi dHEepPTuH (PacXoid TOIUIMBA) IS BBITOIHE-
HUS MAaHEBPOB. MaTemMaTndeckass MOJIeTb M METOJI pacue-
ta [10] MO3BOJIAIOT 3TO CIIENATh.

Y 3JEeKTPOXOIO0B YHPAaBICHHE KaXIbIM CHIIOBBIM
KOHTYpOM TpeOHON 3JIeKTPOIHEPreTHYECKOH YCTAHOBKH
(ympaBnenne kaxapM 1'D]]) ocymiecTBisieTcss HE3aBUCH-
MO OT Ipyrux. Ha xaaplii TpeOHOM 3IIEKTPOABHUIATENb
nojatotcs (nepexyaakoi pykosarok I1Y) curnane! ymnpas-
JneHus — 1no vactore BpameHus ['D]] (ompenensercs ot-
HOCHUTEJIBHON YacTOTOH TOKa &) W IO HampspKeHHIo (om-
penensieTcsi BEIMUUHON y). YIpaBieHUE 3JEKTPOXOAOM,
IIPY BBIXOJI€ HA KPUBOJIMHEHHYIO TPAEKTOPHIO, OCYIIECT-
BIISIETCA TIEPEKIIaIKOM Imepa pyIsi Ha MpaBelil O0pT, ¢ Of-
HOBPEMEHHBIM TIOATOPMaKMBAaHUEM IIPABOTO TPEOHOTO
anekTponBuraTens. [Ipm TakoM MaHEBPUPOBAaHUH CyIIe-
CTBEHHO W3MEHSIOTCS YTJIBI CKOCa MOTOKAa BOABI Habe-
raromeil Ha BHEITHUN U BHYTPEHHUH (OTHOCHUTENIFHO LIE€H-
Tpa UUPKYJsKK) rpeOHble BUHTHI (puc. 1). M3mensioTes
UX THUIPOJUHAMMYECKUE XapaKTEPUCTUKU. MOMEHTHI
CONPOTUBIICHHUS Ha Bally TPEOHBIX 3JIEKTPOJBUraresiei
BHEIITHETO ¥ BHYTPEHHET0 KOHTYpa OTIMYAIOTCSL.

ITpn momoOHOM MaHEeBPHUPOBAHMM OTHOCHTEINIbHAS
4yacToTa ToKa oy Juis jeBoro I'D/] mocTosiHHA Ha MPOTS-
JKeHHH Bcero ManeBpa. s mpasoro I'DJ] wacrora oy
CHIDKAETCS ¢ HayaJloM MaHEBPUPOBAHUS (B COOTBETCTBHH
HOBBIM TIOJIO)KEHHEM PYKOATKHA IOCTa YIPABICHHSI) U
OCTaeTCsl HEM3MEHHOW /10 KOHIIa MaHeBpa. Pa3HocTh Me-
KAy oy U o OyneM Ha3pIBaTh CTEIIEHBIO IMOATOPMaKHUBA-
HUS TPeOHOTO AIEKTpOoABUTaTENs (rpeOHOTO BUHTA).

Kak ormeuanoch BbIlIE, KJIACCHUECKUI 3aKOH Yac-
TOTHOI'O YIIPpABJICHUA HE IMO3BOJIACT JIOGI/IT}JCH BBICOKHUX
MaHEBPEHHBIX CBOMCTB 311€KTpoxooB. Ilpu cucreMHOM
MOJX0JIe K ONTUMAaJIbHOMY yrpasienuto ['D]/] Bo3Hukaer
HEOOXOMMOCTh B NOUCKAaX TaKMX CHTHAJIOB yIPaBIICHUS,
KOTOpBIE o0ecrevaT HaWiaydIlne 3HAUYSHHs ITTOKa3aTelneit
KadecTBa MAaHEBPUPOBAHHSA AIEKTPOXonoB. [lpum sToMm
HE00X0AMMO 0053aTeNIFHO KOHTPOIHMPOBAThH ITOKA3aTEIN
pabOThI BCEX COCTABHBIX YaCTel TpeOHOMN IIEKTPOIHEpre-
TUYECKON YCTaHOBKH, M B TIEPBYIO Odepenp — IPeOHBIX
JIEKTPOABUraTeNIell W NPHBOIHBIX IBUTATENeil reHepa-
TOPHBIX arperaTos.

B pabore [8] mpemnoxeHo (opmupoBaTh ymnpas-
JIIFOIIUE CUTHAJIbl B BUJIC:

a= aprim + kl(l - eXp(kaT)), (4)

y=hoo+ ksol + ks’ + (1 —ky— ks —ky)a’,  (5)

TJIE: Otpyiyy — HAYATIBHOE 3HAUEHHE OTHOCUTENILHOM 4acTOThI

nutatoriero ['DJ] Hanpsokenus; k,, ks, k4 — mapaMmerpsl
CHUTHAJIOB YIIPaBJICHHUS, KOTOPBIE ONTHMHU3HPYIOTCS.

i1 paccMaTpruBaeMOro MaHeBpa ONTHMHU3UPOBATH
3aBucuMOCTh a = a(T) He UMeeT CMbICNIa, IOCKOJIBKY
(uKcHpOBaHO M OIpeessieTcsl 3aJaHHOM (PYKOATKOU
I1Y) yacroroii Bpamenus ['D/]. Ontummuzanus OyneT Ka-
caThCs TOJILKO TIOMCKA ONTUMAIIBHBIX ITapaMeTPOB 3aKOHA
ynpasieHus y / a.

CoriacHO TMOCTaBJICHHOW IENH, B Ka4eCTBE KpHUTeE-
pHEB ONTHUMAIBHOCTH TMPUHUMAIOTCS WIA MHUHHMYM 3a-
TpaT SHEPTUH Ha BBHIOJHEHNE MaHeBpPa — W iy, WA MHU-
HUMYM BBIOETa 3JeKTPOX0ona — L. [IepBeIit KpuTepuii
XapakTepu3yeT SKOHOMHUYECKHE MMOKa3aTeI MaHEeBPHUPO-
BaHUs, BTOPOH — 0€30IMacHOCTh BBHIMIOTHEHUSI MaHEBpPEH-
HBIX OIepalui.

B cOOTBETCTBUHM ¢ MMOCTABJIEHHOM 3aJa4el, HE00XO0-
JAUMO MUHUMH3UPOBATH LICJICBYIO (l)yHKLIl/IIO

W(k) — min, k € k", (6)
mmbo

Li(k) — min, k € k", @)
rae k = [ky, k3, k4] — onrTUMEBHpyeMBIe TTapamMeTpsl; k' —
JormyctaMas  o0JIacTh 7 — MEpPHOTO TPOCTPAHCTBA.
Jlunelinple orpaHMYeHus p B BUAE HepaBeHCTB g; (k) > 0,
j=1,2,., p, onpenensroTcsa AOMyCKaMH 0 TUara3oHaM
U3MEHEHUH pexuMHbIX nokaszareneil 'EEY u ppyrumu
YCJIOBHUSAMU BBIITOJIHECHUS MAHCBPOB.

B pabore [8] onucaH MeTOA MOMCKA ONTUMAIbHBIX
pewieHuit Takux 3agad. OH pa3paboTaH MCXOMAs M3 0CO-
OCHHOCTEH paccMaTpuBaeMoro 0OBEKTa W BBIIBICHHOU B
XOJIe HWCCIICJIOBAHUM CIOXHON Tomorpaguu IeIeBBIX
¢yekmid. B mporecce ONTHMH3ANUU OCYIIECTBISIOTCS
pacueTsl TEKYINX 3HAYCHWH BCEX PEXMMHBIX IOKa3are-
JeH KOMIUIEKCa II0 XOIYy BBIMOJMHEHUS AIIEKTPOXOIOM
COOTBETCTBYIOIIUX MAHEBPOB M II0 MX pe3yJbTaTaM OIl-
penersIoTCs 3aTPaThl YHEPTHUHU Ha BHIIOHEHHSI MAaHEBPA U
BBIOET DJIEKTPOXOIa.

PesyabTaThl paGoThl. Hike mpencTaBieHbl pe-
3yJIBTAThl ONTUMHU3AIMH MAPAMETPOB 3aKOHA YAaCTOTHOTO
yrpasieHus. [loucku ontuManbHbBIX NapaMeTpoOB IpPOBe-
JICHBI JIIsl OJHOTO W3 TUIOBBIX (ONHMCAHHBIX BEINIE) Ma-
HEBPOB 3JICKTPOXOJIOB — PA3TOH M BEIXOJ HA IUPKYIISAIH-
OHHOE JBIKeHHE. ONTHMU3aIHs IPOBEICHA 0 KPUTEPH-
M WCmin Hu lein~

[Ipu ¢dopMHEpPOBaHNU YHIPABIAIONNX CHTHAJIOB Ha
rpeOHbBIe AIIEKTPOABHUTATEIN HEOOXOIUMO, KaK OBLTO OT-
MEYEHO BHIINIe, OOecreunTs paboTy TIpeOHON 3IEKTpo-
SHEPreTUIECKON YCTAaHOBKU B JOMYCTHMBIX pexknmax. U3
puc. 1 BUmHO, YTO BHYTPEHHUH TpeOHOM BUHT paboTaeT B
OTOKE ¢ GOMBIINM YIIoM ckoca. Harpyska Ha ero rpe6-
HOW  BNEKTPOABHUraTelb  OKAa3bIBACTCAd  CYLIECTBEHHO
OoJbieit, yueM Harpy3ka Ha BHemHuil ['9]1. Bo3smoxkHoe
cpabaTbIBaHHE CHUCTEM 3alllUThl UMCHHO «BHYTPCHHETOY
CWJIOBOTO KOHTYpa MOJXKET MPHBECTH K HEBBITOIHCHHIO
MaHeBpa WM Jake K aBapuiHON cutyauuu. Mcxons u3
3TOTO, TIPU TIOMCKE ONTHUMAJBHBIX MMAPaMETPOB CHTHAJIOB
YIOpaBJICHUS B MEPBYIO OYepenb HEOOXOAUMO KOHTPOIH-
poBaTh TOKa3aTend pabOTBI BHYTPEHHETO CHIIOBOTO
KOHTYpA.
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Ha xapakTtep BBINONHEHHS JJIEKTPOXOZAMH MAaHEB-
PEHHBIX Olepanyii, 1 COOTBETCTBEHHO Ha Pacxo]] TOIUINBA
U Ha BBIOEr AJIEKTPOXOJa, OKA3bIBAIOT BIMSHHE U KOHCT-
PYKTHBHBIE IapaMETPBbI CyJIHA, U TIapaMETPhl SJIEKTPOIHEDP-
TEeTUYECKOH YCTAaHOBKM M BHelIHUE YcioBusi. CTerneHb
BIHSTHUSI KQKJIOT0 TapaMeTpa pasHast. [Ipu monckax ontu-
MAQJILHOTO YIIPABJICHUST TPEOHBIMU AIIEKTPOJBUTATEIIIMU
OYeHb BaKHO OXBATHTh KaK MO’KHO OOJIBILIE HJIEKTPOXO/IOB.
WHBIME clIOBaMH, TONYyYCHHBIE PEKOMEHIAINH JOJDKHEI
OBITH CIIPaBEIIMBEI ISl ITHPOKOTO KJTacca CY/IOB.

B mpomecce pa3paboTKi MaTeMaTHIECKOH MOJIEITH TIe-
PEXOJIHBIX PEXHMMOB (B OTHOCHTEJBHBIX €MHHUIIAX) ObUIH
BBISIBJICHBI KPUTEPUH AWHAMHYECKOrO Momo0ms (0000IIeH-
Hble Oe3pa3MepHbIe MapaMeTphl MPOITYIILCUBHBIX KOMILIEK-
COB); HalJIeHbI UANa30Hbl U3MEHEHHS UX 3HAYEHUH, OXBa-
TBIBAIOILIME BCE 3JIEKTPOXOJBI C YaCTOTHO-YNPABIAEMBIMU
I'D/1 (mpu TpaMIIOHHOM IIPHBOJIE TPEOHBIX BUHTOB).

Kak mokasanmu mpenBapuTenbHbIE HccaenoBaHus (OT-
CEHBAIOLINE DKCIIEPUMEHTHI), HauboJiee CYIIECTBEHHOE
BJIMSTHUE HA BBIOPAHHBIE KPUTEPHH, TIPH COBMECTHOM MaHEB-
PHUPOBaHHHN pyJeM U TpeOHBIMHU 3JIEKTPOABUIATEIISAMHE, OKa-
3BIBAIOT CIICAYIONIVE MApaMeTpPhl: CTETICHh MOATOPMAXKHBa-
HUSL; Vpyipy — HAYAJIGHAS] CKOPOCTB JABIKEHHUS CYJIHA; fr — yTOT
TIepeKIIaKy Tiepa pyJiist; 0000IeHHbIH Oe3pa3MepHBIii mapa-
MeTp KoMITTeKca Ny — SHEproBOOPYKEHHOCTH 3JIEKTPOX0a

_ L2 Kpifyo ®)
2 b
(m+2411)vo
rae P, n Kp; — 1onesHslil ynop rpeOHOro BUHTA B yCTa-
HOBHUBILIEMCSI PEXKHMME M €ro JIojsl B CyMMapHOM YHOpe
COOTBETCTBEHHO; M U A — Macca Cy/iHa ¥ TIPUCOEIHHEH-
HBIE K HEMY MAacChI BOJIBI (BIOJb IIPOIOIBHOM ocH X).
JUIs pa3mUYHBIX COOTHOIICHUH MEXIy STHMH Tapa-
MeTpamH (IO CYTH Jeia — JUIS Pa3InIHBIX JJIEKTPOXOJIOB)
OBLTH TIPOBEICHBI ONITUMH3AIMOHHBIE PACUETHI U MOITyde-
HBl ONTHMANbHBIE pemeHus. B KadecTBe mpumepa, B
Tabn. | (o KpUTepruo MUHUMYMA 3aTpaT SHEPTUd W pmin)
u B Tabn. 2 (0 KpUTEpHUI0 MHHHMyMa BbIOeTa CyqHA
L1min) TPUBEIEHBI HEKOTOPHIE UX PE3YIBTATHL. JTO — OII-
TUMaJbHbIC MApaMeTPhl 3aKOHA YaCTOTHOI'O YIpaBIICHMS
y / o, IPEeICTaBIEHHOr0 B BHJE ypaBHEHUs (5), NMpH BbI-
XO0/ie CyllHa Ha LMPKYJISALUIO C OJHOBPEMEHHBIM ITOBOPO-
TOM TIepa pyJisi fr U MONTOPMAKUBAHHEM IPABOTO IPped-
HOTO 3JIEKTpOoABHTaTeNs. PacdeTsl MpOBEACHBI Ui Ma-
HEBPOB IPU OTHOCUTEIFHOW HAYAIBHOW CKOPOCTH CyJTHA
Vorim=1,0 1 Vi, = 0,8. B T20n. 1 npuseneHo HebobLIOE
KOJIMYECTBO BApUAHTOB COYCTAHUH 0, O, Ny, fr 11 ONITH-
MAaJbHBIC PEUICHUs AJIS BHITOJHEHUS MaHEBpa IO KPHTe-
puto MUHUMYMA Wi,

Tabmnuna 1
CoueTaHust 3HAYNMBIX TAPAMETPOB M ONTHMAJIbHBIC PEIICHHS 110 KPUTEPUIO MUHUMYMa 3aTpaT SHEPrud Wi,
YucrieHHbIE 3HAYCHUSI TAPAMETPOB, O.€. _ OnruMalbHbIE PeIIeHHST Sdercris-
Bapuant f;’g“’”’ ypaBHeHue y =y (a) W emins HOCTb,
Vprim a, OR Ny Br ~ I ks k oe. %
1.0 1,0 0.8 0,12 0,262 16,67 | 2,08 | —1,15 | 238 | 15,37 78
0,8 0,8 0,65 0,12 0,262 15,09 297 | -2,39 1,71 10,86 28,03
3 0,8 0,8 0,55 0,12 0,262 13,16 324 | 2,62 1,16 | 9,352 28,94
14 0,8 0,8 0,65 0,165 0,4 11,0 3,47 | 3,089 | 1,342 | 7,93 2791
15 0,8 08 | 0,55 0,165 0,4 9,7 327 | 2,67 | 121 | 688 29,07
25 1,0 1,0 0,8 0,21 0,576 9,95 2,73 | -0,07 | -2,66 | 9,13 8,2
26 0,8 0,8 0,65 0,21 0,576 9,09 2,56 0,08 2,27 6,93 27,51
27 0,8 0,8 0,55 0,21 0,576 8,02 32 2,57 1,26 5,71 28,8

Ha puc. 4, B xadecTBe WIUTFOCTPAIUU, MPUBEACHBI
rpaduvecKkue WHTEPIPETAMN YIPABIIIONICTO CHIHAJA
(5) ¢ onTuMaNEHBIMU 3HAYCHUAMHU KOI(PPUIINECHTOB £y, ks,
k4 1A TIEpPBBIX TpeX BapuaHTOB (K3 Tabm. 1) coueraHuit
TapaMeTpoB o, O, Ny, Br.

v

1,2

1,07

0,81

0,6

0.4 '—Variant 1 |

0,21 |--Variant 2 |

- -Variant 3

0 0,2 0.4 0,6 0.8 o

Puc. 4. 3aBucumoctu y = y (@)
0 KPUTEPUIO MUHUMYMa 3aTpat SHEPruH Wepin

Jis oueHkH 3(GGEKTHBHOCTH ONTUMHU3AIMH OBLIH
PacCYUTaHBI COOTBETCTBYIOIME MAaHEBPHI MPU yIIpaBIe-
HHUH TPEOHBIMU JIEKTPOABUTATEISIMUA M [0 KIIACCHYECKO-
MY OpOIMOPIMOHAILHOMY 3aKOHY. Pe3yibraThl pacueroB
3aTpaT SHEPTrUH Ha BBITOJHEHHE MAHEBPOB IO ATOMY 3a-
KOHY MPHUBEICHBI B CTONOUE W s Tabn. 1. B mocien-
HEM CTOJOIE TaOJUIBI MPOUJLTIOCTPUpPOBaHa P PEKTHB-
HOCTh OINTHMH3AIMU — CTENeHb CHIDKEHHUS 3aTpaTr dHep-
THH [IPH TIEPEX0JIC Ha ONTUMAIILHOE yIpaBieHue. B 3aBu-
CUMOCTH OT YCIIOBHI MAaHCBPHUPOBAHHS OHA KOJICOJIETCS
ot 8 % 10 29 %.

Menpmiast creneHb 3()QEKTHBHOCTH COOTBETCTBYET
JIBIDKCHUIO CYIHA C OONBINEeH CKOPOCTHIO, a OObIIas 3¢-
(DeKTHBHOCTh — TPH JIBIJKCHHU C MEHBIICH CKOPOCTBIO U
MaKCUMAJbHBIM TOATOPMAKUBAHHEM TPEOHBIM DIIEKTPO-
JIBUTaTEJIeM (CIIelyeT MMETh B BUIY, YTO CTEIEHb MOATOP-
MaKMBAHUSI OrpaHUYeHa THUIPOIMHAMUYECKON XapaKTepu-
CTHUKOW TpebHOoro BuHTA). Takum oOpazoMm, Tepexon
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K onTuMansHOMY ympasienuio ['D]] (a coBmecTHOE Ma-
HEBPUPOBAHHE ABUraTEeISIMU U PYJIEM Hallle BCETO OCyIle-
CTBJISIETCS. MIMEHHO Ha YaCTHYHOM XOJy CyIlHa) CYyIIECT-
BCHHO CHMXXACT 3aTparbl SHEPIruu Wc, Ha BBbIIIOJIHCHUC
MaHEeBpa, YTO MOATBEPAKIAET €O LIeNeco00Pa3HOCTb.
CMeHa KpuTepusi ONTHMaIBHOCTH HPUBOANT, KaK H
OXHMJAJIOCh, K JPYTMM ONTUMAaJbHBIM  PELICHHSIM.
B 1abn. 2 mpezacraBieHsl pe3ysIbTaThl ONTHMH3aIMOHHBIX
pacyeToB MO KPUTEPHUIO MHHMMYMa BBIOETa JICKTPOXOaa

Limin TIPH BBIXOZIE €T0 Ha HMpPKymsauuioo. Kak BumHO H3
TaOJIUIIBI, YUCICHHBIC 3HAYCHUS KOI((DUIHEHTOB k), k3 U
k4 CYIIECTBEHHO OTJIMYAIOTCS OT TEX, KOTOPHIE MOJYYEHBI
M0 KPUTEPHIO MUHUMYMa Pacxo/ia YHEPTHH.

Ha puc. 5 npuBezneHs! rpaduueckie HHTEPIPETALUH
YIPaBISIONNX CUTHAJIOB C ONTHMAIBHBIMHA 3HAYCHUSIMU
K03(h(OULMEHTOB ky, k3, k4 IS TEX ke MEPBBIX Tpex (Kak
n B Tabn. 1) BapuaHTOB COYETAHUH HapaMeTpoB @, Og,
N, X ﬁR.

Tabmuma 2
CoueTaHus 3HAYUMBIX napaMeTpoOB U ONITUMAJIbHBIC PCIICHUSA 10 KPUTCPHUIO MUHUMYMa BbIOETA DJICKTpOXOoaa lein
YucieHHbIe 3HAYCHHS napamMeTpoB, 0.€. OnTuMalbHbIe peuieHus 3Cb(beKTI/IB-
Bapuant N 5 ng‘gm ypaBHeHue y =y (a) L imins HOCTD,
Vorim a a o

' L R b'e R & ks ks o.e. %

1 1,0 1,0 0,8 0,12 0,262 7,03 3,32 -7,58 2,33 6,62 5,8

0,8 0,8 0,65 0,12 0,262 6,28 3,54 -7,96 3,55 5,62 10,5

3 0,8 0,8 0,55 0,12 0,262 5,8 3,8 -8,6 2,1 5,36 7,6

17 0,8 0,8 0,65 0,21 0,4 4,9 3,51 -7,9 2,2 4,56 6,9

25 1,0 1,0 0,8 0,21 0,576 4,15 3,57 -8,23 2,27 3,94 4,6

26 0,8 0,8 0,65 0,21 0,576 4,137 3,72 -8,57 2,05 3,85 9,7

27 0,8 0,8 0,55 0,21 0,576 4,06 3,87 -8,79 2,01 3,72 8,3
7 : : : ] s oneHku 3(h(HEeKTUBHOCTH ONTUMHU3AINH (KakK H
—7a e Ui BapuaHta Weegeic B Ta0m.1) B Tabn. 2 mpUBEICHBI
0.8/ __:’I“"m: ; ! . e 4 pe3yNIbTaThl PacyeToB BhIOEra 3JIEKTPOXOja IPU yHpaB-
--\f::::n% P ¥/ JICHUH TPEOHBIMU 3JICKTPOJBUTATEISIMA U 10 KJIacCHYe-
0,6 1 — ! 7 CKOMY MPOIOPIUOHATBHOMY 3aKOHY. Pe3ynmbTaThl pacue-

0 0,2 0,4 0,6
Puc. 5. 3aBucumoctu y =y (a)
0 KPUTEPUIO MUHUMYMa BEIOETa 3JIEKTPOXOAA Liyin

AHanu3 3THX 3aBUCHMOCTEH IIOKa3bIBACT CIEIYIO-
mee. IlockonbKy, OJHOBPEMEHHO C NEPEKIALKON mepa
Py POU3BOAUTCS MOATOPMAXKHUBAHHUE NIPABOTO TPEOHO-
ro 3NMEeKTpoIBHUraTesns, Harpy3ku Ha 371oT ['D/] Bo3pacra-
10T. Kpome Toro, rpebHoli BuHT BHyTpeHHero ['D/] Hauu-
HaeT paboTaTh B IMOTOKE BOABI ¢ OOJBLIMM YIJIOM CKOCa
(puc. 1), 4TO NMPHUBOIUT K YBEJIMYEHHIO €0 MOMEHTa
COIIPOTHUBIICHMUSI.

Ha pexuMHBIX NOKa3aTensX IeHEpaTOpHBIX arpera-
TOB 3TO HE CKa3bIBAETCS, IOCKOJIbKY OHM OXBAuCHBI Iepe-
KPECTHBIMH CBSI35IMH, 2 Ha ITOKA3aTeIsIX TPEOHBIX JIEKTPO-
JBUTATENEH 3TO OTPaXKAeTCs, MOCKOJIBKY MX CHJIOBBIE KOH-
TYpBI HE3aBHCHUMEI APYT OT Apyra. Baytpennue '3/ Ha-
TpY’KEHbI OOJbBIIE M HMX PEKHMHBIC ITOKAa3aTEId MOTYT
NPHOJIU3UTHCS K yCTaBKaM CpadaThIBAHMS CUCTEM 3alllUTHI.

Jmnst neponymieHust aBapuiiHoro otkitoueHus ['D]]
(a mo10OHBIE MAaHEBPBI OCYLIECTBISIOTCS, KaK MPaBHUIIO, C
LIEJIBIO MTPEOTBPAICHUS] CTOJIKHOBEHUS CYI0B) HE0OXO-
JUMO CHMXATh BEJIMYMHY HANpSOIKEHUS, YTO M JOJKHA
OyzneT cnenaTh CHCTEMa aBTOMAaTHYECKOTO PETyJIHpOBa-
HUSI B COOTBETCTBHH C PACCUUTAHHBIMHA ONTHMAJIbHBIMU
3aKOHaMH. JTO BUAHO Ha pHC. 5.

TOB TI0 3TOMY 3aKOHY NPHUBEICHBI B CTONONE L1 /y55ic- DP-
(heKTHBHOCTH ONTUMH3ALUH — CTEIICHb CHI)KEHHS BbIOeTa
ANEKTPOXOAa — KOJEOJIETCS B 3aBHCHMOCTH OT YCIIOBHH
MaHeBpupoBanus oT 5 % 1o 11 %. Kak u B mpeapixyniem
ciyyae, OOJblias creneHb 3(PPEKTUBHOCTH IMOJTYyHaeTCs
MY ABIDKEHHUH CYJHA Ha IPOMEXXYTOYHBIX CKOPOCTSIX.

JUis  wiumiocTpane  TIOBEACHUS POIYJIbCUBHOTO
KOMIUIEKCA 110CJIe ONTUMU3AIMY 3aKOHOB YIIPaBIIeHUs, HA
pHc. 6 IpeacTaBleHbl TEKYLIHe 3HAUSHHUs OCHOBHBIX pe-
JKUMHBIX ITOKa3aTenen IIPpU BBIITOJIHCHUHN TOT'O )K€ MAaHCB-
pa, 4To U Ha puc. 3. O1o BapuaHT Ne 27 codeTaHMs 3Ha-
YUMBIX I1APaMETPOB W YCJIOBMH BBHINOJHEHUS] MaHEBpa
(tabn. 2.) BeiOpaHHBII BapuaHT — MpuUMep CpeaHeit ad-
(heKTUBHOCTH.

CpaBHHTENBHBINA aHATTU3 PE3YIBTATOB pacyeTa MmoKa-
3BIBACT, YTO C MEPEXOJOM K ONTHMAIBHOMY YIIPABICHHIO,
BBIOET AJIEKTpOoXoaa (KpUTEpUH ONTHMAIbHOCTH) COKpa-
tuiea ¢ 4,06 no 3,72 nnuHBI CyAHA, YTO COCTABIIAET
8,3 %. UucrneHHple 3HAYEHUSI OCHOBHBIX PEXHMHBIX ITO-
Ka3aTenel MpH YHPaBICHUH IO NPOMNOPIHOHAIBEHOMY U
ONTHUMAJIbHOMY 3aKOHAM TaKKe ITPHUBE/IeHbI B Ta0II. 3.

Takum 00pa3zom, mepexoll K ONTHMAaIbHOMY YyIpaB-
neanro ['D]] TO3BONSET CYIIECTBEHHO CHU3UTH BBIOET
3JIEKTPOXO/a, YTO CIOCOOCTBYET HOBBIINIEHHIO Oe3oriac-
HOCTH BBITIOJTHEHUSI MAHEBPCHHBIX OTICPAITHIA.

Oocy:xnenue. IIpoBeneHHbIE HCCIENOBAaHUS Ha-
TJIATHO TIOKA3BIBAIOT, YTO TPAAWUIMOHHOE YIIPaBICHUE
I'peOHBIMH JIEKTPOABUTATEISIMHA HE MO3BOJISIET B ITOJHOM
Mepe PeaJn30BaTh y 3JIEKTPOXOIOB 3aJ0KEHHBIE B HUX
BBICOKHE MaHEBPEHHBIE CBOHCTBA.
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Puc. 6. Texyuue 3HaueHUS OCHOBHBIX PEXHMHBIX [TOKa3aTeNeil MaHeBpa «pa3roH '20Y — BBIX0J cyiHA HA LUPKYJIALHIO»
IPH yTIPABJICHUH [0 ONTUMAIFHOMY 3aKOHY

Tabmuna 3
TlokasaTe/u KauecTBa MAaHEBPUPOBAHHUSL [IPH PA3HBIX 3aKOHAX
YIIpaBIIeHNs
IMoxasares| [IponopuuonansHblil| ONTHMATBHEIH Orwtonenne
KayecTBa 3aKOH 3AKOH HOKa?)ZTCH}I,
Trman 20,5 19.2 +6.3
Tev 13 11,9 8,4
w 235 » 16.8
L, 4,06L 3,721 +83
Ly (y=90°) 1,32L 0,98L +25.8
Deire 3221 2,63L +18,3
Iy 0.83 0,88 5
My 0,92 0,96 43
Oy 0,79 0,73 76
Veire 0,56 0,48 ~14,3

[IpuunHO#N ABISETCA TO, YTO KJIACCHUYECKHUU MHpO-
MTOPIIMOHAIBHBIA 3aKOH YTIPABIICHHS, MOJyYeHHBIH MpH-
MEHHUTENBHO K «JIEKTPUICCKIMY TTOKa3aTeNsIM KadecTBa
paboTHI 3IEKTpOABUTATENEH, HE YUHTHIBAET MOKA3aTeIH
pabotel cynHa. Ho rpeOHbIe 3JIEKTPOABUraTeIN MpeHa-
3Ha4YCHbl UMCHHO /IJI TOI'O, ‘lTOGI)I 06eCHe‘il/ITI) Haymyq—
HIMe MoKa3arein KauecTBa pabOThl MMEHHO Cy/Ha, B Ya-
CTHOCTH — HAWITyYIlINE €r0 MaHCBPECHHBIC XapaKTECPHCTH-
KH ¥ BBICOKHME SKOHOMHYCCKHE IMOKa3aTelIH JKCILTyara-
uud. HyxeH cucreMHslil moaxon K ynpasienuro ['D]] na
MaHeBpax. lIpm STOM «3IIEKTpHYECKHE» IOKa3aTeH
JOJDKHBI OTOMTH Ha BTOpPO#l miad. Heo0xomumMo HaXouTh
TaKoe yIpaBlieHHE, KOTOPOe OOECIECUYHUT HAMIYYIIHEe TI0-
Kazareian pPaboOTBI 3IEKTPOXO0Na, € KOHTPOIHUPYEMBIMHU
IPH 3TOM TIOKA3aTesIMA SKCIUTyaTallMd ero rpeOHOit
3JIEKTPOIHEPTETHIECKON yCTaHOBKH.

Pemenune Takux 3aad BO3MOXKHO TOJIBKO MPH KOM-
IUIGKCHOM TOAXo1e. ['peOHas 3JIeKTpOIHEepreTHIecKas
YCTaHOBKa JIOJDKHA PaccMaTpUBATHCSI COBMECTHO CO BCe-
MH COCTaBHBIMH YACTSIMH CIUHOTO CYJOBOTO IIPOITYJIb-

CHUBHOTO KOMIUIEKCA, BKJIOYAIOLIEro B ce0s, Kpome
I'93Y, u BuHTHI, U pynb U Kopoyc cyaHa. Hamuuue ma-
TEMaTHYECKOH MOJIEINH, OIMCHIBAIOIIEH IOBEJCHUE IPO-
MyJIbCUBHOTO KOMIUIEKCAa Ha MaHEBpaxX, METOAa pacyera
TEKYIINX 3HAYCHUH OCHOBHBIX PEKUMHBIX TOKa3aTeleH,
KOPPEKTHOTO (TIOAXOMAMIETO U PEHICHUS IMOMO00HBIX
3a/1a4) MeTOoAa ONTHUMH3AIMU I03BOJIIET JOOUTHCS IIO-
CTaBJIEHHOM LEJIN.

Kak mokazano B HacTosmel paboTe, Ipu MpaBHITb-
HOW OpraHW3aliy YIpPaBiICHUS TPEOHBIMHU JIEKTPOABHTA-
TCISIMHU MOXXHO ZlO6I/ITI)C5{ HaWJIydlinx 3HAaYEeHHUH TOKa3a-
TeneH KadyecTBa BBIMOJHEHUS MaHCBpPOB U O6eCHe‘il/ITI),
OJTHOBPEMEHHO C 3THUM, paboTy BCEX COCTaBHBIX YacTel
rpeOHOM 3JIeKTPOIHEPreTHYECKOH yCTAaHOBKH B JIOITYCTH-
MBIX peXHMaXx.

BbiBOaBI.

1. ObocHOBaHa T1I€TECOO0PA3HOCTh  HCIIOIB30BAHUS
CHCTEMHOTO TOJX0/Ia TIPH TTOMCKE ONTUMAIBHOTO YIIPaB-
JeHUA TPEOHBIMH D3JCKTPOJIBUTATEIIIMU 3IIEKTPOXOIOB
MIpYU MAHEBPUPOBAHUH HA KPUBOJIMHEWHOM TpaekTopuu. B
Ka4yecTBE TJIABHBIX KPHUTEPHEB ONTHMAJIBHOCTH CIIEAYeT
NPUHUMATh I10Ka3aTelld, XapaKTepH3YIOIIue MaHEeBpEeH-
Hble cBoiicTBa cynHa. Ilokasarenu pabotel ['DDY nomxk-
HbI YUUTBIBATHCA KaK OTpaHUYCHUS.

2. OG0CHOBaHbI HEIOCTATKH «KJIACCHYECKOT0» BapH-
anra ynpasnenus: ['D/1. [Ipemioxen criocod hopmupoBa-
HUS CHUTHAJNOB ympasieHus 1'D]], ¢ omHOBpeMEeHHOI Tie-
pPEKITagKoi Tiepa pyis, IPU BBIXOJE CYAHA HA IHPKYII-
uro. PazpaboTana mporenaypa ONTUMH3AINN TapaMeTPOB
CUTHAJIOB YIIPaBJICHUS.

3. IlpoBeneHB! ONTHMU3ALMOHHBIEC PACYETHI U HAWJCHBI
ONTHUMAJIbHBIE MApaMeTPbl CHTHAJIOB YIpaBlieHUs rped-
HBIMU DBJICKTPOABUTATCIISAMH. OHTI/IMI/ISaLlI/lﬂ IMpoBE€ACHA
110 KPUTEPHIO MUHUMYMa 3aTpaT SHEPTUH Ha BBITTOJTHEHUE
MaHeBpa U M0 KPUTEPUI0 MUHUMYyMa BbIOEra 3JeKTpoXo-
Ja. O¢GGEeKTHBHOCTD ONTHMHU3AIUU HAaXOJIUTCS B JHara-
30He oT 5 % 10 29 %.
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Control of electric ships’ propulsion motors when moving on
curvilinear trajectory.

Purpose. The aim of the work is to search for the optimal con-
trol of the electric ships’ propeller motors (PM) while moving
on curvilinear trajectory. The indices characterizing the vessel
were selected as the criteria of optimality. Methodology. Opti-
mal control laws of PM providing electric ships’ best maneu-
verability can be found by joint consideration of the electric
propelling plant (EPP), propellers and hull. Results. A method
of calculating the transient regimes of the electric ships’ propul-
sion complexes during maneuver has been developed. A new
method of forming the PM control laws is proposed. The nature
of the target functions is revealed and a method of optimizing
the parameters of control signals is developed. Optimization
calculations have been carried out and the optimal control of
the electric ships’ propeller motors when moving along curvi-
linear trajectory has been found. Optimization has been carried
out by the criterion of minimum energy consumption and by the
criterion of minimum ship’s distance. The optimization effi-
ciency is illustrated. Scientific novelty. The method of searching
for the optimal control laws is constructed according to the
system principle, which allows optimizing the control of the
propulsion motors by the final result. Practical value. The pro-
posed recommendations can be used in the design of electric
propelling plants and in their operation. References 10, tables 3,
figures 6.

Key words: electric ships’ propulsion motors, control on
maneuvers, optimal control during curvilinear motion,
optimization method.
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D.G. Koliushko, S.S. Rudenko, S.V. Kiprych

ANALYSIS OF THE STATE OF THE EXTERNAL LIGHTNING PROTECTION SYSTEM
FOR OPERATING ENERGY OBJECTS

Introduction. Within the framework of European integration of Ukraine, the international Standard IEC 62305 has been
harmonized, which provides for a full inspection of lightning protection devices with a frequency of 0.5 — 4 years, which
significantly increases the volume of work. Problem. The adopted Standard is stricter than those for which external lightning
protection systems (LPS) of power plants and substations, which are objects of critical infrastructure, have been designed. There
is no clear algorithm of actions to bring the existing LPS of existing energy facilities of Ukraine in accordance with the
requirements of IEC 62305. Due to the need to modernize the existing LPS facilities, there is a need to develop a single algorithm
for these works. Goal. Development of an algorithm for evaluation of the current state LPS for existing power plants and
substations. Methodology. Based on the analysis of IEC 62305, three stages of evaluation are proposed: experimental (based on
geodetic and electromagnetic method of determining the configuration of the object and components of LPS), calculation (based
on the topographic survey method and the electromagnetic method for determining the configuration of the object and
components of the LPS) and stage of analysis and development of recommendations. Results. Three stages, which are a basis of
analysis of a condition of LPS based on the created algorithm, are considered in detail. An example of the analysis LPS condition
of the existing substation with a voltage of 35 kV, created according to the specified method, is given. The program report in 3D
form illustrates the unprotected parts of the object. Originality. For the first time, an algorithm for analysis the state of LPS of
operating energy facilities according to the IEC 62305 standard has been developed. Practical value. Typical remarks to the
existing LPS are formed. The results of the work can be used to inspection and modernize the LPS energy facilities, as well as
buildings and structures of public importance. References 18, tables 1, figures 3.

Key words: lightning protection, protection zone, lightning rod, energy facility, rolling sphere method.

B poboomi 3anpononoeano anzopumm ananizy cmawny cucmemu oOauckasekozaxucmy (Cb3) Oirouux emnepzood’ckmis, akuil
CKA0A€EmvCss 3 MPbOX emanie: eKCHePUMEHMANIbHO20 (HaA O0CHOGI monozpagiunozo ma en1eKmpoMazHimHO20 Memooy
eu3Hauenna Kougpizypauii 06’ckmy i xomnonenmie Cb3), po3paxynxkoeozo (6usnaueHHA 30HU 3AXUCHY CMAHOADMHUM
eNeKmpozeoMeMPUYHUM Memooom) il emany ananizy ma po3pooku pexomenoauii. /o icuyrouux CBb3 cghopmosano munoei
3ayeadiceHHs mMa 3axo0u w000 iX YCyHeHHA 6i0nogiono 0o eumoz JCTY EN 62305. Pesynomamu pobomu moxcymo Oymu
suxkopucmani 01 nepegipku ma mooephizayii Cb3 cknaonux npomucioeux ma enepzemuinux 00°ckmie, a makosc oyoisens i
cnopyo 3azansHocycninbnozo 3nauenns. bion. 18, Tabn. 1, puc. 3.

Knrouogi cnosa: 61MCKaBKO3aXHCT, 30HA 3aXUCTY, 0JHCKABKONPHUIiMaY, eHeprood’ kT, MeTo cdepH, 0 KOTUTHCS.

B pabome npeonoscen anzopumm ananuza cocmoanusa cucmemuvt monnuesauwyumol (CM3) oelicmeyroujux nepzoo0vekmos,
coCmoAwuIl u3 mpex IMAanoe: IKCHEPUMEHMAIbLHO20 (HA OCHOGAHUU MONOZPAPUUECKO20 U INIEKMPOMAZHUMHOZ0 MEMO0a
onpedenenusn Kouguzypayuu odvekma u xomnonenmoge CM3), pacuemnozo (onpedenenue 30HbL 3aU4UMbL CHIAHOAPMIHBIM
INNEKMPO2EOMEMPUUECKUM MEMOOOM) U Imana auaiusza u papadbomku pexomenoayuii. K cywecmeyrouum CM3
chopmynupoeansvl munogvle 3amedanus U mepvl UX yCcmpaneHus 6 coomeemcmeuu c¢ mpeoosanuamu JJCTY EN 62305.
Pezynomamut pabomvr mozym 0vlmb UCNnOIb306aHbl 01A npogepku u moodepuuszayuu CM3 cnoxicHbIX NPOMBINEHHBIX U
IHEpzemMUUECKUX 00BEKMO8, A MAKXHCe 30AHUIL U COOPYIHCeHUI 00uecmeeno20 nasnauenua. bubn. 18, tabxn. 1, puc. 3.

Kniouesvie cnosa: mojiHMe3a1UTA, 30HA 32A1IUThI, MOJTHUEIIPHEMHHK, JHEProo0beKT, MeTo KaTsauieiics cepsbl.

Analysis of publications. Within the framework of
European integration measures, in Ukraine the international
Standard on lightning protection was harmonized [1], the
requirements of which differ significantly from the
Standards of the USSR [2] and Ukraine [3], according to
which the design and control of the lightning protection
system (LPS) of the vast majority of existing strategic
energy facilities in Ukraine have been carried out.

According to [1] the LPS should be inspected:

e during installation of the LPS;

e after installation of the LPS;

e systematically, according to Table 1.

The time intervals listed in Table 1, should be applied
in the absence of additional instructions of regulatory
documents.

The frequency of inspection of the LPS is
determined taking into account the following factors:

e classification of the protected object (power plant,
substation, etc.), especially taking into account possible
damages;

e LPS class;

e cnvironment depending on the
aggressiveness;

degree of its

o material of individual components of the LPS;

o soil characteristics and degree of corrosion;

e weather conditions (changes in temperature and
precipitation);

e changes in the parameters of the grounding device
(GD) depending on humidity and temperature (e.g.
resistance).

Table 1
Maximum interval between LPS inspections, year
Protection Visual Full Critical situations
level audit audit (full inspection)
ITand I 1 2 1
Il and IV 2 4 1

Note. In buildings where there is a possibility of an explosion,
inspections should be carried out every six months. Critical situations
may include buildings (structures) that contain sensitive internal
systems, office buildings, commercial buildings, or places where a
significant number of people may be present.

The LPS should also be inspected on an ongoing
basis if significant changes have been made or the
protected object has been reconstructed, as well as after
lightning discharges.

© D.G. Koliushko, S.S. Rudenko, S.V. Kiprych
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The harmonized International lightning protection
Standard [1] has more stringent requirements for lightning
rods (LRs) protection zones than [2], [3] and other design
requirements.

In this regard, the urgent problem is to inspect the
LPS of existing energy facilities for compliance with the
norms. The normative document itself specifies the
parameters that need to be checked, but there is no
explanation of the sequence and methods of verification.

In addition, the analysis of the state of LPS of
complex objects, which are power plants and substations,
is practically not considered. On their territory there is a
large number of LRs of different types (rods, cables,
nets), which create a connection between them. In
addition, lightning protection of energy facilities is a
strategic task, because the failure of equipment can lead to
both costly repairs and significant losses from power
outages of important consumers.

The analysis of the existing literature, in particular [4-8],
shows that the assessment of the current state of the LPS of
energy facilities in the form of a clear sequence of
interrelated methods of inspection of the LPS is absent.
Usually, publications are devoted to the calculation of LR
protection zones or the design of LPS in accordance with [1].

The goal of the work is to develop an algorithm for
assessing the current state of the LPS of existing power
plants and substations.

Research materials. Due to the fact that the
implementation of the inspection of the LPS [1] includes
field and in-house work, and the main result is the
development of recommendations for the arrangement of
the LPS in accordance with regulatory requirements, the
analysis of the current state of the SBZ is presented in
three stages:

e obtaining initial data on the arrangement of the
existing LPS (experimental stage performed in the field);

e determination of the level of the LPS and
calculation of protection zones (PZs) of lightning rods
(calculation stage);

e analysis of the existing LPS and development of
necessary measures for protection of the object with
minimization of material and labor costs (stage of analysis
and development of recommendations).

Consider each of the stages of the analysis of the
LPS more in detail.

1. Experimental stage. The lightning protection
system consists of lightning rods, current collectors and GD.

During this stage, the following is determined:

1) geometric configuration of the LPS and the
protected object;

2) general condition of LPS components (configuration,
material, cross-section, quality of electrical connections,
corrosion level);

3) value of the equivalent resistivity of the soil;

4)resistance of the GD of the LR with a separate
ground rod.

For the listed items it is necessary to carry out field
works on restoration (creation) of executive
documentation. This is due to the long-term operation of
the facility, during which it undergoes significant changes

(installation of the communication masts, damage to the
structure of the LR, expansion of the facility, corrosion
infuence, etc.) and the loss of executive documentation.

When determining item 1 of the experimental stage,
measurements of the geometric configuration of the
protected object and the LPS by topographic surveying
methods (for example, by theodolite one) are carried out
[9]. The overall dimensions and height are marked on the
map at a scale convenient for further work. The biggest
difficulties of this item are:

e need to determine and further take into account the
difference in ground level and height of parts of the object
and the LPS relative to it;

e presence of high-rise buildings outside the facility,
which may create additional PZ.

The work according to item 2 of the experimental
stage is performed using:

e direct measurements with a caliper (cross-section of
LPS conductors);

o induction method (GD configuration);

e ammeter-voltmeter method (quality of electrical
connections).

Figure 1 shows a plan of the object with its LPS on
the example of one of the substations with voltage class
of 35 kV, which is the result of items 1, 2.

The work according to item 3 of the experimental
stage is performed by the method of vertical electric
sounding (using the Wenner or Schlumberger
arrangement), and according to item 4 — by the ammeter-
voltmeter method (by potential drop, four-point or «62%
method») [10].

In general, the work for items 2 — 4 is performed
according to the method described in [11] and according
to the procedures described in [12].

All the difficulties of these substages correspond to
the problems described in [13]. The most important of
them:

e determining the condition of LPS conductors, such
as current collectors, at a height near current carrying
parts at power plants and substations (often in this case
the only way to check is the use of photographic
equipment, preferably with a long-focus lens);

e laborious work on finding grounding conductors in
the soil and ways of lightning current spreading;

e practical complexity of identification of vertical
electrodes and impossibility to determine their length and
cross-section.

In addition, in [14] there is no concept of pulses
resistance [15], in contrast to [1], so for it 4 the
international method of determining the impedance using
the appropriate devices considered, for example, in [16]
should be used.

The results of measuring the geometric
configuration of objects and their LPS are plotted on the
diagram in electronic form. Data on deviations from the
requirements of the Standard, changes and deformations
of the LPS and any changes in the object must be
recorded both in text form and with the help of photo and
video equipment. The results of the experimental stage
are recorded in the reporting documentation.
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Fig. 1. Plan of the object and its LPS

2. Calculation stage. The calculation stage begins
with determining the level of LPS, which is performed
based on the calculation of the risk of lightning strikes to
the object and the characteristics of the object. This is
usually based on information provided by the operating
organization and/or template calculations set out in some
national annexes to IEC 62305 (e.g. in Germany).

Then, with the help of a special computer code, the
calculation of the PZ of the LR is performed and the
report is obtained in 2D and 3D form. To do this, first
calculate the calculation scheme of the LPS is prepared,
which includes the protected object. The scheme should
take into account for the current time the following:

e LPS level (sphere radius is 20 m, 30 m, 45 m or 60 m
for LPS of classes I, II, IIT or IV, respectively);

e location of the LR on the scheme (coordinates and
height of each LR);

e location of buildings and structures of the protected
object (coordinates and height).

To perform calculations, the method of determining
the PZ of the LR using the rolling sphere method for one or
2-3 rod LRs of the same height [17] or computer codes to
build the PZ of the LR of arbitrary heights and locations
(e.g., Pentair, ERICO, Entegra, Primtech) can be used.

Experts of NTU «KhPIl», using the mathematical
apparatus given in [18], developed a computer system
«LiGro», which is intended to calculate and design grounding
and lightning protection systems. Regarding the calculation of
the LPS the system consists of three logical parts:

e graphic editor, which allows to place on the scheme
as many large numbers as you like of buildings, structures

and LR of any shape on a real scale using a graphical
interface (location and size);
e 2D report, with which it is possible to analyze the
results of the calculation of the PZ of the LR on the plane;
e 3D report for the analysis of the results of the
calculation of the PZ of the LR in space.

Figure 2,a shows the object and its LPS in 3D, and
in Fig. 2,b presents the result of the calculation of the PZ
of the external LPS of the substation with the system
«LiGro» in 3D in accordance with [1] and marks places
that are outside the protection zone: 10 kV busbars (1);
part of the fence (2); KRUZ-10 kV (3) and busbar 35 kV
(4). Therefore, to protect the object from direct lightning
strikes, it is necessary to develop recommendations
(install additional LRs of the required height).

3. Stage of analysis and development of
recommendations. The calculation scheme does not
change if it is recommended to use only a protective grid
made in accordance with the requirements of the regulatory
document [1] to protect the object (or part of it).

If the object is not protected from direct lightning
strikes, i.e. it or its parts are outside the PZ of the LR
system, then the recommended LRs needed to protect the
entire object should be added to the calculation scheme.
The location, height and design of the recommended LRs
should be chosen taking into account the economic
feasibility and technical feasibility. Therefore, the
development of recommendations for the installation of
additional LRs is iterative in nature, aimed at finding
optimal solutions: the installation, if possible, of typical
LRs with the minimum required number and height. After

68 ISSN 2074-272X. Enexmpomexuixa i Enexmpomexanixa. 2020. N5



that it is necessary to check that all constructions are
inside the PZ of the LR system, and also to analyze the
constructive implementation of the LPS. If necessary,
provide recommendations for bringing the constructive
implementation of the LPS to the requirements of

regulatory documents with the subsequent registration of
all stages of work in the form of reporting documentation.

Thus, the assessment of the current state of the LPS
of the existing energy facility can be represented as an
algorithm (Fig. 3).

Fig. 2. Report in 3D
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Fig. 3. Algorithm for estimating the current state of the LPS

The developed algorithm was successfully used at
more than 200 power plants and substations of voltage
classes of 35-750 kV. According to the results of the
analysis of the current state of the LPS, standard remarks
were formed to:

e security of objects (buildings and structures or their
parts are outside the PZ of the LR; antennas and other
communication devices that are sensitive to lightning surges,
which are installed on lightning rods and buildings/structures
that are not protected from direct lightning);

e lightning rods (the cross section is smaller 50 mm?;
no galvanic connection to the current drain; corrosion
damage; deformation of the structure);

e current drains (no artificial current drains; the cross-
section is less than 50 mm?; the natural current drain has
no galvanic connection with the lightning rod and
grounding device; corrosion damage);

e grounding device (resistance exceeds the regulated
value; design and/or cross-section does not meet the
requirements of regulatory documents);

e installation of lightning rods (performed in violation of
the requirements of regulatory documents — the distance to
the current carrying parts, grounded structures and grounding
device of the substation is less than regulated one);

e clectrical wiring (cables are laid in violation of
regulatory requirements; cables from lighting equipment
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installed on the LR go to buildings/structures, which can
lead to high potential during lightning strikes in the LR;
cables that go from buildings/structures to the territory of
the protected object, are outside the PZ of the LR, which
can lead to the entry of high potential into the
building/structure during a lightning strike in these cables
outside the territory of the protected object).

In order to eliminate remarks and bring the state of
the LPS in accordance with the requirements of regulatory
documents, the recommendations based on the results of
the analysis of the state of the LPS of energy facilities
may include the following items:

1. Installation of additional rod lightning rods or LRs
of the required height:

e located separately;

e on portal constructions;

e on a building or structure.

2. Laying current leads from lightning rods to
grounding conductors.

3. Ensuring galvanic connection of the cable lightning
rod with the cable stand.

4. Laying additional horizontal grounding conductors
in the recommended LRs to ensure the spread of lightning
current by the grounding conductor in accordance with
the requirements of regulatory documents.

5. Connection to the common GD of the substation of
portal structures with rod and cable LRs, searchlight
masts and lighting towers.

6. Connection to the common GD, if necessary, of the
LR with a separate grounding conductor.

7. Installation of vertical electrodes in accordance
with the requirements of regulatory documents.

8. To protect the buildings at the substation from
direct lightning strikes — laying a protective net around
the perimeter of the roof (as close as possible to its edge).
To prevent thermal destruction of the roof waterproofing
coating (roofing felt), it is recommended to secure the
protective net conductors with roof holders (stands) made
of heat-resistant material (e.g. concrete, clay, etc.).

9. Execution of electrical wiring to lighting equipment
installed on floodlight masts in accordance with the
requirements [14].

10. Replacement of corroded LPS components.

Then the results of all stages are systematized with
registration in the form of documentation for external LPS
(protocol, passport, report, etc.).

The documentation (in any form) must contain an
explanatory note and graphic material.

Conclusions.

1. The paper describes for the first time the stages of
analysis of the current state of the LPS of operating
energy facilities of Ukraine and its components, an
evaluation algorithm is developed, and methods for
performing each of the stages are proposed.

2. The standard remarks to the LPS of the objects
which are in operation are analyzed and systematized.

3. Possible measures are provided to eliminate the
shortcomings identified in the process of analysis of the
state of the LPS.
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KOeinei

PAVMHUH BAJIEPU EOMMOBHUY

(x 80-1eTnIo co JTHS POXKIEHUS)

Banepuit E¢umosnu Paitana pommncs 20 ceHTAOps
1940 roma B r. Mockse. bonpmas gacte ero mpodeccno-
HaNBHOW Onorpaduu cBs3ana ¢ YKpauHoi u XapbKOBOM,
I/Ie OH Wi, yumics ¥ pabotan ¢ 1956 mo 1996 r. Ilo
OKOHYAHWHU CPEIHEU IIKOJBI C CepeOpsIHONW Menanbio OH
MOCTYNHI B XapbKOBCKMH ITOJIMTEXHU-
YeCKMH HMHCTUTYT, 3JIEKTPOMAIINHO-
CTPOUTENBHBINH (DaKyJIbTET KOTOPOTO C
OoTJIMYreM OKOHYMI B 1962 r. B TOM xe
rofy IO pachpeaeneHuio OblI Harpas-
JeH BO  BcecorosHblil  Hay4HO-
HCCIIEIOBATENIbCKUH HHCTHTYT HH3KO-
BOJIFTHOTO 3JIEKTPOAMNIapaToCTPOCHUS
Mumnsnexrporexnpoma CCCP (BHUU-
JJIeKTpoanmapar, T. XapbKoB), TJe
mpopaboTal MOYTH TPHALATH JIET,
Mpoias MyTh OT WHXKCHEpa [0 3aBe-
JIYIOLETO OTIEJIOM, KaHIAWJIaTa TeXHU-
YeCKUX HayK. B 3TOT oOuyeHb BaKHbBIN
nepuoJi cBoei aesTensHOCTH Banepuit
EdumoBrny BHeC 3aMeTHBIH BKIIAA B
CO3JJaHME HOBOTO HAlpaBJCHUs Pa3BUTHS alllapaToB 3a-
IIUTHI, OCHOBAaHHOTO HA NMPUMEHEHHHU JJIEKTPOHHOH TeX-
HUKH. [Ipy ero akTMBHOM ydacTu¥ pa3pabOTaHO M BHe-
JPEHO B MaCCOBOE MPOM3BOACTBO HA XapbKOBCKOM 3JIEK-
TPOMEXaHMYECKOM 3aBOAE W APYIMX KPYIHBIX IPEIIpH-
atusax  nekTponpombiiuieHHOCTH CCCP  GOJBIIMHCTBO
OTEUECTBEHHBIX CEpUil aBTOMATHUECKHUX BBIKIIIOYATEICH
HU3KOI'0 HaNpsHKEHUS € DJICKTPOHHBIMH PACHCIHUTEIIAMU.
Cpean »TuxX anmapaToB — HauOollee HM3BECTHAs Cepus
A3700, obecnieunBias Brepeoie B CCCP kauecTBEHHO
HOBBIH ypOBEHb 3alUTHl 3JIEKTPOYCTAaHOBOK OOLIEIpO-
MBIIIJICHHOTO M CIIELMAIbHOTO Ha3HaueHMs. DTH paspa-
00TKM OBUIM BBINIOJHEHBI Ha YPOBHE H300peTEHHH H
OTMEUYECHbl MEIAISIMA BCECOIO3HBIX M MEXIyHapOIHBIX
BBICTaBOK.

Eme B cryaenueckue roapl Bamepmiit Edumosra mpo-
SBWJI CKJIOHHOCTh K HAYYHBIM HCCIIEIOBaHISIM U B 1974 1.
10 OKOHYAHMM 3a04HOM acnupaHTypel npu Hoouepkac-
CKOM TOJIMTEXHUIECKOM MHCTUTYTE 3alllUTIII Ha 0a3e CBOMX
Pa3paboToK KaHAWAATCKyIo auccepranuio. C 3Toro MOMeH-
ta Banepuii E¢umoBnu HaumHaer coBMmemiath paboTy o
CO3JJaHHI0 HOBOM TEXHUKU C IENArOrMYECKON AEATEIbHO-
creio. A 1991 1. oH n30uMpaeTcs Ha JOJDKHOCTH JOLICHTA
Kadeapbl «DJIEKTPOTEXHUKa» XapbKOBCKOW IOCYIapCTBEH-
HOH aKajeMuH TOpOZCKOro Xo3siicTBa. B 311 rozs! ero Ha-
YUYHBIC MHTEPECHI PACIPOCTPAHMINCh HA MPOOIEMBI MOBBI-
LIEHNS] TOYHOCTH W aBTOMAaTH3ALMH y4eTa SJIEKTPHIECKON
sHepruu. B pesynbprare mon ero pykoBOACTBOM U IPH €r0O
HETIOCPEACTBEHHOM Y4YacTUH BIIEPBbIE B YKpaWHE ObLIH
pazpaboTaHbl ¥ BHEAPEHBI B CEPUITHOE MPOU3BOJCTBO 3JIEK-
TPOHHBIE CUETUYMKH Ha 3aBojax «KommyHapy (r. XapbKkoB) U
«ITpomunb (r. XKentsie Boapr). B 1996 r. Banepus Edumo-
BUYA TPHUITIACHIM BO3IJIABUTh HAYKOCMKHE pabOTHI O OC-
BOGHUIO O3JIEKTPOHHBIX CYETYHKOB Ha KOHBEPCHOHHOM
npepusTin — MbITUIMHCKOM opaeHa OTeyecTBEeHHON
BOWHBI NEPBO CTENEHN JIEKTPOTEXHUUECKOM 3aBOZE, M OH
nepeekaer B MockBy. CraB BIOCHEICTBUM TJIABHBIM

WHXEHEPOM 3TOTO 3aBOJd, OH OPraHM30BAI Pa3pabOTKy U
npon3BoAcTBO Oonee 20 HAMMEHOBAaHWH 3JIEKTPOHHBIX
CUCTYMKOB  PA3IMYHOrO HasHauyeHWs . OIHOBPEMEHHO
TpernoiaeT yxe B poccuiickux By3ax (PI'YC u MON).

Pabotas B npombinuienHocTH, Banepuii EdumoBny
MPOJIOJKAET HCCIENOBaHUA B 00JIacTH
TEOPUU U TIPAKTUKU TpaHC(HOopMaTopoB
TOKa Jis1 U3MCPUTCIBHBIX U CHJIIOBBIX
npeoOpa3oBaTenell M 3aHMMAeTcsi BO-
pocaMH TIPUMEHEHUs JIPYTUX [aTdd-
KOB I1apaMeTpoB 3JIEKTPUUYECKOH BHEp-
THH ¥ TIONCKOM HOBBIX KPHUTEPHEB aBa-
PHUHHBIX PEKMMOB JUIS ITOBBIIICHUS Ka-
YecTBa 3allUThl JIEKTPOYCTaHOBOK. B
pesynsTare B 1999 1. 3ammumaer B
MOCKOBCKOM 3HEPreTHYECKOM HHCTH-
tyte (Texumuecknii yausepcuret — TY)
JIOKTOPCKYIO JHCCEpTallii0 Ha TeMy
«CraTtudeckue yCTpOWCTBA 3aUTHI AT
HU3KOBOJIBTHBIX ABTOMAaTHUYCCKUX
BBIKJTIOUATEIIEH».

Hauwunas ¢ 2002 r. no 2017 Banepuit EdumoBnu
paboraer B MOU mnpodeccopom kadenpbl «DneKTprye-
CKHE W JIEKTPOHHBIE ammaparb». Unuraer obmue u cre-
IIMaJIbHBIE KYpPCBl, PYKOBOIHUT IUIUIOMHBIMH paboTamu
6axanxaBpoB M MarucTpoB. M MOATOTOBICHO HECKOJIBKO
KaH/INJaTOB HayK.

IIpod. Paitnun B.E. sBnseTcs aBTopom (COaBTOpOM)
Oonee 170 myOnukauuii, B TOM 4HCIiIe JBYX MOHOrpaduii,
Tpex yuyeOHHKOB JUIsl By30B U 92 aBTOPCKUX CBHUIETENILCTB
U MaTCHTOB Ha M306peTCHI/ISI. 3a y4daCTue€ B HallMCaHUU
yueOHHUKa «JNEKTPUYECKUE WM 3JIEKTPOHHBIC amIapaTbD)
Banepuit EdumoBnu cran Jlaypeatom npemMun mHpaBH-
tesnbeTBa Poccuiickoit @enepanny B 00JacTH HaykKd U
TexHUKW». OH SIBISIeTCS] NEHCTBUTEIBHBIM WIEHOM AKa-
JIeMHUH eKTpoTexHudeckux Hayk P®. Ilpod. PaitHun
B.E. Bxoaun B cocTaB ABYX CHELUAIM3UPOBAHHBIX COBE-
TOB TI0 IPHCYKACHHUIO YUYEHOH CTENEHU AOKTOpa HayK B
MOU (TY) u PI'CY. OH MHOTOJETHHHA YJIEH PeaKoJuIe-
TMH POCCHHCKOTO XKypHanma «OJIEKTPOTEXHUKa», a ¢
2012 r. sBN€TCS WIEHOM PEAKOJUIEIHH HAIIETo XKypHaia.

Kpyr uHTEpecoB o0uisipa He OrpaHUYMBAETCS €ro
npo(eCCHOHANIBHON  JIESITENbHOCTRI0. OH  HEYTOMHMBIN
TOPHOJIBDKHUK, OaiiJapOYHUK M NPOCTO IyTEIIECTBEHHHK.
He roeopst yxe mpo Poccuto, moObiBaii NpakTHYECKHd BO
Bcex eBponeiickux crpaHax, Kurtae, CIHA u Kanaze.
He 3a0pBaer u YkpanHy, BOCTOYHYIO 9acTh KOTOPOW OH B
CBOE BpeMsI O0BE3/IHIT Ha aBTOMOOHIIE.

Henp3s He cka3aTh M O JIMYHBIX KadecTBax Banepus
EdumoBrya — 3TO HWHTEIUIUTEHTHBIH, IPYIKEITIOOHbIH,
MHOTO 3HAOIINH, pacIoIararoIIni K OOIIEHUIO YEeTIOBEK.

MHoro4ucieHHbIe Ipy3bsi 0 00€ CTOPOHBI POCCHUii-
CKO-YKPAaWHCKOU I'paHMIbl, KOJUIETH U YYEHUKHU >KEIAI0T
Baneputo EdumoBudy Kpemkoro 310pOBbs, CEMEHHOTO
CYaCThsl, JANIGHEHUIINX YCIIEX0B B HAYYHOH U IeJarornye-
CKOI1 JeSTENbHOCTH.

Penakuonnast koswterus sxypHana «EnekrporexHika
1 €JIEKTPOMEXaHIKa» TIPHCOSITUHSACTCS K STAM TTOKETAHHIM.
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HAHOIOHAJIBHOMY TEXHIYHOMY YHIBEPCUTETY
«XAPKIBCBKH MOJITEXHIYHUN IHCTUTYT» — 135 POKIB

HanionanbHUi TEeXHIYHUH YHI-
BEPCUTET «XapKiBCBKUI MOJITEXHIY-
HUH IHCTHTYT» — OJMH i3 HaHIOTyX-
HIIMX 1 HallaBTOPUTETHIIINX 3aKJIaiB
BHIIOI OCBITH B YKpaiHi. YNPOmOBK
cBoel 135-piynoi ictopii yHiBepcuter
BiJIYyTHO BIUIMBAaB Ha PO3BHTOK CBITO-
BOI HayKH 1 TeXHiKH, TOTyBaB (axiBiiB
BHCOKOTO pIBHS, a CHOTOJIHI pOOUTH
BU3HAYHUH BHECOK y pPO30yIOBY Cy-

. YacHOI BUIIOi TEXHIYHOI OCBITH.
€.1. Cokor, I3 XapkiBCbKUM  MOJITEXOM
pextop HTY «XITI» HOB’SI?)aHi. iMeHa Jlaypeara HoGeJ{iBCL—
koi mpemii JI. JI. Jlannay, BCECBITHBO
BiIOMHUX BUYeHHUX-akanemikiB M. M. beketona, I1. I1. BynHikoBa,
€. M. JliBmuns, O. M. JlsnyHosa,
C. I1. Tumomrenka, M. JI. [Tunbunko-
Ba, B. A. CrexnoBa, €. 1. Oprosa,
I'. ®. IIpockypu, 1. 1. Crpenkona,
B. M. Xpymoga, C. C. Ypa3oBcbKo-
ro, A. I1. ®ininmosa, B. 1. Atpomen-
ka, A. C. Bepexxnoro, A. M. Iliarop-
HOTO, a TaKOX BiIOMOro (QaxiBus B
rajgy3i MexaHikH it opranizauii TexHi-
YHOI OCBiTH, TEPIIOrO TUPEKTOpa
XapKiBCbKOTO TEXHOJIOTTYHOTO

IHCTUTYTY, a mi3Hime KuiBcbkoro Mepumii pexrop HTY «XTTh»

TEXHOJIOTIYHOTO IHCTUTYTY, obecon B. JL Ku o
mpodecopa B. JI. Kupnmyosa. npogecop priion

Came B HaIlIOMy yHIBEpCHTETI 3apoKyBajiacsi yKpaiHChKa
TEXHIYHA HAayKa y Taly3sX MEXaHiKH, Teopil MIIIHOCTi, TEOpETH-
4HO Ta NpuKiIagHol (Gi3nKy, IpUKIaIHOI XiMii, aBiawil, saepHoi
(hi3uKH Ta KPIOTEXHIKH, €JIEKTPO- Ta TEIUIOCHEPTETUKH, TPAKTO-
po-, TaHKO-, IBUI'YHO- Ta TEIJIOBO300YAyBaHHs TOLIO. Bumyck-
HUK XapKiBCBKOTO TEXHOJOTiYHOTo iHCTHTYTY 1908 p. BHmat-
HUI BUHAXIMHUK 1 CHEMialdicT aBialliifHOi MPOMECIOBOCTI
T'eopriit Boresat — TBOpewn nepuioro (1922) amMepuKaHCHKOTO
BEPTONIHOTA.

10 xoBtHst 1932 p. ydyenumu YkpaiHcbkoro (¢i3uKo-
TEXHIYHOTO IHCTUTYTy, IIO OXHOYACHO Oymm Tmpodecopamu
Homnitexy, Kupuinom CunenbuukoBuM, Onekcanapom JleinyH-
cpKHM, AHTOHOM Bamerepom Ta I'eopriem JlatumeBum 3mikic-
HEHUI YHIKQJIbHUI €KCIEPUMEHT 3 PO3LICIUICHHS spa JITio.
3100yTKH XapKiBCHKHUX MOJIITEXHIKIB MOKIAAEHO B OCHOBY Haii-
kpatoro B J{pyriit cBiToBIi BiitHi Tanka T-34 Ta mi3HIKX iforo
Morubikaniii (o pedi, ciaBeTHHN KOHCTpPyKTOp OlekcaHmp
Mopo3zoB 1952 p. ininiroBaB Binkputts came y XIII. cremians-
HocTi «KoumicHi Ta ryceniuni MammHm», a 3 1972 p. ¢axiBuis
LILOTO HAIIPSIMKY FOTY€ OJJHOWMEHHa Kadeapa).

Hami BYeHi i BUMYCKHHKH Oe€3MOCepeHbO MPUYETHI 10
CTBOPEHHSI MariCTpaJbHUX TEIUIOBO3IB i3 MOKa3HUKAaMH CBITOBO-
TO piBHS, HAHMOTYXHIIUX TypOoarperaTiB JHinporecy it aToM-
HUX eJIEKTPOCTaHLiH YKpalHu Ta KpaiH 3apyOixkoKs, TPAaKTOPHO-
o MapKy, CHCTEM YMPaBIiHHA PaKETHO-KOCMIYHOI TEXHIKH,
BUpIIIEHHS 1pobieM 000pOHO3aTHOCTI AepKaBy Ta [0 IHIINX
BXTUBHX CIIPAB, SIKi CHOPHUSUIN €KOHOMIYHOMY PO3BHTKY 1 TeX-
HIYHOMY IPOrpecy CyCHiIbCTBA. 3aCHOBHHMK BCECBITHBO BifO-
moro Kb «IIporpec» — Buxoanens XIII, renepaibHuii KOHC-
TpyKTOp aBiagBuryHis akagemik A. I'. IBuenko. Cepen Bunar-
HUX KOHCTPYKTOPiB — BHUITYCKHHKIB YHIBEPCHTETY — TaKOX
XK. S. Korin, M. ®@. Bamxkwy, 1. 5. TpaumyTin, B. I1. Komapaos-
cokmit, I1. FO. CaGneB (ramkoGymysamms), M. M. I'ypesuu
(smitaxku MIT'), FO. @. Kocsix, 3. M. I'amze (typ6innm), I. K. KBa-
wa (migBoani goBuu). [opaicts Iomitexy — B. B. JlanuneBch-
xuii, O. M. Jymkin, H. b. 3y6apes, I'. B. Kapmenko,

K. C. KouanoB, A. M. Kpurep, I'. €. JlozuHo-JIo3uHCchKuil,
M. O. Cymumoscekuii, B. C. Tymnin 1a iH.

3aBIsSKU TOTY)KHOMY HayKOBO-OCBITHBOMY HOTCHIIAITy
XapKiBCHKOTO MOJIITEXHIYHOIO CTBOPEHO MEPEXy 3aKiajiB
BUIIOI TEXHIYHO OCBITM He JiMie y XapKkoBi, a ¥ B IHIIUX
Mmictax Ykpainu. YHiBepcuteT craB (GyHIATOPOM CEMH Temep
camoctiiiHux 3BO i chOroHi € OMHUM i3 IPOBIJHUX HAYKOBO-
HAaBYAJBHUX KOMIUIEKCIB CHCTEMH BHUIIOI OCBITH YKpaiHH.
3a pgammmu cBiToBoro pedtmHry QS World University
Rankings 2020 HTY «XIII» craB HalikpamuMm TeXHIYHUM
BUIIEM YKpaiHH.

HuHi TEeXHIYHOIO €NITOK JIEPXKABU € BUXOBAHII YHIBEPCH-
tery, I'epoi Vkpaimu B. M. Jlyk’siHenko, O. A. XnaHos,
A. O. KoBajnenko, 3acioykeHi MaIIHHOOYAIBHHKH YKpaiHu,
3aciyKeHi MpalliBHUKH MPOMHCIOBOCTI YKpaiHH, 3aciyKeHi
nisgi HAyKW 1 TexHikw, jnaypeatn [ep>kaBHoi mpemii Ykpainu
0. M. Bbycsaxk, JI. K. -A. Marepamos, B. M. 3omoTapsos,
B. B. Kazakos, €. T. KomampoB, 0. M. Manesuruii,
B. 10. Po3os, B. B. Ky3emin, B. I. Momuanos, O. 1O. [TytHoKi,
€. 5. Xpycno, B. ®@. Kiimo Ta 6araro inmux. Cepesl 3HaHHX
BumyckHukiB HTY «XII» i BimoMi ykpaiHCbKi IOJITHKH —
B. b. I'punbsos ta A. b. ABakos.

B yHiBepcuTeTi IUTAHO MPALIOIOTh BioMi B YKpaiHi Ta 3a
KopoHOM 40 HayKOBHX HIKLJ i3 ()i3WKH METaJliB Ta HAMiBIPOBiI-
HHKIB, €JIEKTPUYHOrO MPHBOJY, A30THOTO CHHTE3Y, TEIIIOMAacoo-
OMiHy Ta eHepro30epeXeHHs, KepaMidHHX Ta KOMIO3HI[IHHMX
MarepiaiB, IPOMHUCIOBOI Ta MEIWYHOI eJEKTPOHIKH, iH(popMa-
LIMHAX TEXHOJIOTiH, CHUCTEM YIPAaBIIHHS], TEXHOJIOTIl XKHUPIB, i3
npo0iIeM OpraHiuHMX MajuB, TypOiHOOYyBaHHS, TaHKOOYIyBaH-
HsI, BUCOKOC()EKTUBHUX TEXHOJIOTIH MeTanooOpoOKH, TeXHIYHOL
€JICKTPOXiMii, IBUI'YHIB BHYTPIIIHBOTO 3TOPSIHHS, MEXaHikH, (i-
3WKH BUCOKHX HAIPYT, OCTIPKEHB i0HOC(hEepH 3eMJIi TOIIIO.

g
x 7

I'onoBHMIA KOpITyC yHIBEPCHTETY

Hayxosnit norenmian HTY «XIIl» cborogui BH3HAa4aroTh
TaKO)K HAYKOBO-ZOCHiAHI iHCTUTYTH «MonHis» Ta «loHochepay.
Ixni yHikanbHi excrepuMeHTaTbHi 0a3u Ta HayKOBO-IOCIHiTHHIA
KOMIUTEKC Kadeapu TypOiHOOyIyBaHHS oTpuMany cratyc Hamio-
HaJIbHOTO Haj0aHHA YKpaiHH. YHiBepcUTeT € 6aratonpodiisHIM
HayKOBUM 3aKj1afioM. OMHH i3 CTpaTerivHuX HalpsIMIB TisUTBHOCTI
HTY «XIIl» — naykoBo-TexHi4Ha cHiBmpans 3 Outbm HiK 20
ycraHoBamu HAH Vxpainn. HaykoBi mocnipkeHHS 1 po3poOKu
BUKOHYIOTHCSI Ha 3aMOBJIeHHs IoHa[ 100 BaXIMBUX AJIsI €KOHO-
miku Ykpainu mignpuemcrs. e JIT «3aBopx imeni B. O. Manu-
reBay, JIT «Antonosy», 3MKB «IIporpecy imeni O. I'. IBuenka,
JIT XM3 «DPE/l», BAT «Typ6oatom», ITAT «XapkiBchkuii Tpa-
kTopHUi 3aBom», Il «XapkiBcbke KOHCTPYKTOPCBKE OOpO 3
IBUTyHOOY MyBaHH:» Ta JII1 «XapkiBchbke KOHCTPYKTOPChKE OI0po

72 ISSN 2074-272X. Enexmpomexuika i Enekmpomexanika. 2020. No5



3 mamnHoOyayBanHs imeHi O. O. Mopozosa», BAT «Cymceke
manmuoOyaiBHe HBO». Cepen Hammx napTHepiB — ITiIIPUEMCT-
Ba «['igpocuna I'PVII», «EnsBopti I'PYII» Ta «Meramnit», cris-
BJIACHUKOM 1 TOJIOBOIO HAIVIANOBHX pajl SIKHX € BIIOMHH yKpaiH-
ceknid mignpuemens I1. JI. HItyrman. 3a yacum He3aleKHOCTI
YKpaiHd BU€Hi YHIBEPCHUTETY BHKOHYBAIM 3aMOBJICHHS 3aKOp-
JIOHHHX (ipM i3 pi3HHX KpaiH cBiTY, 30kpema «General electricy
ta «Boeing» (CIIA), «Boilentechnik» (IlIBeiinapis), «Nuovo
Pignone» (Itamist), «Samsung Aerospace» (Kopes), «Siemens»
(Himeuunna), «Bhopal» (Ingis) Tomo.

Sk i B momepesaHi PoKH, Tak i B HAII HEMPOCTHUI Yac Hay-
KOBLI YHIBEPCHTETY pOOJIATh BaroMHil BHECOK Yy 3MillHEHHS
oboponosznataocti Ykpaian. HTY «XIII» — emunmit i3 3BO
KpalHH wWieH KoHcopuiyMy «bBpoHeTexHika», OCKUIBKH TOTY€
¢axiBuiB i3 TaHKOOYIyBaHHS, eKCILTyaramii OpoHEMalMH Ta
BiICPKOBHX CHELIANICTIB y Wil Taimy3i. 3HaYHA YaCTHHA BUCHHUX
Oepe y4acTb y HOCITI/DKEHHSIX 1 po3poOlii aepoKocMiuHOI Ta
aBlaliiHOT TEXHIKH.

VHiBepcuTeT Bele AaKTUBHY MIDKHAPOIHY [isUIBHICTh B
akageMivHiil, HayKOBif, CKOHOMIUHIi Ta KyJIbTypHil cdepax,
MIPOIOBKY€E 3MIIHIOBATH Ta IOIIUPIOBATH 3B’SI3KH 3 3apyOik-
HUMH TApTHEPaMH, Ja€ OCBITY YHMMAJiil KUTBKOCTI 1HO3EMHHX
crynentiB. Croromgni HTY «XIIl» coiBnpaimroe 3 93 3BO Ta
¢ipmamu 3 31 kpainu cBiTy, 30kpeMa 3 GaraTbMa HpPOBITHUMU
3BO Himeuunnu, CIHIA, Benukoi bpuranii, ®paniii, Kurato,
Tupail Tomo. VY 3aknazii BUKOHYIOTHCS IIPOEKTH B paMKax €Bpo-
neiicekux mporpam INTAS, TEMPUS/ TACIS, INCO-
COPERNICUS Tta FOHECKO. OtpumaHO KOJEKTHBHI Ta iHIH-
BinyanbsHi rpantu Ponxy Copoca, [HpopmamiiiHOro areHTcTBa
CIIIA, Himenpkoro akagemiunoro ToBapuctBa DAAD, 3emenb-
Hi rpantd Himewunnu Tta in. CBoi HaykoBi nocsrHeHHs HTY
«XIII» mocTifiHO IEMOHCTPYE Ha BHCTaBKax B Ykpaiui, Himeu-
yuHi, [tanii, Kurai tomo. HeogHopa3oBo oTpuMyBaB 30J0Ti
Meaji, IMIJIOMH Ta 1HIII BiJ3HAKY I[UX BUCTABOK.

Crinproro ITocranoBoro MOH i HAH Vkpainu na 6asi
yHiBepcuteTy ctBopeHo IliBHiuHO-CXigHuil —perioHagbHUIA
LEHTP HayKOBO-KoMI toTepHOi Mepexi Ykpainu (URAN), sikuit
3abe3mneuye IOCTyH A0 PECypCiB MaHEBPONEHCHKOI HAYKOBO-
ocBiTHROI Mepexki GEANT2. Bin 3a0e3neuye miifHy OisUTbHICTE
MOTYXHOI 1H(pOpManifHOI CHCTEMH YHIBEpPCUTETy, HO CKJIaLy
SIKOT BXOJMTH HaiOimsmmit cepen 3BO kpaiHu nmoTykHHI By3071
cucreMu «lHTepHEeT», Ha Horo 6a3i CTBOPEHO MICbKYy HayKOBO-
OCBITHIO 00’efHyrOUy Mepeky 20 yCTaHOB OCBITH Ta HAayKd
XapkoBa.

CyuacHuM 00JIaJJHAaHHSIM OCHAIleHa HOBa HaykoBa 6i0io-
teka HTY «XIIl». Bucokuit piBenp kBamidikamii criBpoOiTHH-
KiB 3a0e3medyuB Iif mepmie MicIe 31 BIPOBAKCHHS HOBITHIX
iH(opMaIiiHIX TEXHOJOTIH cepen 6i0IiOTEK BHINNMX HaBYAIb-
HUX 3aKIa/iB Ykpainu. Bennka poss HayKoBO-TeXHIUHOT 6i6Ii-
OTEKH, SIK 1 My3eto ictopii [lomiTexy, y AOCTiIKEHHI CIaBHOTO
MHHYJIOTO HAIIOro 3aKJaay, 0JIb HOro BUSHUX 1 BUIYCKHHUKIB.
Caiir HTH wmictuth aktuuno enuukinoneniro Ilomitexy,
Oe31iHHY JUIs ICTOPUKIB HAyKH 1 OCBITH.

— — |

Hoga HaykoBa 0i0ioTeKa YHIBEPCUTETY

HTYVY «XIII» Bonoxie Cy4acHUM CIIOPTUBHUM KOMILIEKCOM
i3 JIETKOATIICTHYHUM MaHexeM, 14 COPTUBHUMH 3ajlaMH, IBO-

Ma TUIaBAJIbHUMHU OaceiHaMM, CTaJi0HOM, JoTHpMa OackeT0o-
JBHUMHU MaiiJaHYMKaM{ Ta [HIIMMH CIOPTHBHHMH CHODYJaMHu,
IO CTBOPIOE MIMPOKI MOXKJIMBOCTI AJIsI 3aHSTh CTYACHTIB CIIOP-
TOM. XapKiBChKi TOJITEXHIKH MOCTIHHO OTPUMYIOTh HaWBHILI
HAropoJy Ha MDKHApOTHHUX YEMITIOHATAX 1 OJiMITiagax.

e y XIX cr. — Ha mouatky XX-ro XTI maB cBity mimy
IUISSITy BIOMHUX apXiTEKTOpiB, IHCHMEHHUKIB, XyIOXHUKIB,
apTHCTIB, My3HK (Y0TO BapTi ONEpHUH CIiBaK, HAPOJHUN apTUCT
CPCP Mapk Peiizen ta 'Hat X0TKeBUY — MUCHMEHHUK, KOMIIO-
3UTOP, MY3HKa, aKTOp, PEXHCep, NPOCBITHUK). B XynoxHii
camopisibHOCTI XIII MOBOEHHOrO Yacy MOYMHANM CBiil HUTSIX
¢axiBeus 3i crenedexris, gaypeat npemii «Ockap» €pren Ma-
MYT, KJIaCUK OUTAYOI Jitepatypu Bamum JleBin, kiHogpamaTypr
Apxaniit [nin, pexxucepn Banepiit Xapuenko, ["apiit UepHsaxoB-
cekuit, Bonomumup ®okiH Ta iHII BH3HAYHI Hisi4i MUCTEITBA.
CpOroHi IS TPAANIisT IPOJOBKYETHCS, 1 TTIOTY>KHUM OCEPEIKOM
KyJIETYPH Ta XyJIO0XXHBOI TBOPYOCTI MOJiTeXHiKiB € [lamai cTy-
nenTiB. Bigkpuruii 1963 p., Bin OyB nepmum Ilananom crynen-
TiB y XapKoBi i IaB ctapT 6araTboM KpeaTHBHHUM OCOOMCTOC-
TsM. 18 1Oro KOJNEKTHBIB, 8 13 IKUX MAIOTh CTATyC «HAPOIHHUII»,
HOIMPOKO BioMmi B XapKoBi Ta mo3a ioro mexamu. ismbHICTH
[Tamary — MoryTHiif 3aci6 BUXOBHOT poOOTH B YHIBEpCHTETI, 5K 1
nisuteHiCTE ETHOTpadiunOro Mysero imeni I'. XoTkeBuua — exu-
HOTO y CBIiTI My3elo Takoro Tuny y TexHigaux 3BO. ¥V nepcrek-
THBI Ha HAWOJIMKYI POKU YHIBEPCUTET Ma€ BEJHKi IUIaHH. BoHu
OB’ s13aHi 3 COLiaJIbHUM ITapTHEPCTBOM, 338 YMOB SIKOTO BCi piBHI
OCBITH JOTPUMYIOTHCS CIIUIBHUX HACKPI3HUX OCBITHIX MpOTpam;
OCBITHI ITPOrpaMu CTBOPIOIOTHCS 3 YpaxyBaHHIM BUMOT mpode-
CIfHHX CTaHIApTiB, pO3POOJICHUX MPEICTaBHUKAMHU Taily3i; KO-
JIEKTHUBY HaBYATBHHX 3aKJIAIiB Ta MiANPHEMCTB B3a€MOMIIOTH Ha
OCHOBI IPUHIUITIB KOPIIOPATHBHOCTI.

Cnoprusauii komiuiekc Ta [Tanar crynentis HTY «XTII»

VHiBepCHTET IUTIAHO MpALoe B CKiIai KiactepiB «bpoue-
TexHika» i «Mexarponika». BnpoBamkena 2018 p. pecTpykry-
pusamis opranizamii HaBuanpHOro mpouecy B HTY «XIII» Ha
OCHOBI KJIACTEPHOr'O MiIXOAy HaJa€ 3aKiaxy HOBOIO iMITyJbCy
JUIS TIATOTOBKH BUCOKOKBaJIi(hiKOBAaHUX KaapiB Ta IPHCKOPECHHS
3MIIHECHHS BITYM3HAHOI €KOHOMikH. CTBOpEHI HaBYaIbHO-
HAyKOBI IHCTHTYTH: CHEPIeTHKH, CIEKTPOHIKH Ta eeKTpOMeXa-
HIKH; MEXaHI4HOI iHXeHepil i TPaHCIOPTY; €KOHOMIKH, MEHe-
JOKMEHTY Ta MDKHapOJHUX BIIHOCHH; XIMIYHHMX TEXHOJIOTIH Ta
imKeHepil; imkKeHepHO-(Pi3MYHUN; BiiCBKOBHI IHCTHTYT TaHKO-
Bux Biiicbk HTY «XIII» Ta dakyapTeTH: KOMI IOTEPHUX HAyK 1
HporpaMHO]I IHKeHepii, KOMII'IOTepHHX Ta iH(opMariiHuX Tex-
HOJIOTIH, COLiaJIbHO-TYMaHITAPHUX TEXHOJOTIH, MIXHApOXHOI
ocBith. lle comigna 6Ga3a mis OTpUMaHHS CTYAEHTAMHM HifiCHO
YHiBepCcaJbHUX 3HaHb 3 47 clieniabHOCTEH.

CnaaKoeMHICTh YCiX MOKOJIHB CTYISHTIB i BHKIIAJadyiB,
PO3BUTOK HaMKpamux Tpamuuii, 10608 1o pigHoro Ilomitexy,
IUICKaHHS NPHUHLUIIB I'yMaHi3My, B3a€EMOIIOBArH, JIEMOKPaTH3-
My, JOBIpH, IHTEJEKTYyali3My, KPEaTHBHOCTI 3aJIMIIAI0THCS KOH-
CTAHTaMH HAILOTO {yXOBHOTO OYTTSL.

VY pik cBATKyBaHHS 135-pivust KOJEKTHB IOJITEXIBIIB

CIOBHEHHMH CHJI 1 HacHarW, CHpPSMOBAaHMH Ha IIOJaJIbIIE
3poctaHHs  HamioHambHOrO ~ TEXHIYHOTO  YHIBEPCHUTETY
«XapKiBCHbKMH MOJITEXHIYHUH 1HCTHUTYT» SIK IOTYXKHOTO

LEHTPY OCBITH 1 HAYKH.
3 noBaroro,
€. 1. Coxou,
pexrop HTY «XIIl»,
TOJIOBHHUI PeIakTop KypHay «ENeKTpoTexHika i eleKTpOMexaHiKay»
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