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Abstract. Problem. A distinctive feature of this work is that it combines theoretical and experimental
studies of electrodynamic processes in a tool for processing sheet metal materials. It was proposed to
use the phenomenon of magnetic-pulse attraction when directly connecting the processed sheet metal
to a source of electric current. The investigated tool was considered under conditions close to the
corresponding real production operation. In earlier scientific publications, such a tool was called an
instrument with "direct current flow" through the object being processed. Methodology. In this article,
analytical expressions were obtained for the excited currents and forces of attraction by solving the
boundary electrodynamic problem, including the integration of Maxwell's equations. Results. The ad-
vantages of the low-frequency mode with intense penetration of fields through the conducting compo-
nents of the system under study are illustrated by numerical estimates, in particular, it has been found
that reducing the width of the main conductor of the inductor can significantly increase the energy
characteristics of the system. According to the obtained ratios for currents and forces of attraction,
the corresponding characteristics were calculated and the design of the operating experimental model
of the magnetic-pulse device for the attraction of sheet metal with "direct current transmission"
through the treated area was designed. Originality. It is shown that the dosed magnetic-impulse force
action allows to control the deformation of sheet metal in the processing zone. It has been practically
proven that the proposed technique can be very effective in the design of technological equipment used
in the elimination of deformations both on steel objects and on aluminum objects. Practical value. Suc-
cessful practical testing of the proposed tool was carried out in conditions close to real production.
Keywords: magnetic-pulsed attraction, thin-walled sheet metal, “direct passage of current”, theoreti-
cal justification, flattening automobile bodies.

Introduction

The attraction methods of defined areas of
sheet metals using the energy of pulsed magnet-
ic fields for different types of processing tech-
nologies are purchasing more relevant in differ-
ent industries [1]. Special attention is paid to the
development of the dent removal and leveling
surfaces of sheet metals technologies during the
restoration of aircraft hulls and car bodies. First-
ly, the necessity of such operation is due to de-
fection of aerodynamic characteristics of the
aircraft down to the loss of stability in flight.
Secondly, it’s not only aesthetic considerations
but often impossibility of further maintenance of
the vehicle with a damaged body. That is why a
particular interest is on devices allowing for
restoration of the damages (dents) on the surface
from the outside of metallic coating without
dissembling of aircraft hull or car body. For
example, the suggestions of the leading Europe-
an concern “Betag Innovation” and American
industry companies such as «Boeing Company»,
«Electroimpacty, Flextronics [3, 4] are meeting
to this requirements [2-4].

Analysis of publications

Propositions of using pulsed electromagnetic
fields for the attraction of defined areas of sheet
metals have a long history. One of the first is the
proposal of some inductor system the action
principle of which is based on antiphase super-
position low frequency (LF) and high frequency
(HF) magnetic fields. Firsts of them penetrate
through the metal and the second without pene-
tration concentrate on its surface from inductor
side — the source of pulsed magnetic field. Su-
perposition of the LF and HF-fields leads to
their mutual cancel from one side of sheet metal
and concentration of the penetrated LF-field
from the other side. The metal being processed
undergoes action unilateral magnetic pressure
and attracts to the inductor. This type of systems
was developed by American engineers and im-
plemented in restoring technologies of the air-
craft hulls [3, 4].

The physical meaning of other propositions
suggested using exclusively low-frequency
magnetic fields allowing work in the mode of
their intensive penetration through sheet metals
[5-8]. As the theory and experiments showed,
during ferromagnetic steels processing the re-
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pulsing action of Lorentz forces is suppressed
and attraction becomes prevalence because of
magnetic properties of the processed metal [6].
The authors of paper [7] proposed and designed
“inductor systems with attracting screen”
(ISAS), allowing excitation of high forces of
attraction as for ferromagnetic as non-
ferromagnetic metals (so named “the universal
tools of attraction™). The proposition essence
consists in including rigidly-fixed auxiliary con-
ductive screen into the construction of the induc-
tor system. Conductors with unidirectional cur-
rents induced in the screen and in the processed
metal experience the mutual attraction. If the
screen is rigidly fixed, the metal being processed
will move towards the screen. The papers [9, 10]
unite a complex of all theoretical and experi-
mental researches of the methods of magnetic-
pulsed attraction based on different physical
nature phenomena. As well here are shown main
directions of their practical usage in the modern
repair technologies of vehicles.

If we are speaking about progressive tech-
nologies with usage of magnetic-pulsed fields
energy there should be mentioned some other
existing methods of dents removing. So, among
mechanical devices, there are widely known so
named pulling out tools. Their main functional
components are a pulling out element — a rod,
one end welded or glued to the metal in the cen-
ter of the dent to be removed, and lever mecha-
nism allowing gradual pulling of the rod free
end to the level of the surface being restored [2].
The method of vacuum dent removing on a body
car is defended by the Patent of «Dent Defyer
Inc» [11]. A special suction cup is placed on the
area with a dent. In the internal cavity between
them a rarefaction creates. The appeared forces
of attraction are pulling out the dented metal.
The main disadvantages of mechanical and vac-
uum methods of attraction are the complexity of
their technical implementation, unreliability
(damages are possible!), high requirements for
the qualification of the performer, etc.

Back to the mentioned below progressive
technologies of the magnetic-pulsed attraction of
the defined areas of sheet metals, it should be
described not only their benefits. The main dis-
advantages are the power possibilities finiteness
conditioned of induction effects with which the
electromagnetic energy essential losses are con-
nected [12-14]. In this regard, a method of the
Electromagnetic Metals Forming (the known
special abbreviation — EMF [9, 10]) with the
direct hook-up of the electrical current source
which was firstly suggested in former USSR and

named as the method “direct passage of current”
through the processed metal becomes a very
appealing way of the magnetic-pulsed attraction
of thin-walled sheet conductors. This method
can become a basis for the design of an effective
tool for external restoration of metal coatings of
any vehicles. Its attractiveness is caused by sim-
ple technical realization and quite high energy
indicators [15]. Description of propositions and
experimental testing results of the magnetic-
pulsed tools with the "direct passage of current”
for dents removing on the body cars were given
in papers [16, 17].

A common disadvantage of well-known
works in this area is the lack sufficiently com-
plete theoretical studies with output to optimal
designs of tools with the direct hook-up of the
electrical current source to the processed metal
allowing the effective implementation of the
required operation. For example, this is the res-
toration of metal coating of vehicle of any pur-
pose (ground-based, aircrafts, aqueous etc.).

The purpose and statement of the problem

The purpose of the given paper is the theoret-
ical and experimental justification of workability
of the method of the magnetic-pulsed attraction
when direct hook-up of the electrical current
source to the processed thin-walled sheet metal,
experimental researches fulfilling and practical
testing of the proposed method in conditions
closed to the real production operation.

The principal scheme of the tool model for
magnetic-pulsed attraction of the sheet metal
when it direct hook-up to the electrical current
source is shown in the Fig. 1.
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Fig. 1. Principal scheme: a - electrical

equivalent circuit; b — calculated electric-
dynamical model



ABTOMOGINLHMM TpaHcNOpPT, BMN. 47, 2020

The algorithms which were presented and
developed by the authors of scientific publica-
tions [9, 13, 14] will be used in the present solu-
tion. In fairness, it should be mentioned that the
analogical questions were already considered
before in the works [13, 14]. However, the direct
use of the obtained relations is impossible what
is caused by features of the accepted physical-
mathematical models and the methodical ap-
proach to solving the formulated problems.

The following assumptions were made in or-
der to simplify the mathematical model of the
process:

— processing object (here and after — this is
the billet) is non-magnetic sheet metal with quite
big transverse dimensions, thickness — d and
conductivity — y;

— the main conductor is “transparent” for
the acting fields, so its metal has no influence on
occurring electromagnetic processes;

— there is a geometric symmetry of the sys-
tem relative to the coordinate plane ZOX;

— the system is homogeneous and is a suffi-
ciently long along the X-axis, so a_ax =0;

— a uniformly distributed current with a
density jm (t)= jm-j(t) flows in the main
conductor in the direction of the axis OX, where

jmzlz_rg — is the amplitude (I, — maximum

current), j(t) —is the time dependence;

— the frequency characteristics of the excit-
ing current are such that the condition of quasi-

stationary is defined by inequality — %xb <<1

[13, 14], here o — is the cyclic process frequen-
cy, ¢ — is the light speed in the vacuum, b — is
the characteristic system size;

— the non-zero components of the electro-
magnetic field intensities are excited in the sys-
tem: Ex #0,Hy 7 #0.

Action principle, space-temporal
dependencies for calculations
Within the accepted assumptions Maxwell’s
equations for non-zero components of the elec-
tromagnetic field intensities converted on La-
place (L-transforming), taking into account zero
initial conditions, take the form [9, 13, 14]:

0Hz (py.z) oHy(pyz) .
o . =ix(py.z); @

OEx(p.y.2) .
aE i) )

where p — is the L — transforming parameter;
o — is the permeability of vacuum:

Ex(p.y,z) = L{Ex(t,y,z)};
H va(p’y’Z) = L{H y,Z(t’y’Z)};
ix(pyz)=L{jx(ty.2)}.

In the general case, the current density
L-image on the right side of equation (1) is writ-
ten as

Ix(p,y,2)=(p-gg+v)-Ex(py.2)+ @
+ Iy (PY:2) '

where g — is the vacuum permittivity;
Jyj (t.y,z) — is the current density in the main

conductor;

Ixi (P, 2)=Jjm(p)-f(y)-8(z—h);

I m®P)=im - i), — is the amplitude-temporal
dependence;

f(y) — is the transverse distribution of current

density;
8(z—h) —is the Dirac impulse function;

Ex(p.y.z)=L{Ex(t.y.2)};:
Hyz(py,z)=HHyz(t,y,2)}.

In order to solve the formulated problem, the
areas with homogeneous electric-physical char-
acteristics have to be separated. In the each sep-
arated area the differential equations (1)—(3)
have to be integrated taking into account the
equation for the current density (4). Next step is
to apply the Fourier integral cosine-transform
[19]. Its admissibility is determined by the geo-
metric and electrical symmetry of the problem
under consideration relative to the ZOX plane.

Thus, we have:

Ex(p.y.z)= [ Ex(p.A.z)-cos(Ay)dr; (5)

ix(p.y.z)=[ ix(p.2,z)-cos(ry)dr, (6)
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ix(p,y,z)cos (Ly)dy =

According to the accepted assumption of uni-
form distribution of the exciting current in the
main conductor, integrating will give the follow-
ing result:

2a sin(Aa)

f(2)=22.5028)

()

where L — is a parameter of Fourier transform-
ing.

If to skip the cumbersome mathematical
transformations the solution of the problem for-
mulated above can be written as Fourier-Laplace
image of the longitudinal component of the elec-
tric field intensity excited in the sheet metal

shown in Fig. 1, (z€[-d,0], y € (—o0,+0)):

Y
K(p,A)e
EX(p,X,Z)z—%x

sh(q( p.A)(z+d)) s
A(p.2)

ch(q(p,A)(z+d))
A(p,r)

where A(p.2) {L{@f}.

sh(q(p,A)d)+ 2(@)ch(q(p,k)d ).

x[

ae.2r)
A

()

The expression (7) should multiply by the
electrical conductivity of the sheet metal — y.
The result should substitute in the formula (5).

After all necessary substitutions the density
of induced current in L-space will be found:

jx(p,y,C)Z—(%j'(p'j(p))x
"Osin(h’;l).e_}Lh F(pAC) '
x(j) () . A(P) cos(Ay)dA
(8)

where t= uoydz — is the characteristic time of

diffusion in the sheet metal which was intro-
duced by the author of the monograph [13];

F(pag)=sh((a( p.a)d)-(1-C))+
{W]m((q( p)d)-(1-2)),

z . . . .
where (= [—aj — is a spatial variable associat-

ed with the thickness of the sheet metal,
Cel0,1].

In expression (8) it is necessary transiting to
the space of originals [19]. Skipping the neces-
sary but quite cumbersome mathematical trans-
formations we shall write the original for the
current density excited in the sheet metal:

) 2
Jx(t,z,y)=lm—X

sinha) —ah 2 FBy 2.0) C) i
[ 5 o ©
(djgt(t) jxcos(xy))dx

1
where p, =—;-(BE+(}L-d)2),

k =0,£1,+2...— are the simple poles in
the expression (8) [19];
B, —are the roots of

el P @)
cthk _0,5-[M—E],

1,fork =0,
k :{Z,for k =0,
(the presence of the Kronecker symbol — 8 is
due to the parity of the roots);

equation:

F (B 0 =Py -[sin (B, (1-C)) +
(g eslne-am

F (By 1)) =cos (B JI(2.d)?
2]+ 2, sin (By ) L(rd)+11

+2(Ad) -

The expression (9) should be reduced to a
form suitable for calculations. For this, we in-
troduce a new integration variable —
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a=Ad, ae[0,0), dkz%-da.

They got dependence should be integrated
over the thickness of the sheet metal. By this
way we obtain the expression for calculation
describing the transverse distribution of the in-
duced current:

9 oo sin(a:j o
|ﬂthlm(;aJéPI;§j—e d x
d
25 S0 a)(dlxﬁ) )X 10)

§ k F (b )

xacos[a—j]d a,
d
where

) B ) .
G(By ,oc)-lZ(l—cos By ) +(?].sm[3k} .

The integral of dependence (10) in a trans-
verse variable gives the expression for the mag-
nitude of the current induced in the sheet metal —

ye[-a,a]:

sm( a) h
x=1m[ 22Tt BENCH e B
R

2 5 SAdix (0
"o’k F(bk,a)[ dt ja]d“'

Let the external current from a third-party
source be supplied into the sheet metal and its
cross distribution under the main conductor is
also uniform.

Summing the third-party (from power
source) and induced signals, we find the de-
pendencies for the resulting current and its den-
sity in the specified limited area of the sheet
metal.

The total current is written in the form:

1) O=1mi®-1c®). 12

Speaking of the electromagnetic processes in
the investigated system, the influence of induc-
tion effects on the current in the main conductor

can be taken into account if, based on the physi-
cal principles of similarity, to assume that the
electromagnetic processes in it and in area of the
sheet metal under it are identical [18]. If to take
into account this assumption, the total current in
the main conductor can be represented by de-
pendence (12) as well.

The integral force of attraction, excited by
the interaction of parallel currents (12), takes the
form [18]:

Fattr (t)‘— ( (S)(t)) N C)

Experimental approbation

First of all, there should be underlined, that
the represented experiments on the metal mag-
netic-pulsed attraction when direct hook-up to
the electrical current source unlike the cited
works [16, 17] were conducted in view of the
new ground-works and experiences in a given
scientific area. It allowed moving from the first
approbations of the action principle to experi-
ments with an understanding of the physics of
the processes and the specific recommendations
development for the creation of equipment for
the effective implementation of a given produc-
tion operation. In addition, the experience of
previous studies was taken into account, accord-
ing to which the low-frequency mode of the
flowing electromagnetic processes is preferable.
This is about an intensive penetration of the
fields being excited through the conductive
components of the investigated system.

Calculation of the experimental tool model
characteristics. Design of the given experi-
mental model is principal corresponding to Fig.
1 and it is equally as for ferromagnetic as non-
ferromagnetic metals (in particular, steel and
aluminum).

The given model consists of the following
components:

— the tool of the magnetic-pulsed attraction
method this is the main conductor which is a
metal strip with a given width;

— the metal sheet a defined part of which is
a subject for attraction is located on a certain
distance from the tool;

— the attraction object and the tool can be
connected in parallel or consequently;

— all geometrical and electric-physical pa-
rameters of the tool and the attraction object are
specified (dimensions and conductivity);

— the tool and the attraction object are con-
nected to a power source through a matching
device that provides the specified operating
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frequency [9, 10].

Let start from the calculations for the steel
plate y~0,5-10" (Ohm-m)™. The exciting cur-
rent has the aperiodic temporal shape with the
main frequency — f =1500 Hz, discharge volt-
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age is U=2000V, operating zone is:
I-(2a) = 0,06:(0,01...0,06) m*.

The typical amplitude-phase dependencies
characteristics of the flowing electric-dynamical
processes are represented in Fig. 2.
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Fig. 2. Amplitude-phase dependences for a steel sheet:
a — interacting currents; b — excited force of attraction; ¢ = wt is a phase

The influences of the transverse size of the
attraction tool main conductor on the electro-
magnetic processes are illuminated below.

1. The attraction force maximum val-
ue ~ 4300 N can be reached when the transverse
size of the inductor main conductor is reducing
to~ 0,01 m.

2. Increasing the transverse size of the in-
ductor main conductor till ~ 0,06 m leads to
falling down the attraction maximal force more
than ~ 2 times (~2100 N).

3. From the physical viewpoint, the reason
of attractive forces increasing with a decrease in
the transverse size of the main conductor can be
explained by increasing the excited field ampli-
tudes (effect of concentration).

4. The transverse distribution of total cur-
rents, reflecting the level of the transverse dis-
tribution of attractive forces, is almost uniform.

Reducing the width of the main conductor of
the inductor can significantly increase the power
performance of the system of magnetic-pulsed
attraction with a "direct passing of current”
through the metal being processed.

Calculations conducted for
voltage U=1500 V showed the next.

1. The force of the magnetic-pulsed attrac-
tion is 1100 N, that is almost ~ 4 times less the
developed force at maximum discharge voltage
for the given power source.

2. There is a quadratic dependence between
the excited forces of attraction and the magni-
tude of the discharge voltage, that is, when the
voltage drops to ~ 1500V the attraction with
amplitude 1778 N can be expected.

3. Physically, the established functional rela-

under-

tionship between the voltage and the excited
forces of attraction was determined by the quad-
ratic relationship between the voltage of the
capacitive storage and the stored energy spent
on the excitation of the corresponding forces.

Note that the established quadratic relation-
ship between the forces and the discharge volt-
age does not take into account losses during the
transfer of electromagnetic energy from the
source to the working area of the device.

Thus, the established quadratic dependence
of the exciting forces on the discharge voltage
makes it possible to approximately estimate the
attraction efficiency under various conditions.

Let turn to numerical estimates for the alu-
minum sheet with y=3,75-10" (Ohm-m)™.
The exciting current has the aperiodic temporal
shape with the main frequency f = 1500 Hz (the
equivalent frequency of the initial part of the
pulse [5-10], [14]), the voltage is U =2000 V,
the operating zone is: [((2a)
=0,06 - (0,01...0,06) m?.

The typical characteristics of the flowing
electric-dynamical processes are represented in
Fig. 3.

The main result of the conducted calculations
consists in the next: the force indexes of effec-
tiveness for the aluminum processing is lower
than effectiveness for the steel processing, be-
cause when the same conditions the maximum
of the excited forces does not exceed ~ 1750 N
(for steel was ~ 4300 N). But if to take into ac-
count that aluminum is much more plastic metal
than steel this amplitude of the excited force can
be quite enough for the aluminum sheet attrac-
tion.
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The main result of the conducted calculations
consists in the next: the force indexes of effec-
tiveness for the aluminum processing is lower
than effectiveness for the steel processing, be-
cause when the same conditions the maximum
of the excited forces does not exceed ~ 1750 N
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(for steel was ~ 4300 N). But if to take into ac-
count that aluminum is much more plastic metal
than steel this amplitude of the excited force can
be quite enough for the aluminum sheet attrac-
tion.
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Fig. 3. Amplitude-phase dependences for a aluminum sheet: a — interacting currents;
b — excited force of attraction; ¢ = ot is a phase

Equipment, experimental objects for pro-
cessing. Experimental equipment for performing
a given production operation included two main
components:

1) the tool of magnetic-pulsed attraction;

2) the power source — the energetic block
(magnetic-pulsed installation).

The power source — the magnetic-pulse in-
stallation MPIS-2 was elaborated and created at
the laboratory of electromagnetic technologies
of Kharkov National Automobile&Haighway
University. The general view of the installation
(together with a tool) is shown in Fig. 4, 5.

v /Sheet metal

Fig. 4. General view: The magnetic-pulsed
Installation MPIS-2 with a tool (the stored
energy is ~ 2,4 kJ at voltage ~ 2 kV)

Structurally, MPI-2 is formed as a single unit
in which all electrical equipment is concentrat-
ed, as well as an air cooling system for the
switches and for the charging device.

Sheet metal sample

Fig. 5. The sheet sample with the dent to be
eliminated

On the upper plane of the body, a horizontal
massive dielectric board is placed, which is used
as a technological table. Current collectors (elec-
trical terminals) are brought to its surface to
connect the load — a tool of the production oper-
ation. Characteristics of the magnetic-pulsed
installation MPI1-2 [9, 10]:

— the maximum stored energy — W ~ 2,0 kJ;

— the capacity of the condenser battery —
C =1200 pF;

— the own frequency — f = 7 kHz;

— the voltage in the range 100,0...2000,0 V;

— the repeat frequency of generated current
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pulses —1...10 Hz;

— the multiple repetition regime is provided
by an electronic control unit that synchronizes
the processes "charge—discharge";

— the switch type is the thyristor switches;

— the supply voltage is 380/220 V.

It should be noted that in doing so the choice
of the geometric shape of the instrument is due
to the requirement of the minimum inductance
of the current-leads in order to reduce the loss of
electromagnetic energy during its transportation
from the source to the instrument.

Experimental samples are metal plates of a
rectangular geometry with the dents: the steel of
the wvehicle bodywork coating "Ford"
and the special electrical steel.Plate thickness is
0,08 m, dents diameter is 0,02...0,025 m.

Practical approbation, the main results
The sequence of operations for force approba-
tion of the developed tool of magnetic-pulsed
attraction and indicators of the process of elimi-
nating dents during the experiment are the fol-
lowing:

Ne2

a

— the inspection and visual study of the pro-
cessing object — of the metal plate with the dent;

— the mutual mechanical fixation of the ob-
ject of processing and the tool using bolted
joints;

— setting the voltage on the capacitive stor-
age 1500...2000 V;

— switching on the tool electrical circuit and
the force impact on the processing metal surface
in the regime (5...10) fold repetition of the
magnetic-pulsed attraction;

— the inspection and visual study of the ex-
perimental sample with the eliminated dent, the
conclusion about the effectiveness of the com-
pleted production operation.

Note that in case of an insufficient smooth
surface, the operation of the pulsed magnetic
attraction of the dent should be repeated until
the desired level of quality performed manufac-
turing operation.

The illustrations of the experimental results
are represented below in Fig. 6, 7.

Fig. 6. Experimental samples: a — from the special electrical steel: Nel — the sample before the
attraction; Ne 2 — the sample after attraction (5 — multiple repetition of magnetic-pulsed attraction);
b — from car body coating “Ford”: Ne 1 — the sample before the attraction; Ne 2 — the sample after
attraction (9 — multiple repetition of magnetic-pulsed attraction)

50 mv/Div Trig. 65,63 mv/ )

.

AR

Vpp=156.3mY  Wdc=-1279mV
dv = 1141 my

Fig. 7. A typical oscillogram of a current pulse
in the discharge circuit with the magnetic-
pulsed attraction tool

The main results of the experiments are as
follows:

—  the practical capabilities of the tools of
the magnetic-pulsed attraction of the determined
areas of the sheet metals at “direct passage of
current” through them were successfully demon-
strated;

— the dosed magnetic-pulsed force action,
allowing the controlled deformation of sheet
metal in the treatment area was practically im-
plemented,;

— the magnetic-pulsed attraction method is
particularly interesting for eliminating dents in
car bodies, because, unlike known analogs, it
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does not require disassembly into the elements
for the purpose of mandatory access from the
inside of the sheet metal with a dent what was
confirmed experimentally;

— it has been found that magnetic-impulse
attraction with "direct current flow" through the
processed aluminum can be very effective when
using the technological equipment that was used
to deform steel.

Conclusions

The workability theoretical and experimental
justification of the method of magnetic-pulsed
attraction of sheet metals with the “direct pas-
sage of current” through the object being pro-
cessed has been carried out. The analytical de-
pendencies for the numerical estimates of the
amplitudes and time functions of the excited
currents and electrodynamics forces are got.
The experimental model of a tool for magnetic-
pulsed attraction of sheet metals with “direct
passage of current” through the object being
processed was elaborated and created.
Successful practical testing of the proposed
method was carried out under conditions
corresponding to production operations.
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MarHiTHo-iMny/1bcHe ~ 00po0jeHHst mig  vac
NpSIMOT0 MiAKJIIOYEHHSA JHUCTOBOr0 MeTaly /a0
AxepeJia eJIeKTPUYHOI0 CTPYMY

Anomauin: Biominna puca yiei pobomu nonseac 6
MOMY, WO 80HA 00'€OHyE meopemuuni ma excnepu-
MEHMANbHI 00CAIONCEHHST eNeKMPOOUHAMIYHUX NPO-
yecie 6 IHcmpymeHmi Oisi 0OPOONIEHHA JUCMOBUX
Memanegux mamepianie. 3anponoHo8aHO BUKOPUC-
MAaHHs AGUWA MACHIMHO-IMIYIbCHO20 NPUMSALAHHS
nio yac npsamozo NiOKoUeHHss 0OpodII06AH020 UC-
Mo6020 Memany 00 0Jcepend eleKmpuiHo20 Cmpy-
my. Jocnioscysanuii incmpymenm po3enioacmocs 6
YMO8ax, OauU3bKUX 00 GiON0GiOHOI peanvbHoi 6upoOHU-
yoi' excnayamayii. Y 0invw panuix nayxoeux nyoi-
Kayisix makuil iHCmpymMeHm HAa3Uu6agcs IHCMpYyMeH-
MOM 3 «NPAMUM NPONYCKAHHAM CHPYMY» Hepe3
06pobmosanuti 00'ekm. 'V yiti cmammi Ompumaro
aHanimuyHi eupasu O 30Y0NHCEHUX CMpPYMI8 i Cul
NPUMASAHHS 34 OONOMO20I0 PO36'A3aHHS SPAHUYHOT
eneKmpoOUHaMiuHol 3a0ayi, wo MiCmume iHmezpy-
eanns pienane Maxceenna. Ilepesacu nusvkouacmo-
MHO20 PedHCUMY 3a IHMEHCUBHO20 NPOHUKHEHHS NOIG
Kpi3b NPOGIOHI KOMNOHEHMU OO0CHIOMNHCY8AHOI cucme-
MU RPOITIOCMPOBAHT NIO YAC YUCETbHUX AHANIZYEAHD,
30Kpema 3'1Cco08aHO, WO 3MEHUIEHHS WUPUHU OCHOG-
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HO20 NPOGIOHUKA-THOYKMOPA 0038045€  ICMOMHO
RIOGUIYUMU eHEeP2eMUYHI XAPAKMEPUCMUKU CUcme-
Mu. 3a ompumanumu cnieiOHOWEHHAMU Ol CIPY-
MI8 [ CUll npUMs2AHHA PO3PAX08AHI GIONOGIOHI Xapa-
Kmepucmuky ma  CHpoeKmoeana KOHCMPYKYIs
EeKCNePUMEHMANbHOI MOOei MACHIMHO-IMNYIbCHO20
NPUCPOIO NPUMALAHHA TUCTO8020 MEMANY 3 «ApS-
MUM HPONYCKAHHAM CMPYMY» Kpi3b 00po0Ont08any
nosepxmio. Ilpodemoncmposano, wo 00308aHull
MASHIMHO-IMAYICHUL CUNOBULL BNIUE O0380JIAE KOH-
mponosamu 0eh)opmayiro IUCMO8020 Memany 8 30Hi
0bpobnenus. Ilpakmuuno 008edeHo, wo 3anponoHo-
8aHA MemOOUKa modxce 6ymu 0ocumos eghexmugHo0
nio 4ac KOHCMPYIOBAHHS MEXHONIOZIYHO20 YCMAMmKY-
6AHHSI, sIKe 3ACMOCO8YEMbCS OJisl YCYHEHHs Oeqhop-
Mayitl K Ha 06'ekmax 3i cmani, max [ HQ ANOMIHic-
eux ob'exmax. Ycniwma npaxmuuna anpobayis
3anponoHo6anozo iHcmpymenmy 6yna 30iticnena 6
YMOBAX, OIUZLKUX 00 PeaTbHO20 8UPOOHUYMEA.
Knrouosi cnosa: macHimuo-iMnyibcHe NpUumsAcanHs,
MOHKOCMIHHULL Memanesuii Jucm, «npsme npoxo-
OJiCEeHH CmMpYMy», meopemuyne OOIPYHMYE8AHHS,
PUXMYBAHHSA ABMOMOOLIBHUX KY308186.
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MarauTHo-uMIyJibcHasi 00padoTKa NpH NPAMOM
MOJAKJIIOYeHNHN JIICTOBOT0 MeTANIa K HCTOYHHKY
3J1eKTPUYECKOT0 TOKA

Annomauyusn: Ilpedcmagienvl meopemuyeckue u
IKCHEPUMEHMATbHbIE UCCIEO08AHUS. IIEKMPOOUHA-
MUYECKUX Npoyecco8 8 uHcmpymenme 011 0opabom-

KU JIUCMOGBIX Memaniudeckux mamepuanos. Ilpeo-
JIOJICEHO  UCNONb306aHUE  AGNEHUS  MASHUMHO-
UMNYILCHO20 NPUMANCEHUS NPU NPAMOM HOOKTIOYe-
HUU 00pabamuvleaemMo2o IUCMO8020 MEmania K uc-
MOYHUKY dNekmpuydeckoeo moka. Ilonyuenvt ananu-
muyeckue 8blpadcenus 05 8030YHc0aeMblX MOKO8 U
CUl NPUMAICEHUS. NYMeM PeuleHUsl SPAHUIHOU dJleK-
MpPOOUHAMUYECKOU 3a0aul, 6KII0YAs UHMeZPUposa-
nus ypasuenuti Maxkceenna. Ycmanoeéneno, umo
YMeHbueHue WUpUnbl OCHOBHO20 NPOBOOHUKA UMH-
O0YyKmopa no360.1aem CyuwecmeeHHo NOGbICUMb dHep-
eemuyeckue xapakmepucmuxu cucmemsi. Ilo pac-
CYUMAHHBIM ~ XAPAKMEPUCIMUKAM — CNPOEKMUpPOo8ana
KOHCMPYKYusi  0eticmeyowel  IKCHepUMEeHMAIbHOU
MOOenu MaeHUMHO-UMNYIbCHO20 YCMPOUCmea npu-
MAACEHUS IUCTNOBO20 MEMANa C «NPAMbIM NPONYC-
Kanuem moka» uepe3 obpabamuléaemylo noeepx-
Hocmo. Ilokaszano, umo 003upoeanHoe MASHUMHO-
UMNYIbCHOE CUNOBOE BO30€UCmeuUe NO360a5em KOH-
MpoaUposams 0ehopmayuio aAUCmo6020 Memaiia 6
30ne obpabomku. IIpakmuueckas anpobayus npeo-
JIOJNCEHHO20 UHCMPYMeHma 0oKazana e2o 3¢gex-
mueHocmy 051 yCmpaneHusi Oegpopmayutl Kax Hd
00vekmax u3 cmanu, maxK u Ha ANOMUHUEEHIX 00b-
eKmax.

Knioueevie cnoea: macHumno-umnynscHoe npums-
JiceHue,  MOHKOCMEHHbIN ~ MemAaliudecKutl  Iucm,
«NpAMOEe  NpoXodicOeHue MmMoKay, Mmeopemuieckoe
obocnosanue, puxmoska asmoMoOUILHBIX KY30608.
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