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ELECTROMAGNETIC PROCESSES IN THE MAGNETIC-PULSE STRAIGHTEN-
ING TOOL - INDUCTOR SYSTEM WITH AN AZIMUTH GAP

A. Gnatov, Professor, Doct. of Science, Sch. Argun, docent, Ph.D., KhNAHU
O. Ulyanets, HR manager, Program-Ace, 56

Abstract. Investigations of the spatial distribution of the eddy currents are excited by field of flat cir-
cular single-turn inductor system with nonmagnetic perfectly conducting metal objects were carried
out. We constructed volumetric epures of the amplitude-spatial distribution of total current density
where the total current was induced. The obtained correlations of the radial distribution of induced
current azimuthal component and the azimuthal distribution of induced current radial component
were compared with the calculation data. It is proved that violation of the single-turn inductor system
axial symmetry gives rise to the induced current radial component.
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EJIEKTPOMAT'HITHI ITPOUECHU B IHCTPYMEHTI MATHITHO-
IMIIYJbCHOI'O PUXTYBAHHA - IHAYKTOPHA CUCTEMA C ABUMYTAJIb-
HUM PO3PI3OM

A.B. I'naros, npo¢., a.1.H., lI1.B. Aprys, k.1.H., 101u1., XHAJLY,
O.A. YiabsiHel, MeHeIxep 1o nepconany Program-Ace 56

Anomauyia. I[Iposedeno 0ocniodicenus po3nooiny UXposUx cmpymie, wjo iHOyKyromscsa nojiem niocKo-
20 Kpyeoeozo eumka 6 iHOyKmopHux cucmemax. Ilo6yoosano o6'emui entopu po3nooiny wiibHOCmi
NOBHO20 CMPYMY, HABeOeH020 sumkom. OOTPYHMOBAHO, WO NOPYULEHHS AKCIATbHOL cumempii 6umox
IHOYKMOPHOT cucmemu npu3800Ums 00 NOA8U PpadidlbHOI CKAA00801 iHOYKOBAHO20 CIPYM).

Knrouoei cnosa: puxmoska, iHOykmopHa cucmema, elieKmpomazHimHi npoyecu.

IJIEKTPOMAI'HUTHBIE TPOLHECCHI B UHCTPYMEHTE
MATHUTHO-UMITYJIbCHOM PUXTOBKH - UHAYKTOPHASI CUCTEMA
C ABUMYTAJIBHBIM PA3ZPE3OM

A.B. I'naros, npo¢., a.1.H., lI1.B. ApryH, K.1.H., 10o1u., XHA/Y,
O.A. YiabsiHel, MeHeIxKep Mo nepconanay, Program-Ace 56

Annomanyusa. Ilposedenvt ucciedosanusi pacnpeoenenus GUXPevlx MOK08, 8030YiHcoaemblx noaem
NIOCKO20 KPY208020 GUMKA 8 UHOYKMOPHBIX cucmemax. Tlocmpoensvt 06vEmHble 9niopbl pacnpedere-
HUSl NIOMHOCMU NONHO20 MOKA, HA8eOeHH020 eumkom. ODOCHO8AHO, YMO HApYUieHue AKCUATbHOU
cumMMempuu 8UMKa UHOYKMOPHOU cuUcmemMbl NPUBOOUM K NOSAGAEHUIO PAOUAILHOU COCMABAIoWell
UHOYYUPOBAHHO20 MOKA.

Knwueevie cnosa: puxmoexa, uHOmeopHaﬂ cucmema, SJAEKMpOomMacHUmHvle npoyeccsl.
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Introduction

Magnetic-pulse  complexes (systems) for
straightening and restoration of vehicle body
elements consist of two main parts: the power
source (magnetic pulse installation) and tool
(inductor system). The power source provides
generation of the necessary current impulse into
the tool, which, in turn, performs the necessary
repair operation [1-4].

The widespread tools of magnetic-pulse
straightening (Electrical Magnetic Metal Form-
ing) are flat single-turn solenoids. In the known
publications on electrodynamic calculations flat
single-turn solenoids are presented as closed
circle contours what makes it possible
to introduce the axial symmetry condition and
significantly simplify the solution of the prob-
lem of the isolated single-turn inductor field on
the metal object surface [5-8].

In reality, the single-turn inductor isn’t closed
circular contour, due to its consistent incorporat-
ing in the power source circuit. In other words,
as a magnetic-pulse method tool we use single-
turn inductor with a gap or open circular con-
tour. Clearly, the violation of the axial symmetry
of the field source (inductor) form leads to a
distortion of force action on the processed ob-
ject. This can explain many failures on applica-
tion of electromagnetic fieldsin solving of

—
To power
source

ilf"‘ e

the urgent technology challenges.

Theoretical analysis of electromagnetic process-
es in inductor system is described in the papers
[1, 7, 9-12]. Here, we performed an analytic so-
lution of the corresponding electrodynamic
problem by the classical method.

However, any theoretical studies have to be ex-
perimentally tested for compliance with de-
scribed processes. The reliability degree of the
obtained results is determined via the measure-
ments of the studied phenomenon basic charac-
teristics.

Work objective is to study the spatial distribu-
tion of the eddy currents induced by field of the
open flat circular single-turn inductor in the in-
ductor systems - magnetic-pulse straightening
tools with nonmagnetic perfectly conducting
metals.

The calculation model of the inductor system

The calculation model of the considered system
with a perfectly conducting metal (massive con-
ductor) in accordance with the paper [11, 12]
and its physical implementation is shown in Fig.

1, where € ,¢ are the unit vectors in the

r) ez

cylindrical coordinate system.

Fig. 1. The open flat single-turn inductor over the massive metal sheet:
a — is the calculation model; b — is the physical model

The experimental scheme is shown in Fig. 2,
where a — is the single-turn inductor without a
gap; b — is the single-turn inductor with the gap
of 90°. The current-conducting wires of electri-
cal terminals of the current pulse generator that
connected to the single-turn inductors are per-
pendicular to their plane. The scheme shows the
marked lines along which the tangential and az-

imuthal components of magnetic field intensity
were measured via inductance-type transducer
(mutually perpendicular axes XX and YY).
Transducers of this type are traditionally used in
the measurements of pulsed fields and currents.
They were described in detail in the papers [13,
14].
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The current pulse source was the complex for
simulation and modeling of processes in the
Electrical Magnetic Metal Forming tools that
were described on the Laboratory of the Elec-
tromagnetic Technologies of Kharkov National
Automobile and Highway University website
[3]. This generator has the following specifica-
tions: the supply voltage U, = 220 V; the charge
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voltage of capacitor U, = 650 V; the capacitor
capacitance of the complex C = 33 uF; the repe-
tition frequency of the discharge pulses
J» =20 Hz; the own frequency of the discharge
pulse f, = 30 kHz; the peak value of the pulse
current, while working on a short-circuit termi-
nal /=3 kA; the own inductance L = 850 nH;
the discharge pulse — is damped sinusoid.

Car body panel
X

Field transducer

_ X
Single-turn inductor
i

b)

Fig. 2. Experimental scheme, current-conducting wires of the connecting of the single-turn inductors
to the current pulse generator: a — is the single-turn inductor without a gap; b — is the single-turn

inductor with the gap (90°)

The current pulse source was the complex for
simulation and modeling of processes in the
Electrical Magnetic Metal Forming tools that
were described on the Laboratory of the Elec-
tromagnetic Technologies of Kharkov National
Automobile and Highway University website
[3]. This generator has the following specifica-
tions: the supply voltage U. = 220 V; the charge
voltage of capacitor U, = 650 V; the capacitor
capacitance of the complex C = 33 uF; the repe-
tition frequency of the discharge pulses f, =
20 Hz; the own frequency of the discharge pulse
f, = 30 kHz; the peak value of the pulse current,
while working on a short-circuit terminal
I=3 kA; the own inductance L = 850 nH; the
discharge pulse — is damped sinusoid.

The current pulses from the generator is sup-
plied via current-conducting wires (copper wire,
section of 2 mm”), that located at the angle of 90°
to the plane of the single-turn inductor. The cur-
rent-conducting wires connected to the single-
turn inductor in the gap area, in other words, the
discharge circuit parameters consisted of own
parameters of the generator and inductor with a
gap with current-conducting wires are connected
to it.

As a perfectly conducting object there was the
copper plate in thickness d=0,0lm. The dis-
tance from to the single-turn inductor to the

copper plate plane was 4 = 0,0025 m. At the op-
erational frequency f=30 kHz, the effective
depth of field penetration will be equal to A =
0,000375 m. If we accept this value as an
amendment to the distance between the single-
turn inductor and the plate (4+A) = 0,002875 m,
the plate metal can be considered perfectly con-
ducting. In this case, on the surface of the study
object (copper plate) tangential component of
the modulus of magnetic field intensity vector is
equal to the modulus of induced current azi-
muthal component density vector. The modulus
of the intensity vector azimuthal component is
equal to the radial component of the excited cur-
rent density vector. In the polar system of coor-
dinates, in that calculation model this means that
H,=j,and H, = j,.

We record obtained analytical expressions for

the components of the induced current density

vector similar to the papers [11, 12]:

a) the azimuthal component is normalized to the
maximum,

J},,(%,(P) = 21’” ((Po)COS(mP)Hﬂ(x)(Jn_l X

(5ol e

@
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b) the radial component is normalized to the
maximum,

@)= X0, (90) sinn )

n=1

. Jn(xr) @
| [0 ——RLE gy
0 r X
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where
( 2 sm(n-(po))’ 00,
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X — is the integration variable
The distribution of the induced currents

We perform the calculations of amplitude-
spatial distribution of eddy currents that were

induced by the open flat circular single-turn in-
ductor in a perfectly conducting metal object for
the permanent air gap that equal #/R. The varia-
tion of this quantity and study of its influence
are not interesting. Because of the role of this
system parameter is insignificantly by a priori
physical considerations.

The particular interest for practice, first of all, is
attracted by the influence estimates of the gap
size in open flat circular single-turn inductor on
the induced current amplitude and distribution.

As shown in Fig. 1, the gap size is defined in
terms of the azimuthal angle 2¢, .

The measurement results and the calculated data
that were determined by the formulas (1) and (2)
were shown in the volumetric epures (Fig. 3), as
well as in the two-dimensional graphic depend-
encies (Fig. 4-6). Data presentations like this
clearly presented the density distributions of the
induced eddy currents in the spatial coordinates,
with specification of the amplitudes in relative
units that is normalized to the corresponding
maximums.

1 Gap place in the
single-turn inductor

Fig. 3. The volumetric epures of amplitude-spatial distribution of the total current density, where the
total current is induced by the single-turn inductor: a — is the single-turn inductor without a gap;
b — is the single-turn inductor with the gap of 90°
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Fig. 4. The radial distribution of the azimuthal component of the current, that is induced in the copper
plate metal, on the XX axis: a — is the single-turn inductor without a gap; b - is the single-turn in-
ductor with the gap of 90°
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Fig. 5. The radial distribution of the azimuthal component of the current, that is induced in the copper
plate metal, on the YY axis: a — is the single-turn inductor without a gap; b — is the single-turn
inductor with the gap of 90°
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Fig. 6. The azimuthal distribution of the current radial component, where the current is induced in the
copper plate metal by the single-turn inductor with the gap of 90°
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Analysis of the received results leads to the
following conclusions

In the zone under the gap, in the single-turn in-
ductor area there is the substantial uniformity
violation of the induced current density spatial
distribution (this follows from the comparison of
the Fig. 3...5 both inside the gap zone and out)
and the reduction of their amplitude values. It
makes approximation of axial symmetry in the
calculations of the single-turn inductor systems
inadmissible.

The axial symmetry violation (single-turn induc-
tor with a gap) is the reason for the induced cur-
rent radial component appearance. The radial
current spatial maximums are located close to
the gap edges in the single-turn inductor and
have a different signs that indicates about their
flow in opposite directions.

In general, the comparison of the graphs of vari-
ous components of the induced current density
vector shows that the spatial shape of the in-
duced total current is formed, mainly, by the
contribution of the azimuthal component.

Within the formulated physical model it is ap-
parent that with minimal electromagnetic cou-
pling, when the single-turn inductor is perpen-
dicular to the conductor plane or between them
there is a sufficiently large distance or large gap,
the induced current tends to zero. With the max-
imum connection if the planes of the single-turn
inductor and the conductor are parallel, the dis-
tance between them tends to zero, if the gap is
absent, the induced current value comes close
to the excitatory current in the single-turn induc-
tor, but is opposite in direction.

Conclusions

The experimental studies of the spatial distribu-
tion of eddy currents are induced by the open
flat circular single-turn inductor field in the in-
ductor systems are magnetic-pulse straightening
tools with nonmagnetic perfectly conducting
metals are carried out.

The studies were shown that:

—in the zone under the gap, in the single-turn
inductor area there is the substantial uniformity
violation of the induced current density spatial
distribution. It makes the axial approximation in
the calculations of the single-turn inductor sys-
tems for Electrical Magnetic Metal Forming in-

admissible;

- the integral value of the induced current densi-
ty vector is formed mainly by the contribute its
azimuthal component.

References

1.Psyk V., Risch D., Kinsey B.L,
Tekkayaa A. E., Kleiner M., «Electromag-
netic forming — A review», Journal of Ma-
terials Processing Technology — Elsevier,
Vol. 211, Issue 5: 1 May, pp. 787-829,
2011.

2.David B. Smith, Robert F. Olsen,
John J. Cotter «Electromagnetic dent re-
mover power supply». The Boeing Compa-
ny, Chicago. Patent US 6,639,781 B2
USA, HO1H 47/00, Ne 10/001,359, 2003.

3. Laboratory of the Electromagnetic Technolo-
gies // Materials site — 2015. — Access
mode: http://electromagnetic.comoj.com.

4. Welcome to BETAG Innovation [Electronic
resource] — 2014. — Access mode:
www.beulentechnik.com.

5. Demir O. K., Weddeling C., Ben Khalifa N.,
Tekkaya A. E., «Avoiding Bending in Case
of Uniaxial Tension with Electromagnetic
Forming». In: Proceedings of the 6th In-
ternational Conference on High Speed
Forming - ICHSF 2014, 26-29 May, Dae-
jeon, Korea, 2014.

6. Hendrickson Glen I., Hansen Karl A. «Electro-
magnetic dent remover with tapped work
coil». The Boeing Company, Seattle, Wash.
Patent 4,986,102 USA, B21D 26/14,
Ne 355,563, 1991.

7. Xianlong Liu, Liang Huang, Jianjun Li, «An
experiment and simulation study of the re-
bound effect in electromagnetic forming
process», 6th International Conference on
High Speed Forming, Dortmund, Germany,
26-29 May, pp. 131-140, 2014.

8. Zieve Peter B. «Power supply for electromag-
netic proof load tester and dent remower».
Patent 5,046,345 USA, B2ID 1/06,
Ne 451,106, 1991.

9. Golovashchenko S., Imbert J. M., Worswick
M. J., «Contributing Factors to the In-
creased Formability Observed in Electro-
magnetically Formed Aluminum Alloy
Sheet». 2nd International Conference on
High Speed Forming, Institut fiir Um-
formtechnik-Technische Universitit Dort-
mund, 2006.

10. Boyd J. M. S. 1., «Increased formability and
the effects of the tool/sheet interaction in

ABTOMOGING | enekTpoHika. Cy4acHi TexHonorii, 9/2016



electromagnetic forming of aluminum alloy
sheet»[D], University of Waterloo, 2005.

11. Yuri V. Batygin, Sergey F. Golovashchenko
and Andrey V. Gnatov, «Pulsed electro-
magnetic attraction of sheet metals — Fun-
damentals and perspective applicationsy,
Journal of Materials Processing Tech-
nology, Elsevier, Ne 213 (3), pp. 444-452,
2013.

12. A. Gnatov, Sch. Argun, “New Method of
Car Body Panel External Straightening:
Tools of Method,” International Journal of
Vehicular Technology, vol. 2015, Article
ID 192958, 7 pages, 2015.

m

doi:10.1155/2015/192958.

13. S. Tumanski "Induction coil sensors — a re-
view", Meas. Sci. Technol., vol. 18, no. 3,
pp.- R31-R46, 2007.

14. P. Ripka , “Induction sensors”, Chapter 2 in
Magnetic sensors and magnetometers, Ar-
tech House, pp. 47-74, 2001.

Reviewer: Yuri
KhNAHU

Batygin, professor, Ph.D.,

Article was received on editorial office April 10,
2016

ABTOMOGING | enekTpoHika. Cy4acHi TexHonorii, 9/2016



