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Experimental Evaluation of Adaptive Predictive Control for Rotor Vibration
Suppression

Mingsian R. Bai and Kwuen-Yieng Ou

Abstract—An on-line active control technique for suppressing
rotor vibration is proposed. Linear voice coil motors mounted on
a ball bearing housing are used for generating counter forces to
cancel the transverse vibrations of shaft due to imbalance, mis-
alignment, and so forth. Controllers are designed by using the im-
pulse response-based model predictive control (IMPC) and gen-
eralized predictive control (GPC). Recursive-least-square (RLS)
method is employed for real-time system identification. Multiple
channel active control systems are implemented on the platform of
a digital signal processor (DSP). Experimental evaluation indicated
that the proposed methods were effective in suppressing the peri-
odic disturbances due to constant as well as variable rotor speed.
In particular, GPC has achieved the most satisfactory performance
in terms of vibration attenuation and convergence speed.

Index Terms—Generalized predictive control (GPC), impulse re-
sponse-based model predictive control (IMPC), predictive control,
recursive-least-square (RLS), rotor.

I. INTRODUCTION

A CTIVE control of vibrations in rotating machinery due
to common causes such as imbalance, misalignment, and

looseness are explored in this paper. These rotor faults may result
in excessive vibration amplitudes in the fundamental frequency
as well as its multiples which will in turn produce adverse effects
on noise, reliability, and performance of machines. For example,
in precision machining using a high-speed lathe, excessive trans-
verse vibration of the spindle may result in unacceptable errors
and even the failure of the machine tool. Conventional ways of
reducing the vibration due to imbalance and misalignment are to
apply standard procedures to accurately align and dynamically
balance the machine of interest in an off-line fashion. As an alter-
native, an on-line and real-time active technique for suppressing
rotor vibration is proposed in this paper, where voice-coil motors
mounted on a ball-bearing housing are employed to generate the
required counter forces for active control.

There has been vast amount of literature on the subject of ac-
tive control of rotors. Based on flight attitude formulation, an
analytical model for active magnetic bearings is derived [1]. On
the basis of formulation [2], an iterative method for suppressing
rotor vibration due to imbalance is developed [3], [4]. Among
the researchers in this area, Palazzoloet al.proposed an active
method using linear quadratic optimization to control the tran-
sient vibration of rotor [5], and developed an active system using
“piezoelectric pushers” for suppressing steady-state and tran-
sient state of rotor vibration [6], [7]. In contrast with the contact

Manuscript received April 16, 2001. Manuscript received in final form Feb-
ruary 4, 2002. Recommended by Associate Editor C. Knospe. This work was
supported by the Nation Science Council in Taiwan, R.O.C., under Project NSC
89-2212-E009-007.

The authors are with the Department of Mechanical Engineering, National
Chiao-Tung University, Hsin-Chu 300, Taiwan, R.O.C.

Digital Object Identifier 10.1109/TCST.2002.804124

type of actuator used by Palazzoloet al., an iterative scheme
to compensate imbalance vibration in active magnetic bearing
(AMB) systems is proposed [8]. A very good review of the re-
search on AMB can be found in the paper by Bleuler [9].

The control algorithms employed in this paper fall into the
category of the so-called model-based predictive control (MPC).
As an important variation of MPC, the basic algorithm and its
extensions of the generalized predictive control (GPC) are pro-
posed by Clarke and Mohtadi [10]. In GPC design, it has been
shown that the choice of prediction horizons has direct influ-
ence on stability, which may call for the use of an observer poly-
nomial to improve robustness [11]. Almost at the same period,
De Keyseret al. derived adaptive predictive control algorithm
[12]. Phan and Juang also developed another version of predic-
tive control [13]. There is an excellent review of MPC in the
monograph by Camacho and Bordons [14].

Instead of using costly AMB systems, the active control
technique presented in this paper is targeted at the vibration in
the ball bearing housings which remain the key components
in industrial applications. The active control system includes
two linear voice-coil motors, two eddy current sensors, a photo
switch, and a digital signal processor (DSP)-based controller.
Linear voice-coil motors were served as the actuators in the con-
trol system. The impulse response-based MPC algorithm with
linear quadratic Gaussian (LQG) compensation and the GPC
algorithm are compared. Experimental evaluation indicated
that the proposed techniques were effective in suppressing the
transverse vibrations in both horizontal and vertical directions
of the shaft. In particular, the GPC algorithm has achieved the
most satisfactory performance in terms of vibration attenuation
and convergence speed. Design considerations during the
implementation phase are also addressed in the paper.

II. MPC

MPC is not a specific control strategy but more of a very
ample range of control methods of common nature [14]. The
various MPC algorithms only differ among themselves in the
model used to represent the process and the noises and cost func-
tion to be minimized. In this section, we shall briefly review two
MPC schemes: impulse response-based model predictive con-
trol (IMPC) and GPC.

The general idea of IMPC is given in the sequel. Assume a
linear system whose output at instantis related to the input by
the impulse response
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(b)

Fig. 1. Block diagram of MPC controllers. (a) IMPC. (b) GPC.

where only elements are retained in the impulse response.
Let be the horizon, be the projected control action,

be the past control action, be the predicted output, be
the disturbance, and be the reference vector. In this paper, the
reference signal was chosen to be quite small in comparison to
the uncontrolled vibration. The predictor can then be written as

(2)

If the future errors are expressed as

(3)

where vector contains the terms depending on known values
(past inputs, current output, and references), then the cost func-
tion that minimizes the control error and control effort can be
written as

(4)

is a weighting factor. Minimization of leads to

(5)

(6)

The block diagram of IMPC is shown in Fig. 1(a). The matrix
in the above equation isToeplitz, which lends itself to effi-

cient algorithms for finding its inverse. In this paper, we cal-
culate by using the Levinson–Durbin algorithm [15].
As it is a receding-horizon strategy, only the first element of the
vector is used. The calculation of the control law is straight-
forward at the expense of the inversion of an matrix.

Next, another algorithm, GPC, used in this work shall be
briefly reviewed. Because the GPC design can be found in much

(a)

(b)

Fig. 2. Experimental arrangement of the rotor-bearing system. (a) Side view.
(b) Axial view.

control literature [10], [11], [14], we present only the key ones
needed in this analysis. The idea of GPC is to calculate a se-
quence of future control signals such that it minimizes a multi-
stage cost function defined over a prediction horizon. A linear
time-invariant system can be described by an autoregressive
moving-average model

(7)

where and are the control and output of the plant,
is a zero mean white noise, andis the dead time of the system.

Because the goal in our problem is to reject the harmonic
disturbances generated by the rotor, an internal model

is utilized for rejection of
a pure-tone vibration at the rotating frequencyof the shaft,
where is damping ratio. This approach differs from conven-
tional applications, where a model for “set-point” reference is
generally adopted. Thus the optimal prediction of is

(8)
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Fig. 3. Power spectrum of shaft displacement (millimeter, dB) obtained using the fixed IMPC at rotating speed 50 Hz. (—: original system;��: controlled
system).

The polynomial can be calculated recursively

(9)

The coefficients of and can be found by solving the
Diophantine equation

(10)

The simplest choice of is unity. For practical applications in
which robustness is of concern,can be chosen such that 1/
is low-pass. The terms dependent of past data can be grouped
into , which leads to

(11)

In GPC, one seeks to minimize the cost function

(12)

Prediction horizons are chosen to and define the following
matrices:

(13)

(14)

(15)

where is the reference signal and the matrix size of is
, is the order of . Although the problem

in the work is essentially a noise rejection problem, we refor-
mulate the problem into a tracking problem like most literature
on GPC and IMPC. In this regard, the reference signal is se-
lected to be a signal coherent to the periodic disturbances, with
much smaller (but not zero) amplitude. A tachometer signal is
required to generate the reference with fundamental frequency
and its multiples. Minimization of then leads to the control
law

(16)

The block diagram of GPC is shown in Fig. 1(b). Similar to the
IMPC algorithm, the matrix is Toeplitzwhose inverse mul-
tiply by can be found by the Levinson–Durbin algorithm.
In GPC, only the first element of is retained and the rest of
data are discarded.
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Fig. 4. Power spectrum of shaft displacement (millimeter, dB) of the fixed GPC at rotating speed 50 Hz. (—: original system;��: controlled system).

III. EXPERIMENTAL EVALUATION

In addition to numerical simulation, experiments were carried
out to investigate the proposed techniques. A rotor simulator
was constructed to serve this purpose. Referring to Fig. 2(a) and
(b), the system consists of a 1130 g aluminum disc (6.6 cm in
diameter) mounted on a shaft (50 cm in length and 2 cm in di-
ameter) which is driven at the right end by a three-phase, 220 V
2-hp induction motor. The motor speed can be controlled with an
inverter. There are 16 equally spaced threaded holes drilled on
the disc at which one can mount a mass (three 4-g bolts) to create
imbalance. The rotor is supported by two ball bearings. Two
linear voice coil motors are mounted on the horizontal and ver-
tical directions at the left-end bearing housing. A resin column is
used at the vertical support to improve mechanical stability and
robustness. The actuators are connected to the output of a DSP,
TMS320C32, in conjunction with a four-input–four-output I/O
module. Two eddy current sensors mounted near the disc for
measuring the shaft displacements are connected to the input of

DSP. A photo switch is used to generate pulses from a reflector
on the disc. The rotating speed is then determined by a fre-
quency-counting algorithm [18]. This completes a DSP-based
active vibration control system for the rotor.

Prior to controller design, the two-input–two-output system
model is established by using an experimental time-domain
identification procedure [19]. The control bandwidth is, there-
fore, selected as 10–100 Hz, where the modeling error and the
higher order dynamics of the plant do not present problems for
the narrow-band control.

Case 1: Fixed IMPC:As mentioned previously, the calcu-
lation of the IMPC control law is straightforward, but this is
at the expense of the inversion of theToeplitz matrix . A
well-damped system has shorter impulse response than the un-
compensated system, which is crucial in the following IMPC de-
sign. In this paper, feedback compensation using LQG method is
employed to provide necessary damping to the original system
[17]. In the experiment, the sampling rate is chosen to be 2 kHz
and the rotor speed 50 Hz. The other parameters are as follows:
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Fig. 5. Power spectrum of shaft displacement (millimeter, dB) of the adaptive IMPC at rotating speed varying from 40 Hz to 50 Hz. (—: original system;��:
controlled system).

length of impulse response 48, predictive horizon
12, weighting factor 0.1, fundamental frequency 50
2 /2048, and reference signal 0.001 . From
the test result of Fig. 3, the active control system using IMPC is
able to suppress the housing vibration at the shaft speed. Max-
imum attenuations obtained at-axis and -axis reach 11.3
dB, and 12.2 dB at 50 Hz, respectively. Although the internal
model is aimed to reject the first harmonic of vibration, but some
performance can still be observed for higher harmonics.

Case 2: Fixed GPC:The GPC algorithm is based on the
transfer function of the system. The identified transfer function
is a sixth-order biproper function. As in the last case, the sam-
pling rate is 2 kHz and the rotor speed is 50 Hz. In the GPC
synthesis, the predictive horizon is set to be three,

, where is chosen to be the pole of the plant transfer
function farthest to the origin, 0.8, 50 2 /2048,

0.995, and reference signal 0.001 . The
dead time due to the two-sample delay in AD/DA conver-
sion. It can be observed from the test result in Fig. 4, maximum

attenuation obtained at -axis and -axis reach 24.3 dB and
17.2 dB at 50 Hz, respectively. Although the internal model is
aimed to reject the first harmonic of vibration, but some per-
formance can still be observed for higher harmonics. It is note-
worthy that the parametersand have direct impact on the
convergence speed and performance of disturbance rejection.
Excessively large values of and are likely to result in sta-
bility problem.

Case 3: Adaptive IMPC:In contrast to the first two cases
that deal mainly with stationary periodic vibration at constant
rotor speed, a transient vibration during a run-up process of
the rotor is employed in next two cases to test the effective-
ness of the IMPC and GPC algorithms. The rotor speed is varied
form 40 to 50 Hz, with a slew rate 10 Hz/s. Because the rotor
speed is varying, is estimated by frequency counting of the
photo switch signal. Different from the fixed controllers used
in the first two cases, the impulse response function is identi-
fied by recursive-least-square (RLS) algorithm in a real-time
manner [16]. A word of caution regarding parameter estima-
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Fig. 6. Power spectrum of shaft displacement (millimeter, dB) of the adaptive GPC at rotating speed varying from 40 Hz to 50 Hz. (—: original system;��:
controlled system).

tion is in order. Because the disturbances in rotors are generally
narrow-band in nature, direct use of measured signal will result
in divergence of the algorithm for lack of “persistent excitation.”
A cure to this problem is to inject a small amount of broadband
“dither” into the input signal to ensure spectral richness.

After the impulse response function is identified with RLS al-
gorithm, the adaptive IMPC controller is calculated. The matrix

is calculated by using the Levinson–Durbin algorithm.
The size of estimated parameters is 48, forgetting factor
0.85, and 100 in the RLS setting. Similar to case 1,
the predictive horizon is selected to be 12, weighting factor
0.3, and reference signal 0.001 . The exper-
imental result is shown in frequency domain (Fig. 5). It is evi-
denced that, even for a varying speed with fast slew rate, appre-
ciable attenuation (approximately 10 dB in the band 40–50 Hz)
can still be achieved.

Case 4: Adaptive GPC:The aforementioned GPC algorithm
is combined with the on-line RLS parameter estimation to deal
with the same varying speed case. The adaptive GPC controller

is updated after the on-line estimation of the plant transfer
function. The matrix is calculated by using the
Levinson–Durbin algorithm. The size of estimated parameters
is 12 (including numerator and denominator of the transfer
function), forgetting factor 0.8, and 100 in
the RLS setting. Similar to Case 2, the predictive horizon is
selected to be three, is chosen to be the same as the
fixed GPC, dead time 2, weighting factor 0.8,
0.995, and reference signal 0.001 . The
experimental result obtained using the adaptive GPC is shown
in frequency domain (Fig. 6). It can be observed from the result
that much higher attenuation (approximately 20 dB in the band
40–50 Hz) than the adaptive IMPC case can be achieved.

IV. CONCLUSION

In this paper, a DSP-based active control system for sup-
pressing rotor vibration has been developed. The IMPC algo-
rithm and GPC algorithm are employed in control synthesis.
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Distinct features of the proposed algorithms are summarized as
follows. First, the noise rejection problem is reformulated into a
tracking problem, where the reference signal is selected to be a
signal coherent to the periodic disturbances, with much smaller
amplitude. Second, a second-order internal model, 1 2

, is utilized for rejection of a harmonic
disturbance at the rotating frequency of the shaft. This ap-
proach differs from conventional applications, where a model

1 for “setpoint” reference is generally adopted.
Third, on-line and real-time parameter estimation is incorpo-
rated to the IMPC and the GPC algorithms to cope with system
uncertainties and perturbations. The control algorithms were
implemented using two linear voice-coil actuators affixed to the
bearing housing. Experimental investigation indicates that the
proposed methods are effective in attenuating periodic vibra-
tions in the rotor. The proposed algorithms are able to reject
the vibrations of not only fixed-speed rotors but also varying
speed rotors. In particular, the GPC algorithm achieves the best
performance in terms of vibration attenuation and convergence
speed. It has been pointed out by the reviewer that a repeti-
tive controller can be as effec-
tive in dealing with periodic disturbances [20]. However, in the
authors’ opinion, this approach could be somewhat difficult to
apply in varying-speed rotors because of complexity in trading
between closed-loop stability and performance in an on-line
manner.

Along the same line of these preliminary results, extensions
of the research are also possible. First, the LQG compensation
may be replaced by other more sophisticated control methods,
e.g., control or -synthesis so that the plant uncertainties
can be better dealt with. Second, the proposed active control
system shall be tested on the spindle of a real machine to verify
its practicality. The future research will be along these aspects.
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