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in the analysis
are discussed,

Abstract — Some new techniques
and design of electric machines
namely, the time-periodic analysis of magnetic
field in non-oriented materials taking into account
hysteresis characteristics, 3-D transient analysis of
capacitor-discharge impulse magnetizer and 3-D
optimization method of electric machines
considering the nonlinearity and eddy current.

The usefulness of the techniques is shown by
applying to the actual machines and comparing with
measured results.

L. INTRODUCTION

By the appearance of faster workstations with larger
memory, complicated 3-D magnetic fields in practical electric
machines is trying to be solved. In order to amalyze such
fields, techniques for solving magnetic field under special
conditions, such as the time-periodic analysis of magnetic
field and the analysis of the impulse magnetizer of permanent
magnet. 3-D optimal design of electric machines is also
trying to be camied out, because it became possible for the
designer to use fast and cheap workstations.

In this paper, recent developments focusing the time-
periodic analysis[1], magnetization of permanent magnet
motor and optimal design of electric machines using both 3-D
FEM and stochastic optimization method are discussed.

II. TIME-PERIODIC ANALYSIS OF MAGNETIC FIELD
IN NON-ORIENTED MATERIAL

A. Method of Analysis

1) Formulation: In the nonlinear magnetic field analysis
using the initial B-H curve, the magnetic vector potential A
and the reluctivity v are usually treated as unknown
variables. On the other hand, in the case when the hysteresis
characteristics are taken into account, the magnetization M
should be used instead of v due to the discontinuity of v at
the point where the flux density B is equal to zero[2]. The
fundamental equation is given by:

Gé’é (H

v, {rot(rotA - M)} = 5
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where Jo is the current density vector in the magnetizing
winding. vy and o are the reluctivity in vacuum and the
conductivity, respectively.

The term JMx/JAj which appears in the

formulation of the Newton-Raphson method, for example, is
represented as follows:

Mx oMz 8[3] -
A; B aA

where dMx/d/B| cannot be directly obtained from M-B loop
because the direction of M is not given in M-B loop for non-
oriented material. In this paper, dMx/d/Bl is determined as
follows under the assumption that the direction of M is the
same as that of B:

Mx _JM| Mx _JM]|  5|M]cosd
BB apf AB oM
am M|, Bx
®C0s0 = 3
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where 8 is the angle between the M vector and the x-axis. Bx
is obtained directly from the FEM calculation.

The time-periodic finite element method[3] is used for
analyzing 3-D stationary nonlinear magnetic field. The
flowchart is shown in Fig.1. Using this method, the time-
periodic waveform can be obtained directly without transient
calculation. The relaxation factor[4] is introduced to improve
the convergence characteristics of Newton-Raphson method.
The 1-st order brick edge element is used in the 3-D
analysis[5].

Typical dc hysteresis loops, which are measured, are
stored in a computer. The hysteresis loop used is interpolated
by the loops stored.

2) Position of Flux Density on Hysteresis Loop: When
the flux density BK at the instant t of the k-th nonlinear
iteration is obtained, the position of the flux density BX on

hysteresis loop cannot be determined uniquely (point o or P)
from only the absolute value IBk{ as shown in Fig.2(a).

Then, the following methods for determining the position of
Bk are proposed[1]:

Method 1: If the angle 6m between B,k and Bk is less
than 90°, the position of Bk is regarded as o in the positive
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Fig.2 Position of flux density on hysteresis loop.

region as shown in Fig.2(b). If 6m is larger than 90°, Bk is
in the negative region.

Method 2: If the angle 68 between Byak and Bk is less
than 90°, the position of B is regarded as ¢ in the positive
region as shown in Fig.2(c). If 6B is larger than 90°, Bk is
regarded as B in the negative region.

Method 3: The following condition is added to Method 2
so that the position of flux density can be moved from the
positive region to the negative region(vice versa) even if there
is some numerical error: When B! is larger than B, s KX, the

position is moved to the negative region.

B. Results and Discussion

1) Analyzed Model and Flux Density Waveforms: Fig.3
shows the analyzed model. The core is laminated infinitely in
the z-direction. The cumrent density in the coil is
3.1x10%A/m’ (ac, 50Hz). The analyzed region is subdivided
into the 1-st order brick edge elements. The number of
elements is 400. Half a period of the waveform is divided into
6 steps.

The waveforms of the average flux densities in the core
obtained from the calculations using the initial curve and the
hysteresis loop are shown in Fig.4. The eddy current in the
steel is considered. The effect of hysteresis characteristics is
remarkable in this model.

2) Convergence Characteristics: The effect of the
methods for determining the position of flux density on the

coil (50Hz ,3.1x10%A/n?)  analyzed region
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Fig.3 Analyzed model.
0.8 flux densgty 40

0.4

flux density (T)
current (AT)

5
time (ms)

Fig.4 Waveform of flux density.
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hysteresis loop, which are denoted in Section A, on the
convergence characteristics is shown in Fig.5 and Table I
Fig.5 shows the position of the flux density at the point P
shown in Fig.3 on the hysteresis loop when the current is the
maximum. The variation of the position in the case of the
method 2 is spurious, because the positive and negative
regions cannot be evaluated correctly due to a numerical error
near the B=0 region. The method 1 is not acceptable from a
physical point of view, when the flux density vector rotates.
Therefore, the method 3 is preferable because the direction of
flux density BIk should be estimated by comparing with

B‘_Alk at previous step.
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Fig.5 Position of flux density when current is
the maximum.

Table I Effect of methods for determining
position of flux density

method method 1 method 2 | method 3
: (ém) (68) (6B+a)

total CPU 68 149 120

time(s) (10) (20) (16)

() : number of nonlinear iterations
Convergence criterion for Newton-Raphson method : 0.01T
Workstation: IBM3AT (49.7TMFLOPS)

1II. 3-D MAGNETIZATION OF MULTIPOLE PERMANENT MAGNET

A method for analyzing the magnetic field in a capacitor-
discharge impulse magnetizer is established by modifying the
finite element method. As the detailed distribution of the flux
density can be obtained, the optimum design of the
magnetizer which produce desired magnet will be possible
using the new method.

A. Outline

Magnetic fields with eddy currents are denoted by the
following equation:

rot(vrotd) = J, ~ 6(%‘% + grad ¢) @

div{—c(%% +grad ¢)} =0 5)

where v, ¢ and ¢ are the reluctivity, the conductivity and the
electric potential respectively.

As the exciting current J, of impulse magnetizer in
Eq.(4) is unknown, it is difficult to analyze magpetic fields in
such a device using a conventional finite element method{6].

A new method for calculating cumrents and flux
distributions in impulse magnetizer has been developed. In
this method, Eqs.(4) and (5) in conjunction with Kirchhoff’s
equation for the exciting circuit are used. The vector
potential, scalar potential and the exciting current are treated
as unknown variables.

Fig.6 shows and equivalent circuit of the magnetizer. The
finite element region enclosed by the broken line corresponds
to the magnetizer. C, R and L are the capacitance, the
resistance and the leakage inductance outside the finite
element region. Rc is the resistance of the winding in the
finite element region.

The equation obtained from the Kirchhoff’s law in the
exciting circuit is as follows:

%?+(R+RC)IO+LQ“—‘1"(QO [T,dt)=0 ©)

where, @ is the interlinkage flux to the winding and Q is
the initial charge of the capacitor. Solving Eqgs.(4), (5) and (6)
simultaneously while treating vector potential A and charge
Q as unknown variables, the transient magnetic field during
the discharge of the capacitor can be analyzed[1].

B. Analysis of Magnetizer

1) Analyzed Model: Fig.7 shows the analyzed capacitor-
discharge impulse magnetizer. The magnetizer is used to
magnetize the four-pole permanent magnet for flat motor.
The yoke i 1s made of steel (§$400), and its conductivity ¢ is
0.7505%10%S/m. The capacitance C in Fig.7 is 3000uF, the
total resistance (R+Rc) is 0.035€2 and the external inductance
L is 7uH. The charging voltage is 2000V.

2) Results and Discussion: Fig.9 shows the flux and eddy
current distributions. Although the large eddy current flows at

the beginning of discharge, the eddy current is reduced when

finite element region

C R L
Fig.6 Equivalent circuit of magnetizer.
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the discharging current becomes a maximum (t=0.2ms).
Fig.9 shows the distribution of the maximum flux density
along the line a-b (y=0, z=7.5mm). These figures illustrate

the fairly good agreement between the calculation and
measurement.

y
X
>
yoke ( SS40%,
0 6 =7.505 x 10° S/m)
Fig.7 Magnetizer.
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A A

(b) eddy current
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Fig.8 Flux and eddy current distributions.
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Fig.9 Maximum flux density along the line a-b.

IV. 3-D OPTIMIZATION METHOD OF ELECTRIC MACHINES

Many researches of new optimization method are recently
reported, but these are mainly theoretical and two-
dimensional[7, 8]. In order to apply the optimization method
to the design of actunal machines, it is necessary to develop
the optimization method using the 3-D finite element method
and the stochastic method for searching the minimum value
of the objective function.

A. Qutline

Many techniques, such as the simulated annealing and
genetic algorithm, are used in the optimization. As extremely
large number of iterations (1000-10000 iterations) are
necessary by using these techniques, it is not practical to use
such stochastic method. If the Rosenbrock’s method[9],
which is a kind of direct search method, is applied, the
number of iterations can be reduced (nearly 100 iterations),
and the CPU time is acceptable order from the viewpoint of
practical application.

In order to take into account the nonlinearity and 3-D eddy
current, the 3-D finite element method using hexahedral
elements should be used. The practical problem of applying
the 3-D finite element method to the optimal design of
electric machines is how to modify the hexahedral mesh
according to the change of shape of electric machine or how
to construct the automatic mesh generator corresponding to
the changed contour lines of machine. ‘

Then, a technique of modifying the hexahedral mesh is
conceived, and a 3-D optimization method is developed by
utilizing this modification technique of 3-D mesh and the
Rosenbrock’s method.

B. Modification of 3-D Mesh

There is no robust mesh generator for hexahedral element
which generates a mesh for the obtained shape. Then, the
modification of the shape is carried out by shifting nodes of

wC2-1.4



hexahedral elements in a specified region. Let us explain the
process using the model in which the lines g-h and e-f are
rotated by the angles 6, and 6, (design variables) as shown in
Fig.10.

(a) The region is divided to a, B and ¥ regions as shown in
Fig.10.

(b) The nodes on the lines g-h and e-f are rotated by 6, and
8,. In this case, the nodes on the lines a-d and b-c are
fixed.

(c) The rotation angles of other nodes in each region (a, B
and ) are linearly interpolated as shown in Fig.10.

C. Examples of Optimization

1) Linear dc Motor: In a linear dc motor (LDM) for
magneto-optical storage apparatus[9], large thrust is required
in - order to reduce the access time. Therefore, an optimal

design method should be applied to LDM, so that the thrust
becomes larger. Then, the optimal design of LDM with large
thrust is carried out using the finite element method and the

. Rosenbrock's method. The effectiveness of the method is
examined by comparing the thrust between the initial shape
and optimal shape.

Fig.11 shows the initial shape of the moving coil type of
LDM for magneto-optical storage apparatus. The coil is
moved at the range of -8.55x¢<8.5 (x¢: x-coordinate of the
center of the coil) by the thrust which is generated by the flux
of the magnet and the current in the coil. The core is made of

[ o region
B region
Y region &

(a) before movement (b) after movement
Fig. 10 Method for modifying mesh.

( 6l a
core ) j

sz \ coil_ 17
N\ 1

13.6

DX Z - 0
G1=0.4, G2=0.5, Ixd=<8.5

Fig.l1 Linear motor.

carbon steel (S10C). The magpetization of the magnet
(SmCos) is 1.03T. The current density of the coil is
24.6A/mm? (dc).

The cross-sectional area, the length (resistance) and the
current of the coil are constant. The gap length G, (=0.4mm)
is the margin for the manufacturing error. The gap length G,
(20.5mm) is the margin to avoid the contact between the coil
and the core when the coil is moved to the end. Dimensions
L, to L shown in Fig.11 are chosen as design variables for
the optimal design. The other dimensions Ly to L, are
determined based on L, to L{10].

Fig.12 shows the flux distributions for initial and
optimal shapes. The number of iterations of Rosenbrock’s
method is 61. The thrust (=1.49N) for the optimal shape is
about 1.7 times larger than that (=0.86N) for the initial
shape. The CPU time is about 7.2 hours using HP735 (45
MFLOPS). ’

2) Permanent Magnet Type Retarder: The 3-D
optimization method is applied to the design of a permanent
magnet type retarder shown in Fig.13 which is used as an
auxiliary breaking system in a heavy vehicle[11]. A breaking
torque is produced by the flux and eddy current in the rotor.
The outer rotor rotates with a constant speed (=1000rpm) The
outer rotor and yoke are made of carbon steel (S10C). The
permanent magnet is assumed to be magnetized in parallel
direction and the magnetization is 1T. In the dc steady state
analysis, eddy currents flow only in the outer rotor.

The method of dc steady state eddy current analysis using
a moving coordinate system is used[12]. The nonlinearity of
iron is taken into account. The analyzed region (1/24 region)
is subdivided into 3456 1-st order hexahedral nodal elements.

i
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l‘ﬂ". : = B - - £ Ctitnuin, \
F ~y - 4 ” 'N\\
~ N Y N
} -

H

- A N TS
o . ~
7 - -~ e e — el

(b) optimal
Fig.12 Flux distributions.
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The angles 0, and 6, (design variables shown in Fig.13)
which produce a maximum breaking torque are searched by
using the Rosenbrock’s method.

Fig.14 shows the flux distributions of initial and optimal
shapes. Table II shows the obtained design variables and the
breaking torques. The breaking torque can be increased by
about 20%. The number of iterations of the Rosembrock’s
method is 21, and the CPU time using IBM 37T (259
MFLOPS) is about 15.6 hours.

‘r pole piece (S15C)  rotor (S15C)

magnet (Sm2Co17)

rotation
(1000rpm)

55°
Fig. 13 Permanent magnet type of retarder

(thickness: 16mm).

(a) initial (b) optimal

Fig. 14 Flux distributions.

Table II Design variables and breaking torques

design variable .
shape (deg) brea(l?\ln.g It]:;))z'que
0, 02
initial 90 90 0.886
optimal 120 120 1.097

V. CONCLUSIONS

The major features discussed in this paper can be
summarized as follows: :
(1) The formulation for the ac steady state analysis of
magnetic field, taking into account the eddy current and
the hysteresis characteristics in non-oriented material, is

shown.

(2) The technique for determining the position of flux density
on hysteresis loop of non-oriented material under time-
periodic condition is investigated.

(3) The transient magnetic field in a capacitor-discharge
impulse magnetizer can be analyzed by solving both the
Maxwell’s equation and the Kirchhoff’s equation.

(4) 3-D optimal design method of an electric machine is
developed using the hexahedral finite element and the
Rosenbrock’s method.

(5) By using the Rosenbrock’s method, the 3-D optimal
design of a practical machine may be possible within an
acceptable CPU time.

There are many requirements for the practical analysis of
electric machines, such as the modeling of minor loops in
hysteresis characteristics in 3-D eddy current problem, more
efficient optimal design method which can treat a complicated
practical machine etc. New methods or techniques which can
solve these problems should be investigated in the future.
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