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ABSTRACT

In this paper, a consequent-pole bearingless motor is
proposed. A rotor has buried permanent magpets, of
which polarities are like. The radial force of a
consequent-pole bearingless motor is generated by dc
current. Thus, rotational angular position is not needed
in a magnetic suspension controller. Radial force
variations caused by a rotor rotation are minimized by

improving arrangement of stator suspension conductors.

A prototype bearingless motor and its controller are
built. In experiment, principles of magnetic suspensions
in the proposed consequent-pole bearingless drive are
confirmed.

INTRODUCTION
Recently, bearingless motors, that is an
electro-magnetically integration of a magnetic bearing
and a motor, have been developed in several couniries.
In permanent magnet bearingless motors, various types
have been proposed. For example, surface mounted
permanent magnet [1-3], inset permanent magnet [4],
buried permanent magnet [5-6], interior permanent
magnet, homopolar {7], hybrid (8] and etc. However,
the most of these permanent magnet bearingless motors
needs a rotor rotational angular position in a feedback
magnetic suspension controller. If the field rotational
position has a significant error, the magnetic suspension
loop may not be stable. In homopolar and hybrid
motors, a magnetic suspeusion controller does not need
an exact angular position of magnetic field. These
bearingless motors have axial flux flow, thus, suitable
for more than 4-axis active magnetic suspension.

In this paper, a new bearingless motor is proposed.
The proposed machine is originated from a
consequent-pole permanent magnet motor. Radial force
is generated by dc current like homopolar and hybrid
PM motors, although the axial flux flow does not exist.

High reluctance and trade off problems in permanent
magnet bearingless motors are avoided. Rather thick
permanent magnets are preferred for both torque and
radial force generation. There is o trade off in 2 PM
thickness and MMF requirements in suspension
windings. In this paper, a previous paper [9] written in
Japanese is briefly summarized and some new FEM
and experimental results are included.

PRINCIPLE OF CONSEQUENT-POLE

MOTOR

Fig.1 shows a cross section of rotor and stator cores of
a consequent-pole bearingless motor. Four permanent
magnets, indicated by bold lines, are buried in a rotor
iron. Polarities of the permanent magnets are unique.
The permanent magnets are pre-magnetized in the same

radial direction. All permanent magnets are polarised so
that the outside and inside are N and S poles,
respectively. Bold arrows represent flux flow generated
by permanent magnets. The flux goes across the airgap,

the stator tooth, the stator yoke, then, neighboring stator
tooth, airgap, a rotor iron pole, and then returns to the
permanent magnets. Thus, the iron poles between

permanent magnets are consequently magnetized as
S-pole, because the flux enters in the rotor iron pole.
Thus, this motor is called as a consequent-pole motor
[10}. This motor has totally 8 peles, i., four permanent

magnet poles and four consequently magnetized iron
poles.

Fig.2 shows flux flow with terque current in motor
windings. Motor winding is arranged as 8-poie 3-phase
windings, indicated by 8u, 8v, and 8w. In the figure, a
rotor rotational angular position is Odeg. In this
situation, torque is generated with zero u -phase current,
positive v-phase current, and negative w-phase. In the
flux plots, one can see that flux densities of stator teeth
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FIGURE 1: A cross section of rotor and stator cores,
and rotor permanent magnets.

FIGURE 2: Flux plots with torque current
in motor windings.

are unbalanced in comparison to the Fig.1, then, torque
is generated in counter clockwise direction.

PRINCIPLE OF RADIAL FORCE
GENERATION

In a consequent-pole bearingless motor, a principle of
radial force generation is different from conventional
bearingless motors. Fig.3 shows a principle of radial
force generation at a rotor rotational angular position dy,
= Odeg. Suspension conductors Ny and Ny are arranged
in 2-pole two-phase windings. The N; indicates

FIGURE 3: Radial force generation at gu = Odeg,

suspension conductors in order to generate radial force
in the x-axis direction. The winding N, is for the
y-direction radial force. Then, eight loops W, indicated.
by broken line show representitive permanent magnet
flux paths. Solid line loops W, show suspension flux
paths generated by positive current in N, suspension
winding. Radial force is generated by an interaction
between PM and suspension fluxes. In the airgaps 2 and
8, the flux densities are increased as indicated by
“dense”. However, in the airgaps 4 and 6, the flux
densities are decreased, as indicated by “sparse”.
Therefore, radial force is generated in the x-direction. If
negative direction current is supplied in N,-winding,
then, pegative radial force is generated. The y-axis
radial force is generated by N,-winding current.

Note that suspension fiux paths ¥, does not go
across permanent magnets. In the rotor, it goes through
rotor iron poles. Thus, reluctance in the suspension flux
loop is low. It is obvious that low MMF is needed in
radial force generation.

Fig.4 shows a principle of radial force generation
at a motor rotatiopal angular position ¢, = 45deg.
Corresponding 1o the rotor position, permanent magnet
flux paths W,, are rotated by 45deg. The suspension
fluxes W, go through iron rotor poles because the
reluctance is low. The flux densities in the airgaps 1 and
5 are increased and decreased, respectively. Radial
force is generated in the x-axis direction. Note that the
direction of radial force is still despite of a rotor
rotation. One may notice that the principles of radial
force gemeration are similar to homopolar and hybrid
type bearingless motors.

—— 260 —



FIGURE 4: Radial force generation at ¢ = 45deg.

RADIAL FORCE VARIATION

Fig.5 shows a FEM analysis model. In the analysis,
only the dc current is supplied in N,-winding. Then,
radial force is supposed to be generated in the x-axis
direction. The angular position ¢y, is a rotor rotational
angular position, the ¢ is an angular coordinate fixed to
the x- and y- axes. Suspension conductors occupy two
continuous stator slots with four series winding in one
slot. Under this condition, a series of FEM analysis is
carried out with a rotor rotation in a step of 5deg from
Odeg up to 90deg.

Figs.6 (a) and (b) shows a result of a series of
FEM analysis at 3A in the Ny-winding. Fig. (a) shows
x- and y-axis tadial forces Fx and F,. The horizontal
axis is a rotor rolational angular position . It is seen
that F, is almost constant, however, E, is not always
zero. Ideally, F, should be zero at any ¢n. In the
analysis, the F, is zero only at ¢, = 0,45 and 90deg.

Fig.6 (b) shows the radial force direction ¢; The ¢y
is given by

F,

x

F,
¢ = tan"[—’] M

The largest value of ¢¢ is about 22.8deg at ¢, =
22.5deg and 67.5deg. This value of ¢; is not very
acceptable in stable suspension positioning. In
experimental view, ¢; should be less than Sdeg.

Figs.7 (a), (b) and (c) show flux plots obtained
from FEM analysis at ¢, = Odeg, 45deg and 22.5deg.

Rotor diameter : 49mm
Stack length: 50mm
Gap length : 0.5mm

FIGURE 5: FEM analysis model.

The permanent magnets are assumed to be the air to see
flux path exciting N,-winding. Bold arrows represent
flux flow caused by permanent magnets. Thin arrows
represent suspension flux flow.

In Figs. (1) and (b), the flux flow is symmetrical
with respect 1o the x-axis. Thus, radial force is
generated only in the x-axis direction. In Fig. (c), the
flux plot of suspension and PM is not symmetrical to
the x-axis. The forces F; and F» are generated at the
rotor iron poles. The resulted radial force F is not
aligned to the x-axis. Consequently, the resultant force
F is inclined with respect to the x-axis.

SUSPENSION CONDUCTOR
ARRENGEMENT
Fig.8 (2) and (b) shows alterpative arrangements of
stator suspension conductors. In Fig. (a), the suspension
conductors are distributed in 4 continuous slots. In Fig.
(b), the suspension conductors are arranged as 3- phase
windings. The N, N, and N,, are u-, v- and w-phase
windings. .

The winding currents i,, iy and i, are determined
by the transformation from 2-phase to 3-phase matrix
as,

i 1 5
112 3 |Fi
if-2= 2 e
) 32 2|,
o IR O

2 2
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(b) Angular position of radial force direction.

FIGURE 6: Result of analysis.
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Y

7 4mm magpet fluxes

<— suspension
fluxes

(c) Flux flow at ¢\, = 22.5deg

FIGURE 7: Flux flow at various rotor positions.

Suspension conductor arrangements in 2-siot,
4-slot and three-phase conductor arrangements are
hereafter referred as windings A, B and C, respectively.

Fig. 9 shows the direction of radial force for three
conductor arrangements. The largest value of ¢ is
13.0deg and 3.3deg in winding B(4 slots) and
C(3-phase), respectively. Significant reduction in radial
force variations are realized by three-phase winding
arrangement. Experiences tell us that the radial force
variations within several degrees are acceptable.
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{b) Suspension conductor arrangement C.

FIGURE 8: Suspension conductor arrapgements.

EXPERIMENTAL RESULTS

Fig.10 shows a picture of a rotor in a prototype
machine. All permanent magnets, polarised as shown in
figure, are inserted into 2 laminated silicon steel stack.
There are four permanent magnets, with a thickness of
Smm and an axial length of 50mro. Fig. 11 shows a test
machine. The front machine is a consequent-pole
bearingless motor, of which shaft is connected to a
torque meter. The torque meter is connected to an

inductjion generator.
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FIGURE 9: Radial force direction
and conductor arrangements.

FIGURE 10: A rotor of a test machine.

In experiment, a reference vaiue of F, is measured
with a rotor rotation in a step of 15deg from -45deg to
45deg. The F; is the reference value of radial force in
the y-axis magnetic suspension loop. The value of F'is
voltage automatically developed in a PID controller.
Magnetic suspension feedback loops are constructed.
Shaft displacements are detected by displacement
sensors. PID controllers generate radial force
references.

Fig.12 shows the results of the experiment. From
this experiment, it is clear that the radial force reference
F,” is generated almost at constant value to support a
shaft weight. It is shown that radial force is not
depending on a rotor rotational angular position.
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FIGURE 12: The radial force reference
: with respect 10 ¢m .

CONCLUSION

A principle and a design of a consequent-pole
bearingless motor is proposed. In the analysis, it is
shown that the radial force variations caused by a rotor
rotation is minimized by proper conductor arrangement
in suspension winding. In experiment, a principle is
confirmed.
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