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Abstract: The mathematical model of an
accelerator’s magnetic field, which takes into account its
symmetry, the nonlinearity of an armature characteristic
B(H), and eddy currents, has been investigated. The
model has been developed on the basis of the finite
elements method. The armature that moves under the
applied Ampere’s force has been represented as a
movable distribution of magnetic permeance.
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1. Introduction

Electromagnetic accelerators have been widely
researched by scientists in recent years, as being used for
military and space aims. Many authors of the research
use the method of finite elements for calculating the
magnetic field of a solenoid coil with a ferromagnetic
armature inside [1] — [4]. The force applied to this
armature is calculated on the basis of the power
description of the magnetic field. The authors use the
method of moving boundaries or the hybrid finite-
element/boundary-element method (FE-BE) for the
solution of this task taking into account the dynamics of
the ferromagnetic armature’s motion. The mathematical
model of the accelerator must take into account the
nonlinearity of environment, eddy currents, and change
in the distribution of magnetic permeability of
environment during the ferromagnetic core movement.
Among the models of ferromagnetic mass accelerators
the article by G. William Slade [5] can be distinguished.
One of the flaws of this model is the representation of
the ferromagnetic core in the form of a separate domain.
Therefore, it is necessary to generate a new FEM mesh
during the core movement taking into account a new
core position.

2. Mathematical formulation of the task

The research object comprises the following main
components: a pulse voltage source, a stationary
inductance coil generating a magnetic field, and a
movable ferromagnetic core (Fig.1). The magnetic field
of the coil has an axial symmetry and, therefore, the
mathematical model of the accelerator is two-
dimensional in the cylindrical coordinate system. This
model takes into account the effect of the core

movement, the nonlinearity of its characteristics B(H),
and eddy currents in the magnetic core material.
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Fig. 1. lllustration of axial symmetry of the accelerator

As the ferromagnetic core moves, for the
optimization of the numeral task solution, it is not
modeled as a separate domain, but appears as one
domain including the core and the environment around
the coil windings. This domain is heterogeneous in
relation to magnetic permeance and electric
conductivity. These heterogeneities, changeable during
the core motion, are represented as movable distributions
of magnetic permeance and electric conductivity, that is
interpolated on a fixed mesh (Fig.2). The research area is
divided into two domains: R1- the core and
environment, and R2 - the coil windings.

The distributions of magnetic permeance and
specific electric conductivity in the domain R1 are
described by the expressions correspondingly:

fy =L+ g1 * eXp(—k, * (@bS(r — 1)) (wr/2)) *
(abs(r —1,) — (wr/2))) *exp(~k * (abs(z ~ 2,) ; (1)
Y(wz/2)) % (abs(z - 2) - (wz/2))

Ve =7 *exp(-k; * (abs(r —r,))(wr/2)) *

(abs(r —ry) — (wr/2))) *exp(—k * (abs(z - z,) (2)

Y(wz/2)) * (abs(z - z,) — (Wz/2)))
where pra is the magnetic permeability of the core
material; yr is the specific electric conductivity of the
core material; k,, k. are coefficients; ry, z, are the

coordinates of the centre of the ferromagnetic core; wr,
wz are the radius and the length of the armature (core).
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Fig. 2. Distribution of magnetic permeability in R1

The magnetic permeability of the core material p,
has been approximated by a polynomial of degree n=5
on the basis of the nonlinear characteristic
B=oa™*arctg(BH) + AH

Hry=a*B°+b*B*+c*B% + @)
+d*B?+e*B+ f ’
where =1,05536 ; $=0,008687; 1=9,1977*10°; a, b, c,
d, e, f are the coefficients of the approximating
polynomial.

In R1 domain, where the core moves, the magnetic
field is described by the following equation

;/aEA+V><(y_1V><A)+;/(—V xVxA +Vp)=0 (4)

where: A is the magnetic vector potential, ¢ is the electric
potential, vy is the specific electric conductivity, u is the
magnetic permeability, v is the ferromagnetic core velocity.
In R2 domain (coil windings) the magnetic field
equation has the form
Vx(y_1VxA)=lLe¢; (5)
w(%=%)
the electric field is described by the equation
v 2ot Ve) +V(WVe-37)=0 (6)
ot
where: w is the number of winding turns of the coil, i is

the coil current, I, (re-r;) is the area of the coil cut (Fig.1),
g, Is the azimuthal unit vector in circular cylindrical

wi .
———e_ is the vector of current
Iw (re - rl) ?
density in the windings.

The electric circuit composed of a voltage source
and the coil is described by the second law of Kirchhoff

coordinates;

Y L Ri—u=[dl +Ri-u=0 (7)
ot | ot

where: y is the linkage, @ = [ Adl is the magnetic flux,
|

R is the coil’s electric resistance, i is the coil current, u
is the voltage of the pulsed source.

The boundary magnetic condition on the external
boundary of the environment is

nxA =0 (8)

The boundary magnetic conditions on the interior
boundary is

nX(Hl_Hz):O (9)

The Lorentz force accelerates the ferromagnetic core
in the magnetic field. The core movement is described
by the differential equation

d?z
m dt2° =F, (10)
where: m is the core mass, z; is the coordinate of the
moving core, F, is the z-component of the Lorentz force.
The Lorentz force is calculated by the expression

F=[(JxB)dv (11)

where: J is the vector of current density in the core, B
is the vector of magnetic induction in the core, V is the
core volume.

Fig. 3. The research area with an applied FEM mesh

3. Results of transient processes modelling

The set of equations describing the electromagnetic
field, the electrical circuit, the and ferromagnetic core
movement has been solved by the method of finite
elements using the computer program Comsol FEMLAB.
One irregular FEM mesh has been imposed on research
domains R1 and R2 using elements of Lagrange
quadratic type (Fig.3).

The backward differentiation formula method has
been applied in the time domain.

The approbation of the model has been
accomplished for the electromagnetic accelerator with
such parameters
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Table 1
Accelerator parameters
Dimension | Value Unit
U 100 \%
N 400 windings
R 0,6 Om
M 0,3 kg
Iy 0,08 m
I 0,08 m
Ie 0,01 m
ri 0,005 m

Fig. 4. The coordinate of the ferromagnetic

core during its movement

Fig. 5. The magnetic armature speed

Fig. 6. The coil current of the electromagnetic accelerator

The voltage impulse with the amplitude of U=100 V
and the duration of t;,,=0,0022sec has been applied to the
electromagnetic accelerator. The calculation results are
shown in form of time diagrams for the core coordinate
z0(t) (Fig.4), the core movement speed v=d(z0)/dt
(Fig.5), and the coil current i(t) (Fig.6).

4. Conclusions

The developed mathematical model of an accelerator
adequately describes electromagnetic processes in it. It is
possible to research and optimize the parameters of
devices of such types with the help of this model.
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JABOBUMIPHA MO/IEJIb
EJEKTPOMAT'HITHOI'O
INPUCKOPOIOBAYA

O. I'amoma, M. I'amomna

PO3rissHyTO MaTeMaTHYHy MOJENIb MAarHiTHOrO IOJIs
NPUCKOPIOBaYa, II0 BPaxOBYE HOro CHMETpil0, HETiHiHICTh
xapakrepuctiukn B(H) apmarypu, Buxposi crpymu. Moneisb
CTBOpEHO Ha 0a3i METOLy CKiHUCHHHX CJIEMEHTIB. ApMarypy,
[0 PyXaeTbCs MiA Ii€r0 CHid AMIepa, 3MOICIbOBAHO SK
PYXOMHI pO3MIO/ALT MATHITHOT TPOHUKHOCTI.
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