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ABSTRACT
A new type of self-bearing motor is proposed. It
is intended for a single rotor to have two functions
of rotary motor and radial active magnetic bearings.
Previously proposed PM type self-bearing motor uses
reluctance force which requires relatively thin perma-
nent magnet. Hence it has defects of low eÆciency
and poor reliability. Nonlinearity of magnetic ma-
terial causes undesirable coupling e�ect between the
radial two directions. Demagnetization of the thin
permanent magnet is serious problem for long term
use. This paper introduces a new type of self-bearing
motor which uses Lorentz force. The rotor has eight
strong permanent magnets on the surface of it. The
stator has six concentrated windings. Hence it has
merits of good dynamic response, good linearity and
high reliability. First, the fundamental principle is
introduced how the motor produces rotating torque
and radial levitation force. Then separate control ca-
pability is theoretically developed. Finally two sets
of experimental setup are made which will con�rm
the principle of this motor. The results show high
capability of the proposed motor-bearing functions.

INTRODUCTION
Magnetic bearings have been used gradually for vac-
uum pump or for high-speed rotor due to their non-
contact support capability. However, magnetic bear-
ing system requires a separate driving motor. It has
defect of long shaft causing low bending vibration.
To overcome this diÆculty, a self-bearing motor is
developed which has two functions of AC motor and
radial magnetic bearings on a single disc. However, it
requires a complicated ux distribution in the airgap

and the eÆciency is not so good [1], [2], [3]. Nonlin-
earity of magnetic material causes undesirable cou-
pling e�ect between the radial two directions. De-
magnetization of the thin permanent magnet is seri-
ous problem for long term use.

This paper introduces a new type of self-bearing
motor which uses Lorentz force [4]. The rotor has
eight strong permanent magnets on the surface of it.
The stator has separate six concentrated windings;
one set of coil is giving rotary torque while the other
set is giving bearing forces. First, the fundamental
principle is introduced how the motor produces lin-
ear rotating torque and radial levitation forces. Then
separate control capability of rotation and radial po-
sition is theoretically developed.

To con�rm the proposed theory, two types of ex-
perimental setup are made; one is the disc type mo-
tor and another is the cylindrical type one. Then
the static force and torque of the disc type motor is
experimentally measured. Rotating property of the
disc type motor is also reported which can run up
to 2000 rpm. This motor is not powerful enough.
Hence we fabricate the cylindrical type one. It can
run up to 3200[rpm] with strong torque.

PRINCIPLE OF DISC TYPEMOTOR
Fundamental principle is introduced using disc type
motor.

Principle of Rotation
Schematic drawing of the pair of motor coils and the
rotor is shown in Fig. 1. The permanent magnets
of the rotor produce eight pole ux in the airgap.
When the current of pair of motor coil ows coun-
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Figure 2: Principle of Giving Bearing Force

terclockwize direction the Lorentz force is produced
as shown by the thick arrow in Fig. 1. This reacts to
the rotor in the opposite direction to produce rotary
torque.

Principle of Bearing Force
The bearing coil is installed in the same place as
shown in Fig. 2. Practically one set of coil may be
used with the added current of motoring and bearing
currents. In this case the currents in the opposite
coils are in the opposite direction which cause the
radial Lorentz force as shown in Fig. 2.

THEORETICAL CONSIDERATION
The expanded schematic drawing of the rotor and the
stator in circumferential direction is shown in Fig. 3.
The rotor is written by the eight pole PMs while the
stator has two sets of coils. The distance between
the going and the returning paths of each concen-

trated coil is
�

4
apart to produce maximum force

and torque which is the same size of rotor perma-

nent magnet. Six coils are wound
�

3
apart and driven

by three phase current Um;Wm; Vm; Um;Wm; Vm for
motoring torque and Ub;�Vb;Wb;�Ub; Vb;�Wb for
bearing force, respectively.

Table 1: De�nition of Variables

A Magnitude of motor current
B Flux density magnitude by permanent magnet
C Magnitude of levitation current
l E�ective length of coils
r Radius of rotor
t Time
� Angle
' Phase of motor current
� Phase of levitation current
! Electric frequency

Torque control
The rotor is assumed to produce the following ux
density.

Bg = �B sin(!t + 4�) (1)

The motor coils are driven by the following three
phase current.

IUm = A cos(!t + ')

IVm = A cos(!t +
2

3
� + ') (2)

IWm
= A cos(!t +

4

3
� + ')

Where the symbols used are listed in Table 1.
The current distribution for half revolution can

be written by using Dirac's delta function as follows.
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The torque produced by this current is calculated
using Fleming's left hand rule as follows. Notice that
the torque is duplicated by considering the same cur-

rent from
7

8
� to

15

8
�.

T = 2rl

Z 7

8
�
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8

Bgi1d� = 6rlAB cos' (4)

This solution indicates that the torque is constant
and independent from the rotor angle and time. Also
this motor can be controlled as the same of the stan-
dard PM synchronous motor by the phase ',

' = 0Æ ) Servo motor control by A

' = 90Æ ) Synchronous motor without load

90Æ > ' > 0Æ ) Synchronous motor with load
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Figure 3: Arrangement of Motor and Bearing Windings

The relation between the electric driving frequency
f [Hz] and the rotating speed N [rpm] is ,

f = 4 � N
60

[Hz]

Bearing force control
The bearing coils are driven by the following current.

IUb = C cos(!t + �)

IVb = C cos(!t +
2

3
� + �) (5)

IWb
= C cos(!t +

4

3
� + �)

The current distribution is also written using Dirac's
delta function as,

i2 = IUb
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This current produces the radial forces in x and y
directions as follows.
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Equations (7) and (8) indicate that the bearing
forces are constant and independent from motor an-
gle and motoring current. They can be controlled
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Figure 4: Schematic of Experimental Setup

independently by the magnitude C and phase � of
the bearing force current.

This motor is 8 pole PM motor which can be
controlled by 6 concentrated windings. Hence the
eÆciency is good due to the low copper loss. Also
the dynamic characteristics is very good due to the
low inductance and good linearity of Lorentz force.

STATIC FORCE ANDTORQUEMEA-
SURMENT
To con�rm the proposed theory, a simple experi-
ment is carried out using disc type motor. The static
torque and radial force are measured.

Experimental Setup
Schematic of the experimental setup is shown in Fig.
4. The rotor is set vertically. The upper and the
lower ends are supported by ball bearings. Hence it
has only rotating freedom. The stator is set in the
lower part of the rotor which is supported by two
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leaf springs. The strain gages are glued on them for
levitation force measurement. The rotating freedom
of the rotor is also restricted by the other leaf spring
to measure the produced torque.

Two sets of coils are mounted on the surface of
the stator; one for motoring and another for bearing
force. Each coil has 22[Turn] with �0:5[mm] wire.
The e�ective length of coil is 15[mm]. Neodymium
permanent magnets of 2[mm] thickness are glued on
the surface of the rotor which produce maximumgap
ux of 0.56[T].

The control system is shown in Fig. 5. The motor
and bearing coils are driven by the separate power
ampli�ers with the maximum current of �7[A] as
shown in the �gure. They are controlled by a digital
computer (Gateway 2000: P5-60).

Results
The radial force is measured by changing the three
phase levitation current from 1[A] to 5[A] as shown
in Fig. 6. In this case the rotor angle is �xed and the
current phase is set to produce the maximum force.
Next the radial force is measured by changing the
rotor angle and the current phase synchronously as
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shown in Fig. 7. In both �gures the dots indicate
the measured results and the lines are the calculated
values. They show relatively good agreement and are
not a�ected by the rotor angle.

The rotating torque is measured by changing the
phase ' of the motor current of 7[A]. The results
are shown in Fig. 8. The curved lines indicate the
calculated values while the dots are the measured re-
sults. The measured data have small perturbation,
but they agree relatively well with the calculated val-
ues.

ROTATING TEST
To con�rm the proposed motor the experimental setup
is modi�ed and levitated rotation is tested.

Experimental Setup
The modi�ed experimental setup is shown in Fig. 9.
The stator and the rotor are the same except the
lower end of the rotor is changed free. Hence the
rotor has two degrees of freedom in radial x and y
directions. The radial displacements are measured
by two gap sensors. The axial airgap between the
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Figure 9: Schematic of Experimental Setup

rotor and the stator is 5[mm]. The equivalent mass
of the rotor is 300[g].

Control algorithm
Radial displacements x and y are measured and put
into the computer via 12 bit A/D converters. Then
the actuating signals are calculated using the stan-
dard PID controller for each direction. The con-
troller used is the following discrete PID state equa-
tion.

x1[k+ 1] = x1[k] + u[k]
x2[k+ 1] = e��=Tdx2[k] + u[k]
y[k] = �Kix1[k] +

Kd

� (e��=Td � 1)x2[k]
+ (Kp +

Kd

� )u[k]

(9)

Where the variables are,

u[k] : input signal to controller
x1[k] : state variable for I action
x2[k] : state variable for D action
y[k] : output signal from controller

The magnitude C and phase � of three phase cur-
rent are calculated from the output signals y[k] =
Vx[k]; Vy[k] of equation (9) as follows.

C =
q
Vx[k]2 + Vy[k]2 (10)

� = tan�1(Vy[k]=Vx[k]) (11)

These values are put into Eq. (5). Then each coil
current is put out to the power ampli�ers via 12 bit
D/A converters.

Results
The PID controller is determined experimentally as
Kp = 12[A/mm],Kd = 1[A�sec/mm],Ki = 5[A/sec],
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Figure 10: Impulse Response

Td = 9[msec] and the sampling interval of � = 0:8
[msec]. Only x directional results are shown in the
following �gures.

The impulse response is measured by hammering
the sensor target and recording the corresponding
response as shown in Fig. 10. Where (a) is the re-
sponse without control and (b) indicates the response
with control. Without feedback the system behaves
as the pendulum. The stability of it is well improved
with PID control.

Next the rotating test is carried out with the mo-
tor current of 7[A]. The rotor can run up to 2000[rpm]
as shown in Fig. 11, where (a) is the response with-
out feedback and (b) is that with feedback. The rotor
is well controlled up to 1800[rpm]. But the response
with feedback becomes worse near 2000[rpm] mainly
due to the low sampling rate of � = 0:8[msec].

CYLINDRICAL MOTOR EXPERI-
MENT
The previous motor is not powerful. Also the ra-
dial direction of disc motor is fundamentally stable
while that of cylindrical motor is unstable. Hence we
developed the powerful cylindrical motor.

Experimental Setup
The schematic of the test motor is shown in Fig. 12.
The rotor has the diameter of 54[mm] and the length
of 56[mm]. Strong permanent magnets are glued on
the surface of rotor which produces the maximum
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Figure 11: Vibration Amplitude versus Rotating
Speed

ux density of 0.45[T]. The stator has slotless back
yoke with laminated sheet. The airgap is 15.5[mm]
including PM and 9.5[mm] excluding PM.

The rotation is controlled by a standard three
phase inverter based on the measured rotor angle
while the levitation is controlled by a DSP (mtt, Lory
Accel). The levitation controller is also PID con-
troller with Kp = 25[A/mm], Kd = 0:019[As/mm],
Ki = 8[A/smm], Td = 0:8[ms] and � = 0:1[ms].

Results
The levitated rotating test is carried out and the un-
balance response is measured as shown in Fig. 13.
The top speed of 3200[rpm] is recorded. This speed
limit is mainly due to the bending vibration of the
thin shaft at 250[Hz]. The rotating torque is not
measured. But we can feel strong torque by grasp-
ing the rotating shaft. We are now modifying the
experimental setup to get higher rotating speed.

CONCLUDING REMARKS
Lorentz force type self-bearing motor is developed.
This theory can only be applicable to eight pole mo-
tor. But it can be controlled by six concentrated
windings. Hence this motor has merits of good eÆ-
ciency, easy manufacuring and high reliability. Two
types of experiment are performed and the results
show high capability of this motor. Further work
is continuing to improve the laboratory model setup
and apply it to the real rotating machinery.
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