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Eddy Currents Computation in Translational M otion Conductive
Plate of an Induction Heater with Consideration offinite Length
Extremity Effects

M. Messadi, L. Hadjout, Y.Ouazif', H.Bensaidane T. Lubirf, S. Mezarfi A. Rezzoudand N. Takorabét

'LSEl-Université des Sciences et Technologie HoBatimediene, BP N°32, 16111, Alger, Algérie
2 GREEN-Université de Lorraine, Faculté des Sciert&sechnologies, BP 239, 54506, Vandceuvre-lés-ydfrance

An electromagnetic model is proposed to compute treslational motion eddy current in a conductive pla¢. The eddy currents are
due to the movement of the plate in a dc magnetigefd created by a PM inductor. Firstly, the magnett field due to the PMs is
computed in 3D where the iron yokes influence is osidered thanks to the method of images. Then, theotional eddy currents are
computed such that the edge effects are correctlaken into account through an iterative procedure with uses magnetic images. The
computations are very fast and the obtained resultare close to those issued from 3D FE method andin experiments.

Index Terms—eddy currents, induction heating device, method afmages, linear motion.

magnets (PM) inductors with quasi Halbach magnttiza
arrangement. A non-magnetic conducting plate (wueke),
NDUCTION heating is increasingly used in variousvhich must be heated, is placed between theserductors

industrial applications such as heat treatment #mel and is subjected to a linear oscillatory motion.eTh
assembly process. The well-known principle is basedhe geometrical parameters of the studied device avengin

fact that any stationary conductor placed in a aldeé Table. .

magnetic field is flowed by eddy currents creatidgule Ya

\ 1

\ !

1

1

I. INTRODUCTION

losses. Another induction heating process is to move th
conductive plate in a static magnetic figld, [2], [3].

This paper proposes an exact 3D electromagnetieirod
compute heating power in the conducting plate afozel :
translational motion heating device [1]. —

Two-dimensional models are widely used for the. .
computation of induction heaters with rotating dd#l [2], [3]. Fig.1. Geometry of the studied device.
However, such models are not suitable for the stlidieater
which exhibits strong edge effects. 3D models drent o ) o
required [4], [5]. The finite element method is theeferred ~ Considering that the iron yokes have an infinite
tool of analysis in 3D [6], [7]. Unfortunately, ti@PU time is Permeability, we can use the images theory. Theuation of
very important. the heating power in the conducting plate is cdrigeit in

In [1], we have developed a 2D analytical model téhree steps: . .
compute the heating power in the studied deviceortfer to - Calculate the magnetic flux density created by o PM
consider the edge effects, a correction factordeas used. inductors using images method; _

The present paper proposes an exact 3D electromiagne Calculatg the eddy currents for an infinite cormhg plate;
model based on magnetic images theory. ComparedDto - pse the images method to consider the finite dsiwns of
FEM, our model gives very close results. Furtheenanis this plate.
model leads to important savings in the computatiioe. A. Magnetic flux density

The studied device, Fig. 1, is composed of two perent

Il. COMPUTATION METHOD

In the first stage, we calculate the magnetic figldduced
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Fig.2 Amperian model of Permanent Magnet

Superposition method is then used to determineotrezall
solution.

Normal(y) magnetization Tangential (x) magnetization

To take into account the boundary conditions at theg.3. Principle of the images method.

interfaces between the air and the ferromagnetlegothe
images method is used. Starting from the solutivargby (2)
to compute the magnetic field in air, an iteratpw®cedure
allows the consideration of the ferromagnetic yokesshown
in Fig.3, the principle consists of replacing thHéeets of a
ferromagnetic plane by equivalent magnets behirdpilane
(called images); the total magnetic field is théstained by
the superposition of the fields due to the souregmet and its
images. This procedure is used in an iterative twagompute
the magnetic field due to all PM’s images [8], [[0].

For the studied device, the use of the above proeeltads,
for each PM block, to the flux density componemitgree air
given by (3) and (4) respectively for magnet witbrmal(y

component) magnetization and for magnet with tatig€r

component) magnetization.
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Where for a poinP having the coordinateg(, Ym, zn):
X=(p—(D'a); Y =(m— (1 -)h);
Z=(zm— (-1 b); R=VX?+Y? + 22
a, b andh is the magnet dimensions as shown in Fig.1.
The air gap flux density produced by all the madnetks of
the studied device of Fig. 1 is then:
Nr-1 , «

B Gl Yo Zm) = Z (Z B (i, Y £ Hn.zm)>
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with X,,, = x,,, + 2i(a + ;) for PM with normal(y component)
magnetization andX,, = x,, + (2i + 1)(a +¢,) for PM with
tangential X component) magnetizatiog, is the distance
between two magnet (Fig.1).

We can distinguish four sets of PM’s images. Thnaights
are:

-n+3 -n+1
Hn=( 2 >h+( 2 )e n=4k+1 k =0:00
—n+2
H, = (h+e) n=4k+2 k=0:0
fory<ym,and
n—1 n+1
an( )h+< )e n=4k+3 k=0:0
2 2
n
anz(h+e) n=4k+4 k=0:0

fory > y,,, where:
N, and N; are the total number of PM’s with normal and

tangential magnetization, respectiv@n is the flux density

due to normally magnetized PMB¢,, is the flux density due
to tangentially magnetized PM#y and H, represent the
number and the height of the PM image, respectively

B. Eddy current expressionsin the conductive plate

To obtain a homogeneous distribution of the tenpeean
the plate, its velocity should be low (typically &&h Hence,
the reaction field due to the induced currentshim plate can
be neglected. The eddy currents in the conductiatg pare
then computed using:

curl([_j = —a% (6)
wherego is the electric conductivity of the plate.
2z = _y(t)o Zom
ay]x oo ()
= V(o

Wherer(t) is the velocity of the conducting plate.

From (7), the induced current density componentsha
conductive plate, due to one block PM placed inagér given
by (8) and (9) for PM with normal (y component)
magnetization and PM with tangentialx (component)
magnetization respectively.



TABLE |

GEOMETRICPARAMETERS OF THE INDUCTION HEATER
Symbol Designation Value
A Conducting plate thickness 15 mm
Xo Conducting plate length 200mm
Z, Conducting plate width 50 mm
e Air-gap thickness 3mm
h Permanent magnet thickness 10 mm
a Permanent magnet width 20 mm
b Permanent magnet length 50 mm
(M Distance between two magnets 2mm
Ve Iron yoke thickness 20 mm
Lc Iron yoke length 400 mm
Z: Iron yoke width 60 mm
V(1) Oscillatory linear velocity variable
Vimax Velocity peak value variable
B, Remanent flux density of PM 1.21T
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In (8) and (9)X isgivenby X = (xn, — (—1)'a) + x,(t), where
x, (t) is the plate position versus inductors frame. It igveel
from:
dx,(t
C’l’t( ' v

For the actual device, the conducting plate hastefin
dimensions, so the normal components of the eddseru
densities vanish on its lateral faces. To satisgsé boundary
conditions with the concept of images method [3J1][ an
infinite number of images can be introduced outsideplate
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Fig.4.The current densities involved for one lagkimages

The results of our model have been compared to FE
simulations as well as to some measured data. 3teit of
the studied induction heater is shown in Fig.5.

The normal and tangential air gap flux densitiesritiution
in the middle of the air-gapy/(= y; + e/2), are presented in
Fig.6. and Fig.7. The considered device has 6-paled
produces a 0.6T peak value for the y-componertefir gap
flux density. The comparison with FE and experirakrgsults
is given in Fig.7.a and Fig.7.b. These figures gikie y-
component of the flux density in the x-y plane g@ldhe x-
direction and z-direction, respectively. It candsen that the
flux density waveforms predicted by the proposedrddel
are very close to the FE predictions and to thegrgents.
Note that the number of images is theoreticallyinite.
However, only 10 iterations are needed to convevgestable
solution.

The computations of the eddy currents are perforfoed
the aluminum conducting plate of dimensiogs0.24m,Z,=
0.05m. The plate is subjected to an alternatingglirmotion in
thex direction with a velocity peak valug, ¥ 0.5m/s

To show the importance of considering the edgectsffeve

RESULTS

(x and z directions) (Fig.4). Thus, the actual eddy currerft@ve computed the current density distribution&orinfinite

density produced in a point of the plate is theesppsition of
the source eddy current density (infinite platejl dine eddy
current densities of the images. The resulting eddyent
density /..., is then written as:

E: z z (—1)"'mf(xm+nX ,ym,zm+mZp)

n=—ocom=-—w

©

(10)

plate length (computed without images current) &rdthe
actual finite length plate (computed with imagesrent). To
compare the obtained results to the 3D FE predistidghe
current density waveforms are plotted along theand z
directions in thex — z plane at y=0. As it can be seen from
Fig.8.a and Fig.8.b, neglecting the edge effeceddeto
incorrect results. Indeed, for thg domponent (Fig.8.a), the
peak value is about 3.5A/mmz2 (our model without ges)

n andm are the numbers of eddy current images along<thewhile accounting for the finite length results ipeak value of

and y directions. The heating poweft)dissipated by Joule
effect in the conducting plate is computed by titegration of
the power density in the volume of the plate:

Xp/2 (Zp/2 (Yp/2

P(t) = ~xp/23-2p/2 -y, 2

(242) dxdzdy (11)

Xp Yp and Z, are the plate dimensions (Fig.1).

about 6 A/mm?2 (our model with images and 3D FE). ke J
component (Fig.8.b), the peak values are aboutATnam?2
(our model without images) and 5.5 A/mm?2 (our modéh
images and 3D FE), respectively. Furthermore, tftupgsed
model with images gives very similar results conegato the
3D FE analyses.

Notice that to reach a stable solution, only 4 iegaM thez
direction and two images along thélirection are required.



Regarding the heating power, we have compared the
measured values to the computed ones which hava bee

obtained with the different methods in use (3D &, method
with and without images).

The results are shown in Fig.9 for several peakais/
values. Again, it can be seen that neglecting ithigeflength
effects leads to an over estimation of the heagtimger (about
60% difference compared to the measured valuards) Our
model (with images) gives very close results coragdo the
3D FE predictions and to the measurements (less &
difference).The computation time (for a given valoiethe
velocity) is 196s for the 3D FEM (work station 48Gb»
processors, 16core), whereas the computing time tler
proposed method is about 50s on a desktop PC(2@&,core
duo).
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Fig.5. Induction heater prototype, measurementgiatal acquisition
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IV. CONCLUSION

A 3-Delectromagnetic model based on the theoryrages is
developed for calculating the static magnetic figistribution
produced by a permanent magnet (PM) inductor ard th
resulting translational motion eddy currents inamnductive
plate.

The results show the effectiveness of the modekoperly
account for finite length effects. Indeed, the oi#d results
are very close to those obtained from 3-D FEM and
experiments with the benefit of important reductionthe
computation time. This is of great importance inyan
parametric or optimization study where quick anexifle
models are needed.
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