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ABSTRACT

This paper presents the 3-dimensinal finite element analysisto ac
clectromagnetic machines with nonlinear magnectic characteristics in a steady
statc. The method enables us to calculate the time-periodic (non-sinusoidal)
charactcristics in harmonic domain. Unlike the field calculations in time
domain, we can obtain only the steady-state solution directly. The analyses of
the inductor with shading coil and the model of flux-concentration typc
clcctromagnctic pump are presented.

INTRODUCTION

There arc difficultics in the numerical calculation of the time-periodic electromagnetic ficld
problems including nonlinecar phenomena, for instant saturation with hysteresis and eddy
currents. When the magnetic field analysis 1s applied to the time-periodic performance of ac
electromagnetic devices, the procedure of the calculation includes both the space and time
variation of magunetic field variables [1].

To calculate the non-sinusoidal stcady-state performance directly, we have proposed the
finite element method which is combined with the well-known harmonic balance method [2],

[3]. We call the method 'Harmonic Balance FEM (HBFEM)'. The HBFEM for time-periodic
dynamic problems has the calculation procedure ike the nonlinear static analysis. The authors
made the formulation for 3-D HBFEM and analyzed some electromagnetic devices.

3-D FORMULATION FOR HARMONIC BALANCE FEM

We consider the time-periodic dynamic eddy-current problems with nonlinear properties.
When the 4-¢ method 1s employed, the time-periodic variables A(x,y,z,t) and §(x,y,z,t) on the
bounded interval t=[0, 2mw/w] may be given as

A (t) =As sinwt + As coswt (1) ¢ (t)=s sinwt + ¢ cosmwt (2)

where o is the fundamental angular frequency and n is harmonic order. We may express the
same variables as

+ o0 _ too .
A (z,y,z,t) = >, A, (3) ¢ ) = D, ¢, ™ (4
n=—oo{odd) n=—oo(odd)

where A _is A n*(mnjugatc of Ay) [4]. The cocfficients in Egs.(1) —(4) satisfy the following
relations;

Re(4) = Re(4d ™) = -é—AC, Im(4) = - Im(4 ") = -JZ—AS 5)
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As the magnetic field strength H is the function of B, the magnetic reluctivity v (t) 1s defined in
Fourier expansion as

o H(t) = st
B0 T L™ (©

where n is an even integer including zero.
We employ the governing equations expressed by

rot {v (rot A)} =Jg+o ( 33:1 grad qb) (7)
divJ, = —div {::r (864;1 l gradq‘ﬁ)} =1 (8)

The formulation is made by use of the Galerkin method and the prism element with 6 nodes 1s
uscd. After some formulation processes, we obtain the system equation for one prism element

DS, +D®S,, +owN®S “D®S,.
-D®S;, DS, +D®S,, +owN®S5 =
-D®SL ~-D®S;,
i owN @ 8T Ju}N@SI
1( ( ] ®)
—D®S,, d1®S, | {A:) {K:}
* -D ®S,, o185, J A} ) G
D®S.:+D®S,, +owN®S o1®S, {A:} {K:)
cwN @ ST a(I@SH—}*I@SW-I-I@SH)_ Ih {¢} L {0} J

where  is the Toeplitz operator. The column vectors {4, } and{¢} are the harmonic
components of vector and scalar potentials as follows

{A:} = { Ai,—a A::,—l A}:.l Ai,a o AE,_a AE—,—l AE,I Ag,a }T (10)

{o} = { -+ oLy oLy é1 ¢35 -0 o g%y g8, 48 ¢S ... )T (11)

The matrices Syy, Syy, Sy, S and others are defined only by the shape of a prism element. The

matrices D and N have the key points of HBFEM dcnoting the magnetic nonlinear
characteristics and the time derivative respectively and are given by

+ Vg V_p V_4 V_g V_g V_ip --- oo =55 0
S g Voo V 4 Vg V_g +*+-- . —3J
by Vg Vo Vg Vg

Cw ow v ow v v | (12) Tl ; | (13)

Y g Va i Yo _a +- . Ej

-
Z

- Vip Vg Ly Iy 4 Vg - O 5f -

The system cquation for the cntire region is obtained by the same procedure as the
conventional FEM. Each harmonic component is connected with other harmonic ones becausc
of the nonlincarity. If the relations arc rclatively weak, it is possible to scparate the system
equations for each harmonic component. Hence the system cquation for the fundamental
component is given by

[H 1) { A}

[l

~ > [Hul{A)) ! +{G1) (14)

§=3,5,...h
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where the first term at the right-hand side is the cffect of higher harmonic components. The
cquation for h-order harmonics 1s

j#h
Hml{A} == 57 [Hi}{(4;} + (G} (15)
F=13,..
It is note that the size of the matrix [Hyy,| is the same in the static FEM even if the iteration
procedure is nceded.

ANALYSES OF EDDY-CURRENT PROBLEMS

The HBFEM is applied to a reactor with saturated core and shading coil as shown in
Fig.1. The volume for calculation is one fourth of the whole region as indicated in Fig.1. The
magnetic characteristics are shown in Fig.2. When the sinusoidal exciting current density with

6*10°A/m? is applied, the components of magnetic density up to 5-order are shown in Fig.3.
The harmonic components generated can be indicated separately in the HBFEM analysis.
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Fig.1 Saturated reactor with shading coil Fig.2 Magnetizing curve
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(a) Equipotential lines B

Fundamental Comp. Third harmonics ~ Fifth harmonics

(b) Flux density vectors
Fig.3 Flux distribution

The device shown in Fig.4 is the unit model of the flux-concentration type electromagnetic
pump we have developed [5]. The device employs the positive nature of cddy current
magnetic shielding. The key element of the device is the copper plate with an air slit The eddy
currents in the conducting plate suppress the leakage flux between yokes.and the flux forces to

concentrate 1nto the center core. Figure 5 shows the flux distribution of the fundamental
componcnts.

(Fundamental comp.)
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for each harmonic component and the iteration method can B Rttty
suppress the incrcasc of the matrix sizc.

Fig.5 Flux density vectors
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