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Abstract

This paper presents the design and testing results of active
vibration control for a PZT actuated suspension. One PZT
strip on the suspension is used as a vibration sensor, and
the other as an actuator. A state space model for the PZT
actuated suspension was established based on curve-fitted
transfer functions, and a feedback damping controller was
designed, using the H,, controller design method to min-
imize the peak magnitude of the closed loop transfer func-
tion frequency response. An experimental verification of the
control scheme was performed. In the experiment, the RMS
value of off-track motion due to air-flow excited suspension
vibration in the 4-16 kHz range was reduced from 6.0 nm
to 3.5 nm for 7200 RPM spindle rotation speed (42% re-
duction), and from 9.8 nm to 5.9 nm for 10K RPM spindle
rotation speed (40% reduction).

1 Introduction

With the continuing increase in storage density and spin-
dle rotation speed in hard disk drives, suspension vibration
becomes a significant challenge for achieving the required
track mis-registration (TMR) budget. For example, the 1-0
TMR budget for 100k tracks-per-inch (TPI) track density is
about 8 nm. In our experimental setup, we found the off-
track motion of the head due to air-flow excited suspension
vibration can be as high as 10 nm for a PZT actuated sus-
pension at 10k RPM spindle rotation speed. Similar results
is presented in [1].

For single stage servo systems, active vibration control of
the actuator structural resonance modes in disk drives have
been reported in [2], [3]. For active suspension vibration
control using dual-stage servo systems, strain sensors can
be attached on the surface of the suspension to obtain the vi-
bration signal, and the second stage mini/micro actuator can

IResearch supported by the National Storage Industry Consortium
(NSIC) and the Computer Mechanics Laboratory (CML) of U.C. Berke-
ley.

0-7803-7298-0/02/$17.00 © 2002 AACC

1366

horowitz@me.berkeley.edu

be used to compensate suspension vibration induced TMR.

The vibration compensation scheme with dual-stage
servo systems depends on the type and configuration of the
dual-stage actuator. For an actuated slider dual-stage servo
system, in which a MEMS microactuator (MA) is positioned
at the tip of the suspension and actuates the slider/head di-
rectly, the second-stage actuation is in front of the suspen-
sion. Adaptive feedforward control techniques can be used
so that motion of the MA cancels the suspension vibration
[4].

In this paper we discusses vibration compensation for a
PZT actuated suspension dual-stage servo system. PZT ac-
tuated suspensions usually are designed to.have a relative
soft sway mode, in order to obtain large DC gain. This
makes the PZT actuated suspension more susceptible to the
air-flow excitation, when compared to conventional suspen-
sions. The PZT actuators on the PZT actuated suspension
are located behind the suspension vibration modes. Thus,
a feedback damping control scheme can be utilized to sup-
press air-flow excited suspension vibration.

The PZT can also be used as a piezoelectric strain sen-
sor. In our test, the damping controller was implemented
using one of the two PZT strips on the suspension as a vi-
bration sensor and the other one as an actuator. A damping
controller, which was designed using the H, control de-
sign method was tested with the PZT actuated suspension
mounted on a spin stand.

Section 1 of the paper describes the test setup and vibra-
tion sensing scheme using the PZT. Section 2 presents the
control system model and damping controller design using
H, design method. Experimental results are provided in
section 3. The last section is conclusions.

2 Sensing of Air-Flow Excited Suspension Vibration

2.1 Test Setup

Fig. 1is a picture of our experimental setup. A PZT actu-
ated suspension, manufactured by Hutchinson Technology
Inc. (HTI), was mounted on a spin stand. The displacement



of the slider was measured using a laser Doppler vibrometer
(LDV) and monitored with an HP digital analyzer.

PZT Actuated
Suspension

Figure 1: A photograph of the experimentl setup

The PZT actuated suspension has two PZT strips located
near the root of the suspension. They generate a push-pull
action and bend the suspension to actuate the slider located
at the tip of the suspension. When a mechanical stress is
applied to a piezoelectric material, such as PZT, it will gen-
erate charge. Thus, the PZT can also be used as a strain
sensor. In our test, we used one PZT strip on the suspension
as a vibration sensor, and only one PZT was used as an ac-
tuator. As a result, the actuation gain and stroke limit of the
PZT actuated suspension are reduced by half. However, the
stroke limit (+£0.6m for £40V input voltage in this case)
is still much larger than what is required for track-following
control.

2.2 Sensing of Air-Flow Excited Suspension Vibration
Using PZT

The slider motion due to air-flow excited suspension vi-
bration is in the nano-meter range. Thus, the vibration sen-
sor needs to have a large sensitivity to pick up this small
signal. First, we will estimate the sensitivity of the PZT sen-
sor. The charge density on the surface of the PZT sensor
when it is subjected to a stress in the transverse direction is
(5]

Py =dz 0,

)

where P is the charge density, o is the stress, and d3; is a
charge constant with units Coulomb/Newton. The stress is
giving by

g] = Z;El,

2

where F is the Young’s modulus and ¢, is the strain.The
capacitance of a PZT trip is
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where ¢, is the relative permittivity of PZT, & is permittivity
of vacuum and w, [, ¢t are respectively the width, length and
height of the PZT strip. Thus, the output voltage of a PZT
strip, subjected to a strain €1, is

Q dsEt
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For the PZT strip used on our PZT actuated suspension,
d3; = 110e — 12C/N, F = 83GPa, e, = 1700, and
t = 0.25mm, the voltage output gain was calculated to be
0.15 mV/nano-strain. If we approximate the PZT actuated
suspension as a mechanical leverage from PZT stretch to
the tip lateral motion with a gain of 8, and the length of the
PZT strip is 4mm, we can further calculate the gain from
the slider lateral motion to the PZT output voltage to be 4.5
mV/nm. In our experiments, we observed that this gain was
about 1 mV/nm. The discrepancy between the estimated
and actual value is probably due to the fact that some fac-
tors, such as parasitic capacitance of the wires and the in-
put capacitance of the amplifier were not accounted for in
the derivations that lead to Eq. (4) when calculate the out-
put voltage. In a separate test, we glued a semiconductor
piezoresistive strain gauge, which has a gauge factor of 150,
on the suspension’s load beam. We found the sensitivity of
the PZT sensor is much larger than that of the semiconductor
strain sensor we tested.

The vibration sensor must be able to pick up the vibration
modes that have largest contributions to the off-track motion
of the slider. Fig. 2 compares the power spectrum density
(PSD) of the slider motion measured using an LDV and the
PZT sensor output. The upper part of Fig. 2 is the PSD of
the LDV output, while the lower part is the PSD of the PZT
output. In this test, the spindle rotation speed is 10k RPM,
and the suspension is located at the outer diameter (OD) of
the disk. We can see the PZT sensor output has a very strong
correlation with the slider off-track motion. It picks up most
of the major off-track modes below 12 kHz. At higher fre-
quencies, the PZT sensor amplifies the vibration signal due
to the existence of an anti-resonance mode in the sensor’s
transfer function, as will be discussed in section 3.1.

3 Control System Models and Vibration Control Design

3.1 Actuator and Sensor Models

Fig. 3 shows the measured frequency responses from a
voltage input to the PZT actuator to the slider lateral motion,
as measured by the LDV. The dot line in Fig. 3 is when both
PZT trips are used for actuation, while the solid line is when
only one PZT strip is used for actuation. The frequency re-
sponses are almost same except the gain is reduced by half
(6dB) when using only one PZT trip as an actuator. Thus,
unsymmetrically actuation of the suspension when one PZT
strip is used did not result in a noticeable detrimental effect
on the plant dynamics of the actuated suspension. A model
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Figure 2: PSD of the outputs of the LDV and the PZT sensor
of the actuator was obtain by curve-fitting the measured fre-

_quency response. The dash line in the plot is the simulated
frequency response of this model.
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Figure 3: Frequency response of the PZT actuator

The transfer function of the actuator model includes three
modes

G a(s) = gacG a1(5)G a2(s)G as(s), ©)

where the DC gain, gg. = 15nm/V. G a1(s) is a suspen-
sion sway mode

wi

Gapr=——"7-——
Al 52 + 2C1LU1 + w%

6
with resonance frequency w; = 7.8k H z, and damping fac-
tor {1 = 0.02. G 49 is a torsional mode near 6.8 kHz, and
G 43 is another torsional mode near 10.5 kHz.

Fig. 4 is the frequency response from slider displacement,
as measured by the LDV, to the PZT sensor output when the
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PZT actuator is driven with a sweep sine. The solid line in
Fig. 4 is the measured response, while the dash line is the
response of a curve-fitted model. The transfer function of
the sensor model is

Gs(s) = 9:Gs1(s)Gsa(s), @)

where g, is the DC gain, and Gs; is an anti-resonance mode

s2 + 2Cwo + w%

w

®

Ss1 =

with wy = 6.35kHz, and {; = 0.008. Ggs is a torsional
mode near 10.5 kHz.
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Figure 4: Frequency response of the PZT sensor

From the frequency response plot in Fig. 4 we notice
that the sensor amplifies signal at the high frequency be-
cause of the anti-resonance mode. This explains why there
are some high frequency resonance peaks amplified in the
power spectrum density of the sensor output in Fig 2.

Fig. 5 shows the frequency responses from the PZT ac-
tuator voltage input to the PZT sensor voltage output. The
solid line is the measured response, while the dash line is a
model, given by the following transfer function

Gas(s) = Ga(s)Gs(s),

where G 4(s) and Gs(s) are respectively defined in Eq. (5)
and Eq. (7).

)]

3.2 Vibration Control Design

In order to perform a controller design using an optimal
control design methodology such as LQG or H,, we need
to formulate a one-input-two-output state space model of the
PZT actuated suspension and sensor, and relate the states of
the system to the displacement of the slider and the PZT
sensor output. Comparing Fig. 2 and Fig. 3, we can see
that the most significant off-track mode which is excited by
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Figure 5: Frequency response from the PZT actuator to the PZT
sensor

the air-flow is the sway mode. To simplify the controller de-
sign, the torsional modes of the suspension were neglected
in the control plant and sensor state space model. Thus, the
model only includes the sway mode of the actuator, as de-
fined in Eq. (6), and the anti-resonance mode of the sensor,
as defined in Eq. (8).

A state equation of the system can be written as

i‘l _ 0 1 Ty 0
R P | R B P
where
an = -w? (11)
ayp = 2w (12)

The corresponding output equation is

HE! JLo ]+ Logug [ 0o

where y is the displacement of the slider, z is the PZT sensor
output, and

0
Ca2

wi
C21

1
z2

Y

z

¢ = wf(wg — wf)/w% (14)
2 = wi(2Gwa — 2Gwr)/w3. (15)

Fig. 6 is a block diagram that was used in the H, con-
troller design. In the block diagram, P represents the PZT
actuated suspension plant. y is the displacement of the
slider, while z is the PZT sensor output. 7 is the sensor mea-
surement noise. Windage disturbance was modelled to be a
torque disturbance d acting at the input of the PZT actuator.
u, is a outer loop control signal generated by the dual-stage
servo controller. In this paper, we did not consider the outer
servo feedback loop, and set u. = 0. K is the vibration
damping controller to be synthesized, and u is the output of
K.
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Figure 6: H, controller design block diagram

Weighting function W,, was used to characterize the mea-
surement noise, which was assumed to be SmV by letting
W, = 0.005. W,, was used to bound the control voltage in-
put. A constant Wu = 1 was used to limit the control input
within £1V. W,, was selected to bound the closed loop fre-
quency response from d to y, G, (the transfer function from
U, to y is the same). We choose W, to be o

1
W, = —,
v 9dc

(16)

where gg4. is the DC gain of the PZT actuator. Suppose the
H, norm of the closed loop system is 3, then we have

1Gylloo < Wvﬁ = Bg4c - an

Thus, the design objective is to bound the peak in the mag-
nitude of the frequency response of G, within the DC gain
of the PZT actuator.

The controller was generated using hinfsyn function of the
p-tools Matlab toolbox [6]. The Hy norm in the resulting
design is 8 = 1.07. The resulting closed loop frequency
response from d to y, with the loop closed from z to « using
the generated controller is shown as the dash line in Fig. 7.
The magnitude of the frequency response is almost flat up to
5 kHz, then it slowly goes down, with the resonance mode
being well damped.

Fig. 8 shows the open loop frequency response of the
transfer function from the input of the damping controller
to z. The gain margin is infinite, and the phase margin is
91°. Thus the controller is robust in terms of gain and phase
margins. Fig. 9 shows the closed loop frequency response
fordto z

The synthesized controller has two poles to cancel the
anti-resonance zeros of the sensor and a zero near 1.5 Hz.
The zero acts as a D-action at high frequency to increase the
damping. Fig. 10 is the Bode plot of controller.
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Figure 7: Closed loop frequency response of the displacement
output

Bode Diagram
Gm = Int, Pm = 91.044 deg (st 88038 rad/sec)
T T T

Magnituda (dB)

Phase (deg)

-180 n
10/
Frequency (rad/sec)

Figure 8: Open loop frequency response

4 Experimental Results

The synthesized controller was discretized and imple-
mented using a Texas Instrument TMS320C6711 floating-
point DSP. The sampling frequency was chosen to be 100
kHz. In the experiment, the suspension is located at the OD
of the disk, where the windage excitation is expected to be
the biggest. Fig. 11 shows the power spectrum density of
the slider off-track motion, as measured by an LDV, when
the spindle rotation speed is 7200 RPM. The upper half plot
is when damping control is not applied, while the lower half
plot is when damping control is applied. We can see air-
flow exited suspension vibration is greatly attenuated. The
RMS value of slider motion due to suspension vibration in
the 4-16 kHz range is reduced from 6.0nm to 3.5nm, which
represents a 42% reduction. Fig. 12 is the test result for 10k
RPM spindle rotation speed. In this case, the RMS value of
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Figure 9: Closed loop frequency response of the sensor output
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Figure 10: Bode plot of the controller

off-track motion due to air-flow excited suspension vibra-
tion in the 4-16 kHz range is reduced from 9.8nm to 5.9nm,
which is a reduction of 40%. '

5 Conclusions

Tests have shown that PZT is a feasible candidate for vi-
bration sensing in a PZT actuated suspension, and feedback
damping control is effective in suppressing slider off-track
motion due to air-flow excitation for a PZT actuated suspen-
sion. The dynamic response of the PZT actuated suspension
can also be greatly improved with the use of the damping
controller. Thus, potentially a higher servo bandwidth can
be achieved for PZT atuated suspension dual-stage servo
system.

The test data also shows the damping controller is most
effective in attenuating the sway mode vibration of the sus-
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Figure 11: Power spectrum density of the slider motion (7200
RPM)
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Figure 12: Power spectrum density of the slider motion (10k
RPM)

pension, but is less effective for suppressing the torsional
modes vibration. One possible future work is to use a
scheme similar to the one presented in [7] to incorporate
an additional minimum variance adaptive feedforward con-
trol loop to suppress the left-over vibration modes by the
damping controller.
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