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NUMERICAL ESTIMATES OF CURRENTS AND FORCES IN LINEAR TOOLS OF THE
MAGNETIC-PULSE ATTRACTION OF METALS. PART 1: LOW ELECTRICAL
CONDUCTANCE METALS

Purpose. The electrodynamics processes study in the linear tools of magnetic-pulsed attraction, the final result of which should be
the physics-mathematical dependencies for the characteristics of the flowing processes, under the conditions of intensive
penetration in metal of acting electromagnetic fields, as well as numerical estimates of these processes main characteristics.
Methodology. To carry out research, we used the fundamental statements of the electromagnetic field theory and the
mathematical simulation with help of the standard codes from the Wolfram Mathematica package. Results. The functional
dependencies for the space-temporal distributions of the currents and forces excited in the linear tools of magnetic-pulsed
attraction under intensive penetration of the acting electromagnetic fields through the tool's conducting construction elements
are used for the numerical estimates. From the calculation results it follows that from a physical point of view, the cause of the
increase in attractive forces while decreasing the operating frequencies can be considered the intensification of penetration
processes of the excited fields, which leads to increasing the magnetic pressure from the outside. Thus, the transition to low
operating frequencies of the exciting currents can significantly increase the efficiency of the magnetic-pulsed attraction of the
sheet metals with the linear tools. Originality. It was firstly determined that from the physical point of view, the reason for the
increase in attractive forces with a decrease in operating frequencies can be considered the intensification of penetration
processes of the excited fields, which leads to increasing the forces of magnetic pressure on the conductors from side of their
external surfaces. Practical value. A usage of the obtained results will allow creating new, more efficient linear tools of magnetic-
pulsed attraction of the low-electrical conduction sheet metals operating under conditions of intensive penetration of the
electromagnetic fields being excited. References 10, figures 9.

Key worlds: linear tool for eliminating dents in sheet conductors, intensive penetration of the field into metals with low
electrical conductance, magnetic-pulse attraction of conductors with unidirectional currents.

Memorwo cmammi € npoedeHHA HUCEAbHUX OUIHOK OCHOGHUX XAPAKMEPUCMUK e1eKMPOOUHAMIYHUX Npouecie 6 NIHINHUX
IHCmpyMenmax MazHimHo-IMRYIbCHO20 NPUMALAHHA NPOGIOHUKIE 3 0OHOCHPAMOGAHUMU CIMPYMAMU 8 YMOBAX IHMEHCUBHO20
NPOHUKHEHHA Oil0YUX el1eKMmPOMAZHIMHUX NOJII6 6 Memanu 3 HU3LKOIO RUMOMON elleKmponpogionicmio. Memoouka. /[na
npoeedeHHA O00YUCTEHb BUKOPUCMOGYBANUCA NOJIOMHCEHHA MeOopii eNeKmpOMAzZHIMHOZ0 NONA, WO 6UMIKAIOMb 3 PIGHAHb
Makceenna, i cmanoapmui mamemamuuni npozpamu 3 naxema Wolfram Mathematica. Pesynomamu. 3a oonomozow
aHanimu4yHuX 6upaszie pPo3Paxoeani aAMNIIMYOHO-YACO6] 3ANEHCHOCHI CMPYMIE | eNeKMmpPOOUHAMIYHUX 3YCUNb 6 JIHINHUX
MAZHIMHO-IMAYIbCHUX [HCIMPYMEHmMAax, OIi€6icmb AKUX 3ACHOGAHA HA 30Y0XHCEHHI CUNl 63AEMHO20 NPUMAZAHHA NPOBIOHUKIE 3
oonocnpamosanumu cmpymamu. Bnepwe ecmanoeneno, wio 30invuienna cun NPUmMAZAHHA, € NEPULY UePy, MOMNCIUBO 34
PAXYyHOK inmencugikayii npoyecie nPOHUKHERHA NOJIIG, W0 3a0e3neuycmycs nepexo0om 00 00CUmMs HU3LKUX POOOUUX Yacmom
30y0acyrouux cmpymie. Ilpakmuuna 3nauumicms. Bukopucmanus ompumanux pesyiomamie 003601ums cCmeoplosamu HoGi
Oinbuw epekmueni NiHIGHI IHCMPYMEHMU MAZHIMHO-IMRYIbCHOZ0 NPUMALAHHA 3A0AHUX OUIAHOK JIUCMOBUX Memdanis, W0
npayiooms 6 ymosax iHmeHcueHo2o NPOHUKHENHA 30y0xcenux enekmpomaznimnux nonaie. bi6in. 10, puc. 9.

Kniouosi cnosa: yiHiiHUHA iHCTPYMEHT yCYHeHHsI BM'STHH B JIMCTOBMX NPOBiIHMKaX, iHTeHCHBHe NPOHHUKHEHHSI MOJIS B
MeTaJIi 3 HU3bKOI0 MHTOMOI0 €JeKTPONPOBIIHICTIO, MATHITHO-IMITYJIbCHe NMPHUTATAaHHA NPOBITHUKIB 3 OAHOCHPSMOBAHHUM
CTpyMaMH.

Ilenvio cmamou asénaemca nposedeHue YUCIEHHBIX OUEHOK OCHOGHBIX XAPAKMEPUCMUK ITIEKMPOOUHAMUYECKUX NPOUECCOE 6
JIUHETIHBIX UHCHPYMEHMAX MAZHUMHO-UMNYIbCHO20 RPUMANCEHUA NPOGOOHUKO8 ¢ 0OHOHANDPAGIEHHBIMU MOKAMU 6 YC106UAX
UHMEHCUBHO20 NPOHUKHOGEHUA  OelCMEYIOWUX  IIEKMPOMAHUMHBIX NONell 6 MEemanivl ¢ HU3KOU  YOeabHOl
INIEKMPONPOEOOHOCHIBIO. Memoouka. /Jna  npoeedenus  ulUUCAEHUIl  UCHOB30BANUCDH nonodcenus  meopuu
INNEKMPOMAZHUMHO20 MO, GblmeKawuwjue u3 ypasuenuit Maxceenna, u cmanoapmuvle mamemamuiecKkue npoZpammbsl U3
naxkema «Wolfram Mathematica». Pezynomampl. C nROMOWBIO AHATUMUYECKUX BLIPANCEHUI PACCHUMAHBL AMAAUMYOHO-
8pEeMEHHble 3A6UCUMOCIU MOKO8 U IJICKMPOOUHAMUYECKUX YCUNULL 8 JAUHEUHLIX MAZHUMHO-UMNYIbCHLIX UHCIMPYMEHMAX,
0elicmeeHHOCb KOMOPbIX OCHOGAHA HA 6030YHCOCHUU CUNL 63AUMHO20 NPUMANCEHUS NPOGOOHUKOE C 0OHOHANPAGIEHHbIMU
mokamu. Bnepevie ycmanoeéneno, umo yeenuuenue Cuil RPUMANCEHUA, 6 NEPEYI0 0uepedb, GO3MONCHO 3a4 cuem
UHMEHCUPUKAUUU NPOUECcO8 NPOHUKHOGEHUA nojell, Ymo odecneuusaemcsa nepexo0oM K O0OCHAmoO4YHO HU3KUM padouum
uacmomam 6030yxcoaromux mokos. Ilpakmuueckasa 3nauumocme. HMcnonvzoeanue noyuyeHHbIX pPe3yabmMAamos NO3601UM
co30asams Ho8ble Donee Ihhekmuenvie NUnEliHbIE UHCIMPYMEHNbL MAZHUMHO-UMAYIbCHOZ0 RPUMANCEHUA 3A0AHHBIX YUACIKO8
JIUCMOBIX Memanjlos, pabomarujue 6 ycio6uax UHMEHCUEHO20 NPOHUKHOBEHUS 8030YHCOAEMBIX ITIEKMPOMAZHUMHBIX NOJIell.
Bu6n. 10, puc. 9.

Kniouesvle cnosa: nMHeHHDbIII HHCTPYMEHT YCTPAHEHHsI BMATHH B JIHCTOBBIX NMPOBOAHUKAX, HHTEHCHBHOE NMPOHNKHOBEHHE
noJisi B MeTA/JJIbl € HU3KOH YyIeJIbHOH 3J1eKTPONPOBOAHOCTHIO, MATHHTHO-UMIIYJIbCHOE NPUTSKeHHEe MPOBOJHUKOB C
OTHOHANIPABJIEHHBIMH TOKAMH.

Introduction. The methods of attraction of specified  development of technologies for removing dents and
sections of sheet metals using the energy of pulsed leveling sheet metal surfaces during the restoration of
magnetic fields for wvarious kinds of processing aircraft and care bodies [4].
technologies are becoming increasingly relevant in
various industries [1-3]. Particular attention is paid to the © Yu.V. Batygin, E.A. Chaplygin, S.A. Shinderuk, V.A. Strelnikova
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As practice shows, more than 50 % of damages are
dents in areas with difficult or completely closed reverse
access [4]. In this regard, a very attractive method of
magnetic-pulse attraction of thin-walled sheet metals,
which can be the basis for creating an effective tool for
external straightening of car bodies, is the attraction by
linear tools. The physical essence of this method
consists in the force interaction of unidirectional parallel
currents (Ampere law [10]). The first is the current in
the main current lead of a linear instrument (an analog
of an inductor, in the generally accepted terminology
[1]). The second is the current in the metal being
processed. Both currents are excited by direct serial or
parallel point connection to a power source. The main
conductor is the linear tool firmly fixed. The metal being
processed is deformed by attraction. An obvious
obstacle to the effective excitation of electrodynamic
forces can be induction effects, respectively to which the
current in the main current lead induces a countercurrent
in the sheet workpiece, and the current in its metal
induces a countercurrent in the main current lead of a
linear tool.

In general, the attractiveness of this method is due to
the simplicity of technical implementation and fairly high
energy performance [5, 6]. An analysis of electrodynamic
processes in such a scheme will establish the
requirements, the fulfillment of which will provide not
only ability, but also the effectiveness of the tool of the
proposed principle of action.

In fairness, it should be noted that a similar problem
has already been considered previously by the authors
[7, 8]. However, the direct use of the obtained formulas
and relations obtained in the cited works for practical
calculations is not possible, due to the limited results
found by the conditions for the formulation and solution
of this problem.

The goal of the work is an analysis of the temporal
characteristics of electrodynamic processes in linear
instruments of magnetic-pulse attraction of sheet metals,
the final result of which should be physical and
mathematical dependencies for the excited currents and
forces under conditions of intensive penetration of
electromagnetic fields into the conducting elements of
tools.

Physico-mathematical model, assumptions and
problem definition. For the analysis of electromagnetic
processes in the considered metal processing scheme, we
adopt a calculation model (Fig. 1) corresponding to the
cross section of the studied electromagnetic system with
currents J; and J, [9].
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Fig 1. Calculation models (J; ; — flowing currents)
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The workpiece being processed is a rather thin sheet
metal of thickness d with rather large transverse
dimensions and electrical conductance of the material y.

The main current lead is also «transparent» to the
existing fields, so that its metal does not affect the
flowing electromagnetic processes. There is a geometric
symmetry of the system relative to the ZOX coordinate
plane. Along the abscissa axis OX, the system has a
sufficiently large extent, so that the differentiation
operator 0/0x = 0. In the main current lead in the direction
of the OX axis, an exciting current uniformly distributed
along OY with linear density j(#)=j.j(f) flows, where

Jm= I/2a is the amplitude of the current density (Z,, is the

maximum of the current), and j(¢) is the time dependence
of the current.

The frequency characteristics of the exciting current
are such that the condition of quasistationarity according

to Landau — Z.h<<1 [10],
C

frequency of the process; ¢ is the speed of light in
vacuum; b is the arbitrary characteristic size of the
considered  electromagnetic system. Let an
electromagnetic field with nonzero strength components
E, #0; H,. # 0 be excited in the system. It is required to
estimate the currents and forces in the electromagnetic
system under consideration.

Calculation relations. For further calculations, we
use the analytical expressions obtained by the authors of
[9]. According to the cited publication, on the assumption
that the main current lead and the given section of the
deformed metal are parallel, the excited currents taking
into account induction effects can be described by the
following relationship. Total current in the main lead:

. a
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where
G(,B ,a): {(l —cos B, )+ (&ﬂ -sin f ;
a
D(By,a)=cos B, ~la2 +2a—ﬂ,§J+2ﬂk sin S - [ +1];

O is the Kronecker symbol; f; are the roots of the
equation:

ctgﬂk=0,5-(&—l} Pk =- 1 5 '(ﬂ;?Jraz),

a b Hoyd

k=01, 2..; (dj:l—(t)epkt} is the convolution of
t

functions.

The integral force of attraction, excited by the
interaction of identical unidirectional parallel currents for
the same conductors — the main current lead and the given
section of sheet metal, is written in the form [5]:
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where g4 is the magnetic constant; / is the conductor
length; 4 is the distance between the main current lead
and sheet metal.

We carry out numerical estimates for the following
initial data. Sheet metal — d = 0.001 m, y = 0.4-10" (Q-m) ™"
(steel). The main current lead is made of the same metal and
the same thickness as the object being processed (the
electrodynamic system «steel —steel» is considered). The
geometry of the system is /= 0.06 mm, 2¢ = 0.01 ... 0.06 m,
h = 0.002 m, the working area of the tool is the region
[x(2a). The main current lead and the given section of the
metal being processed are parallel and identical, so that
the currents flowing in the circuit of each of them are the
same.

The parameters of current pulses are determined by
the characteristics of the power source — magnetic pulse
installation MHUYC-2 [2], developed and created at the
Laboratory of Electromagnetic Technologies of Kharkiv
National Automobile and Highway University.

The maximum voltage at the capacitive storage is
U = 2000 V. The maximum operating frequency when
connected directly to the MUYC-2 electrical output is
Jfmax = 7000 Hz (relative attenuation coefficient is d/w =
= 0.3). The operating frequency in the discharge circuit of
the installation is f, = 1000 1500 Hz (relative
attenuation coefficient is d/w = 0.3) when it is connected
through a matching device with a coefficient of energy
transfer to the instrument working area K ~ 4. Magnetic-
pulse installation MUY C-2 allows to operate in 2 modes.
The first mode is the generation of exponentially decaying
(oscillating) current pulses. The second mode is the
generation of current pulses of an aperiodic (unipolar)
time shape. It should be noted that the latter mode is more
preferable for practice, since the operation of thyristor
switches of this installation with unipolar signals is
characterized by a longer term of their operation.

The calculations were carried out using the standard
Wolfram  Mathematica  software  package. The
approximate interval of variation of the integration
variable a € [0; o] 18 determined by the functional
form of the Fourier image of the transverse distribution of
the exciting current. For values a € [0; o, the modulus
of the distribution function must be nonzero. As shown by
numerical estimates for the maximum o < [0; 1]. In the
general case, the calculated dependence f; = fi(a) can be
approximated by the totality of the sequence of linear
functions. Numerical estimates showed that for the
adopted geometry of the main current lead (inductor), the
approximation of Si(a) by the analytical dependence

B.=N2a+k-m, k=0, £1, £2... seems to be quite

satisfactory. The found dependence f; = pfi(a) is
substituted into the integrand expression of the
dependence (1).

The improper integrals and the sums of the series in
them are calculated using the standard NIntegrate and
NSum programs. Summation in rows is performed for
different numbers of higher harmonics. Their number taken
into account is considered sufficient if an increase in the

limiting value of «k» per unit does not lead to a result
different from the previous one by more than 5 ... 10 %.
Correction of the integration interval a €[0; ay,,] 1s made
for the condition a < a,,,,x accepted a priori by comparing
the final results of the calculations. Their discrepancy is
allowed ~ 5 ... 10 %.

The graphs of the characteristic calculated
dependencies are grouped below by the type of current
pulses generated by the magnetic pulse installation.

Graphic illustrations. In accordance with the
capabilities of the power source in terms of generating
current signals of various time shapes, numerical estimates
of the parameters under consideration were performed
initially for oscillating current pulses (Fig. 2-5).

Option No. 1. Operating frequency is f= 7000 Hz, voltage
is U=2000 V, working area: [x(2a) = 0.06 m % 0.06 m.

From the results of calculations for high operating
frequencies (f = 7000 Hz) it follows that in the mode of
oscillating pulses of the exciting current, the maximum
potential of the power source corresponds to a maximum
of the attractive force of ~ 1000 N. The transition to the
unipolar pulse of the exciting current leads to a decrease
in the amplitude of the attractive force by almost
~ 2 times, i.e. up to ~ 500 N.
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Fig. 5. Excited attractive force

From a physical point of view, as the reason for a
decrease in the attractive force with an aperiodic shape of
the exciting current, a decrease in its temporal duration in
comparison with an oscillating and exponentially
decaying harmonic signal can be considered (see Fig. 2,
where ¢ € [0, (4'w)]). This, obviously, leads to a
reduction in the development time of electrodynamic
processes in the processed object. All further calculations
were performed for the unipolar shape of the exciting
current, as more preferable for practice (increase in the
operating life of the thyristor switches of the installation)
(Fig. 6-9).

Option No. 2. Working frequency is f = 1500 Hz,
voltage is U = 2000 V, working area: /x(2a) = 0.06 m x
% 0.06 m.
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Fig. 9. Excited attractive force

From the results of calculations for low operating
frequencies (f= 1500 Hz) it follows that:

e the maximum potential of the power source
corresponds to the maximum of the attractive force
~ 1800 N, which is approximately 2 times higher than the
similar maximum for high frequencies (f = 7000 Hz) of
the exciting current;

e from a physical point of view, as the reason for the
increase in attractive forces with a decrease in working
frequencies, the intensification of the processes of
penetration of excited fields into the workpiece metal and
tool can be considered, which leads to an increase in
magnetic field strengths from the outside of the system
conductors and, accordingly, to an increase in magnetic
pressure forces them from the outside.

Conclusions.

1. The amplitude-temporal dependencies of the
characteristics of electromagnetic processes in linear
instruments of magnetic-pulse attraction of sheet metals
with low electrical conductance at the intense penetration
of the excited magnetic fields into the conductive
elements of the tools and the processed objects are
calculated.

2.1t has been established that the transition to low
operating frequencies of exciting currents can
significantly increase the amplitudes of the attractive
forces of metal (for example, at f = 1.5 kHz, the force
indicators for the steel being processed increase by about
2 times compared with the case when /=7 kHz) .

3.1t is shown that as the physical reason for the
increase in attractive forces with a decrease in working
frequencies, the intensification of the processes of
penetration of the excited fields through the metal of the
tool and the workpiece can be considered, which leads to
an increase in the magnetic pressure forces on the
conductors from the outside.
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