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APPLICATION OF THE FINITE ELEMENT METHOD T0 THE DESIGN OF PERMANENT MAGNETS

T. Nakata and N, Tékahashi

ABSTRACT

A new method of determining the lengths of magnets
in a magnetic circuit by wusing the finite element
method has been developed. This method has the
advantage that the lengths of magnets which produce the

prescribed flux distribution can  be directly
calculated. . . . ’ :
In this paper, the error of this method 1is

discussed . at first,and then an example of application
determining the shape of a magnet is shown. This method
is effective for the design of magnetic circuits
consisting . of several permanent magnets and the
determination of the shapes of magnets. '

1. INTRODUCTION

If the flux' dénsities at several p01nts in a
magnetic. field produced by magnets are prescribed and
the lergths. of magnets which produce such a’ flux
distribution are unknown, many iterative modifications

of assumed. lengths of magnets are necessary in order to
determine the lengths of magnets by wusing the usuzl
finite element analysis,

) A new .wethod which is called the “finite element
method with shape modification’ [1] has beer developed
in = order "to solve the above-mentioned prooicas.
Hlowever, the assumptions of this metkod lead . to sowe
errors, Then, the error is examined., The applicability
of this newly -developed method of determining the
lengths of magnets with complicated shapes is also
investigated,

2. ANALYSIS

When we want to produce a magnetic field, in which
‘the flux densities at several points are prescribed, by
using magnets, the problem 1is to determine the
positiouns and sizes of the magnets,  The positions .and
the widths of the magnets are often prescribed in
advances, In such g case, usually the lengths of the
magnets sre  assumed and the flux distribution is
analyzed numerically., If{ the assumed length {1al is
cifferent  from  the true length fLt), iterative
mocdifications of -the a2ssumed length {1a} are necessary
until satisfactory values are obtzined by using a
nuwerical method. {La) and Lt} cenote the column
matrices of the lengths of magnets,

A vew method by which the lengths
producing the given flux densities at some prescribed
points can. be directly calculated is developed. This
method is explained by an example shown in Fig, 1. For
simplicity, the width W and the magnetization of the
magnet  are given, The hatched part in Fig, 1(a) ‘shows
the.difference between the assumed magnet and the
obtained magnet. D . is the length of this part and it
is directly calculated by our new method, The method
is conceived from the idea that the hatched part can be
equivalently denoted by line elements represented by
thick lines in Fig. 1{b), beczuse the flux lines . in
this part - pass nearly perpendicular to the 1line
elements, These line elements are called the . “shape
modifying element” [11,{2]. This element has the same

of magnet
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Fig. 1. Shape modifying element.
erergy .as the hatched part in Fig, 1{(a). If the
calculated ernergy of the shape modifying element is
positive, it means that the magnet should be
lengthened. The finzl shape of the magnet is obtained
by moving the side of the assumed magnet, on which  the
shape modifying element is set.

In this wethod, the following
necessary [2].

(a) The energy in the batched part can be
on the line element.

(b) The magnetization of the line element is equal to
that of the adjacent magnet.

When the flux densities at some points, and the
positions and the widths cf magnets are prescribed, the
lengths of wmagnets. can be calculated by using the
finite element method., The following equation is
derived from the zbove-mentioned ideal2]

[ [(1 {A q 0J
(R s {(801} !

where {A} and {B0} are the column matrices
potentials and the prescribed flux densities. (Q}is a
function of  équivalent magnetic current densities and
the known vector potentials on the Dirichlet boundaries
[23. [H] is the so-called coefficient matrixz, and [C]
and [F] are the constant matrices,respectively [2].
Although. the modified wvalues (D} are -directly
obtained by the process denoted by the solid lines “in
Fig. 2, these .results are not satisfactory because of
the error caused by the &zbove-mentioned assumptions.
Therefore, wusually a few repetitions are necessary
until the desired results are obtzined by modifying the
subdivision as shown by the broken lines in Fig. 2.
.Ouly the linezr analysis is dealt witk in this
paper. The non-linear analysis will be reported later.

assumptions are

concentrated

of vector

3. FUNMDAMENTAL STUDY OF ERRORS

Cur  method contains the error due to the
assumptions mentioned in section 2. Then, the error
of this method is examined by a linezr simplified model
shown in Fig. 3. In Fig. 3, o-f3-Y-8-0 denotes the
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Fig. 3. Analyzed model.

anglyzed region which is hz1lf of the whole region. The
y-component Bypo of the flux density at a‘point P is
prescribed. Figure 3 shows the case when the shape
modifying element which is denoted by the thick line is
set on the same side of the magnet as the prescribed
point P.

Figure &4 shows the error €1, of the length of the

magnet and the error €B of the flux density. €1 and Ep
are defined by the following equations.
L-Lt
£ ——— 0(3 2
L o X 100(%) (2)
Byp —
EBS_H)—W_X 100(%) (3)
Bypo -

Where L znd Byp are the obtained magnet length and the
caleculated flux demsity,respectively. The error Ea of

the zssumed length is defined by the following
equation.
EAsi'_Lt_x 100(%) ‘ (4)

The relationships among La, Lt and L in each region are
2lsc shown in Fig. 4(a). Thére 1is no curve in the
ustched parts from the physical point of view. Each
upper half part of Fig. 4 (a) and (b) corresponds to
Fig. 3. The shape modifying element is set on the
same side of the wagnet as the prescribed point . P in

(a)

éoeAw)

(b) error in flux density

Fig. 4. Errors in length and flux density.

Fig. 3. When the shape modifying element is set on the
opposite side of the magnet, the sign of the error Ej,
is always negative and the lower half of Fig. 4
corresponds to this case. . The error 1s due to the
zssumption {(a) mentioned in section. 2. As the
anzlysis is a ligear one, the assumption (b) does  not
cause -the error.

It is concluded from Fig. & that the shape
modifying element should be set on the opposite side to
the prescribed point, and the assumed length {lLal should
be smaller than (Lt

4, AN FXAMPLE OF APPLICATIOKN

An example determining the shape of a magnet which
produces 2z prescribed flux distribution is analyzed by
using our method. The roter of a synchronous generator
with permanent magnets can be designed by a similar
method,

Figure 5(a) shows the analyzed model whose flux
distribution on the line A-A' is prescribed to be
spatially sinuscidal as shown in Fig. 5(b). Four
shape modifying elements are set on the same sides as
the points at which the flux densities are prescribed
as shown by the thick lines. The final shape of the
magnet can.be obtzined by moving the upper side of the
magnet by D.

The errors €L and £8 in the length of magnet and
the flux density are investigated when the initial
values Lia , L23 , Laar , Lua of the lengths of magnets
are 40 , 35 , 30 , 25 mm ., respectively. Figure 6 shows
the errors €1, and €B at each step of iterations denoted
by the. broken lines in Fig. 2. €1 and € after two
iterations are both within zbout C.8 % . The obtained
magnet lengths Ly » Ly s bay Ly, are 237.3 , 36.0 ,
33,5 » 30.1 mm, respectively. Even 1if the waxinum
error of the 1nitial assumed magnet length 1s about
16 % , it is possible to c¢btain the satisfactory

lengths of the wagnet by conly a few iterations.
Figure 7 sbows the flux distribution of the
obtainec magnet.
It is clear that our wmethod 1is applicable t¢
determining the size of wmagnet having a complicated
shape.
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Pig. 7. Flux distribution of the
obtained magnet.

5.CONCLUSIONS

The new mwethod enszbles us to design the most
suitable magnetic circuit composed of several magnets
with complicated shapes.

The analysis of the following problems will be
reported later: (a) error which occurs when there are
more than two magnets, (b) anslysis of the case when
the directions of the prescribed flux densities do not
coincide with the axes, (c) non-linear analysis,(d)
modification of the width of wagnet, (e) the optimum
design of magnets bheving the minimum volume, (f)
experimental study.

Our method will be also extended to the optimum
design of electric fields.
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