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Abstract — This study proposes a novel sensorless
control of a current-controlled three-pole active magnetic
bearing (AMB) system. It is based on the smooth current
controller incorporated with the estimated rotor
displacements. The rotor position information is extracted
from additional sensing coil currents. The sensing coil
currents are generated from three phase voltages injected
to the additional coils on each magnetic pole. The
dynamic model of the 3-pole AMB with the additional
high frequency input is derived for levitation control and
for position estimation. The results are verified through
simulation analysis.

Index Terms — Active magnetic bearing, sensorless
control, smooth current control.

I. INTRODUCTION

High speed and high accuracy are the major trends
for machines in the 21% century. In this regard, active
magnetic bearing (AMB) is an important element since
it can provide noncontact suspension. This brings several
important advantages, including a significant increase of
the maximum rotation speed, friction-loss reduction, etc.
However, the potential of its industrial applications has
not been fully explored yet. One of the main reasons is
its high cost. Therefore, cost reduction has always been
an important research direction for the development of
AMB system. Hardware accounts for the major part of
the overall cost of an AMB. The elimination of some
hardware requirements can substantially cut down the
overall cost. The three-pole AMB was proposed for this
particular purpose [1-4]. It has been shown that the
three-pole AMB system requires less power amplifiers,
possesses less copper and iron losses and provides more
space for heat dissipation, coil winding and sensor
installation.

To further reduce the overall cost, one may note that
position sensors are in general more expensive than
electrical sensors. It has been found that electrical signals
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may be used to estimate the mechanical information [5],
leading to the so-called self-sensing technique. Thus,
sensor cost can be reduced.

In AMB system, the rotor displacement is the
controlled variable, and thus, it must be measured or
estimated. The rotor displacement is often measured
using eddy-current sensors, which are the most widely
used one for the magnetic bearing application [6]. It has
the characteristics of small physical size with high
resolution, excellent temperature stability, small phase
shift and high dc stability. However, eddy current sensor
has some drawbacks, including relatively high cost, as

well as periodic calibration and maintenance requirements.

There have been a large number of self-sensing
studies in the literature [7]. The nonlinear high-gain
observer method was presented in [8], but the observer
design is quite complex. The approach of pulse width
modulation (PWM) switching power amplifiers was
proposed in [9], [10], but this method requires good
performance of PWM. Another approach is to inject a
high frequency signal to the electromagnet wires [11],
[12]. This signal is modulated by the varying air gap
through the inductance of the coil. By demodulating
the output signal with the frequency component of
the injection signal, the air gap and thus the rotor
displacements can be obtained. Some of the techniques
have been well known in the field of motor control [13],
but has been applied to AMB only recently.

This paper presents a new sensorless control
technique for the three-pole AMB system. An additional
coil on each magnetic pole is implemented for sensorless
control. A three phase high frequency voltage is provided
for the additional 3 coils. The current measurement of
the additional coils and the original coils makes it
possible to obtain the position of rotor.

This paper is organized as follows. After the
introduction, the mathematical model of three-pole
AMB system with additional coils is described and a
smooth current controller is proposed in Section Il. In
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Section Ill, the rotor position estimation is proposed.
Numerical simulations are carried out in Section IV
to verify the design of additional coil three-pole AMB
system. Finally, conclusions are drawn in Section V.

Il. SYSTEM MODELING AND SMOOTH
CURRENT CONTROL

A. Three-pole magnetic bearing model

The three-pole AMB considered here has been
studied previously in [1-4, 14]. The three poles are
arranged in a radially symmetric Y-shaped structure
to produce a uniform force distribution in the 2-D
configuration space. The upper two poles are wired
together in a differential way so that only two
independent coil currents and hence two power
amplifiers are required. It has been shown in [1] that this
configuration is the optimal design in the sense of
minimum heat dissipation. In this section, in order to
achieve sensorless control of the three-pole AMB, there
will be an additional coil on each pole to provide three
phase voltage source, as shown in Fig. 1. In other words,
there are two sets of coils: control coils and sensing coils.
The control coils for the upper two poles are wound in
a differential way. In other words, the two poles share
the same control currenti,, but with opposite winding

directions (i.e., i; =—i, ). The magnetic circuit for the

three-pole AMB is given by Fig. 2, assuming that the
reluctances exist only on the air gaps. By simple circuit
analysis, the magnetic flux passing through each pole,
denoted by 4, , can be obtained as:

_ (Ry +R3)N; I —RsN, 1, —Ry N3l

, 1

s RiR, + RoRg + R3Ry @

¢25:—R3N1|1+(R1+Rs)N2|2_R1N3|3’ @)
—R,N; 1, = RN, 1, + (R + Ry) Nl

By = 210 WNoly +(Ry 2)33, 3)

RiR, + R,Rs + RyR;
where N, I, = Ni, + N, N, I, = Ni, + Ni,,
NI, = Ni, + N.i ., N is the number of control coil turns
on each pole, N is the number of sensing coil turns on
each pole, i, to i are the control coil currents, i, to
i, are the sensing coil currents and R; to R5 are the

reluctances of the air gaps between the rotor and the three
magnetic poles. The reluctance can be expressed by:

R, = (4)

where |, to I; represent the air gaps, x is the magnetic

permeability of the air and A is the face area of each pole.

The magnetic force of the three-pole AMB can be
easily obtained. Assume that the magnetic characteristic
is linear (i.e., linear B-H relationship) and fringing
effects and flux leakage are neglected. Then, by
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Ampere’s law and principle of virtual work, the
magnetic force is related to the magnetic flux by:

2
F = ¢is

i=1~3. (5)
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Fig. 1. The current-controlled three-pole AMB system
with sensing coils.

g, NL+NI,

R, NL+N[I,

Fig. 2. Magnetic circuit for the additional coil three-pole
AMB.

Using Newton’s second law of motion, the magnetic
force generated by the three poles in the X and Y
directions are:

. 1 o
X, =E(F3 - F2)003(30 )= CoPsPss ©)
1 A C
i :E[(Fs + F2)3|n(30 )— Fl]— g =EO((D§S —(Dlzs)_ 9
(7
4
where ¢, = % , m is rotor mass, @, and @,  are
defined by:
3
D, = m (¢3s + ¢Zs) ! ®
V3
2% = 4/17(¢35 _¢25) ' (9)
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B. Coordinate transformations

Note that the magnetic fluxes ¢, contain the
contribution from both control and coil currents. Due to
the differential winding configuration, there are only two
independent control currents since i, =—i,. On the other
hand, the sensing coil currents i, will be generated by

the three phase voltages as shown in Fig. 1. That is, they
need to satisfy the Faraday’s induction law as:

Vis s Pis
Vs | =15 iZS + Ny ¢25 ) (10)
V3s i35 ¢3s

where vy, to v, are three phase voltage, r; is coil resistance.

Equation (10) can be transformed into the Cartesian
coordinate through the inverse Clarke transformation:

£ 0 -1

flB 1 fX} (11)
° 2 2| f,|

f. | J3 o1l

L 2 2]
to yield,

Vv 1
{VX :r{ix}Ns (ﬂ (12)
Y y L7y

In other words, Vv,,V, are the transformed three phase

voltages; i,,1i,
4., ¢, are the transformed magnetic fluxes on the three

poles. It can be shown that Equations (8) and (9) will

are the transformed sensing currents;

become:
3 3
O =— + =—d,, 13
1s 4,uA( 3s ¢Zs) 4ﬂA¢y ( )
V3 3
Dy = (s —Pps )= —— by 14
25 = g P )= (14)
Thus, Equation (12) can be re-written as:
v iy | 4udAN, | ®
o N R P it N Rl (15)
vy ly 3 [Py

Also, in terms of rotor displacements and coil
currents, Equations (13) and (14) become:

|:(Dls_ __ﬂ 2IO_Yr \/gxr |:il:|
Op| L[ X By ]

3 3 ., (16)
N TN S H
L 3 3 i
g e [

where x, and y, are the rotor displacements, 1, is the

nominal air gap and L:4I§—(xr2+yr2) is always

positive in the operation rang because that the rotor
displacement is always smaller than the nominal air gap,

ie., (xr2 +yf)£|§. Finally, let us define the system
States as X:ls :Xr’ XZS :Xr’ X35 = yr' X45 = yr’ X5S :gbl
Xss = D, That is,
.
Xs = [Xls Xps  X3s  Xgs  Xgg XGS] :
Then, the system dynamics can be obtained as:

s

Xos
COXSSXGS

X4s

Co (2 2
Xs = ?(XGS _XSS)_g , (17)

L(\/y —r.i )
4uAN
3 (v, -riy)
_4,uANS ]

where v, =V cosat, v, =Vsinat, V is the amplitude of

the three phase voltage. The sensing currents depend on
the rotor displacements and control currents, and can be
obtained from Equation (16) as:

W2 [ % 2] 2n o JBTL] g
By | 3N |[2lg+X% =X [ X | 3Ng|[1 0 [,

C. Smooth current control
It is well known that the AMB system is unstable
and nonlinear. As a result, it is necessary to design a
stabilizing feedback controller for stable suspension.
Following the smooth current controller proposed in [3],
we will design a controller for this system. For more
details on smooth current control, please refer to [3]. Let
us first consider the rotor dynamics part in the overall
state Equation (17), i.e.,
X2s
CoP 1P o5
X = X4 . (19)

c
(0% -02)-g
Regarding @, and ®,, as virtual control inputs,

we can design a control law as:

N A

w1(X) = KX + KioXos +Kisy (21)
W (X) = KaaXas +KasXas +Koe2, (22)
where z; = lesdt, zZ, :J.x3sdt ,and kj; ’s are the PID

feedback gains. Therefore, from Equation (16), the overall
control law for the control currents is given by:
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I,

[il} :_L|:‘/§(2|0 + Xgs

A
—\/§X15 '
\/S_,N — X5 2'0 — Xy

\/g"' v,(X)
Co

(23)

Note that unlike the standard smooth current control [3],

here the control currents need to compensate the
disturbance from the sensing currents.

Comments on the computational issues of the

feedback control law (23) are made here. An important

parameter in the control law is c,. It is related to the

magnetic force model. In order to get accurate value,
it is better to use finite element method for the model
of magnetic forces [15]. It can also be obtained by
experimental calibration of magnetic force model, as
presented in [2].

I1l. THE ROTOR DISPLACEMENT
ESTIMATION
The estimation of rotor displacements will be based
on Equation (16), or equivalently, Equation (18). It is the
relationship between the rotor displacements and the
electrical and magnetic quantities: the control currents

i,i,, the sensing currents i, i, , and the equivalent

X!y 1
magnetic fluxes @,, ®,.. Equation (18) can be re-written
as:

. (- 2x,@,, + 41,0, - 2y,®,. + 24/3Ni,)

, (24
x 3N, (24)
iy _ (4|0(D15 + 2yrq)ls — 2qu)25 + 2Ni1) , (25)
3N,

which is equivalent to:
Xr(Dls + yrq)Zs = 2IOCDZS ta, (26)
XrCDZS - yrq)ls = 2IOCD15 +ﬁ! (27)
where o = \/§Ni2 —g N, and £ =Ni, —g Ni, . From

Equations (26) and (27), one can obtain the rotor
displacements as:

1
X, = m(‘”oq)lsq)h +a®y +fD,), (28)
1
Y, = m(mo (‘Dgs - @7 )— PO+ a‘Dzs)- (29)

In (28) and (29), the control currents i,, i, and sensing
currents i,, i,
Also, the equivalent magnetic fluxes @, , ®,, can be

obtained by integrating Equation (15), i.e.,

can be measured by the current sensors.
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Therefore, Equations (28) and (29) can be used for the
estimation of rotor displacements, and can be used for
the feedback control in the smooth current controller (23).

Comments on the computational issues of position
estimation algorithm (28) and (29) are made here.
Note that the equivalent magnetic fluxes @, , @, are
important quantities for the position estimation, as can
be easily seen from (18) and (29). The computation of
D, D, using (30) could lead to large error if the

transformed three-phase voltages v,, v, and the sensing

currents i,,i, are contaminated with large noise.

Therefore, a key point to obtain good estimation is to use

filters to handle v,,v, and i,, i, before computing (30).

An alternative way to get @, ,®,, is to use finite
element method [15] to compute magnetic fluxes ¢,

and then use (13) and (14). This approach will yield more
accurate @, , d,., but it is time-consuming and not
feasible for real-time sensorless control.

IV. SIMULATION RESULTS
To verify the effectiveness of the proposed
sensorless control, numerical simulation will be carried
out in this section. The nominal values of the system
parameters are shown in Table 1. Note that the frequency
of the sensing voltage is 100 Hz with amplitude of 1V.
The control gains kj; ’s in (21) and (22) are designed

using the method of pole placement. The closed-loop
poles are chosen at:

Ay =—28,4,=-255,4,=-13;
Ay =—255,1,,=-23,4,,=-235;
where A, represents the poles for the closed-loop
linearized dynamics in the X-direction, and A,, for the

Y-direction. The initial conditions for the system state
x,(0) is taken to be:

x(0)=[0 0 -5x10"m 0 0 1x10?].
Note that there is a backup bearing placed on half

way between the stator and the rotor. In other words, the
practical allowable operation range for the rotor is a

circle with radius of 5x10*m , which is marked by
dashed lines in the following figure. Hence, the initial
condition represents the situation that rotor is initially
at rest on the backup bearing. The simulation results
are shown in Fig. 3 and Fig. 4. Figure 3 shows the
performance of the smooth current controller with the
proposed rotor estimation scheme. Figures 3 (a) and 3 (b)
indicate that the rotor can be levitated to the bearing
center within 0.3 seconds. In Fig. 3 (c), the control



CHEN, LIU: SENSORLESS CONTROL FOR A THREE-POLE ACTIVE MAGNETIC BEARING SYSTEM

currents exhibit periodic oscillation to compensate for
the sensing currents. Figure 4 shows the response of
rotor displacement estimation and the estimation error.
It indicates that both X and Y displacements can be
estimated with good accuracy. The simulation results
clearly verify the effectiveness of the proposed method.

x 10" Rotor trajectory
5FT T T _——°T — T T N
e | O starting point
4 y 4+ end ut
3+ / h d
2t / N g
/ \
g / \
g 1k “‘ \ J
£ [ I
o o i f | i
S J
2 \ !
g I
> /
2k \ 4
\
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4 e 4
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Y displacement(m)

r r r r

r r r r
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Table 1; Parameters of the AMB system

Rotor mass 0.6595kg
Nominal air gap 0.95x10°m
Permeability Arx107"H/m
Number of coil turns 300
Number of additional coil turns 20
Cross sectional area of the air gap | 4x10*m?
Amplitude of sensing voltage 1V
Frequency of sensing voltage 100Hz
Resistance of additional coil turns | 0.7056 Q2

x 10" Estimative rotor diaplacement

3 T 3 3 T 3
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Fig. 3. Numerical simulations: (a) rotor trajectory with
smooth current controller; (b) rotor displacements with

smooth current controller; (c) control currents.

Fig. 4. Numerical simulations: (a) estimated rotor
displacements; (b) estimation error.

V. CONCLUSIONS AND FUTURE WORKS

A sensorless controller for a three-pole AMB system
has been proposed in this study. It is based on the smooth
current controller with additional three-phase sensing
coil currents to estimate the rotor displacements.
Numerical simulations verify the effectiveness of the
proposed method. In the future, the stability of the
closed-loop system will be analyzed and the experimental
validation will be performed.
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