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Abstract- The electromagnetic phenomena in the MHD . de-
vices, linear induction machines and the transportation
of carriers in plasma and semiconductors are subjected
to the convective diffusion equation. To solve the
equation by numerical methods has recently become of a
great importance. The paper presents the FEM analysis
of Tinear induction machines assuming that the field
guantities have reached the steady state.

INTRODUCTION

Convective diffusion equation will appear in the
hydrodynamic, aerodynamic and various fransport
phenomena. For example, in the electrical engineering,
the electromagnetic fields of MHD generators and linear
induction motors (LIMs) are subjected to the equation.
Since it contains the Lagrange derivative or substan-
tial derivative, the finite element method (FEM) has
been hardly app11ed to the analyses of the MHD gener-
ators and LIMs owing to the asymmetric nature of the
stiffness matrix. Some authors [1]-[4] reported the FEM
analyses of the stationary or very low-speed LIM, in
which the significant convective term [5] may not play
a great roll at all but the diffusion term is dominant,
that is, the serious end effect [6] can not exist.
However, no studies on the high-speed LIMs have not
been published yet. In the present paper, we shall in-
troduce the FEM analysis of eddy currents problem sub-
ject to the convective diffusion equation based on the
complex representation of field quantities. Also we
shall show the field calcutations of the low- and high-
speed LIMs with the single-layer winding[6].

CONVECTIVE DIFFUSION EQUATION AND DISCRETIZATION

The convective diffusion eguation, which appears
in the LIM, is expressed in the folliowing form in the
xz-two-dimensional plane as shown in Fig. 1.
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where A, is the magnetic vector potential, v
seconda?& cruising speed, v is the reluctivity, o is
the conductivity, and J, is the external supply-
current density. In equat1on (1), the effect of the
eddy currents due to the gradient of the electrostatic
scalar potential, i.e., -Vé¢, do not appear explicitly
but is approximately taken account of by the conduc-
tivity multiplied by the correction factor[7] im-
plicitly.

Suppose that the transient in time ceases and all

the electromagnetic quantities vary sinusoidally at an
angular frequency ® 1, the time derivative is replaced
with j .wqy, where the j is imaginary unit.
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In the last equation, the variables with the dot denote
the complex quantities.

Assuming that all the quantities vary 11near1y in
the triangular sub-domains, where the basis functions
are the piecewise 1linear approximations, say,
[Nl,N2 ], the vector potential within each element is
expresseg as a linear interpolation of its values at
the three vertices, that is,
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where the subscripts refer to the three vertices, or
nodes, and
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where A , is an area of the triangle and a cyclic per-
mutation of the indices refers to the other vertices.
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Fig. 1. Model for analysis of tubular LIM.
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Fig. 2. Local coordinate system.

Applying Galerkin method to (2), the equation may
be rewritten as

E S §slv [N IV LA Ty [N T IN.JLA]
40 UL INTINILA T j 0 0 INT VA 14 J [N d 2 d 220 (5)
where the subscripts x and z in (5) denote the first

order derivative with respect to x and z respectively.
In the Tast equation, the third term in the in-
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tegrand is due to the significant first order deriva-
tive [5] in (2), which makes the global stiffness
matrix asymmetric. The others are the same as those
derived from the regular Poisson's equation. In the
present paper, we shall treat the convective term and
the transformer term, that is, time derivative one due
to the diffusion. .

Fig. 2 shows the local coordinate system in one
triangular sub-domain, where the origin is set on one
of the three vertices: In this case, the point "3" of
which coordinate 1s,(x3,z3) in the original coordinate
system is selected as & new origin,

The position vector r in the domain, which issues
from the original origin, is expressed as,

/r=x3(?+23iiz+l,S\(@,+l252@2 (6)
where T, %, €, and €, are base in each coordinate sys-
“tem, also €, and €, are expressed as,
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Therefore the r may be rewritten as,
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If we put & 3=1-( £1+¢€ 5), the position r is finally
rewritten as,
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Similarly we can obtain the another expression of
(3) in the sub-domain as,
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Consequently the N; in (3) becomes as follows,
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also
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To evaluate the integrand for the convective and
the transformer terms by the Gaussian 7 points numeri-
cal integration, the required equations with integrated
coefficients for three nodes in each mesh will be writ-
ten as,
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where  £:"s are the seven distinct points in the in-
tegrated interval and WS are weights.

Assembling all the stiffness matrices of all ele-
ments, we can obtain the following global equations in
matrix form.

[$1 [41=[J] (16)
where [8] is the global stiffness.matrix, [A] are un-
known potentials and [J] includes the external supply-
currents. Heve the global stiffness matrix exhibits the
band structure but contains the asymmetric components
such as {15). »

Odamuraf4] used the upwind Galerkin method[5] and
the Crank-Nicolson procedure to introduce the artifi-
cial viscosity coefficient for the sake of the conver-
gence of the oscillatory iterated values, however, the
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merit of his method has not been found in such his very
low-speed LIM. Besides its programming is not so edsy
because of .the introduction of such an artificial coef-
ficient.

The merif of our method is straightforward in view
of assembling the global matrix and the results are
sure to be stable in time. Though the demerit is that
the more memories should be necessary for computations,
such a demerit can be overcome by adopting the asym-
metric band matrices method together with the Gaussian
elimination-one. Also the present FEM procedure is
available on the micro-computer systems with the smal-
ler memories.

FLUX DISTRIBUTIONS OF LOW- AND HiGH—SPEED LIMS

A1l computations were performed on the 16-bits
micro-computer systems (8086 CPU and 8087 NDP) with 640
KB main memories and 1920 KB memory disk. When the
Gaussian elimination procedure can be applied to the
global equations taking account of the asymmetric band
matrices, we can assure the satisfactory high speed and
high precision for calculations in spite of using the
micro-computer systems. -

(1) Low-speed tubular LIM

Fig. 3 shows the flux distributions of the low-
speed tubular LIM (synchronous speed of 39 km/h) with a
ring-winding or single-layer winding[6] at the slips of
1.0, 0.5 and zero. It i5 assumed that the LIM travels
in the composite metallic tube(inner aluminum tube,
outer -iron one) as shown in Fig. 1 and the magnetic
saturation can not occur owing to the larger air gaps,
The number of nodes necessary for computations was 752.

Direction of Motion

== =2 e

X
Entrx_ggg7¢___________i_w~_ﬁ____f____:t::ISYExit End

v
/7

; Ver: ===

Primaries Secondaries

X tem) X 10!

(c) S1ip=0

Fig. 3. Flux distributions of Tow-speed tubular LIM.
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Since the stationary pulsating mmf{6] always ex-
ists in the single-layer winding, each field is per-
turbed considerably and the leakage flux from the backs
and both the ends of the primary cores is observed.

In the yoke portions of the primaries and the back
iron cores of the secondaries, the magnetic flux den-
sity becomes less than 1.0 [T]. Therefore it is Jus-
. tified that the magnetic saturation can not occur.

At the slip of zero, the eddy currents due to the
end effect decay gradually to be carried out downstream
and produce the drag force at the exit end.

(2) High-speed DLIM

Fig. 4 shows the flux distributions of the high-
speed double-sided LIM (for short, DLIM, synchronous
speed of 494.2 km/h) with a single-layer winding at the

slips of 0.5, 0.1 and zero. The number of nodes nec-
essary for computations was 1560. '
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Fig. 4. Flux distributions of high-speed DLIM.

When the LIM has a hollow aluminum secondary con-
ducting plate [8] with 3 mm thickness webs and 10 mm
hole width, at the slip of 0.5, the secondary eddy cur-
rents, of which slip frequency becomes higher(in this
case, 220 Hz), suppress the alternating flux produced
by the stationary pulsating mmf as stated.

On the other hand, at the slips of 0.1 and
zero(synchronism), the serious end effect is brought
about to distort the fields. The leakage flux can be
seen out of the backs and both the ends of the primary
cores. .

The eddy currents due to the end effect wave are
carried away downstream to produce the considerable
drag forces at the exit end zone. Also the end effect
at the lower slip is remarkable in the entry end zone
to prevent -the magnetic field at the zone from
building-up.

CONCLUSIONS

The paper has demonstrated that the FEM of eddy
currents problem subject to the convective diffusion
equation, when the sinusoidal changes in time occur, is
readily applied to the numerical analysis of Tow- and
high-speed LIMs only if the asymmetric band matrices
method is incorporated into Gaussian elimination proce-
dure. Also the method is available on the micro-
computer systems with the smaller main memories.
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