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ABSTRACT

To attenuate synchronous disturbances in mag-
netic bearing systems, a number of approaches have
been used, including both adaptive feed-forward and
feedback approaches. In practice it is generally pre-
ferred to use feed-forward techniques as they have
less effect on system stability. One method of feed-
forward disturbance attenuation that has been pro-
posed is the application of adaptive filtering tech-
niques to minimize the magnitude of the magnetic
bearing system error signal. This will be referred to
as an“indirect” method for synchronous disturbance
attenuation.

In this paper we examine two cases by using the
“indirect” method of synchronous disturbance atten-
uation. In the first case the rotor displacement is
minimized while in the second the bearing actua-
tor current is minimized. As it is often desired to
minimize displacement vibration at low speeds and
minimize control effort (i.e. actuator current) at
high speeds this paper also examines algorithms for
smoothly transitioning from displacement vibration
minimization at low speeds to current minimization
at high speeds.

The paper discusses both the simulation of these
algorithms and their experimental testing on the
RMIT magnetic bearing test stand.

1 INTRODUCTION

It is well known that active magnetic bearings
(AMBs) have many unique features including low
friction wears, efficient operation at high speel;l, and

elimination of lubricants, etc. Hence AMBs are used
in a number of applications such as energy storage
flywheels, high-speed turbines and compressors [1].

AMB actuators are open-loop unstable, and,
therefore, feedback control is essential for achieving
stabilization and good performance. Shafts (rotors)
in AMB systems are supposed to be rotating at high
speed. As they unavoidably have unbalanced masses,
disturbance forces are generated when the shafts are
rotating. These disturbance forces, being referred to
as synchronous disturbances, are most significant at
high frequencies because their amplitudes increase
with the square of the shaft rotating speed. Due to
the synchronous disturbances, the rotors may move
away from the centre of the bore of the AMB actu-
ators, and may possibly collide with the touching-
down bearings.

To attenuate synchronous disturbances in AMB
systems, two approaches have been used. In the first
approach [2] the objective is to keep the shaft ro-
tate around its geometric centre in the presence of
synchronous disturbances, and is to be referred to a8
displacement nulling. To this end, electro-magnetic
forces at the synchronous frequency need to be gen-
erated in the AMB systems so as the effective stiff-
ness of the bearing system to unbalanced forces are
increased.

In the second approach a control system is de-
gigned such that it allows the shaft to rotate around
its axis of inertia, and is referred to as automatic bal-
ancing in the literature [3] as no unbalance force is
acting on the shaft in this case. As the required cur-
rents in bearing actuators are small in this approach,
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Figure 1: Indirect adaptive feed-forward control for
attenuating synchronous disturbances in magnetic
bearing systems

it is also referred to as current nulling approach.

This paper further investigates an adaptive feed-
forward approach for adjusting the amplitude and
phase of the synchronous signal so as to achieve dis-
placement and current nulling. In implementing the
adaptive feed-forward displacement {current) nulling
controller, the displacement (current) signal is used
as the main input signal of the controller, However,
in the adaptation algorithm the error signal between
the input displacement (current) signal and the gen-
erated signal from the adaptive filter is used as the
vibration performance measure. Hence, this method
is referred to as an“indirect” method for synchronous
disturbance attenuation. In addition, the switching
algorithm between displacement and current nulling
is also investigated. Both simulation and expetimen-
tal results show the effectiveness of the adaptive algo-
rithm. Simulations and experiments are also carried
out for testing a switching algorithm between dis-
placement and current nulling. Methods using the
displacement (current) signal as the main input sig-
nal of the displacment (current) nulling controller
and the displacement (current) signal is also used
as the performance measure in the adaptation algo-
rithm is referred to as a “direct " method and is
detailed in a paper in reference [9)].

2 CONTROLLER  STRUC-
TURE AND ALGORITHM

2.1 Controller Structure _

Figure 1 shows the proposed controller structure for
attenuating synchroncus disturbances in magnetic
bearing systems. A feedback control loop is used
for stabilizing the system while an “indirect” adap-
tive feed-forward controller is employed to attenuate
synchronous disturbances.

z(k) : %)

Figure 2: Structure of the “indirect” adaptive feed-
forward controller for dispacement or current nulling

It should be noted that in Figure 1, the shaft angu-
lar speed Q which can be easily measured in practice
is one of the two input signals to the feed-forward
adaptive controller . The second input signal 2 can
be chosen to be either the current i or displacement y
depending upon whether current nulling or displace-
ment nulling is desired.

It is also noted that Betschon et. al. and Zhao
et. al. [4](5] used displacement signal y as the input
signal to the adaptive feed-forward controller, and
the performance measure used was the mean square
of the difference between signal y and v. The control
effect is equivalent to the current nulling approach in
this paper. In this paper, the displacement nulling
and current nulling are further investigated and it is
found that a gain K, or K; needed to be introduced
8o that displacement nulling can be achieved with
the displacement y as the input signal and current
nulling can be achieved with the current i as the
input signal to the adaptive feed-forward controller.

The structure of the proposed “indirect” adaptive
feed-forward controller is further shown in Figure 2,
which consists of an adaptive filter and a gain K, or
K; for displacement or current nulling respectively.
The adaptive filter is used to estimate the amplitude
and phase of the synchronous disturbance, while gain
K, or K; is used for adjusting the control signal am-
plitude in the direction determined by the adaptive
filter.

2.2 Adaptive Algorithm

This section is focused on the derivation of the adap-
tive algorithms for displacement nulling and current
nulling. A detailed discussion of displacement nulling
is given, while the derivation for current nulling has
been omitted because of its obvious similarities.

It is assumed that the reference signal r in Figure
1 is zero for simplicity. The gain K in Figure 2 is
important for achieving good vibration attenuation
performance and is related to the closed-loop gain
from output displacement signal ¢ to the generated
input signal » as shown in Figure 1. K, is to be
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Figure 3: Structure of the “indirect” adaptive dis-
placement nulling feed-forward controller

adjusted in implementation.

Figure 3 shows a detailed structure of the “in-
direct” displacement nulling feed-forward controller,
where 0, represents the sampling frequency in rad/s
and T is the sampling period, ie. 2, = 3. Two
reference signals r1 (k) and rz (k) are adjusted by two
weighting functions w; (k) and w2 (k) to generate an
estimation of the synchronous disturbance signal in
y(k) [4],[5). These weighting functions are to be up-
dated using the adaptive algorithm derived below.

The vector form of the two reference signals is:

_[rk) _ cos(2w ﬂ‘k)
(k) = [::(k):l - [sin(21rgk)] W

Assume that the input displacement signal to the
adaptive vibration controller is:

(k) = Ay cos(2n ok + 8,) (@)

The generated signal from the adaptive FIR filter is:

s(k) = w” (k)r(k) (3)
whereas the Fourier coefficients vector
w(k) = (2%
- Wo (k)

The objective of the adaptation algorithm is to
minimize the following vibration performance mea-
sure or cost function:

J(w) = E{e’(k)} 4)
where E{.} is the expectation operator and
e(k) = y(k) — s(k) = y(k) ~w" (K)c(k) ()

Since the performance measure used here is not
directly proportional to the displacement signal bus

the error signal, hence this method is referred to as
the “indirect” method.

Assuming that the signals y(k) and r(k) are weakly
stationary, the mean square error (MSE) can be cal-
culated as follows:

MSE = J(w) = E{e*(k)}
= E{y*(k)} + wT (k) E{z(k)e" (k) }w(k)
- 2uT (k) E{y(k)r(k)} (6)

Defining the auto-correlation matrix R and the
cross-correlation vector p as:

R = E{r(k)r" (k)} (7)

p= E{y(k)z(k)} (8)
Finally the vibration performance measure or cost
function can be written as

J(w) = E{e*(k)}
= E{y*(k)} + wT (k)Ruw(k)} - 2wT(k)p (9)
The Least Mean Square (LMS) algorithm is used
to update the weighting functions w; (k) and ws (k)
[6][7]. The basis for the LMS algorithm is the mo-
mentary quadratic error. The momentary gradient
is calculated by

Vi€’ (k)} = 2e(k) vy {y(k) — s(k)}
= 2e(k) vy {y(k) — " (k)c(k)}
The coefficient vector is updated by using the mo-
mentary gradient
w(k +1) = wk) ~ ¢ Vw {e*(k)}
= w(k) + 2ce(k)r(k) = w(k) + pe(k)r(k) (11}

(10)

3 SWITCHING ALGO-
RITHM BETWEEN DIS-
PLACEMENT NULLING
AND CURRENT
NULLING

In displacement nulling, electro-magnetic forces at
the synchronous frequency need to be generated in
the AMB system so as the effective stiffness of the
bearing system to unbalanced forces are increased.
However, at high speed, large bearing actuator forces
proportional to 22 need to be generated to cancel the
effect of synchronous disturbances and as these forces
will be transmitted to the machine housing consid-
erable plant vibration will occur. In that case cur-
rent nulling is preferred. A fuzzy logic controller is
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employed to achieve smooth transitioning from dis-
placement vibration minimization at low speeds to
current minimization at high speeds.

The fuzzy logic controller utilizes speed and peak
current of the amplifier as inputs is designed to in-
troduce a nonlinear function into the transition logic
so as to prevent limit cycle cperation of the adaptive
feed-forward control loop and to prevent the satura-
tion of the power amplifier. The output of the fuzzy
logic controller «+ (0 < v < 1) is adjusted according
to the speed ) and the peak current of the power
amplifier é,eqx. If the speed Q is low and ipeqs i8
low, 7 is low 80 that the injected signal ig basically
for displacement nulling. If the speed 2 is high and
ipear is high due to synchronous disturbances, 7 is
high so that the injected signal is basically for cur-
rent nulling. If the speed §) is moderate and ipeqx i8
not too high as to cause power amplifier saturation,
7 is medium so that both displacement and current
will be reduced at transition speeds.

4 SIMULATION AND EX-
PERIMENTAL RESULTS

The AMB system used to test the proposed adap-
tive feed-forward vibration control algorithms is a
magnetic bearing system mounted on a test-rig in
the School of Electrical and Computer Systems En-
gineering at RMIT University. For a detail descrip-
tion of the system please refer to references (8] and

[9)-

4.1 Simulation Results

Figures 4 (a) and (b) show the displacement z; and

current 77, of the magnetic bearing without the adap-
tive vibration controller as a function of rotor speed.
Figures 4 (c) and (d) show the displacement z;, and
current iz, of the magnetic bearing with the adaptive
vibration controller. The shaft displacements at the
left-end are denoted by 2z. The shaft currents at
the left-end are denoted by i;. For rotor speeds of
1100 rpm and above complete displacement nulling
is used. From 1100 rpm to 1800 rpm, both displace-
ment nulling and current nulling takes effects and
the weighting of the two components depends on the
~ value from the fuzzy logic controller. For the ro-
tor speed of 1800 rpm and above complete current
nulling method is employed. It can be seen from Fig-
ures 4 (c) and (d) that displacement nulling and cur-
rent nulling are both very effective and the smooth
transition between displacement nulling and current
nulling hag also been achieved.

As the performance results for the left- and right-
hand bearings are similar only those for the left-hand
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Figure 4: Displacement and current signals without
nulling [(a), (b)] with complete displacement nulling
(rotor speed < 1100 rpm), displacement nulling to
current nulling transition (from 1100 rpm to 1800
rpm) and complete current nulling (rotor speed >
1800 rpm) {(c), (d)]

bearing is discussed in this paper.

4,2 Experimental Results

A digital signal processor TMS320C6701 with high
speed A/D and D/A converter is used to implement
the “indirect” adaptive feed-forward control algo-
rithm. This DSP is also used for implementing the
feedback control algorithm but its realization will not
be examined in this paper. The shaft speed (} is com-
puted by the DSP using the output pulses from the
shaft toothed wheel sensor.

Figures 5 (a) and (b) show the measured displac-
ment zz, and yr, at the left end of the shaft, for the
case where no vibration control was used and the
shaft speed was fixed at 1300 rpm. To illustrate the
effect of displacement nulling control the measure-
ments were repeated with the adaptive feed-forward
controller operating and the results are shown in Fig-
ures 8 (c¢) and (d) for the shaft again rotating at
1300 rpm. It can be readily seen that vibration am-
plitude has been considerably reduced.

To appreciate the effect of current nulling, Fig-
ure 6 shows the power amplifier current ;7 and iz,
measured with the shaft speed fixed at 1300 rpm.
In Figures 6 (a) and (b), the currents i, and iyp
in the absence of current nulling are shown, while in
Figures 6 (c) and (d) the case where the adaptive
feed-forward controiler is operating are shown. It is
readily seen that there is considerable reduction in
the amplitude of the coil currents in the latter case.

To further illustrate the effect of the adaptive feed-
forward controllers, Figures 7 and 8 show the perfor-
mance of the adaptive controller as a function of ro-
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Figure 5: Shaft displacements at the left bearing
without nulling [(a), (b)] and with displacement

nulling [(c),(d)]
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Figure 6: Power amplifier output currents for the left
end bearing actuator without nulling [(a), (b)] and
with current nulling control [(c),(d)]

tor speed for both displacement and current nulling.
The amplitudes A;z, Ayr, and Agr, Aigr of the dis-
placements zz and yz and currents iyz and iy, are
shown in Figure 7 (a), (b), (¢) and (d) respectively.
In these figures the graphs having full lines are for the
case where the adaptive controller is absent, while
those with broken lines are for the case where adap-
tive feed-forward displacement nulling is present. It
will be noted from this figure that in the absence of
displacement nulling there is a distinct critical speed
at about 1300 rpm. However in the case where dis-
placement nulling controller is operating the vibra-
tion amplitude is considerably reduced and there is
no evidence of any vibration resonance. The actua-
tor current nevertheless shows a distinct peaking at
1300 rpm which indicates that considerable actuator
forces are being generated to supress the vibrations.

In Figure 8 the amplitudes A,;, Ayr,Aizr, and
Aj;yr are again plotted as a function of the rotor
speed, for the case of adaptive feed-forward current
nulling. Tt will be noted that the amplitudes of the
actuator currents are considerably reduced compared
to the case where no adaptive control is present. As
a consequence the bearing forces at the synchronous

Figure 7: Bearing displacements and currents with
(broken lines) and without (full lines) displacement
nulling control as function of rotor speed

\\\\\\\

Figure 8: Bearing displacements and currents with
(broken lines) and without (full lines) current nulling
control as function of rotor speed

speed are negligible. It can also be seen that the dis-
placement amplitude is increased at critical speeds
compared with the case for displacement nulling as
shown in Figure 7.

Figures 9 (a) and (b) show the comparison re-
sults of the vibration amplitudes of displacements
and currents Azz, Ay Ly AL, and Aiy 1., without and
with the adaptive feed-forward control. In the case
when the adaptive feed-forward controller is operat-
ing, complete displacement nulling is employed for
shaft speed below 1100 rpm and complete current
nulling is employed for shaft speed above 1800 rpm.
The transition occured from 1100 to 1800 rpm in
which both displacement nulling and current nulling
take effects and the weighting of the two depends on
the weighting function . It can be seen from this
figure that the amplitudes of the dispalcements and
currents are considerably reduced during the com-
plete displacement and current nulling speed regions
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Figure 9: Bearing displacements and currents with-
out and with complete displacement nulling, dis-
placement to current nulling transition, and com-
plete current nulling as a function of shaft speed

as well as during the transition period.

5 CONCLUSIONS

In this paper, an “indirect” adaptive feed-forward vi-
bration control method has been proposed to achieve
displacement nulling at low speeds and to achieve
current nulling at high speeds. A fuzzy logic con-
troller which utilizes speed and peak current of the
power amplifier as inputs is designed to introduce
smooth transition from displacement vibration min-
imization at low speeds to current minimization at
high speeds.

The proposed “indirect” adaptive displacement
and current nulling vibration control algorithms and
their switching algorithm have been successfully sim-
ulated and implemented in real-time using the test
rig at RMIT University, and has shown that they
have considerable promise.
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