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Abstract

Discrete time, 25 KTPI track-following servos were
designed for magnetic hard disk drive dual stage
actuators using the u-synthesis methodology. The
design methodology was tested on two microactu-
ator models. The first is a model of a piezoelec-
trically actuated suspension, currently under de-
velopment by Hutchinson Technology Incorporated
(HTI). The second is a model of an electrostati-
cally actuated MEMS microactuator, currently un-
der development by the IBM Almaden Research
Center. Low order controllers were successfully de-
signed for both models, which achieved the pre-
scribed robustness and performance requirements.

1 Introduction

Magnetic Hard Disk Drive (MHDD) storage tech-
nology continues to experience a dramatic areal
density growth of 60% per year. At this rate, it is
projected that MHDD products will have areal den-
sities of 10 Gbit/in? and 40 Gbit/in? by the years
2001 and 2004 respectively [1]. It has been esti-
mated that a track density of 25,000 tracks-per-inch
(25KTPI) will be required to achieve 10 Gbit/inZ.
This will in turn require and approximate servo
bandwidth of 2.5 kHz, if one extrapolates the band-
width requirements of current 3.5 HDD products.
Because conventional servo actuators cannot pro-
vide this level of tracking accuracy, the use of a
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microactuator for high-bandwidth, high accuracy
positioning has been proposed. Two approaches
to microactuation are currently being considered.
The first may be described as an actuated suspen-
sion. In this approach, conventional assembly and
machining techniques are used to integrate an elec-
tromagnetic or piezoelectric actuator into a steel
suspension (2, 3]. The second approach consists in
placing a microactuator in between the slider and
the gimbal of the suspension [4, 5]. The microac-
tuators used in these schemes are generally fabri-
cated using MEMS fabrication techniques and are
actuated by either piezoelectric, electromagnetic or
electrostatic forces. These systems potentially offer
increase performance at reduced costs, due to the
use and integration of large scale and high volume
MEMS fabrication technologies. Moreover, these
microactuators may incorporate means of measur-
ing the motion of the slider relative to the suspen-
sion. However, these actuators are still under devel-
opment and their incorporation into actual prod-
ucts will require relatively large capital investments
by the magnetic recording industry.

In this paper we discuss the design of dual-stage
servos using p-synthesis [6, 7]. Two piggy-back ac-
tuator designs will be considered. The first is a
piezoelectrically driven actuated suspension, cur-
rently under development by Hutchinson Technol-
ogy Incorporated (HTI) [2]. The second is an
electrostatically driven MEMS based Invar micro-
actuator, currently under development by the IBM
Almaden Research Center [4]. Dual-stage servos
capable of attaining 25 KTPI, will be presented for
these two systems.



2 Dual-Stage Actuator Models

IBM has disclosed an electrostatically actuated in-
var microactuator which is assembled between the
slider and the gimbal of the suspension [4]. The mi-
croactuator is a rotational structure which is driven
by electrostatic comb drives and rotates the slider
relative to the suspension. The current demonstra-
tion design attains a head stroke displacement of 2
um. A typical voltage swing of 60 volts (or +-30V)
is required. However, future high-efficiency efficient
microactuator designs, operating under +- 20V are
possible. The microactuator has a lightly damped
resonance mode at 1.5 kHz. Because the microac-
tuator is designed to rotate the slider relative to
its center of mass, the coupling dynamics between
the coarse actuator and the microactuator can be
neglected. The block diagram used to describe the
IBM dual-stage system is shown in Fig 1 v, in
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Figure 1: IBM and HTI Model Block Diagram

Fig. 1 is the input voltage to the voice coil motor
(VCM), v,,, is the voltage input to the microac-
tuator, G, (s) is the transfer function which de-
scribes the coarse actuator dynamics, including the
Voice Coil Motor (VCM) and suspension dynam-
ics. G,,,(s) is the microactuator transfer function.
Fig. 2 shows the gain Bode plots for G, ,, (jw) and
G,, . (jw) for the IBM dual-stage system, as well as
the model uncertainty weightings that will be used
in the u-synthesis design. It should be noted that,
because of etching process variations, the microac-
tuator’s resonance frequency can vary by as much
as +10% from one actuator to another.

HTT has disclosed a piezoelectrically based mi-
croactuator located in the suspension load beam
[2]. The design utilizes two PZT elements, which
respectively expand and contract when a voltage
potential is applied across their thickness, work-
ing together to rotate the load beam and produc-
ing a slider off track motion. The current design
attains a stroke displacement of 2 yum for a maxi-
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Figure 2: Bode plots of IBM dual-stage model

mum input voltage of 42 Volts. The microactuator
has a first resonance mode of 5.5 kHz. This de-
sign has both advantages and disadvantages. First,
the control system does not have collocated sensing
and control, as in the electrostatic MEMS designs.
Control is applied at the base of the suspension.
However, the PES is read by the head at the tip
of the suspension. The suspension has many res-
onance modes and, in addition, the motion of the
read/write heads is also coupled to the motion of
the coarse actuator through the modes of the piezo-
electric films. Second, no relative position sensing
of the microactuator is available for the active sus-
pension. On the other hand, the piezo-actuator has
a relatively high resonant frequency at about 5.5
kHz. As will be seen later, measurements of the
microactuators displacement are less important if
the bandwidth of the microactuator is well beyond
the desired closed-loop bandwidth of 2 kHz. In
this case the microactuator is working mainly in
the low-frequency, DC gain section of its frequency
response, and is less sensitive to perturbations in
the model. Fig. 1 also describes the block dia-
gram used to model the HTI dual-stage system in
this paper. In this paper we utilize transfer func-
tions obtained from HTTI to perform our controller
design. It should be noted that the model used by
HTTI neglects the excitation of other suspension res-
onance modes by the piezoelectric actuator (except
for its own 5.5 kHz resonance mode). Fig. 3 shows
the gain Bode plots for G, (jw) and G,,, (jw)
used to model the HTI dual-stage system, as well



as the model uncertainty weightings that will be
used in the p-synthesis design.
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Figure 3: Bode Plots of HTT Dual-stage model
3 p-Synthesis Design Methodology

The u-synthesis block diagram used in the design
of the dual-stage servo controller is shown in Fig.
4. The block diagram contains many signals and
weightings that allow for a fairly complete descrip-
tion of a dual-stage HDD environment. Let P be
the nominal plant model of the system comprised
of the coarse and fine actuators. Independent mul-
tiplicative or additive uncertainties can be used
to describe uncertainty for both the coarse actu-
ator and microactuator (additive uncertainties are
shown in Fig.4). In addition, a 10% parametric
uncertainty on the spring stiffness of the microac-
tuator is incorporated in the design for the IBM
model.

Several disturbance signals are accounted for in the
model, including the track runout r, input distur-
bances to the coarse and fine actuators, d, .,, and
d,,, respectively, the head Position Error Signal
(PES) sensor noise n,., and the microactuator
Relative Position Error Signal(RPES) sensor noise
Nppps+ I the synthesis model in Fig. 4 these dis-
turbance signals are generated by passing normal-
ized signals (i.e. signals with infinity norm less than
or equal to one) 7, dycpsy Gpsas Mpps a0d Tpppe
respectively thru weightings W, W, ..o Woya,
W res and W, .o, which can be either constants
or frequency shaping filters. These weightings must
be selected by the designer so that disturbances are
modeled with sufficient fidelity.

The output signals in the synthesis model are the
head Position Error Signal (PES), the microactu-
ator’s Relative Position Error Signal (RPES) and
the VCM and microactuator control inputs u.,,
and u,,, respectively. These signals are respec-
tively multiplied by scaling factors W, .o, W,

PES)
W vems Waoua to produce the performance output

signals PES, RPES, u,_,, and u,,,. The scaling
factors must be selected so that, the output signal
reaches its specified upper bound when its corre-

sponding performance output is equal to 1.

Given a set of input and output weightings and
plant uncertainties, if the u-synthesis methodology
is successful and a controller is synthesized which
has a p value less than or equal to 1, than the trans-
fer function, T, from the normalized disturbances
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Figure 4: p-Synthesis design block diagram
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Figure 5: SIMO track following servo

d= (E7 dVOM’dMA’nPES’nRPES) (1)

to the weighted performance signals

€= (PES,RPES,Uycr s Una)s 2)

will have infinity norm less than or equal to 1 for
all uncertainties |6;| < 1 and robust stability,i.e.,

W(Fy (K, FL(P,A) £ 1= [T < 1

See [6] for details. An interpretation of this result
which is useful for design purposes is as follows.
Assume that each element d; of the disturbance in-
put vector in Eq. (1) is a sinusoidal of the form
d;(t) = D;sin(wt + ¢;), such that 3 ;_ D < 1.
Then the steady state response of each element €; of
the performance signal vector € in Eq. (2) will also
be a sinusoidal of the form &5;;(t) = E; sin(wt+¢;),
where E; <1 ,i=1---4. For design purposes we
often approximate Zle D? < 1 by the less conser-
vative statement D; < 1,7=1---5,

4 Controller Designs

Three discrete time track-following servos were de-
signed. The first is a SIMO 25 kHz sampling rate
controller for the HTI dual-stage actuator model.
In this design the head Position Error Signal (PES)
is fed to both the microactuator and the VCM com-
pensators, as shown Fig. 5. X, in Fig. 5 repre-
sents the magnetic head absolute position, X, .,,
the slider tip absolute position and r the position of
the track center. K., .,, and K,,, are respectively
VCM and microactuator compensators. An equiv-
alent block diagram representation of the SIMO de-
sign is shown in Fig. 6. Notice that

PES = r—X,, PES,.,
RPES

=r—Xyoum

Xp _XVC‘M . (3)
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Figure 6: Equivalent SIMO representation

Two discrete time 20 KHz dual-stage controllers
were designed for the IBM dual-stage actuator
model, a SIMO design with block diagram given
by Figs. 5 and 6, and a MIMO design in which
both the PES and RPES are fed to the control
system.

Table 1 shows the weights used in the u-synthesis
block diagram in Fig. 4, for the three designs. Fig.
7 shows the magnitude Bode plot of the filters, W,
used to characterized track runout. The filter used
in the designs for the IBM model was curved fit-
ted from data obtained from and actual 3.5” drive.
The one used in the design for the HTI model was
synthesized by extrapolating current performance
specifications. All frequency weightings were ap-
proximated by digital filters using the Tustin trans-
formation with pre-warping. HDD servo systems

Weight HTT IBM
SIMO SIMO MIMO
A Fig. 7 Fig. 7 Fig. 7
Wovom | 045 mV | 0.058 mA | 0.058 mA
Woonia 23 mV 1.8V 1.8V
Wyres 10 nm 6.5 nm 6.5 nm
Wirpgs - - 8 nm
Wees | 1/(80 nm) | 1/(127 nm) | 1/(100 nm)
Wipps 1/(2 pm) 1/(2 pm) 1/(2 pm)
Wivon 1/(2A) [ 1/(360 mA) | 1/(360 mA)
Weora | 1/A00V) | 1/B30V) | 1/(30V)
W, Fig. 3 Fig. 2 Fig. 2
Wiaa - 1.3 nm/V 1.3 nm/V

Table 1: Fig. 4 Weightings

are generally designed so that three times the sta-
tistical standard deviation (3¢) of the Track Mis-
Registration (TMR) is within 1/10 of the track-to-
track pitch. Thus, a 30 TMR of 0.1 u m is required
for a 25 KTPI tracking density. This performance
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Figure 7: Frequency response of W, filters

specification can be enforced in the p-synthesis
framework by requiring that |[PES| < 0.1uym for
all disturbances ||d(¢)|] < 1 in Eq. (1) . Thus,
weights W, = 1/(0.1ym) in Fig. 4 were chosen
in all three designs'. Likewise, W, s = 1/(2um)
was selected to guarantee that the manipulator
stroke would not exceed 2 um in all designs. The
VCM open loop gain crossover frequency (e.g. the
gain of the transfer function X (z2)/PES, ., (z) in
Fig. 6) was adjusted with the additive uncertainties
weights W,,,, in Fig. 4. Roughly, the VCM open
loop gain crossover frequency occurs at the fre-
quency where the gain of the additive uncertainty
is equal to the gain of the transfer function G .,
(Figs. 2 and 3). A microactuator multiplicative
uncertainty W,,,,, = 0.005 %46 ﬁ%’g was used in
the design for the HTI actuator, while additive un-
certainties (shown in table 1) were used in the de-
signs for the TBM actuator. As stated earlier, 10%
variation in the microactuator resonance frequency
was imposed in the IBM p-synthesis block diagram
using a stiffness parametric uncertainty. Weight
W, ma were used to bound the microactuator in-
put voltage within prescribed values. However, in
the case of the HTI model, W,,,,, was decreased to
1/(100 V) in light of the fact that the initial design
results using W,,,,, = 1/(40V) were too conser-
vative. The weights W, cns Wonas Wypes and
W rpes 10 table 1 were determined by extrapolat-
ing the PES decomposition results presented by [8].
Wypes = V2% 0.32% of a track was used to gen-
erate PES noise, where the v/2 factor was included
in the expression to account for the fact that the
H-infinity framework is deterministic and distur-
bances are estimated based on the RMS values of

IWeights differed slightly in some cases to relax the con-
servativeness of the resulting design.
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sinusoids rather than stochastic signals.
5 Simulation Results

The u-synthesis toolbox synthesized discrete times
controllers that achieved u < 1 for all three dual-
stage designs with the performance and plant un-
certainty specifications described in the previous
section. The order of the controllers was success-
fully reduced in all three cases, yielding a ninth
order controller for the HTI model, and respec-
tively tenth and twelfth order MIMO and SIMO
controllers for the IBM model. These controllers
also achieved 1 < 1. Fig. 8 shows the gain Bode
plot of the error rejection closed loop transfer func-
tion (r(z) to PES(z)) for all three designs. Notice

HTI
IBM, no RPES
1BM

10"
Figure 8: Error rejection transfer frequency response

that the differences between the middle to low fre-
quency portion of the Bode Plots in Fig. 8 is mainly
due to the fact that different filters W, were used
to characterized the runout r in the two models.
All three designs have a bandwidth in the 1-2 kHz
frequency range. Recall that the IBM model has a
lightly damped resonance mode at around 1.5 kHz,
which may vary in frequency by as much as 10 %
from actuator to actuator. The poles of this res-
onance mode were damped and placed at a lower
frequency by the MIMO controller. Pole placement
can be accomplished robustly in this design be-
cause the RPES is assumed to be measurable. The
SIMO controller did not exactly cancel this reso-
nance mode via a notch filter, as evidenced by the
sharp notch in the SIMO error rejection response
at that frequency. This was due to the fact that the
controller was required to perform robustly under
a 10 % frequency variation of this mode. In con-
trast, the HTT model has its first resonance mode



at around 5.5 kHz, and no frequency uncertainty
in this mode was assumed. As a consequence, the
SIMO controller for the HT'1 system can effectively
notch this mode. Fig. 9 shows a PES time re-
sponse for a simulated 1 pm step response for all
three designs. Finally, Fig. 10 shows open loop

- - HTI
-== IBM, no RPES
| —— BM L

Figure 9: 1 um step input response (time in msec)

Bode plots for the HTT SIMO controller (PES(z)
to X,(z) in Fig. 5 and PES, ., (2) to X, ., (2)
in Fig. 6). These plots reveal that the control sys-
tem effectively limits the high frequency response
of the VCM, while achieving an overall bandwidth
in excess of 1 kHz.

10*
Froquency (M2)

Figure 10: Open loop Bode plots for the HTI SIMO

controller

6 Conclusion

Discrete time, 25 kKTPI track-following servos were
designed for magnetic hard disk drive dual stage
actuators using the u-synthesis methodology. The
methodology was tested on a piezoelectrically ac-
tuated suspension model, with a first order res-
onance mode at 5.5 kHz, and a MEMS electro-
static microactuator model, with a lightly damped
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resonance mode at 1.5 kHz. Low order con-
trollers were successfully designed for both models,
which achieved the prescribed robustness and per-
formance requirements. In the case of the MEMS
electrostatic microactuator, two controller designs
were tested. The first is a SIMO control system,
in which the head PES is fed to both the VCM
and microactuator compensators. The second is
a MIMO control system, in which both the head
PES and the microactuator RPES are directly mea-
sured by the control system. Simulation results
reveal that direct measurement of the microactu-
ator RPES allows the MIMO control system to ro-
bustly damp the microactuator’s resonance poles
and placed them at a lower frequency, enhancing
the robustness of the overall control system, as
compared to the SIMO design.
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