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Abstract:
This paper discusses two mechatronic innovations in magnetic hard disk drive servo systems,
which may have to be deployed in the near future, in order to sustain the continuing 60%
annual increase in storage density of these devices. The first is the use of high bandwidth
dual-stage actuator servo systems to improve the precision and track-following capability of
the read/write head positioning control system. The second is the instrumentation of disk
drive suspensions with vibration sensing strain gages, in order to enhance airflow-induced
suspension vibration suppression in hard disk drives.
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1. INTRODUCTION

Since the first hard disk drive (HDD) was invented
in 1950s by IBM, disk drives’ storage density has
been following Moore’s law, doubling roughly every
18 months. Current storage density is 10 million times
larger than that of the first HDD (Yamaguchi, 2001).

A current goal of the magnetic disk drive industry is
to break the 1 Terra-bit per square inch storage density
barrier. It is predicted that the necessary track den-
sity for 1 Terra-bit per square inch recording will be
500,000 tracks-per-inch (TPI), which requires a track
mis-registration (TMR) budget of less than 5nm (3-
sigma value). To achieve such high track densities a
new class of dual-stage actuation for hard disk drives
has been proposed: a microactuator is placed at the
end of the voice coil motor (VCM) suspension and
moves the magnetic head (or slider) relative to the sus-

1 Supported by the Information Storage Industry Consortium and
the Computer Mechanics Laboratory of U.C. Berkeley.
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following servo systems using PZT-actuated suspen-
sions. Section 4 discusses suspension vibration com-
pensation using instrumented suspensions and dual-
stage servo systems, focusing on active damping feed-
back control, where the signal from a strain sensor in
an instrumented suspension is fed back in a minor loop
configuration, to actively damp the voice coil motor
butterfly mode and the first suspension sway mode.
The efficacy of this scheme is demonstrated using a
dual-stage servo system that utilizes a PZT-actuated
suspension. Section 5 discusses the determination of
the optimal sensor location in an instrumented suspen-
sion, as well as the fabrication and micro-assembly
of strain sensors in a steel suspension. Concluding
remarks are presented in Section 6.

2. DUAL-STAGE SERVO SYSTEMS

The mechanical components of the servo system in
a HDD include the voice coil motor (VCM), the E-
block, the suspension and the slider, as shown in
Fig. 1(a). The magnetic read/write head is fabricated
on the edge of the slider. The slider is supported by the
suspension and flies over the surface of disk on an air-
bearing. The VCM actuates the suspension with the
slider about a pivot in the center of the E-block.
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Spindle motor

Head

Data Track

(VCM)
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VCM E-Block Suspension
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Magnet
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Fig. 1. (a) Conventional disk drive configuration; (b)
Conventional disk drive servo assembly

The two main tasks of a disk drive servo system are
to move the head to the desired track as quickly as
possible and, once on-track, position the head on the
center of the track as precisely as possible so that data
can be read/written quickly and reliably. The first task
is commonly referred to as track seeking, while the
second is commonly referred to as track following.
The most commonly used performance measure for
track-following servo systems is track mis-registration
(TMR), which is the variance of the deviation between
the center of the read/write head and the center of the
track. It is generally accepted in the magnetic record-
ing industry that the 3σ value of the TMR should
be less than 10% of the track pitch. The deviation
between the center of the read/write head and the
center of the track is in turn referred to as the head
position error. The implementation of track-following
servo systems relies on measuring the head position
error signal (PES). The PES is generally obtained
from information that is encoded on the magnetic disk,
in angular servo sectors that radiate out from the center
of the disk (Jorgenson, 1995). Since the servo sectors
are located at discrete locations, the PES is a sampled
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TMR sources in the track-following mode in-
spindle runout, disk fluttering, bias forces in-
g actuator pivot friction, external vibration/shock
ances, arm and suspension vibrations due to

bulence, PES noise, written-in repeatable runout
sidual actuator and suspension vibration due to
ettling (Ehrlich and Curran, 1999).

shows a block diagram of the disk drive servo
l system. GP (z) represents the transfer func-
f disk drive actuator plant, while CFB(z) and
z) are the feedback and feedforward controllers,
tively. r denotes the reference input, which is
n track-following mode and a desired position
ory in seek mode. dn, df , and dp respectively
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n as windage), and the position disturbance (due
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n as

ES(k) = S(z)GP (z) df (k) + S(z) dp(k)

+S(z) dn(k) + CFF (z) rff (k) ,

S(z) is the closed-loop sensitivity transfer
on defined by

S(z) =
1

1 + CFB(z)GP (z)
. (1)

nsitivity transfer function, also called the error
on transfer function, is commonly used to spec-
d evaluate the performance of disk drive servo
l systems. Since major TMR sources are located
low-frequency range, the most effective way to
ize PES and increase the storage track density
ncrease the servo control bandwidth, which is
quency where the magnitude of the sensitivity
r function S(z) becomes equal than one.



As data densities in HDDs increase and track widths
diminish, single-stage, conventional servo systems be-
come less able to successfully position the head. Be-
cause the voice coil/E-block/suspension assembly is
large and massive as a unit, the speed at which the
head can be controlled is limited. Furthermore, the
assembly tends to have a low natural frequency, which
can accentuate vibration in the disk drive and cause
off-track errors. At track densities approaching one
Terabit per square inch in the future, the vibration
induced by airflow in a disk drive alone is enough
to force the head off-track. Nonlinear friction of the
pivot bearing also limits achievable servo precision. A
solution to these problems is to complement the VCM
with a smaller, second actuator to form a dual-stage
servo system. The VCM continues to provide rough
positioning, while the second actuator does fine posi-
tioning and rejects vibration and other disturbances.
The smaller second actuator can typically be designed
to have a much higher natural frequency and less sus-
ceptibility to vibration than the VCM. Any actuator
used in a dual-stage system should be inexpensive to
build, require little power to operate, and preserve the
suspension stiffness properties to maintain an appro-
priate slider flying height. A number of different sec-
ondary actuation mechanism and configurations have
been proposed. These can be categorized into three
groups: “actuated suspension”, “actuated slider” and
“actuated head”. The first two approaches will now be
discussed in some detail.

2.1 PZT-Actuated suspensions

In this approach, the suspension is re-designed to ac-
commodate an active component, typically a piezo-
electric material such as PZT. This piezoelectric ma-
terial stretches or flexes the suspension to position the
slider and magnetic head. Piezoelectric actuators nor-
mally produce large actuation forces but small actua-
tion strokes. Therefore, in the “actuated-suspension ”
configuration, piezoelectric actuation is usually com-
plemented by a leverage mechanism that converts
small actuator displacements into sufficiently large
head displacements, as shown in Fig. 3.

Suspension

Base-plate

PZT actuator

Slider

Fig. 3. PZT-actuated Suspension (Courtsy of M.
Kobayashi, HITACHI)

An advantage of this approach is that the secondary-
stage actuation can be implemented in a relatively
simple manner, by modifying the suspension design,
without requiring significant changes in the suspen-
sion fabrication process. Moreover, this dual-stage
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configuration is effective in attaining low fre-
y runout attenuation in the servo loop. The ma-
awback of this approach is that the suspension

modifications that are necessary to implement
verage mechanisms that convert small piezo-
or displacements into sufficiently large head
cements, weaken some of the suspension off-
esonance modes, such as the first sway and tor-
modes. These modes limit the attainable track-
ing servo bandwidth and are in turn excited by
. Thus, track-per-inch (TPI) servo performance
piezo-actuated suspensions can be increased,
mains limited when compared to the next two
ches (R.B. Evans and Messner, 1999; I. Naniwa

ato, 1999; Koganezawa et al., 1997; Kuwajima
atsuoka, 2002; Chen, 2001).

Frequency Response of a PZT-actuated suspen-
The PZT-actuated suspension described in this

n was provided by Hutchinson Technologies and
stroke limit of ±1µm under a driving voltage
0V . It was installed on the top finger of the E-
in a 7200-RPM disk drive. Head lateral motion
etected by an LDV. An opening was cut on the
f the disk drive to allow the LDV’s laser to pass
h. The PZT-actuated suspension was modified
t only one of its PZT elements was used as a
-stage actuator, while the other was used as a

sensor.

(a) shows the measured and simulated frequency
ses of the PZT-actuated suspension. The solid

are experimentally measured responses, while
shed lines are simulated responses using an
ed model. As shown in these figures, the major
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. PZT-actuated suspension frequency response:
a) from VCM input to head displacement; (b)
rom PZT actuator input to head displacement

ion modes of the PZT-actuated suspension dual-
actuator in this setup include the assembly but-
mode (M1 in the figures), the suspension sway
(M2), the suspension 2nd torsion mode (M3),
e suspension 1st torsion mode (M4). Among
the two most important off-track modes are

sembly butterfly mode and the suspension sway
The assembly butterfly mode is generated by

upling of in-plane sway modes of the E-block
d the coil, in which the arm and the coil move
phase with respect to each other around the
The suspensions sway mode is the mode in



which the load beam and the slider vibrate with re-
spect to the hinge of the PZT-actuated suspension. It is
also called the PZT actuator mode. The torsion modes
of the suspension also contribute to head off-track mo-
tion. The frequency response from VCM input u1 to
head displacement y1 is dominated by the rigid body
mode in the low frequency range and the structural
vibration modes in the high frequency range. Fig. 4(b)
shows that the PZT actuator can excite the VCM actu-
ator butterfly mode through the swage connection with
the E-block arm.

2.2 Actuated slider

In this approach, a microactuator is placed between
the slider and the gimbal, to create either a trans-
lational or rotational in-plane rigid body motion of
the slider relative to the suspension tip, which acts
as a fine-positioning mechanism for the read/write
head, as shown in Fig. 5. The resulting bandwidth

Microactuator

Slider

Suspension

Fig. 5. Electrostatic rotational MEMS microactuator
(Courtesy of L.-S. Fan, IBM)

of dual-stage servo systems that utilize the actuated
slider approach can be higher than those that utilize
the piezo-actuated suspension approach because the
secondary actuation mechanism in the actuated slider
approach bypasses the mechanical resonances of the
suspension. This approach uses existing sliders and
microactuators that can be batch fabricated, and thus
could be cost effective. However, the size and mass
of the microactuator may affect the slider flying sta-
bility. Therefore, current suspensions need to be re-
designed to adopt this secondary actuator. Suitable
driving forces in this approach include electrostatic,
electromagnetic and piezoelectric.(Horsley, 1998; Ko-
ganezawa et al., 1997; Fan et al., 1999). To further
reduce the assembly task of placing the microactua-
tor in between gimbal structure and slider, some re-
searchers have proposed microactuators that are either
integrated with the gimbal structure (Muller, 2000) or
the slider (Imamura et al., 1998).

3. DUAL-STAGE TRACK-FOLLOWING SERVO
DESIGN TECHNIQUES

As described in section 2, the primary objective of
the track-following servo system is to minimize head
track mis-registration (TMR), which is the variance
of the deviation between the center of the read/write
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ne is that the contribution of each actuator to the
-loop sensitivity transfer function attenuation
1)) must be properly allocated in the frequency
n. In general, the first-stage coarse motion ac-
has a large moving range, but its bandwidth is

d by the existence of poorly damped off-track E-
and suspension resonance modes. Thus, its con-
on to the sensitivity transfer function attenuation
e primarily in the low frequency range. On the

hand, the second-stage fine motion actuator can
e at a higher frequency range but has a signifi-
smaller range of motion. Thus, its contribution
sensitivity transfer function attenuation must

marily in the high frequency range. The second
aint is that, any destructive effect, in which two
ors move in opposite directions producing lit-
erall net head compensation motion, should be
d (Schroeck et al., 2001).

s control design architectures and methodolo-
ave been developed for dual-stage servo control
. They can be largely classified into two cate-
: those based on classical SISO design method-
s, and those based on modern optimal and robust

methodologies. Most of the proposed classi-
SO design methodologies perform some form
oupling control, followed by sequential multi-
SO compensator loop shaping designs, in order
pe the overall closed-loop sensitivity transfer
on frequency response. Examples of these tech-

include the master-slave and decoupled sen-
design approaches (Mori et al., 1991; Li and

itz, 2001), the PQ design method (Schroeck
2001), and a direct parallel design approach

a et al., 1999). Since dual-stage servos are
input systems, it is natural to utilize modern
ased optimal and robust MIMO methodologies

ign dual-stage track-following controllers. Dual-
control designs using LQG and LQG/LTR have
eported in (Suzuki et al., 1997; Hu et al., 1999;
t al., 2002) and others. Robust MIMO designs
on H∞ and µ-synthesis design methodologies
een reported in (Suzuki et al., 1997; Hernan-
al., 1999; Rotunno and de Callafon, 2000; Li

orowitz, 2002) and others. The design of dual-
track-following servos using a mixed-objective
ization techniques have recently been presented
ang et al., 2004), where the H2 norm of the
-loop sensitivity transfer function is minimized,
simultaneously attaining H∞ norm bounds on
M and microactuator complementary sensitiv-

nsfer functions. In the reminder of this section,
ll briefly review the decoupled sensitivity de-
pproach to the design of track-following servos
tilize the PZT-actuated suspension described in



Section 2.1. Further details of the results presented in
this section, as well as other design techniques, can be
found in (Li, 2003).

3.1 Track-following SISO Design Specifications

Traditional robustness and performance specifications
for a typical track-following servo design are spec-
ified in terms of its open loop gain and phase mar-
gins, its bandwidth and the its closed-loop sensitivity
maximum peaking. For the feedback system to be
robust, a gain margin larger than 6 dB and a phase
margin larger than 35◦ is usually specified. Bandwidth
is often characterized by the system’s open-loop gain
crossover frequency. For single-stage actuator servo
systems, the achievable bandwidth is limited by high-
frequency resonance modes to within 1 kHz . Dual-
stage actuator servo systems can achieve more than 2
kHz bandwidth. A closed-loop sensitivity maximum
peak of 6 dB is usually specified, to minimize high-
frequency disturbance/noise amplification beyond the
servo bandwidth.

3.2 Sensitivity Decoupling Design

Fig. 6 shows a block diagram of the dual-stage con-
troller design using sensitivity decoupling method.
For simplicity, the PZT-actuated suspension will be
referred to as the microactuator (MA) in this pa-
per, while the voice coil motor, E block and suspen-
sion assembly will be referred to as the VCM. In
Fig. 6, GV CM (z) and GMA(z) represent the VCM
and microactuator models, respectively. KV CM (z)
and KMA(z) represent the VCM and microactua-
tor loop controllers, respectively. r denotes the track
runout. xp and xv denote the positions of the head
and the VCM, respectively. PES denotes the position
error between the head and the track. RPES denotes
the position of the head (microactuator) relative to
the VCM. The sensitivity decoupling control approach

VPES xVKVCM

+

RPESPESr

-

+

GVCM

GMA

xP
KMA

gPZT

RPESEST

Fig. 6. Block diagram of the track-following controller
design using the sensitivity decoupling method

combines the PES and the RPES signals to generate
the position error of the suspension tip relative to the
track, which will be denoted by V PES,

V PES = PES + RPES = r − xv, (2)

and this signal is fed to the VCM loop compensator to
decouple the control system (Mori et al., 1991).
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ensitivity transfer function ST (z) (from r to
of the feedback system in Fig. 6 is given by

=
1

1 + KV CM (z)GV CM (z)︸ ︷︷ ︸
SV (z)

1

1 + KMA(z)GMA(z)︸ ︷︷ ︸
SM (z)

he block diagram in Fig. 6 is equivalent to the
diagram shown in Fig. 7. Thus, the dual-stage

VPES PES

-
KVCMGVCM

- KMAGMA
RPES

SV SM

ST

. Equivalent sensitivity function block diagram.

control design can be decoupled into two inde-
nt SISO sensitivity function shaping designs: the
loop, in which the runout r is first attenuated by
M loop sensitivity function, SV (z), to produce

S; and the MA loop, in which this signal is
r attenuated by SM (z) to produce the PES.

ost PZT-actuated suspensions, RPES is not
ble. An estimate of it, RPESEST , can be ob-

by multiplying the PZT control input by the
ain of the PZT actuator, gPZT . This estimate
urate in the low frequency range since the dy-
s of the PZT actuator can be accurately charac-

by a pure gain up to about 4 kHz, as shown
. 4(b). Above this frequency, its dynamics are
ated by the E-block and suspension resonance
. The estimation of RPES, using a constant

introduces an additional term in the open-loop
r function of the actual feedback block in Fig. 6.

ver, generally both compensators KMA(z) and
(z) are designed to have notch filters at the

nce frequencies, where the model error is large.
rmore, the VCM loop gain crossover frequency

erally designed to be far smaller than the E-block
spensions resonance frequencies. As a conse-

e, the effect of this additional error term in the
l sensitivity transfer function S(z) is generally

A design example: A track-following com-
or for a dual-stage servo system with a PZT-
ed suspension described in Section 2.1 was de-

using the sensitivity decoupling technique and
.

CM loop compensator, KV CM (z), was de-
to be a simple lead-lag compensator cascaded

wo notch filters. The lag compensator increases
ntrol gain and error rejection in the low fre-
y region, while the lead compensator boosts the
margin at the open-loop gain crossover fre-

y. The notch filters were used to attenuate the



butterfly mode (5.9 kHz) and the suspension sway
mode (8.4 kHz) respectively. The VCM transfer func-
tion, KV CM (z)GV CM (z), was calculated to have a
gain crossover frequency of 800 Hz. The sampling
frequency of the control system is 25 kHz. The dashed
lines in Figs. 8(a), and 8(b) show the Bode plots of
the VCM transfer function KV CM (z)GV CM (z), and
closed-loop sensitivity function, SV (z), respectively.

The PZT actuator loop compensator, KMA(z), was
designed to be a lag compensator cascaded with two
notch filters that were similar to the ones designed
for the VCM loop. Since the frequency response of
the PZT actuator is almost flat in the low frequency
range, a lag compensator was used to provide the
control gain for error rejection. The gain crossover
frequency of the PZT actuator loop was designed
to be approximately 2500 Hz (1/10 of the sampling
frequency), which is much larger than that of the
VCM loop. The dotted lines in Figs. 8(a), and 8(b)
show the Bode plots of the PZT actuator open-loop
transfer function, KMA(z)GMA(z), and closed-loop
sensitivity function, SM (z), respectively.

The VCM and PZT actuator loop compensators de-
signed above were used in the block diagram of the
dual-stage control system depicted in Fig. 6. The solid
lines in Figs. 8(a) and 8(b) show the Bode plots of the
overall open-loop transfer function from r to xp and
the closed-loop sensitivity function, respectively.

Table 1 lists the gain margins, phase margins, and gain
crossover frequencies of the VCM loop, PZT actuator
loop and overall dual-stage systems.

Table 1. Decoupled design results

GM (dB) GM (deg) Gain c/o freq. (Hz)
VCM loop 10.9 40.5 800
PZT loop 9.7 66.1 2500
Overall 7.4 50.2 2104

Design Specs. 6 35 2000

As can be seen from Fig. 8(a), the overall open-loop
frequency response near its gain crossover frequency
is dominated by that of the PZT actuator loop. A sim-
ple tuning process was conducted to satisfy the design
specifications by changing the corner frequency of
the zero of the PZT actuator loop lag compensator.
Increasing this frequency improves the overall gain
margin, but reduces the phase margin and increases
sensitivity function peaking, and visa versa. It was
determined in simulations that an optimal value of this
corner frequency is 2500 Hz to satisfy all the gain
margin, phase margin and sensitivity function peaking
requirements. Fig. 8(b) shows the sensitivity function
Bode plots of the VCM loop, PZT actuator loop and
overall dual-stage system. The unity-gain frequency of
the total sensitivity function is 1490 Hz, and the max-
imum peaking is 5.0 dB occurring at 4760 Hz. The
total sensitivity function of the dual-stage system is
approximately the product of the sensitivity functions
of the VCM loop and PZT actuator loop. Large atten-
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ecked by examining the Nyquist plot of the
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n and sensitivity function peaking requirements,
yquist curve cannot enter the disk centered at
) with a radius of 0.5. As shown in Fig. 9(a) the
pling control design satisfies all requirements.
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. (a) Nyquist diagram of the dual-stage open-
op system; (b) Experimentally measured sensi-
vity function Bode plot of the closed-loop sys-
m.

esigned controller was implemented using the
mental setup described in Section 2.1.1. Fig. 9(b)
the measured and simulated sensitivity func-

ode plots. Overall, the experimental data agrees
ith the simulation data. The actual sensitivity

gain frequency is 1321 Hz (vs. 1490 Hz in the
tion). The actual sensitivity function maximum
g is 6.3 dB occurring at 3460 Hz (vs. 5 dB
ing at 4760 Hz in the simulation).



4. SUPPRESSION OF AIR FLOW INDUCED
VIBRATIONS

Airflow generated by the spinning disk is necessary to
sustain the slider air-bearing, which in turn maintains
a proper head flying height above the disk. However,
it also induces structural vibrations in the suspension
and arm’s E-block. As the the servo system’s TMR
requirements approach the range of 5-10 nanometers,
these airflow induced vibrations become a more sig-
nificant source of the TMR budget, which must be
attenuated. However, most of the air flow excitable
structural resonance modes are in a frequency range
that is higher than the attainable actuator servo band-
width, which is constraint by the rotational speed of
the disk and the percentage of the disk that can be
dedicated to store sector servo information. As a con-
sequence, airflow induced vibration is often amplified
rather than attenuated by the servo system. The char-
acterizations of airflow induced structural vibrations
have been reported in (Yamaguchi et al., 1986; Kim
and Mote, 1999; Gross, 2003) and others. It has been
found that the magnitude of the air flow induced vi-
bration is proportional to the square of the flow speed
(Yamaguchi et al., 1986), and the airflow affects head
off-track motion mainly by exciting the actuator struc-
tural resonance modes (Kim and Mote, 1999; Gross,
2003).

One method of improving servo capabilities to over-
come these problems is to instrument the suspen-
sion with strain sensors (Huang et al., 1999a; Li et
al., 2003b; Li et al., 2003a; Li, 2003). Adding sensors
to the suspension permits acquisition of vibration in-
formation at a higher sampling rate and closer to the
point of disturbance than is possible from position er-
ror signals taken from the disk itself. This information
may be fed back to the VCM or actuated suspension or
fed forward to actuated sliders and heads. Micro-scale
processing techniques allow precise installation of vi-
bration sensors at locations with maximal vibration in-
formation. Moreover, certain semiconductor and thin
film processing techniques produce very high sensi-
tivity gages, and may potentially be integrated into
suspension fabrication and assembly. Different con-
trol schemes for suspension vibration compensation
are needed depending on the type and configuration
of dual-stage actuators. The PZT actuators on PZT-
actuated suspensions are located behind the suspen-
sion and can excite the suspension dynamics. In this
case, feedback active damping control can be applied.
The MEMS microactuator of an actuated-slider dual-
stage servo system has little effect on the suspension
dynamics. In this case, feedforward control can be
used to cancel the TMR induced by the suspension
vibration.

4.1 Damping Control of PZT-actuated Suspensions

It is possible to use the same PZT elements that
are used for actuation as strain sensors, in order to
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that are excited by airflow. Fig. 10 shows
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in Figs. 10-11(b), the PZT sensor can pick up
f the off-track vibration modes of the head stack
spension assembly when they are excited by air-
nd the control inputs. The PZT sensor does not
the rigid body mode, as expected. However, the
ensor picks up some non-off-track modes near
(M5, M6 and M7), which have little effect on

ad off-track motion. These modes are probably



related to the bending modes of the suspension and
they are excited by the airflow disturbances in the out-
of-the-plane direction. They act as noise modes to the
vibration suppression control system.

Fig. 12 shows the block diagram of a PZT-actuated
dual-stage servo system with an inner-loop vibration
damping control. P represents the augmented plant
model, which will be described subsequently, and w

represents the airflow disturbances acting on the sys-
tem. The damping controller is implemented using the
PZT sensor output y2, so that its sampling frequency
will not be limited by that of the PES.

P

n2

u2

+

-
u1

w

-

y1

y2

Kalman
Filter

Damping
Control

Track-Follow
Control r

-PES

-

-

Ts1

Ts2

Fig. 12. Block diagram of a dual-stage servo system
with inner-loop vibration damping control.

As shown in Figs. 10-11(b), modes M5, M6, and M7
have a large contribution to the PZT sensor output
when excited by airflow disturbances, but have little
contribution to the head off-track motion. Moreover,
they are either not controllable or weakly controllable
by the control inputs. Thus, they need to be modeled
as sensor noise and be accounted for in an augmented
plant model described as follows

[
ẋ

ẋw

]
=

[
A 0

0 Aw

] [
x

xw

]
+

[
B Bw1

0 Bw2

] [
u

w

]
,

[
y1

y2

]
=

[
C1 0

C2 Cw

] [
x

xw

]
+

[
D 0

] [
u

w

]
,

(3)

where x ∈ R
6 represents the state of the three vibra-

tion modes to be controlled (M1, M2, M3) with state
space modal representation given by A, B, C1, C2

and D; xw ∈ R
6 represents the state variables of

the three noise modes (M5, M6, M7); w ∈ R
6 is a

fictitious white disturbance vector used to characterize
the excitation to each vibration mode by airflow dis-
turbances; Aw is estimated from the measured PSD
in Fig. 10; Bw1, Bw2 and Cw are normalized. A
discrete-time model of P in Eq. (3) is then derived,
taking into account the computational-time delay td,
which although smaller than the sampling time Ts, is
significant and must be accounted for in the damping
controller design (Li et al., 2003a; Li, 2003).

A discrete-time Kalman filter with prediction and cor-
rection steps was designed based on the augmented
plant model. The feedback damping controller gain K
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y1 is the head displacement output. The design
eter in the DLQR design is the control action
t matrix R, which can be tuned to obtain desired

responses.

mpling frequency used for the inner-loop damp-
ntroller in Fig. 12 is 50 kHz, while that for the
following controller is 25 kHz. The inner-loop
ion damping controller is designed first. Then,
ter-loop track-following controller is designed
on the damped actuator model, using the sensi-
ecoupling design methodology discuess in Sec-

.2. The gain crossover frequency, gain margin
hase margin of the open-loop transfer function
control system were 2425 Hz, 3.4 dB and 37o,
tively. A design similar to the one presented
tion 3.2.1 is used, except that no notch filters
equired. Moreover, the bandwidth of the track-
ing controller with inner-loop damping control
er than the one that used notch filters.

Experimental Results: Figs. 13(a) and 13(b)
re the frequency responses of the damped sys-
those of the open-loop system, from the VCM

ZT actuator to the head displacement, respec-
Both the butterfly mode and the suspension

mode are attenuated by damping control.
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3. Measured frequency response of a PZT-
ctuated suspension with active damping control:
a) from the VCM to the head displacement; (b)
rom the PZT actuator input to the head displace-
ent.

4(a) shows the PSD of the head lateral motion
red by the LDV and the HP digital analyzer
damping control is and is not applied. As shown
figure, the air turbulence excited high-frequency
ral vibrations are attenuated by damping con-

he RMS value of the PSD from 2 kHz to 14 kHz
ced by 35% when damping control is applied.

4(b) shows the FFT of the head-off track motion
dual-stage track-following control. The solid
the result with combined track-following and

ion damping control, while the dashed line is
sult of using the track-following controller dis-

in Section 3.2.1 without active damping con-
igh-frequency vibrations are greatly attenuated



by the inner-loop vibration damping controller. The
track-following controller with damping control also
exhibits a larger disturbance attenuation in the low-
frequency range because of its increased bandwidth.
The standard deviation of the PES of the damping
control design is 4.8 nm, while that of the traditional
notch filter design is 6.1 nm.
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Fig. 14. (a) Measured PSD of head off-track mo-
tion with damping control; (b) FFT of the head
off-track motion with both damping and track-
following control.

5. OPTIMAL STRAIN SENSOR PLACEMENT
AND FABRICATION IN INSTRUMENTED

SUSPENSIONS

As discussed in the previous section, instrumenting
a disk drive suspension with vibration sensing strain
gages can enhance vibration suppression in hard disk
drives, provided that the gages are properly located
and are sufficiently sensitive.

Many researchers have considered the problem of op-
timal placement of sensors on a flexible structure.
Most often, sensors are placed according to some
measure derived from system observability. (Hac and
Liu, 1993) proposed a measure based on eigenval-
ues of the observability Grammian, which was later
applied to disk drives (Banther et al., 1998; Huang
et al., 1999b), while (Lim, 1996) proposed to use
Hankel singular values to evaluate observability. Un-
fortunately, open-loop observability approaches do
not necessarily provide an optimal location from a
controlled, closed-loop perspective. These methods
tend to concentrate optimization effort on hard-to-
observe modes, regardless of their relative importance
in contributing to a specific output. To remedy this
shortcoming, some researchers have proposed using
closed-loop objectives instead, such as LQG (Kondoh
et al., 1990). These approaches give a better indica-
tion of closed-loop optimality, but are typically heav-
ily computationally intensive and their solutions gen-
erally do not provide any significant insight regard-
ing the physical basis behind the choice of sensor
location. Also of interest is the rejection of signals
from unwanted modes; (Wu et al., 1979) proposed
a method for eliminating unwanted modes from the
sensor output, while (Gregozy, 1984) has suggested
methods for reducing the order of flexible systems.

Recen
has fo
evalua
(LQG
In this

The se
ible su
(VCM
slider
depict

VCM

Fig. 1
tu
B
p

The ge
formu
in Fig
functi
suspen
disturb
is the
nal fro
with,
rate fo
by z i
functi
by Eq
output
pende
sensor
output
C(θ),
orient
The sy
disturb
matric
Laplac
the sy
modes

The L
filter,
output
ances,
system

In (O
gebrai
filter R
tly, (Oldham et al., 2004; Oldham et al., 2003)
rmulated a computationally simple method of
ting performance of a linear quadratic gaussian
) controller for many possible sensor locations.
section we briefly review some of these results.

rvo system described here consists of the flex-
spension with inputs from the voice coil motor
) and airflow disturbances, plus an actuated-
microactuator at the tip of the suspension, as
ed in Fig. 15(a).
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5. (a) Incorporation of actuated-slider microac-
ator and vibration sensing into suspension; (b)
lock diagram for setting up the optimal sensor
lacement problem

neral optimal sensor placement problem can be
lated as described in the block diagram shown
. 15(b). The plant itself, described by the transfer
on G(s) in Fig. 15(b), is a modal model of the
sion/MA/head assembly, with control inputs u,
ance inputs w, and two outputs. The first output

positioning error signal (PES), which is the sig-
m the system that we are ultimately concerned

but is available at an insufficient high sampling
r vibration control. The PES output is denoted
n Fig. 15(b) and its variance enters in the cost
on to be minimized by the control system, given
. (5). Notice that the PES has a fixed state model
matrix Cz . In other words, the output z is inde-

nt of the location and orientation of the vibration
s. We also denote the multiple vibration sensor
s by y. The state output matrix for these outputs,
are dependant on sensor locations (position and
ation), which is parameterized by the vector θ.
stem may have multiple control inputs, u, and
ances, w, which enter through separate input
es, respectively denoted by B and Bw. The
e transform of the transition matrix, Φ(s), of

stem is in modal form, with n distinct vibration
.

QG controller is the optimal controller, K, and
F , for minimizing a weighted sum of the system

(the read/write head) and control effort vari-
which is also known as the H2 norm of the
:

JH2 = min
K,F

E
{
z2 + uT Ru

}
(5)

ldham et al., 2004; Oldham et al., 2003) al-
c approximations for the terms of the Kalman
iccati equation that appear in the steady-state



LQG objective function have been derived, eliminat-
ing many of the drawbacks of this approach. Specif-
ically, when modes are well-spaced in frequency and
the contribution of sensor noise, v, is very large rel-
ative to disturbance noise, w, for all input and sensor
coefficients in a modal system

|cji|
(

l∑
k=1

|bik|
)

w

v
� 1 for all i, j , (6)

a close algebraic approximation of the LQG objective
function can be found. Here, cji is the gain from mode
i to sensor j, and bik is the gain from disturbance k
to mode i. For example, in the simplest case of an
undamped system with cheap control, with n modes,
m disturbances, and r sensors, the approximation is
given by

JH2 ≈
n∑

i=1

c2

zi(
∑m

k=1
b2

ik)ωi

√
wv√∑r

j=1
c2

ji

(7)

The additional term here is czi, the gain from mode
i to our objective output, for example, off-track error
at the tip of the suspension. Similar results exist for
damped systems and non-cheap control and these can
be found in (Oldham et al., 2003).

Approximating the objective function in this manner
has several advantages. Its main one being that the ap-
proximation greatly simplifies the computation of the
objective function by reducing the problem of solv-
ing for n eigenvalues to a straightforward algebraic
computation. In our tests, this reduced computation
time by a factor of 20. This is especially important
for a system with many modes and/or sensor location
variables. The approximation allows the optimal solu-
tion to be found easily for varying system parameters
where an exact solution would be highly impractical.
Moreover, the approximate solution also provides in-
sight into the physical trade-offs between parameters
of the system, and reduces the amount of knowledge
needed about the system beforehand. Notice that the
relative significance of the parameters in the system
model in the cost function is clearly visible, in Eq.
(7), which can be useful for design and interpretation.
The best sensor locations will have large strains (large
cki coefficients), as one would expect. However, in a
choosing between strain contributions from different
modes when there is a trade-off, a more optimal lo-
cation will emphasize the mode with a larger contri-
bution to off-track error, as computed from the sum
of input coefficients to that mode, the bip’s, and the
modal displacement coefficient at the slider, di.

A commercial, MEMS actuator ready suspension, was
modeled in ANSYS for finite element analysis of vi-
bration modes. A modal analysis was performed to
identify the natural frequencies of vibration, followed
by a harmonic analysis near those frequencies to ob-
tain the frequency response of the structure. The anal-
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6. Ansys model of 3430 suspension

s in the hinge region of the suspension at sensor
ations from 0 to 180 degrees for both the exact
n for the Kalman filter Riccati equation and
approximate solution discussed above. Fig. 16
the full ANSYS model of the suspension with
ge regions highlighted. Fig. 17a and 17b show
best elements for strain gage installation using

valuations. Both the exact solution and the ap-
ation identify element 1346 as optimal, with

ain gage oriented at 11◦ for the exact solution
0◦ for the approximation. Similar results were
ed for non-cheap control (Oldham et al., 2004;
m et al., 2003). The dynamic responses from

7. a) Exact and b) Approximated optimal sensor
cations for LQG cheap control (R → 0)

ance to sensor output and off-track error are
in Fig. 18. The best sensor location will have
high level of strain and a large ratio of strain

track response at each mode. This results in a
n that approximately matches the importance

des at the sensor to their importance to off-track
at the slider. For this sensor location, the most
lt mode to detect is mode 5, a torsion mode,
ich a disturbance producing one nanometer off-
isplacement would produce 56 nanostrain at the
.



Fig. 18. Frequency response of sensors and off-track
disturbance

5.1 Sensor Fabrication

We are currently exploring several methods for in-
stalling strain gages at the locations identified by our
optimization procedure. The sensors’ targeted resolu-
tion is 56 nanostrain, corresponding to a maximum
of one nanometer displacement from any individual
mode based on our optimization results. MEMS-style
processing and photolithography permit fabrication of
very small sensors at precise locations. Furthermore,
highly sensitive materials, such as piezoresistive semi-
conductors and piezoelectric films are available. How-
ever, using these techniques and materials with steel
substrates imposes certain constraints on the fabrica-
tion procedure. Any treatments to the substrate itself
must be performed at low temperatures to avoid alter-
ing the suspension’s material properties, thus limiting
materials available for direct deposition. The finished
device must also be robust enough to survive addi-
tional suspension processing steps, especially bending
of the hinge region to set the suspension pre-load.

A comparison of various piezoresistive materials
based on their gage factor, noise, and resolution for a
single FEA element-sized 100 µm long by 20 µm wide
strain gage and a 5 nV/

√
Hz electronics noise level

reveals that conventional metal strain gages, such as
constanten, are not sensitive enough for the necessary
resolution without extremely clean circuitry. Semicon-
ductor films deposited at low temperatures, such as
amorphous hydrogenated silicon (αSi : H) tend to be
limited by intrinsic thermal noise due to poor con-
ductivity, but, adapted to a steel substrate, may still
achieve the necessary resolution A sensor of this type
is shown in Fig 19a. Finally, single-crystal silicon and
high-temperature polysilicons project the best perfor-
mance, but these cannot be deposited directly on steel
without violating temperature constraints.

To capitalize on the extreme sensitivity of single
crystal silicon, we are also constructing sensors for
bonding to a steel substrate, using a direct metal-on-
metal bonding procedure developed by Microassem-
bly Technologies, Inc. The proposed procedure is to
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sensors on a handle wafer from a semiconduc-
over a sacrificial oxide layer. Metal bumps will

med on bonding points on the sensors. Mean-
an insulating film is deposited on the steel sub-
followed by a metal landing layer. This landing

can be patterned to form leads to external bond
The two substrates are then pressed together,
g a metal-to-metal eutectic bond. The sensor is
ed from the substrate either through fracture of
thers or of silicon oxide anchors. A sensor of
pe is shown in Fig 19b.

ternative to piezoresistive sensing is to use a
lectric film, which may provide an even higher
vity than semiconductor materials. The diffi-
f this approach is forming a high quality piezo-
c film on a rough steel surface. We have been

deposit sputtered zinc oxide films with sensi-
as good as one-fifth that of bulk zinc oxide by
izing the steel surface with spin-on-glass and
a gold seed layer. This sensitivity projects to
nanostrain level sensor resolution, but the full
sing sequence is yet to be tested. The zinc ox-
m must be capped with an etch stopping layer,
ed into sensors, and topped with interconnects
rnal bond pads. A sensor of this type is shown
19c. We are currently testing performance of
ed zinc oxide sensors.

6. CONCLUSION

aper discussed the use of dual-stage servo sys-
nd instrumented suspensions in magnetic hard
rives. In order to make our exposition coher-
e focused on the design and experimental im-
ntation of dual-stage track-following servo sys-
nd active damping feedback controllers using

ctuated suspensions. We also examined the de-
nd fabrication of instrumented disk drive sus-
ns, focusing on the optimization of the strain
location and the development of MEMS based

sensor fabrication techniques. Related topics not
d in this paper are the design and implementa-
ider-actuated dual-stage servo systems for track-



following and air flow-induced suspension vibration
suppression, as well as the robust design of dual-stage
and vibration suppression control systems using µ-
synthesis and mixed H2/H∞ techniques. Interested
readers are referred to the references contained in this
paper.
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