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ABSTRACT

A segmented permanent magnet rotor is proposed to gen-
erate sinusoidal flux density for hybrid type self-bearing
motor. It also provides bias flux for the hybrid type
magnetic bearing without extra bias permanent magnet.
Hence the construction of self-bearing motor is simpler
and reliable. First, the concept of the proposed hybrid
type self-bearing motor is introduced. Then the radial
force is analyzed to be proportional to the average air
gap flux density, even though the air gap flux includes
some opposite pole parts. Finally, the experimental setup
is made to confirm the capability of the proposed mo-
tor. It can run up to 12,000 [rpm] and record 0.15 N.m/A
torque and 9.8 N/A radial levitation force constants. The
levitation is very stable. The motor has high performance
for practical application.

INTRODUCTION

Several types of self-bearing motor have been introduced
which are the combination of rotary motor and magnetic
bearing [1]. These motors can support the rotor without
physical contact and giverotating torquetotherotor. This
replaces the contact components and leads to an overall
reduction of size. In the previous works, P plus 2 or P
minus 2 algorithm has been proposed to realize combined
motor-bearing function [2]. But, it requires two kinds
of rotating magnetic flux for rotation and levitation force
respectively. Hence the construction of the motor and the
control system are complicated.

To overcome this difficulty, a hybrid active magnetic
bearing type self-bearing motor is proposed [3],[4]. It is
also intended for the rotor to have two functions of ro-
tary motor and radial magnetic bearings. The hybrid type
self-bearing motor uses DC magnetic flux to control ra-
dia force. The radia force and rotating torque is inde-
pendent when the pole pair number is more than three
[3].[4]. Hence the structure of self-bearing motor and its
control system can be simplified. But, it still requiresro-
tor permanent magnets for rotation and bias permanent

MAIN | PROGRAM | TOC | AUTHOR INDEX

magnets for hybrid AMB.

In this paper, a segmented permanent magnet rotor is
proposed to generate sinusoidal form flux density distri-
bution for motor torque and a bias flux for hybrid AMB
without additional bias permanent magnets. Hence the
construction of the hybrid type self-bearing motor iseven
simpler. First, the concept of proposed hybrid type self-
bearing motor isintroduced. Then it is shown that the ra-
dia forceis proportional to the average air gap flux den-
sity distribution, even though the air gap flux density dis-
tribution includes some opposite pole segment. Finally,
the experimental setup is made to confirm the capability
of the proposed motor. The results show high capability
of the proposed self-bearing motor.

THEORETICAL CONSIDERATION

Motor Structure

Figure 1 shows the schematic drawing of the previous
hybrid type self-bearing motor, while Fig. 2 shows the
schematic drawing of the proposed self-bearing motor.

The left side of Fig. 1(b) is the self-bearing motor,
while the right side is the hybrid type magnetic bearing.
Between them permanent magnets are installed which
give the bias flux as shown by the solid line.

The front view indicates the construction of the self-
bearing motor. The stator has two kinds of windings; one
is for levitation control and another isfor rotation. There
aretwo levitation coilsfor x and y directions, both of them
are two pole windings. They produce the control flux as
shown by the dotted line in Fig. 1(a) and produce radial
force. The rotation can be controlled by the same manner
of conventional permanent magnet motor.

On the contrary, the left and right sides of Fig. 2(b)
are both self-bearing motors. Four segmented permanent
magnets of S pole are glued on the surface of the left
side rotor, while four segmented permanent magnets of
N pole are attached on the surface of the right side rotor.
Therefore, magnetic circuit is established between two
rotors as shown by the solid line in Fig. 2(b), and the
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FIGURE 2: Schematic of proposed hybrid type com-
bined motor-bearing

, ) ) . FIGURE 4: Flux density distributions
radiated biaglux is produced as shown by the solid line

in Fig. 2(a) without extra bias permanent magnet.

Levitation Force Bsm = B,cogM6—awt—y) )
The motor coordinate system is determined as shown in By, B;cog6 - ¢) 3)
Fig. 3. Theflux distribution produced by rotor magrigt,

the flux distribution produced by motoring cdlgn, and Then, the totaflux distribution By in the air gap is
the radial force contrdlux By, are shown in Fig. 4. Be- given by

cause the proposed motor does not have bias permanent By = Br+Bsm+ By, (4)
magnet, some opposite pole parts are appeared betwe
the adjoining magnets on the rotor surface as shown in B, : average bialux density produced by rotor
Fig. 5. permanent magnet

Authors have been theoretically derived that the inde- B, : peakflux value produced by rotor perma-
pendent control of levitation and rotation can be realized nent magnet
when the pole pair number is more than three [3],[4]. B, : peakflux value produced by motoring cur-
However, the ifluence of some opposite pole parts was rent
not considered. Therefore, thdlimence of opposite pole B, : peakflux value produced by levitation cur-
parts is investigated. rent

ThefluxiesBr,Bsm,By, are expressed as followed. ) - angular coordinate on the stator

Br = By+B;co{MO— wt) (1) Y : phase of motoringux
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FIGURE 5: Flux density distribution of proposed mo-
tor
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r . radius of rotor
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Hence thex,y directional forces,F, are calculated by
integrating thex andy components ofiF over the entire
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TABLE 1. Self-bearing motor and AC servo motor
specifications

Self-bearing AC servo
motor motor
Structure 8 poles 6 poles
12 slots 9 slots
Stator inner ¢33 ¢33
diameter [mm]
Core thickness [mm] 30.8 39.2
Air gap 0.8 0.3
(minimum) [mm]
Magnet 2.5 3
thickness [mm]
Motor length [mm] | 216 110
Coll 0.4 ¢0.8
diameter [mm]
Motor winding
Turns 55 52
Resistance®] 4.8 1.3
Inductance [mH] 8.8 1.3
Connection Y(A,B parallel) | Y
Bearing winding
Turns(maximum) 84
Resistance®] 7.3
Inductance [mH] 4.8

tive magnetic bearing, henéiee degrees of freedom can
be controlled actively. For experimental simplicity, the
thrust bearing is not operated. All four degrees can be
controlled by the proposed motor.

On the surface of left self-bearing motor A, four seg-
mented neodymium magnets of S pole are glued with
equal spacing, while four segmented magnets of N pole

From eqns.(8) and (9), the radial force can be controlledre glued on surface of the motor B rotor. Then, the bias

independently wheM > 3, then we have

B.B.lrm
Fe = —2=2—cog¢) (10)
Ho
B.B.|
o= 23 gy (11)
Ho

HenceFy, andFy are independent of the rotor andle
From eqgns. (10) and (11§ andFy are controlled by
the levitationflux peak valudd; and phase, and are not

magnetic circuit is produced through the shaft and the sta-
tor. The thickness of the segmented magnet is adjusted to
generate a sinusoidal forfrux density distribution.

The laminated sheet stator has 12 slots with 55 turns
concentrated windings for motor coil. Each of them are
connected 3 phase. The self-bearing motor A and B are
connected to PWM power amfir individually. The sta-
tor also has levitation windings for andy directions.
Each slot has concentrated windings and the number of

affected by the biaBux density distribution produced by s are adjusted to generate a 2 pole sinusoidal form
rotor permanent magnet. Thus, the radial force is proporg s gensity distribution. The maximum turns of levi-

tional to the average air gdjux density, even though the
air gapflux includes some opposite pole parts.

EXPERIMENTAL TEST
Experimental Setup

tation windings are 84. The stator has inner diameter
of 33[mm] and the length of 30.8[mm]. The air gap is
0.8[mm] excluding permanent magnets. An AC servo
motor (typical output 450[W]) is used to compare with
the proposed self-bearing motor performance. The spec-

Schematic of the experimental setup is shown in Fig. 6ifications are listed in Table 1.

There are two self-bearing motor A, B and thrust ac-
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Schematic of the control system is shown in Fig. 7. The
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motor windings are driven by the standard three phases
PWM inverter based on the pole sensor feedback. The
bearing windings are driven by single phase PWM am-
plifier respectively. The single phase PWM arfiplihas
current feedback, hence the current command is applied T S S N
to PWM amplfier from the levitation controller. Rotation angle [deg]

The levitation is controlled by a PowerPC board FIGURE 9: L evitation Force versus Rotating Angle
(dSPACE,DS1103). Radial displacementxaindy di-
rection of the motor A and B are measured and put into
the CPU via 16 bits A/D converters. Then the actuating
signals are calculated using the standard PD controller for

e
5 &
P
I I

Levitation force [N]
i

&

°

each direction. uration in the shaft. In this effect, the average bias flux
density B; and levitation force are smaller than the calcu-
lated values.

Magnetic Flux and L evitation Force

To corfirm the effect of opposite poles of air gépx den- The levitation force is calculated by changing rotating
sity described above, FEM simulation has been carriednglewith 1[A] levitation current asshowninFig. 9. The
out. Figure 8 shows thitux density of the rotor. Both of levitation forceis 16 [N/A] and the levitation force ripple
experimental and simulation results have good sinusoidas only 0.1 [N]. Thisshowsthat the levitation forceis con-
formflux density distribution, and four segments of oppo-stant and independent from rotor angle, even though the
site pole is recognized. However, the experimental valuair gap flux density distribution includes some opposite
is smaller than the simulation mainly due to magnetic satpoles.

MAIN PROGRAM | TOC | AUTHOR INDEX EARLIER | LATER



MAIN PROGRAM | TOC | AUTHOR INDEX

Seventh International Symp. on Magnetic Bearings, August 23-25 , 2000, ETH Zurich

TABLE 2: Control Parameters

Self-bearing

motor A B
Kpl[A/mm] 3025 | 275
K4[A-sec/mm] | 0.0605 | 0.0495

T
Motor A X axis
Motor A'Y axis 4
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Mator B X axis /""\;\ .

Motor B-Y- axis

-20 I .
10 10

Frequency [Hz]

T
Motor B X axis

Motor B Y axis
I\

-220 L >
10 10

Frequency [Hz]

FIGURE 10: Frequency Responses

RESULTS

To confirm the property of proposed motor, the levitated
rotating tests are performed.

L evitation Control

The PD controller is used and determined experimen-
tally as listed in Table 2. The frequency responses from
feedback error to displacement sensor output is shown
in Fig. 10. Stable controller with 250[Hz] band width,
45[deg] phase margin and 10[dB] gain marginisachieved
for each axis.

The radial force is measured by changing the levita-
tion current up to 2.5[A] as shown in Fig. 11. The levita
tion force 9.8[N/A] is smaller than the simulation results
(16[N/A]) mainly due to the magnetic saturation of the
bias magnetic circuit. However, they show very good lin-
earity.

Rotating test

The no-load rotating test is carried out. The rotor can run
up to 12,000[rpm] as shown in Fig.12. The amplitude in-
creasesover 6,000[rpm] mainly dueto thevibration mode
was changed from cylindrical mode to conical mode. The
maximum rotating speed 12,000[rpm] is not due to the
stability of levitation control, but due to the low voltage
limit of the driver amplifier.

Next, loaded rotating test is carried out and therotor vi-
bration is measured by changing rotating direction within
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small period as shown in Fig. 13. Becausethe rotating di-
rection was changed quickly, the motor current increased
up to 5[A] and large torque was generated. However, both
x and y directional vibrations are very small within 40
[um]. The levitation and the rotation are controlled sep-
arately, hence there are no information link each other.

Motor Characteristics

The efficiency and output characteristics are measured by
using atorque meter and a power meter which is shown
in Fig. 14. Figure 15 shows the characteristics of the
AC servo motor (typical output 450[W]) for comparison.
Both motors was driven by the same amplifier with 55[V]
of driving voltage. The rotor has to be connected to the
torque meter, so that the levitation control is not applied
and the rotor is supported by ball bearings for the self-
bearing motor. Hence, the mechanical bearing power loss
islager than levitated condition.

The maximum efficiency of the self-bearing motor is
90 [%] and the maximum output is 100 [W], in compar-
ison with 85 [%] and 120 [W] for the AC servo motor.
The motor length of the self-bearing motor istwice of the
AC servo motor. However the self-bearing motor is de-
signed as an experimental setup and there are many dead
spaces. Therefor, small size, high output and good ef-
ficiency self-bearing motor will be realized by applying
optimum motor design.
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Finally, the no-load power loss in comparison with the
AC servo motor is measured as shown in Table 3. The
power consumption of the self-bearing motor is 8[W] at
4,800[rpm] while the magnetic bearing power consump-
tion is 21.9[W]. As a result, the no-load power loss of
the self-bearing motor is 29.9[W] in comparison with
27.5[W] of the AC servo motor power lossat 4,470[rpm].
Since the self-bearing motor dose not have a speed de-
pended mechanical power |oss, the power loss of the self-
bearing motor at even high rotating speed will be smaller
than AC servo motor.

CONCLUDING REMARKS

A segmented permanent magnet rotor is proposed to gen-
erate sinusoidal flux density for motor torque and bias
flux for levitation without using extra bias permanent
magnet. The radial force is analyzed and confirmed ex-
perimentally to be proportional to the average air gap flux
density, even though the air gap flux includes some oppo-
site pole segments. The capability of the proposed motor
is confirmed experimentally and compared with the AC
servo motor. It can run up to 12,000 [rpm] and record
0.15 N.m/A torque and 9.8 N/A radia levitation force
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TABLE 3: Self-bearing Motor and AC Servo Motor
No-load Power L 0ss

Self-bearing | AC servo
motor motor
Rotating 4,800 4,470
speed [rpm]
Power 8.0 275
consumption [W]
Bearing power
consumption [W] | 21.9
No-load
power loss [W] 29.9 275

constants. The levitation is very stable. This motor has
high performance for practical application. The compari-
son resultswith the AC servo motor show high capability
of the proposed self-bearing motor.
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