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Abstract: The active magnetic bearing (AMB) offers several advantages such as having no friction, high rotational
speed, less energy loss, and long life span. In rotation application, however, it must be connected to a motor which
may degrade its performance. A bearingless motor is the combination of the active magnetic bearing and a motor. It
saves software and hardware facilities, resulting in lower costs. In this paper, a permanent-magnet type bearingless
motor is proposed based on a three-pole AMB. The translational magnetic field (generating the bearing forces) and
the rotational magnetic field (generating the motor torque) are analyzed to establish the mathematical dynamic
model of the overall system. Based on the dynamic model, a two-stage controller that sequentially levitates the rotor
and controls the motor speed is designed. Numerical simulations are performed to verify the analysis.
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I. Introduction

Bearing is an important element for high-speed
spindle machine tools or storage devices. Conventional
bearings suffer the problems of wear and short lifetime
due to the contact between bearing and rotor. There are
several types of non-contact bearings such as
hydrodynamic, air, and magnetic bearings. The
non-contact bearings can reduce or eliminate the
problems of friction, vibration, and acoustic noise.
Among them, the active magnetic bearing (AMB) is the
most promising due to the advantages of high load
capacity, large stiffness, and no lubrication. The
disadvantage, however, is that it is expensive. To reduce
AMB'’s cost, a 3-pole AMB has been proposed [1, 2]. The
3-pole AMB possesses the advantages of having fewer
power amplifiers and lower heat dissipation, leading to
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lower cost [1]. To further reduce the cost, a bearingless
motor based on the cost-effective 3-pole AMB is
considered in this study.

A bearingless motor is a device that combines the
function of motor and AMB. It can save software and
hardware facilities, resulting in lower cost. Since 1990,
bearingless motors have been extensively studied. Most
bearingless motors are simply the direct integration of
motor and AMB. In other words, the translation and
rotational forces are generated by two independent sets
of coils and/or permanent magnets. The levitation forces
of most bearingless motors are reluctance forces, but the
rotational torque can be Lorentz or reluctance type.
According to the way the torque is generated,
bearingless motors can be classified into three types:
reluctance type, induction type, and permanent-magnet
(PM) type.
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The reluctance type bearingless motor uses
non-uniform magnetic reluctances between rotor and
stator to generate the required torque [3-7]. As a result,
its rotor must be designed with salient poles. The
motoring torque is usually produced by the non-uniform
magnetic reluctance. The magnetic flux must pass
through the path with the least reluctance, so the salient
pole on the rotor will be engaged and rotation torque is
generated. For the reluctance type self-bearing motor,
additional windings are added on the stator to provide
radial suspension force. Both the motoring torque and
levitation force are produced by reluctance force, and
they can be reinforced simultaneously. There are many
advantages for this type. First, it has the characteristic of
being fail-safe and can easily brake in case of emergency.
Also, it is low-cost from having no coils or permanent
magnet on the rotor, as well as being easy to
manufacture. Additionally, both translational and
rotational torques can be enhanced simultaneously since
they are both reluctance force. Furthermore, the
temperature effect is insignificant compared to the PM
type. The main disadvantage of the reluctance type
bearingless motor is that there exists strong coupling
between the rotational flux and levitation that is difficult
for analysis. Also, the effect of cogging force cannot be
neglected. A strong cogging effect and serious coupling
between the rotational and levitation flux make it
extremely difficult for analysis.

The induction type bearingless motor uses the coil
windings on the stator to induce magnetic flux in the coil

Shyh-Leh Chen was born on October 25, 1964, in Keelung, Taiwan. He
received the B.S and M.S. degrees in power mechanical engineering from
National Tsing-Hua University, Hsin-Chu, Taiwan, in 1987 and 1989,
respectively, and the Ph.D. degree in mechanical engineering from Michigan
State University, East Lansing, USA, in 1996. Since 1996, he has been with
National Chung Cheng University, Chiayi, Taiwan, where he is currently a
Professor in the Department of Mechanical Engineering, Advanced Institute
of Manufacturing with High-tech Innovations, and Director of Advanced
Machine Tools Research Center. His research interests include nonlinear
dynamics and control, wavelet analysis, with application to contouring
control of multi-axis systems, active magnetic bearings, and ship stabilization.

Shang-Yu Hsu received B.S. from Chung Yuan Christian University, Taiwan,
and M.S. from National Chung Cheng University, Taiwan, in 2005 and 2007,
respectively, both in mechanical engineering. Currently, he works as a
production engineer in manufacturing industry.

Pai-Lu Wang possesses a Ph.D. degree in mechanical engineering, and has
been working in CHUNG-SHAN INSTITUTE OF SCIENCE & TECHNOLOGY for
over 27 years. Composite technology is his professional specialty, and he also
has made efforts in study of flywheel technology for several years. Currently,
he leads several R&D groups in high temperature materials field.

Darping Juang possesses a M.S. degree in mechanical engineering, and has
been working in CHUNG-SHAN INSTITUTE OF SCIENCE & TECHNOLOGY.
Composite technology is his professional specialty, and he also has made
efforts in study of flywheel technology for several years. Currently, he leads
several R&D groups in composite field and battery field.

www.ausmt.or

@

134

windings on the rotor to generate the torque. It is based
on Faraday’s induction law and Lorentz principle for the
rotational torque [8-15]. Additional coil windings are
included on the stator to provide radial suspension force
by reluctance force. Induction type bearingless motors
have the advantages of low-cost, no permanent magnets,
easy design, and larger radial suspension force. However,
energy losses are considerably large because of slip. Also,
the rotational flux and levitation flux are strongly coupled
making complicated vector control necessary.

The PM type bearingless motor uses the
permanent magnet on the rotor to generate the torque
through the Lorentz principle, similar to that of the PM
motor. In addition, several additional windings on the
stator exist to provide reluctance forces for rotor
levitation. The main advantage here is that the torque
and levitation force can be controlled independently.
According to the location of the permanent magnet on
the rotor, the PM type bearingless motor can be
classified into several types, including surface permanent
magnet type [16, 17], inset permanent magnet type [18],
interior permanent magnet type [19], consequent-pole
type [20], and toothless type [21, 22]. In general, if the
thickness of the permanent magnet is larger, larger
torque can be produced, although the radial suspension
force will become smaller. The design of toothless type
can eliminate this effect because this type of bearingless
motor uses Lorentz force to provide both motor torque
and levitation force. These types of bearingless motors
are different in the coupling effect between the
rotational flux and levitation flux, making modeling and
controller design difficult. The main advantage of the PM
type is that the flux coupling effect is less significant,
leading to easier analysis and control. Here, the surface
PM type is adopted in this work.

In this study, a PM type bearingless motor based
on a 3-pole AMB is proposed and analyzed, modified
from a conventional 3-pole AMB. To become a
bearingless motor, the 3-pole AMB must be able to
produce rotational torque for motor function, in addition
to the levitation forces for bearing function. Due to the
special 3-pole structure, the 3-pole AMB can be easily
integrated with the 3-phase currents to generate the
motor function. The proposed bearingless motor is
expected to inherit the advantage of the low costs of the
3-pole AMB and bearingless motor.

The paper is organized as follows. After the
introduction, the bearingless motor system is described
in Section Il, followed by its dynamic modeling in Section
lll. In Section 1V, the controllers for levitation and speed
control with numerical simulations are presented. Finally,
conclusions are drawn in Section V.
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Figure 1. The 3-pole bearingless motor.
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Figure 2. Magnetic circuit for the bearingless motor.

II. System Description

Figure 1 shows the proposed bearingless motor. A
pair of permanent magnets is mounted on the surface of
the rotor. There are two sets of coil windings on the
three poles of the stator. The first set, called bearing
currents, is the same as that in the conventional 3-pole
AMB, with one independent coil on pole #1, Iy =iy,
and the other independent coil on poles #2 and #3
configured as, l, =—lps =iy, . This set mainly provides
the levitation force. The other set, called motor currents,
is the usual 3-phase winding for the rotational torque:

Iy =iy, cos(6)
o =1, cos(9+2—”)
mee 37, (1)

2
I3 =i, cos(d — ?ﬂ)

where @ is the rotor angle and i, isthe amplitude of
the 3-phase motor current. In other words, fp,is, and
im will be the three control inputs of the bearingless
motor system. A controller is designed for them to
achieve stable levitation (AMB function) and constant
rotation speed (motor function).
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Figure 3. lllustration of rotor displacement and air gap.

III. Dynamic Modeling

In order to get the dynamic model of the
bearingless motor, we need to obtain the models of
levitation forces and rotational torque. For the magnetic
levitation forces, the magnetic flux on each pole is first
obtained by magnetic circuit analysis, as shown in Figure
2, which yields:

(%] N R, +Rs —R; —R, ipy
=— —R; R, +R, —R, ip2
0 Ro -R, —R,  Ri+R, || —ip
R,+R;  —R; Ry [y +1p0 ] @)
+—=| =Ry Ri+R Ry |[lm+lp
Ro -R, Ry Ri+R, || lms+1ps
where @ ~@; are magnetic fluxes, ip,i> are the

bearing currents, /,; ~/,: are the motor currents given
by (1), /1 ~1s are the equivalent coil currents for the

permanent magnets to be defined later, N; is the
number of bearing coils, and N, is the number of
motor coils, and R,=RR, +R,R: +RsR,;. R, ~Rs; are
magnetic resistance defined by [2] as:
1
Ry =—Ilo +y)
HA
1 NERE !
R =—(lp+=x, —=,)
2 LA 0T 2y ) (3)
1 B
Ry =—I(lb ——x, ——y/)
LA 2 2
where X, and Yy, are the rotor displacements, as

illustrated in Figure 3, I, is the nominal air gap between
rotor and stator, 4 is the magnetic permeability of the
air and A is the pole face area. For easy analysis of the
levitation forces, the equivalent coil currents for the
permanent magnets are used:
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lps =i, sin(6)

- 2
1y =lpsm(49+?)l (a)

2
Ihs :i,,sin(H—?ﬂ)

which possess a phase lag of 90 degrees with the motor
currents. In other words, with the currents given by (4)
applied to the motor coils, the generated magnetic flux
will be the same as that by the permanent magnets on
the rotor. By Ampere’s law, it can be shown that the
amplitude of the equivalent current, i, , and the
magnetic flux of the permanent magnets, ¢, , are
related by:

=3,

*O3uAN,
Then, the magnetic reluctance force of each pole is given
by the principle of virtual work as:

2
=2 i=1-3

2UA

’

and the reluctance levitation forces can be obtained by:

N

F. =(F —F)c0s30° = ——(@3 — ;) =mc, ¥, ¥,
4 1A

F, =(F, +F)sin30° , (5)

1 mc, .. 3

— [ 2+ 2 _2 2]: \P _\II

_4,uA (s +@) =20, ) (‘5 1)

4 uAN;
where mis the rotor mass, ¢, :%, and
m

|:\P1:| _ _1 2l0 _yr ’\/gX, |:ib1:|
Yol L x B2l +y,) Lk
Ny | My | N, [P,
+ +

L | M, L |P

where L=4 -0 +y?), N.=N, /N, and

) (6)

B

1 27 |
=2ly +y,)cosO+(lp ——x, —=y,)cos(0 + —
(=2l +y,) (lo 5 2y) ( 3)

\E 1 2
+(lo +——x, —=y,)cos(0 ——
(lo 5 2}/) ( 3)

M
M, | 5 (7)
—X, €050+ (3l + %x, —73 y,)cos(0 + 2?”)

NG

1 3 2
+(\3lp +=x, +—V,)cos(0 ——
(V3o 5 5 yr)cos( 3’)
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(<2l +y,)sin@ +(l, —ﬁx, —%y,)sin(&-k%)

2
NG

1 2
+(lp +—x, —=y,)sin(@ ——
(lo 5 2y) ( 3)

2
) @

—,5in0+ (3l +%Xr —?yr)sin(0+2?ﬂ)

+3l, +%xr +§yr)sin(9—%ﬁ)

Equation (6) clearly reveals the contribution to the
levitation forces from different sources. The first term of
(6) represents the contribution of bearing currents, the
second term represents that of motor currents, and the
last term represents that of permanent magnets. The
latter two forces need to be compensated for by the
bearing currents through controller design, as discussed
in Section IV below. When the motor currents and
permanent magnets are removed (in =i, =0), Equations
(5) and (6) will reduce to the case of a conventional
3-pole AMB [2].

When the rotor is at rest, bearing and motor
currents are not present, but the PM force still exists. As
such, it will get stuck to the stator. This force is in general
very strong. A common practice for AMB is to design a
back-up bearing between the rotor and AMB to avoid the
direct contact of the rotor and stator. The nominal air gap
of the back-up bearing is usually designed to be half of
that of AMB. With the back-up bearing, the PM force at
rest will not be as large as that with direct contact. Even
so, the AMB still needs to overcome this force in order to
levitate the rotor. In other words, the bearing currents
must be able to provide the AMB force that is larger than
the PM force.

The rotational torque can be obtained by the
Lorentz principle, which is the interaction of the PM
magnetic field on the rotor and the coil currents on the
stator poles. Similar to the levitation forces, both motor
currents and bearing currents will contribute to the
rotation torque. The torque generated by the motor
currents is given by:

T, =rlB,Nyip, [cos&cos(g —60—f)—cos Hcos(% -0+ p)

2 T 2 4
+cos(0+?)cos(g + 6+ f)—cos(6 + ?)cos(€+ 60— p) ()

27 V4 27 V4
+cos(f — ?)cos(é’ - 5 — p)—cos(0 - ?)cos(é’ - o + f)]

=(3rIB,N, sin B)i,

where r is the rotor radius, | is the thickness of the
stator, B, is the flux density of the permanent magnet,
and B s the angle of the half span of each magnetic

aUSMT Vol. 2 No. 2 (2012)

Copyright © 2012 International Journal of Automation and Smart Technology



pole. The first two terms in the bracket are the
contribution of the motor current on pole #1, and similar
statements apply to pole #2 and #3. Next, the torque
generated by the bearing currents is given by

Ty = rIB,N, iy cos(g —0-P)—in cos(g —0+p)
iy cos(% +0+ B)—in cos(% +0-p)

iy cos(@—%— B)+ins cos(@—%+ B

=(2rIB,N, sin S cos B)iy, — (Zx/ir/Ble sin BsinB)i,,

The first two terms in the bracket are the contribution of
bearing current on pole #1, and similar statements apply
to pole #2 and #3. Finally, combining the above two
equations, we have the total generated torque given by

T; =(3rIB,N, sin B)i,, +(2rIB,N, sin S cos O)iy
—(2\/3rIB, N, sin Bsin6)iy, '

The first term in the torque equation is the contribution
of the motor currents. The last two terms represent the
coupling of the bearing currents to the motor torque. As
one can see from (11), both i,; and i, will contribute
to the torque which depends on the rotor angle &. This
implies that they will cause torque ripple that needs to
be compensated for.

With the forces and torque in hand, the dynamic
model of the system can be obtained as

.. F
X ===¢¥,¥,
m
. F C
jo=2-g=—=(¥;-¥i)-g, (12)
m 2
.1 B .
0=-T,——0
J J

where J is the mass moment of inertia of the rotor shaft
and B is the damping coefficient of the motor. Let the
state variables be X, =X,, X, =X, X3=V,, Xs=Y,,
xs=60 , and x,=6 . Then Equation (12) can be
expressed in the state space form as:

X2
c,¥,¥,

X4

= %’(LP% —¥l)—g (13)

Xs
B 1
e
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IV. Controller Design

It is assumed that the operation of the bearingless
motor levitates the rotor to the bearing center first, and
then the 3-phase current is provided to activate the
motor. In other words, the operation of the system is
decomposed into two stages: levitation and rotation. At
the levitation stage, the motor dynamics are neglected
and the feedback linearization approach is adopted. With
the feedback linearization action, the X and Y rotor
dynamics are decoupled and the integral sliding mode
controller for both dynamics is designed. At the rotation
stage, the bearing currents i,; and i,, are assumed
given and a simple PD controller is designed for T, (and
hence for i, ) to achieve the motor speed control.

At the levitation stage, i, =0, and as such, the
motor dynamics are neglected at this stage. As a result,
the levitation controller is almost the same as that used
in a conventional 3-pole AMB [1]. The only difference is
that one needs to compensate for the coupling effects of
the PM. The levitation controller is designed with two
steps. First, ¥, and ¥, are regarded as the virtual
control inputs and the feedback linearization approach is
taken. In other words, it is to find solution for ¥; and
Y, such that:

V.Y, :71

C ~ . (14)
f(\lji—?i)—g%

Then, the integral sliding mode control is employed as:

171 =—b1§—b277—p+asat(§+b177+bzz)
[A 1-k &g , (15)
z=n

where:

n [771 772]T :[X1 X3]T: é::[gl é:z]T :[Xz X4]T
and bi,b,p0,&,a,k are control parameters. With this
solution for ¥, and ‘¥,, Equation (6) can be utilized to
obtain the control law for the actual control inputs iy
and iy, . For more details, please refer to [1]. The overall
control law is

{,} g [y X ‘p(:iiz)}

. =7 X, =2l + Yr T

i Co 5 B L q(iz )
; 2y -y, X, ] A » (18)
£ X, 2l +y, {Pj

NER
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where P and P, are given by Equation (8), and

{p(flfz)} NG+ o+l + 0 +7 sgn(i)
9l ) N +9)+ i +aF +7

Equation (16) reveals that the control currents are
composed of two parts. The first term is for the
stabilization of the levitation dynamics. The second term
is for the compensation of the PM force, as mentioned
previously.

At the rotation stage, it is assumed that the rotor is
maintained at the bearing center, or in other words, that
the levitation dynamics have reached a steady state.
Hence, i,y and i, are given at this stage. Then, the
control law for the overall torque T; for the motor
dynamics, the third equation in Equation (12), can be
obtained. Here, a simple PD controller is designed for T,
to achieve the motor speed control. Finally, by Equation
(11), one can get the control law for the motor current

(17)

im .

Simulation results for the levitation control are
presented in Figures 4 and 5, where Figure 4 shows the
rotor trajectory during levitation and Figure 5 shows the
corresponding bearing currents. In the simulations, the
system parameters are given in Table 1, with the control
parameters of: b =20, b,=20, p=5, a=3,
k=05, £=0.1. The dotted line (circle) in Figure 3
represents the allowable range of the rotor limited by
the back-up bearing. Note that the nominal air gap
between the rotor and the back-up bearing is 0.5 mm.

Figures 6 and 7 are the simulation results of
motor control with speed command of 1000 rad/s,
where Figure 6 shows the time response of angular
displacement and the rotor speed, and Figure 7 shows
the corresponding motor currents. Here, it is assumed
that no external load is applied. If there is external load,
additional motor currents in Figure 7 are needed to
achieve the same speed. The results indicate that the
proposed 3-pole bearingless motor is feasible.

Table 1. System parameters.

lo=0.95x10° m i =4nx107 H/m

A=4x10"m’ B, =0.5Tesla
J=3.94x10" kg-m? B =0.002 N-m/rad/s
m = 0.6435 kg g =9.81 m/s

N, =300 N, =300
r=0.035m /=0.02m

B=32° R,=2Q
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stage with speed command of 1000 rad/s.

im (A)

2

4

B

" L L L L L
& 10 12 14 16 18 20
time (sec)

Figure 7. The motor currents at the rotation stage with speed command
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V. Conclusion

A PM type bearingless motor has been proposed
based on a 3-pole AMB. The dynamic model was
obtained through the analysis of levitation forces and
rotational torque. Controllers for stable levitation and
rotor speed control were designed accordingly. The
simulation results indicate that the conventional 3-pole
AMB can be easily integrated with the 3-phase currents
to become a bearingless motor.
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