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Field and Temperature Calculations in Transverse Flux Inductive
Heating Devices heating non-paramagnetic Materials using Surface
Impedance Formulations for non-linear Eddy-current Problems

W. Mai and G. Henneberger
RWTH Aachen, Institut fiir Elektrische Maschinen
SchinkelstraBie 4, 52062 Aachen, Germany

Abstract—This paper presents the calculation of
both the field and temperature distribution in thin
moving non-paramagnetic sheets in transverse flux
inductive heating devices (TFIH). The surface im-
pedance formulation for non-linear materials is ex-
tended to this thin plate problem. The tempera-
ture distribution is obtained by solving Fourier’s ther-
mal conduction equation. In this non-linear coupled
electromagneto-thermal problem the temperature de-
pendencies of the B/H curve, the conductivity and the
thermal conductivity are fully considered.

Index terms—Induction heating, Finite element
methods, Nonlinear estimation

I. INTRODUCTION

In transverse flux heaters the magnetic field of sym-
metrically placed coils on both sides of a thin moving
conducting sheet induces eddy-currents in it, which heat
up the material continuously. Compared to longitudinal
heaters a much lower frequency can be used resulting in
a higher electrical efficiency, which is why transverse flux
heaters are given priority in heating thin strips.

The numerical calculations of the TFIH using the finite
element method in three dimensions face the problem that
the sheet is of relatively small thickness compared to the
size of the remaining parts, e.g. the coils and the air gap,
which requires a large amount of elements.

Coil

Fig. 1. The principle of the transverse flux heating

Several authors have presented the use of the surface
impedance formulation for linear materials to reduce the
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size of the electro-magnetic problem [1]-[3]. This imped-
ance replaces the 3d body of the conducting sheet by a
2d boundary condition and, therefore, reduces computa-
tional costs.

Methods for saturated non-paramagnetic materials are
combined with the T' — Q method in [4] using the limit
theory of [5], assuming the magnetic field on the surface
is sinusoidal. Another formulation can be obtained if the
electric field is assumed to be mostly sinusoidal [6].

The combination of both the linear and non-linear sur-
face impedance has recently been used to calculate the
losses in transformers [7], where the penetration depth
8,1 for non-linear materials is assumed to be smaller than
the thickness of the replaced bodies, i.e. the tank wall.

In the TFIH device considered in this paper, é,; can
be greater than the half-thickness of the conductor and
the surface impedance formulation has to be modified.
This paper extends the surface impedance for the case
based on [5] and applies it to the problem. The method is
compared to transient non-linear solutions of a test model
using ANSYS showing the accuracy of the formulation.

The losses in the sheet are obtained using Poynting vec-
tors. Fourier’s thermal conduction equation leads to the
temperature distribution using an upwind scheme. The
temperature dependencies of the B/H curve, the conduc-
tivity and the thermal conductivity are fully considered.

II. THE SURFACE IMPEDANCE FORMULATIONS
The surface impedance is defined as ratio of the tan-
gential electric field E to the magnetic field H

E

Z, == 1

=8 .ﬂt ( )

with E% =H,, and E,, = E,, shown in Fig. 2. Consid-
ering curl B, = — jwB,, leads to

curl(Z, (7 x Hy)) = —jwpoH, 2)

Fig. 2. The surface of the thin sheet
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Fig. 3. Assumed non-linear B/H curve along with a linear and
rectangular approximation

To solve the electromagnetic field problem of the TFIH
‘device the T — Q method is applied with

gradg:g:ﬁn"‘ﬁt . 3
The term
curl(Qi) = Qeurl i@ + gradQ x t = —7i x grad@  (4)

leads to the boundary condition for the scalar potential £
replacing the body of the sheet!:

curl(Z,(curl(Q7)) = jwpo((grad Q)A)it (5)

The losses w i£1 the thin sheet are obained with the
Poynting vector S

S=ExH (6)

1 * 1 2 1 — 2
§=§Et_lit=§Zalﬁ—t|v=§zs‘nXgradﬂl ()
w= -;—eR,e{Z_s} |7 x grad Q| (8)

The surface impedance Z, for non-linear materials, e.g.
Fig. 3, is derived by combining the surface impedance for a
linear and a rectangular approximation of the B/H curve.

A. Linear materials

In the case of linear materials the calculation of Z, for
thin sheets is known as
145 1
=™ 50 tanhye

9)

where o is the conductivity and 2e is the thickness of the
sheet. With p as the permeability and w as the angular
frequency, the penetration depth &; and v are

(10)

S

lusing: A xgradQ =R x H, +7x H, = x H, and

gradQ =
A, +7f, = H,
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B. Rectangular B/H curve

On the surface of the sheet the magnetic field H,(t)
and the electric field E,,(¢) are related by the depth ((¢)
of a moving separating surface, where the eddy-currents
are zero beyond [5]:

Hyo(t)
)

In transverse flux inductive heating devices the magnetic
field is mostly perpendicular to the surface of the sheet
because of the geometry and the high permeability.

The following discussion distinguishes between a pen-
etration depth which is smaller than half of the sheet’s
thickness, and one which is larger.

If the penetration depth is smaller than half of the
sheet’s thickness then the electric field can be assumed
to be mostly sinusoidal, leading to [6]:

d¢

o0 Egy(t). (11)

2B, = Eyu(t) = E,sinwt (12)
E& 123 .2 wt
= — = —). (13
= ((t) 0B, (1 — coswt) OB, (sin 7 (13)
The maximum penetration depth follows:
E,
= . 14
énl 40133 ( )

Because (6) leads to S(t) = Esy(t)Hs.(t), only the fun-
damental component of Hy,(t), namely H; (%), is of inter-
est and can be obtained by Fourier analysis:

2 4
Hy(t) = ;wEst (sinwt =3 coswt) . (15)
The amplitude of H;(t) follows:
. oE? 16
=241+ — 16
H 2wB; 972 (16)
what leads finally to the boundary impedance:
2wBj 1 i23°
oy = \| —5— ——— el 17
Lsnl 0111 R qﬁ;—;%; ( )
and the penetration depth depending on H;:
2A 1
bt = || i (18)
*Yltoe

If the penetration depth is larger than half of the sheet’s
thickness, i.e. e, the two waves moving inward from the
outside faces meet at the center before the end of the
half-period leading to:

5511(1 — coswt)

() = ) 0<t<ty

(19)

e <t 3
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Where tp is the time when the separating surface reaches
the middle of the plate t, = L arccos(1 — 6

Further investigations revealed that H,, (t) follows al-
most the same curve as in the preceding passage

H,
V14 3%
Using (11) and (19) the electrical field on the surface of
the sheet is expressed as:

Hg (1) = sinwt(1 — coswt). (20)

2H,

§n10\/1+9—lﬂ§;
H

sinwt 10 <ty

Egy (t) =

T
—=L__ sinwt(1—coswt) 1tg <t < 3
ecy/1+ b%%

(21)

Fig. 4 plots E;,(t) and H,.(t). The fundamental com-
ponents are Ey, and E;. with K = (’\/“’——IH—JF—QJI’? given by:

Els—f/ E,,(t) sinwt dt
0

2 to Z
HI [ fsm wt dt+& fsm wt(1—cos wt) dt]

0"/1+§17r—6§ to

wto—-sin wtg cos wig + 3(m+sin wig cos wtg—wto)+2sin’ wio
nl T 3dm

X Ml

—

N~

Eio== / sy () coswt dt
0

el

to

to g
K[ fsm wtcos wt dt+d f sin wt cos wt(1~cos wt) dt:l

sinwty 5 — 3cos? wtg + 2 cos® wig
=K - 22
[ 5nl7r 3d7t‘ ] ( )
The absolute value and the angle of Z,,,; are:
VEL +E} E
Zem =L ¢ and =23 +arctan =< (23)
H1 1s

0s
Time /T

Fig. 4. The prediction of the electric and magnetic field on the
surface for the rectangular B/H curve

To obtain the value for the surface impedance Z,,; the
maximum penetration depth &,; has to be calculated first

from (18). If 4, is smaller than the half-thickness of the
sheet then Z,,; is calculated from (17). Otherwise, (23)
is used.

~C. Combining the linear and rectangular B/H curve

Equation (9) for the linear approximation and either
(17) or (23) for the rectangular approximation of the
B/H curve are combined in order to obtain the total sur-
face impedance Z, according to [7], [8] as

Z,=f(H)Zy+ Q= f(H))Z gt -

_The factor f(H,) reflects the linearity of the B/H curve.
In the case of a linear B/H curve Z,; should be used, i.e.
f(Hy) = 1, whereas in the case of the rectangular curve
Z,,, is the best approximation, i.e. f(H;) = 0. In order
to cover the intermediate states this paper uses a smooth
transition between both cases given as:

(24)

H,
{ B(h)dh
AN _ 0
h1=a(i- )

for every finite element.

(25)

ITI. RESULTS

The proposed shape of the function of both the elec-
tric and magnetic field on the surface is verified with
transient non-linear electromagnetic calculations using
ANSYS, taking Fig. 3 into account. A two dimensional
model represents a cross section of the TFIH device.

Fig. 5 shows the shape of both the electric and magnetic
field at two positions of the surface. At position 1 the field
does not reach the middle of the sheet, i.e. E; is almost
sinusoidal. At position 2 the field strength is larger than
at position 1. Therefore, the depth of penetration is larger
than the half-thickness and the fields follow the proposed
curve of Fig. 4.

Fig. 6 shows the surface impedance Z and Z,,,; for the
linear and rectangular approximation obtained from the
transient ANSYS calculations for different field strengths.
The comparison of the estimated total impedance Z, (24)
and the real value Z,.,; reveals a very good agreement.

000 15 25
oo ! .. H 10000 ] 2 20
300 o 10 15

2w o5 e & W 107

~ 1000 2 05 2

& SF s S

- ° 00 "r_“ o o0 W

& 1000 3 s 3

- o5 - W =
£ o &0 10 @
3000 10 s
“00f * 10000 20
-5000 1.5 2.5

00 01 a2 03 94 as 08 07 o8 0F 10

00 01 02 03 04 os 05 07 08 09 10
Time t/T t/T

Fig. 5. Electric and magnetic field on the surface calculated with
ANSYS for two field strengths
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Fig. 6. Comparison of the surface impedance values -

The boundary impedance formulations are included

into the finite element formulations for the TFIH device.
They describe the non-linear coupled problem, which con-
sists of field and temperature calculations [9]. The flow
of calculation is shown in Fig. 8. First the field problem
is solved with the 7' — © method. The dependency of Z,
from € is considered in the first loop according to Fig. 8
and Fig. 7. Then the losses of the eddy-currents W are
obtained. The temperature field is solved in a two dimen-
sional mesh with respect to the temperature dependency
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Fig. 7. The B/H curve as a function of the temperature

Fig. 8. The flow of calculation in this non-linear coupled problem
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Fig. 9. The temperature distribution of the test TFIH device

of the thermal conductivity A. The entire process is solved
iteratively with respect to the temperature dependency of
the conductivity 0. The resulting temperature distribu-
tion is shown for a test device in Fig. 9. It contains three
parallel pairs of coils.

IV. CONCLUSIONS

This paper presents an extension of the surface im-
pedance formulation for non-linear eddy-current problems
and applies it to the temperature calculations of a trans-
verse flux induction heating device. The numerical ap-
proximations of the surface impedance compared to tran-
sient field calculations reveal a good agreement.
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