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Electrical Machines and Apparatus
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,
ynpyrasi ceTKa.

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
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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 =
cross-section —
ey =)
<3 S
- = 8,
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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)

v, m/s
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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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“elastic subdomain '

| moving armature -

—~ M [ A7

b

™~ 1 -1
U | 1

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|
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0,4 40 10,2
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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

10
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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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V.1. Milykh, L.V. Shilkova

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 magnetic
field. Problem. The control problem of the concentration of ferromagnetic elements in the working chamber of the inductor 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 intervention 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,
electromagnetic 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, concentration of ferromagnetic elements, current control, numerical
field analysis, electromagnetic parameters, angular characteristics.

Ilpeocmaenenuii Mmemoo 6u3HaueHHA KOHUueHmpayii gepomazHimnux einemenmie 6 pooouiil Kamepi iHOyKmopa 0b6epmoeozo
MAZHIMHO20 NONA, NPUSHAYUEHO20 0114 MEXHOI02IUHOT 00POOKU Pi3HUX peuoguH. Memoo nonazae 6 KOHMPOJi cCmpymy 00MomKu
cmamopa iHOyKmopa i He 6UMAazac empy4anus 6 MexHon02iunuil npoyec oopooxku. Haoano meopemuune o0rpyHmyeanus
Memooy i nposedena NPaKmuiHa po3pPaxyHKoea OUiHKA 1020 a0eK8amHocmi Ha NPuKiadi KOHKpemnozo inoykmopa. Teopis i
NPAKMUKA Memoody 3ACHO6AHI HA YUCENbHUX DPO3PAXYHKAX MACHIMHO20 NOA, e1eKMPOMAZHIMHUX napamempie i Kymoeux
xapakmepucmuk inoykmopa. Ilpakmuune euKkopucmanua memooy noIA2A€ y GU3HAYEHHI 4acy 000amKo6020 3A6AHMANCEHHS
Kamepu ghepomaznimnumu enemenmamu, aKi Cmuparomoscs é npoyeci pooomu indykmopa. bion. 10, puc. 8.

Knrouogi cnosa: iIHIyKTOP MarHiTHOro moJjs, podoya kamepa, KOHIEHTpauLisi (pepoMarHiTHUX ejleMeHTiB, KOHTPOJIb CTPyMY,
YHCEJbHO-0/ILOBHI aHAI3, eJIeKTPOMATHITHI BeJIMYMHHU, KYTOBi XapaKTepHCTHKH.

Ilpeocmaenen memod onpedenenus KoOHUeHMpPaAyuu QEPppoMAZHUMHBLIX IIEMEHMO6 6 padoyeil Kamepe UHOYKMOpa
epawyawezoca MAHUMHOZ0 NOJId, NPEOHA3ZHAUEHHO20 0711 MEXHOJI02UYeCKOol 00padomku paziuuHvix eeuwjecms. Memoo
3aKI04Uaemcs 6 KOHmpoJie MoKa 00MOMKU CIAMOpa UHOYKMOopa u He mpeodyen eMeuameibCmed 8 mexHoI02uecKuil npoyecc
oopabomku. /lano meopemuueckoe 000CHO0BAHUE MEMOOA U NPOBEOEHA NPAKMUYECKAA PACHEMHAA OUEHKA €20 A0CK8amHoCmu
Ha npumepe KOHKpemHozo unoykmopa. Teopus u npaxmuxa mMemooa 0CHOBAHbI HA YUCIEHHBIX PACYEMAX MAZHUNHOZ20 N0/,
INEKMPOMAZHUMHBIX NAPAMEMPO8 U Y2106bIX Xapakmepucmuk unoykmopa. IIpakmuueckoe ucnonvizoeanue memooa
3aKI0uaAemcsa 6 ONpedesleHUU 8PEeMeHU 003azPY3KU Kamepol eppomaznumusimu rnemenmamu, KOmopbvle UCHUPAIOMCI 6
npouyecce pavomut unoykmopa. butn. 10, puc. 8.

Kniouesvle crnosa: MHAYKTOP MArHUTHOrO MOJsl, padoyasi KaMepa, KOHIEHTPAUuH (eppOMArHUTHBIX JI€eMEHTOB, TOKOBBI
KOHTPOJIb, YHCJIEHHO-T0JIEBOii aHAIN3, YJIEKTPOMATHUTHBIE BeJIMYUHDI, YIJI0BbIe XAPAKTEPUCTHKH.

Introduction. In a number of industries, rotating
magnetic field inductors (RMFIs) have become
widespread for the processing of various substances. Such
inductors are part of various mixers, grinders and
separators [1-3].

The stator design of the RMFT is similar to the stator
of a three-phase asynchronous motor. Inside it is a
cylindrical working chamber through which the processed
substance is passed in the axial direction. Ferromagnetic
elements (FEs) in the form of pieces of iron wire are used
for processing. They are ferromagnetic and move with a
rotating field, creating a so-called «eddy layer» in the
chamber [1, 3]. The chamber shell is made of non-magnetic
steel and does not interact with the magnetic field.

The magnetic field in the chamber provides not only
the movement of the FEs, but also keeps them on the
active length of the inductor, which is approximately
equal to the axial length of the stator ferromagnetic core.

For the operation of the inductor, a certain amount
of FEs is poured into the working chamber, depending on
the properties of the processed substance and the intensity

of the processing mode. For various reasons, considered
in [1], the filling of the chamber with elements decreases
with time, and their periodic replenishment is required,
which is done through a special pipe without switching
off the inductor.

In this case, the inductor under consideration is
intended for an apparatus with an «eddy layer» that treats
waste water, as described in [1]. In this case, the wear of
FEs is predetermined by the friction of their ends against
the chamber shell, which even leads to the appearance of
through annular grooves in the shell. There are other wear
factors, but they are not significant by comparison. The
abrasion of the FE ends in the fundamental work [1] was
defined by the term «wear of length».

One of the problems of using the described
apparatus is the task of when and in what quantity it is
necessary to replenish the chamber with a new portion of
the FEs.

A known solution is the installation of measuring
coils on the bore of the stator core. An EMF is induced in

© V.I. Milykh, L.V. Shilkova
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them by a rotating magnetic field, which should change
with a decrease in the FE concentration and, therefore, a
change in the magnetic properties of the medium in the
chamber. Thanks to this, the operator or control system
receives information that contributes to the solution of the
specified task.

However, in practice the described method turns out
to be insensitive. And it was not sufficiently substantiated
by calculation tests, due to the serious assumptions of the
method based on the theory of magnetic circuits used to
calculate magnetic fields.

The situation changed with the development of a
technique for calculating electromagnetic parameters and
characteristics of RMFI based on numerical calculations
of magnetic fields, which is presented in the authors’
works [4, 5]. Due to this, it was revealed that it is possible
to predict the change in the current of the stator winding
of the inductor with a change in the concentration of the
FEs in the working chamber. This was confirmed in [6]
when studying a relatively small experimental model of
the inductor.

The goal of this work is a theoretical substantiation
and calculation confirmation of the adequacy of the
method for predicting the current concentration of FEs in
the working chamber of the RMFI based on monitoring
the current of its stator winding. This is carried out on the
basis of numerical calculations of the magnetic field and
electromagnetic parameters of the inductor.

Object of study. The RMFI electromagnetic system
is shown in Fig. 1 by its cross section. The rectangular
(x, y) and polar (7, a) coordinate systems used are shown.

Fig. 1. Electromagnetic system of the RMFI:
1 — laminated stator core; 2 — three-phase
winding; 3 — ventilation ducts; 4 — shell of the working chamber
with thickness 3, = 5 mm

The inductor is a three-phase two-pole. For
technological reasons, the radius of the inner surface of
the chamber r;; = 0.047 m and the axial length of the
stator core /[, = 0.25 m are given. The radii of the core
bore r; = 0.06 m and its outer surface r,, = 0.109 m are

calculated. The inductor winding is two-layer with a
relative shortening of 10/12, the connection diagram is
«star», there are 72 turns per phase. The core is made of
electrical steel grade 2212, sheet thickness 0.5 mm, filling
factor K, = 0.95.

A fragment of an idealized structure with a uniform
FE distribution in the working chamber is shown in
Fig. 2. The real structure of the elements will be less strict
[6], and idealization, as in [1, 4], is necessary for an
accessible organization of calculations.
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Fig. 2. Fragment of an idealized structure of ferromagnetic
elements

FEs are made of steel grade St3. Their dimensions
and clearances are taken according to Fig. 2,a: d, = 1 mm;
b, = 20 mm; d, = 1.5 mm; d, = 1 mm. In this case, the
filling factor of the chamber with them in the xy plane
(Fig. 2,b) Kres = 0.322. In the yz plane, the same factor is
adopted, and then the volumetric filling factor is 0.104.

In the cross section of the RMFI (see Fig. 1), the
magnetic field is considered to be plane-parallel.
Therefore, the round sections of the FEs are replaced by
square ones with appropriate resizing, as described in [4].

The nominal phase voltage of the stator winding U,y
is 100 V at frequency of f; = 50 Hz. In ideal idle mode,
i.e. in the absence of ferromagnetic elements in the
working chamber, the average value of the magnetic flux
density B,, is set and is 0.12 T, which corresponds to
practically used inductors.

Basics of numerical field calculations. The source
of the rotating magnetic field in the inductor is a three-
phase symmetric system of currents of phase stator
windings (see Fig. 1):

iy= Imcos((ost + [3) :
ilemcos(o)St—Zn/3+B); (1)
ic =1 ,cos(g+2m/3+B) ,
where ¢ is time; /,, = x/zls is the amplitude of the phase

currents; /; is their effective value; o, = 2nf; is the angular
frequency; B is the initial phase of the currents, which sets
the angular displacement of the direction of the MMF of
the stator winding F; from the y axis which is necessary
for a particular calculation mode.
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Figure 1 shows the directions of currents in the
phase windings in the ideal idle mode, at which 3 =0, and
therefore the MMF vector F is directed along the y-axis.

The magnetic field of the inductor in its central cross
section is described by the well-known 2D differential
equation:

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

where k is the ort along the axial z-axis; 4., J, are the
components of the magnetic vector potential (MVP) and
current density; L, is the absolute magnetic permeability.

The propagation of the magnetic field is limited by
the outer surface of the inductor core, where the Dirichlet
boundary condition is set: 4, = 0.

The tool of the presented research is the numerical
calculations of the magnetic field by the Finite Element
Method using the FEMM code [7] with its control by the
created Lua script, as in [8].

Moreover, in contrast to [4, 5], here the calculation
of the field itself is carried out with direct account of a
discrete medium with FEs in the working chamber,
instead of replacing it with an equivalent continuous
medium. This eliminates the assumptions and additional
errors associated with such a replacement.

The assumption of the description of the magnetic
field by equation (2) is justified by calculations in [9] and
experimentally confirmed in [10], and in this inductor the
ratio of the axial length and diameter of the core bore /,/d;
is 2.3 and 3.2 times larger, respectively, which reduces
possible calculation error.

When calculating the field, the magnetic
permeability p, in the laminated steel core and in the FEs
is taken into account by a well-known method, taking into
account the magnetization curves of steels. The filling
factors of the core Kp, and the working chamber Kpg,
along the z axis are set as initial parameters for the
FEMM code, and are taken into account by its software.

The phase relations of the electromagnetic quantities
of the inductor and the essence of the angle P are
considered in detail in [4, 5]. It is shown that when the
inductor is operating under load, the angle B is in the
range of O 90°, and at extreme values, the
electromagnetic torque (EMT) is absent. This corresponds
to the mode of the operating idle [5], which differs from
the ideal idle by the presence of ferromagnetic elements
in the chamber.

Figures 3, 4 show the results of calculating the
magnetic field in the mode of operating idle and in the
nominal load mode at the indicated values of the stator
current /; and angle S. In Fig. 5 the magnetic field in the
working chamber is shown on an enlarged scale for the
nominal load mode.

In fact, the EMT in the considered inductor is
reactive, and its principle of operation corresponds to a
synchronous reluctance motor, which is substantiated in
[4, 5]. Therefore, in the working chamber, the
longitudinal axis d is assigned in the direction of the FEs
orientation, and the transverse axis ¢ is perpendicular to it
(see Fig. 1). In the steady-state operating mode, the axes
rotate together with these elements and the field with a
frequency n.

Fig. 3. Magnetic field in the inductor in the mode of the
working idle at /=35 A and =0

Fig. 4. Magnetic field in the inductor in the nominal load mode
at /=36 A and =26.7°

In Fig. 4, 5 the deviation of the field lines from the
longitudinal axes of the Fes is shown. This is a condition
for the occurrence of the EMT which acts on the entire
mass of FEs and sets them in motion. The nature of this
moment corresponds to Maxwell's theory of the magnetic
tension tensor, which is explained in [5].

Y

g

— | —

Fig. 5. Fragment of the picture of the magnetic field in the
working chamber of the inductor at nominal load
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Electromagnetic quantities in the RMFI are
determined on the basis of the method described in [5],
and for this work the following provisions are in demand
from it.

According to the results of calculating the magnetic
field using the FEMM code [7], the EMT is obtained
through the Maxwell tensor of magnetic tension:

ol | BBy rdS , 3)

o (i =1i) g,
where B, and B, are the radial and angular components of
the magnetic flux density; Ss is the cross-sectional area of
the gap, limited by circles with radii 4, and r; on the sides

of the chamber and stator; u is the magnetic constant.

According to the MVP distribution, the time
function of the first harmonic of the magnetic flux linkage

of the phase stator winding is formed:
Y, =%, cos(cost+ywa). 4)

em

In accordance with the law of electromagnetic
induction, from (4) the EMF of this winding is obtained:
e, =¥, cos(cost+yw —n/2), (5)

whence its effective value and initial phase:
Ea:\/gnfs\ym; YEa:yWa_n/z‘ (6)

The balance of voltages in the phase stator winding
is represented by the complex equation [4]:
U, = Ea + ijls + (Rs +Rmag )!q 5 (7

=5
where on the basis of (1) and (6) the complexes of its
current [ = I,e’P and EMF E = E,e/'5 appear.

The formula (7) includes the active resistance R, of
the stator winding and the reactance of its frontal
dissipation X,, which are calculated as in induction
motors: R, = 031 Q and X, = 0.39 Q. The active
resistance R, reflects the power of the magnetic losses
and is determined during the iterative calculation of the
magnetic field.

By voltage (7), its effective value Uy and phase shift
relative to current ¢, = yy, — f are found in exponential

form U, =Use/'ts .

After calculating the magnetic field and
electromagnetic parameters in the considered load mode
of the RMFT at U = U,y and indicated in Fig. 4 values
and f we obtain: R,,, = 0.01207 Q; ¥, = 0.376 Wb;
Yy, = 15.08°% E, = 83.6 V; ¢, = 73.5°.

In [4, 5] it was revealed that when setting § = 0, the
value yy, turned out to be the same, and this corresponded
to the mode of operating idle, since the EMT was equal to
zero, too. The angle of rotation of the magnetic flux
linkage vector ¥, from the idle mode to the load mode,
according to the theory of synchronous machines, is the
load angle ®. Therefore, the angle vy, in (4) is the load
angle of the RMFI, i.e. ® = yy,. The relationship of the
angles £ and ® with each other, as well as with the load
torque and other electromagnetic parameters of the
inductor are presented in detail in [4, 5].

Determination of the current factor of filling the
working chamber with ferromagnetic elements.

As an indicator of the filling of the working
chamber, it is proposed to use the current of the stator

winding, and more specifically, the change in the current
of the phase winding. To identify such a possibility, a
series of corresponding calculations of the magnetic field
and electromagnetic parameters of the inductor was
performed according to the above method with formulae
3)-=.

The process of wear of ferromagnetic elements in
this work is simulated in the simplest version by changing
their length, which is already denoted as b, and the
number of FEs in the chamber is considered unchanged.

Previously, the results of calculations have already
been presented for a basic value of the length b, equal to
20 mm and selected values of the angle S with the
corresponding current /;. Now, to this value of b,, we add
four more values of the FE length as it decreases with a
step of 2 mm. And we carry out the calculations for a
number of S values in order to obtain the angular
characteristics of the inductor. In this case, naturally, the
gaps d, between the elements increase accordingly, and
the diameter of the elements d, and the gaps d, between
them remain the same.

Figure 6 shows the models of the modernized filling
of the working chamber (symmetric quarters of the cross
section) with the corresponding patterns of magnetic
fields. For the basic filling option, a similar full image is
shown in Fig. 4 and in the form of a fragment — in Fig. 5.

=wa e

e

Fig. 6. Working chamber filling options
with a change in the length of the ferromagnetic elements:
a—-b~18 mm; b—-b~=16 mm; ¢ — b=14 mm; d — b,=12 mm

With the accepted modifications of the FEs, the
filling factor of the working chamber in the cross section
Kr.s changes, but the filling factor in the longitudinal
section K., remains, as in the basic version — Kr,g. Then
the volumetric filling factor of the chamber is defined as
KFev: KFES'KFeslr

The initial parameters of the five calculation options,
namely: b,, Kr.; and Kr,,, are given in Table 1.

At the given voltage of the stator winding for five
specific options for filling the working chamber, the
families of the two angular characteristics of the inductor
required in this case were calculated, as in [5]: [(®) u
M., (®) — they are shown in Fig. 7.
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Table 1
Dependencies of the parameters of the inductor on the length
of ferromagnetic elements

b I, A
OptiOIl @ KFe.v KF@V Eaa \%
mm Men1070 MemN

1 20 | 0322 | 0.104 | 350 | 360 | 836
2 18 | 0.290 | 0.094 384 394 82.6
3 16 | 0.256 | 0.082 41.1 42.1 81.1
4 14 | 0.226 | 0.073 43.5 44.1 80.1
5 12 | 0.193 | 0.062 45.8 46.5 79.1

N-m| A
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8t 40

6f 30
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}
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2t 10
ol 0 @
15
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Fig. 7. Plotting on angular characteristics of the
current /; and EMT M,,, to obtain the dependence (b,)
at nominal EMT M,y

The technique for calculating the characteristics was
as follows.

The generalized initial phase of currents £ included
in (1), which depends on the load level of the inductor
[4, 5], is taken as a variable value.

At an unchanged voltage Uj, for each value of the
angle S, the inverse problem of calculating the magnetic
field is solved resulting in the required value of the
current /. This solution, as shown in [5], is achieved by
the method of successive approximations with the
solution at each iteration of the direct problem — by
calculating the magnetic field for a given value of the
angle f and the selected value of the current [, and,
therefore, the known distribution of currents in the
windings according to (1).

At a specific value of the angle f, the initial
approximation of the current /; is set and the magnetic
field is calculated, and as a result, using (7), the value of
the voltage Uy is obtained. It is compared with the set
value Uy and the current value I; is corrected depending
on the result. The iterations continue until the coincidence
of U; and Uy with the desired accuracy, which is
described in [5].

The characteristics of the inductor were calculated in
the range of angle f from 0 to 90° by passing it with a
step of 5°. For each f value, the corresponding values of
the current /;,, EMT M., EMF E, and the load angle ®
were determined, which is further taken as an argument
for the characteristics /|(®) and M,,,(®).

To reveal the dependence Iy(b,) at the nominal
electromagnetic torque M.y, the constructions shown in
Fig. 7 are carried out. The M,y value was 6 N'm, and it

was assumed to be equal to half the maximum torque
M, max at the base length of the ferromagnetic elements
b, =20 mm.

The results obtained — the values of the current /; at
M.,y and at the accepted values of b, are summarized in
Table 1. Here are also given the values of the current /; at
a zero value of the torque M,,,,, which corresponds to the
previously described mode of the operating idle at f= 0.

Available now according to the Table 1 two
dependencies [(b,) at M,y and M,,, are shown
graphically in Fig. 8. Obviously, all other permissible
modes of operation will be within the range between the
resulting two graphs.
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Fig. 8. Dependencies of the filling factors of the working
chamber K, and K., and the stator winding current /; on the
FE length b,

Here, according to Table 1, the graphs of the
dependencies of the planar Kg, and volumetric Kpg,,
filling factors of the working chamber are also plotted.

Now according to the Table 1 and Fig. 8, it can be
seen that in the considered range of variation of the length
of the ferromagnetic elements, the stator winding current
will automatically change to a rather noticeable value of
about 10 A. It can be easy recorded continuously using an
ammeter or a special current sensor.

Thus, the operator controlling the inductor or the
automatic control system can determine the current value
of the filling factor of the working chamber with
ferromagnetic elements and, therefore, the moment in
time when it is necessary to replenish it with new
elements.

Also, in the Table 1 the column of the EMF of phase
stator winding E, (6) is added. In the considered range of
variation in the length of ferromagnetic elements, this
EMF changed by 5.4 %. The EMF will also change to the
same extent of any measuring coils, which are used to
indicate the filling of the working chamber of the inductor
with ferromagnetic elements.

But the phase current at the same time changed to
29.2 % — therefore, this is namely a more visual and
sensitive indicator of the concentration of ferromagnetic
elements in the working chamber, that is, an indicator of
the volumetric filling factor of the working chamber Kp,,
which in Table 1 changed by 40 %.
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The results obtained are qualitatively confirmed by
experimental data on a simplified inductor model [6]. In
the conditions of the studies carried out there, it was
revealed that a decrease in the volumetric filling factor of
the chamber from 0.037 to O led to an increase in the
stator current by 13.4 %. The smaller change in
comparison with the RMFI considered in the paper is
explained by the significantly lower values of the filling
factor kg,p .

Conclusions.

1. The current method developed on the basis of
numerical field calculations of magnetic fields makes it
possible to relate the concentration of ferromagnetic
elements in the working chamber of the rotating magnetic
field inductor and the current in its winding.

2. Practical calculations on a specific sample of the
inductor showed that the wear of the length of the
ferromagnetic elements due to their abrasion by 40 %
leads to an automatic increase in the phase current by
29.2 %. At the same time, the applied alternative control
method by means of measuring coils requires a more
complex inductor design and gives a decrease in EMF
only by 5.4 %, that is, it has a much lower sensitivity.

3. Observation of the current of the inductor winding
makes it possible to control the filling of its working
chamber with ferromagnetic elements  without
interrupting the process of operation of the RMFI. This
makes it possible to timely replenish the chamber with
such elements and, thereby, maintain the technological
processing of various substances passed through this
chamber at a given level.

4. Despite the fact that the studies were carried out for
a specific version of FE wear (length wear), the proposed
method of current control of the filling of the working
chamber with them can be applied for other wear options.
For example, when the FEs are thinned, when the
decreases in the length and thickness of the FEs are
combined, or simply when the FEs are removed from the
working chamber.
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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 comparison 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 considered pump configurations have
the same fluid flow rate characteristic 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 IE2 class motor provides the annual energy savings of 9.65 thousand
rubles and the life cycle energy savings of 158 thousand rubles compared to the IE1 class motor. The payback period of the
1E?2 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 Eurasian Economic Union mainly use electric
motors of the lowest energy efficiency class IE1, according to the IEC 60034-30 Standard (GOST IEC 60034-30-1-2016).
However, according to the decision of the Commission of the Eurasian Economic Union, since the 1st of September, 2021 all
general-purpose motors shall not be less efficient than the IE?2 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.

Keywords: centrifugal pump, energy consumption, energy efficiency, induction motor, payback period, throttle control.

Ha cvozooniwmniinn oenv ¢ kpainax €6pasiiicbko20 eKOHOMIUHO020 COIO3Y 8 OCHOBHOMY 3ACHIOCOBYIOMbCA €1eKMPOOBUIYHU
HU3bK020 Knacy enepzoepexmuenocmi IE1, sionosiono oo cmanoapmy MEK 60034-30 (FOCT MEK 60034-30-1-2016).
Oonak, 32i0H0 3 piwienuam Komicii €8pasziiicbko20 eKOHOMIUH020 o103y, 3 1 éepecns 2021 p 3nauennn Koegivicuma kopucnoi
Oil 0suzynie He NOGUHHO Oymu MeHuie 3HAYUEeHb, 6CMANH06NEHUX 01 Kiacy enepzemuunoi egpexmuenocmi IE2. Tomy onsn
Kpain €8pasiiicbkoz2o co03y aAKmMyanbHUM CMAE AHANI3 eKOHOMIuH020 edhekmy 6i0 3aminu oeuzynie knacy IE1 na oeuzynu
knacy IE2. YV oOaniii po6omi npedcmaenenuii nOPiGHANLHUIL AHANI3 NOKA3ZHUKIE €HEP2OCHOMNCUBAHHA ACUHXPOHHUX
enekmpooseuzynie knacie enepzoepexmuenocmi IE1 i IE2 ¢ enexkmponpueodi ¢ioyenmpoeozo nacoca nomyscnicmio 11 kBm
cucmemu 6000ROCMAYUAHHA 3 OPOCEIbHUM PeCYNIO6AHHAM. ACUHXPOHHI OBUSYHU JHCUBIAMbBCA 0E3N0CEPEOHbO  6i0
enekmpuunoi mepesci. Q0uosi nHacocni cucmemu marwomo 00un i moil yce zpaghix eumpamu piouHuU, XapaKmepHuii 0as
PO3iMKHymux Hacochux cucmem. Kinvkicmy eumpauacmovca HACOCOM 600U pPeynIOEMbCA 3A PAXYHOK OpOCeNl08AHHA.
Ompumano pe3yromamu no 006060My i piUHOMY eHEPZOCRONCUBGAHNHIO 080X PO32NAHYMUX KOHpizypayiii Hacochoi cucmemu.
Ilokazano wo cucmema, oe 3acMOCOBYEMbCA ACUHXPOHHUIL 08UZYH Kaacy eHepzoehekmuenocmi IE2, 3ab6e3neuye ekonomiro
118,6 eepo 3a pik i 2000 cspo 3a scummeeuit yuka, 6 nopieHanHi 3 acunxpounum oseuzynom kinacy IEI1. Pospaxosanuii
mepmin okynnocmi osuzyna knacy I1E2, axkuii cknaoae 5 micayie 6 pasi ééedenns 6 0ito H06oi ycmanoeéku i 2 poku, é pasi
3aminu oguzyna ¢ npayrorouii ycmanoeyi. bion. 25, tabn. 5, puc. 4.

Kniouoei  cnosa: acMHXpOHHMH JBHIYH, BiIllCHTPOBHH HAacoC, Jpoce/ibHEe PperyJloBaHHf, eHeproe(exTuBHiCTS,
€HeprocnoKMBaHHs, TEPMiH OKYNHOCTI.

Ha cezoonsawmnuii denv ¢ cmpanax Eeépa3uiickozo IKOHOMUUECKO20 COI03A 8 OCHOBHOM RPUMEHAIOMCA INEKMPOOGUzamenu
HU3K020 Kaacca InepzoIppexmusnocmu IE1, coznacno cmanoapmy MIK 60034-30 (OCT MOIK 60034-30-1-2016). Oonaxo,
coznacno pewenuto komuccuu Eepazuiickozo rxkonomuuecxkozo cowsa, ¢ 1 cenmaopa 2021 o 3uauenue Korgppuyuenma
none3no20 Oeiicmeus Oeuzameneil He O00ANCHO OblMb MeHbUie 3HAYEHUIl, YCMAHOGIEHHBIX O1A K1acca IHepemuyecKoil
appexmusnocmu IE2. Ilosmomy ona cmpan Eepasuiickozo cow3za aKkmyanpHviM CMAHOGUMCA GHANU3 IKOHOMUUECKOZ2O0
apghexma om 3amenvt osuzameneit knacca IE1 na osuzamenu knacca I1E2. B oannoit pabome npedcmasnen cpagHumenbHulil
ananu3 nokasameneii IHEPZOROMPedNeHUA ACUHXPOHHBIX INeKmpoosuzameneil Kiaccoé InepzoIgpgpexmusnocmu IE1 u IE2 ¢
INEKMpPonpueode yeHmpoodeicnozo nacoca mownocmoto 11 kBm cucmemol 6000cHAdICERUA ¢ OPOCCENbHBIM PeZYIUPOBAHUEM.
Acunxponnsle ogucamenu NUMAIOMCA HARPAMYIO OM IieKmpuueckoit cemu. Obe HacocHvle cucmemsvl UMeIOm 0OUH U MOMm Jce
epaghuk pacxoda HcuoKocmu, XapaKmepHulii 014 PA30MKHYMbIX HACOCHBIX cucmem. Konuuecmeo pacxoodyemoii nacocom 600l
pezyaupyemcs 3a cuem Opocceauposanus. Ilonyuenvt pesynsmamol no cymounomy u 200060My IHEPONOMPeOIEHUIO OBYX
paccmompenusix Konguzypayuii nacocnoii cucmemsl. Ilokazano umo cucmema, zoe npuUMeHAemMca ACUHXPOHHBLI 0GUzaAmMens
knacca nepzoIgppexkmusnocmu IE2, ovecneuusaem sxonomuto 118,6 eepo 3a 200 u 2000 espo 3a d>cuzneHHblI YUK, HO
cpagnenuio ¢ acunxpounvim oeucamenem knacca IE1. Paccuuman cpok oxynaemocmu osuzamens knacca IE2, komopuiii
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cocmaensem 5 mecayes @ cyuae 686e0eHUs 6 CIMPOUl HOBOU YCMAaHO8KU u 2 2004, 8 ciyyae 3ameHbl 0guzamens 6 pabomarouieii

ycmanoeke. bubn. 25, tabn. 5, puc. 4.

Kniouesvie croéa: acCMHXPOHHBIH JABHIaTelb, JApPOCCeIbHOE PeryJMpOBaHHE, CPOK OKYIAeMOCTH, LIEHTPOOeKHBbI Hacoc,

Heprod)(peKTHBHOCTH, IHEProNnoTpedaeHue.

Introduction. The high energy intensity of modern
industry determines the high urgency of increasing the
energy efficiency of production. Electric motors consume
about 70 % of the electricity in industrial applications.
Therefore, in many countries around the world, a ban is
gradually being introduced on the use of motors with low
energy efficiency classes. However, in Russia today,
mainly electric motors of low energy efficiency class IE1,
in accordance with the IEC 60034-30 Standard, are used.
Motors of IE2 class of domestic production are also
presented on the Russian market [1]. However, the
demand for energy efficient motors in Russia is small due
to the low cost of electricity compared to the countries of
the European Union. For comparison, the price of
electricity for industrial consumers in Germany is about
0.2 EUR/W-h, while in Russia it is only about
0.057 EUR/kW-h [2, 3].

In the European Union, since 2017, in general
industrial applications, it is permissible to use motors of
classes not lower than IE3, for power of 0.75-375 kW.
Moreover, since the 1st of July, 2023 in the European
Union, motors with power of more than 75 kW must
comply with the IE4 class [4]. In the future, there are
plans to expand the mandatory class IE4 for lower power
motors and move to the mandatory class IES for powerful
motors [5]. It should be noted that even in modern
conditions, the use of IE4 and IE5 class motors can be
justified due to high, constantly increasing prices for
energy carriers and the need to reduce the impact on the
environment [6].

The massive use of motors of higher energy
efficiency classes will significantly reduce energy
consumption, reduce the energy intensity of the gross
domestic product, and will also contribute to improving
the environmental situation by reducing the emission of
harmful substances during electricity generation. The
use of energy-efficient motors is consistent with the
achievement of the goals stated in the energy and
environmental strategies of various countries: the
European Union (European Green Deal [6]), the USA
(State Energy Program), Switzerland (supports the Paris
Agreement), China (supports the Paris Agreement),
Japan (Net Zero Energy Building), South Korea
(supports the Paris Agreement), as well as the Russian
Federation [7], etc.

Therefore, according to the decision of the
Commission of the Eurasian Economic Union on the
requirements for the energy efficiency of energy-
consuming devices [8], since the 1* of September, 2021

the efficiency value for motors with power of
0.75-375 kW should not be less than the values
established for the IE2 energy efficiency class. And from
the 1% of September, 2023 the efficiency of motors with
power of 7.5-375 kW should already correspond to the
IE3 class. The IE3 class requirement since the
1 September 1, 2025 will also be extended to
0.75-7.5 kW motors [8].

The obligatory transition to IE2 class motors in
Russia and the countries of the Eurasian Economic Union
makes it possible to hope that in the future, albeit with a
certain time delay due to objective economic reasons, the
requirements for the energy efficiency of motors will
approach the modern requirements of the European
Union.

Pump systems consume about 22 % of the world's
electricity [9]. A large number of works [10-16] are
devoted to the of comparing the energy
consumption of pump systems using different motors with
different IE classes. However, all of these papers deal
with pump systems with motor speed control using a
frequency converter. Despite the high efficiency, as well
as the best static and dynamic control characteristics of
the AC drive with a frequency converter, due to the high
cost of the converter, most of the pump drives are still
powered directly from the mains [9]. For example, the
share of variable speed drives in the German market is
about 30 %, and in the Swiss market — 20 % [17]. In
Russia and other CIS countries, the share of variable
frequency drives is traditionally lower than in the
European Union.

For pumps powered directly from the mains, the

issues

comparison of energy consumption when using motors
with different IE classes is considered much less often. Or
example, in [9] a comparative analysis of the energy
consumption of synchronous and induction motors of 1E3
and IE4 classes with direct power supply from the
network in the electric drive of a centrifugal pump with
throttle control is considered. It is also shown in [9] that
when choosing a motor, it is necessary to take into
account not only the energy efficiency class, but also the
load cycle in which the motor operates, and, accordingly,
the efficiency of the motor at reduced loads. However, the
use of motors of classes IE3 and IE4 is currently not
legally supported in all countries.

Based on the above literature review, it can be
concluded that the issues of comparing motors of different
energy efficiency classes in pump units with an
uncontrolled speed remain insufficient highlighted.
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The goal of this work is a comparative analysis of
the energy consumption of 11 kW direct-on-line induction
motors with energy efficiency classes IE1 and IE2 in an
electric drive of a throttle-controlled centrifugal pump.

The urgency of this work is due to the need to
assess the economic effect of replacing IE1 class motors
with IE2 class motors for such a common class of
mechanisms as centrifugal pumps, in view of the
imminent introduction of the mandatory use of IE2 class
motors in the countries of the Eurasian Union. For
comparison, the energy consumption indicators and the
costs of motors of the IE1 and IE2 classes over the life
cycle are compared, the payback period of the IE2 class
motor is analyzed. In [18], such an analysis was carried
out for the particular case of a 15 kW pump unit. This
work expands on this analysis.

Pump characteristics. For the calculation, a
Calpeda NM 50/20A/ B pump with power of 11 kW was
selected [19]. The rated speed of the pump is 2900 rpm.

The maximum performance of the pump system
corresponds to the point at which the water flow rate is
10 % higher than at the point with the best efficiency
point (BEP) Q1190 = 1.1:Qp,, = 66 m’/ h.

Figure 1,a shows the catalog O-H characteristic of
the pump [19], and Fig. 1,b presents the dependence of
the mechanical power of the pump drive motor depending
on the water supply at the rated speed [19].
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Fig. 1

Characteristics of induction motors. For the
calculation the asynchronous motors of Russian
production:  7AVEC160M2iel  (class IEl) and

TAVEC160M2ie2 (class IE2) of the 7AVE series [1] with
power of 11 kW were selected. The efficiency values of
these motors in the nominal mode are equal to 88.2 % and
90 %, respectively.

Table 1 shows data on the efficiency of the selected
motors in 5 different load modes. P, is the mechanical
power of the motor; P, is the rated mechanical power of
the motor. These data are also shown in Fig. 2.

Table 1
Motor efficiency data
Motor efficiency, %

Motor P mech — P mech — P mech — P mech — P mech —

=0.25pP,|=05P,|=075P,| =P, |=1.25P,
IM IE1 79.5 86.6 88.4 88.2 85.8
IM IE2 83.8 89.2 90.4 90 88.5
> 92%
Q
=
L 90%
=
“La‘ 88%

86%

84%

82%
—&—IE1 motor
80%
IE2 motor

78%

2 3 4 5 6 7 8 9 10 11 12 13 14
Mechanical power, kW

Fig. 2. Efficiency curves of motors

Pump working points. An open-loop pumping
system is considered, the water flow rate of which varies
in the range from 75 % to 110 % of the flow rate O,
which corresponds to the working point of the pump with
the highest efficiency (the best efficiency point, BEP).
25 % of the time the pump operates at a point with a flow
rate of 0.75: Oy, 50 % of the time — with a flow rate Oy,
and another 25 % of the time — with a flow rate of
1.1:Ohep. This dependence is diagrammatically shown in
Fig. 3. This load curve is recommended by the Europump
manufacturer association for estimating the energy
consumption of pumps with fixed drive [20].

At the maximum water flow rate (Q = 1.1:Qy,), the
valve is fully opened, and to ensure flow rates equal to
Obep and 0.75: Oy, the valve is partially closed so that the
system characteristic changes, and the point of its
intersection with the pump characteristic moves to the
left. Figure 4 shows the O-H characteristic of the pump
and the characteristics of the hydraulic system at various
working points.
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Fig. 4. O-H characteristic of the pump and curves of the system

To assess energy consumption, the mechanical
power of the drive motor is first calculated, in three
modes shown in Fig. 3. When regulating the water flow
by throttling, the working points of the pump system
move along Q-H pump characteristic by measuring the
characteristic of the hydraulic system. The characteristic
of the hydraulic system is described by the following
equation [9]:

H=H,+k(Q, (1)
where Q and H are the required values of water supply
and pressure of the hydraulic system (hydraulic load);
H,, is the static pressure of the hydraulic system
(Hy = Hpep / 2 =22.5 m); k is the coefficient of friction of
the hydraulic system, the value of which depends on the
value of the valve opening.

Table 2 shows the results of calculating the
mechanical power (P,..;) and other characteristics of the
pump at three different water flow rates corresponding to
Fig. 3.

The coefficient of friction for different Q is
calculated based on (1) as k= (H — H,) / O".

Pump cycle data

Table 2

0, %| k, h*m*| 0, m*/h | H, m | Pump efficiency, % | Ppecr, KW
75 | 0.014 | 45 |51.31 673 9.35
100 | 0.006 | 60 |45.00 70.3 10.47
110 | 0.004 | 66 |41.47 69.2 10.78

The pump efficiency is calculated as Py / Puecn,
where Py, = p-g-H-Q is the hydraulic power of the pump;
p = 1000 kg/m’ is the density of the liquid; g = 9.81 m/s
is the acceleration of gravity; P,.; is determined
according to the dependence shown in Fig. 1,b.

Power consumption of the pump unit. Efficiency
values of motors at different working points (Table 3) are
found according to the dependencies shown in Fig. 2.

Table 3
Efficiency of motors at the considered working points
of the pump
Motor efficiency, %
% Proens KW
Q.% mechs IE1 IM TE2 IM
75 9.35 88.32 90.24
100 10.47 88.24 90.08
110 10.78 88.22 90.03

Using the data from Table 3, it is possible to find the
values of the consumed electrical power at the considered
working points, according to the formula:

Py = Prech / Nmotors (@)
where #,,1,r 15 the motor efficiency.

The results of this calculation are shown in Table 4,
in which i = 1..3 is the number of the considered load

point.

Table 4
Electrical power consumed by the motors at the considered
working points of the pump

Y foum % IM class IElPl’ kWIM class IE2
1| 75 25 10.585 10.360
2| 100 50 11.865 11.623
3| 110 25 12.223 11.997

Using the results obtained (see Table 4), we
calculate the daily electricity consumed (Eg,), the annual
electricity consumed (E,.,,), the sum of the annual energy
costs (Cy,) and the annual savings (S,..) for a pump
system with an IE2 motor, compared to pump system
with an IE1 class motor [9]:
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E Lsum : [P li ] . (3)
dav= . i ;
1000 ST tgum
Evear = Eday : 365: (4)
Cyear = Eyear : GT» (5)
Syear = Cyear 1= Cyear 25 (6)

where t; / t,, is the share of the working time of the i-th
operating mode; t,, is the working cycle duration (24 h);
GT = 0.057 EUR/kW-h is the electricity tariff in Russia
for 1 kW-h for industry (Moscow, 2019) [2]; C e and
Cyearr are the sum of annual energy costs of the first
(when using an IE1 class motor) and second (IE2 class
motor) pump systems configuration.

We also estimate the energy consumption over the
entire life cycle of the pump system, which is usually
20 years [21]. Estimation of the cost of energy during the
entire life cycle of the pump system is determined by the
following formula [21]:

oo - z( o ] o
lec — >
- 1)
where Cy, » is the sum of electricity costs of the m-th
year; y is the interest rate of the Central Bank (y = 0.06);
p is the expected annual inflation (p=0.04); n is the
service life of the system (n = 20 years).
The calculation results by (3) — (7) are shown in
Table 5.

Table 5
Comparison of energy consumption parameters
Parameters EdayJ Eyear’ Cyean Syean Clccr thousand
kW-h | kW-h | EUR | EUR/M EUR
IE1IM | 279.2 | 101921 | 5809 - 95.0
IE2IM | 273.5 | 99827 | 5690 | 118.6 93.0

As it can be seen from the Table 5, annual savings
S,ear are EUR 118.6 with the IE2 motor compared to the
IE1 motor. The savings over 20 years (difference in Cj.
of the two engines) are 2,000 EUR taking into account
interest rates and inflation.

Also, based on the data obtained, we calculate the
payback period when wusing an IE2 class motor.
According to [22], the difference in the cost of active
materials for an induction motor 7AVE with power of
13 kW and class IE1 and IE2 is only 6.7 % (in [22] there
is no data on active materials for a motor with power
11 kW). However, the difference in the market price of
induction electric motors of neighboring energy efficiency
classes of the 7AVE series [1], according to [23], is
20-25 %. We calculate the payback period for two cases:

1) when a new pump unit is put into operation with
the use of IE2 IM instead of IE1 IM;

2) when replacing the IE1 class IM with the IE2
class IM in a pump unit in operation.

In the first case, the payback period is defined as the
ratio of the difference in the cost of IE1 and IE2 class
motors to the annual energy savings [24] (8):

T'=(Cupn-Cn) /Syears ()
where T is the value of the payback period of the system,
year; C,,; = 194.21 EUR is the cost of an induction motor
of class IE1 [25]; C,» = 1.25:C,,; = 242.76 EUR is the
cost of an induction motor of class IE2 [23].

In the second case, we calculate the payback period
as (9):

T=Cua/ Syear )

The payback periods, calculated according to (8),
(9), are 0.41 years (approximately 5 months) when a new
pump unit with IM IE2 is put into operation and
2.03 years when the IM of the IE1 class is replaced by the
IM of the IE2 class in the existing unit.

Conclusions.

This paper compares the energy efficiency indicators
of a pump unit with power of 11 kW when using
induction motors of IE1 and IE2 classes. In both cases,
the same flow rate graph is considered, typical for open-
loop pump systems. The flow rate is regulated by
throttling the pipeline.

It is shown that a system using an IE2 class
induction motor saves EUR 118.6 per year and
EUR 2,000 (including the interest rate and inflation) per
life cycle, compared to a system using an IE1 class
induction motor.

The payback period when using a more expensive
IE2 class motor instead of an IE1 class motor is 5 months
when a new pump unit is put into operation and
2.03 years when replacing motors in a pump unit in
operation.

The short payback period for the first case allows
to conclude that the use of IE2 motors in new
installations is very profitable at current prices for
motors and electricity.

Acknowledgment.

The work was partially supported by the
Ministry of Science and Higher Education of the
Russian Federation (through the basic part of the
government mandate, Project No. FEUZ-2020-0060).

REFERENCES
1. Technical catalog. Series of low-voltage asynchronous
motors 7AVE, dimensions 160-315mm, energy efficiency classes
IE1, IE2, IE3. Available at: http://www.xn--hlaambls2f.xn--
plai/produkcziya/elektrodvigateli/nizkovoltnye-asinhronnye-
dvigateli-7ave/ (accessed 01 May 2020). (Rus).
2. Electricity tariffs for medium-sized enterprises in 2020.
Available at:
elektroenergiyu-dlya-srednih-predpriyatiy-v-2018 (accessed on
11 July 2020). (Rus).

https://time2save.ru/articles/tarify-na-

22 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.5



3. Eurostat Data for the Industrial Consumers in Germany.
Available at:
https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=nrg_pc
205&lang=en.

4. Commission Regulation (EU) 2019/1781 of 1 October
2019 laying down ecodesign requirements for electric motors
and variable speed drives pursuant to Directive 2009/125/EC
of the European Parliament and of the Council, amending
Regulation (EC) No 641/2009 with regard to ecodesign
requirements for glandless standalone circulators and
glandless circulators integrated in products and repealing
Commission Regulation (EC) No 640/2009, Document
32019R1781. Available at: https://eur-
lex.europa.eu/eli/reg/2019/1781/0j.

5. Doppelbauer M. Update on IEC motor and converter
standards. 6th International Motor Summit for Energy Efficiency

powered by Impact Energy, Motor Summit, 2016.

6. Annex to the Communication from the Commission to the
European Parliament, the European Council, the Council, the
European Economic and Social Committee and the Committee
of the Regions. The European Green Deal. Brussels, 11.12.2019,
COM (2019) 640 final. Available at:
https://ec.europa.eu/info/sites/info/files/european-green-deal-
communication-annex-roadmap_en.pdf.

7. Long-term development strategy of the Russian Federation
with low greenhouse gas emissions until 2050. Available at:
https://economy.gov.ru/material/file/babacbb75d32d90e28d329
8582d13a75/proekt_strategii.pdf (accessed 20 March 2020).
(Rus).

8. Decision of the Council of the
Commission of August 8, 2019 no. 114 «On the technical
regulation of the Eurasian Economic Union «On requirements
for the energy efficiency of energy-consuming devicesy.
Available at:
https://www.garant.ru/products/ipo/prime/doc/73240518
(accessed 11 May 2020). (Rus).

9. Goman V.V., Oshurbekov S.Kh., Kazakbaev V.M., Prakht
V.A., Dmitrievskii V.A. Comparison of energy consumption of

Eurasian Economic

various electrical motors operating in a pumping unit. Electrical
engineering & electromechanics, 2020, no. 1, pp. 16-24. doi:
10.20998/2074-272X.2020.1.03.

10. Ahonen T., Orozco S.M., Ahola J., Tolvanen J. Effect of
electric motor efficiency and sizing on the energy efficiency
in pumping systems. 2016 18th European Conference on
(EPE’16 ECCE
1-9. doi:

Power Electronics and Applications
Europe), Sep. 2016, Karlsruhe, pp.
10.1109/EPE.2016.7695671.

11. Van Rhyn P., Pretorius J.H.C. Utilising high and premium
efficiency three phase motors with VFDs in a public water
supply system. 2015 IEEE 5th International Conference on
and  Electrical  Drives

pp. 497-502. doi:

Power  Engineering,  Energy
(POWERENG), May 2015, Riga,
10.1109/PowerEng.2015.7266367.

12. Brinner T.R., McCoy R.H., Kopecky T. Induction versus
permanent-magnet motors for electric submersible pump field
and laboratory comparisons. [EEE Transactions on Industry
Applications, 2014, vol. 50, no. 1, pp. 174-181. doi:
10.1109/TTA.2013.2288203.

13. Safin N., Kazakbaev V., Prakht V., Dmitrievskii V.,
Sarapulov S. Interpolation and analysis of the efficiency of a

synchronous reluctance electric drive at various load points
of a fan profile. 2018 25th International Workshop on
Electric Drives: Optimization in Control of Electric Drives
(IWED), Moscow, 2018, pp- 1-5. doi:
10.1109/TWED.2018.8321372.

14. Kazakbaev V., Prakht V., Dmitrievskii V., Ibrahim M.,
Oshurbekov S., Sarapulov S. Efficiency Analysis of Low
Electric Power Drives Employing
Synchronous Reluctance Motors in Pump Applications.

Induction  and

Energies, 2019, wvol. 12, no. 6, p. 1144, doi:
10.3390/en12061144.

15. Kazakbaev V.M., Prakht V.A., Dmitrievskii V.A. A
comparative performance analysis of induction and

synchronous reluctant motors in an adjustable-speed electric
drive. Russian Electrical Engineering, 2017, vol. 88, no. 4, pp.
233-238. doi: 10.3103/s106837121704009.

16. Kazakbaev V., Prakht V., Dmitrievskii V., Sarapulov S.,
Askerov D. Comparison of power consumption of synchronous
reluctance and induction motor drives in a 0.75 kW pump unit.
2017 International Siberian Conference on Control and
Communications (SIBCON), Jun. 2017, Astana, pp. 1-6. doi:
10.1109/SIBCON.2017.7998485.

17. Phillips R., Tieben R. Improvement of Electric Motor
Systems in Industry (IEMSI). Proceedings of the 10th
international conference on energy efficiency in motor driven
systems (EEMODS' 2017), Rome, Italy, September 6-8, 2017.
pp. 53-67. doi: 10.2760/345473.

18. Oshurbekov S., Kazakbaev V., Prakht V., Dmitrievskii V.
Comparative Study of Energy Consumption of 15 kW
Induction Motors of IE1 and IE2 Efficiency Classes in Pump
Applications. Proceedings of 2020 XI International
Conference on Electrical Power Drive Systems (ICEPDS),
Saint-Petersburg, Russia, 2020, October 04-07, pp. 1-6.
(Accepted for publication).

19. NM, NMS, Close Coupled Centrifugal Pumps with Flanged
Connections; Catalogue; Calpeda, 2018. Available at:
https://www.calpeda.com/system/products/catalogue_50hzs/53
/en/NM_NMS EN2018.pdf?1549893188 (accessed 23 March
2019).

20. Extended product approach for pumps, Copyright © 2014
by Europump. Published by Europump.

21. Pump Life Cycle Costs: A Guide to LCC Analysis for
Pumping Systems. Executive Summary. Hydraulic Institute
(Parsippany, NJ); Europump (Brussels, Belgium); Office of
Industrial Technologies Energy Efficiency and Renewable
Energy U.S. Department of Energy (Washington, DC). January

2001, Pp- 1-19. Available at:
https://www.energy.gov/sites/prod/files/2014/05/f16/pumplcc_1
001.pdf.

22. Bespalov V.Y., Kobelev A.S., Kruglikov O.V., Makarov
L.N. Constructing and mastering the production of energy-
efficient asynchronous motors of mass-market series. Russian
Electrical Engineering, 2015, vol. 86, no. 4, pp. 194-200. doi:
10.3103/S1068371215040033.

23. Kobelev A.S. Cast copper rotor motors: between the price
and the performance. Constructor. Mechanical engineer
Journal, 2020. Available at: https://konstruktor.net/podrobnee-
clekt/dvigateli-s-litym-mednym-rotorom-shpagat-mezhdu-
cenoj-i-ehffektivnostju-2464.html (Accessed 11 May 2020).
(Rus).

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.5 23



24. Tyuteva P.V. Algorithm for evaluating the energy  S.Kh. Oshurbekov',
efficiency of asynchronous motors in pumping units. Bulletin V.M. Kazakbaev', Candidate of Technical Science,
of the Tomsk Polytechnic University, 2009, vol. 315, no. 4,  V.A. Prakht', Candidate of Technical Science,
pp- 75-79. (Rus). V.A. Dmitrievskii', Candidate of Technical Science,
25. Price list, induction motors of the AIR series, class IEI.  A.S. Paramonovl,
Available at: http://www.a-a-a.ru/01-pr.html (Accessed 22 June ' Ural Federal University,
2020). (Rus). 19, Mira Str., Ekaterinburg, 620002, Russia,
e-mail: safarbek.oshurbekov@urfu.ru,
Received 12.07.2020  vadim.kazakbaev@urfu.ru,
va.prakht@urfu.ru,
vladimir.dmitrievsky @urfu.ru,

paramonov.aleksey@inbox.ru

How to cite this article:

Oshurbekov S.Kh., Kazakbaev V.M., Prakht V.A., Dmitrievskii V.A., Paramonov A.S. Analysis of electricity
consumption of induction motors of IE1 and IE2 efficiency classes in a 11 kW pump installation. Electrical engineering
& electromechanics, 2020, no. 5, pp. 18-24. doi: 10.20998/2074-272X.2020.5.03.

24 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.5



Electrotechnical Complexes and Systems
UDC 621.3.013

doi: 10.20998/2074-272X.2020.5.04

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 ¥ ,

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 ( 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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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 sufficient 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 method, 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 considered 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 fluctuations. Originality. The high-efficiency energy storage system for micro resistance welding
technology has been proposed. Developing 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.

B pobomi pozenanymo KomoOinoeanuil €mHicHUil Hakonuuyyeau eHepzii HA OCHO8i aKymynamopnoi 6amapei (Ab) ma
CynepKoHOeHcamopa 0xcepena yHcueieHnsa 011 YCMaHo8KU KOHMAKMHO020 MiKpo3eapioeanna. /Ina 3ade3neuennsn pieHOMIpHOZ0
cnoscugannsn cmpymy 6io Ab obpano nanieakmueny mononociio Ab ma nepemeoprosau SEPIC (Single-Ended Primary-Inductor
Converter). Memooom ycepeoHeHHA 6 RPOCMOPI 3MIHHUX CHIAHY AHATIMUYHO OMPUMAHO MAMEMAMUYHY MOOEb CUCHEMU.
3 memoio npoeedenna ananizy cmilikocmi KOMOIH08AHO020 HAKONUYYeaua NPU PI3HUX 3HAYEHHAX KoeqiyicHma 3anoeHeHH:
imnynscie, cmpymy nasanmadxicenna ma nanpyzu Ab ompumano nepedasanvhy Xapakmepucmuky cucmemu KepyeaHHs.
Pesynomamu ananizy nokazanu, wi0 3anponoHosana cucmema € Cmiilkolo npu 3mini napamempie y 6CHMAHOGIEHUX MeHCAX.
Bi6n. 10, Tabun. 1, puc. 8.

Kniouogi cnosa: komOiHoBaHuii eMHicHMiI HaxonuuyBad eHeprii, SEPIC neperBoproBau, MeTo] ycepeAHeHHs1 B IPOCTOpi
3MIHHHUX CTaHy, aHAJI3 CcTil{KOCTi, KOHTAKTHE MiKpPO3BapIOBAHHSI.

B pabome paccmompen KOMOUHUPOBAHHDLIL EMKOCHMHBII HAKONUMENbL IHEPZUL HA OCHO8E AKKymyaamopuoi 6amapeu (Ab) u
CYNEPKOHOeHCamopa UCMOYHUKA RUMAHUA O YCIMAHOG6KU KOHMAKMHOU MuKpoceapku. /[na obecneueHus pagHoMepHOzo
nompeonenus moka om Ab ovinu eviopanvt nonyakmuenas mononozus Ab u npeoopazoseamensv SEPIC (Single-Ended Primary-
Inductor Converter). Memooom ycpeOHenus 6 NPOCHMIPAHCHGE NEPEMEHHBIX COCHIOANUA AHATUMUYECKU NOTYYeHa
Mamemamuyeckana mooens cucmemsl. C yenvio npoeedenusn anaIU3a yCmMoUUUGOCMU KOMOUHUPOBAHHO20 HAKORUMENA NpU
PA3IUYHBIX 3HAYEHUAX KOIPPuyuenma 3anoaHenus UMRY1bc06, MOKA HAPY3Ku u Hanpaxcenus AB nonyuena nepedamounasn
Xapakmepucmuka cucmemsl ynpagnenus. Pe3ynomamel ananuza noxkazanu, 4mo RNPeONONCEHHAs CUCMEMA AGIAEHCS
YCMOUuueoil npu u3MeHeHul RApPamempos ¢ ycmarnoeaennsvix npedenax. bubn. 10, tabn. 1, puc. 8.

Kniouesvle cro6a: KOMOUHMPOBAHHBIN €MKOCTHBIH HakonuTeab 3Hepruu, SEPIC npeoOpa3zoBaTesnb, MeTOl yCpeAHeHHsI B
MPOCTPAHCTBE MepeMeHHbIX COCTOSIHHSI, AHAIN3 YCTOIHYMBOCTH, KOHTAKTHAs MUKPOCBapKa.

Introduction. The vast majority of portable
electronic devices have a complex nonlinear nature of
power consumption. Power supplies for such devices
must provide average and peak load powers, provide
acceptable weight and size and high energy efficiency [1].
It is common to use different types of batteries as
accumulators for portable systems. However, a significant
peak load current that exceeds the average battery current
can significantly reduce their service life. The use of
combinations of batteries and supercapacitors can be an
effective solution to such problems [1].

Depending on the configuration of storages and
load, there are three main topologies of hybrid energy
storage systems: passive, semi-active and active
topologies [2]. Each of them is widely used in the field of

electric transport, Microgrid technology, renewable
energy systems [1-3]. Also, the use of combined
capacitive storages is a promising area in the field of
resistance micro-welding [4].

Resistance micro-welding is an effective technology
for obtaining integral joints which is widely used in the
modern process of manufacturing electronic equipment.
Welding technology is realized by heating the parts due to
the flow of electric current of large amplitude through the
place of their contact. The current amplitude usually varies
from hundreds to thousands of amperes and depends on the
shape and material of the welded parts [5].

The power consumption of welding machines has a
specific character, namely the consumption of significant
power by short pulses compared to the pauses between
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them. These features of energy consumption can be the
cause of the negative impact of welding machines on the
industrial network. To counteract this effect, the power
supplies of welding machines are developed according to
the topology with intermediate energy storage (Energy
Storage Topology). Usually sources built on such a
topology can be divided into three main functional blocks:

o Charger provides better electromagnetic
compatibility with the network and regulates the energy
consumption for charging the intermediate storage.

¢ Intermediate capacitive storage provides the required
energy during the welding cycle.

e Generator of welding pulses provides high
accuracy of regulation of parameters of pulses of
welding current [5].

Energy for the charge of such storages is consumed
from the network uniformly, almost without causing a
negative impact on it [5]. Combinations of
supercapacitors, batteries and electrolytic capacitors can
be used as intermediate energy storage for Energy Storage
Topology [4, 5].

However, regardless of the field of use, energy
efficiency, sustainability as well as weight and size are
key parameters in the development of systems based on
combined energy storage. The presence of a large-
capacity energy storage device and nonlinear load in the
DC-DC converter can adversely affect the stability of its
operation. The instability of the system can manifest itself
in the form of bifurcations, chaotic and quasi-periodic
modes of operation [6]. Therefore, minimizing the
likelihood of such phenomena is a critical task to prevent
power supply system failure and reducing the rate of
degradation of the characteristics of batteries and
supercapacitors.

In recent years, a large number of studies have
focused on methods for assessing the stability of DC-DC
converters [6] and, in particular, power supplies based on
combinations of capacitive storages [7]. For example,

p———— — —

in [6] a detailed review of various methods for assessing
the stability of systems based on DC-DC converters is
presented, the features of application, advantages and
disadvantages of these methods, as well as examples of
analysis of system stability are given. Various
mathematical models are also analyzed, including discrete
and time-continuous models of DC-DC converters used to
investigate the stability according to different criteria.
Stability analysis and hierarchical control of systems
based on combined capacitive energy storage devices for
Microgrid are considered in [8].

Despite a number of advantages of control systems
for combined capacitive storages proposed in the
mentioned works [7, 8], the task of stability research
needs special attention for systems used in resistance
micro-welding technology as such equipment has higher
reliability requirements.

Therefore, the goal of the paper is the stability
analysis of a hybrid energy storage of power supply for a
contact micro-welding machine.

Mathematical model of the combined energy
storage system. The generalized block diagram of the
power supply for the resistance micro-welding machine is
built on a topology with intermediate energy storage and
shown in Fig. 1.

The charger consumes energy from the industrial
network and provides the required value and shape of the
charging current. In addition, it is necessary to provide
galvanic isolation between the network and the load and
the correction of the power factor. High-capacity
electrolytic capacitors, various types of batteries,
supercapacitors and combinations of the above-mentioned
storages can be used as a storage device. The pulse
generator in the figure is shown in the form of two cells,
but to ensure the welding current of the required shape
and amplitude in the load, NV cells connected in parallel to
the combined storage are used. The step-down converter
(BUCK is marked in Fig. 1) acts as one such a cell [4, 5].

i I L
[ O ' ' '
~[acod| =] [pepc] [ |- ! '
> Converter{ ™ | L= [ 1 == | | FE2a
| | = Converter T- Il '
| = : ¥ l
Charger | : Combined capacitive storage : : Multi-cell generator of ;l Welded :
: : : | welding pulses |1 contact |

—_——h e e | —

Fig. 1. Generalized block diagram of the power supply of the contact micro-welding machine

In Fig. 2 the proposed system of energy storage on
the basis of semi-active topology of the battery is
presented. SEPIC was chosen as a DC-DC converter to
control the energy distribution between the battery and the
supercapacitor. The main advantage of the semi-active
battery topology is the consumption of DC from the
battery with a low level of pulsations despite the
fluctuations of the load current. This feature allows to
significantly increase the performance of the battery in a
sharp increase in load current [2]. SEPIC converter is
selected as an auxiliary one because the basic
requirements are met: DC current consumption from the

battery; output current regulation; wide range of output
voltage regulation. Such an adjusting characteristic is
necessary for Li-ion battery, because the voltage of a fully
charged battery is approximately 4.2 V and gradually
decreases to 2.5 V. At the same time for efficient
operation of the output generator of welding pulses,
powered by the supercapacitor, its input voltage must
maintained at 2.7 V.
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Fig. 2. Simplified circuit of combined capacitive energy storage

(a); linearized equivalent circuit of the converter in the interval

[0; dT] (b); linearized equivalent circuit of the converter on the
interval [dT; T (c)

The main source of static losses in low-power circuits
and with a relatively large average value of the output
current is the resistance of semiconductor switches in the
conduction state. To increase the energy efficiency of the
proposed system, the Schottky diode, which is commonly
used in the SEPIC topology, is replaced by a MOSFET
transistor, because the voltage drop on the open channel of
such transistors (Uggs on = 0.3 mV ... 0.7 V) at nominal
values of switching current is simultaneously a direct
voltage drop of the Schottky diode (Ur = 0.3... 1.5 V).
However, it should be noted that with increasing
frequency, the dynamic losses of the transistor increase
due to recharging of the parasitic capacitances [5].

To obtain a sufficiently accurate for the analysis of
the stability of the mathematical model the method of
averaging state variables is used [9]. To simplify the
analysis, the system can be represented as two separate
circuits, for time intervals when the key is closed [0, dT]
and open [dT; T]. Parameter d is the pulse filling factor
that determines the conduction intervals of the keys of the
PWM-controlled converters. For SEPIC, the minimum
and maximum value of d depending on the input voltage

level is determined by expressions (1) and (2),
respectively:
Uy +U
dimin = “ u 5 (1)
Uinmax+Uout+Uf
Uju +U
iy =———— @)

b
Uin min T Uout + Uf

where U, is the output voltage; Uy is the direct voltage
drop on the closed key S; Ujumin 1S the minimum value of
the input voltage; Ujmax 1S the maximum value of the
input voltage.

The paper considers a quasi-steady state mode when
the battery and the supercapacitor are charged to the
nominal value. The value of the maximum frequency for
analysis is selected so that the phase margin for the
converter does not exceed 50°, which is within generally
accepted standards. The proposed model is valid for this
type of converters at frequencies up to 150 kHz, because
it does not take into account the dynamic losses of
semiconductor elements. MOSFET transistors V71 and
VT2 have been replaced by ideal switches S; and S, the
resistance in the closed state of which is infinitely small,
and in the open state it is infinitely large. Idealized
diagrams of voltage and current of the converter showing
the operation of the converter for the switching period are
presented in Fig. 3.
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Fig. 3. SEPIC converter voltage and current idealized diagrams
for the switching period

The energy for welding is consumed by short pulses
with much longer pauses between them and at a certain
interval can be considered as a pulse load with a period of
T,. Thus, the average current consumption for one
welding cycle [0, T,,] can be defined as [2]:
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T,

W

iave (t) = TL I ilaad (t)d[ = Dwimax + (1 - Dw)imin

= Iave > (3)
w 0

where i), is the current consumed by the generator of
welding pulses; iy, is the amplitude of welding current;
Imin 18 the the minimum value of welding current (equal to
zero); D, is the pulse filling factor, a fixed value
determined by the technological features of the welding
cycle.

Since the switching period of switches S| and S, is
much smaller than the duration of one welding cycle 7,
the load current in the period [0; 7] will be constant and
will be determined by the average current /,,. for one
welding cycle.

The mathematical model is based on differential
equations compiled for each linear substitution circuit. In
circles with a variable structure, the systems of
differential equations for linear circuits for different
intervals are compiled independently of each other. Thus,
the average model of the system for one switching cycle
can be described by the following system of differential
equations:

X'=(d4, +(1-d)4y)- X +(dB, +(1-d)B,)-U;
Y =(dCy +(1-d)Cy)- X +(dE; +(1-d)E,) U,

where X is the vector of state variables; 4, and 4, are the
matrices of coefficients for state variables for each linear
substitution circuit; U is the vector-column of external
action; B; and B, are the matrices of coefficients for the
elements of external action for each linear substitution
circuit; ¥ is the vector-column of initial values; C; and C,
are the matrices of relationship of initial quantities with
state variables for each linear substitution circuit; E; is E,
are the matrices of the relationship between the initial

(4)

quantities and the vector of external action for each linear
substitution circuit.

The system of equations can be represented as the
sum of the system of algebraic equations (5) for the
constant component and the system of differential
equations (6) for the variable component:

X'=4"'BU;
Y =-CA™'BU+ EU.

After applying the Laplace transform, the system of
differential equations for the variable component takes the
form:

6))

2(s)=[C(sI-A)'B C(s1-4)"By]- B(S)};
(s) (6)
P o ] {ﬁ(s)}
y)=|CI-AB+E C(sI-4)'By+E, [ = |
d(s)
where Bd = (A1 —Az)‘X“F (B] — Bz)U and Ed = (C] —
- )X+ (E| - Ey-U.

The solution of the system of equations (6) gives the
transfer characteristic of the converter in the small
deviations mode:

Gu(s)=C(sI—A) "B, +E, . (7)

Based on the above equations, the analysis of the
proposed topology is performed. The equation of state
in matrix form for the operation interval [0, dT] is
obtained on the basis of Kirchhoff laws (8). The
equation of the initial values in matrix form for the
operation interval [0, d7] is defined as (9). Similarly,
the equation of state (10) and the equation of the initial

values (11) in matrix form for the operation interval
[dT; T] are obtained:

R
—L—Ll 0 0 0

, 1 .

lLl RC RL 1 lLl L

l-/ 0 — 1 1 PN 0 i Ll

L’Z _ L2 L2 L2 LZ + 0 . [Um] , (8)

"G 0 L 0 “allo

Ucy. G . UCsc 0
0 0 -
i Csc(R+Rge) |
. R [ . . ]r
Uour = {0 00 m} i, ir, uc, isc| +[0][Un]. )
R 1 R ]

G Th Ry ~Rp _ . S
, L L L hR+Rse) | 1
L Ry R L -
i —Rg» -—+——Rp; e || L

2 = Ly Ly(R+Rgc) 2 4| 0 [,
u u
< 1 0 0 0 allo : (10)
UCse G UCye 0
R R _ 1
Csc(R+Rgc)  Csc(R+Rge) Csc(R+Rge) |
Ry = RRsc Ry = RoRsc
Li(R+Rgc) Li(R+ Rgc)
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The transfer characteristic of the converter in the
mode of small deviations is obtained analytically on the
basis of the solution of the generalized system of
differential equations for both intervals and has the form:

bys* +bys> +bys? + bis+ by

de(S) = 4 3 2 >
ass” +azs” +apsT +ais+ay

(12)

where ay...as4 are the coefficients of the denominator of
the transfer characteristic; by...bs are coefficients of the
numerator of the transfer characteristic.

Analysis of the stability of the combined energy
storage system. The control system of the SEPIC
converter is presented in the form of a block diagram in
Fig. 4, where the main links of the control system are
replaced by their transfer characteristics.

MIL i, uc, isc [/ +[0)[U]. (1)
Py = (15)
M_UMs

where U, is the amplitude of sawtooth voltage.

Table 1 shows the main parameters of the SEPIC
converter and PI regulator components, as well as the
initial data of the combined energy storage system used

for stability analysis.

Table 1
Data for stability analysis
Output parameters Component parameters
Uy, V | 2.5;3.7;4.2 Ly, L,, pH 10
Uiy V 2.7 Cy, uF 820
Lo A | 5;10;15 Cse, F 350
y 0.4;0.5;0.6 | Ry Ry1 Rei, Rege, mQY 10
Uy V 2.7 C,, pF 100 | R, Ry, kO [1.2
Ues V 1.35 Cs, uF 1 Ry, kQ |15

PI
| regulator Ueoreg PWM {)!Pl'.".'-f-_ SEPIC UTm.L
Ge(s) 1/Fm " Gdv(s) "
EJ.\'I"L‘UJ'

Fig. 4. Generalized structure of the SEPIC converter control
system for combined capacitive energy storage

Transfer characteristic of the open system for the
analysis of influence of change of parameters (filling
factor, average load current and input voltage) on the
stability of the system is determined as:

H(s)=Gc(s) Fyr -Gy (s), 13)
where Gc(s) is the transfer characteristic of the PI
regulator, F), is the gain of the PWM comparator, G(s)
is the SEPIC transfer characteristic in small deviation
mode.

The transfer characteristic G,(s) of the SEPIC
converter used to control the energy distribution between
the elements of the combined capacitive storage device is
obtained analytically on the basis of the equations
presented in the previous section.

The main function of the regulator is to ensure the
required control accuracy and margin for phase and
amplitude in accordance with the Nyquist criterion of
stability. PI (proportional-integral) regulator
supplemented by a low-pass filter is selected as a
regulator. This type of regulators is widely used in
industry due to its simple design, low cost and simple
tuning algorithm. The PI regulator eliminates forced
oscillations and static error, the transfer characteristic of
which is as follows [10]:

GC(S) _ Kc(1+TCs)

Tes(1+Tps)’ 14

where K¢ is the gain; T¢ is the integration time constant;
T;is the filtration time constant.

The gain of the PWM comparator F), is determined
by the amplitude of the sawtooth signal and has the
following form:

The solution of the averaged system of differential
equations and the logarithmic amplitude-phase frequency
characteristics (LAPFC) of an open system under
different conditions was obtained using the MATLAB
software package.

Figure 5 shows the LAPFC of the open system for
different values of the load current at the nominal
parameters of the circuit components, the input voltage
U, = 3.7 V and the pulse filling factor d = 0.5. The
diagrams show that the control system provides a margin
for the phase from 45.4° to 54.8° and for the amplitude
from 14.6 dB to 26.4 dB; when the load current changes
the system remains stable.

Bode Diagram

Magnitude {dB]
/

Vs lout=54
— 225 / lout=1f14
er lout=154
=
o 180
He ]
m
=
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1" 10°
Frequency (rad/s)
Fig. 5. LAPFC of the open system for different values of the
load current
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LAPFCs of the system when changing the pulse
filling factor and nominal input voltage U; = 3.7 V,
current loads /,,, = 10 A are shown in Fig. 6. The system
is stable at different values of the pulse filling factor.
Similarly, the stability of the system is affected by the
change in input voltage at d = 0.5 and /,,, = 10 A (Fig. 7).
All other system parameters remain unchanged in all three
cases.

Bode Diagram
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Fig. 6. LAPFC of the open system for different values of the
pulse filling factor

10

Bode Diagram

100
—~ 50
m
5
o 0
2
B
e 50
[=TH
1]
= 100

-150

270

Uin=2.5V

ol zzq Uin=3.7V
& Uin=4.2V
>,
g 180
=
B 135

90
10" 10°
Frequency (rad/s)
Fig. 7. LAPFC of the open system for different values of the
input voltage

The reaction of the system to the influence in the
form of a single step function is shown in Fig. 8. Because
the system has a supercapacitor of large capacitance, the
duration of the transient is in milliseconds. In order to
counteract this effect, the supercapacitor can be

represented as a voltage source, because the voltage on it
during one switching period is almost unchanged.

Step Response

Uin=3.7 V; lout=10A; d=0.5

Amplitude
o e
L=l (s +]

0.4

0.2

0 1 2 3 4
Time (seconds) <1073

Fig. 8. Transient function of the transfer characteristic
of a closed loop

Conclusions.

An energy storage device based on a combination of
a supercapacitor and a battery for a power supply
developed according to the topology of intermediate
energy storage used for resistance micro-welding
technology is proposed. A semi-active battery topology
and a SEPIC converter have been selected for energy
distribution between the storages, which allows to provide
the battery discharge with the rated current and rated
voltage on the supercapacitor regardless of the battery
charge level.

A mathematical model of the converter which takes
into account the parasitic resistances of the circuit
components is obtained. The Nyquist criterion is used to
study the stability of the proposed control link. As a result
of the analysis the area of stability of system at variation
of key parameters of system is defined. The presented
topology is stable when changing the pulse filling factor,
load current and input voltage in a wide range.

Further work will be devoted to the practical
verification of the obtained results using the physical
model of the proposed combined storage.
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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 conductors 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 mitigate 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.

Hocnioxnceno moxcnugicmep 3mMeHuIeHHA MAZHIMHOZ0 NOAA 6 HCUMIOUX OYOUHKAX, AKL 3HAXO00AMbLCA HA ZPAHUYI 0OXOPOHHOT
30HU 0OHOKOJI08UX NOGIMPAHUX NIHIN eleKmponepeoayi i3 po3mauty8aHHAM RPOGOOI6 y 6epuIUHAX MPUKYMHUKA MaA 060K0N0-
eux nosimpanux niniii enexmponepedaui 110 kB, nowmupenux 6 micoKux enekmpomeperxicax, 36 00NOMO2010 3ANPONOHOBAHUX
asmopamu rpamyacmux eKkpanie. Po3znanymi eKpanu euKOHAHO 3 AIIOMIHIEGUX NPOB0OOIG, 3’ €COHANUX NAPANEIbHO MiXdC OO0,
ma ecmanogieno na cminu 0younky. /locnioxnceno egpexmuenocmi nnackozo ma U-nodionozo rpamuacmux ekpauie piznoi me-
manoecmnuocmi. Ilokazano, w0 naackuili rpamuacmuil eKpan He 3a06e3neyye 00CMamnbo20 3MEHUEHHA MAZHIMHO020 NOJIA 8 KY-
moeux oonacmax ncumnogux Oyounkie. Y moit ynce yac U-nodionuii rpamuacmuil eKpan eKeieanieHmHuoi MemaiocmMHocmi 00-
360718€ 3MEHWUMU MACHIMHe noJie 00 2PAHUYHO donycmumozo piens 0,5 mxTnh 6 oinvw nixne 97 % npumiugenv 6younky. 3anpo-
HOHOBANHO PEKOMENOAUIT 000 KOHCIMPYKMUGHO20 6UKOHAHHA Ipamyacmux ekpanig. biomn. 11, puc. 9, Tabun. 4.

Kniouosi cnosa: marHiTHe 1moJsie, eKpaHyBaHHs, MOBITPsIHA JIiHis esleKTponepenayi, 0XOPOHHA 30HA, PAHUYHO JOIYCTHMMIi
piBeHb.

Hceneoosana 603mMo0icHOCD YMEHbULEHUA MAZHUMHO20 RONA 8 HCUIBIX 00MAX, KOMOPble HAXO0AMCA HA ZPAHUNE OXPAHHOIL
30HbBl PACHPOCHPAHEHHBIX 6 20POOCKUX INEKMPOCEMAX 0OHOUEHHBIX 6030YUIHBIX TUHUIL I/1IEKMPONepeoaiu ¢ pacnosiodcenuem
npo60006 ¢ eepuiunax Mpey2oabHUKA U 08YXUEHHBIX 030YUIHbIX TUHUI Iekmponepedayu 110 kB, npu nomowu npeonosicen-
HbIX aemopamu peuwiemuyamuix IKpanos. Paccmompennvie IKpanvl 6bINOJIHEHBL U3 ATIOMUHUEBHIX NPOBOO0G, COCOUHEHHBIX NA-
DPANNenbHo mexcoy codoil, u ycmanosiensl Ha cmenst ooma. Hccneoosanwt yppexmuenocmu nnockozo u U-o6paznozo pewrem-
uamplx 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 pewemuamutii IKpan
IKGUBATIEHMH Ol MEMAITI0EMKOCIU NO360IAE YMEHbUIUMD MAZHUMHOE noe 00 npedenbHo donycmumozo ypoeua 0,5 mxTn ¢
oonee uem 97 % nomewenuii doma. Ilpeonoscensvt pexomenoayuu no KOHCMPYKMUGHOMY UCHOTHEHUIO PEemUamblX IKPAHOG.
bu6n. 11, puc. 9, tabm. 4.

Kniouesvie cnoéa: MarHUTHOe IoJie, JKPAHHPOBAHWe, BO3AYIIHAS JUHHUS 3JJIeKTPONepelauH, OXPAHHAsl 30HA, MpelebHO
JOIyCTUMBII YPOBEHb.

Introduction. The 110 kV overhead lines (OHL)
crossing residential areas are the main source of the pow-
er frequency magnetic field in residential buildings [1].
Long-term exposure of power frequency magnetic field
(even when its level is relatively low) negatively affects
on human health. This leads to a global trend of tighten-
ing of sanitary standards. In Ukraine, the reference level
of power frequency magnetic field for residential areas is
0.5 uT [2]. However, this norm does not meet for most
residential buildings located near OHL, in particular, on
borders of their right-of-way (ROW). This is because the
size of ROW, regulated in [3], does not take into account
modern requirements for the reference level of power
frequency magnetic field. Dismantling and transferring
OHL or replacing it with an underground cable line re-
quires significant costs. Therefore, it is advisable to miti-
gate the OHL magnetic field by electromagnetic shields —
solid electrically conductive plates, installed on the inner
or outer surface of the wall. But such solid shields cannot
be used on walls with windows.

In [4, 5] the mitigation of the magnetic field, created
by a single-circuit OHL with a vertical arrangement of
conductors, is considered and a new type of electromag-
netic shields is proposed: the so-called grid shield, con-
sisting of a set of aluminum conductors connected in par-

allel. The main advantage of this shield is that it does not
interfere the light propagation.

However, the possibility of using grid shields to mi-
tigate the magnetic field in residential buildings, located
on the ROW border of widespread 110 kV trefoil single-
circuit and double-circuit OHL, creating rotating magnetic
field, is not studied.

The purpose of this work is to determine the possi-
bility of the magnetic field normalization in residential
buildings, located on right-of-ways borders of typical
110kV trefoil and double-circuit overhead lines, using
grid shields and to develop recommendations for shield
design.

Geometric sizes of single-circuit OHL and right-
of-way. Fig. 1 shows the accepted designations for single-
circuit tower sizes: a;, a,, a; are the shortest distances
from the vertical axis of tower symmetry to the suspen-
sion points of conductors; 4, h, are their heights. Note,
that depending on climatic conditions towers with differ-
ent vertical spacing between the conductors are used [2].
Also Fig. 1 shows the numbering of conductors of the
single-circuit OHL, adopted in this work. We assume that
OHL is symmetric and RMS values of conductors cur-
rents are equal to each other, i.e. L=L=I.
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Fig. 1. Schematic representation of 110 kV
single-circuit OHL tower

Table 1 summarizes the geometric sizes of typical
110 kV single-circuit towers [6]. We see that a;, a», a3
and A, hy of P110-3V type tower are the closest to corre-
sponding averaged values, given in Table 1. Therefore, in
further magnetic field calculations for single-circuit OHL
we assume, that a;=4.2 m, 7;=19 m, a,=2.1 m, 7,=23 m
and a;=2.1 m.

ROW is established to create normal operating con-
ditions for electrical networks and ensure their safety, as
well as to comply with security requirements. In Ukraine,
the ROW size of 110 kV OHL is 20 m [3]. Therefore, in
this work, the distance between the outermost conductor
with number 1 and the residential building wall, located
along the ROW border x=0, is taken to be 20 m (Fig. 2).

Table 1
Sizes of typical 110 kV single-circuit OHL towers
Tower type a;, m az, m hy, m a,, m hy, m
P110-3V 4.2 2.1 19 2.1 23
P110-3V+4 42 2.1 23 2.1 27
PS110-9V 4.2 2.6 19 2.6 25
PM110-1F 4.7 2.4 19 2.4 23
PM110-3F 39 2.3 15 2.3 19
PB-29 2.75 2.0 13.5 2.0 17.5
Average value 4.0 2.3 18 23 22.4
y.m -
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Fig. 2. Distribution of single-circuit OHL magnetic field

Magnetic field of single-circuit OHL. In [7] it is
shown that the OHL magnetic field penetrates residential
buildings with almost no weakening. To calculate the
OHL magnetic field we assume the following [1, 7, 8]:
OHL conductors are infinitely long, parallel to each other
and to the ground; the influence of towers on the OHL
magnetic field distribution is neglected; the electric cur-
rents induced in the ground are neglected, assuming zero
electrical conductivity of the soil.

The accepted assumptions allow obtaining an ana-
lytical expression for the magnetic field, created by OHL
in free space. According to the first assumption, the mag-
netic field is plane-parallel. If the Cartesian coordinate
system is such as shown in Fig. 2, then the RMS value of
the magnetic flux density at an arbitrary point (x, y) can
be found using the following expression [7]:

. 2
3 ol e’ - |
B= ZMO p yz Yp . "
o mx) e -y,)
1 (D
. 23
23:“0[;;@]% X—x, |
+
2 2 ’
p=1 2n (x_xp) +(y_yp) ‘

where I, and ¢, are the RMS value and the initial phase of
the current in the p-th OHL conductor; x, and y, are coor-
dinates of the p-th OHL conductor in the xOy plane;
w=4m-107 H/m is a vacuum permeability; j is an imagi-
nary unit.

The value of the OHL rated current is taken equal to
1,=500 A [1, 7, 8]. The initial phases are taken as follows:
¢1=271/3, 0,=0, ¢;=2w/3. Fig. 2 shows the distribution of
magnetic flux density isolines, found using (1). The dot-
ted line marks the contour of the residential building, lo-
cated near OHL. We see that the magnetic field exceeds
the reference level of 0.5 uT in the left part of the residen-
tial building.

Shielding of single-circuit OHL magnetic field.
We select the following parameters of the plane grid
shield on the basis of [4, 5]: the number of conductors is
81, the diameter of each conductor is 8 mm, and the dis-
tance between adjacent conductors is 0.5 m. The quantity
of metal of the shield is denoted by V. The shield is lo-
cated in the plane x=0, i.e. on the wall of the residential
building facing OHL (Fig. 3). Thus, the coordinates of
axes of conductors are as follows: x;,=0, y,=(0.5-k) m,
where £=0..80. The electrical conductivity of the grid
shield is equal to 3.5-107 S/m.

To find the shielded magnetic field distribution, we
alternately used two different approaches: the numerical
simulation within the framework of the model, presented
in [4, 5], and the analytical calculation within the frame-
work of the model, proposed in [9].

The difference in the magnetic flux density of the
shielded field, obtained using these models, lays within
3%. To verify the models, we considered the case of zero
conductivity of the shield: the results of the magnetic field
calculation at control points agree with the results of the
calculation according to the technique from [10].
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Fig. 3. Distribution of single-circuit OHL magnetic field
when using plane grid shield

Fig. 3 shows calculation results of the OHL mag-
netic field when the plane grid shield is used. We see that
the magnetic field does not exceed the reference level of
0.5 uT in the bigger part of the residential building. How-
ever, the plane shield does not provide a sufficient mag-
netic field mitigation in corner areas of the building.

To increase the efficiency of shielding, we use the
approach proposed in [5], where the usage of U-shaped
grid shields is recommended. Consequently, we take the
parameters of the U-shaped shield as follows: the number
of conductors is 121, the diameter of each conductor is
6.5 mm, the distance between adjacent conductors is
0.5m, and the length of arms is 10 m. Fig. 4 shows a
U-shaped contour. The conductors are located along this
contour with an equal step. The vertical section is identical
to the plane grid shield. The arms of the shield (each of
them consists of 20 conductors) are located on upper and
lower technical floors of the residential building. Axes of
conductors of arms have the following coordinates:
x:=(0.5-k) m, y,=0 for the lower arm and y;,=40 m for
the upper arm, where k=1..20. The quantity of metal of
the U-shaped shield under consideration is equal to V.

Fig. 4 shows calculation results of the single-circuit
OHL magnetic field when the U-shaped grid shield is
used. We see that the magnetic field is lower than the ref-
erence level in almost the entire residential building. The
excess is observed only in the vicinity of the outer con-
ductors of the shield.

We use the magnetic field normalization index 1 as
a criterion for the magnetic field shielding efficiency in
the residential building. This index determines the per-
centage of living space, where the magnetic field is nor-
malized and does not exceed the reference level. When
the magnetic field is plane-parallel, the normalization
index is

n=-=100%, )

So

where S is the total of cross-sections of residential build-
ing areas, in which the magnetic field does not exceed the
reference level, and S, is the cross-section of the entire
building. Note that according to [2] the areas closer than
0.5 m to the walls are not taken into account when finding
S and Sy. Analysis of magnetic field distributions in Fig. 3
and Fig. 4 allows to determine S in each case. The area S,
is a product of sides lengths of the shielding region.

10 -~
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Fig. 4. Distribution of single-circuit OHL magnetic field
when using U-shaped grid shield

Then according to (2) the index 1 is 88.3% when
using the plane grid shield and 99.2% when using the
U-shaped grid shield.

An increase or decrease in the quantity of metal of
the grid shield, achieved by changing the conductor di-
ameter, leads to a corresponding change in the normaliza-
tion index. Table 2 shows 1 when varying the quantity of
metal of the shield from 0.2-F to 1.2-V. Calculation results
show that the use of the plane grid shield is ineffective for
the trefoil OHL magnetic field mitigation, when the mag-
netic field is rotating. At the same time, the U-shaped grid
shield makes it possible to achieve the normalization in-
dex N=97% at the quantity of metal of 0.5-V. Therefore,
the conductor diameter can be reduced to 4.6 mm, while
maintaining number of conductors of the shield and their
arrangement.

Note that relatively high values of mn, given in
Table 2, also follows from the fact, that in the absence of
the shield the magnetic field level does not exceed the
reference in the right part of the building. From the analy-
sis of the magnetic field distribution, shown in Fig. 2, it
follows that the magnetic field normalization index in the
absence of the shield is 38.1%.

Geometric sizes of double-circuit OHL. There are
several options for the location of double-circuit OHL
conductors on the tower: «vertical arrangement,
«straight firtree», «reverse firtree» and «barrel». The last
one is the most widespread in Ukraine (Fig. 5).

Table 2
Magnetic field normalization index 1
for residential building located near single-circuit OHL
when using grid shield

Quantity of metal n, %
of shield Usage of Usage of
referred to V/ plane shield U-shaped shield
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
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Fig. 5. Schematic representation of 110 kV
double-circuit OHL tower

By analogy with previous sections, we introduce the
following designations for double-circuit tower sizes: aj,
a,, as are the shortest distances from the vertical axis of
tower symmetry to the suspension points of conductors;
hy, hy, hy are their heights. Also Fig. 5 shows the number-
ing of conductors of double-circuit OHL. Traditionally to
simplify the operation of OHL, conductors 1-3 make up
the one three-phase line, and conductors 4-6 form the
another one. We assume that both of them are symmetric.
Then RMS values of currents in conductors 1-3 are equal
to each other, i.e. ;==I,. Similarly, for the second line,
I=Is=I;. Note that in the general case the values of
currents /; and /g can be different.

Table 3 summarizes the geometric sizes of typical
110 kV double-circuit towers [6]. We see that geometric
sizes of P110-4V type tower are the closest to average
values. Therefore, in further double-circuit OHL magnetic
field calculations, we assume «;=2.1m, #;=19m,
a2=4.2 m, h2:23 m, 613:2.1 m, h3:27 m.

Table 3
Parameters of typical double-circuit towers
of 110 kV OHL
Tower type a,m | A,m | a,m| h,m|a,m| h;m
P110-2 2.0 19 4.1 23 2.0 27
P110-4V 2.1 19 4.2 23 2.1 27

P110-4V+4 2.1 23 4.2 27 2.1 31

PM110-2F 2.4 19 4.7 23 24 27

PM110-4F 23 15 39 19 23 23

P110-6V 2.1 19 4.2 25 2.1 31

P110-6V+4 2.1 23 4.2 29 2.1 35

PS110-10V 2.6 19 4.2 25 2.6 31

PM110-8VR 24 19 33 25 24 31

PM110-6F 24 15 33 21 2.4 27

Average value 23 19 4.0 24 23 29

Magnetic field of double-circuit OHL. To find the
double-circuit OHL magnetic field, we accept assump-
tions, within the framework of which (1) was obtained. So
we use (1), replacing the upper limit of change from 3 to
6 for the counter p, to find the double-circuit OHL mag-
netic field distribution (See Fig. 6 and 7).

It is shown in [8, 11] that the double-circuit OHL
magnetic field is minimal, when conductors with the same
initial phase of currents are arranged centrally symmetri-
cally. Fig. 6 shows the distribution of magnetic flux den-
sity isolines when [,=Ix=500 A, ¢=¢,~2n/3, ¢,=¢s=0,
03=@s=2m1/3. As before, the dotted line marks the contour
of the residential building, located on the ROW border.
We see that the magnetic field does not exceed the refer-
ence level of 0.5 uT in almost all living space, and the
magnetic field normalization index is 99.2%.

The highest values of the double-circuit OHL mag-
netic field are achieved, when the rated current flows
1,=1=500 A and the initial phases ¢, =p=21/3, ¢,;=¢5=0,
03=04=2m/3. In this case, the magnetic field exceeds the
reference level of 0.5 uT in the entire residential building
(See Fig. 7).

Shielding of double-circuit OHL magnetic field.
We determine the normalization index n for the residen-
tial building, located near a double-circuit OHL (Fig. 7),
using plane and U-shaped grid shields. Note that the
quantity of metal of each shield is V.

y,m =

40 -

i
=30 =20 -10

Fig. 6. Distribution of double-circuit OHL magnetic field
when ¢1=4, 93=¢¢

0= i : e et | "
-30 =20 -10 0 10 20 x,m

Fig. 7. Distribution of double-circuit OHL magnetic field
when ¢,=¢¢, ¢3=04
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Shields parameters are given in previous sections:
the number of conductors is 81 and 121, respectively, and
conductor diameter is 8§ mm and 6.5 mm, respectively.
Fig. 8 and Fig. 9 show magnetic flux density isolines
when the double-circuit OHL magnetic field is mitigated
with the plane and the U-shaped grid shield, respectively.

When using the plane grid shield, the magnetic field
does not exceed the reference level of 0.5 uT in the bigger
part of the residential building. However, as in the case of
the single-circuit OHL, the plane shield does not provide
the sufficient magnetic field mitigation in corner areas of
the residential building. At the same time, the magnetic
flux density does not exceed the reference level in almost
the entire building, when the U-shaped grid shield is used
to mitigate the double-circuit OHL magnetic field.

The analysis of magnetic field distributions, pre-
sented in Fig. 8 and Fig. 9, allows determining the nor-
malization index m. According to (2), it is 83.9% when
using plane shield and 98.7% when using U-shaped grid
shield with quantity of metal V.

Table 4 shows 1 when varying the quantity of metal
of the shield. We see that it is advisable to use the U-
shaped grid shield with the volume of 0.75-} to mitigate
the double-circuit OHL magnetic field. Therefore, the
diameter of shield conductors can be reduced to 5.7 mm,
while maintaining the number of conductors and their
arrangement. In this case, the magnetic field normaliza-
tion index n of the residential building is 97%, which
makes it possible to use 97% of its living space.

y,m =

40 -,

-30 -20 -10 0 10 20 x,m

Fig. 8. Distribution of double-circuit OHL magnetic field
when using plane grid shield

-30 -20 -10 0 10 20 x,m

Fig. 9. Distribution of double-circuit OHL magnetic field
when using U-shaped grid shield

Table 4
Magnetic field normalization index 1
for residential building located near double-circuit OHL
when using grid shield

Quantity of metal n, %
of shield Usage of Usage of
referred to V/ plane shield U-shaped shield

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

The obtained results confirm the efficiency of grid
shields for the magnetic field normalizing in residential
buildings, located on the ROW border of typical 110 kV
overhead lines, and allow formulating recommendations
for the design of grid shields.

Conclusions.

1. We show that the plane grid shield made of alu-
minum 8 mm diameter conductors and mounted on the
wall of the residential building facing 110 kV trefoil sin-
gle-circuit or double-circuit overhead line mitigates the
magnetic field to the reference level of 0.5 uT in the big-
ger part of the living space.

2. To normalize the magnetic field in the entire resi-
dential building located on the border of the right-of-way
of 110kV overhead line, it is advisable to use the
U-shaped grid shield.

3. The efficient usage of the grid shield is achieved,
when the distance between its adjacent conductors is less
than 0.5 m, and the conductor diameter is at least 4.6 mm
for 110 kV trefoil OHL magnetic field mitigation and at
least 5.7 mm for 110 kV double-circuit OHL magnetic
field mitigation.
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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
continued in non-conducting and non-magnetic medium from different axes bounding plane surfaces of conductors.
Methodology. Classic formulation of Cauchy problem for magnetic vector potential Laplace equations, mathematic physics
methods and basics similarity theory are used. Two problems are considered: the problem of initial field continuation from one
axis and the problem of similar field continuation form other axis on which magnetic flux density or electrical field strength in
unknown. Results. Necessary and sufficient similarity conditions of plane pulsed or high-frequency magnetic fields continued
firom different axes of rectangular coordinates are formulated. For the given odd and even magnetic flux density distributions on
axis of initial field corresponding the distributions on axis and solution of continued similar 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.

Mema. Memoro pobomu € hpopmyntoeanns ymoe nodionocmi naioCKonapanenbHux MazHinmHux noie npu pizKomy nogepxnHeeomy
echexmi, uwgo0 npooosicylomuvca 6 Henpogione i HemazHimHe cepeoosumse 3 PIZHUX OCEHl NPAMOKYMHUX KOopounam, KOmpi
oomedxncylomey nnocki noeepxui nposionukie. Memoouka. Buxopucmano xknacuune gopmynioeanna 3aoaui Kowi ona pienanns
Jannaca 6i0HOCHO 8eKMOPHO20 NOMEHUIANY MAZHIMHOZO RONA, MEMOOU MAmMeMamuyinoi (i3uKu ma OCHOGHI NONONCEHHS
meopii nodionocmi. Pozenanymo 06i 6i0nogioni 3adaui: 3adaua nPoO0IHCEHHA GUXIOH020 nOA 3 00HIET oci ma 3adaua
nPo006IHCEHHA NOOIOH020 nonA 3 IHWOI oci, po3noodin IHOYKYII MazHIMHO20 nona Ha Kompil € Hegioomum. Pezynvmamu.
Cdhopmynvosano neodxioni ma oocmamui ymoeu noodioHOCHmI HIOCKORAPANENAbHUX IMAYALCHUX A00 BUCOKOUACHOMHUX
MAZHIMHUX NONIB, WO HPOOOBIHCYIOMBCA 3 PIZHUX OCell NPAMOKYMHUX Koopounam. /[nsa 3a0aHuUX Henapnozo ma napHozo
Po3nodinie iHOyKuyii Ha oci 6UXIOH020 MAZHIMHO20 NONA GUIHAYUEHO GIONOGIOHI PO3NOJINU HA OCI, @ MAKOXHC PO36’A3aHi 3a0ayi
npoooexcenna noodionozo nons. Haykoea noeusna. /logedeno, wio 0na nodionocmi nonis, AKi po3enanymo, Heo0Xiona ma
docmamua nPonopyilinicms nPeoCmaesienHux y Kpumepianvuiii popmi 6i0nosionux npoexuiil 6eKmopie Yux noaie y cxoxncux
moukax oceit. bi6n. 11, puc. 4.

Knouosi crosa: niockomnapanenbHe MarHiTHe moJie, piskuii moepxneBmii edekr, 3agauya Kowi ans piBusauus Jlamnaca,
Teopist noaidHOCTI.

Lenw. Llenvio pabomoul agnaemca Gopmyauposka yciouil no0oodus NAOCKONAPAIIEAbHBIX MAZHUMHBLIX NONEl NPpU Pe3KOM
nogeepxnocmuom 3Ihpghexme, Komopvie RpPOOONIHCAIOMCA 6 HENPOGOOAWYI0O U HEMAZHUMHYIO Cpedy C pPa3ludHbIX oceil
NPAMOYZONLHBIX  KOOPOUHAM, OPAHUYUGAIOWUX NIOCKUE NOGEPXHOCMU npOGOOHUK08. Memoouka. Hcnonvzosanst
Knaccuueckasn popmynuposka zadauu Kowu onn ypasnenus Jlannaca omuocumensno 6eKmopHozo NOMeHUUANA MAZHUMHO20
ROJIsl, MEMOObL MAMEMAMUYECKOU (YUUKU U OCHOBHbLIE NOJIOMHCEHUA meopuu nodobus. Paccmompenst 0ée coomeemcmeyiouiue
3a0auu: 3a0aua NPOOONNHCEHUS UCXOOHO20 NOJA C OOHOU OCU U 3a0aud RPOOONIHCEHUS HOO0OH020 NOoaA ¢ Opy20il ocu,
pacnpedenenue UHOYKUUU MAZHUMHOZ0 NOAA HA Komopoil neussecmuo. Pezynomamol. Chopmynuposanvt neodxooumovie u
docmamounsle ycao6us NOOOOUA NIOCKONAPANTENbLHBIX UMNRYAbCHLIX UMW  6bICOKOYACMOMHBIX MAZHUMHBIX Rojel,
RPOOOANCAEMBIX C PA3IUYHBIX OCeil NPAMOY2ONbHLIX Koopounam. /[na 3a0aHHBIX HEUEMHO20 U HemHO020 pacnpedeneHuil
UHOYKUUU HA OCU UCXOOHOZ0 MAZHUMHOZ0 NOJIsi ONPEOeleHbl COOMEENICIMEYIouiUe PACHPEOeleHuUs HA OCU, A MAKMCe Peulenbl
3a0auu npooondcenus no0oono2o nons. Hayunas noeusna. /lokazano, umo 01s no0oodus paccmMompennsvix noJieil Heooxoouma u
0ocmamouna nPoOnOPUUOHAILHOCHL NPEOCMABIEHHBIX 8 KPUMEPUANbHOU (hopme COOMEEmMCmayIouux RPoeKyuil 6eKmopos
IMUX noueil 8 CX00CMeEeHHbIX moyukax oceii. butbn. 11, puc. 4.

Knrouesvie cnosa: niockonapaieTbHoe MATHUTHOE T0J1e, Pe3KHil MOBePXHOCTHBIH Y dekT, 3agaua Komm nias ypaBHenust
Jlamaca, Teopusi mooousi.

Introduction. The shape of massive solenoids
(inductors) and electrodes used in electrophysical
technologies to obtain electromagnetic fields of a given
distribution is found by solving the field continuation
problem [1-3]. We restrict ourselves to considering plane
pulsed or high-frequency magnetic fields, continued from
one of the axes of rectangular coordinates (for example,
the x-axis) [4]. The problem definition includes the
distribution of a certain projection of the vector of the
extended field specified on this axis. In practice, it may be
necessary to solve the problem of continuation of a field
with a similar distribution on the y-axis. In this case, it is
obvious to use the results obtained for the x-axis. The
main difficulty of this approach lies, first of all, in

insufficient theoretical substantiation, as a result of which
the given field distribution on the y-axis turns out to be
unknown.

The goal of the work is a formulation of conditions
for the similarity of plane magnetic fields at a sharp skin-
effect, which continue into a non-conductive and non-
magnetic medium from different axes of rectangular
coordinates that limit the flat surfaces of the conductors.

Conditions for the similarity of magnetic fields
extended from flat surfaces of conductors. In a massive
conductor with a flat boundary surface eddy currents are
induced under the action of a pulsed or high-frequency
magnetic field of an external inductor, the profile of
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which must be determined. The skin-effect is sharply
manifested in the conductor. Let us accept the assumption
of an ideal surface effect [3] and replace the conductor
with an ideally superconducting half-space. We use three
systems of Cartesian coordinates on the plane: the main
(general) xOy and two auxiliary ones — x;Oy; and x,0y,.
Consider two corresponding problems of continuation of
a plane magnetic field into non-magnetic non-conducting
half-spaces y; > 0 and x, > 0 without sources (Fig. 1):
from the x; axis (the first problem whose solution is
known) and from the y, axis (the second problem). Half-
spaces y; < 0 and x, < 0 are ideal superconductors.
Equation for the magnetic vector potential A(x, y)
of such fields has the form [5]
2 2
8—124 + 6—124 =0. €))
ox oy
In (1) x =x1 v X, y =y vy Ak, y) =

= Ai(x1, y1) Vv Ay(x;, y,). Boundary conditions on the
X(-axis —

Al 0)=0, ZU =B (n0), @3
Mly=0
on the y,-axis —
0A
4(0,3,)=0, —* =-B,,(0.y,), (4.5
X2 X,=0

where Bi,(x1, 0) and B,,(0, y,) are the projections of the
magnetic flux density B, (x1,»1)> 1 = 0and B, (x2,¥2),
X, > 0 on the xy, y, axes.

Mo(=-xa Y1) (v, )A Mi(xa, Yv)

_;R

M

P, 3p)

7777777777777 772777 TIATTITTT T
0] X(x,x,)

e e e _ M
/]

M (=xa1,-Var) Y, M, "(xar,-yvur)

Fig. 1. Systems of coordinates and parallel axes with currents
creating specified distributions of magnetic flux density (8)

Note that Bi(x;, 0) is a given function, and the
projection B,,(0, y,) is to be determined. Comparing the
formulations of the two considered problems (1)-(3) and
(1), (4), (5), we note that they have geometrically similar
solution domains (half-spaces y; > 0 and x, > 0, Fig. 1)
with the same physical properties, contain an equation of
the same type and similar boundary conditions (2), (4) on
the x; and y, axes from which the fields continue. The
described conditions are necessary, but they are not
enough for the similarity: the boundary conditions (3), (5)
remain.

Let us assume that the considered magnetic fields
are similar. Then it follows from (1) — (5) that the similar
coordinates [6-8] in the field continuation domains are x;
and y,, y; and x,, and the corresponding functions are
Ay(x1, y1) and A4,(x,, y;). Therefore, analogous quantities
characterizing supposedly similar fields should be
x| 2 M 0x)

—Bly(xl, 1) and By (x2, 1), Bix(x1, y1) and _BZy(xL ¥2)-(6,7)

Let P be the observation point of the field with
coordinates Xp=X1pV Xop, VP =)V1iP V Vor (Flg 1) Then the
similar coordinates of the point P will be x;p and y,p, y1p
and x,p.

Taking into account the main provisions of the
similarity theory [6-8], in addition to the noted necessary
conditions, we can assert the following: for the similarity
of two compared magnetic fields, it is necessary and
sufficient that the values of the presented in criterial form
magnetic flux density projections B;.(x;, 0) and B,,(0, »»)
at similar points of the axes, from which these fields
continue, should be proportional.

This condition allows to find B,/(0, y,) and thus
obtain a complete formulation of the second problem.

Magnetic flux density distribution on the y, axis
for a similar magnetic field. Let in the first problem the
given distributions of the magnetic flux density on the x;-
axis can be represented by the formula

I 1 _
By, (x,0)= yoﬁlM {Y1M|: F

(xl XM )2 + Y12M

®)

1
+ )
(1 +x10 )2 + J/12M }

where p, is the magnetic constant, /j,, X1y, Vi are the
distribution parameters.

The function in curly brackets of formula (8) is odd
or even, depending on the minus or plus sign between the
terms in square brackets. In both cases, it has the well-
known sine or cosine Fourier transform. The multiplier
before of the considered function is constant therefore
Bi,(x1, 0) also has such transform. The physical meaning
of (8) is the magnetic flux density created on the x,-axis
by a system of four parallel, symmetrically located axes
with currents /), = +[,, two of which (M;' and M,")
replace the influence of the lower ideally superconducting
half-space [9, 10] (Fig. 1). The parameters x; = Xy,
yu = y1u determine the position of the axes at the points
My, My, M, My' of the x;0y, plane. Currents +/;; have
positive directions, and —/;; have negative ones, indicated
by a dot or a cross, respectively. For the currents in Fig. 1
we obtain an odd magnetic flux density distribution. If the
currents in the upper half-space have the same (for
example, positive) direction (while the currents in the
lower half-space are also directed in the same way, but
opposite to the first ones), we have an even distribution of
magnetic flux density.

Let us find such distributions B,,(0, y,) on the
yp-axis that satisfy the necessary and sufficient similarity
condition formulated above. To do this, we first establish
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similar parameters [6-8] of the distributions Bj.(x;, 0) and
Bzy(o, yz)l IIM and [2M, X1m and YVoms Yim and XoM> where 12M,
Xy and yy, are the parameters of the distributions
B,,(0, y,) unknown so far. Then, using the correspondence
of similar values (7), we replace in formula (8) the
coordinates and parameters with similar coordinates and
parameters of the second problem. We obtain:

Holaym 1 -
B, (0,y,)=—
2y( ) 4 {xZM{(yz —yau ) + X3y ’

©)

_ 1
F .
(yz +Yom )2 + x%M }
We represent (8), (9) in dimensionless form
(in criterial form) using two systems of basic quantities:
1, and b, — length, I, and I,, — current, By, and By, —
magnetic flux density (basic values for formula (8) have
number 1 in the subscript, for (9) — number 2).
Dimensionless quantities are obtained by dividing the
corresponding dimensional ones by the basic ones and
marked with asterisks. After transformations formulas (8),
(9) take the following form:

le(x1»0)=—11MY1M — T2
d (xl _le)z +m
(10)
—_ 1 *
— b — 0 < X <00
(xl +le)2 + M
BZy(anZ)z_;IZMXZM( . )2 .
- +Xx
V2~ Vom 2M (a1
_ 1 *
L Era— o TP<I<®
(yz +y2M)2+x2M
Comparing (10) and (11), we see that for
XM = VoM > YiM = Xom (12)

at similar points on the x; and y, axes with coordinates
xr = y;, the values Bl*x(x;k ,O)are proportional to the
values B;y (O, y;) Consequently, the necessary and

sufficient similarity condition is satisfied, and the sought
distributions B,,(0, y,) for such a magnetic field have the
form (9). If in addition to (12) to accept

Iy =Don s (13)
then the absolute values of the compared magnetic flux
density values will be equal, although this is not necessary
for similarity.

All quantities included in conditions (12), (13) are
similarity criteria. We choose the basic values /y;, [, in
such a way that conditions (12) are satisfied. In the
general case, I, and I, can be any, but, if necessary, we

find them taking into account condition (13). When
determined ijxik ,0) and B;y(O, y;), we accepted

By = polis/lips Bop = tolop/bop.

The physical meaning of distributions (9) is similar
to that described for (8): the magnetic flux density created
on the y, axis by four parallel axes with currents
+ly, = =+l (the axes are located at points whose
coordinates =+x), and =y, are determined by the
parameters £x,), and y,,,, Fig. 1).

Figure 2 shows the symmetric parts of the odd (a)
and even (b) distributions of the magnetic flux density on
the axes at x; > 0 and y, > 0, calculated by (10), (11).
Accepted: [y, = by, Ly = Ly, Liy = Ly g curves

1= x1 =01, yyr =015 2 =025, 0,1; 3 - 0,15, 0,2;
4 - 0,25, 0,2. The values x;M and y; u are determined
using relations (12). The coincidence of the distributions
Bl*x (xik ,0) and —B;y (0, yz) illustrates the necessary and
sufficient condition for the similarity of magnetic fields.

ABJ(X?, 0)

B;0.5) 2

L.

04 0,5 x*y*

0 01 02 03

2

a

-

\
B *(x%, 0)
_Bz:.k(o: }’f)

L.

04 05 x*y*

0 01 02 03

>

b

Fig. 2. Odd (@) and even (b) distributions of the magnetic flux
density on the axes xi, y,

Continuation of similar magnetic fields by solving
the first problem. The solutions of the first problem (1)-
(3), taking into account (8), obtained by the method of
particular solutions that continuously depend on the
parameter, have the following form:
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290y T -y [sin(xas A)sin(x2)
4(x,y)= { ¢ {cos(xM/l)COS(x/l) 4

xl_lsh(yi)d/l, —o<x<w, 0<y<yy.

The first line of the multiplier of the integrand in
curly braces (14) refers to the odd distribution By, (x;, 0),
the second — to the even one.

The solutions of the second problem (1), (4), (5)
taking into account (9) are found by replacing coordinates
and parameters in (14) by similar values of a similar field.
We obtain:

_Mw ) sin(yMl)sin(yi) y
Ayx.y)= { ¢ {cos(yMz)cos(m) (15)

xﬂ_lsh(xxl)d/l, —o<y<m, 0<x<xy,.

In (14), (15) ) Iy = Liv v L, Xu = Xt vV Xous,
Yu = Yim V Yau- The constraints y < y,, and x < x,, are due
to the convergence of improper integrals [4]. The
correctness of the described method for determining such
a magnetic field and, in particular, (15) is confirmed by
the coincidence of the latter with the solution of the
second problem by the same method as the first one.

Another method for solving the first problem is to
use the Green function for an axis with a unit current
located in a non-magnetic and non-conductive medium
parallel to the surface of an ideally superconducting half-
space. For the odd distribution By,(x, 0) (8) we have [10]:

r, S
): ,Ll()IM In M,P M,P

AP , (16)

T }"MIPVM'ZP

where 7y p is the distance between

"mip > "MyP > Ty p
points P and, accordingly, M;, M;', M,, M,' (Fig. 1).

Using the known relationship between the magnetic
flux density and the vector potential of the magnetic field
[5] and (16) to calculate the projections, we obtain the
following formulas:

ol 1 1
By (P)=- gM (vp—yu B
a "M\P TM,P
7)
1 1|
+(vp +yu ) ;
"Miyp Tmip
Lol 1 1
By,(P)= gﬂM (xp —xr -
"™M\P - Typ
(18)
1 1
+(ep ) 5—-—5—
"Myp TM,P

Note that in (16) — (18) it is assumed that the
observation point P is located in the upper half-space
y > 0 (in a particular case, on the x-axis). Let us find
By(P) and B,(P) for a similar magnetic field in the

region x > 0 (in a particular case on the y-axis), replacing
coordinates and parameters in (17), (18) with similar
values. We obtain surprising, at first glance, results: the
formulas for determining B,(P) and B,(P) formally
coincide with (17), (18). The reason is that a system of
four axes with currents, which creates a magnetic field in
the region y > 0 of the first problem (for more details, in
the physical sense of (8)), simultaneously creates a similar
magnetic field in the region x > 0. Here, the axes located
in points M, and M,' (Fig. 1), replace the influence of an
ideally superconducting half-space x < 0. Therefore,
formula (16) is also a solution of the second problem for a
similar magnetic field in the region x > 0 in the case of an
odd distribution B,,(0, y»).

When using the Green function in the case of even
distributions B;,(x;, 0) and B,,(0, »), it is necessary to
change the directions of currents in two axes to the
opposite with respect to those adopted in Fig. 1: for the
original field — in the M, and M,' axes, for a similar field —
in the M;' and M,' axes. In contrast to odd distributions of
the magnetic flux density on the axes, the vector potential
A(P) is described by two different formulas. We obtain
them from formula (16), having changed places "™M,P

and "\,p for the original field, "vip and "\, p for a
similar field:
I r, S
Al(P)= Holim 4, M\P M,P , (19)
7 "M\ P"M,P
I "M,PTyy!
Ay (p)=2022M gy 27 MHP (20)

7 "M\P yp

Formulas for calculating magnetic flux density
projections B (P) and B,(P), B,(P) and B,(P) differ
from (17), (18) in opposite signs before the fractions

1/1’2 and 1/72, , /72, and 1/r%. . The
MyP M,P MP M,P

correctness of the transforms is confirmed by the
correspondence of the obtained formulas to the relations
6, (7).

Figures 3, 4 show the magnetic field lines of the
initial and similar magnetic fields A4(x, y) = const,
calculated by (16), (19), (20) for the distributions of the
magnetic flux density 2 in Fig. 2,a,b. It is accepted that
A" = Aldy, Ay = polys, Ay = Arp v Az, Ay = Aoy, iy = by
For magnetic field lines 1, 5— 4, = 4> =0,05,2, 60,1,
3,7-0,15,4,8-0,2.

We see that the corresponding field lines of the
considered magnetic fields are geometrically similar,
which confirms the correctness of the obtained results.
The field lines shown in Fig. 4,a,b, limit the profiles of
current-conducting inductors to create pulsed or high-
frequency magnetic fields of given distributions on the
axis y».
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Fig. 3. Magnetic field lines at odd (@) and even () distributions
of the magnetic flux density on the axis x;

0 0,1

The results obtained for the magnetic field can be
used to determine the profiles of one or more long parallel
uniformly charged electrodes, with the help of which an
electrostatic field of a given distribution is to be created
on the flat surface of the conductor. For this we use the
electrostatic analogy of plane electrostatic and magnetic
fields of conductors with a sharp skin-effect
(J.D. Cockroft, 1929, [4]), according to which the
distributions of the taken with a minus sign projection of
the electric field strength FE;(x;, 0) and Bj(x;, 0)
correspond to one another.

Appendix. The use of two methods for solving field
continuation problems allows not only checking the
results, but also obtaining formulas for -calculating
complex improper integrals that are absent in the
reference literature [11]. For example, comparing
formulas (14) and (19) for the initial field, we have two
improper integrals:
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Fig. 4. Magnetic field lines at odd (@) and even (b) distributions
of the magnetic flux density on the axis y,

The limits of x and y change are the same as in (14).
In the described way, one can obtain several more
formulas for calculating improper integrals using (17),
(18), as well as the corresponding formulas for a similar
field. Comparison of (15) with (20) leads to a number of
improper integrals. For instance:
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We see that formula (22) differ from (21) only by
similar values of a similar magnetic field. In addition, it is
necessary to take into account also other limits of
variation of x and y (see formula (15)).

Conclusions.

1. For the similarity of plane pulsed or high-frequency
magnetic fields continued into a non-magnetic and non-
conductive medium from different axes of Cartesian
coordinates that bound the flat surfaces of the conductors,
it is necessary and sufficient that the values of the
corresponding projections of the magnetic flux density
presented in the criterial form at similar points of the axes
are proportional. This condition makes it possible to find
the distribution of the magnetic flux density on the axis
from which the similar field continues.

2. Solutions to the problems of the continuation of
similar magnetic fields can be obtained from the known
solutions of the problems of the continuation of the initial
fields by replacing the coordinates and parameters in them
with the corresponding similar quantities.

REFERENCES

1. Belyj LV, Fertik S.M., Himenko L.T. Directory of
magnetic-pulse treatment of metals. Kharkov, Vysshaia shkola
Publ., 1977. 168 p. (Rus).

2. Shneerson G.A. Fields and transients in equipment ultra
strong currents. Moscow, Energoatomizdat Publ., 1992. 416 p.
(Rus).

3. Gurbanov G.G., Kas'iankov P.P., Taganov [.N. Propagation
of the field potential along a given distribution on the axis.
Radio engineering and electronics, 1967, no. 4, pp. 659-661.
(Rus).

How to cite this article:

4. Mikhailov V.M. Shapes determination of the electrodes and
coils to generate predetermined field distributions. Technical
electrodynamics. Thematic issue «Problems of modern electrical
engineering», 2000, part 6, pp. 13-16. (Rus).

5. Tozoni O.V. Calculation of electromagnetic fields on
computers. Kiev, Tekhnika Publ., 1967. 252 p. (Rus).

6. Kirpichev M.V., Konakov P.K. Mathematical foundations of
similarity theory. Moscow-Leningrad, Acad. of Sci. USSR
Publ., 1949. 104 p. (Rus).

7. Eigenson L.S. Modeling. Moscow, Sovetskaia nauka Publ.,
1952. 372 p. (Rus).

8. Venikov V.A., Venikov G.V. The theory of similarity and
modeling (in relation to the problems of the electric power
industry). Moscow, Vysshaia shkola Publ., 1984. 439 p. (Rus).
9. Vasetskii Iu.M., Vlasov D.I., Konovalov O.Ia., Mikhailov
V.M. Some solutions to the problem of continuation of a plane
field in elementary functions. Proceedings of the conference
SIMULATION-2012, Kiev, 2012, pp. 232-236 (Rus).

10. Valery Mikhailov, Mykyta Petrenko. Inductor shape
determination for electromagnetic forming of sheet workpieces.
Przeglad Elektrotechniczny, 2020, no. 1, pp. 74-77. doi:
10.15199/48.2020.01.18.

11. Gradshtein 1.S., Ryzhik .M. Tables of integrals, sums,
series and products. Moscow, Nauka Publ., 1971. 1108 p. (Rus).

Received 07.08.2020

V.M. Mikhailov, Doctor of Technical Science, Professor,
National Technical University «Kharkiv Polytechnic Institute»,
2, Kyrpychova Str., Kharkiv, 61002, Ukraine,

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

Mikhailov V.M. On the similarity of plane pulsed magnetic fields continued from different coordinate axes. Electrical
engineering & electromechanics, 2020, no. 5, pp. 44-49. doi: 10.20998/2074-272X.2020.5.07.

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.5 49



High Electric and Magnetic Field Engineering. Engineering Electrophysics
UDC 621.3.022: 621.319.53: 621.373 doi: 10.20998/2074-272X.2020.5.08

M.I. Baranov, S.G. Buriakovskyi, V.V. Kniaziev

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 engineering,
electrophysical principles of high-voltage and high pulsed current engineering, fundamentals of electromagnetic compatibility
(EMC), instrument engineering, high-voltage instrumentation 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 microsecond duration with doubled amplitude (up to £150 kA) in the long (from 1 to 4 m
length) air gap of standard two-electrode discharging «needle-plane» 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 developed. Experimental evaluations of the developed new discharging 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 lightning) 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 and Design Institute «Molniyay of NTU «KhPI»), 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 (lightning) was developed for the first time. Practical value. Application 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
firom artificial lightning will assist increase in reliability of OAME functioning in conditions of damaging (destabilizing) action
on them HPC and PEMI of natural and artificial 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.

3anpononosana i anpobosana H08a cxema NOOGYOOSU ROMYHCHOZ0 HAOBUCOKOBOILIMHOZ0 CULHOCHMPYMHOZ0 2eHepamopa
imnynbcnux nanpye ma cmpymie I'THC-2 306HiuHb0I ycmanogKku, w0 opmye Ha aKmugHO-iHOYKMUGHOMY HABAHMANCEHHI
MIKPOCeKyHOHI imnynbcu Hanpyzu amniimyoor 0o 2 MB i cmpymy amninimyoor 0o 150 kA npu enexkmpuuniii enepeii, wio
3anacaemoca, 00 1 M/Duc. Januit zenepamop nodyooeanuii Ha OCHOGI POIMIWEHO20 6 NONLOBUX YMOBAX MOOEPHI308AHO20
cmayionapnozo zenepamopa I'IHC-4 na nominanvny nanpyzy +4 MB i nominanvnuit cmpym amniimyoorw +75 kA 3
eNIeKMPUYHOI0 eHepieln, W0 3ANacacmuvca 6 1020 GUCOKOGOJIbMHUX KOHOEHCAmopax, HOMiHanvHum 3Hauyenuam 1 M/l
Ilpueeoeni onucu cxemnux i koncmpykmuenux eupiwiens cenepamopa I'HC-2, wyo 0o36o0nsa10ms 3a6e3neuumu npu 30epexncenui
OCHOBHOI enekmpomexniunoi enemenmnoi 6azu zenepamopa I'THC-4 ompumanna Ha 00620My pPO3PAOHOMY NOGIMPAHOMY
RPOMIIICKY 060€/1eKIMPOOHOT cucmemu «20JKa-na0CKiCmy» IMRYAbCcie CMPYyMy MIKPOCEKYHOHOT mpueanocmi 3 NOOBOEHOIO
amnaimyooio 6 nopieHAHHI 3 napamempamu iIMRYIbCI6 cmpymy, wio gopmyromsca é po3paonomy koni zenepamopa I'NHC-4 3
GUKOPUCMAHHAM AHANO2IYNOT 080eneKkmpoonoi cucmemu. Ilepesedennsn zenepamopa I'NHC-4 ¢ pesxicum pobomu cenepamopa
T'THC-2 i3 3menwenum yogiui pienem euxionoi imnynbcnoi nanpyzau i 30inouieHum y08iui pienem UXiono20 iMnyavcHozo cmpymy
o6ymoeneno eumozamu cmanoapmie HATO AECTP-250: 2014 i CIIIA MIL-STD-464C: 2010 npu eunpodysannuax mexuiunux
00'ckmie na enexmpomazHimuy cymicuicmsy i HecnpuiiHAMHICMb 00 Ol HA HUX ROMYMHCHIX eNeKMPOMAZHIMHUX 3A6a0 6i0
AMMOChepHux 2po306uUx CUIbHOCMPYMHUX eIeKMPUYLHUX PO3Padis (Oauckaesok). bion. 19, puc. 6.

Kniouoei cnosa: HaABHCOKOBOJLTHHMI CHJIBHOCTPYMHMii reHepaTop iMmyJbciB HAmpyru i cTpymy, TexHiuHi 00'€KTH
BiliCbKOBOIr0 NPU3HAYCHHS, CTAHJAAPTH BUIIPOOYBaHb HA €JIEKTPOMATHITHY CYMICHICTB i 0JIMCKABKOCTIKICTD.

Ilpeonosicena u anpobuposana HOGAs cXeMa NOCMPOCHUSA MOWIHO20 CBEPXELICOKOBOILINHOZO CUNbHOMOYHO20 2eHEPAmopa
umnynscuvlx nanpaxcenuit u moxoe 'MHT-2 napysycnoin ycmanogku, popmupyrouieco na aKkmugHo-uHOYKmMUGHOU Hazpy3Ke
MUKDPOCEKYHOHblEe UMNYIbCbl HANPAXHCEHUA amnaumyoou 00 +2 MB u moka amnaumyooit 0o +£150 kA npu 3anacaemoii
anekmpuueckoii nepeuu 0o 1 Muc. Jdaunwiii zemepamop nocmpoen Ha 0CHO8E PA3MEU{EHHO20 6 NONEGHIX YCOBUAX
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MoOepnu3zuposannozo cmauuonapnozo zenepamopa I'MHT-4 na nomunanvnoe nanpsycenue +4 MB u HOMUHAIbHBLL MOK
amnaumyoou +75 KA ¢ 3anacaemoil 6 €20 6bICOKOBOIbMHBIX KOHOEHCAMOPAX INNEKMPUYECKOU IHepzuell HOMUHATbHBIM
snauenuem 1 M/uc. Ilpusedenvl onucanus cxemuvlx U Koncmpykmuenwvix peuienuil zenepamopa I'HHT-2, nozeonawouwux
obecneuumsv npu COXpaHeHUU OCHOBHOI INEKMPOMEXHUUECKOU InemeHmHol 6azvl 2enepamopa I'MHT-4 nonyuenue na
OJIUHHOM  PA3PAOHOM  GO30YUIHOM RPOMENCYMKe O08YXINEeKMPOOHOU CUCMeEMbl «U2NA-HI0CKOCMb) UMNYIbCO6 MOKA
MUKPOCEKYHOHOU OTUMETbHOCHU C YOGOCHHOU AMRIUMYO0l RO CPAGHEHUIO C RAPAMEMPAMU UMNYILCO8 MOKA, opMupyemblx
6 paspaonoi yenu zenepamopa 'HHT-4 ¢ ucnonv3oeanuem ananozuynoil 08yxinekmpoonoi cucmemsl. Ilepeeod zenepamopa
T'HHT-4 ¢ pesxcum pabomur zenepamopa 'HHT-2 ¢ ymenvuiennsim 8060€ ypoGHEM GbIXOOHO20 UMNYAbCHO20 HANPANCEHUS U
Y6enNUuUueHHbIM 6060€ YPOGHEM GbIXOOHO20 UMNYIAbCHO20 MOKA 00ycnognen mpebdosanuamu cmanoapmose HATO AECTP-250:
2014 u CLIA MIL-STD-464C: 2010 npu ucnstmanusx mexHu4eckux o0beKmoe Ha INEeKMPOMAZHUMHYI) COBMECHUMOCHIb U
HEeGOCNPUUMYUGOCHb K 8030€lCMEUI0 HA HUX MOWHBIX INEKMPOMAZHUMHBIX NOMEX Om aAMmMOCHEPHbIX 2P0306bIX
CUIbHOMOYHBIX INEKMPUYECKUX Pa3paooe (moanuit). bubin. 19, puc. 6.

Kntouesvie cnoéa: CBepXBBICOKOBOJIBTHBIH CHJIBHOTOYHBI TreHEPATOP HMIYJbCOB HANPSKEHUS W TOKA, TeXHHYECKHe

00beKThI BOEHHOTO Ha3HAYCHUSHA, CTAHAAPTHI HCIBLITAHU HA JJICEKTPOMATHUTHYI0 COBMECTUMOCTDb U MOJTHHECTOHKOCTD.

Problem definition. In accordance with the
requirements of the current Standards of the NATO
AECTP-250: 2014 [1] and the USA MIL-STD-464C:
2010 [2] when testing various objects of armaments and
military equipment (OAME) for electromagnetic
compatibility (EMC) and resistance to direct (indirect) the
action on them of powerful electromagnetic interference
(PEMI) caused by atmospheric thunderstorm high-current
spark electric discharges (lightning) [3-5], it is required in
the area of placement on the test site of the mentioned
OAME to form such high electric and magnetic fields in
the surrounding airspace due to the flow of a spark
channel of artificial lightning with high pulses current
(HPC) which should be characterized by the rate of
lightning HPC rise of the order of 10'' A/s with its
amplitude up to (100-200) kA. The rate of increase in the
strengths of the electric and magnetic fields in the near
circular zone with radius r, up to (3-10) m from the spark
channel of artificial lightning should be, respectively,
about 10"" V/(m-s) and 10° A/(m-s) [1, 2]. To ensure the
fulfillment of such stringent requirements for the
amplitude-temporal parameters (ATP) of the HPC of
artificial lightning and the PEMI, appropriate powerful
ultra-high-voltage high-current test electrical installations
are required that can simulate in the open air near or far
from the tested OAME long (1 m and more length) spark
electric discharges (lightning) with HPC of the specified
ATPs. The development and creation of such an ultra-
high-voltage (for output pulse voltage with amplitude of 1
MYV or more) high-current (for output pulse current with
amplitude of 100 kA or more) test electrical equipment is
associated with large financial and material and labor
costs. It is known that the cost of constructing such a
special test electrical equipment operating in the
microsecond time range of generated on an electrical load
pulses of voltage and current, is about USD 1000 per 1 kJ
of electrical energy stored in its capacitive energy storage
(CES) [6]. Therefore, with the energy intensity required
by [1, 2] of ultra-high-voltage high-current test electrical
equipment of the order of 1 MJ for its construction in
Ukraine, funds are required of at least USD 1 million. In
this regard, an appropriate technical solution for its
developers is the appropriate modernization of the
existing generators of pulse voltages and currents (GINT),

which ensures compliance with the requirements of
regulatory documents [1, 2].

In the 1970s, for testing the electrical strength of the
external (internal) insulation of electric power and OAME
facilities for EMC and lightning resistance at the
experimental testing ground of the Research and Design
Institute  «Molniya» of NTU «KhPI» (urban-type
settlement Andreevka, Kharkiv region) a powerful
generator of the GINT-4 type of stacked type was created,
characterized by rated output voltage U,=+t4 MV with
rated electrical energy stored in its high-voltage
capacitors equal to 1 MJ [7]. The insulating support
structure (INS) of this generator was made on the basis of
576 porcelain support insulators of the KO-400S type,
beams and braces made of wood laminated plastic of the
DSPB-E-40 type, and its insulating protective (enclosing)
structure is based on fiberglass pipes of the TSPO type
and fiberglass roll electrical material of the REM-0,8 type
[6, 7]. The scheme for constructing its charge-discharge
circuit (CDC) adopted in the design of GINT-4, shown
and described in [8, Fig. 12], provided a damped
sinusoidal current pulse with amplitude of its first half-
wave with duration of up to 11 ps no more 7,,;~+75 kA in
a two-electrode system «needle-planey [7, 9]. It should be
noted that the CDC of the GINT-4 generator was made
according to the classic bipolar Arkadiev-Marx circuit,
containing 16 electrical cascades and, accordingly, 32
oppositely charged stages of it up to constant rated
voltage Uc~=125 kV, separated by 16 two-electrode
uncontrolled air switches made in the form of standard
ball arresters (BA) with diameter of 125 mm [7]. Each
stage of electrical cascades consisted of 4 high-voltage
capacitors in a metal case of the type KBMG-125/1 (rated
charging voltage U~*125 kV; electric capacitance
C=1 pF) developed by the Research and Design Institute
«Molniya» of NTU «KhPI». As a result, the CDC of the
GINT-4 generator had 128 capacitors of the
KBMG-125/1 type. In this regard, the capacity «in the
discharge» C, of this generator was about 0.125 pF, and
the rated value of the electric energy stored in its
capacitors Wg:O,SCdU,gx2 was equal to 1 MJ. In bipolar
charging circuits (two for each electric polarity of the
capacitors C of its CDC) of the indicated capacitors of the
GINT-4 generator, single-section high-voltage charging
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resistors R with nominal value of 500 Q were installed in
an amount of 32 (8 for each of the four charging legs of
the stages of its cascades), made on the basis of nichrome
wire wound on a long fiberglass pipe and filled with
epoxy compound [7, 9] were installed.

The CDC of the GINT-4 generator contained 16
discharging single-section resistors R, (8 for each of the
two oppositely charged branches of the stages of its
cascades) with nominal value of 110 kQ, each of which
was made on the basis of a series fixed on a rectangular
getinax plate of zigzag-shaped 50 constant ceramic
volume resistors of the TVO-10-2,2 kQ type and is
designed for voltage of £500 kV [7, 9]. All stages of the
GINT-4 generator in the area of their BAs were equipped
with damping resistors R, with nominal value of 0.5 Q,
made by winding nichrome wire on short fiberglass pipes
and filling it with epoxy compound [7, 9]. In the
discharge mode of the CDC capacitors of the GINT-4
generator to the electrical load due to nine damping
resistors R¢,, a total active resistance equal to Rs~4.5 Q
is connected to its discharge circuit. ATPs of voltage
(current) pulses formed on an electrical load were
determined by the choice in the CDC of this generator of
the level and polarity of the charging voltage Uc of the
steps of its electrical cascades, as well as the circuits used
at its output for generating the required electrical signals.
The CDC design circuit adopted in the construction of the
GINT-4 generator led to the obtaining of a sufficiently
high level of the specific self-inductance of this type of
generator at the output of its ultra-high-voltage discharge
circuit, amounting to 20 puH/MV [7, 9]. In this regard, the
own inductance L, of the discharge circuit of the
generator of the GINT-4 type at U,=+4 MV was about
80 pH [7-10]. The relatively small value of the
capacitance «in the discharge» C; =0.125 pF and the
relatively large value of its own inductance L,~80 uH of
the generator of the GINT-4 type, in principle, do not
allow it to fulfill the considered requirements of the
NATO AECTP-250: 2014 [1] and the USA MIL-STD-
464C: 2010 Standards [2] when testing OAME for EMC,
the effect of PEMI on them as wells lightning resistance.
From the given technical characteristics of the GINT-4
type generator, it can be seen that in relation to the
requirements presented in [1, 2], its main disadvantage is
the relatively low level of artificial lightning HPC
(no more than 7,,~+75 kA) formed by it on an electrical
load (for example, on a long air discharge gap). In this
regard, an urgent applied problem is one that is aimed at
modernizing the CDC of the ultra-high-voltage generator
of the GINT-4 type with the goal of real approximation
with its help to the fulfillment of the basic requirements of
regulatory documents [1, 2] at the Research and Design
Institute «Molniya» of NTU «KhPI» when testing OAME
on EMC, the impact on them of the corresponding HPC,
PEMI as well as lightning resistance.

The goal of the paper is the development and
testing on the basis of the existing super-high-voltage

generator of the GINT-4 type of a new scheme for
constructing its CDC and the creation of a modernized
powerful ultra-high-voltage high-current generator of the
GINT-2 type for the formation on an electrical load of
microsecond voltage pulses with amplitude of up
to +2 MV and current with amplitude of up to +150 kA
with stored electrical energy in its CES up to 1 MJ.

1. Results of the development of a new CDC
scheme of the modernized powerful ultra-high-voltage
high-current generator GINT-2. When modernizing the
CDC of the powerful ultra-high-voltage high-current
generator of the GINT-4 type, our main attention was
directed to increasing the capacity «in the discharge» C,
and decreasing own inductance L, of this generator. Due
to such measures, it becomes real for us to achieve the
goal defined for the tested OAME by regulatory
documents [1, 2]. In this case, an indispensable condition
was the preservation in its CDC of the main electrical
element base of the generator of the GINT-4 type.

Figure 1 shows a circuit diagram of a modernized
powerful ultra-high-voltage high-current generator of the
GINT-2 type, containing in its CDC, with its capacity
«in the discharge» C,~0.5 pF, eight electrical stages, eight
uncontrolled air BAs with diameter 125 mm, one
controlled BA of the trigatron type and 128 high-voltage
capacitors of the KBMG-125/1 type.

In the CDC of the generator of the GINT-2 type,
single-section discharge resistors R, with nominal value
of 110 kQ (4 for each polarity of its two branches of the
charge of high-voltage capacitors C of the sections of all
cascades) remained the same from the CDC of the
generator type GINT-4.

Figure 2 shows a general view of the GINT-2
generator.

In Fig. 1, the test object (TO) is a two-electrode
discharge system «needle-plane», the length /, of the air
gap in which can vary from 1 to 4 m. It can be seen that,
in contrast to the scheme for constructing the generator of
the GINT-4 type, the new CDC o the generator of the
GINT-2 type in each stage of its electrical cascades
contains eight capacitors of the KBMG-125/1 type. With
parallel charging up to voltage U¢ of the corresponding
polarity of these capacitors through charging resistors R¢
with nominal value of 30 kQ, the stages of all stages are
galvanically interconnected by means of charging-
separating resistors Rco with nominal value of 180 Q
borrowed from the CDC of the GINT-4, which do not
participate in the high-current discharge circuit of the
generator of the GINT-2 type (see Fig. 1) [11]. In the
discharge mode through air BAs F,—Fs with damping
resistors R¢, with nominal value of 0.5 Q, the steps of all
stages are connected in series with each other, which
determines the capacity «in the discharge» of each stage,
equal to C¢ =4 pF. Taking into account the fact that when
the generator of the GINT-2 type is discharged on the TO,
all of its eight electrical cascades are connected in a series
circuit ascending to the steel shield-roof (see Fig. 1), then
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Fig. 1. Circuit diagram of the modernized powerful generator of
pulse voltages and currents GINT-2 for rated voltage of £2 MV,
rated current of £150 kA and rated electrical energy stored in its
capacitors of 1 MJ, assembled on the basis of the generator of
pulse voltages and currents GINT-4 for rated voltage of £4 MV,
rated current of £75 kA and rated electrical energy stored in its
CES of 1 MJ (the bold line shows a new discharge circuit of the
ultra-high-voltage high-current generator)
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Fig. 2. External view of the modernized powerful ultra-high-
voltage high-current generator of the GINT-2 type, containing a
flat steel shield-roof with slope of rectangular shape with area of
60 m” with round edges (in the foreground, to measure the ATPs

of voltage pulses formed at the test object, an ohmic voltage

divider is installed on 2.5 MV of the ODN-2 type)

the value of the capacitance «in the discharge» C, of such
a generator becomes equal to 0.5 uF. It can be seen that
the value of this capacitance of the GINT-2 generator has
become four times greater than the capacitance «in the
discharge» C, of the generator of the GINT-4 type. It is
important to point out that in the CDC of the generator of
the GINT-4 type, the discharge circuit of its 16 electrical
cascades occurred along a spiral of relatively large
diameter (up to 6 m) ascending from the bottom up to the
shield-roof [7, 9].

There were four electrical stages of this generator
per one turn of this spiral. In the modernized CDC of the
GINT-2 generator (Fig. 3), the discharge circuit of its
eight electrical cascades is carried out along a linear-
bifilar loop path of relatively small width (up to 3 m)
ascending from the bottom up to the shield-roof. As a
result of this proposed design of the new CDC, the
specific own inductance of the ultra-high-voltage
generator of the GINT-2 type began to be up to
10 uH/MV. At rated output voltage U, =+2 MV, the own
inductance L, of this generator decreased four times
compared to the own inductance L,~80 pH of the
generator of the GINT-4 type and began to not exceed
20 puH (with the INS height of the considered powerful
generators up to 12 m [7, 97).

[\Fy

N

FPTR

BN AR

Fig. 3. External view of the main elements of the modernized
CDC of the generator of the GINT-2 type, which were
previously electrical element base of the GINT-4 generator

For technological and technical reasons (for the
possibility of using the CDC of the GINT-4 and GINT-2
generators in the future when creating an ultra-high-
voltage generator of aperiodic switching voltage pulses of
the standard 250 ps/2500 ps [12]), Rc charging resistors
in the CDC of the GINT-2 generator were replaced with
«new» two-section resistors with nominal value of 30 kQ
and length of about 1500 mm (Fig. 4).

Each section of the «new» charging resistors Rc in
the CDC of the GINT-2 generator was made of 50
connected in series and zigzag connected ceramic bulk
resistors TVO-5-300 Q, placed on a flat rectangular
getinax plate and filled with epoxy compound [12].
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Fig. 4. General view of round cylindrical «old» (bottom) and flat
rectangular «new» (top) charging resistors Rc, respectively, with
nominal value of 500 Q2 and 30 kQ, which are part of the CDC,
respectively, of powerful ultra-high-voltage generators of the
GINT-4 type and GINT-2 type

We point out that when the CDC capacitors C of the
GINT-2 type generator (see Fig. 1) reaches the specified
level of charging voltage +U. from the starting pulse
generator (SPG), a triggering microsecond voltage pulse
with amplitude of =10 kV (the polarity of this pulse is
determined by the polarity of the charge of the first
electrical section of the generator stage from the ground)
is fed to the trigatron-type controlled air arrester Fo [13].
After the actuation of the controlled BA Fy with diameter
of 125 mm due to the sequential occurrence of
overvoltages in the discharge circuit of the CDC of the
GINT-2 generator, the air BAs F|—Fy of all stages are
triggered along its height, which leads to the formation of
the required voltage and current pulses on the TO. The
polarity of the output voltage pulse U, of the GINT-2
generator will be of the opposite polarity of the charge of
its first section of the electric cascade from the ground,
connected directly to the BA Fy.

2. Results of calculation and experimental testing
of the new CDC circuit of the powerful ultra-high-
voltage high-current generator GINT-2.

According to the laws of theoretical electrical
engineering, it is known that in the RLC-circuit as applied
to the CDC of the modernized generator of the GINT-2
type, which is characterized by a halved level of the rated
output voltage U,, (up to £ 2 MV) and a fourfold reduced
own inductance L, (up to 20 pH) compared with the CDC
of the generator of the GINT-4 type [7], provided
Res<2(L/C,)"?, the amplitude 1,, of the sinusoidal
discharge current at its output will be directly proportional
to the value (C,)"? [14]. Since the capacity «in the
discharge» C, of the generator of the GINT-2 type has
become four times higher than the corresponding
capacitance C, of the generator of the GINT-4 type, the
considered amplitude 7, of the rated discharge current at
the output of the CDC of the modernized generator of the
GINT-2 type should double with the corresponding
amplitude 7,,~+75 kA of the current [7, 9] in the
discharge circuit of the generator of the GINT-4 type and
amount to approximately =150 kA. A characteristic
feature of the CDC of the modernized generator of the
GINT-2 type is that the period T, of oscillations of the
discharge current in it in accordance with Thomson
formula 7, gZZE(Lng)” %21 us [14] remains practically
unchanged in comparison with the value of T, in the CDC
of the generator of the GINT-4 type.

The calculation estimate of the maximum value of
the rate of rise of the discharge current i¢ in the CDC of
the modernized generator of the GINT-2 type with TO in
the form of an air «needle-plane» system can be
performed according to the following approximate
relation:

dic/dt ~ 27T, 1, . (1)

At T,=21 ps and 7,,=150 kA, according to (1), the
sought-for calculation value of the maximum rate of rise
of the sinusoidal discharge current ic in the CDC of the
GINT-2 generator will be about 0.45:10"" A/s. It can be
seen that the obtained numerical value of diJ/dt
approaches the requirements of regulatory documents
[1, 2]. The calculation value of the maximum rate of rise
in the air of the magnetic field strength Hc around the
zone of flow of the high-current discharge channel from
the GINT-2 generator with TO in the form of a «needle-
plane» discharge system, taking into account the law of
total current, can be determined by the following
approximate formula:

dHcldt ~ 2m,) \dicldt =T Ly . ()

From (2) at r.~4.46 m, T,=21 ps and 7,,=150 kA it
follows that the numerical value of dH/dt turns out to be
approximately equal to 1,6:10° A/(m's). The obtained
dH¢/dt value fully meets the requirements from [1, 2].

As for the calculation estimate of the maximum rate
of rise in the air of the electric field strength Ec around
the cylindrical zone of the long spark discharge channel
from the GINT-2 ultra-high-voltage generator with TO in
the form of a standard «needle-plane» air discharge
system, on the one hand, it can be estimated by the
following approximate expression:

dEc/dleCU/(Tcla), (3)

where Ucy is the cutoff voltage for the output pulse U,
in the discharge circuit of the GINT-2 generator with the
specified TO in the form of a «needle-plane» system;
T¢ is the pre-discharge time in the «needle-plane» system;
I, is the length of the air gap in the «needle-plane»
system.

We point out that the parameters Ucy and T¢
included in (3) must be determined in accordance with the
requirements of the current interstate standard
GOST 1516.2-97 [15]. With the experimental data
obtained for the high-current circuit of the ultra-high-
voltage generator of the GINT-2 type with the considered
discharge system «needle-plane» having numerical values
Ucy=1180 kV, Te=1.7 ps and [,=2 m, from (3) we obtain
that in this case, the sought value of dE /dt takes on a
numerical value equal to about 3.47-10" V/(m-s).
It is seen that the obtained calculated value of dE /dt
approaches the value required by [1, 2].

Figure 5 shows a typical oscillogram of a
microsecond voltage pulse U,(f) obtained in the high-
current discharge circuit of this generator (Uc = £100 kV)
during an electric breakdown at the TO of a long air gap
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(172 m) in the «needle-plane» discharge system for the
case of experimental testing of the new CDC of the
modernized powerful generator of the GINT-2 type. It is
seen that the spark breakdown of this air gap occurs on
the growing part of the ultra-high voltage pulse formed
and applied to it. In this case, the pulsed cutoff voltage
Ucy is ~1180 kV, and the pre-discharge time T is
about 1.7 ps.

On the other hand, taking into account the classical
electrodynamic ratio in air between the strengths of the
electric £¢ and magnetic Hc fields in the electromagnetic
wave formed for testing the OAME (E/H=377 Q in the
far circular zone from the source of electromagnetic
radiation [6]) for the dE/dt value at the front of the first
half-wave of the E-field strength in the near air circular
zone with radius of 7.<10 m from the spark discharge
channel of artificial lightning in the considered high-
current discharge circuit of the generator of the GINT-2
type, the following approximate expression can be
written:

dEc /dt ~377dH¢ | dt . (4)
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Fig. 5. Oscillogram of the voltage pulse cut off on the rising part
applied to a long air gap (/,=2 m) connected to the high-current
circuit of the ultra-high-voltage generator GINT-2 of the
two-electrode discharge system «needle-planex»
(U~£100 kV; Uc=1180 kV; T=1.7 ps; vertical scale —
268.2 kV/cell; horizontal scale — 2.5 ps/cell)

The possibility of using formula (4) in the carried
out approximate calculation estimate of the value of
dE/dt is indicated by the fact that the distance from the
center of the spark discharge channel of the simulated
lightning, to which the first half-wave of the Ec-field
strength propagates through the air with an electric
breakdown of an air gap of length /,<(1-4) m in a two-
electrode system «needle-plane» for T¢<2 ps (see Fig. 5),
numerically does not exceed 600 m. Such an approach in
the calculation estimation of dE /dt does not contradict
the requirements of the above documents [1, 2]. In
addition, a similar approach is used to assess the ATPs of
formed in the near air zones of artificially generated high-
power electromagnetic pulses (EMPs) simulators (for
example, micro- and nanosecond EMPs of nuclear
explosions) [16].

Then from (4) at dH /dt=1.6:10° A/(m's), obtained
above from (2) at r~4.46 m for the case under
consideration (7g=21 ps; 1,,=150 kA) , it follows that
dEJ/dt can take a numerical value equal to approximately
6.03-10"" V/(m's). This slew rate for dE/dt practically
meets the requirements set out in the normative
documents [1, 2].

Figure 6 shows a typical oscillogram of the damped
sinusoidal discharge current i(f) (7z=21 ps) in the CDC
of the generator of the GINT-2 type with an electrical
breakdown of an air gap of length /,=1 m in the «needle-
plane» discharge system. From the data in Fig. 6 it
follows that when the charging voltage Uc of capacitors
in the CDC of the GINT-2 generator increases to the rated
level and equal to +125 kV, it becomes possible to obtain
current pulses in the air discharge system «needle-plane»
with the amplitude of the first half-wave equal to
L1~* 150 kKA.
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Fig. 6. Oscillogram of the pulsed current in the discharge
high-current circuit of the ultra-high-voltage generator of the
GINT-2 type with an electrical breakdown of an air gap of
length /,=1 m in the «needle-plane» discharge system
(Uc~=£50kV; 1,,=62.1 kA; T=21 ps; vertical scale —
22.52 kA/cell; horizontal scale — 10 ps/cell)

When measuring the ATPs of voltage pulses formed
in the discharge circuit of the GINT-2 generator (see
Fig. 5), an ultra-high-voltage ohmic divider of pulsed
voltage for +2.5 MV type ODN-2 (see Fig. 2) with a
division coefficient K,~53.65-10° [17] matched in the
measuring circuit was used. From ODN-2 a shielded
cable communication line with length of up to 60 m was
coordinatedly connected to a Tektronix TDS 1012 digital
storage oscilloscope, placed to reduce electromagnetic
interference in its working channel and to increase the
measurement accuracy of these ATPs far from the
generator of the GINT-2 and the TO type in a buried
shielded measuring bunker.

When registering the ATPs of the discharge current
pulses ic in the CDC of the GINT-2 generator, a coaxial
shunt of the ShK-300 type [18] verified by the State
Metrological Service with a shielded cable communication
line up to 70 m in length, having a conversion coefficient
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numerically equal to K¢=11.26:10° A/V and coordinatedly
connected to the measuring path with a Tektronix TDS
1012 digital storage oscilloscope, placed to reduce the
parasitic influence of external PEMI on it far from the test
site in a buried shielded measuring bunker [19].

Taking into account the absence in the open
literature of data on ultra-high-voltage test installations of
NATO countries that implement the requirements of the
above Standards [1, 2], we can conclude that, in terms of
their technical characteristics (ATPs of voltage, current
and PEMI pulses generated at the TO, the level of electric
energy storage in its CES and a relatively low cost of
development and construction), an ultra-high-voltage
generator of the GINT-2 type meets the high world

requirements in the field of high-voltage pulse
technology.

Conclusions.

A powerful ultra-high-voltage  high-current

generator of pulsed voltages and currents of the GINT-2
type, developed and created at the Research and Design
Institute «Molniya» of NTU «KhPI» which forms
microsecond voltage pulses with amplitude of wup
to £2 MV and current with amplitude of up to £150 kA
with electric energy stored in its high-voltage capacitors
up to 1 MJ on an active-inductive electrical load made in
the form of a standard two-electrode air discharge system
«needle-plane» allows, in accordance with the
requirements of the current Standards of the NATO
AECTP-250: 2014 and the USA MIL-STD-464C: 2010 to
carry out full-scale tests of weapons and military
equipment for electromagnetic compatibility and
resistance to direct (indirect) impact on them of HPC and

powerful electromagnetic interference caused by
atmospheric lightning spark discharges (lightning).
Note.

The work on the development and creation of the
ultra-high-voltage high-current generator of pulsed
voltages and currents of the GINT-2 type at the Research
and Design Institute «Molniya» of NTU «KhPI» was
carried out within the framework of two applied scientific
and technical projects financed by the Ministry of
Education and Science of Ukraine: «Ensuring compliance
of armaments and military equipment of Ukraine with
modern requirements of the NATO Standards on
electromagnetic compatibility» (state registration No.
01170000533); «Development of test systems for
standard weapons and military equipment of Ukraine
according to the NATO Standards on electromagnetic
compatibility» (state registration No. 0119U002571).
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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 control 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. Optimal
control laws of PM providing electric ships’ best maneuverability 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’ propulsion
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 curvilinear 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 efficiency 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 proposed 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.

Memor pobomu € nowyk onmumanbHoz0 ynpaeninua zpeonumu enekmpoosuzynamu (I'E/l) enexmpoxoodie npu pyci no
Kpueoniniiinin mpackmopii. B akocmi kpumepiie onmumanvnocmi 00pani nOKA3HUKU, w0 xXxapaxkmepusyioms cyono. Memoouxa.
Onmumanvni 3axkonu ynpaeninua I'E/l, w00 3a6e3neuumu Haukpawi manespeni XapaKkmepucmuKku e1eKmpoxooie, Moxicymso
Oymu 3naiioeni npu CninbHOMY po32110i 2PeOHOT eleKmpoenepzemuynoi yCmanoeKu, 2peonux 2eunmie i Kopnycy cyoHa.
Pesynomamu. Po3poéneno memoo po3paxynKy nepexioHux pexcumie npPONyIbCUGHUX KOMNIEKCI@ el1eKmpoxooie npu
MAaHeepyB8anHti Ha KPUGONIHINIHIN mPAEKmopii. 3anponoHoeano Hosuli cnocio gopmysanns zaxonie ynpaeninusa I'EJ]. Buseneno
xXapaxmep yinb0oeux QynKuiii i po3poonenuii memoo onmumizayii napamempis cuznanie ynpaeninnsa. Ilposedeno onmumizayiiini
PO3PAxXyHKu i 3HAOCHO ONMUMAIbHE YRPAGIIHHA ZPEOHUMU e1eKMPOOBUZYHAMU eeKMPOX00ié npu pyci no KpueoiniiHiil
mpackmopii. Onmumizayia npoeedena 3a Kpumepiem Mminimymy eumpam emnepeii i 3a Kpumepiem MIHIMyMy 6ubizy cyoua.
Ilpointocmposana epexkmusnicme onmumizayii. Hayxoea noeusna. Memoo nowiyKy OnmumanbHux 3aKOHI6 Ynpaeninmus
nooyooeanuil 3a cCucmeMHUM RPUHUUNOM, UW{0 00360JIA€ ORMUMIZYBAMU YRPAGTIHHA ZPeOHUMU €1eKMPOOBUZYHAMU 3 KIHYeeUM
pesynomamom. IIpakmuuna 3nauumicmos. 3anponoHo6ani peKOMeHOauii MoCymos UKOPUCHOGYEAMUCA | RPU NPOEKMYBAHHI
2peOHUX eneKmpoenepemusHuUX yCmanoeox i npu ix excnayamauii. 5ion. 10, Ta6n. 3, puc. 6.

Kniouoei cnosa: rpebHi eJeKTPOABHIYHH €JIEKTPOXOAIB, YIpaBJiHHA Ha MaHeBpPaX, ONTHMAJIbHE YNPABJIHHA IIpU
KPHBOJIiHiliHOMY pyci, MeTo onTUMIi3awii.

Llenvto pabomel saensemcsa NOUCK ONMUMANBbHO20 YnpasieHUus zpednvimu rnekmpoosuzamenamu (I'3/) nekmpoxooos npu
OBuIICEHUU N0  KPUGOIUHENHoW mpaekmopuu. B kauecmee Kpumepues onmumanvHocmu 6vlGpanvl RoKazameu,
xapaxkmepusyroujue cyono. Memoouxka. Onmumansusle 3axonvt ynpaenenus I'3/], obecneuusaroujue Haunyyuiue manespeHnsvle
XApaAKmMepucmuKu 3J1eKmpoxo006, MoZym Oblmb HAOEHbL NPU COGMECHIHOM PACCMOMPEHUU 2PEOHO INeKMPOIHEPZEMUYLECKOU
YCMAHOBKU, 2peOHbIX GUHMOG U Kopnyca cyoHna. Pezynomamul. Pazpaboman memoo pacuema nepexoOHbIX pPeHCUMOB
HPORYIbCUBHBIX KOMNIEKCO8 INIEKMPOX0006 HpU MAHEGPUPOGAHUU HA Kpugonuneinou mpaexmopuu. Ilpeonosicen noewiii
cnoco6 popmuposanusn 3axkonoe ynpasnenus I'3/]. Bviasnen xapakmep yenegvlx lyHKuuil u pazpadoman memoo onmumuszayuu
napamempog cuzcnanos ynpaenenus. IIposedenvl onmumusayuonmvie pacuemel U HAUOCHO ORMUMANbHOE YNPAGIEHUE
2peOHbIMU IIEKMPOOGULAMENAMU ITIEKIMPOXOO06 NPU OBUNCCHUU RO KPUBOIUHEUNOoU mpaekmopuu. Onmumuzayus npogeoena
O KpUmepuio MUHUMYMA PACX00a IHEPZUL U HO Kpumepuio munumyma evioeza cyona. Ilpounniocmpuposana r¢hpexmuenocms
onmumuzayuu. Hayunas nosuzna. Memoo noucka onmumanbHuixX 3aKOH08 YRPAGNEHUA ROCIMPOEH RO CUCHEMHOMY RPUHHUNY,
YUMo NO360/151€M ONMUMU3UPOSANY YRPAGIEHUE 2PDEOHBIMU INEKMPOOGUZAMENAMU NO Koneunomy pesynomamy. IIpakmuyeckasn
snauumocme.  Ilpeonosicennvie  pekomeHOAUUU  MOZYM  UCHONL30OGAMbCA U HPU  NPOEKMUPOGAHUU  ZPEOHBIX
INEKMPOIHEP2eMUYECKUX YCMAHOBOK U npu ux Ikcnayamayuu. buodin. 10, Tabn. 3, puc. 6.

Knrouesvie crnoea: TpedHBIE IEKTPOIABUIaTeIN JJI€KTPOXO0I0B, YIPABJIeHHEe HA MaHeBpPaX, ONTHMAJIbHOE yNpaBjieHHe NPH
KPUBOJMHEITHOM JIBHKEHHH, METO ONITHMHU3AHH.

Introduction. The presence in electric ships, in
addition to the steering gear, of several powerful,
dynamic and overload-resistant propulsion electric
motors (PM) allows to achieve high maneuverability of
these ships. With the joint maneuvering of the rudder
and propellers, the ship's turnability improves, the
degree of safety of maneuvering operations increases
[1]. At the same time, this significantly changes the load
on the propulsion motors and on the entire propulsion
power plant as a whole.

The curvilinear trajectory of the ship's movement,
its yaw, the change in the conditions of interaction of
propellers, rudder and ship's hull significantly affects the
forces and moments of forces acting on the ship's hull
during its curvilinear unsteady motion [2, 3]. The forces
and moments developed by the propellers are subject to
an even greater change — the useful stop and the moment
of resistance of the water to the rotation of the propeller
and, accordingly, the moment of resistance to the
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propeller motor. Their values change as a result of the
changing bevel angle of the water flow and changes in
the speed of the vessel. Thrust, drag moment and lateral
force values for inner and outer propellers (in relation to
the center of circulation) differ significantly from each
other [4].

In Fig. 1, plans for the speeds of two propellers are
built for the curvilinear movement of the vessel, where: v
is the linear speed of movement of the center of gravity of
the vessel; f is the drift angle; ap,,; and ag,.,z are the bevel
angles of the water flow incident on the left and right
propellers, respectively; u; and up are the transverse
components of the speed of movement of the left and
right propellers; v, and v are the speeds of the left and
right propellers.
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Fig. 1. Propeller speed plan for curvilinear movement

Figure 1 shows that the inner propeller operates in a
flow with a larger bevel angle, and the outer one — with a
smaller one. This affects the dynamic characteristics of
the propellers and the moment of resistance to the
external and internal PM. The loads on them turn out to
be different, which can lead to the activation of the
protection systems of the more loaded propeller motor
and, ultimately, to the failure to perform the maneuver.

All this must be taken into account when generating
control signals for propulsion motors. They must be such
as to ensure, on the one hand, the best controllability of
the electric ship, and on the other hand, the operation of
all components of the propulsion electric propelling plant
(EPP) in permissible modes.

The state of the issue under study. The control of
the frequency-controlled propulsion motors of the EPP of
the electric ship is carried out by generating two signals
[5-7]:

¢ relative frequency of the supply voltage

a=-L. 1)
Y
¢ relative supply voltage
U
. 2
Y Un 2

The relationship between the relative voltage y and
the relative frequency a is called the frequency control
law. In [8, 9], it is shown that for frequency-controlled
propeller motors, the classical (proportional) control law
is not effective, since it was obtained in relation to the

performance indicators of electric motors. In propelling
electric power plants for control of propulsion electric
motors during maneuvers, it is necessary to have such
laws that will ensure the best maneuvering properties of
electric ships. The performance indicators of the EPP, in
this case, should not go beyond the permissible limits.

In [8], an approach to solving the problems of
finding optimal control laws for propeller electric motors
is described. A method for generating control signals
based on a systemic principle is proposed. The procedure
for optimization calculations has been developed. The
optimal parameters of the control laws are found for
maneuvering on a straight course. The efficiency of the
transition to the recommended control laws is illustrated
by a comparative analysis of the results of performing
maneuverable operations with control according to
classical laws and according to the found optimal
relations between y and a.

A change in the nature of maneuver, simultaneous
control of both the propulsion electric motors and the
rudder, the need to take into account both the
maneuverability indicators of the electric ship and the
performance indicators of the propulsion electric power
plant will undoubtedly affect the laws of frequency
control.

The goal of this research is the search for the
optimal laws of control of the propelling electric motors
of electric ships moving along a curvilinear trajectory,
with joint maneuvering of the PM and the rudder.

Method for solving the problem. To achieve the
goal, it is necessary to develop a mathematical model of
the transient modes of operation of the propulsive
complex of an electric ship when moving along a
curvilinear trajectory, to form an objective function and to
find the optimal laws of control of the PM during
maneuvers.

An enlarged block diagram of one power circuit of
the propulsive complex of an electric ship without taking
into account the mutual connections is shown in Fig. 2.

Each of its «power» circuits includes: heat engine —
D, synchronous generator — G, frequency converter of
electricity — SE, induction propeller motor — M, heat
engine speed regulator — DR, synchronous generator
voltage regulator — GE, propeller - P. The propulsion
system also includes rudder — R and ship's hull. The main
parameters of the complex, control signals and feedback
signals: wp and Pp — angular speed of rotation and power
of heat engines; Ug and I — voltage and current at the
generator output; Uy and [, — voltage and current of
propelling motors; M,, and w, — torque and angular
velocity of rotation of PM (and propellers).

On the basis of the block diagram, a mathematical
model and codes for calculating transient modes of
operation of the propulsion complex during maneuvers
were developed [10]. Generalized dimensionless
parameters of the complex are found. Changes in the
values of these parameters determine the behaviour of
electric ships and affect the numerical values of the
quality indicators of maneuvering.
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Fig. 2. Block diagram of one power circuit of the propulsive complex of the electric ship

As an example, in Fig. 3, the results of calculations
of the current values of the main operating parameters of
the components of the propulsion complex are shown
when the electric ship is performing the maneuver
«acceleration of the propulsion power plant — the ship's
exit to a curvilinear trajectory (circulation)».

PU Acceleration

Results are given in relative time
T=vyt/L, 3)
where: v, is the ship's speed in the steady-state (basic)
mode; L is the length of the vessel; ¢ is the current time.

Circulation movement

g
trajectory to y = 90°

g

trajectory to y = 360°

Fig. 3. The current values of the main performance indicators when performing the maneuver
«acceleration of the EPP — exit to circulation»

Figure 3 shows the relative values of the operating
parameters of the internal, most loaded, power circuit:
heat engine (wp, Pp); propelling motor (I, My, wy,). The
current values are also given for: energy consumption
(W); speed of movement of the vessel (v) and its course
(w); the path traveled by the electric ship (X1 and Y1) in a
coordinate system independent of the vessel, and the

angular velocity (£2z) of its rotation around the vertical
axis passing through the center of gravity of the vessel.

In the initial state, the vessel is stationary, the
generating sets are idling. Acceleration begins with an
increase in the relative values of a and y of the voltage
supplying the electric motors. PMs begin to accelerate.
The torque M), increases, and the rotational speeds of the
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motors and propellers @), increase accordingly. The thrust
of the propellers increases, and the electric ship begins to
accelerate (its speed v increases). With an increase in the
engine speed w,, and the vessel's speed v, the propeller
drag moment Mp increases. As the supply voltage rises,
the current /), and the torque M), of the electric motor
increase. The load on the heat engine increases. Its power
Pp increases, and the rotational speed wp, accordingly,
slightly decreases. The energy consumption W is
increasing. The distance traveled by the ship increases.
Gradually, after 12-13 relative units of time (in the
described maneuver), the transient process ends, and the
propulsive complex enters the operating mode close to the
steady state. The distance traveled by the electric ship
during the maneuver is described by the X1 curve.

From the moment 7 = 20 relative time units, the
process of the ship entering a curvilinear trajectory
begins. The loads on the propulsion motors and on the
heat engines of the generating sets increase (I, My, Pp
increase, w, decreases). The electric ship goes into
circulation. The angular velocity £, and the lateral
displacement Y1 appear. The vessel's speed v decreases.
At approximately 7 = 33 relative time units, the
evolutionary period of the circulation movement ends and
its quasi-steady period begins. The electric ship reaches
the steady-state values of the speed of movement v,;.. and
the angular speed of rotation (circulation) Q... The
maneuver ends when the ship reaches the course y = 360°
(full circulation). The total duration of the considered
maneuver is 7= 40.5 relative time units. The trajectory of
the electric ship's center of gravity is shown in Fig. 3.

The change in the current values of the performance
indicators clearly demonstrates the nature of the course of
transient processes. However, to assess the maneuvering
characteristics of the complex, separate indicators of the
quality of maneuvering operations are needed, which
make it possible to assess the behaviour of both the
components of the propelling electric power plant and the
electric ship as a whole. These are: speed fluctuations and
power fluctuations of heat engines; maximum values of
currents and torques of synchronous generators and
propelling motors in transient modes; indicators
characterizing the stability of the parameters of the
electricity of the ship's electrical network; inertial
characteristics of the vessel; energy consumption (fuel
consumption)  for  performing maneuvers. The
mathematical model and the calculation method [10]
allow to do this.

At electric ships, control of each power circuit of the
propulsion electric power plant (control of each PM) is
carried out independently of the others. Control signals
are supplied to each propelling motor (by shifting the
control post handles) — by the frequency of rotation of the
PM (determined by the relative frequency of the current
a) and by voltage (determined by the value of y). The
control of the electric ship, when entering a curvilinear
trajectory, is carried out by shifting the rudder blade to the
starboard side, while simultaneously braking the right
propelling motor. With such maneuvering, the angles of
the bevel of the flow of water running on the outer and
inner (relative to the center of circulation) propellers
change significantly (Fig. 1). Their hydrodynamic

characteristics change. The moments of resistance on the
shaft of the propelling motors of the outer and inner
circuits are different.

With such a maneuver, the relative frequency of the
current a; for the left PM is constant throughout the entire
maneuver. For the right PM, the frequency ay decreases
with the beginning of maneuvering (in accordance with
the new position of the control post handle) and remains
unchanged until the end of the maneuver. The difference
between a; and ai will be called the degree of braking of
the propelling motor (propeller).

As noted above, the classical law of frequency
control does not allow achieving high maneuverability of
electric ships. With a systematic approach to the optimal
control of the PM, it becomes necessary to search for such
control signals that will provide the best values for the
quality indicators of the maneuvering of electric ships.
Here, it is imperative to monitor the performance of all
components of the propulsion electric power plant, and
first of all, the propulsion electric motors and drive
motors of generator sets.

In [8], it was proposed to form control signals in the
form:

O = Oprim + kl(1 - exp(_kST))a (4)

y=hat ko’ + ke + (1 —ko— ks —k)a', — (5)

where: a,,;, is the initial value of the relative frequency of

the supply voltage of the PM; ky, k3, k4 are the parameters
of control signals that are being optimized.

For the considered maneuver, it makes no sense to
optimize the dependence o = a(7), since a is fixed and is
determined by a given (by the control post handle) speed
of the PM. Optimization will concern only the search for
optimal parameters of the control law y / a.

According to this goal, either the minimum energy
consumption for the execution of the maneuver — Weyin,
or the minimum run-out of the electric ship — Ly, are
taken as optimality criteria. The first criterion
characterizes the economic indicators of maneuvering, the
second one — the safety of maneuvering operations.

In accordance with the task, it is necessary to
minimize the objective function

W(k) — min, k € k", 6)
or

L(k) — min, k € k", 7
where k = [k, k3, k4] are the parameters to be optimized,
k" is the admissible region of the n-dimensional space.
Linear constraints p in the form of inequalities g; (k) > 0,
j =1, 2., p are determined by the tolerances for the
ranges of changes in the EPP performance indicators and
other conditions for performing maneuvers.

In [8], a method for finding optimal solutions to
such problems is described. It was developed based on the
peculiarities of the object under consideration and the
complex topography of the target functions revealed
during the research. In the process of optimization, the
calculations of the current values of all operating
parameters of the complex are carried out during the
execution of the corresponding maneuvers by the electric
ship and, based on their results, the energy consumption
for the execution of the maneuver and the run of the
electric ship are determined.
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Results of work. Below are the results of
optimization of the parameters of the frequency control
law. The search for optimal parameters was carried out
for one of the typical (described above) maneuvers of
electric ships — acceleration and entry into circulation.
Optimization was carried out according to the Wcy,, and
Lmin Criteria.

When generating control signals to propulsion
motors, it is necessary, as noted above, to ensure the
operation of the propulsion electric power plant in
permissible modes. From Fig. 1 it can be seen that the
internal propeller operates in a flow with a larger bevel
angle. The load on its propeller motor turns out to be
significantly greater than the load on the external PM. The
possible actuation of the protection systems of the
«internal» power circuit can lead to a failure to perform a
maneuver or even to an emergency. Based on this, when
searching for the optimal parameters of control signals,
first of all, it is necessary to control the performance
indicators of the internal power contour.

The nature of the maneuvering operations performed
by the electric ships, and, accordingly, the fuel
consumption and run-out of the electric ship, are
influenced by the design parameters of the ship, and the
parameters of the electric power plant and external
conditions. The degree of influence of each parameter is
different. When looking for optimal propulsion motor
control, it is very important to cover as many electric
ships as possible. In other words, the recommendations
should be valid for a wide class of ships.

In the process of developing a mathematical model
of transient modes (in relative units), criteria for dynamic
similarity (generalized dimensionless parameters of
propulsion complexes) were identified; the ranges of
change of their values are found, covering all electric

ships with frequency-controlled PM (with a traditional
propeller drive).

As shown by preliminary studies (screening
experiments), the following parameters have the most
significant influence on the selected criteria, when
maneuvering by the rudder and propeller motors together:
the degree of braking; v,., — the initial speed of the
vessel; fr — the rudder blade shift angle; generalized
dimensionless parameter of the complex Ny — power-to-
weight ratio of the electric ship

_ LD KpiFyo
(m+A)vg
where P, and Kp are the effective stop of the
propeller in the steady state and its share in the total
stop, respectively; m and A;; are the mass of the vessel
and the masses of water attached to it (along the
longitudinal axis X).

For various ratios between these parameters (in fact,
for various electric ships), optimization calculations were
carried out and optimal solutions were obtained. As an
example, in Table 1 (according to the criterion of
minimum energy consumption Wcpi,) and in Table 2
(according to the criterion of minimum ship run-out Lyy;,)
some of their results are given. These are the optimal
parameters of the frequency control law y / a, presented in
the form of equation (5), when the vessel enters
circulation with simultaneous rotation of the rudder blade
Br and braking of the right propelling motor. The
calculations were carried out for maneuvers at the relative
initial speed of the vessel v,,;,, = 1.0 and v,,, = 0.8. Table
1 shows a small number of options for combinations of
oy, og, Ny, fr and optimal solutions for performing the
maneuver by the criterion of minimum Weyp.

@®)

Table 1
Combinations of significant parameters and optimal solutions for the criterion of minimum energy consumption Weyin
Numerical values of parameters, p.u. Optimal solutions
Option . 5 W‘};"’l"l”i”’ equation y =y (a) W canin Efﬁ(i;e:ncy,
Vorim a a e
iz L R X R & ks ks p-u.
1 1,0 1,0 0,8 0,12 0,262 16,67 2,08 | 1,15 2,38 15,37 7,8
2 0,8 0,8 0,65 0,12 0,262 15,09 2,97 | -2,39 1,71 10,36 28,03
3 0,8 08 | 055 0,12 0,262 13,16 | 324 | 2,62 | 1,16 | 9352 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 0,8 0,55 0,165 0,4 9,7 327 | 2,67 1,21 6,38 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 3,2 -2,57 1,26 5,71 28,8
In Fig. 4, as an illustration, graphical interpretations To assess the effectiveness of optimization, the

of the control signal (5) are given with the optimal values
of the coefficients k,, k3, k4 for the first three options (from
Table 1) combinations of parameters o;, az, Ny, fr are
presented.

corresponding maneuvers were calculated when
controlling the propulsion electric motors and according
to the classical proportional law. The results of
calculating the energy consumption for performing
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maneuvers according to this law are given in the Wi
column of the Table 1. The last column of the table
illustrates the efficiency of optimization — the degree to
which energy costs are reduced when switching to
optimal control. Depending on the conditions of
maneuvering, it ranges from 8 % to 29 %.

v
1,2
1,01
0,81 i
0.6 e :
- ’ et
0,4/ , # [—Variant 1]
02— L " --Variant 2| |
%/ |~ -Variant 3|
0 0,2 0.4 0,6 0,8 a

Fig. 4. Dependencies y = y (a) according to the criterion of
minimum energy consumption Wy,

A lower degree of efficiency corresponds to the
movement of the vessel at a higher speed, and a higher

efficiency — when moving at a lower speed and maximum
braking by the propelling motor (it should be borne in
mind that the degree of braking is limited by the
hydrodynamic characteristics of the propeller). Thus, the
transition to optimal control of the PM (and the joint
maneuvering by the motors and the rudder is most often
carried out precisely at the partial motion of the vessel)
significantly reduces the energy consumption W for the
maneuver, which confirms its expediency.

Change in the optimality criterion leads, as expected,
to other optimal solutions. Table 2 shows the results of
optimization calculations according to the criterion of
minimum run-out of the electric ship Ly, when it enters
circulation. As can be seen from the table, the numerical
values of the coefficients k,, k3 and k4 differ significantly
from those obtained by the criterion of the minimum
energy consumption.

Figure 5 shows graphical interpretations of control
signals with optimal values of the coefficients k,, 3, k4 for
the same first three (as in Table 1) options for parameters
oy, og, Ny, Br combinations.

Table 2

Combinations of significant parameters and optimal solutions for the criterion of minimum run-out of the electric ship Ly,

Numerical values of parameters, p.u. Optimal solutions
; Liciassics - — Efficiency,
Option equation y =y (a) Limin 0
Vorim ag, (2523 Ny ﬁR p-u. 5 %
ks k3 k4 p.u

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

2 0,8 0,8 0,65 0,12 0,262 6,28 3,54 -7,96 3,55 5,62 10,5

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 4,9 351 | -79 | 22 | 456 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
5 This does not affect the operating performance of
=a the generating sets, since they are covered by cross-links,
08! |[—Variant 1| | and this is reflected in the performance of propulsion
. [ Varank 2 P _ electric motors, since their power circuits are independent
0.6 " “Variant 3 of each other. Internal PMs are loaded more and their

0 0,2 0,4 0,6 0,8 @
Fig. 5. Dependencies y = y (a) according to the criterion
of minimum run-out of the electric ship Ly,

Analysis of these dependencies shows the
following. Since, simultaneously with the rudder blade
shifting, the braking of the right propeller motor is
performed, the loads on this PM increase. In addition, the
internal PM propeller begins to operate in a water flow
with a larger bevel angle (Fig. 1), which leads to an
increase in its drag moment.

performance indicators can approach the setpoints for the
operation of protection systems.

To prevent the emergency shutdown of the PM
(such maneuvers are carried out, as a rule, in order to
prevent collision of ships), it is necessary to reduce the
voltage value, which should be done by the automatic
control system in accordance with the calculated optimal
laws. This can be seen in Fig. 5.

To evaluate the efficiency of optimization (as for
the Weeiassic option in Table 1), Table 2 shows the results
of calculating the run-out of an electric ship when
controlling propeller motors also according to the
classical proportional law. The results of calculations
according to this law are given in the L, column. The
efficiency of optimization — the degree of decrease in the
run-out of the electric ship varies depending on the

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.5 63



conditions of maneuvering from 5 % to 11 %. As in the
previous case, a greater degree of efficiency is obtained
when the vessel is moving at intermediate speeds.

To illustrate the behaviour of the propulsive
complex after optimization of control laws, Fig. 6 shows
the current values of the main performance indicators
when performing the same maneuver as in Fig. 3. This is
option No. 27 of a combination of significant parameters
and conditions for performing the maneuver (Table 2)
The selected option is an example of average efficiency.

Comparative analysis of the calculation results
shows that with the transition to optimal control, the run
of the electric ship (the criterion of optimality) decreased

PU Acceleration

from 4.06 to 3.72 of the length of the vessel, which is 8.3
%. The numerical values of the main performance
indicators when controlling according to proportional and
optimal laws are also given in Table 3.

Thus, the transition to optimal control of the PM
can significantly reduce the run-out of the electric ship,
which contributes to the increase in the safety of
maneuvering operations.

Discussion. The studies carried out clearly show
that the traditional control of propelling electric motors
does not allow to fully realize the high maneuverability
inherent in electric ships.

Circulation movement

X1

cire

¥l
trajectory to w = 90°

Yl

trajectory to y = 360°

Fig. 6. Current values of the main operating parameters of the maneuver «acceleration of the EPP — exit to circulation»
under optimal control low

Table 3
Indicators of the quality of maneuvering under different
control laws

it?(;liigttzr Proportional low | Optimal low d;ggﬁggjr%

Than 20,5 19,2 +6,3

Ty 13 11,9 +8,4

w 23,5 22 +6,8

L, 4,06L 3,72L +8,3

L, (y=90°) 1,32 0,98L +25,8

D e 3,22L 2,63L +18,3
Iy 0,83 0,88 -6
My 0,92 0,96 —43
Oy 0,79 0,73 -17,6

Veire 0,56 0,48 -14,3

The reason is that the classical proportional control
law, obtained in relation to the «electrical» indicators of
the quality of electric motors, does not take into account
the performance of the vessel. But propelling electric
motors are designed precisely to ensure the best quality

indicators of the ship's operation, in particular, its best
maneuverability and high economic performance. We
need a systematic approach to control the PM during
maneuvers. In this case, «electrical» indicators should
recede into the background. It is necessary to find such a
control that will provide the best performance of the
electric ship, with the controlled performance of its
propeller electric power plant.

The solution of such problems is possible only with
an integrated approach. The propeller electric power plant
should be considered together with all the components of
a single ship propulsion complex, which includes, in
addition to the EPP, also propellers, a rudder and a hull of
the ship. The presence of a mathematical model
describing the behavior of the propulsive complex during
maneuvers, a method for calculating the current values of
the main performance indicators, and a correct (suitable
for solving such problems) optimization method allows
achieving this goal.

As shown in this work, with the correct organization
of the propulsion electric motors control, it is possible to
achieve the best values of the quality indicators of
maneuvers and ensure, at the same time, the operation of
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all the components of the propulsion electric power plant
in permissible modes.
Conclusions.

1. The expediency of using a systematic approach in
the search for optimal control of propelling electric
motors of electric ships when maneuvering on a
curvilinear trajectory has been substantiated. As the main
criteria of optimality indicators ones characterizing the
maneuverability of the vessel should be taken. The
performance indicators of the EPP should be considered
as constraints.

2. The disadvantages of the «classical» version of the
EPP control have been grounded. A method is proposed
for generating control signals for the EPP, with a
simultaneous shift of the rudder blade, when the vessel
enters circulation. A procedure for optimizing the
parameters of control signals has been developed.

3. Optimization calculations were carried out and the
optimal parameters of control signals for propelling
motors were found. Optimization was carried out
according to the criterion of the minimum energy
consumption for performing the maneuver and according
to the criterion of the minimum run-out of the electric
ship. Optimization efficiency ranges from 5 % to 29 %.
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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.
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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.

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.5 67



8,0 m',.'

Key:

L
;RJ) m ig.{) m

r
"48‘0 i 8.0 mp) - horizontal earth clectode;
Wi / 89m / | w2 . - earth conductor;
/ | (® - conductor break;
! + — - reinforced concrete portal;
I DE J J | h=4,5 m - height from ground level;
w=togm! | 1 DE ' &--= - wire lightning rod;
Nt ! 7.7jm 7.7 m vz B - lightning rod;
NeZ' 44—« | 44 hyy F10.7[m - caE:e tray;
h=15,0/m Ih . HJ i i‘?ﬁ,n L cable.

h=28m |/ @PE :
F=——=Alebgum i pniai
g g
% scn%
= =
h=2.8 m

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
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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
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
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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;

¢ 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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