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Track Seek Control for Hard Disk
Dual-Stage Servo Systems

Masahito Kobayashi and Roberto Horowitz, Member, IEEE

Abstract— A new decoupled track-seeking controller for a
dual-stage servo system of a magnetic disk drive has been
developed. The controller is applied to the dual-stage sys-
tem with a push-pull piezoelectric (PZT) micro-actuator
and enables high-speed one-track seeking and short-span
track seeking. A one-track seeking controller was designed
in three steps: (1) a voice coil motor (VCM) feedforward
controller was designed to prevent overshoot in response of
VCM actuator; (2) a feedforward loop from the VCM ref-
erence signal to the PZT actuator was designed in order
to decouple the dual-stage actuator system; (3) a feedfor-
ward controller for the PZT actuator was designed such
that an output PES (position error signal) only follows a
PES reference signal. In the design of the short-span seek-
ing controller, the PZT actuator’s stroke limit was consid-
ered. Simulations and experiments show that the proposed
dual-stage track-seeking controller performs better than the
conventional single VCM servo.

Index Terms— Dual-stage actuator, decoupled seeking con-
trol, motion control, magnetic disk drive.

I. INTRODUCTION

The most significant trend in magnetic disk drives is that
track density and storage capacity are increasing rapidly
while access time is being reduced. This trend has led to
the need for improved performance of the head-positioning
servo system in order to accurately maintain the selected
head position along the center of the track (track-following
mode) and to provide rapid movement of the head from
one track to another selected track (track-seeking mode).
To maintain a high level of performance at a reduced track
pitch, the servo system must be able to compensate distur-
bances caused by disk vibration, spindle run-out, the res-
onance modes of components, and external sources. This
can only be accomplished by increasing the servo band-
width and reducing the mass (weight) of the actuator.
However, any major reduction of mass will lower actuator
stiffness. Moreover, the servo bandwidth is limited mainly
by the actuator’s mechanical resonance modes. Studies of
high-bandwidth servo systems have been made to design ro-
bust control systems for these mechanical resonance modes,
multi-sensing control systems[10] that use an accelerome-
ter or strain gauge as the vibration sensor, and dual-stage
control systems that have an added small fine actuator to
the conventional coarse VCM (voice coil motor) actuator.

Figure 1 shows a schematic drawing of a 3.5-inch mag-
netic disk drive with a prototype of a push-pull piezoelec-
tric (PZT) actuator[2]. This fine actuator is located be-
tween the head suspension and the base plate, which is
moved by the VCM. A slider is attached to the tip of the
suspension. The fine actuator is composed of multilayer
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PZT films and has two active polarized portions in a sin-
gle body. When a voltage is applied to the active portions,
one extends and the other contracts. The advantage of this
moving suspension-type actuator is that it does not require
large modifications to the shape of the head suspension as-
sembly[2], [3]. However, the servo bandwidth is limited to
about 3 kHz because of the suspension’s primary resonance
mode. Two other types of dual-stage actuator are possible.
The second-type micro-actuator is located between the sus-
pension and slider[4], [5]. The advantage of this type is co-
location of the actuator and sensor, so a servo bandwidth
of 5 kHz or more is possible. The third-type micro actuator
1s placed between the slider and the head element to drive
the head element[6]. In theory, a large servo bandwidth
can be achieved if the micro-actuator 1s located closer to
the head. In practice, however, other considerations such
as shock, flying height, manufacturability, and cost have a
significant impact on the actuator choice and placement.
In this study, we chose the moving suspension-type actua-
tor (Fig. 1) for fine actuation and it achieves low driving
voltage.

The mechanism for positioning the dual-stage actuator
can improve both track-following and track-seeking per-
formance. The VCM is used as a first stage to generate
large but coarse and slow movement, while the micro ac-
tuator is used as a secondary stage to provide fine and fast
positioning. A number of control designs for track follow-
ing have recently been discussed in several papers[l], [7],
[8], [9]. However, track seeking performance of dual-stage
servos has not been addressed much and it has only been
evaluated based on step responses of a closed-loop track-
following feedback system. This paper presents a new de-
sign for a track-seeking controller with a dual-stage actua-
tor in magnetic disk drives. As the plant is a DISO (dual-
input single-output) system, two separate reference signals
are used for the VCM controller and the PZT controller and
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Fig. 1. Magnetic disk drive with dual-stage actuator
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a decoupled seeking controller is used to drive each actuator
independently by each reference signal during seeking op-
eration. This paper focuses on one-track seeking and short-
span track seeking operations. As the fine PZT actuator
has a stroke limit of only a few micrometers, the seek con-
troller design for the short-span seek operation should take
into consideration the saturation properties of the PZT ac-
tuator.

Chapter II describes the structure of the dual-stage ac-
tuator system and the track-following controller design.
Chapter III presents the proposed decoupled seeking con-
troller design. Chapter IV discusses experimental results.

II. DUAL-STAGE TRACK FOLLOWING CONTROLLER

Several designs for track-following servos, which are a
parallel type[7], [9], a master-slave type, a p-synthesis
MIMO type[8], and a decoupled type[l], have been pro-
posed. In this study, the decoupled track-following servo
controller is used to achieve high-accuracy track follow-
ing. Figure 2 shows a block diagram of the servo system,;
Pyeoy and Ppyp are, respectively, plant models of VCM
and PZT actuators, and Crgy and Cppp are, respectively,
controllers for the VCM and PZT actuators. The head po-
sition yp is a combination of the VCM output yy and the
PZT output yp. The output of the PZT actuator is added
to the input of the VCM controller, which prevents the
PZT actuator from going to the end of its stroke limit and
maintains the output of the PZT on the center of the track.

The closed transfer function from a reference r to the
head position yr is given by

v = PyemCrv(l1+ PpzrCrpp) + PpzrCrpp r (1)
1+ PremCrav)(1 + PpzrCrpp) '

The sensitivity function (error rejection function) Sy is

1
.
(1+ PremCrav)(1 + PrzrCrpp)

e =

(2)

In the above equation, the total sensitivity function of the
decoupled servo system is the product of the VCM and PZT
loop sensitivities. Thus, the controller design can be decou-
pled into two independent controller designs, the VCM loop
and PZT loop.

Usually, as the PZT actuator position yp is not de-
tectable, the observer Ppyp is used to estimate the PZT
actuator position from the input up of the PZT actua-
tor. The observer is designed to use the DC gain of the
PZT actuator. In our multi-layer PZT actuator, the gain
is £1.0um/+5V. The sampling period of the VCM actu-
ator loop is Ts; = 154 ps and the PZT actuator loop is
Ts = 38.5 us (four times faster).

We assumed that there is no mechanical coupling be-
tween the two actuators. Figure 3 shows the experimen-
tal frequency responses of the VCM actuator (dotted line)
and a simulated model Py cpr (solid line). The controller
Cppy for VCM actuator is designed to use a phase-lag-
lead compensator with analog notch filters and the open-
loop crossover frequency is set at 400 Hz, which has been
changed from the usual 550 Hz. Figure 4 shows exper-
imental frequency responses of the PZT actuator (dotted
line) and simulated model Ppzr(solid line). The controller
Crppp for the PZT actuator is designed to use a phase-lag
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Fig. 5. Frequency response of sensitivity function

compensator with two digital notch filters, which sets the
crossover frequency at 1.5 kHz.

It can be seen in Fig. 5 that the sensitivity function
St has further attenuation of about 7 dB below 1 kHz,
compared to the sensitivity function Sy ¢ of VCM loop.

ITI. DUAL-STAGE TRACK-SEEKING CONTROLLER

High-speed one-track seeking and high-speed short-span
seeking can improve data transaction performance. As the
plant is a DISO (dual-input single-output) system, we use
two separate reference signals for VCM position yy and the
total head position yp. We first explain one-track seeking
design and then discuss the short-span seeking design.
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A. One-track seeking (response within PZT stroke limit)

Our dual-stage actuator is the DISO system which has a
VCM actuator input yy, a PZT actuator input yp, and a
head position output yp. The aim of the dual-stage seek-
ing control system is to follow the head position yr in the
specified reference trajectory rp by coordinating the move-
ments of both the coarse VCM actuator and the fine PZT
actuator. We used the same plant parameters and track-
following controller as discussed in Section 2, and assumed
a density of 25.4 kTPI (one-track pitch is 1 pum) for the
simulation. For simplicity, we will explain in three steps
design procedure.

Preliminary step

The 1-pm step response of the decoupled track-following
controller system (see Fig. 2) is shown in Fig. 6. Both
the head position signal yr and the VCM actuator dis-
placement yy are overshoot responses. The head position
signal yp reaches the target in about 0.8 ms, even though
the head is moved by the high-response PZT actuator. The
transfer function from r to yp is given in equation (1).

Step 1

The servo system shown in Fig. 2 has only one reference
trajectory r, which is fed into the closed loop system of both
the VOM actuator and PZT actuator. As shown in Fig. 7,
two separate reference trajectories, ry for VCM actuator
and rp for the head position, have been introduced. The
transfer function from the two reference trajectories to the
head position yr is

yr = PpzrCrpp .
1+ PpzrCrBp
PvewCrrv + PremCray

1+ PremCrev)(1 + PrzrCrpp)

We designed feedforward controller Crpy with the VCM
reference signal ry in order to prevent the overshoot of
the VCM actuator response. The feedforward controller is
designed by using the Zero Phase Error Feedforward Con-
troller (ZPEFFC)[11]. Tts target acceleration trajectory is a
trapezoid-acceleration exponential-deceleration shape[11].
A step input feeds into the reference trajectory rr for head
position. By using the ZFEFFC, we can establish that

- 1
Crrv = Pyoy 7, and

v . (3)

Pvow -Crrv + Pvow - Crey

w 1+ Pvem -Crayv

~ Ty (4)

can be given. The transfer function (equation (3)) from
two target trajectories to the head position is then given

by

PpzrCrpp 1 (5)

= rr + ry.
yr 1+ PpzrCrap © ' 1+ PpzrCrpp

In Fig. 8, there is no overshoot of VCM response and it
follows the discrete reference trajectory ry, perfectly. The
head position yr, however, still exhibits overshoot behav-
ior.

Step 2
Next, we designed feedforward pass compensator Cppy p
from the reference signal ry to the PZT actuator input
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Fig. 6. 1-um seeking response (Preliminary step)
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Fig. 8. 1-um seeking response (Step 1)

up in order to decouple the DISO system (see Fig. 10).

Let Crpvp =~ —PPZT 1 where ppZT —1 is the inverse
DC gain of the PZT actuator. The transfer function from
reference signals to output yp can be described by

Ppz7CrBP 1+ PpzrCrrvp
yr T ry
1+ PpzrCrBpP 1+ PpzrCrBp
P, C
pzrCrap (6)

1+ PpzrCrBpP

In the above equation, only the reference trajectory rr and
the closed loop system of the PZT actuator influence the
head position yp. It is not affected by the VCM refer-
ence trajectory ry. The output of the PZT actuator yp
has offset response, because there is no high gain at low
frequencies in the PZT loop system, as shown in Fig. 9.
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Step 3

Finally, we designed feedforward compensator Cppp for
the PZT actuator such that the output yr only follows the
reference trajectory rr, as shown in Fig. 10. If we suppose

Crrp =~ PPZT —1 the transfer function from reference
signals to output yp is

PpzrCrrp + PpzrCrpp
1+ PpzrCrBp
~ . (7)

yr

The output head position yr is only controlled by one ref-
erence trajectory rp. Figure 11 indicates that the pro-
posed decoupled seeking controller greatly improves the
responses. It takes about 0.3 ms to move the head to the
desired track so that the head can read or write data on
the data track. The response i1s such that the PZT actu-
ator first moves to the target track. After the head is on
track, the PZT actuator then returns to its stroke center
to cancel out the movement of the VCM actuator.

In the block diagram of Fig. 10, the relation of the two
feedforward compensators is Cppp = —Cprpyp. When a
feedforward trajectory rp for the PZT actuator (relative
reference position for the micro-actuator) is defined as

rp=Trr —Ty, (8)

then the feedforward input signal to the PZT actuator is
rpp = Cppprp. The meaning of the above equation comes
from the relation yr = yy +yp. In the experiment, we need
to store or calculate four trajectories: the VCM position
reference trajectory ry, its feedforward input signal upy,
the total position reference trajectory rr, and the PZT
feedforward input signal upp.

B. Short-span seeking (response over PZT stroke limit)

In this section, we will discuss the short-span seeking
response when the head moves over the PZT actuator’s
stroke limit. We present two structures for the decoupled
feedforward control system for the short-span seeking op-
eration. One structure shown in Fig. 12 has the PZT
saturation model inserted into the feedforward block for
the PZT actuator in order to generate a limited reference
feedforward signal rp for the PZT actuator. The difference
between Fig. 10 and Fig. 12 is only the feedforward satura-
tion block. When the plant does not have resonance modes
at high frequency, the responses with this structure for a
dual-stage actuator are effective, as shown in Fig. 13. The
total head position yr can accurately follow the reference
trajectory rp. However, if the plant has resonance modes,
the head position response becomes vibratory, as shown in
Fig. 14. Since the disadvantage of this method is that
we cannot directly specify the PZT actuator trajectory rp,
the reference trajectory is steep and discontinuous at the
beginning acceleration period.

To overcome this disadvantage, we propose a second
structure shown in Fig. 15. Instead of the PZT satura-
tion model, we prepare a smooth 1-pm reference trajectory
rp for the PZT actuator and the switch. The sum of the
PZT reference trajectory 7p and the VCM reference trajec-
tory ry is the reference trajectory for the head position yr.
When the head position reaches the target track, the switch
changes its pass loop from the lower one to the upper one
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Fig. 9. 1-pm seeking response (Step 2)
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so that the PZT actuator moves to cancel out the response
of the VCM actuator. Figure 16 shows the 3-um step
response of the dual-stage actuator with resonance modes
using the second structure. The PZT actuator works at
both the beginning and the final stages of track seeking. It
takes about 0.3 ms for the head position to reach the tar-
get track, while it takes about 0.6 ms for the single VCM
response.

IV. EXPERIMENTAL RESULTS

The proposed decoupled seeking controller was applied
to a digital control setup for a 3.5-inch magnetic disk drive.
The digital controller was based on software routine imple-
mentation in a Digital Signal Processor. The parameters
for the experiment were the same as those described in
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Fig. 12. Short-span seek controller with feedforward saturation
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A. Track-following

We evaluated the position accuracy of the track-following
control system. Figure 17 shows position error signals
(PES) of the single-stage system controlled by the VCM
actuator. Position error is measured over a period of 1000
revolutions at the center of track (horizontal axis is one disk
revolution). Figure 18 shows the position error signals
(PES) of the dual-stage system controlled by the decou-
pled track-following controller. In both figures, the enve-
lope signal of the PES and the average signal (repeatable
position error; RRO) are shown. The Min-Max value of
dual-stage RRO is 0.111 pm, about 34% less than that of
the VCM single actuation (0.170 gm). The 30 value of
non-repeatable position error (NRRO) with dual-stage is
0.074 pum, about 45% less than that of the VCM single
actuation (0.136 pm).
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Fig. 15. Short-span seek controller with switch
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Fig. 16. 3-um step response with resonance modes (fig. 15)

B. Track-seeking

We first evaluated 0.5-pm track-seeking responses, which
are within the PZT actuator stroke limit. Figure 19 shows
the single VCM actuator response and Fig. 20 shows the
dual-stage actuator response with the proposed one-track
decoupled seeking controller (shown in Fig. 10). In each
figure, the envelope of the responses and the average of 128
responses are shown. The head position yr of the dual-
stage actuator accurately followed the reference signal rp.
The head reached the target track in 0.3 ms, while the head
with the single VCM actuator reached the track in 0.6 ms.

Next, we evaluated 3-pm track-seeking responses, which
are over the PZT actuator stroke limit. Figure 21 shows
the single VCM actuator response and Fig. 22 shows the
dual-stage actuator response with the proposed short-span
decoupled seeking controller (shown in Fig. 15). The head
position yr of dual-stage actuator accurately followed the
reference signal rp. The head reached the target track
in 0.4 ms, while the head with the single VCM actuator
reached the track in 0.7 ms. The input up for PZT actuator
was limited +3.3 V (£1 pm). The responses were similar
to the simulation results and the seeking performance was
good.

V. CONCLUSION

A decoupled track-seeking controller for a dual-stage ac-
tuator was developed. The track-seeking controller was
successfully implemented in a magnetic disk drive and ef-
fective results were obtained for both simulations and ex-
periments.
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