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An on-line active technique for suppressing rotor vibration is proposed. Electromagnetic
Department of Mechanical Enginesring, actuators are mounted on the housing of a ball bearing for generating counter forces to
National Chiao-Tung University, cancel the transverse vibrations due to imbalance, misalignment, and so forth. Control-
1001 Ta-Hsueh Road, lers based on feedback structure, feedforward structure and hybrid structure are investi-
Hsin-Chu, Taiwan, Republic of China gated. The multiple channel active control systems are implemented on the platform of a
digital signal processor. Numerical simulation and experimental investigations indicate
that the proposed methods are effective in suppressing the periodic disturbances. In
particular, the hybrid control by using feedback linear quadratic gaussian control and
feedforward least mean square algorithm with synthetic reference achieves the best per-
formance in terms of vibration attenuation and convergence speed.
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1 Introduction state as well as transient state of rotor vibration. In contrast to the

a(I:_ontact type of actuator used by Palazzolo et al., Knospe Eg]al.

Common causes of vibration in rotating machinery are imb . : - S
ance, misalignment, looseness, and so gforth Thesﬁ rotor fau [gpo.sed an iterative spheme to compensate imbalance v!bratlon
’ ' ! : in active magnetic bearing®MB) systems. A very good review

may results in excessive vibration amplitude in the fundament :
frequency as well as its multiples which will in turn produce ad- r:setergze;rﬁzign '(;“0'\25 czlr\l/lgesfosLtlgrc:]ISn ttrr]]: g;?fg Ea)i:r?rl]?l?g re-
verse effects on noise, reliability and performance of machines 9 y Y ' que p

For example, in precision machining using a high-speed Iaﬂ]ieénted in this paper is targeted at the transverse vibration in the

: L - . ousing of ball bearings which remain the key components in
excessive transverse vibration of the spindle may result in unace, o applications. The control system includes two electro-
c_eptable errors and even the _fallu_re of the machlne tool. Conv.erﬁégnetic actuators, two eddy current sensors, a photo switch and
tional ways of reducing the vibration due to imbalance and m'%édigital signal proéessc(DSP)-based controller. Because of ay-

r

alignment are to apply standard procedures to align a . . ; -

dynamically balance the machine of interest in an off-line fashion. scopic effec(;s, tk(lje T]ystem ldyrllam;]cs arel coupleld_ln proplortu?jn to
In this paper, an on-line and real-time active technique for surqtaltlng spﬁ_e anblt us mutlp"e c kz;mned con:ro dlts) erknp oyed to
pressing rotor vibration is proposed. Electro-magnetic actuat rga with this problem. Controllers based on feedback structure,

. . eedforward structure and hybrid structure are compared. Numeri-
are mounted on the housing of a ball bearing to generate {] . . : > Lo o
required counter forces, % simulation and experimental investigations indicate that the

There have been many studies devoted to the subject of aC‘g\/roposed methods are effective in suppressing the transverse vi-

control of rotors. Based on flight attitude formulation, Matsumur fations in both horizontal and vertical directions to the shaft. In

: ; A . articular, the hybrid control by using linear quadratic gaussian
and Yoshimotd 1] derived an analytical model for active control - 4
technique usircl[g]magnetic bearing}]/sjﬁrﬁkn and Hagfors [2] de- (LQG) control in the feedback compensator and adaptive least

- ; - A . ) nean squargLMS) algorithm with synthetic reference in the
g\rqigrar(])r?qt%aeuggs?; rgfo__tg;pk fgrné:\ S-'-S fcolgl nf%rtr\rllv& e:?iiris Eslt;])b%rgedforward controller achieves the best performance in terms of
et al ['3 4] developed an iterative meotghod to control ro{or vibra\-/ibration attenuation and convergence speed. Design consider-
e Lo B P S ations during implementation phase and future research aspects
tion due to imbalance. Among the researchers in this area, Palggé also addressed in the paper

zolo and his coworkers have made remarkable contribution in paper.

series of papers. Palazzolo et @8] proposed an active method . .
using linear quadratic optimization to control the transient vibrg- Modeling of Rotor Dynamics

tion of rotor. Palazzolo et a[6,7] also developed an active con- It can be shown by energy method that the nonplanar motion of
trol system using “piezoelectric pushers” for suppressing steadyrigid rotor is expressed §%0,11]
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whereM is the mass of rotoi,, is the polar moment of inertid, £ o [ Ry)
is the transverse moment of inertia, is the imbalance mass, X1 R
(ax,ay) is the location of the imbalanc&y andRy are the dis- X2 X
placements inX and Y directions, Bx and By are the Euler’s X3 /_3Y
angles inX andY directions,C, andkp, (p=X,Y; n=1,2 of the X4 By
bearing numberare damping and stiffness coefficients, and X= Xs =1 Ry )
/ , are the distances between two bearings to the diskgpaadhe X .
rotating speed of the shaft. It is noted in Ed) that the second 6 Ry
coefficient matrix is skew-symmetric and thus energy lossless. X7 Bx
This term representing the gyroscopic effect in proportion to the \ Xg) | BXJ
rotating speed results in the coupling between the dynamics igfthe state vector,
two axes.
In order for the subsequent use of active control, the equation of em, cosot]
motion of Eq.(1) is converted into the following state-space form: u= .
em, singt|
is the input vector,
x=Ax+Bu Ry
y= RY
y=Cx+Du, (2) s the output vector,
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3 Active Vibration Control of Rotors

There are in general two strategies for active control of rotors: J=E kZl [XT(K)Qex(K) +uT(K)Ru(k)] 1, (4)
imbalance compensation and autocentefib?]. The former ap-
proach is to align the geometric axis with the rotating axis sushhereQ; is a positive semi-definite matrix arfg; is a positive
that the transverse displacements of the shaft are minimal. Hodgfinite matrix. In the paper, we choose
ever, the reaction forces at the bearing could be large in this case. Q.= q,l )
Conversely, the latter approach is to align the principal inertia axis ¢ e
with the rotating axis such that the reaction forces at the beariagd
are minimal. However, the transverse displacements of the shaft Ro—rl ©)
could be large in this case. This paper adopted the first approach ¢ o
because of the potential application of the system to precisiomhereq.=0,r.>0 are two scalar constantss are identity ma-
machining. trices with matched dimensions. The optimal gain vector is
This paper is focused on the development of online and real- _
time active control techniques for rotor vibrations. The control K=(R.+B'PB) 'BTPA, ™
structures used in controller synthesis are feedback, feedforwaybere the positive definite matrR is the solution of the follow-
and hybrid structurefl3]. Feedback structure requires a sensang algebraic Riccati equation
that generally plays a dual role as a measurement sensor and as a - T oo —1oT B
performance sensor. Performance and stability should be carefully A'PA—P—A'PB(R.+B'PB) "B'PA+Q.=0. (8)

compromised, especially in the presence of system uncertaintigspractice, it may not be possible to measure all state variables.

and perturbations. Using feedback structure, performance can UsHis calls for the need of a Kalman filter-based state observer
ally be achieved at only narrow bands. Unlike feedback structure,

feedforward structure has no stability problem and broadband per-  X(k+1)=AX(k) +Bu(k) +L[y(k) — CX(k) —Du(k)]. = (9)
formance is generally possible. However, the performance pf this equation% denotes the estimated state and the observer
feedforward control is not robust in comparison with feedbackain is obtained from

structure. Hybrid control combines the merits of both structures: . . .

robustness is improved by feedback control and broadband per- L=APC(CPC'+Ry)" 7, (10)
formance is achieved by feedforward control. In addition, the cOQyhere the positive definite matri® satisfies the following alge-
vergence speed of the LMS algorithm can be significantly iy aic Riccati equation

creased in using hybrid structure, as will become clear later. The

design strategy of hybrid control is first to find a feedback com- ~ APAT+GQG"—P—APCT(CPCT+R) 'CPAT=0. (11)

pensator that stabilizes the open-loop system, and then introducga weighting matrice® andR are of the similar form as the

feedforward controller to achieve performance without degradi f k of E fth £ Usi
the stability of the feedback-compensated system. This sequer:%?aalte eedback of Eq#4) and(5). One of the advantages of using

design procedure of the hybrid structure has been justified by a
separation principle, as detailed in the paper by Clark ard

Error Sensors

Bernstei n[ 14] Reference Sensors Secondary Sources
x,(0) el(k) q l:‘
. l u) D
3.1 Feedback Structure: LQG Synthesis and Internal . . (k) e
Model Principle. Feedback structure has been the main streaypen, 0 = wlh) e e
of control system design. In this paper, LQG synthesis is €ersources : 2%, Secondary Paths S(2)
ployed in the design of the feedback controller. LQG design ir ) e (k)
volves a state feedback module and a Kalman-Bucy obsen N E2Gs (b -
[15,16. The former corresponds to the following control law: Primary Paths P(z) -
u(k)=—Kx(k), (3) «® closed u(k) ¢
if feedforward

where K denotes the state feedback gain. To deterniinehe 79{ = - = e(k)
following linear quadratic performance index is minimized suc AvC
that the control error and the control effort are reasonably bal-

anced: Fig. 1 MIMO active vibration control system
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Fig. 2 Feedforward FXLMS algorithm with synthetic reference Fig. 3 Hybrid structure with feedback LQG control and feed-

forward FXLMS control

LQG technique lies in theeparation principld16], which simply

states that the design of state feedback and state observer castability. Note thatD(z) is essentially a superposition of second-

carried out separately. order systems. It produces very large gains at the pre-specified
For high order systems, it is generally difficult to achievérequenciesw, that can be obtained by some means, e.g., a ta-

broadband attenuation using collocated feedback structure. Thisl®meter. To incorporate the disturbance model into the MIMO

an inherent drawback of the feedback structure due to the classegdtem, we augment the model into a diagonal transfer matrix

Bode’s integral constraint13]. Therefore, we chose to use a less

demanding approach basedtbe internal model principl¢17] so D(2)=D(2)lrxr (13)

that the performance at some spectral peaks can be achieved. Whisrel ., is an identity matrix and is the number of inputs. The

requires inserting a disturbance model into the feedback loop design procedure is first to includ(z) as part of the plant and

create a large gain at certain frequencies. then find a compensat@(z) to stabilize the closed-loop system
For a periodic noise o frequency components, the discreteby LQG synthesis. The resulting controller to implement is simply
time internal model can be chosen as the following form: the cascaded transfer functi@{z)D(z).
ooT —M,r,sinw,T)z"* 3.2 Feedforward Structure: MIMO FXLMS Algorithm
D(Z):Zl wn 1-2r,cosw Tz L1127 2’ (12)  with Synthetic Reference. As an alternative to feedback struc-

ture, feedforward structure is also employed in the research. The
whereT is the sampling periodp,, n=1,2, ... m are the peak MIMO filtered-x least mean squal&XLMS) algorithm with syn-
frequenciesr,=e~¢n“nT, 7, is the damping ratio, ant¥l , is the thetic referencd18] is utilized in this control structure. In the
gain. The choice of,, depends on how one weights the maximahctive control system depicted in Fig. H reference signals,
attenuation and the bandwidth of attenuation, within the limit of,(k), are measured bl reference sensors. The control signals
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Fig. 4 Simulation results of feedback LQG control. (a) X-axis time signal of

residual vibration after control (transient response ); (b) X-axis steady-state

power spectra of vibration (... control off,_control on ); (¢) Y-axis time signal

of residual vibration after control (transient response ); (d) Y-axis steady-state

power spectra of vibration (... control off,_control on ).
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Fig. 5 Simulation results of feedforward FXLMS control with synthetic refer-
ence. (a) X-axis time signal of residual vibration after control (transient re-
sponse ); (b) X-axis steady-state power spectra of vibration ( ... control off,_
control on ); (c) Y-axis time signal of residual vibration after control (transient
response ); (d) Y-axis steady-state power spectra of vibration ( ... control
off,_control on ).
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Fig. 6 Simulation results of hybrid control. (a) X-axis time signal of residual
vibration after control  (transient response ); (b) X-axis steady-state power spec-
tra of vibration ( ... control off,_control on ); (c) Y-axis time signal of residual
vibration after control  (transient response ); (d) Y-axis steady-state power spec-
tra of vibration ( ... control off,_control on ).
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u,(k) driving theL secondary sources are produced by the MIMO Table 1 Summary of numerical simulation

cqntroller_that in turn comprised df X H _I-th order FIR filters Axis Attenuation | Convergence
with coefficientsw,; . Then the control signals from the control- (dB) Speed (sec)
ler can be written as Feedback LOG | x-axis and g5 03
HoI-1 with internal model y-axis
U|(k):Z Z WiniXn(K—1). (14) Feedforward | x-axis and 680 0.04
h=11=0 FXLMS y-axis
The _sgcondary paths are mo_deledJets order FIR filters with Hybrid FXLMS | y-axis and 350 0.01
coefficients,sy,;. The error signal measured by theth error with LQG x-axis
sensor can be expressed as
L J-1
en(k)=dn(k)+ 2, > spijui(k—]), (15) Unbalanee
I=1j=0 Active Bearing  Weight \  Disk
. . . g i
whered,(k) is the primary noise measured at timeth error sen- Bearing
sor. By the gradient search that seeks to minimize the cc T Motor
function : Ta @
M = ]
‘](k): E efn(k)y (16) N X -Inverter
m=1 Lateral Disp t
DSp
one can obtain the update formula of the filter coefficients R
M
Wlhi(k+l):WIhi(k)_MEl eml min(k—=1), (7
=
H H . Counter
whereu is the step siz€or convergence factpandr y; is Weight

J—1
rm”(k>:2) SmiXn(k—]). (18)
<

The block diagram of the MIMO FXLMS algorithm is given in
Fig. 2, whereu(k) is the control signalW(z) is the transfer
matrix of the FIR filter,d(k) is the primary noiseg(k) is the error

signal, and the matri¥3(z) represents the estimated secondar @
pathS(z).
Since rotor vibratiorper segenerally contains tones at the fun- " Screw

damental frequency and its multiples, we use a synthetic schel
to generate a reference for the FXLMS algorithm. The main bel
efit of this approach is that undesired positive feedback problem
virtually eliminated. In Fig. 2, a sine wave generator based on gy, Blectomagnetic
marginally stable two-pole resonator is employed to generate sy \

thetic signalsx(k) with prescribed frequencl18]. The transfer Vg
function of the generator is .

Actuator

H siw,T)z ¢ 19
(2)= 1-2cofw,T)z 1+2° 2’ (19) Elecomagnetic Housing
whereT is the sampling period and, is the prescribed frequency enatr Axis
of the sinusoid. This second-order IR filter corresponds to tt, )
following difference equation Resin column

y(k)=2 cogw,T)y(k—1)—y(k—2), (20)

with initial conditions l |

y(1)=Asinw,T), (21) / Machine Base / /

y(0)=0, (22) ®

where A is the amplitude of the desired sinusoid. Similarly, iffig- 7 Experimental arrangement of the active rotor vibration
there are more than one frequency component in the disturbarg@trol system. (&) Schematic of experimental setup;  (b)
one simply adds more terms to the sine wave generators. T4{@>€up of the mounting of electro-magnetic actuators.

phasing of the generator is not important.

and

3.3 Hybrid Structure: Feedforward FXLMS and Feed-
back LQG Algorithm. To further enhance the active controldiagram is shown in Fig. 3, whetgKk) is the control signaW(z)
system, a hybrid structure is exploited by combining the aforés the transfer matrix of the FIR filted(k) is the primary noise,
mentioned feedforward control and feedback control. The bloekk) is the error signal, and
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Fig. 8 Frequency response functions of the MIMO system (—— —mea-
sured,_regenerated ). (a) Plant from Y actuator to Y actuator; (b) plant from Y
actuator to X actuator; (c) plant from X actuator to Y actuator; (d) plant from
X actuator to X actuator.

. (z)C(z) the simulation. The parameters of the rotor are as follows: rotating
S(Z):m- (23) speed50Hz, imbalance masss grams, location of imbalance
mass= (30 mm,4r/3), disc mass1Kg, J,=0.016 Kgm? J;

First, we find an LQG feedback controller that stabilizes the oper-0.008 Kgm?. The sampling rate was selected to be 1 kHz.

loop system. The internal model of disturbance can be removed inn  feedback LQG control with internal model,Q,

the design because the performance requirement of the feedbagipq ,,, ,,, R.=100,,,, Q;=300,,,, R;=50,,,, and ¢,

controller is not so stringent as the feedback control. Next, a feed- «10-5. The result before and after control is activated as

forward controlle FXLMS algorithm with synthetic referente&  shown in Fig. 4, including transient time response and steady-state

introduced to achieve performance without degrading the stabilify, e specira of vibration. In feedforward FXLMS with synthetic

of the feedback-compensated system. This sequential design Kerence, the step size and the weight length were selected to

cedure of hybrid structure has been justified by a separation prifls o 915 and 10, respectively. The result before and after feed-

C|ple,_as detailed in the_paper by Clark a_1nd Bernsle#]. back control is activated as shown in Fig. 5, including transient
Incidentally, the hybrid structure provides yet another advara-me response and steady-state power spectra of vibration. In hy-

tage over the purely feedforward structure. The impulse respo d control (feedback LQGfeedforward FXLMS, Q

of the feedback-compensated system generally converges fastef Oire1s Re=100p0, Qi=3l5.2, Ry=10,.5, /.L:,O.lsc,

than the uncompensated one. That is, feedback compensation,jey weight lengtk 10. The result before and after feedback con-

sults in a closed-loop system with larger damping and small&r

effective delay. This can be exolained by the following araumen ol is activated as shown in Fig. 6, including transient time re-
Y. P y g arg Sponse and steady-state power spectra of vibration. The results of

An approximate upper bound for the step size in FXLMS algoﬁumerical simulation are summarized in Table 1. All of the three

rithm s [19] methods except the feedback LQG control yield tremendous
2 amount of attenuation. In particular, the hybrid control has the
O<u< P(L+2+2A)’ (24)  highest convergence speed among all because of the reason men-

tioned previously.
where P,=E[x?(k)] is the power of reference signdl, is the

length of the weight vectow,,; andA is the effective delay of the 4.2 Experimental Investigation. In addition to numerical
secondary path. After compensation, the upper bound of the sfdfulation, experiments were carried out to investigate the pro-
size is increased due to smaller Therefore, larger step size canPosed techniques. A rotor simulator was constructed, as shown in

be used so that convergence of FXLMS algorithm is consideraffyg- 7(2). The system consists of a 630 gram aluminum @66
accelerated. cm in diameter mounted on a shaf60 cm in length and 1 cm in

diametef which is driven at the right end by a three-phase, 220 V,
two-hp induction motor. The speed of the motor can be controlled
by using an inverter. There are 16 equally spaced threaded holes
4.1 Numerical Simulation. Numerical simulation was per- drilled on the disc at which one can mount a mesg gram bolk
formed to verify the proposed active control techniques for rot@o create imbalance. The rotor is supported by two ball bearings.
vibration. The analytical plant model of El) was employed in The rotor must be carefully aligned and balanced in advance to

4 Numerical and Experimental Investigations
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)F(|g. .9 Experlmenial refsu_llt)s t(')f feedback LQGt clongol. i (Ia) Fig. 10 Experimental results of feedforward FXLMS control
-a.XIpro)\:ver_spec ra o V|tra |ofn ib (t' --- control o ,ch;n rf? with synthetic reference. (a) X-axis power spectra of vibration
on)i (I) -axis power spectra of vibration (... control off,_ (" “control off,_controlon ); (b) Y-axis power spectra of vibra-
control on ). tion (... control off,_control on ).

minimize the undesired vibration. Two electro-magnetic actuatorsin feedback LQG control with internal model,Q.
are mounted on the horizontal and vertical directions at the lef=100 56506, Rc=10055, Q;=100,4,, R=Il,x5, and{,=1
end bearing housing. A resin column is used at the vertical sup-10"°. The result before and after control is activated as shown
port to improve mechanical stability and robustness. The detailsiof Fig. 9. From the figure, 15 dB maximum attenuation is ob-
the mounting mechanisms are shown in Figh)7The actuators served. In feedforward FXLMS with synthetic reference, the step
are connected to the output of a DSP, TMS320C32. Two eddize u and the weight length were selected to be 0.015 and 20,
current sensors mounted near the disc for measuring the shaftpectively. The rotating speed detected by the photo switch is
displacements are connected to the input of DSP. The samplemmployed to generate the required synthetic reference. The result
rate is selected to be 4 kHz. A photo switch is used to generdiefore and after feedback control is activated is shown in Fig. 10.
pulses from a reflector on the disc. The rotating speed is thEnom the figure, 20 dB maximum attenuation is observed. The
determined by a frequency counting algorithd8]. This com- performance is better than the feedback control, although the
pletes a DSP-based active control system for the rotor. FXLMS algorithm takes approximately 80 seconds to converge.
Prior to controller design, the two-input/two-output systenin hybrid control, Q.=100 1512, R.=100,x5, Q;=3l,x>,
model is established by using a experimental frequency-domd=10l,,,, «=0.15, and weight length20. The result before
identification procedur¢20]. The measured and the regeneratednd after feedback control is activated as shown in Fig. 11. From
frequency response functions of the system are shown in Fig. 8tHe figure, 25 dB maximum attenuation is observed. The perfor-
can be seen from the frequency response that the plant is morance is significantly better than the feedback control and the
complex than the simple rigid rotor model employed in the ndeedforward control. In addition, the FXLMS algorithm takes only
merical simulation. The control is targeted at the fundamentalseconds to converge. The results of experimental simulation are
frequency(50 Hz) and the second harmon{t00 H2, where the summarized in Table 2. As expected, the hybrid control indeed
modeling error and the higher order dynamics of the plant do nimicorporating advantages of both feedback control and feedfor-
present problems for the narrow-band control. On the basis of thvard control achieved the best performance in terms of vibration
MIMO plant model, controllers are designed by using the aforettenuation and convergence speed among all methods. The test
mentioned active control approaches. results demonstrate a capability to decrease vibrations at the sec-
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| x-axis 5 Conclusions

; A DSP-based active control system for suppressing rotor vibra-
204 ¢ 17dB 1 tion has been developed. Controllers based on feedback structure,
feedforward structure and hybrid structure are investigated. Nu-

40

or merical simulation and experimental investigation indicate that
20 the proposed methods are effective in attenuating the periodic
disturbances due to common rotor faults. In particular, the hybrid

40 control by using feedback LQG control and feedforward FXLMS
60 algorithm with synthetic reference achieves the best performance

in terms of vibration attenuation and convergence speed.

Along the same line of the preliminary results, future research
will be focused on the following aspects. The control system
should be extended to varying-speed applications. The noise floor
became worse with active control due to the inherent misadjust-
ment problem of the FXLMS algorithm. More sophisticated adap-
tive algorithms should be used to alleviate this problem. The size
. ‘ ' ' . ‘ , and weight of the electro-magnetic actuators should be further
60 80 100 120 140 160 180 200 reduced. The proposed active control system should be tested on

Magnitude(m,dB)

Frequency(Hz) the spindle of a practical machine.
y-axis
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