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Vibration Control of a PZT Actuated Suspension
Dual-Stage Servo System Using a PZT Sensor

Yunfeng Li, Roberto Horowitz, and Robert Evans

Abstract—Structural resonance modes of the head stack and
suspension assembly are one of the major limiting factors for
achieving higher head-positioning servo performance in hard disk
drives. This paper discusses the vibration suppression control of
a PZT actuated suspension dual-stage servo system. A PZT strip
on a PZT actuated suspension is utilized as a vibration sensor
to control both the voice coil motor (VCM) actuator butterfly
mode and the suspension sway mode. The vibration suppression _. )
controller is designed using the H.. control design method. Fi9-1. PZT actuated suspension dual-stage actuator.
Experimental results show that an attenuation of 15 dB can

be achieved for both the suspension sway mode and the VCM . .
butterfly mode, and the rms of the head off-track motion due to the actuation gain from the actuator to the head lateral mo-

airflow excited vibration can be reduced by approximately 30% tion and reduce the driving voltage, PZT actuated suspensions

with the proposed vibration suppression control scheme. are usually designed to have a relatively low-frequency sway
Index Terms—Dual-stage servo, hard disk drive, vibration mode. This makes these suspensions more susceptible to airflow
damping control, windage. excitations than their conventional counterparts. To solve this

problem, a control scheme to damp the suspension sway mode,

by utilizing one of the two PZT strips as a vibration sensor and

the other one as an actuator, has been proposed [3]. The tests
TRUCTURAL resonance modes of the head stack ara [3] were conducted using a single PZT actuated suspension

Ssuspension assembly are one of the major limiting factomounted on a spin stand. In this paper, the active vibration con-

for achieving higher head-positioning servo performance irpl of a PZT actuated suspension dual-stage actuator using sim-

hard disk drives. These lightly damped resonance modes dantechniques is presented. A vibration damping controller has

be excited by airflow generated from disk rotation and othé&een designed and tested to actively damp the head stack as-

disturbances and cause head off-track motion. They also limémbly butterfly mode and the suspension sway mode, by using

the achievable servo bandwidth of the track-following senithe output of the PZT sensor and the dual-stage actuator. Sec-

system. Active control of these vibration modes requirest@n Il discusses the use of the frequency response peak-am-

very high bandwidth and sampling frequency. However, th@itude method to identify a model of the control system. Sec-

sampling frequency of the position error signal (PES) is limiteigon |1l discusses damping controller design using thg con-

by the number of servo sectors allocated to store posititnel design method. Experimental results are presented and dis-

information on a data track. Several researchers have proposessed in Section 1V, and conclusions are given in Section V.

to incorporate additional vibration sensors to control structural

vibration modes [1]-[3]. For example, it has been shown that

the butterfly mode can be damped with a feedback damping Il. M ODELLING OF THE SENSOR AND THEACTUATOR

control loop by attaching a strain sensor on the E-block near . .

the pivot [2]. Fig. 1 shows a dlag_ram of a PZT actugted suspension _dual-

PZT actuated suspensions have been developed as the §@g€ actuator. It consists of the voice coil motor (VCM), pivot

generation second-stage actuators for dual-stage actuatio®§Ang, and E-block as the primary stage actuator and a PZT ac-

disk drive servo. The PZT actuators, placed near the root of tited suspension as the second stage actuator. As shown in the

suspension, generate a push—pull action that displaces the hf@dre, the PZT actuated suspension has two PZT strips located

which is located at the tip of the suspension. In order to incred®@ar the root of the suspension, which generate a push—pull ac-
tion to actuate the head located at the tip of the suspension.
When a mechanical stress is applied to a piezoelectric material,
Manuscript received July 16, 2002. This work was supported in part by a ggtich as PZT, it will generate charge. Thus, the PZT element can
from the Information Storage Industry Consortium (INSIC) and a grant frol§|sg be used as a strain sensor. In this paper, one PZT Stl’ip on
the Computer Mechanics Laboratory (CML) at U.C. Berkeley. h . . d ibrati ! dth h .
Y. Li and R. Horowitz are with the Department of Mechanical Engi—t e suspension Is used as a vibration sensor, and the other strip

neering, University of California, Berkeley, CA 94720-1740 USA (e-mailis used as an actuator. The control system being considered is a

|I. INTRODUCTION

yunfeng@me.berkeley.edu; horowitz@me.berkeley.edu). , two-input two-output control system. The two inputs are inputs
R. Evans is with Hutchinson Technology Incorporated, Hutchinson, MN he VCM and the PZT Th he head

55350 USA (e-mail: Robert.Evans@hti.htch.com). tothe and the actuator. The two outputs are the hea
Digital Object Identifier 10.1109/TMAG.2003.808952 displacement and the PZT sensor output.
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Fig. 2. Frequency responses: (a) from VCM input to head displacement, (b) from PZT actuator input to head displacement, (c) from VCM input to PZT sensor
output, and (d) from PZT actuator input to PZT sensor output.

A. Frequency Response of the Sensor and the Actuator  displacement was measured using a laser Doppler vibrometer

Letwu; andus be the inputs to the VCM and the PZT actuator(,LDV)' The solid lines in the figures are the experimental data,
respectively, ang; andy- be the head displacement output anWhile dashed lines are the simulated results using the identified

the PZT vibration sensor output, respectively. The plant transf8Pdel- The major identified vibration modes in the figures in-
function fromu; to y;, Gi;(s), 4, = 1,2, can be written as clude the VCM actuator butterfly mode (M1), the suspension
7 Yis iJ y 0, ) — 1, 4,

sway mode (M2), the suspension second torsion mode (M3),
qi N W2 Aid and the suspension first torsion mode (M4). In the butterfly
Gij(s) = =0 + Z n +d;; (1) mode, which is generated from the coupling of the in-plane sway
s n=1 modes of the E-block arm and the coil, the arm and the coil move
which is a summation of the rigid body mode, a number of stru@Ut of phase around the pivot. The suspension sway mode is also
tural vibration modes, and a direct feeding term from the inpGfed the actuation mode of the PZT actuator.
to the output. In (1)A§ is the gain of the rigid body modéj is ~ As shown in Fig. 2(a), the VCM actuator frequency response
the total number of vibration modes being considetedand is dominated by the rigid body mode in the low frequency range.
¢, are the natural frequency and damping ratio of made- The major off-track vibration modes excited by the VCM are the
spectively,A%/ is the modal constant of modg andd;; is the butterfly mode and the suspension sway mode (M1 and M2).
direct feedthrough factor from; to y;. As shown in Fig. 2(b), the biggest peak of the PZT actuator
Fig. 2 shows the following measured and modeled frequenttggquency response is the suspension sway mode (M2). The
responses: 1) from VCM inpyi:, ) to head displacemefyy,); butterfly mode (M1) also appears as a reaction mode in this
2) from PZT actuator inputus) to head displacemeity; ); 3) frequency response because it is excited by the PZT actuator,
from VCM input (u1) to PZT sensor outpyty,); and 4) from through the swage connection between the suspension and the
PZT actuator inpufus) to PZT sensor outputyz). The head E-blockarm. The PZT actuator frequency response is almost flat

§%2 4 2(pwns + w2
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1.5 — o TABLE |
’g‘ EXTRACTED MODAL PARAMETERS
E: ! Parameters | Mode 1 | Mode 2 | Mode 3
8 sl w (Hz) 5830 8220 | 11500
e ¢ 0.015 0.018 0.05
e AT -0.056 | 0.014 | 0.006
Moo 4000 6000 8000 10000 12000 14000 A2 0.005 | 0.018 [ 0.003
A% -0.45 0.18 0.1
005 A% 0.04 0.23 0.05
7:{ 0.04F Ms
‘§ 0.03f " Ma | sponses. If the resonance frequencies of those modes are not
5 I w1 | closely spaced, and the modes are lightly damped, the modal
8 0.02 M parameters of each mode can be estimated separately using a
o.01 single-degree-of-freedom (SDOF) modal testing method, such
0 f R N N Ao _ . . £
D00 4000 6000 8000 10000 12000 . 14000 as the peak-magnitude method or circle-fit method. Under these

conditions, the response near each resonance frequency is dom-
inated by just one mode, and the effects due to the other modes
can be neglected [4]. Preliminary examination of the frequency
at low frequency, which implies that the excitation of the rigidlesponses in Fig. 2 shows that the major resonance modes are in-
body mode by the PZT actuator is negligible, since the torqdeed spaced apart and are lightly damped. Thus, a simple SDOF
generated by the PZT actuator is small compared to the inefi@dal testing method could be used to estimate the modal pa-
of the head stack assembly. The coupling between the buttergyneters.
mode and the suspension sway mode results in a pair of lightlyin the peak-magnitude method [4], the resonance frequency is
damped zeros (Z1), which follow the poles of the butterfly mod#st obtained by examining local resonance peaks. For a lightly
(M1) in the frequency response. damped resonance mode, the natural frequency approxi-

Fig. 2(c) and (d) shows the frequency responses of the PARtely equal to the resonance frequengy
sensor output. It should be emphasized that the two PZT strips
on the PZT actuated suspension were not designed to be sensors, @
byt aqtuators,_and their locations have not been optimized fﬂ‘ie damping ratio can be estimated from the so-called “half-
V|brat|pn sensing. Thqs, even though one of them can be u er” or “—3 dB-magnitude” points by
as a vibration sensor, its performance may not be optimal. As a
consequence, it may not be able to sense the vibration of some (~
off-track modes, while senses the vibration of some nonoff-track
modes. Fortunately, as shown in Fig. 2(c) and (d), it seems t%erew
the PZT sensor is able to pick up most of the off-track modeﬁfe freqau
However, it also picks up some of the nonoff-track modes [Mr%sonan
and M6 in Fig. 2(c) and (d)]. by

Frequency (Hz)
Fig. 3. PSDs of the head off-track motion and the PZT sensor output.

W R Wy

Wq — Wh
_— 3

e, 3)
andw, are the frequencies at which the magnitude of
ency response 1g1/2 of the peak magnitude at the
ce frequency. The modal constant can then be estimated

B. Airflow Excited Actuator Vibration

4
Fig. 3 shows the power spectrum densities (PSDs) of the head

off-track motion (upper half) and the PZT sensor output (bottoWthere I, is the peak magnitude of the frequency response at
half) when the spindle is rotating in a 7200 rpm disk drive anif€ resonance frequency.
no control is applied. As shown in the figure, the major off-track Three modes, the butterfly mode (M1), the suspension sway
modes excited by the airflow generated by disk rotation includ@ode (M2), and the suspension second torsion mode (M3), were
the butterfly mode (M1), the suspension sway mode (M2), thecluded in the modal analysis. First, natural frequencigs,
suspension second torsion mode (M3), and the suspension ffdf damping ratios(,,, were estimated by using (2) and (3)
torsion mode (M4). The PZT sensor is able to sense the vibratidased on the measured frequency response from the PZT ac-
of modes M1, M2, and M3. However, it barely picks up théuator to the head displacement, as shown in Fig. 2(b), which is
vibration of the suspension first torsion mode (M4), as itis beirije cleanest of the four measured frequency responses in Fig. 2.
excited by the airflow. Modes M5 and M6 are also excited by the Next, modal constants ', A}?, AZ', and A% were esti-
airflow and have big contributions to the PZT sensor output, y&tated. Note that only three of the four model constants are in-
they have little contributions to the head off-track motion. The§fependent. The last three were estimated by using (4) based on
will act as sensor unmodeled dynamics and must be propelfig measured frequency responses in Fig. 2(b)A{)was cal-
compensated for in the controller design. culated by

A=~2H,(

. . . A21 % A12
C. Modal Parameters Extraction Using Modal Testing All = nA22 n
The modal parameters,,, w,, A% N,i,j = n

n PR

1,2, in (1) can be extracted from the measured frequency rEable | lists all modal parameters extracted using this method.

n=1,23. (5)
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The feedthrough ternd;; can be estimated by matching the
dc gains of the measured frequency responses. The feedthrough
terms fromu; andus to the head displacement were found
to bed'! = 0, d'?2 = 0, as expected. The feedthrough terms
from u; andus to the PZT sensor outpyt were found to be
d?' = —0.18, d*2 = —0.92. They are not zero because there
exists some direct structural connection path from the actuators
to the sensor. The feedthrough terms coupled with other vibra-
tion modes produce zeros in the transfer functiéhs(s) and

W, w,;

W I-‘/le ) ‘:g + ’

935

Ga2(s) in (1), as shown in the frequency responses in Fig. 2(c

and (d).

D. A State Space Model

The control system can be represented using a state—sp%t%'@I
model based on the transfer functions in (1) and the parame
in Table 1. The rigid body mode is not observable from the P

F'Sg. 4. H..-controller design block diagram.

I1l. V IBRATION SUPPRESSIONCONTROLLER DESIGN

For a single-input/single-output system, two classical active
ping control techniques have been widely used in practice

tté)rgctively damp a single resonance mode [5]. The first one is
Ztp use velocity negative feedback (or lead compensation) ac-

sensor output and is not of interest in designing vibration sup2mpPanied by the use of a low-pass filter. The second one is to

pression controllers. Thus, it is not included in the state-spate®

positive position feedback, accompanied by a second-order

model. A state space realization including the three vibratiéfV-Pass filter with the same natural frequency as that of the

modes (M1, M2, M3) is

X =Ax + Bu (6)
y =Cx + Du (7
wherex = [z1 x2 3 x4 x5 w6]T,u=[u wus]T,

y = [y1 2], and the state matrices can be written as

r o 1 0 0 0 0
ail  ai12 0 0 0 0
0 0 0 1 0 0
A o 0 0 a921 a9 0 0
0 0 0 0 0 1
L 0 0 0 0 a3l a3g
- 0 0 1
bi1 b2
0 0
B =
bar  boo
0 0
Lb31  b32
c=|m 0 ci2 0 c13 O
lca1 0 ca2 O c23 O
di1 dia |
D=
_d21 da»
and
an1 = _(U,QL-/ an2 = _2<nwn7 n = 1723 (8)

By normalizing the PZT sensor output equation with = 1,
n = 1, 2, 3, the other coefficients can be given by

bpy =A2 9)

bpy =A?? (10)
11 12

_An A (11)

Cln =701 = Y22
n n

wheren = 1,2, 3.

mode being damped. Both damping control techniques rely on
an approximately-90° phase lead contribution from the con-
troller to make the phase of the open loop system closé &i 0
the resonance frequency of the mode being damped.

For a multi-input multi-output system, the controller can be
designed using pole placement state feedback control to damp
multiple resonance modes. However, this method requires pre-
cise modeling of the control system in order to obtain a good
state estimator. The use of a reduced-order model with a limited
number of modes in state estimation may lead to observability
and controllability spillovers, which result in the lack of stability
and performance robustness [5].

In this paper, arf,.-control design technique is used to de-
sign the vibration damping controller. A block diagram for the
H.-controller design is shown in Fig. 4. In the block diagram,
P represents the two-input two-output plant, which is described
by the state and output equations in (6)—(1)is the controller
to be synthesized,; andu, are the control inputs to the VCM
and PZT actuator respectively; andws are disturbances, is
the sensor measurement noigeis the head displacement (ex-
cluding the rigid body mode), ang is the PZT sensor output.
Note that the only input to the damping controller is the PZT
sensor output. Thus, the control sampling frequency is not lim-
ited by the PES sample rate.

Wi, Wy, W, Wae, W, andW,; in the block diagram
are weighting functions, which must be selected to characterize
the disturbances and design objectivés,;, W2, andW,; are
constant weights selected to bound the peak magnitude of the
closed loop frequency responség,,; andW,,» were chosen
to be

1 W, = 1

Gvem Ipzt

le =

(12)

respectively, wherey..,, andg, are the dc gains of the VCM
and the PZT actuator, respectively/,; was chosen to equal 4
(or 12 dB), which bounds the closed loop resonance peaks of
the VCM and the PZT actuator to be within 12 dB.

W, was chosen to be a “base-shape” filter, since the PZT
sensor picks up some high-order modes in the high-frequency
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Fig. 5. Magnitude plots of weighting functidiv,,, W.., andW,.. Fig. 6. Bode plots of the synthesized damping controllers.

range, which have little off-track contribution, while in the lowin Fig. 6. Because of the small gains in the low frequency
frequency range, it picks up the disturbances at harmonics of fR@8e, the vibration damping controllers will have little effect
spindle rotation frequency. The transfer functiorff (s) was ©n the dynamics and gains of the VCM and PZT actuator for

selected to be track-following control. They roll-off at high frequency to
R attenuate high frequency sensor noise.
S+ 25—11 +1 One important consideration in the controller design of a
Wa(s) = 100 | —4———r dual-input control system is that the destructive effect, that
L occurs when the two actuators fight each other, must be avoided
w32 + % +1 [6]. The weighting functiond¥,,; and W,,» designed above
o 24; (13) also prevent the destructive motion between the VCM and
o, T e T the PZT actuator. As shown in Figs. 5 andycy(s) was

designed to have high gain near the butterfly mode frequency
wherew, .1 = 5930  2m, (no1 = 0.1, wypr = 3100 % 27, and |ow gain near the suspension sway mode frequency, while
Cnp1 = 0.1, wnzp = 8220427, Cnzg = 0.1, wipo = 50000527, K, (5) was designed to have high gain near the suspension
Cnp1 = 1. The solid line in Fig. 5 shows the magnitude of thgyay mode frequency and low gain near the butterfly mode
frequency response d¥,(s). The peak near 3.1 kHz is usedfrequency. Thus, the control action of the VCM is primarily
to represent the nonoff-track modes (M5 and M6) in the PZJsed for suppressing butterfly mode vibration, while the control

sensor output (see Fig. 3). action of the PZT actuator is primarily used for suppressing
The control signal weight$/,; and W, were designed to syspension sway mode vibration. Thus, the destructive motion
be between the two actuators is prevented.
Woi(s) =0.05 (%:512 + 1)2*(0“)11; + 1) (14) IV. EXPERIMENTAL RESULTS
w2 T wapr +1 Experiments have been conducted using a PZT-actuated
( s ) ( s ) suspension dual-stage actuator in a disk drive. The spindle
+1 +1 . . .
Woa(s) =0.05 “le - 0‘“1wl 15) rotation speed is 7200 rpm. The s_yr_1§he3|zed controller was
i il o reduced to seventh order from an initial 14th order and was
e implemented on a floating point DSP running at 100 kHz
respectively, where,, .1 = 50%2m, wy.1 = 25000%27,w,p1 = sampling frequency. Figs. 7 and 8 show the comparisons of

6000 * 27, Cyp1 = 0.1, wyp2 = 8000 * 27, (yp2 = 0.1. The dot the open-loop and closed-loop frequency responses of the
and dash lines in Fig. 5 show the magnitude of the frequendCM and PZT actuator, respectively. Both the VCM actuator
responses of /W,,; and1/W,., respectively. They shape thebutterfly mode and the suspension sway mode are attenuated
control actions to be like lead compensation cascaded with Idy about 15 dB in closed-loop mode. However, the resonance
pass filters. peaks are not entirely flattened out. The active damping control
The combination ofi?,,;, W,., and W,, described above performance is limited by several factors. First, the coupling
makes the synthesized controllers have small gains in thffects among multiple resonance modes in the sensor output
frequency ranges below 3 and above 8 kHz, and have notcheake control design difficult. The controller gain and phase
near the nonoff-track sensor noise modes (M5 and M@jhust be carefully tuned to avoid instability. Ideally, multiple
as shown in the Bode plots of the synthesized VCM loogensors could be used to sense each individual resonance mode
controller, Kvcon(s), and the PZT loop controlledpz1(s), tobe damped, in order to achieve the best performance. Second,



LI etal: VIBRATION CONTROL OF A PZT ACTUATED SUSPENSION DUAL-STAGE SERVO SYSTEM 937

20 T T 1.5 T T T T T
- - Open loop
— Closed loop M2
& €
o =
P’y ()]
3 3
£ E
S o
& ©
s =
=50, :
-~ Open loop |
—— Closed loop : 0 \ A ) ) L L
%0 10° 10* 2000 4000 6000 8000 10000 12000 14000
Frequency (Hz) Frequency (Hz)
Fig. 7. Closed-loop frequency response of the VCM actuator. Fig. 9. Power spectrum density of the head motion.

V. CONCLUSION
— Closed loop The use of one PZT strip as a vibration sensor provides
a simple solution to attain vibration suppression control of
a PZT-actuated suspension dual-stage servo system. In this
paper, a vibration model of the dual-stage actuator was ob-
tained by modal testing, using measured frequency responses.
A vibration damping controller was designed using tHg,
control design methodology. Experimental results show that
the proposed control scheme can partially damp the VCM
butterfly mode and the suspension sway mode and reduce head
off-track motion due to airflow excited vibration. Future works

to combine damping control and track-following control will

be conducted.
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