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ABSTRACT The theoretical substantiation of the efficiency of magnetic-pulse attraction method of sheet metal with “direct current
transmission” through the object being processed is presented. The analysis of well-known works in this area is carried out, it is
shown that the lack of sufficiently complete theoretical studies does not allow effectively performing a given production operation. By
solving the boundary-value electrodynamic problem, analytical expressions are obtained for the phase dependences of currents in
the experimental system and the excited forces of attraction of the processed object. It is proved by numerical estimates that the low-
frequency mode of the ongoing electromagnetic processes is preferable when the fields penetrate intensively through the conducting
components of the system under study. It was found that the calculated dependence of the developed forces on the discharge voltage
of the capacitive storage allows an approximate estimate of the efficiency of attraction when operating in the accepted range of
energy capabilities of the power source. It is shown that the degree of inhomogeneity of the transverse distribution of attractive
forces in the region under study does not exceed ~ 20%. A working experimental model has been designed and created, consisting of
a tool for magnetic-pulse attraction of sheet metal and a power source - an energy unit. Based on the obtained ratios, the
characteristics of the pilot plant and the test modes were calculated. A dosed magnetic-impulse force action has been practically
implemented, which makes it possible to control the deformation of sheet metal in the processing zone. Experiments have been
carried out to remove dents on samples made of various types of steel under conditions close to the corresponding real production
operation. The practical possibilities of the means of magnetic-pulse attraction of certain sections of sheet metals with “direct
current transmission” through them have been successfully demonstrated. The effectiveness of the method under consideration is
proved when using the indicators of the technological operation, calculated based on theoretically obtained dependences.

Keywords: magnetic-pulsed attraction; thin-walled sheet metal; electromagnetic processes;, “direct passage of current”;
experimental approbation, flattening automobile bodies

MATHITHO-IMITYJbCHE NPUTAT'AHHA JIUCTOBUX 3AT'OTOBOK IIPH
«[IPAMOMY ITPOITYCKAHHI CTPYMY»

I10. B. BATHUT'IH, O. ®. EPBOMIHA, C. O. IITHH/IEPYK, B. A. CTPEJIBHIKOBA,
€. O. YAIUTUTIH

Kagpeopa ¢pizuxu, Xapxiscokuii nayionansuuti agmomobinbro-0opocniil ynisepcumem, Xapxie, YKPAIHA

AHOTALIA [lpeocmasneno meopemuyne OOIPYHMYBAHHA NpAYE30AMHOCMI Memooy MASHIMHO-IMNYIbCHO20 NPUMASAHHA
JUCTNOBO20 MEemany 3 «NpAMUM RPONYCKAHMAM CMpymyy» yepe3 obpobdmosanuti 06'ckm. [Iposedeno ananiz eidomux pobim 6 yiii
2anysi, NOKA3aHO, WO BIOCYMHICMb 00CUMb NOGHUX MEOPEemudHUx O00CTIONCEeHb He 0036018€ eeKmueHo GUKOHYB8AMU 3A0aHYy
eupobruuy onepayiro. Illnsaxom eupiwienns Kpaiiogoi enrekmpoouHamiunoi 3adaui OMpumani aHANMuuHi eupaszu Ons Gazosux
3anedxicHocmell CmMpymie 6 eKCNepUMEHMAnbHill cucmemi | NOPYWleHUX cun npumseanus obpobnwosanozo o6'exma. [osedeno
YUCeNbHUMU OYIHKAMU, WO HUSLKOYACTOMHUL PEICUM eNeKmPOMASHIMHUX NPOYeci6, Wo Npomikaioms, Kpawjutl npu iHmeHCUGHoOMy
NPOHUKHEHHI NOJI uepe3 NPOoGioHi KOMNOHEHMU O0Cnioxcysanoi cucmemu. Bemanosneno, wo pospaxosana 3anedcHicms cui, wo
PO36UBAIOMBCS, 6i0 HANpy2u po3psAdy EMHICHO20 HAKONUYYBAYA 00380NAE NPUOIUZHO OYIHUMU epeKMUBHICMb NPUMSAAHHA NPU
pobomi 8 NPUUHAMOMY OIanA3oHi eHepeemUYHUX MOMCIU8OCmell Odxcepena icugnennsa. Ilokasano, wo cmyninb HeoOHOPIOHOCMI
nonepeyHoz2o posnoodiny cunl npumseauHs 8 0ocnioxcysauii obnacmi ne nepesuwye ~ 20%. Cnpoexmosana i cmeopena Oiroua
eKCNepUMEHManbHa MoOelb, WO CKIA0AEMbCA 3 THCMPYMEHNY MACHIMHO-IMNYIbCHO20 NPUMALAHHA TUCHOB020 MEMAny i 0dicepend
Jrcuenents - enepeemuuno2o 6a0ky. Ha ocnosi ompumanux cniegioHowens po3paxoeani Xapakxmepucmuxy 00CIiOHol yCmanoeKu ma
pedicumu npoeedenns eunpodyeans. I[Ipaxmuuno peanizoeano 00306aHULl MASHIMHO-IMAYIbCHUL CUTOBULL BNIUB, WO O00380JIAE
KoHmponiosamu deghopmayiio 1Ucmoso2o Mmemany 6 30Hi 0bpooxu. bynu nposedeni exchepumenmu 3 YCyHeHHA M SIMUH HA 3PA3KAX,
8U2OMOBNIEHUX 3 PI3HUX 6UOI8 CMAnU 6 YMO8aX, HAOIUNCEHUX 00 6iONOBIOHOI peanvHOi 6upobHuuoi onepayii. Ycniwno
NPOOEMOHCMPOBAHT NPAKIMUYHE MOACIUBOCTT 3A4C00I8 MACHIMHO-IMNYIbCHO20 NPUMALAHHS NeBHUX OLIAHOK JUCMOBUX Memaie npu
«NPAMOMY NPONYWEeHHi cmpymy» uepe3 Hux. JogedeHo epexmusHicmys po3ensiHymoz0 Memooy npu GUKOPUCMAHHI NOKA3HUKIG
MEexXHO02IUHOT onepayii, po3paxoeanux Ha NiOCMAgi MeopemuyHO OMPUMAHUX 3ATeHCHOCHIEN.
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Introduction

The attraction methods of defined areas of sheet
metals using the energy of pulsed magnetic fields for
different types of processing technologies are purchasing
more relevant in different industries [1]. Special attention
is paid to the development of dent removal and leveling
surfaces of sheet metals technologies during the
restoration of aircraft hulls and car bodies. Firstly, the
necessity of such operation is due to defection 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 of particular interest are 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
American industry companies (“Boeing Company”,
“Electrolmpact” etc.) [2,3] and also European firms
leading in the field of modern cars body repair [4] are
meeting to this requirements.

A brief publications review

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 superposition low frequency (LF) and high
frequency (HF) magnetic fields. Firsts of them penetrate
through the metal and the second without penetration
concentrate on its surface from inductor side — the source of
pulsed magnetic field. Superposition 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 implemented in restoring technologies of the aircraft
hulls [2,3].

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 [5,6]. As the theory and experiments
showed, during ferromagnets, processing the repulsing
action of Lorentz forces is suppressed and attraction
becomes prevalence because of magnetic properties of the
processed metal. By the authors of paper [5], there were
proposed and designed “inductor systems with attracting
screen”, allowing excitation of high forces of attraction as
for ferromagnets as non-ferromagnets (so named the
universal tools of attraction). The proposition essence is
consisting of including rigidly-fixed auxiliary conductive
screen into the construction of the inductor system.
Conductors with unidirectional currents induced in the

screen and processed metal experience the mutual
attraction. When the screen is rigidly fixed, the metal being
processed will move towards the screen. The papers [5,7]
unite a complex of all theoretical and experimental
researches of the methods on 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 talking about progressive technologies with
using 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 center of the dent to be removed, and
lever mechanism allowing gradual pulling of the rod free
end to the level of the surface being restored [4]. The
method of vacuum dent removing on a body car is defended
by the Patent of “Dent Defyer Inc.” concern [8]. A special
suction cup is placed on the area with a dent. In the internal
cavity between them creates a rarefaction. The appeared
forces of attraction are pulling out the dented metal. The
main disadvantages of mechanical and vacuum 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, should describe not only
their benefits. The main disadvantages are the power
possibilities finiteness conditioned of induction effects
with which the electromagnetic energy essential losses are
connected [9]. In this regard, a method of “direct passage
of current” through the processed metal becomes a very
appealing way of the magnetic-pulsed attraction of thin-
walled sheet metals. 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 simple technical realization and quite high energy
indicators. 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 are given in papers [10,11].

A common disadvantage of well-known works in
this area is the lack sufficiently complete theoretical
studies with output to optimal designs of tools with
“direct passage of current” allowing the effective
implementation of a given production operation, for
example, the restoration of metal coatings of vehicle of
any purpose (ground-based, aircrafts, aqueous etc.).

Purpose of the work
The aim of the this paper is the theoretical

justification of workability of the method of the magnetic-
pulsed attraction of sheet metals with “direct passage of
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current” through the processing object, experimental
researches fulfilling and practical testing of the proposed
method in conditions closed to the real production
operation.

Main text
Calculated ratios for currents and forces

The principal model scheme of the tool for
magnetic-pulsed attraction with “direct passing of
current” is shown in the fig. 1.
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Fig.1 — The principal scheme: a) electrical equivalent circuit;
b) calculated electrodynamical model

In the solution will be used the algorithms
presented and developed by the authors of scientific
publications [7, 9]. In fairness, it should be mentioned that
the analogical questions were already considered in [9].
However, the immediate use of obtained solutions and
relations is impossible what is conditioned by the
accepted conditions formulating and solving of the
considered problems.

Let us formulate assumptions quite adequate to
reality and allowing obtaining analytical dependencies in
quadratures.

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 active
fields, so its metal has no influence on occurring
electromagnetic processes.

There is a geometric symmetry of the system
relative to the coordinate plane Z0.X.

The system has a sufficiently long length along the

X-axis, so 9 =0.
Ox
A uniformly distributed current with a density
j@®=j,-j@ {flows in the main conductor in the

o . I .
direction of the axis OX, where j, =2—"’ — is the
a

amplitude (/,, — maximum current), j(¢) — is the time

dependence.
The frequency characteristics of the exciting
current are such that the condition of quasi-stationarity is

defined by inequality — @ p<1 [6,8], here ® — is the
c

cyclic process frequency, ¢ — is the light speed in the
vacuum, b — is the characteristic system size.

The non-zero components of the electromagnetic
field intensities are excited in the system:
E #0,H, . #0.

Maxwell’s integral equations in L-image space
Within the accepted assumptions Maxwell’s

equations for non-zero components of the electromagnetic
field intensities converted on Laplace (L-transforming),
taking into account zero initial conditions, take the form
[12,13]:

OH. (p,y,z) ~ 0H, (p, y,z)

= .- b b b 1
o . Je(poy.2) (1)
OFE (p,v,z
% =—puH, (p.y.2), (2)
z
OE (p,v,z
% = p,H. (poy.2) . 3)

where p — the L-transforming parameter;
E (p.y.z) = L{E (t.y.2)};
H, . (p,y,z) = L{Hy, . (t,y,z)} ;

J(p,y2)=L{j.(t,y,2)};

Mo — is the vacuum permeability.
In the general case, the current density on the right
side of equation (1) is written as:

J(p, . 2)= (P&, +7) Ep, ¥, 2)+ J,(p::2),  (4)
where € is the vacuum permittivity, j (¢, »,z) —is the
main conductor,

J(P)=J, - J(p),

current density in the
Ji(ps ¥, 2) = j(p)- f(¥)-8(z=h) ,

1 . . .
Jn=5, 718 the amplitude, j,(p)=L{j, (D)}, j, (1) —is
a

the time dependence of exciting current, f(y) — is the

transverse distribution of current density, 8(z—h) — is

the Dirac impulse function.

Solving the problem in the accepted model of
calculation, it is necessary to select areas with
homogeneous electrophysical characteristics.

According to fig. 1b, it can be believed that these
areas are:

a) the free half-space above the sheet metal of the
billet from the side of the main conductor, where

z €[0, ) ;
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b) the area of sheet metal billet, z e[-d,0];

¢) the free half-space from the external side of the
billet,, z € (—,0].

From the differential equations (1-3) taking into

account the expression (4) there are obtained equations
for the longitudinal component of the electric field

strength £ ( J2 R z) in the highlighted areas:
a) ze[0,),

azEx (p,y,Z)_{_azEX (paynz)
0y 0z

=p'H0‘jX(p,y,Z), (5)
b) ze[-d,0],

62EX (p,y,z) N GZEX (p, y,z)
0y’ oz’

=v-E (p.,y.z), (6)

¢) ze(—»,0],

O’E ?
x(p;y,Z)Jr@ Ex(p;y,Z) 0. o
oy Oz
Next step is to apply the Fourier integral cosine-
transform [13] for equations (5-7). Its admissibility is
determined by the geometric and electrical symmetry of
the problem under consideration relative to the Z0.X plane.

Thus, we have

©

[E(p.y.2)=E (p2z)-cos(ip)dr;  ®)

0

J(p.y.2)=[ . (ph2)-cos () dh; ©)

0

where

©

o (p22)= [ J (p.y.2)-cos (My)dv = j(p) f (1)3(2);

0
f(k):l~_[f(y)-cos(ky)dy, according to the
T 0

accepted assumption of uniform distribution of the
exciting current in the main conductor, integrating will
give the following result:

s()

_ 2a sin(ka)
T (a)

Taking into account (8) and (9), the equations (5—
7) can be written in the kind of ordinary linear differential
equations of the second order [13]:
8) ze[0, ),
d’E, ( DA, z) )
B R () =K (p)8(z ).
z
(10)
where K(p,k)=}.t0 -p-j(p)-f(k) ;
b) ze[-d,0],

a’zE)C (p,k,z)

15 - ¢ (p.N)-E, (p.h2)=0; (11)
where  g(p,A)=yAL>+p-u,-y is the separation

parameter, the physical sense of which is the wave
number in a non-magnetic metal with an electrical
conductivity y;

¢) z e (—o,0],

dzEx(p,X,z)

= - k2~Ex(p,k,z):0. (12)

The general integrals of equations (10), (11) and
(12) for defined areas are the following [13]:
a) z€[0,), to the condition of boundedness at

z—0 the following function satisfies:
K(p.2)

ES) (p,?»,z)z C(p,k)e’“ +Tx

x(sh(?x,(z—h))'n(Z—h)—().SeMZih)) ) (13)

where C(p, M) is an arbitrary integration constant;
b) ze[-d,0],

EP(p,h,2)=Dy(p, 1)-€"" + Dy (p, )€ "7, (14)

where D,,(p,A) is an arbitrary integration

constants;
¢) z e (—xo,0], to the condition of boundedness at
z—( the following function satisfies:

E®(p, % 2)=B(p, 1), (15)

where B (p,A) —is an arbitrary integration constant.

Images of the tangential components of the
magnetic field intensities can be found using equations
(13-15) and (3):

a) ze[0,),
A L. K(p.2)
HY (p,\,z =—[C(p,7»)e - x
2 (pho2) pH, A
x(ch (M(z=R)n(z=h)-0.5¢"")) (16)
b) ze[-d,0],
HE (po 1 2) =~ 201,
PY,
X(Dl (p, V)€™ =D, (p, 1) e 1"* ) (17)
¢) z e (—»,0],:
3) 7\' A(z+d)
H, (p,k,2)=—p “B(p, 1)V (18)
0

From the condition of continuity of the tangent
components of the electromagnetic field intensities at the
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distinguished areas boundaries there are obtained systems
of algebraic equations for determining unknown arbitrary
constants of integration in the expressions (13—18) [12].

1. z=0:
C - K@D (e,
b
Cpa+ B e APy
x(D(p,1) = Dy(p,1))
2. z=—d:
D,(p,)-e "M + D, (p,\)-e " = B(p,\)
KL, (p,)-e 02 - Dy(p 1)) = (20)
=B(p,\).
Further, we are interested in excitation of

electromagnetic field in the sheet metal. Therefore, we are
looking for only unknown arbitrary constants D, ,(p, 1) .

From the system of the linear algebraic equations it
is received that,

" q(p.h)-d [1+q(p97\'))
K(p,\)-e A
D (py =22
2\ A(p,k)
, 2D
7q(p,?n)-d. l_q(pak)j
K(p,A)-e™ A
D,(p.ay= L
2\ A(p,k)

where A(p,x)z(p{@) J-sh(q(p,x)az)Jr

+2-(@]-ch(q( ).

D, ,(p,\) from the relations (21) should substitute

into expression (14). After simple mathematical
transformations, it is obtained that,
—\h
E(piz)=—KPMeT
A
A
(sh(q(p&)(z+d>)+[q(‘;)]ch(q<p,m<z+d))]
x - (22)
A(p.h)

The obtained dependence is an image of the
longitudinal component of the electric field intensity
excited in the sheet metal.

The expression (22) should multiply by the
electrical conductivity of the sheet metal — y. The result
should substitute in the formula (8).

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

- __[2av)(,.;
J(p,y,0) = (ndzj (p-J(p))x
XT sinfa) e F(p10) conan,  (23)

o (k@) A A(p,2)

where T=p,yd’ is the characteristic time of diffusion in
the sheet metal which was introduced by the author of the

monograph [12],
F(p,%0) =sh(q(p.2)d -(1-0))+

+ LD e (g(p,id)-(1-0)

Q:(—gj — is a spatial variable associated with the

thickness of the sheet metal, £ €[0,1].

Currents and forces in originals space

In expression (23), we make the transition to the
space of originals [12, 13].

To calculate the singular points of the integrand
function the fraction denominator in expression (23) it is
necessary to equate to zero. The product of the wave
number and the thickness of the sheet should be
represented as the imaginary quantity:

{A(p,k) =0
(q(p.2)-d)=i-B,

where i =~/-1 — the imaginary unit.
Using system (24) we obtain the equation for i

ﬁ__@j
d) B, )

As follows from the (24) and (25), the singular
points of a function of a complex variable under the sign
of the integral in the expression (23) are the distinguished
from zero the simple poles — px [18]:

24)

ctgp, =0.5 ( (25)

== (B 40-d)), k=041,2....(26)
T

Further, in accordance with the theorem on the
original of the rational fraction and the theorem on the
functions convolution we find the corresponding temporal
dependence from the expression (23):

rjp)
Ap.2)

x(sh(q(p,x)~d<1—f;))+%-ch(q<p,m-d(l—c;))) o
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; (sm([}k(l Q))+Bfk COS(Bk(l—C))j‘

oy x
k=0 j[A (p, }\‘):|
P P=Pk
x d]t (t) *ePk" , (27)
dt
where = —g , € €[0, 1] — the coordinate associated with
the thickness of the sheet metal, in relative units;
3 1.0 for k=0
“2.0fork#0

Remark. The presence of the Kronecker symbol
— 9§, is due to the evenness of the roots P in equation
(25).

Finally, using the dependence (27) after the
necessary identical transformations we find the original
for the current density excited in the sheet metal.

T sin(Aa) o
J G0 =1, —j—(M) x
5 T BLMO(d @)y
ka:(; @, ) [ chos(?»y)d?» (28)
where

F(B,1.0) =P, -{sin (8B, (1—c))+( (ﬁ k d)J'cos (B (I—C))}

® (B, 1)) = cos (B, )-| (hd) +2(hd) -} |+
+2B, sin (B, )-[ (Ad)+1].
The expression (28) should reduce to a form

suitable for calculations. For this, we introduce a new

integration variable o =Ad, o €[0,%), d\ = é-da .

5 wsin(aaj P
j—d-e'“ﬁx
nd® )3 ( aj
a?
d

£ Lol (40, . v
xkz:(;Sk @(Bk’a)( e Jacos(adjdoc, (29)

where

FB,,a,0) =B, - [sm([}k(l C)) [Bkj cos((Bk(l—C)))},
@ (B, o)) = cos (B, ~[0L +20L—[3k]+2[3ksin(Bk)~[0L+l]

ngw=a(

By satisfied the equation: ctgB, =0.5- [B—" —B&J .
@ By

Dependence (29) is integrated over the thickness
of the sheet metal. By this way we obtain the expression
for calculation describing the transverse distribution of
the induced current:

(2 \d) el
Jx(tay)_lm(ndjo [ a] e
d
& GBLw) (40, y
<25 @(Bk,oo( Jms[ djd“’ G0

where G(B,, ) = [(l—cos Bi) +£&j~sinﬁk} .
o

The integral of dependence (30) in a transverse
variable gives the expression for the magnitude of the
current induced in the sheet metal — y €[—a,a]:

4a
I1.(=1, (n—d)x

. a :
N sm[aj N
Ew G(Blma) d]z(t)* it
8| 25 @(Bk,a)( j G

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 and induced signals, we
find the dependencies for the resulting current and its
density in the specified limited area of the sheet metal.

The total current is written in the form:

4\ sin(aflj
(8) — i(1) —| — — 7| x
]x (t)_[m j(l) (Ttdj'([ ( aj
*a

i G(Bk,oc)(dj,m* j da}

32
CD(BI{’(X) 32)

The resulting current density flowing in this part of
the sheet metal, taking into account the expression (29), is
written in the form:

i3y =

i) [4 MM. o

(2 d)

= F I dt ! * g il
x; q()[iﬁfaf)( () J(xcos( gjda}. (33)

Equation (33) allows the calculation of the current
distribution in the cross section of the sheet metal, where
a superposition of the induced and the external current has
a place.
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An illustrative characteristic of the flowing
electromagnetic processes is the linear density of the total
current in the sheet metal in the area under the main
conductor. It describes the lateral distribution of the
current and, ultimately, illustrates the degree of
homogeneity of the excited attractive forces along the
coordinate y €[—a,a].

Integrating the equation (33) at £ €[0,1] taking

. z .
into account that { = 7 z €[-d,0], we obtain

IOt y) =

/ 4 wsin(a?{} o
io-(2) o)

(2ad) nd ) q (“aj
d

xiak %-[%*e”‘j-acos(a%jdu] (34)

Speaking of the electromagnetic processes in the
investigating system with the parallel electrical
connection of the main conductor with / — length to a
section of the same length on sheet metal, the following
circumstances should be mentioned.

The first. As it was pointed out in the formulation
of the problem the main conductor is “transparent” for the
active fields and does not affect the occurring
electromagnetic processes. But let us suppose that it is
made of the same metal as the sheet billet.

The second. In the first approximation, the
influence of induction effects on the current
characteristics in the excitation source of the system — the
main conductor — can be taken into account if, based on
the physical principles of similarity, we assume that the
electromagnetic processes in it and in zone of the sheet
metal under it are identical [17].

Taking into account the above circumstances, the
total values of the current characteristics in the main
conductor can be represented by dependencies (32-34).

The integral force of attraction, excited by the
interaction of parallel currents, described by expression
(32), takes the form [17]:

Fo)= 2 (10@) - (35)

L
.

Expression (35) in combination with dependence
(32), as well as relations (33) and (34) for the linear
density of the excited currents are the solutions of the
electrodynamic problem posed. They adequately describe
the processes in the tool of magnetic-pulsed attraction
with the “direct passage of current” through the metal
being processed.

Experimental approbation

First, there should be wunderlined, that the
represented experiments on the magnetic-pulsed attraction

with “direct passage of current” unlike the cited works
[15, 16] were conducted in view of the new groundworks
and experiences in a given scientific area. It allowed
moving from the first approbations of the action principle
to experiments 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 production operation.
In addition, the experience of previous studies was taken
into account, according 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 experimental model is
principal corresponding to fig.1 and it is equally as for
ferromagnet as non-ferromagnet materials (in particular,
steel and aluminum).

The given model consists
components:

— the main conductor — is a metal strip with a given width;
— the flat metal sheet which defined part is a subject for
attraction is located on the certain distance from the main
conductor;

— all geometrical and electrophysical parameters of the
tool are supposed given (dimensions and conductivity);

— the instrument is connected to a power source with a
voltage through a matching device that provides the
specified operating frequency [10].

The calculation of the characteristics of the
developed experimental model of the magnetic-pulsed
attraction tool with the “direct passage of current” through
a given area of sheet metal — the billet, is carried out using
the equations for the excited currents and forces (32-35).

Let us start from the calculations for the steel

1
sheet, vy~ 0,5-10" ——— .
Ohm-m
Operating frequency is f=1500 Hz, discharge
voltage is U=2000 V, operating zone is: [x2a=0,06x0,01

m?.

of the following

From the calculations it follows that:

— the maximum capacity of the power source while
reducing the transverse size of the inductor main
conductor to ~ 0,01 m is corresponding to the attraction
force maximum ~4000 N (Fig. 2), which is more than ~ 2
times higher of the same maximum for the width of the
conductor ~ 0,06 m;
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Fig. 2 — Excited attraction force (steel sheet), p=wt is a phase of
a signal

— 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 fields amplitudes (effect of
concentration), that obviously leads to the intensification
of the induction processes;

— the transverse distribution of total currents,
reflecting the level of the transverse distribution of
attractive forces, is almost uniform (fig. 3).

J(z )(y)

2a

Fig. 3 — The transverse distribution of the relative magnitude of
the total current normalized to a maximum

Summary. 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
U=1500 V show that

— the force of the magnetic-pulsed attraction is
~1100 N, that is almost ~4 times less the developed force
at maximum discharge voltage for the given power
source;

— there is a quadratic dependence between the
excited forces of attraction and the magnitude of the
discharge voltage, that is, when the voltage drops to ~
1500 V the attraction with an amplitude ~1778 N can be
expected;

—  physically, the established functional
relationship between the voltage and the excited forces of
attraction is determined by the quadratic relationship
between the voltage of the capacitive storage and the

conducted for under voltage

stored energy spent on the excitation of the corresponding
forces.

Remark. The established quadratic relationship
between forces and discharge voltage does not take into
account losses during the transmission of electromagnetic
energy from a source into the working area of the
instrument.

Summary. The established quadratic dependence
of the developed forces on the discharge voltage allows
approximate estimates of the attraction effectiveness
when operating in the accepted range of energy
possibilities of the power source.

Let us turn to numerical estimates for the

aluminum sheet with y ~3,75-10" —— .
Ohm-m

The operating frequency is /=1500 Hz, the voltage
is U=2000 V, the operating zone is: /x2a=0,06x0,01 m?.

The main results:
1. The maximum force of attraction is ~1750 N (Fig. 4);
2. The level of heterogeneity of the transverse distribution
of the total current, which characterizes the degree of
uniformity of the transverse distribution of attractive
forces, does not exceed ~ 20%.

Fye®. N

1750

1500

sesol |\
SR

|
S500 { \\
f

o 1 2 2 4 5

£ o, rad

Fig. 4 — Excited attraction force (aluminum sheet), 0=t is a
phase of a signal

Summary. The magnetic-pulsed attraction with the
“direct passage of current” through the processed
aluminum is quite effective when using technological
equipment and the characteristic indicators of the
manufacturing operation, which were adopted to deform
the steel sample.

Equipment, experimental objects for processing
Experimental equipment for performing a given

production operation included two main components:
— the tool of magnetic-pulsed attraction;

— the power source — the energetic block
(magnetic-pulse installation).
The power source — the magnetic-pulse

installation 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. 5.

BICHUK HTY "XIII" Ne 4 (6)



ISSN 2079-5459 (print)
ISSN 2413-4295 (online)

CEPLA "HOBI PILIEHHA B CYYACHUX TEXHOJIOI'IAX"

Fig. 5 — The magnetic-pulsed installation MPIS-2 with a tool,
(maximum of the stored energy is ~ 2,4 kJ at voltage ~ 2 kV)

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

On the upper plane of the body, a horizontal
massive dielectric board is placed, which is used as a
technological table. Current collectors (electrical
terminals) are brought to its surface to connect the load —
a tool of the production operation.

Characteristics of the magnetic-pulsed installation
MPI-2 [9]:

— the maximum stored energy W=2.0 kJ;

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

— the own frequency f=7 kHz;

— the voltage in the range ~100+2000 V;

— the repeat frequency of generated current 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.

Remark. 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
vehicle bodywork coating "Ford" and the special
electrical steel.

Plate thickness
0.02+0.25 m.

is 0.08 m, dents diameter is

Practical approbation, the main results

The sequence of operations for force approbation
of the developed tool of magnetic-pulsed attraction and
indicators of the process of eliminating dents during the
experiment are the following:

— the inspection and visual study of the processing
object — of the metal plate with the dent;

— the mutual mechanical fixation of the object of
processing and the tool using bolted joints;

— setting the voltage on the capacitive storage
~1800+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
experimental sample with the eliminated dent, the
conclusion about the effectiveness of the completed
production operation.

Remark. 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 manufacturing operation.

Below (fig 6,7) are the illustrations of the experiment.

Fig. 6 — Experimental samples from the special electrical steel,
#1 — the sample before the attraction; #2 — the sample after
attraction (5-multiple repetition of magnetic-pulsed attraction)

Fig. 7— Experimental samples of car body coating “Ford”, a)
the sample before the attraction, b) the sample after attraction
(9-multiple repetition of magnetic-pulsed attraction)

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 demonstrated.

— The dosed magnetic-pulsed force action,
allowing the controlled deformation of sheet metal in the
treatment area was practically implemented.
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— The magnetic-pulsed attraction method is
particularly interesting for eliminating dents in car bodies,
because, unlike known analogs, it 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.

Conclusions

The theoretical justification of the method of
magnetic-pulsed attraction of sheet metals with the “direct
passage of current” through the object being processed
has been carried out.

The analytical dependencies for the numerical
estimates of the amplitudes and time functions of the
excited currents and electrodynamic 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.

The successful practical approbation of the
proposed method was carried out in conditions close to
the reality of the corresponding production operation.
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AHHOTALIHA Ilpeocmasneno meopemuueckoe 000CHO8aHue pabomocnocoOHOCmuU — Memood  MASHUMHO-UMNYIbCHO20
NPUMANCEHUs TUCIMOBO20 MeMAla C «NPAMbIM NPONYCKAHUeM MOoKa» uepe3 obpabamviéaemvlii 06vekm. Illpogeden ananus
uzeecmublx pabom 6 >moti obracmu, NOKA3AHO, MO OMCymcmeue OOCMAMOYHO NOAHLIX MeEOPeMmUYecKuUx Uccie0o8aHuti He
nos3gonaem 3¢@PekmusHo 8bINOIHAMb 3A0AHHYIO NPOU3BOOCMEEHHYI0 onepayuto. Tlymem peutenus Kpaegou 21eKmpoOUHAMULECKOU
3a0auu  NOIYYEeHbl AHATUMUYECKUe BbIPAadceHus 0N (Pa308bIX 3A6UCUMOCHEL MOKO8 6 IKCHepUMEHMANTbHOU cucmeme U
6030YHCOEHHBIX CUL NPUMAICEHUS. 0Opabambleaemo2o obbekma. JJoKa3ano YUCIeHHLIMU OYEHKAMU, YO HUSKOUACIMOMHBIL PEXCUM
NPOMEKAIOWUX DNEKMPOMASHUMHBIX NPOYECCO8 NPeONnoymumener npu UHMeHCUSHOM NPOHUKHOBEHUU NOJel Yepe3 Nposoosuyue
KOMNOHEHMbL UCCTIEOYeMOUl CUCIEMbL. YCMAHOBNIEHO, YMO PACCUUMAHHAS 3A8UCUMOCIIb PA3BUSAEMBIX CUTL O HANPANCEHUS pa3PA0a
EeMKOCHIHO20 HAKONUMea NO360Jaem NPUOIUHCEHHO OYeHUmMb IPDEKMUSHOCHb NPUMANCEHUA npy pabome 8 NPUHAMOM OUANA30He
SHepeemuueckux 803modcnocmell ucmoynuxka numanus. Ilokazano, umo cmenenb HeoOHOPOOHOCMU NONEPEUHO20 pacnpedeneHus
Cun npumsadicenus 8 ucciedyemoti oonacmu ne npesviuiaem ~ 20%. Cnpoekmuposana u co30ana 0eicmsyiowas IKCnepumMeHmanibHasn
MOOenb, COCMOosWas U3 UHCMPYMEHmMd MACHUMHO-UMAYIbCHO20 NPUMSICEHUs NUCTOB020 Memanld U UCMOYHUKA NUMAHUus -
9Hepeemuuecko2o Oaoka. Ha ocnose nonyuenHvix COOMHOWEHUL pACCUUMAHbL XAPAKMEPUCTIUKU ONbIMHOU YCMAHOBKU U PEICUMBL
npogedenus uchvimanui. IIpakmuuecku peanu3o8ano 003UPOBAHHOE MASHUMHO-UMNYIbCHOE CUNOB0E 8030elicmele, N0360I0ujee
KOHMPOAUPO8amy deghopmMayuio IUcmoso2o memania 6 3one oopabomku. I[Ipoeedenvl IKCnepumermol no yCmMpaHeHuio MAMuH Ha
006pazyax, u320MOGIEHHbIX U3 PA3IUYHBIX BUOOE CMANU 6 YCIO0GUAX, NPUONUICEHHBIX K COOMEemCcmeylowel pealbHou
npou3eoo0cmeenHoll onepayuu. YcnewHo npooemoHCmpupo8ansl PAKMu4ecKue 803MOICHOCMU CPEOCME MASHUMHO-UMNYTbCHO20
npumsadicenus OnpeoeseHHblX YY4aAcmKO8 JIUCMOBLIX MEMAilos8 Npu «NpAMOM NPONYCKAHUu moKay uepe3 Hux. Jlokazana
apghexmusnocmes paccmampugaemozo Memooa npu UCNOIb308AHUY NOKA3AMeNell MeXHON02UYeCKOl onepayuy, paccuumanHbix Ha
OCHOBANUU MEOPeMmUYecKu NOTYUEeHHbIX 3A6UCUMOCTE.

Kniouesvie cnoga: mMacHUMHO-UMNYIbCHOE NPUMAdICEHUE, WMOHKOCMEHHbI TUCMOGO0l Memanl; 1eKmpOMAHUMHbIE NPOYECChbl,
«npAMOe NPOX0odHCcOeHUe MOKAY, IKCNEPUMEHMANbHAS anpobayus; pUxmoeka agmomoOUTbHbIX Ky30606
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