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\BSTRACT
Bearingless motors are high speed electric
machines combined with radial magnetic bearing
iunctions. The compaciness of bearingless motors
upgests the possibility of high power and high speed
Molors.
Four-pole electric machines with additional
Iwo-pole windings in its stator slots have been proposed
Iy the authors. In this paper, flux distributions and
mdhial force of a induction type bearingless motors are
Method.
Itelationships between the radial force and radial force
winding currents are also influenced by magnetic

wluration. It was shown that the generated radial force

malyzed employing the Finite Element

icaches its maximum value due to magnetic saturation.
With conventional linear controllers, experiments were
lound to be possible in the ranges where the radial force
can be seen as a linear function. The analyzed results are
confirmed with experimental results.

INTRODUCTION

High power and high speed electric drives are
icquired for machine tools, turbo~-molecular pumps,
rompact generators, compressors and flywheels, etc.
Magnctic bearings have been employed in these high
ilational speed applications [1-3]. In these applications,
high power is strongly required as well as high rotational
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One of the problems of magnetic bearings is that
magnetic bearings occupy considerably large area. To
implement magnetic bearings, a shaft length must be
increased. The increased shaft length results in decreased
critical speeds. Thus, it is difficult to increase rotational
speeds, although control methods of flexible rotor have
been investigated. In most cases, motor axial length is
reduced to shorten the shaft length. In this case, it is
difficult to increase output power.

Bearingless motors are high speed electric motors
combined with magnetic bearing functions. The com-
pactness of bearingless motors suggests the possibility of
high power and high rotational speed motors. A disk
type motor with integrated one thrust magnetic force was
proposed as a bearingless motor [4]. As for bearingless
motors with integrated radial magnetic forces in two
radial axes, a method to unbalance line currents of
conventional three—phase induction motors was proposed
[5]- However, in this method, it is difficult to produce
radial forces while the rotor is positioned in the center.

Four-pole electric machines with additional
two-pole windings in its stator slots have been proposed
by the authors [6-8]. Similar bearingless motors with
four-pole windings and six-pole windings have been
proposed [9-10]. Four-pole and two-pole winding
configuration has advantages over other number of pole
combinations in the maximum value of radial magnetic

force. Principles and radial force control systems of
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synchronous reluctance and induction type bearingless
motors, as well as permanent magnet bearingless motors
have been demonstrated [6-8]. Radial forces, voltages
and currents at the additional winding terminals have
been calculated based on inductance measurements. It
was reported that there is an optimal exciting condition
for efficient radial force production for synchronous
reluctance type bearingless motors considering magnetic
saturation in the previous paper [11].

However, the unbalanced four—pole flux distribution
superimposed by two-pole radial force fluxes of
induction type bearingless motors have not yet shown.
The non-linear radial force functions with respect to the
radial force winding current have not made clear. The
maximum radial force, which can not be achieved in
simple experiment systems, has not yet reported.

In this paper, the influence of magnetic saturation
of radial forces is calculated by the Finite Element
Method. The four—pole flux distributions superimposed
with two—pole radial force fluxes are shown. As radial
force winding current increases, radial force is found to
be saturated. The calculated results were compared with
measured radial forces. Experiments were possible in the
range where the radial force can be approximated as a
linear function. The maximum radial force achieved in
experiments is about 70% of the theoretical value.

RADIAL FORCE

FIGURE 1 shows principles of radial force
production of the proposed bearingless motors. The
stator has four—pole motor windings N, and N, as well
as two—pole radial force windings N, and N,. With the
current in the motor winding N,, four-pole revolving
field ¥, is produced. In addition to the four-pole
magnetic field, the two-pole fluxes ¥, are produced by
the current of the two-pole windings N,. As shown in
the FIGURE 1, the flux density in B, increases but B_
decreases. Radial force is generated in B -axis. With
negative current in the N, winding, radial force can be
produced in opposite direction. The current in the N,
winding produces radial force in the a-axis. In this
principle, the amplitude and the direction of the radial
force can be controlled by the amplitude and phase shift
in the two-pole winding currents.

SYSTEM

FIGURE 1:Radial Force Production

FIGURE 2 shows system configuration for a
induction type bearingless motor with two radial axis
position controls. Radial positions @ and £ are detected
by eddy current type sensors. These displacements arc
compared with radial position references @ and B,
then, position errors are generated. Radial force com-

~ mands F," and F," are generated with radial position

controllers. Radial force winding currents i," and i’
are generated in accordance with the direction ¢, i.c.,
the angle of the revolving magnetic field. The weight is
prepared to apply steadily radial force to the shaft. Even
though steadily radial force is applied, radial positions
are to follow the reference values with integrating
functions of radial position controllers.
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The motor winding currents are supplied so that no
load operations of the induction motor are possible with
a constant exciting current at variable speeds.

MACHINE MODEL

FIGURE 3 shows the winding configuration of a
prototype bearingless motor. The stator has two sets of
three—phase windings although two-phase windings
were shown in FIGURE 1 for simplicity. Four—pole
windings are wound as motor windings. Two-pole
windings are for radial force generation. Number of
lurns in each slot is 48 and 36 for four—pole and two—
pole windings, respectively. All conductors are with a
diameter of 0.6mm ¢ and in series. The stator outer and
inner diameters are 90mm and 49mm, respectively. The
slack length of stator and rotor irons is 30.8mm. Iron
cores are made of laminated silicon steel in 0.5mm
thickness. The rotor outer diameter is 48.25mm. Search
coils are wound in two stator teeth to measure tooth flux
densities. The output voltage of the search coils are
micgrated and peak flux densities can be measured.
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FIGURE 3:Machine Model

I'EM RESULTS

FIGURE 4 shows nodes and elements for FEM
analysis. There are 5136 elements and 2617 nodes. Cage
bars in the rotor are neglected to avoid influence of
space harmonics because the rotor of the test machine is
skewed. Rotor shaft space is also neglected for simplici—
ty in the FEM model.

Sinusoidal balanced currents are supposed in the
FEM analysis. The analysis was done when the current
of u-phase windings N, and N, are peak values. The
other windings hold the half value of those peak
currents. The rotor is assumed to be in the center
position.

FIGURES 5(a)-(d) show the flux distributions. The
current of radial force windings are zero in FIGURE
5(a). Four—pole balanced flux distribution can be seen.
Produced radial force is zero. The tooth flux density B,
and B_ are both equal to 0.9T. The air-gap flux densities
are about 0.4T.

When the radial force winding current is increased,
two—pole flux distribution is superimposed. The radial
force is generated in FIGURE 5(b). It can be seen that
the tooth flux density B, is increased to 1.2T and B_ is
decreased to 0.8T. This unbalanced flux density
distribution results in radial force of 6kgf. The radial
force was calculated by integrating forces along the air—

gap.

As the radial force winding current increases, the
flux density B_is decreased to almost zero as shown in
FIGURE 5(c). If the radial force winding current is
increased beyond this point, the flux density B_ changes
its direction. The flux distribution looks like two—pole
machines rather than four-pole machines. Thus,
magnetic forces of rotor elements around B._ increases,
which results in a reduction in radial force. The
derivative of the radial force with respect to the radial
force winding current decreases beyond this point.

On the contrary, flux density B, is saturated. As a
result, the radial force reaches its maximum value as
shown in FIGURE 5(d). If the radial force winding
current is increased beyond this point, B, is saturated, B_
is increased and radial force is decreased as shown in
FIGURE 5(e).

FIGURES 6(a)-(d) shows flux density distribution
along the air—gap. These figures (a)—(d) are correspond-
ing to FIGURES 5(a)-(d). In FIGURE 6(a), four-pole
symmetrical flux distributions are seen. The flux
distributions include space harmonics caused by
stator teeth. In FIGURE 6(b), flux density increased
around ¢ =90deg, which corresponds to the B, tooth.



3306

o
‘é‘ 7>
A%

~
W

NN
\AAN
4!

\N\NP
A\

ZAY
K/
Y
A

A

L
i

<3
]
KN

<
5
> ‘k

AV NAVAVN.

OR
'1'_ DAY
W, S S
g‘ié’tmv %

/N
AV STAVAVAVAV AV

COMBINED MOTOR BEARINGS

N ALK %
,‘éﬂ N : > p
VNN

<N

I/

WY
\CATAVATAS
ZAVAVAN
AWAVAVZ

%
VAY

W
VA

\

D
vy
\A\

\/
4
X

<%
)

D%
B

(b)L,=0.5A

(e)[,=2.5A
FIGURE 5:Flux Distributions



Fourth International Symposium on Magnetic Bearings, August 1994, ETH Zurich 337

1.0
e o
[
x 05 B, B_
[ r =
B "
il ht
0 L L ) '
0 9% 180 270 360
#s(d
(a),=0A s(dee)
10
€ I
g L B,
] L
»
E 05
g
2oy
: % W\ﬂw M
00 r\(—\ 90 1§0 27'0\/—\J .
dep) 360
O),=05A P
1.0
e b
‘2 L
g L
505k
[
g
P
B.
0 . . s
0 90 180 270 ps(deg) 360
(©)L,=0.8A
10
i B,
5 -
b
8 ost
£k | ‘
& B
g :
i
0 i L 1 SR
0 %0 180 ps(deg) 360
(@)1,=12A
l.OF B
e [
& r B.
5 05
= L
& L
i
. g
0 0 L L s
90 180 270 $s(deg) 360

(e),=2.5A
FIGURE 6:Flux Density Distribution

However, the flux density is decreased around ¢ =270
deg, i.e., the B_ tooth. FIGURES 6(a)-(e) show the flux
densities in the air-gap, but not tooth flux densities.

In FIGURE 6(c), B_ is decreased to almost zero.
The flux density B, is saturated because of serious
magnetic saturation in stator teeth. In FIGURES 6(d)
and (e), B_ is increased in opposite direction.

COMPARISONS

FIGURE 7 shows the tooth flux density variations
with respect to the radial force winding current. The flux
density in low side B_ decreases as the radial force
winding current increases. The operating points a, b, c,
d and e are corresponding to the flux distributions in
FIGURES 5(a)-(e) and FIGURES 6(a)-(e), respectively.
The opposite direction flux density in B_ is plotted in
negative values in FIGURE 7.

FIGURE 8 shows the radial force as a function of
radial force winding current. The curved line shows the
calculated values by FEM program. The measured
operating points are also shown. It is seen that the radial

. force increases linearly as radial force winding current

increases only at low current.

The radial force is saturated beyond operating point
¢. At this point, the tooth flux density B_ is zero as seen
in FIGURE 7. Then, the radial force is saturated and
reaches the maximum value at operating point d. The
tooth flux density B, is saturated and B_ is increased in
opposite direction as seen in FIGURE 7. The radial
force is decreased over the maximum value even though
radial force current is increased. Experiments were
possible when the radial force can be seen as a linear
function. It is also found that the maximum value
achieved in the experiments is almost 70% of the
theoretical value.

CONCLUSION

In this paper, the flux distributions are analyzed by
the Finite Element Method. The radial force is calculated
from the flux distribution. The radial force is not a linear
function at high radial force winding current. The radial
force is saturated and reaches its maximum value. The
experiments were found to be possible up to 70% of the
theoretical value due to the non-linear characteristics.

In order to derive the maximum radial force, motor
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exciting conditions will be investigated in the future.
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