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Active Stabilization of a Repulsive Magnetic
Bearing Using the Motion Control of
Permanent Magnets*

Takeshi MIZUNO** and Yusuke HARA***

This paper investigated the control system design of a repulsive magnetic bearing
using the motion control of permanent magnets. In the repulsive magnetic bearing
system, the radial motions of the rotor were passively supported by repulsive forces
between ring-shape permanent magnets ; the axial motion was actively controlled by
the motion control of the permanent magnets with a pair of voice coil motors. Two
control schemes, PD control and state-variable feedback, were applied for the stabili-
zation of the axial motion. The results showed that the dynamic performance of the
controlled system could be adjusted more flexibly by state-variable feedback.
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. we proposed to introduce the motion control of perma-
1. Introduction

There are several methods of supporting a mov-
ing or rotating mass by using electromagnetic forces
without any mechnical contact™®. One of the princi-
pal methods is to use repulsive forces between perma-
nent magnets. Levitation system using this method
has several advantages ; it is stable in the direction of
repulsive force (normal direction) ; no energy is
required to generate levitation force. It is useful for
supporting a mass in combination with mechanical
guidances or reducing its load on a conventional
bearing. It is also used as a passive support element
in apparatuses with active magnetic bearings. How-
ever, its use is limited to such applications because of
instability in the lateral directions and poor damping
in the normal direction.

As a mean of compensating these disadvantages,

* Received 15th November, 1999
** Department of Mechanical Engineering, Saitama
University, Shimo-Okubo 255, Urawa 338-8570,
Japan. E-mail : mizar @mech.saitama-u.ac.jp
*** Denso Corporation, 1-1 Showa-cho, Kariya, Aichi
448-8661, Japan

Series C, Vol. 43, No. 3, 2000

nent magnets into this type of levitation system®-®,
Levitation systems with performance of positioning
and vibration control in the normal direction can be
realized by inserting an actuator between a levitation
magnet and its base®. Lateral motion can be stabili-
zed by moving a magnet for support like an inverted
pendulum®. A repulsive magnetic bearing system
was developed by applying the latter principle to
suspend a rotating mass (rotor) ®®, In the developed
system, the radial motions of the rotor were passively
supported by repulsive forces between ring-shape
permanent magnets ; the axial motion was actively
controlled by the motion control of the permanent
magnets with a pair of voice coil motors.

This paper investigates the control system design
of the magnetic bearing system both theoretically and
experimentally. Two control schemes are applied for
the stabilization of the axial motion. A state-variable
feedback scheme is compared with the output feed-
back scheme that was used in the previous work. It
will be shown that the dynamic performance of the
controlled system can be adjusted flexibly with the
state-variable feedback scheme.
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2. Modeling

2.1 Structure of a repulsive magnetic bearing

Figure 1 shows a schematic diagram of the devel-
oped magnetic bearing apparatus using the motion
control of permanent magnets®. It is an outer-rotor
type. The rotor has two ring-shape permanents at its
top and bottom. Two voice coil motors are fixed to
the ceiling and the base of the apparatus. Each motor
drives a ring-shape permanent magnet for support.
Each of the permanent magnets for support is con-
nected to the base through a plate spring to obtain
restoring forces without control. The length between
the two permanent magnets is kept constant by con-
straining the movements of the two motors mechani-
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cally. Thus, this system can be treated as a scalar
input system.
2.2 Modeling
Figure 2 shows a physical model of the system
illustrated by Fig. 1. It is assumed for simplicity that
the rotor m. moves only in the axial direction. The
total force produced by the voice coil motors is denot-
ed by Fu(¢). The gravitational force acting on the
rotor and the lateral forces between the permanent
magnets are balanced in the equilibrium states. For
small deviations from the equilibrium, the equations
of motion become

MaZa=kl2a—2p), (1)
mpZo= k20— 24)— CpZp— kpzp+ Fp(t) (2)
where

Zq : displacement of the rotor,
2p: displacement of the permanent magnets for
support,
mp: mass of the support including permanent
magnets driven by the voice coil motors,
kp . stiffness of the plate springs,
¢»: damping coefficient between the support and
the base,
ki lateral factor between the permanent mag-
nets.
The voice coil motors are controlled to produce force
following a command signal inputted to a driver
circuit :
Fo(t)y=kou(t), (3)
where
u(t): input voltage to the driver circuit,
kq : gain of the driver circuit.
From Egs.(1), (2) and (3), a state space model
describing the dynamics of the system is obtained as

2(t)=Ax(t)+Bu(t), (4)
where
Za 0 1 0 0 0
_ Za | @ 0 —a 0 - 0
= b A% 0 0 0 1) BTof
Zp —u 0 ai—a —a bo
_ ke _ ke _ ke Cp , _ ke
W=, a=", = as=" bo= .

The transfer function from the input to the displace-
ment of the rotor is obtained as

Ga(S) :%g‘((‘gj)'

Qo0o
T s ass® H{ae—(aot @)}t — aoass — avaz’
(5)
Equation (5) shows that this system is unstable
because the characteristic polynomial has both posi-
tive and negative coefficients. Thereby, feedback
control is necessary for contactless levitation.
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Fig. 3 Photograph of the apparatiis

3. Control System Design

3.1 PD control
The PD control is a fundamental control scheme
for stabilization. The control input is represented by
u(t)=paza(t)+poza(t)+ (1), (6)
where ps and p» is the gains of displacement and
velocity feedback, and v(#) is an auxiliary input.
From Egs.(5) and (6), the following equation is
obtained.

omeR 0
where
te(s)=s*+ass®+(a2— ao— a1 s*
+ aolbopy— as)s + ao bopa— az) . (8)

Necessary conditions for achieving stable suspension
by PD control are
as>0, (9)
az> aot ai. (10)
Thus, the spring and damping elements suspending the
permanent magnets must be selected to satisfy®
cp>0, (1

kp><1+ :Zi)kl‘ (12)

When these conditions are satisfied, this system can be
stabilized by adjusting the gains p+ and po.
3.2 State feedback control
Since the system described by Eq.(4) is control-
lable, the closed-loop poles can be arbitrarily assigned
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Table 1 Parameters of the apparatus

my, 0.353 kg
mp 0.350 kg
k, 1.25x10°N/m
Cp 19.3Ns/m
k; 2.46x103N/m
k, 3.92N/V

by state variable feedback. The control input is

represented by
u(t)=Fx(t)+v(¢)
=pazat pvZat qezo+ oo+ v(t), (13)
where ‘
F:[pd Dv  Qa (Iv]~
From Eqgs.(4) and (13), the following equation is
obtained.
Za(s> _ dobo

V(s)  tds)
where
ti(s)=s*+(as—boqo)s®+(az— ao— a1 — boqa)s?
+ aol bo( po+ qv) — asys + ao{ bo( pa+ qa) — az}
(15)
Let the desired characteristic polynomial denoted by
A(s)=(s*+28& w15+ ) (s®+ 2 Ewos + wd)

(14)

=s't st ast+as+to. (16)
Comparing Eq.(15) with Eq.(16) gives
szbL(ds“Cs), 17
0
qdzbi(az—ao*al-@), (18)
0
_ dfa >
f)U_CIv+ bo<do+a3 , (19)
pd:qﬁbio(%mz). (20)

4. Experiment

4.1 Experimental apparatus

Figure 3 is a photograph of the developed experi-
mental apparatus. The values of the parameters of
the apparatus are listed in Table 1.

Figure 4 shows an outlook of the rotor. It has
two ring-shape permanent magnets with inner and
outer diameters of 24 mm and 32 mm. All the perma-
nent magnets are made of SmCoB materials. The
radial and axial motions of the rotor are detected by
eddy-current gap sensors.

The ring-shape permanent magnets for support
have a 7-mm inner diameter and a 12-mm outer
diameter. They are driven by a pair of voice coil
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Fig. 4 Photograph of the rotor
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Fig. 5 Levitation accuracy of a system using PD control

motors with a stoke of 10 mm and a maximum output
force of 9.8 N. The displacement of the movers in the
axial direction is also detected by an eddy-current
gap.

These signals are inputted to a DSP-based digital
controller through A/D converters. The controller
calculates control input according to Eqs.(6) and
(13). The output signal is converted to analog with a
D/A converter. Two current-output amplifiers drive
the voice coil motors according to the output signal.

4.2 PD control
Figure 5 shows the movements of the rotor and
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Fig. 6 Frequency responses of systems using PD control
(a) . pa=5.95x10*[V/m], p»=0.95x10?
[Vs/m], (b) ——: pa=5.95%10"[V/m], po=
3.79x10% [Vs/m]

the magnets for support when the rotor levitates with

a PD controller whose parameters are
$a=6.80x10*[V/m], p,=4.36x10*[Vs/m].

The deviation of the rotor from the equilibrium posi-

tion is kept within +1 um.

Figure 6 shows frequency responses of the rotor
displacement z.(¢) to the auxiliary input v(#). The
gains are selected as

(a) pa=5.95x10*[V/m],
(thick line),
(b)  pa=5.95%10*[V/m],
(thin line).
The resonance peak at about 10 Hz is suppressed by
increasing the velocity gain. However, the damping
characteristics at higher frequencies (about 100 Hz)
are made worse.
4.3 State feedback control

Figure 7 shows the movements of the rotor and
the magnets for support when the rotor levitates with
a state-variable feedback that is designed as

w1=94.2 [1/5‘], wW2=>565 [1/3], 51:0.6, §2:0.3.
The deviation of the rotor from the equilibrium posi-
tion is almost same as that of the PD-controlled
system shown by Fig. 4. In contrast, the motion of the
magnets for support includes higher-frequency com-
ponents than that of the PD-controlled system.

Figure 8 shows frequency responses of the rotor
displacement z.(#) to the auxiliary input v(#). The
poles are selected as

(a) wn=754[1/s], w.=565[1/s], &=0.2, &=0.1
(thick line),

(b) w1=754 [1/8], w2=565 [1/3],
(thin line).

$»=0.95%10%[Vs/m]

p»=3.79%10*[Vs/m]

§1:0.6, ?z:().l
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Fig. 8 Frequency response of systems using state feed-
back (a) T =754 [1/s], w2=565[1/s],
6=02,%=01 (b) ——: w1=754[1/s], w.=
565 [1/s], & =0.6, &=0.1

The damping characteristics in a low-frequency range
(about 10 Hz) are improved by increasing & without
worsening the higher-frequency characteristics.
Figure 9 compares the frequency response of a

PD-controlled system (thick line) with that of a state-
feedback-controlled system (thin line) ; both the sys-
tems maximize the displacement feedback gain Pa.
The maximal physically realizable gain is

(a) PD control: pa=1.79x10°[V/m],

(b) State feedback : pa=3.30x10°[V/m].
These results show that the dynamic performance can
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Fig. 9 Comparison between systems using PD control
and state feedback as to the maximal realizable
gain. (a) : pa=1.79%X10°[V/m), p,=4.13 ¥
10*[Vs/m], ga=0, q»=0 (b) © pa=3.30%
10° [V/m], p»=9.10%10%[Vs/m], ga=1.00x10*
[V/m], g»=2.85x10?[Vs/m]

be adjusted more flexibly by using the state-feedback
control scheme.

5. Conclusion

The control system design of a repulsive mag-
netic bearing using the motion control of permanent
magnets was discussed. PD control and state-vari-
able feedback were applied to stabilize the system in
the axial direction. The experimental results showed
that the dynamic performance of the controlled sys-
tem could be adjusted more flexibly by the state
feedback control scheme.

Other control schemes including integral action
are also applied to the developed repulsive magnetic
bearing”. Research on another repulsive magnetic
bearing using piezoelectric actuators is under way®.
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