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Abstract. In magnetic disk drive actuators, the application of piezo electric material
can be used to re�ne and accomplish track following in (extremely) high track density
magnetic data storage. In this paper the results on the modeling and control of a piezo-
based milli-actuator are presented. The modeling is done on the basis of a least squares
curve �tting of an estimated frequency response and taking into account uncertainties
in the modeled resonance modes of the actuator. The design and implementation of a
robust controller provides a high bandwidth and accurate positioning of the tip of the
suspension and illustrates the e�ciency of the piezo-based milli-actuator.
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1 Introduction

An unavoidable trend in magnetic recording is the
aim to reduce the size or surface on which the mag-
netic media has to be stored. Especially, in magnetic
disk drives there is an ungoing need to increase the
storage capacity and areal density of the disk (Gro-
chowski et al., 1993; Grochowski and Hoyt, 1996).
As a result, the track density needs to be increased
signi�cantly and the data has to be recorded and
read with extreme precision.

The areal density is a combination of track den-
sity, measured in track per inch (TPI) in radial di-
rection of the disk and bit density, measured in bits
per inch (BPI) in tangential direction of the disk.
For future high track density recording applications
with areal densities of 10Gbit/in2, the track density
approaches 25kTPI, yielding a track pitch of 1�m
and an allowable servo error of 0.1�m (Miu and Tai,
1995; Grochowski and Hoyt, 1996). These position
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requirements go beyond the possibilities of existing
hard disk drive mechanisms.

In many of the existing hard disk drive mecha-
nisms, a single Voice Coil Motor (VCM) actuator
is used to perform the positioning of the read/write
head over the disc surface. Novel design concepts
such as advances in head and disk design, interface
and channel technologies have allowed the improve-
ment of the storage capacity. However, the develop-
ment of a faster and more accurate servo mechanism
that is able to position the read/write head with in-
creased precision is still an active �eld of research
(Cheung et al., 1996; Koganezawa et al., 1996; Hors-
ley et al., 1997; Guo et al., 1998).

Most of the research is directed towards the de-
sign of so-called micro- and milli-actuators. These
actuators are used in a dual-stage concept, where
the VCM is used for the gross movements, while a
second (milli-) actuator is used for the �ne move-
ments of the read/write head located at the tip of
the suspension. In this way, an accurate and high
bandwidth actuator can be obtained that is believed
to explore the possibilities for high track density
recording (Fan et al., 1995).
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The aim of this paper is to present the results on
the modeling and control of a prototype of a piezo
electric milli-actuator. The milli-actuator used in
this paper is based on the principle of two piezo-
electric stacks that are inserted into the E-block,
behind the base of the suspension. A schematic pic-
ture of this principle is depicted in Figure 1. As in-
dicated in this �gure, the push/pull con�guration of
the piezo stacks is used to achieve a radial displace-
ment of the tip of the suspension. The advantage of
this proposed design is that it does not modify the
shape of the suspension itself, thereby eliminating
the need for suspension redesign.

Fig. 1: Principle for piezo electric milli-actuator

The outline of the paper is as follows. First, the
modeling of a prototype for the milli-actuator is pre-
sented in section 2. The modeling is done by curve
�tting a measured frequency response and assum-
ing additional uncertainties in the modeled reso-
nance modes of the suspension and actuator. In
section 3, the obtained model with uncertainty is
used in an H1-norm based optimization to design a
robust feedback controller for the prototype design.
To illustrate the e�ectiveness of the feedback con-
trolled milli-actuator, in section 3 also the measured
closed-loop step responses are presented where the
milli-actuator and read/write head suspension is ap-
plied to a rotating disk. Finally, the paper is ended
by the conclusions and future research topics men-
tioned in section 4.

2 Modeling of milli-actuator

2.1 Prototype design

A prototype was built to study the properties of the
milli-actuator and the read/write head suspension
in interaction with a rotating hard disk. The proto-
type is used to gather experimental data for model-
ing purposes and to test feedback controllers being
designed. Compared to the con�guration depicted
in Figure 1, for the prototype a slightly di�erent de-

sign is used. A picture of the prototype being used
is depicted in Figure 2.

Fig. 2: Bottom view of prototype with special e-
block, piezo stacks, wiring and suspension
of read/write head

In the prototype design of Figure 2, the connec-
tion of the suspension to the e-block is used as a
pivoting device. The piezo stacks are attached with
cyanoacrylate to the bottom of the suspension and
a special e-block. The special e-block is used in or-
der to accommodate the test platform to support
the read/write head suspension over a rotating disk,
whereas the bottom connection of the stacks provide
easy access to the piezo stacks for experimentation
purposes.

Fig. 3: Experimental set up with DSP, milli-
actuator, photonic probe and voltage am-
pli�er

The modeling of the prototype design is done via
system identi�cation techniques, where measured
time domain data is used to formulate a dynamical
model of the the milli-actuator and the read/write
head suspension in interaction with a rotating hard
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disk. As indicted in Figure 3, the experimental data
is obtained by using a photonic probe to measure the
relative displacement y(t) of the read/write head lo-
cated at the suspension tip. For excitation purposes,
the piezo stacks are supplied with a random input
voltage u(t). The generation of the input voltage
u and the measurement of the relative position y is
done with a Digital Signal Processor (DSP).
To illustrate the attainable static displacement

at the suspension tip with the prototype design,
an open-loop measured step response is plotted in
Figure 4. From Figure 4 it can be observed that
for an 8 Volt input voltage step, an average dis-
placement of approximately 3�m is measured at the
suspension tip. However, the open-loop behavior of
the milli-actuator exhibits many lightly damped res-
onance modes that need to be modeled and possibly
controlled in order to achieve the required position
accuracy of 0.1�m.
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Fig. 4: Measured tip position y(t) in �m (|) to a
step input u(t) in voltage (- -)

Since the milli-actuator is a fast responding me-
chanical system and experiments can be gathered
relatively easily, it is advantageous to model the
milli-actuator via a frequency domain based system
identi�cation technique (Pintelon et al., 1994). In
such a system identi�cation technique, a frequency
response is measured and used to �nd a dynamical
model by curve �tting the obtained frequency re-
sponse. For the piezo based milli-actuator depicted
in Figure 2, the frequency domain of interest lies be-
tween the 100 Hz and the 10 kHz. For this range,
a frequency response will be estimated and used to
construct a dynamical model for the milli-actuator.

2.2 Frequency response estimation

The experimental setup depicted in Figure 3 is used
to measure the frequency response of the milli-

actuator. To obtain a frequency response of the
milli-actuator, the input signal u(t), being the in-
put to the piezo stacks is designed as a sum of 300
sinusoids. Formally, the input u(t) is given as

u(t) =
NX
k=1

aksin(wkt + �k); with N = 300 (1)

where the frequency grid 
 := (!1; !2; . . .!N ) is
chosen such that the frequencies fk = !k=(2�) are
distributed approximately logarithmically between
100 Hz and 9 kHz.
The amplitude ak in (1) for each sinusoid is kept

constant and set to 1, while the phase �k is chosen
randomly using a uniform distribution between ��
and �. In this way, a noisy signal input signal u(t) is
obtained with a well de�ned auto spectrum Suu(!)
(Ljung, 1987).
The periodic input signal u(t) is applied to the

piezo stacks of the milli-actuator and the relative
displacement y(t) of the tip of the suspension is mea-
sured and stored by the DSP. The signals u(t) and
y(t) are sampled at 20 kHz and used to estimate
the cross spectrum Syu(j!) using spectral analysis
(Priestley, 1981).
With the estimated cross spectrum Syu(j!) and

the auto spectrum Suu(!), the frequency response
G(j!k) of the milli-actuator can be estimated along
the frequency grid 
 via

G(j!k) =
Syu(j!k)

Suu(!k)

An amplitude Bode plot of the estimated frequency
response G(j!k) has been depicted in Figure 5.
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Fig. 5: Amplitude bode plot of measured open-
loop frequency response between piezo stack
voltage and suspension tip displacement

It can be seen from Figure 5 that the milli-
actuator exhibits several lightly damped resonance
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modes. It should be noted that the frequency re-
sponse depicted in Figure 5 is measured while the
read/write head at the tip of the suspension was
supported by a rotating disk.

2.3 Least squares curve �tting

Given the estimated frequency response G(j!k)
along the frequency grid 
 = (!1; !2; . . .!N ), the
aim of the frequency domain identi�cation is to
�nd a (discrete time) linear time invariant model
P of limited complexity that approximates the data
G(j!k). This model can be used to characterize
the natural frequency and damping of the resonance
modes of the milli-actuator. Additionally, such a
discrete time model can be used to design a digital
feedback controller.
To address the limited complexity, the SISO

model P to be determined is parametrized in a
transfer function representation

P (z; �) =
b0 + b1z

�1 + . . .bnz�n

1 + a1z�1 + � � �anz�n
(2)

where z = ej! denote the z-transform variable and

� := [b0 b1 � � �bna1 � � �an]

denotes a real valued parameter of unknown coe�-
cients in the transfer function representation given
in (2). Furthermore, it can be seen from (2) that
the order or complexity of the linear model can be
speci�ed with the integer value n.
The approximation of the data G(j!k) by the

model P (z; �) is addressed by considering the fol-
lowing curve �t error

E(j!k; �) := [G(j!k)� P (ej!k ; �)]W (j!k) (3)

that needs to be minimized. In (3), W (j!k) de-
notes a scalar weighting function used to inuence
the curve �tting of the frequency response data.
With the de�nition of the curve �t error in (3),

a parameter �̂ is estimated by solving the following
(non-linear) minimization

�̂ = argmin
�

NX
k=1

E(j!k; �)E
�(j!k; �)

where � is used to denote the complex conjugate
transposed. A computational procedure to address
this minimization is presented in de Callafon et al.

(1996) and used in this paper to �nd a model P (z; �̂)
via a LS curve �tting.

2.4 Modeling results

Using the estimated frequency response depicted in
Figure 5, the LS curve �tting described in the pre-
vious section is used to �nd a dynamical model of

the milli-actuator. The order n of the discrete time
model P (z; �) is set to 10 in order to capture the
various resonance modes present in the estimated
frequency response. The weighting W (j!k) in (3)
is set to the inverse of the data G(j!k) so as to
minimize a relative curve �t error

E(j!k; �) =
[G(j!k)� P (ej!k; �)]

G(j!k)
:

The LS curve �tting procedure of de Callafon et al.

(1996) is used and the results have been depicted in
Figure 6.
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Fig. 6: Bode plot of measured frequency response
(dotted) and 10th order linear time invari-
ant model (solid)

It can be observed from Figure 6 that the domi-
nant frequency modes have been modeled accurately
by the estimated model P (z; �̂). The model P can
be used for the design of a servo controller for the
milli-actuator. However, to design a robust con-
troller, uncertainties and product variability in the
milli-actuator have to be taken into account.

2.5 Modeling uncertainties

To design a robust performing servo controller for
the milli-actuator, uncertainties in the modeled res-
onance modes of the actuator have to be taken into
account. In this paper, the uncertainties in the milli-
actuator are modeled by assuming that the nominal
model P̂ = P (z; �̂) is allowed to be perturbed to a
model P via a unstructured bounded multiplicative
perturbation � (Zhou et al., 1996). In this way, a
set of models P is found that is given by

P = fP j P = P̂ (1 +�); kW�k1 < 1g (4)

where W is stable and stably invertible frequency
dependent weighting function.
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In order to pursue the design of a robust con-
troller, a choice for the weighting function W in
(4) is made. The choice for W is based on the as-
sumption that the frequency response of the nom-
inal model P̂ around the zeros at 1.9 and 5.2 kHz
and the two resonance modes at 2.5 and 3.5 kHz
are allowed to vary. With a possible choice for the
weighting �lter W depicted in Figure 7 on the top,
the a resulting mplitude Bode plot of the models P
within the set P of (4) is guaranteed to lie between
the dashed lines depicted in Figure 7 at the bottom.
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Fig. 7: Weighting function W (4th order) and am-
plitude Bode plot range of models P in (4)

Given the nominal model P̂ and the multiplica-
tive uncertainty with the stable and stable invertible
frequency dependent weighting function W in (4), a
robust servo controller for the milli-actuator can be
designed.

3 Control of milli-actuator

3.1 Robust control design

For the design of a controller, consider the block
scheme depicted in Figure 8.
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Fig. 8: Feedback controller C design of nominal
model P̂ with multiplicative uncertainty

In Figure 8, the models P within the set P of
(4) are represented by the nominal model P̂ and a
weighted W multiplicative uncertainty �. In case
� = 0, Figure 8 simply represents the feedback con-
nection of the nominal model P̂ and the controller
C. In that case, the map between col(r2; r1) and
col(y; u) is given by the transfer function matrix
T (P̂ ; C) with

T (P̂ ; C) =

�
P

I

�
(I + CP̂ )�1

�
C I

�
(5)

where r2 indicates the suspension tip position refer-
ence signal and r1 a piezo voltage feedforward signal.
For the design of a feedback controller C that ro-

bustly stabilizes the feedback connection depicted
in Figure 8 for all P 2 P given in (4), a �-synthesis
is used (Zhou et al., 1996). For that purpose, the
block diagram of Figure 8 is rewritten in the stan-
dard plant con�guration of Figure 9.
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Fig. 9: Standard plant con�guration

Most of the signals used in Figure 9 can be found
back in Figure 8. Using the signal w and e to indi-
cate respectively col(r2; r1) and col(y; u) it can be
seen that G in Figure 9 is given by

G =

2
6664

0 0 W W

P̂ 0 P̂ P̂

I 0 I I

�P̂ I �P̂ �P̂

3
7775 (6)

and consists of the previously determined nomi-
nal model P̂ and weighting function W . Addi-
tionally, the (performance) signals w and e can
be weighted to incorporate additional performance
speci�cations.
The standard plant con�guration can be used

in a �-synthesis to design a robustly stabilizing or
robustly performing feedback controller C. Subse-
quently, the designed feedback controller has to be
reduced in order to be implementable in a DSP envi-
ronment. The feedback controller C designed with
the �-synthesis toolbox (Balas et al., 1995) has a
McMillan degree of 25. This can be reduced to the
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order of 5 using a closed-loop reduction technique
(Wortelboer, 1993) without signi�cant performance
deterioration of the designed feedback system. The
Bode plot of the �nal design of a 5th order linear
discrete time controller that can be implemented on
the milli-actuator is depicted in Figure 10.
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Fig. 10: Bode plot of 5th order robust linear feed-
back controller

As can be seen from Figure 10, the designed feed-
back controller C has integral action and has a sharp
role-o� at the area where the model uncertainty be-
comes larger.

3.2 Implementation of control

The experimental setup depicted in Figure 3 is
used to implement the designed feedback controller
on the DSP system using a sample frequency of
20 kHz. To illustrate the e�ect of the feedback
control on the dynamical behavior of the milli-
actuator, �rst an experimentally obtained closed-
loop frequency response of the milli-actuator is pre-
sented in Figure 11.
The amplitude Bode plot in Figure 11 represent

the estimated frequency response of the transfer
function P (I+CP )�1C between suspension tip po-
sition reference signal r2 and suspension tip dis-
placement y in Figure 8. Similar as the previously
discussed experimental results, the frequency re-
sponse is estimated while the suspension is applied
to a rotating disk. Compared to the open-loop fre-
quency response depicted in Figure 5, it can be seen
that a signi�cant reduction of the resonance modes
has been obtained. Furthermore, the milli-actuator
is able to track signals up to approximately 1.5 kHz.

The improved control of the exible resonance
modes in the suspension with the milli-actuator can
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Fig. 11: Amplitude bode plot of measured closed-
loop frequency response between suspen-
sion tip position reference and suspension
tip displacement

also be seen from an experimentally obtained closed-
loop step response. To illustrate the attainable
closed-loop controlled static displacement, a closed-
loop step response has been depicted in Figure 12.
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Fig. 12: Measured tip position y(t) in �m (|) and
feedback control signal u(t) in voltage (- -)
to a step on suspension tip position refer-
ence signal r2

Compared to the open-loop step response de-
picted in Figure 4, it can be seen from Figure 12
that indeed a signi�cant reduction of the exible
modes in the suspension and the milli-actuator has
been achieved. Moreover, the milli-actuator is able
to achieve the position accuracy requirement of
0.1�m in the step tests and has a settling time of
less than 10ms.
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4 Conclusions

In this paper the results on the modeling and con-
trol of a piezo-based milli-actuator are presented.
The modeling is based on an experimental data and
uses frequency domain identi�cation techniques to
curve �t an estimated frequency response. Mod-
eling uncertainties and product variability in the
milli-actuator are taken into account by assuming
a weighted multiplicative uncertainty for the nom-
inal model being estimated. For that purpose, a
frequency dependent weighting function is chosen.
However, it is worthwhile to develop a systematic
procedure to estimate the contributions of modeling
uncertainties in more detail on the basis of experi-
mental data.

The model and suggested modeling uncertainty
are used in a robust control design. The order of the
designed controller is reduced for to address imple-
mentation issues on a DSP. The implementation of
the feedback controller provides a high bandwidth
and accurate positioning of the tip of the suspen-
sion and illustrates the e�ciency of the piezo-based
milli-actuator. The piezo stack are not only able
to move the tip of the suspension but are also able
to control the exibilities in the suspension for in-
creased position performance requirements of the
read/write head. Although only the control of the
milli-actuator is addressed in this paper, extension
to dual-stage control that includes the voice coil mo-
tor are in line of the work presented in this paper.

References

Balas, G.J., J.C. Doyle, K. Glover, A. Packard and
R. Smith (1995). �{Analysis and synthesis tool-

box. MUSYN Inc. and The Mathworks, Inc.
Cheung, P., R. Horowitz and R.T. Howe (1996). De-
sign, fabrication, position sensing, and control of
an electrostatically{driven polysilicon microactu-
ator. IEEE Trans. on Magnetics, Vol. 32, No. 1.
pp. 122{128.

de Callafon, R.A., D. Roover and P.M.J. Van den
Hof (1996). Multivariable least squares frequency
domain identi�cation using polynomial matrix
fraction descriptions. In Proc. 35th IEEE Con-

ference on Decision and Control. Kobe, Japan.
pp. 2030{2035.

Fan, L.S., H.H. Ottesen, T.C. Reiley and R.W.
Wood (1995). Magnetic recording head posi-
tioning at very high track densities using a
microaactuator{based, two{stage servo system.
IEEE Trans. on Industrial Electronics, Vol. 42,
No. 3. pp. 222{223.

Grochowski, E. and R.F. Hoyt (1996). Future trends
in hard disk drives. IEEE Trans. on Magnetics,

Vol. 32, No. 3. pp. 1850{1854.
Grochowski, E., R.F. Hoyt and J.S. Heath (1993).
Magnetic hard disk drive form factor evolution.
IEEE Trans. on Magnetics, Vol. 29, No. 6.

Guo W., T. Huang, C. Bi, K. Teck Chang, T.S. Low,
X. Yao and Z. Wang (1998). A High Bandwidth
Piezoelectric Suspension For High Track Density
Magnetic Data Storage Devices. In The 7th joint

MMM-Intermag Conference, San Fransisco, CA.
Horsley, D.A., A. Singh, A.P. Pisano and
R. Horowitz (1997). Angular micropositioner for
disk drives. In Proc. IEEE MEMS Workshop.
Nagoya, Japan.

Koganezawa, S., K. Takaishi, Y. Mizoshita, Y. Ue-
matsu, T. Yamada and S. Hasegawa (1996).
A exural piggyback milli{actuator for over
5 Gbit/in2 density magnetic recording. IEEE

Trans. on Magnetics, Vol. 32, No. 5. pp. 3908{
3910.

Ljung, L. (1987). System Identi�cation: Theory for

the User. Prentice{Hall, Englewood Cli�s, New
Jersey, USA.

Miu, D.K. and Y.C. Tai (1995). Silicon microma-
chined SCALED technology. IEEE Trans. on In-

dustrial Electronics, Vol. 42, No. 3. pp. 234{239.
Pintelon, R., P. Guillaume, Y. Rolain, J. Schoukens
and H. Van hamme (1994). Parametric identi�ca-
tion of transfer functions in the frequency domain
{ a survey. IEEE Trans. on Automatic Control,

AC{39. pp. 2245{2260.
Priestley, M.B. (1981). Spectral Analysis and Time

Series. Academic Press, London, England.
Wortelboer, P.M.R. (1993). Frequency Weighted

Balanced Reduction of Closed{Loop Mechanical

Servo{Systems: Theory and Tools. PhD thesis.
Delft University of Technology, Delft, the Nether-
lands.

Zhou, K., J.C. Doyle and K. Glover (1996). Robust
and Optimal Control. Prentice{Hall, Upper Sad-
dle River, New Jersey, USA.

7


