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ABSTRACT

Phase-locked and frequency-feedback loops are applied to
stabilize an active magnetic bearing with displacement
sensors of frequency type. In the phase locked loops,
the control input is produced from the difference in
phase between the reference and feedback signals. Since
phase is the integration of frequency, integral feedback
arises automatically. It leads to high-accuracy
suspension. To speed up the process of phase-locking, a
frequency-feedback loop is used in addition to the PLL
loop. This loop can stabilize the system even without
PLLs. Self-sensing suspension is realized with a
switching power amplifier whose switching-time is
controlled by a hysteresis comparator. Experiments
demonstrate the feasibility of the phase-locked and
frequency-feedback magnetic bearings of self-sensing
type.

INTRODUCTION

The sensors for detecting the position of a suspended
object (rotor) play an important role in active magnetic
bearings (AMBSs). Most of the AMBs use an analog
type of sensor that converts changes in the gap between
the rotor and the sensor pick-up into changes in the
amplitude of an output signal. This type of sensor often
uses amplitude modulation (AM) techniques.

Frequency modulation (FM) as well as AM are most
commonly used in communications technology [1] and
can be applied to sensor technology. A magnetic
bearing with the frequency type of sensor can be
stabilized by directly feeding back the frequency
modulated signal. Phase-locked (PLL) and frequency-
feedback loops are applied for this purpose in this
paper. They are feedback systems in which the fed-back
parameter is the angle or its derivative (frequency) of a
signal [2]. For simplicity, such a magnetic bearing is
called as FMB in contrast to conventional AMBs.

A conventional PLL contains three basic components: a
phase detector (PD), a loop filter, and a voltage-
controlled oscillator (VCO). In a FMB, the amplifier-
rotor-sensor system works as a VCO because an input
voltage to the power amplifier changes the position of
the rotor through electromagnetic force, which in turns
changes the output frequency of the sensor.

A frequency-feedback loop is often used to help the loop
into locking. This can stabilize the suspension system
even without a PLL.

On method of reducing the size and cost of AMBs is to
use the coils of electromagnets as sensor and force coils
[3-7]. This type of AMB is often called self-sensing or
sensorless. A self-sensing type of FMB can be realized
with hysteresis amplifiers. This is a switching power
amplifier whose switching times are controlled by a
current comparator with some hysteresis [4,8]. The
switching rate varies with the load impedance, which
means the rate depends on the rotor position.

Experiments are carried out with an apparatus in which
a single-degree-of freedom of motion is controlled
actively. They show the feasibility of the self-sensing
FMB.

PHASE-LOCKED LOOPS FOR FMB
The basic model of a FMB in the one-sided case is
shown in Fig.1. It consists of a rotor, an electro-
magnet, an amplifier, a displacement sensor of
frequency type, a reference oscillator, a phase detector
and a loop filter. The equation of motion is given by
2
mSE=F - F, M
where
F, : electromagnetic force acting on the rotor
F_ : stationary force acting on the rotor
(A typical example is gravity force.)
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The stationary value of F,is set to balance F_.
Assuming that the force-displacement-current relation of
the electromagnet is linear, (1) becomes

2
mIX -k x+K,i @)

where
K ,K, : coefficients of the electromagnet

The transfer function G p(S) is defined by

_X6)_ b
GP(S)_ i) s2-a ®)
where
o= pk
m m

Next, the components in the feedback loop are studied.
The angular frequency @ of the sensor output is a
function of the displacement of the rotor:

0=00) @
It is assumed that @ ) is linearized as

o) =w, +Aw(x)
=o +wa, ©)

where the nominal frequency @ cormesponds to the
desired position x, of the rotor. The reference oscillator
produces a signal of the same frequency. Since
frequency is the time derivative of phase, 4@ can be
represented as

de .
Aw=2=2
w=G ©)
where

0 :the phase of the sensor signal

Although a phase detector wusually has nonlinear
characteristics, it can be accurately modeled as a linear
device when the loop is in lock [1]. Then it is assumed
that the phase detector output voltage is proportional to
the difference in phase between its inputs; that is

where
K , : phase detector gain factor

de
0, : phase of reference signal (@, = E’- )
The loop filter must be selected to stabilize the closed-

loop system. When F (s) is the transfer function of the

loop filter, the voltage at the output of the filter can be
described as

v (5)=F (5)v,(5) ®
When the power amplifier is of curmrent-controlled type,
the amplifier changes the electromagnet current in
proportion to its input; that is

iO=K,v,(0) )

With these assumptions, the FMB in the one-side case
can be represented by a linear model shown in Fig.2.

From (3), (5), and (9), the frequency deviating from the
reference frequency is related to the filter output as

Aw(s):KwGp(s)Kave(s) (10)
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FIGURE 1: Schematic diagram of FMB in the
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FIGURE 2: Block diagram of FMS using a linearized model in the one-side operation
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I'rom (6), (7), (8), and (10), the linear transfer function
relating ¥, and x is

x6) _ Gys)
Tl(s) —;,(_s) = TTlGl_(s) (11)
where
6,6 =GO 12)
K1=KaKd'Kw

liquation (12) shows that the open-loop transfer
{unction of FMB has a pole at the origin. This leads to
zero  error in  steady-state position for constant
disturbances.

In AMBs with conventional position sensors, the so-
called integral feedback is wused for high accurate
positioning. Most analog integrators, however, have
some departures from ideal for the technical reason that
commercially available op amps have DC error. Even
with a digital controller, some error remains because of
(uantization with a finite number of word length. In
contrast to these integrators, the integral operation
performed by a PLL is ideal because it comes from the
fact that frequency is the time derivative of phase (see
(6)). It is thus expected that PLL's will accomplish
extremely accurate positioning.

A FMB with a pair of two opposite electromagnets is
shown in Fig.3. In this configuration, the reference
oscillator is omitted and the phase detector compares
two sensor signals directly. The FMB in differential
operation is described by nearly the same equations as
that in one-sided operation [9]. However, it has several
advantages in practical use. One of them is that
reference  oscillator is unnecessary. Another is
avoidance of undesirable drift of the rotor due to some
difference in frequency change with temperature between
the reference oscillator and the sensor.

FREQUENCY-FEEDBACK LOOPS FOR
FMB

To ensure the loop pulled in lock, frequency error is
often fed back besides phase error. There are several
methods of detecting frequency error. A simple way is
to use frequency-to-voltage (F/V) converters. Figure 4
shows a block diagram of a FMB with phase-locked and
frequency-feedback loops in the one-sided operation. The
F/V converted signal is given by

vf=Kwax (13)
where
K s ¢ gain of the F/V converter

When F,6) is the transfer function of a compensator
in the frequency-feedback loop, the voltage at the output
of the compensator is given by

vc(s) =F2(S) Vf(s‘)

(14)
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FIGURE 3 : Schematic diagram of FMB in the
differential operation
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FIGURE 4 : Schematic diagram of FMB with
phase-locked and frequency feedback loops in
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This input is added to the control input produced by the
PLL loop. The transfer function is relating relating x,
and x is obtained as

x6)= %(?(S)x,(s) @15)
where

G,(5)=G (5)+K, G (s)F ) (16)

K,=K,K,K,

CONTROL LAWS
There are three choices for stabilizing a FMB in the
configuration shown in Fig.4. They are
(1)using only the frequency-feedback loop
(Fi=0)
(2)using only the phase-locked loop ( F(s)=0)
(3)combining both

When the method (1) is adopted, the control design is
almost same as in the conventional AMBs. A simple
way is to use the PD control:

F(s)=-(p,+p,s) 17

The characteristic equation of the closed-loop system
becomes

t(s)=s*+bK,p, s+ (bK,p,~a) (18)

When the method (2) is adopted, the closed-loop system
can be stabilized with a second or higher order filter
theoretically [9]. Although sophisticated filter design
may modify the pull-in characteristics well, it is
technically difficult to pull the loop in lock only with
this loop because the open-loop system is unstable.
Therefore, it is practical to combine both the loops to
realize accurate suspension by a PLL. A simple
combination is to use a loop filter of first order in the
phase-locked loop and PD control in the frequency-
feedback loop:

d
o= (19)
F)=-(p,+p,s) (20)

The characteristic equation is obtained as

te)= st+ (< +bK2pv)s3 + {bK(p, + ¢, )--a}s2
+c(bK,p; —a)s +bK, d,

@D
The poles of the closed-loop system can by assigned

arbitrarily by choosing the coefficients of the filter and
the feedback gains.

SELF SENSING BEARINGS

FMB OF SELF-SENSING TYPE

One of the main reasons why AMBs have been used
only in special fields such as vacuum technology is the
cost of the total system. Reduction of the cost, size and
weight of AMBs is important to increase their
industrial applications. An effective method for this
purpose is the combined use of an electromagnet for
force generator and position sensor.

In the pulse restrained magnetic suspension, the
windings are used on a time-sharing basis to serve
alternately as position sensor and force coils [3]. In the
so-called sensorless or self-sensing magnetic bearing, an
observer is used to reconstruct the displacement and
velocity of the rotor from the coil current and voltage
[4, 5, 6]. Another method of self-sensing is to make
use of the PWM carrier frequency component [7]. In
addition to the latter two methods, Vischer points out
that the gap can be measured by demodulating the
switching signal of a hysteresis amplifier [4].

The schematic diagram of a hysteresis amplifier is
shown Fig.5. Since the switching rate depends on the
load impedance [8], it changes with the gap between the
rotor and the electromagnet. The switching signal is,
therefore, modulated in frequency.

Figure 6 shows the self-sensing configuration of
FMB in the differential operation. Switching signals
from the hysteresis amplifiers are used instead of those
produced by the frequency type of displacement sensors.
These are directly inputted to the phase detector and the
F/V converters.

EXPERIMENTS

Experiments are carried out with a single-degree-of-
freedom model shown in Fig.7. It has an arm as a
suspended object, and a pair of electromagnets. Each
electromagnet has a solid core of ferrite. Two hysteresis
amplifiers are used to excite the electromagnets. The
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FIGURE 5 : Schematic diagram of a hysteresis amplificr
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structure of the control system is almost same as
shown in Fig.6.

‘The switching frequency of each of the hysteresis
amplifiers is measured for the range of the gap from
0.25mm to 0.55mm (Fig.8). The measurement results
show the linear relationship between frequency and gap.

Figure 9 shows a step response of the suspension
system stabilized by the frequency-feedback loop. An
cddy-current  displacement sensor is only used for
measuring and monitoring, and not for control. This
result shows that the F/V converted switching signal
coincides well with the sensor signal.

Figure 10 compares floating accuracy of a
conventional AMB and a self-sensing FMB with a
PLL; the former feeds back a sensor signal of analog
type. This result demonstrates that PLL can improve
static accuracy of floating.

CONCLUSIONS

Phase-locked and frequency-feedback magnetic bearings
(FMBs), which were characterized by the frequency type
of displacement sensor, were studied both theoretically
and experimentally. The self-sensing type of FMB was
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FIGURE 6 : Schematic diagram of a self-sensing FMB

realized with hysteresis amplifiers. The linear
relationship between the switching frequencies and the
position of the rotor were certified experimentally.
Stable suspension was obtained by feeding back the
F/V-converted switching signals. When the phase-
locked loop was activated in addition to the frequency-
feedback loop, the suspension system was pulled in
lock. It improved accuracy of positioning.

Further experimental study is needed to apply FMBs to
industrial instruments.
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