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Mutual influence of currents in a flat inductor system with solenoid
between two massive conductors

Introduction. Inductor systems, as tools for metal processing, are widely used in industrial technologies using the energy of
powerful pulsed electromagnetic fields. Problem. A common disadvantage of the known works on the creation of tools for
magnetic-pulse impact on conductive objects is the use physical and mathematical models, in which the exciting currents do not
depend on the ongoing electromagnetic processes. Such the assumption distorts the picture of the real energy in the working area
of the inductor system. Goal. To obtain design relationships and numerical estimations of the mutual influence of exciting and
induced currents of a flat inductor system with a circular solenoid located between massive well-conducting objects, moreover to
carry out a theoretical analysis of electromagnetic processes in this system. Methodology. Applied integrating Maxwell equations
using the Laplace and Fourier-Bessel integral transforms in the approximation of the ideal conductivity of the metal objects to be
processed. Results. The calculated relationships for the theoretical analysis of electromagnetic processes are obtained in the
high-frequency approximation. It is shown that the inductance of the studied system decreases as the objects being processed
approach the solenoid and increases as they move away from it. It is found that for the invariability of the power indicators, of
the proposed tool, a corresponding correction of the amplitude (on average up to 20 times) of the exciting current is necessary in
the solenoid winding. Originality. For the first time, the tool design with a circular solenoid located between the massive metal
objects is proposed for flat magnetic-pulse stamping. As a result of the theoretical analysis, the influence of electromagnetic
processes on the currents flowing in the system is confirmed. Practical significance. The use of the results obtained will allow to
increase the efficiency of the tool of magnetic-pulse technologies, and to reduce the energy costs for performing the specified
production operations. References 19, figures 2.

Key words: magnetic-pulse stamping, sheet metals, electromagnetic fields, inductor systems, circular solenoid, massive
conductor.

B pobomi posenanyma niocka indykmopha cucmema 3 Kpy2o8umM COAEHOIO0M, PO3MAUIOBAHUM MINC MACUBHUMU 00Ope NPOGIOHUMU
06 ’exkmamu. Taxka KOHCMPYKYisi CHAPAMOBAHA He MIiLbKU HA NIOGUWEHHS eEeKMUBHOCII THCMPYMEHMY MAZHIMHO-IMAYIbCHUX
TEeXHONO02IH, MA HA 3HUNCEHMS eHePeeMUYHUX BUMPAM HA BUKOHAMHA 3a0aHOi eupoOHU4Oi onepayii. IHmezpysanHAM pIiGHAHb
Maxkceenna 3 euxopucmanHam inmespanvHux nepemeopenv Jlannaca i @yp’e-beccens 6 nabaudicenni ideanvuoi npogionocmi
Memanesux 00’ekmis, Wo nioaseailoms 06podYi, AHANIMUYHO OMPUMAHO MAMEMAMUYHY MOOelb cucmemu. B pamkax nocmasnenoi
Memu OMPUMAHO PO3PAXYHKOBI CHi6BIOHOUWEHHA | NPOGEOeHO MeopemuyHull aHani3 eneKmpOMASHIMHUX Npoyecié 8 NAOCKill
IHOYKMOpPHITL cucmemi 3 Kpy208UM COAEHOIOOM, WO POIMIWEHULl MIHC MACUBHUMU O000pe NpoGiOHUMU 00 €Kmamu, a MAaxox#C
NPOBEOCHO YUCENbHI OYIHKU 63AEMHO20 6NAUBY 30VOJiCYIouux i IHOYKosanux cmpymie. Pezymvmamu ananizy enekmpomacHimuux
npoyecie nokazamu, wo O HE3MIHHOCMI CUNOBUX NOKA3HUKIE 3aNPONOHOBAH020 [HCMPYMEHMY MACHIMHO-IMINYIbCHO2O
WMAMnY8anus HeoOXiOHA B8iON0GIOHA KOpeKyis amniimyou 36)Y0x4cylouo20 cmpymy 6 obmomuyi coneHoioa — Oocepena Oirouux
enekmpomacnimuux noxie. biomn. 19, puc. 2.

Knouosi cnosa: MarHiTHO-iMIyJIbCHe WITAMIIYBAaHHS, JIMCTOBI MeTald, €JeKTPOMATHITHI mojas, iHAYKTOpPHI cHCTeMH,
KPYIOBMii COJI€HOI/l, MACHBHMIi IIPOBiTHUK.

B pabome paccmompena nrockas uHOykKmopHas cucmema ¢ Kpy2o8bim CONEHOUOOM, PACHOIONCEHHBIM MeNCOY MACCUBHBIMU XOPOULO
npoeooawumu  obvekmamu. Taxkas KOHCMPYKYUs HANpaeleHd He MONbKO HA NOosbluleHue IPHeKmueHocmu UHCMpyMenma
MASHUMHO-UMNYIbCHBIX MEXHON02UL, HO U CHUDJICEHUE DHePemuyecKux 3ampam HAa GblNONHeHUue 3a0aHHOU NPOU3B00CMEEHHOU
onepayuu. Hnmezpuposanuem ypagnenuii Maxceenna c¢ ucnonv3osanuem uxmezpanvhuix npeobpaszosanui Jlannaca u Dypve-
Beccena 6 npubnuscenuu uoeansHoli npogooUMOCmu NOONEHCAuUx 00padomKe MeManIuieckux 06veKmoe ananumuyecKy noay4eHo
MamemMamuyeckylo Mooelb cucmemvl. B pamkax nocmagnienHou yeau HNOIYYEHbl pACYEMHble COOMHOUWIeHUA U NposedeH
meopemuieckull aHaIu3a dNeKMPOMASHUMHBIX NPOYecco8 6 NIOCKOU UHOYKMOPHOU cucmeme ¢ Kpy208biM CONEHOUOOM,
DPABMEWEHHBIM MeNHCOY MACCUBHBIMU XOPOUWO NPOGOOSUMU 00BEKMAaMU, d MAaKdlice NPOBeOeHbl HYUCICHHbIE OYEHKU B3AUMHO20
6NUAHUA 6030YHCOAIOWUX U UHOYYUDOBAHHBIX MOKOS. Pesynvmambvl ananuza 21ekmpomMazHumHublx nPOYeccos NOKA3aau, ¥mo Ons
Heu3MeHHOCMU CUNOBbIX NoKazamenel NpeoNodCeHHo20 UHCMPYMEHMA MASHUMHO-UMNYIbCHOU WMAMNOGKU Heobxoouma
COOMBemMcmayIouas Koppekyus amnaumyosl 6030ydcoaiowe20 moka 8 00MOmKe CONeHOUOd — UCMOYHUKA OelCmEYIouux
anekmpomazHumuulx noaeti. buodin. 19, puc. 2.

Kniouesvie cno6a: MarHWTHO-UMITYJIbCHASl IITAMIIOBKA, JHCTOBble MeTA/LIbI, 3JIEKTPOMATHHUTHBIC TM0Jisl, HHAYKTOpPHbIE
CHCTeMbI, KPYTOBOii COJICHON/I, MACCHBHBII NIPOBOJHHK.

Introduction. Problem definition in general.
Inductor systems, as tools for metal processing, are
widely used in industrial technologies using the energy of
powerful pulsed electromagnetic fields. The design of
induction systems is determined by the type of given
production operation (for example, «distributiony,
«crimpingy, «flat stamping», etc.). Note that their

successful practical implementation, as described in the
modern special literature, is carried out in the framework
of the so-called «traditional» magnetic pulse treatment of
metals (MPTM) or in Western terminology
Electromagnetic Metals Forming (EMF). As practice has
shown, the effectiveness of this technology is possible

© Yu.V. Batygin, S.O. Shinderuk, E.O. Chaplygin

Electrical Engineering & Electromechanics, 2021, no. 6

25



only in the range of sufficiently high operating
frequencies of acting fields and high values of electrical
conductivity of the processed objects. From a physical
point of view, the natural Lorentz repulsion of the
conductor from the instrument with the method, called
«magnetic pressure» [1-4], is used here.

The development of electromagnetic technologies
and increasing requirements for their efficiency has led to
the creation of new types of induction systems. A number
of production operations initiated a new direction of
magnetic pulse processing of metals, based on the
transformation of natural Lorentz repulsion in the
attraction of the processed object [5-9]. As part of the
«traditional» magnetic pulse treatment of metals, it seems
a priori, increase in the productivity of flat stamping
operations of sheet metal products is possible with the
help of so-called «two-sided induction systemsy», where
the solenoid is placed between objects of force action.
The development of new tools requires the study of the
processes of electromagnetic effects of exciting and
induced currents. The relevance of such works is beyond
doubt. The obtained results will allow to take a new
approach to the problems of productivity, to increase the
efficiency of inductor systems and expand the range of
processed objects.

Literature review. Analysis of basic research
and publications and problem definition. The two-
sided arrangement of sheet metals relative to the source
of the magnetic field (solenoid) takes place in
induction systems, where the natural Lorentz repulsion
is transformed into the attraction of a specified area of
the processed object. Structurally, such tools consist of
flat layered: the auxiliary screen, which conducts
electric current, the circular solenoid and, naturally, the
sheet metal to be deformed. The currents induced in the
screen and the metal being processed are
unidirectional. According to Ampere law, a certain
area of sheet metal will be attracted to the plane of the
rigidly fixed screen [10]. This principle of operation is
also used in systems of automated supply of aluminum
sheets to the working area of the stamping equipment
of US car plants [11]. Practical aspects of MPTM
development in the direction of attracting specified
areas of sheet metals and creating appropriate tools for
removing dents are described in [2, 3, 12]. Note that,
mainly, magnetic-pulse attraction has found application
in advanced technologies for the restoration of
damaged coatings of car bodies [9, 10, 12, 13].

Object of study. Consider the induction effects in
tools for flat magnetic-pulse stamping of solid sheet metal
products with high electrical conductivity, where the
solenoid is placed between two objects of force action.
The physical idea of such a design of the inductor system
involves the concentration of energy of the excitation
field in the space between two conductors. Unlike the
known tools for «traditional» flat magnetic pulse
stamping, where the solenoid is placed over a single
object of force action, this proposal reduces the scattering
of energy generated in the surrounding space.

A common disadvantage of the known works on the
creation of instruments of force magnetic-pulse influence
on conductive objects (both attraction and repulsion) is
the use of physical and mathematical models in which the
excitation currents are accepted given and independent on
electromagnetic processes. Thus, in [9] in inductor
systems, mechanical forces in the form of attractive forces
and their distribution in the system were considered, but
the mutual influence of currents in the inductor system
remained unexplored. We should also mention classical
analytical [14, 15] and modern numerical models, for
example, in [16, 17].

From a phenomenological point of view, it is
obvious that such an assumption in the definition of the
electrodynamic problems to be solved distorts the
picture of real energy in the working zone of the
inductor system.

The goal of the paper is to obtain calculation
relationships and to carry out theoretical analysis of
electromagnetic processes in a flat inductor system with a
circular solenoid placed between massive well-conducting
objects, as well as to obtain numerical estimations of the
mutual influence of excitation and induced currents. We
emphasize the relevance of this goal, which is aimed not
only at improving the efficiency of the tool of magnetic
pulse technology, but also to reduce energy costs to
perform a specified production operation.

Presentation of the main material. Analytical
dependencies, numerical estimations. Concerning
problems in MPTM inductor systems, we begin
consideration with definition of problems which is
identical for all researches of the proceeding
electrodynamic processes [2, 8-12].

Assumptions for solving the formulated problem:

e a physical and mathematical model of the inductor
system is symmetrical about the plane of the exciting
solenoid (Fig. 1);

e a cylindrical coordinate system is adopted;

e a inductor system is assumed to be axially

symmetric, i.e. ; =0, where ¢ is the azimuthal angle;
¢

e a solenoid is assumed to be so thin that its metal
does not affect the electromagnetic processes occurring in
the system (A—0);

e an azimuthal harmonic current J(f) = J,-sin(@t)
flows in the solenoid winding, where J,, is the amplitude;
w is the cyclic frequency; ¢ is the time;

e sheet metals (plates that conduct electricity) are
quite massive and have a high specific conductivity;

e in the system the azimuthal component of the
electric field strength Eq(%, r, z) # 0 is excited, as well as
the radial » and normal z components of the magnetic
field strength vector H/(¢t, r, z) # 0 and H,(¢, r, z) # 0
accordingly;

e clectromagnetic processes are assumed to be quasi-
stationary, so (@ / ¢) << 1, where c is the speed of light
in vacuum; / is the largest characteristic size of the
system.
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The evaluation of the characteristics of the mutual
influence of induced and excitation currents can be
carried out based on the equality of the average values of
the normal components of the magnetic flux density in the
inner window of the solenoid at different distances
between it and the plates.

In addition to the accepted assumptions, it should be
noted that in practice the massiveness and high electrical
conductivity of sheet metals means the operation of the
inductor system in high-frequency temporal mode, when
there is no penetration of fields through the processed
objects. Within these studies, they can be considered as
ideal conductors for which @7 >> 1, where w7 is the
«electrodynamicy» thickness (the introduction of the term
is justified in [9, 10]); 7= s yd’ is the characteristic time
of penetration of the field into the non-magnetic
conducting layer; g is the magnetic permeability of the
vacuum,; y is the specific electrical conductivity, and d is
the geometric thickness.

]
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Fig. 1. Calculation model of flat inductor system:
1 — circular solenoid (A— thickness, R, , — inner and outer radii);
2 — sheet metals (d — thickness, y— specific electrical
conductivity)

It is a priori obvious that the influence of induced
currents on electromagnetic processes should decrease
with the removal of sheet metals and increase with their
approach to the exciting solenoid. In this regard, to
describe the studied effect, we can identify and propose
two main characteristics of the electromagnetic processes
that take place. The first one is the ratio of the inductance
of the system at different distances between the solenoid
and the sheet metals to the inductance at infinite distance
of the latter. The second one is the corresponding ratio of
the resulting current in the solenoid winding to the
excitation current in the absence of sheet metals. Note that
the latter characteristic can be taken as a quantitative
indicator of the effect of induced currents on the current
in the solenoid winding.

Based on the accepted assumption of equality of
average values of normal components of magnetic flux
density in the inner window of the solenoid at different
distances of sheet metals, we can obtain the following
dependencies to assess the mutual influence of excitation
and induced currents [14]:

Bu :Em,
J, L, (1
Joo Lh ,

where Bh, Jy, Ly are the average value of the normal
component of the magnetic flux density, the current in the
solenoid winding and the inductance of the system at the
final distance & between the solenoid and the sheet metals,

respectively; Bew, J., L. are the average value of the
normal component of the flux density, the current in the
solenoid winding and the inductance of the system in the
absence of sheet metals (at # — o), respectively.

It should be noted that effectively relations (1) are
consistent with the known dependencies [14]. Indeed, the
amplitudes of the currents in the windings are inversely
proportional to their inductance.

In accordance with the formulated goal, we turn to
the calculation model in Fig. 1, for which we write a
system of Maxwell equations in the space of L-images
according to Laplace [9, 10, 18, 19]

OE,(p,r,2)
("—:MOpHT(p,I’,Z);
Oz
1 0
?E’("Ew(p,r,Z)):-uosz(P»V»Z); )
aHr(psraz) a[_[z([)’r’z) 7
= o w2

where
E (p,r,z)= L{Em(t,r,z)} , H,(p,r,z)= L{Hr,Z @r, z)} ,

Joo(Ps752) = {j@o (t,r,z)}, Joo (t,r,z) is the current
density in the solenoid,
Joo(Ps722) = - g(t)- f(r)-8(z—h), g(t) is the temporal
dependence; f(r) is the radial dependence; d(z — /) is the
Dirac function [18].

We integrate the system of equations (1) in the same
way as it was done earlier in [2, 9, 10].

The geometry of the inductor system and the
accepted assumptions allow us to apply the Fourier-
Bessel integral transform [18, 19].

For L-images of the excited electric field strength
E(p, r, z) we write that

E,(p,r.2) = [ E,(phs2)- 1+, (M) d,

; (3)
E(p(p,k,Z) :JE¢(P,V,Z)'V'J1(KF) d}",

0

where Ey(p, A, z) is the image of electric field strength in
Fourier-Bessel space; A is the integral transform
parameter; J,(Ar) is the Bessel function of the first order.
Omitting intermediate mathematical
transformations, from the system (1) using the integral
image (2) we write the differential equation for the
azimuthal component of the excited electric field strength
in the inner cavity of the considered inductor system [18].
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O’E,(p.\,
w;_liz)_;g.E(p(p,x,z)=K<p,x>~6(z—h)» )
Z
. . Jm 1
where K(p,M)=wop-jn-g(p)-f(X): Jn :(R —R) 18
2 1

the excited current density;
g(p)=L{g()}: £ (W)= [ £@) 7, (nr) dr.

The general integral of the ordinary differential
equation (4) has the form [18]:

E,(p)z)= Ce"+C, e+

@.n(z—h)-sh(k-(z—h)), (%)

where C, , are the arbitrary integration constants; n(z — /)
is the Heaviside step function.

The accepted assumption of the absence of field
penetration through sheet metals, as already mentioned, is
described by the inequality w-7 >> 1 [2, 6], which
corresponds to their «ideal» conductivity. Satisfying the
boundary conditions of the continuity of the tangential
components of the electromagnetic field strength vector
on the surfaces of ideal conductors at z = 0
(E,(pA,z=0)=0) and z = 2h (E,(pr,z=2h)=0)

[14], we find a partial solution of equation (3).
Substituting the coordinate z = /4 into the obtained
expression, we obtain the image of the excited high-
frequency electric field in the inner window of a flat
circular solenoid of the considered inductor system.

+

K(p.
E,(p,hoz=h) =—%~th(kh). (6)

The integral image (2) taking into account (5) takes
the form:

K(p.2)

E,(prz)= —j -th(Mh)-J, (Ar)dh.  (7)
0
The connection of the L-image of the normal
component of the excited magnetic field strength with the
@-component of the electric field strength in the inner
window of the solenoid is found by the second equation
from the system (1) by substitution z =4

H((prz=h)=—————- (r~E(p(p,r,Z=h)). (8)

By integrating expression (8) along the plane of the
inner window of the solenoid, we determine the
relationship of the magnetic flux with E(p, r, z = h)

Rl
®, (p)=2my,- [ H,(p.r.z = hyrdr =
0

2n R
=——-(r~E(p(p,r,z=h))‘0 )
p
Taking into account formulas (7), (9) after the
transition to the space of the originals we find the
amplitude dependence @y, for the magnetic flux in the

solenoid window of the inductor system. Omitting
intermediate identical transformations, we obtain that

HoTR,
(Rz _Rl)

The inductance of this system is found as the ratio of
magnetic flux to excitation current [14].

After entering a new integration variable y = AR; and
perform the necessary identical transformations we obtain
a convenient formula for calculating the inductance at any
distance from the solenoid to the sheet metals

Ho TR} .wf(y’RlsZ)_ )
(=) { y2 th(1k)-J, () dv,

4
where f(y.R,)= j x-J, (x) dx.

¥y

®,, = J, [ £(2)-th (Mh)-J, (R . (10)

an

h =

The limit transition in (11) for & — oo gives an
expression for the inductance of the actual solenoid
winding in the absence of sheet metals

HomR; 'wf(y’Rl,Z).
BT s o

Ultimately, the use of relations (1), (11), (12) allows
us to proceed to numerical estimations of the impact of
induction effects on the characteristics of electromagnetic
processes in the studied inductor system. The results of
the calculations are presented in Fig. 2.

L.=limL, =
0

102 —
0.8} = -
_-'-'-
0,6/ -\\R -
- x; Lol |
04F —1 -(\‘\
02} = —R2_35
— Ry
"0 04 0,6 08  h/R,
a
20 _J"
R
15 —==1,01
Ry

0,2 0,4 0,6 0,8 h/R,

Fig. 2. Relative inductance (a) and relative current (b)
in the solenoid winding of the inductor system

The main results of the calculations are formulated

in the following provisions:
o the influence of induction effects on electromagnetic
processes in the high-frequency mode of the studied
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inductor system showed that its inductance increases with
the removal of massive conductors and decreases as they
approach the solenoid, as well as with increasing its radial
size (Fig. 2,a);

e the mentioned decrease in inductance requires an
increase in the current in the solenoid winding to maintain
a constant value of the excited magnetic flux density and
constant force indicators (Fig. 2,b);

e as follows from the calculated data, to maintain the
characteristics of the studied inductor system, on average,
a possible increase in the excitation current by ~20 times
is required (Fig. 2,b).

Conclusions and prospects for further
development. For the first time for flat magnetic pulse
stamping the design of the tool with the circular solenoid
placed between the massive well-conducting metal
objects which are subject to processing is proposed.

In the approximation of  high-frequency
electromagnetic processes, the calculation relationships
are obtained, which are used to perform theoretical
analysis and numerical estimations of the characteristics
of a flat inductor system with variation of the working gap
between the solenoid — a source of the field and the
objects being processed.

It is shown that the inductance, as the main
characteristic of the studied system, decreases when the
processed objects approach the solenoid and increases at a
distance from it, which is physically explained by the
interaction of electromagnetic fields of exciting and
induced currents.

It is obtained that in order to keep the force
indicators of the proposed tool of magnetic pulse
stamping, it is necessary to accordingly and obligatory
adjust the amplitude of the excitation current in the
winding of the solenoid — a source of the acting
electromagnetic fields.

In conclusion, the authors would like to note the
reasoning that expands the scope of practical application
of the results of the work performed. As it seems a priori,
a similar design of a flat air current transformer (matching
device in MPTM), where a multi-turn circular solenoid
connected to a power source should be placed between
single-turn solenoids with electrically parallel load output,
which can significantly reduce energy dissipation into the
surrounding space. Such a device can become an element
of energy-saving technologies in modern converter
engineering.

Conflict of interest. The authors of the paper declare
no conflict of interest.
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