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Track Seek Control for Hard Disk Dual-Stage Servo
Systems
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Abstract—A new decoupled track-seeking controller for a dual uspension (5.4%6.3%0 2001y

stage servo system of a magnetic disk drive has been developed
The controller is applied to the dual-stage system 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 re-
sponse of VCM actuator; 2) a feedforward loop from the VCM
reference signal to the PZT actuator was designed in order to de- ;e
couple the dual-stage actuator system; 3) a feedforward controller
for the PZT actuator was designed such that an output PES (po-
sition error signal) only follows a PES reference signal. In the de-
sign of the short-span seeking controller, the PZT actuator’s stroke
limit was considered. Simulations and experiments show that the
proposed dual-stage track-seeking controller performs better than
the conventional single VCM servo.

‘\Base-plate

(VCM)

short span seck

one track seck
long span seek

) Spindle motor 3 Following
Index Terms—Decoupled seeking control, dual-stage actuator,

magnetic disk drive, motion control.
Fig. 1. Magnetic disk drive with dual-stage actuator.

I. INTRODUCTION ) ) ) ) )
Fig. 1 shows a schematic drawing of a 3.5-inch magnetic

I HE MOST significant trend in magnetic disk drives isjisk drive with a prototype of a push-pull piezoelectric (PZT)
_ that track density and storage capacity are increasiggy,ator [2]. This fine actuator is located between the head
rapidly while access time is being reduced. This trend _h.as _|§Qspension and the base plate, which is moved by the VCM. A
to the need for improved performance of the head-positioniagyer is attached to the tip of the suspension. The fine actuator
servo system in order to accurately maintain the selected h‘?:é‘dcomposed of multilayer PZT films and has two active
position alo_ng the center of the track (track-following mOdeéoIarized portions in a single body. When a voltage is applied
and to provide rapid movement of the head from one track {9 the active portions, one extends and the other contracts. The
another selected track (track-seeking mod_e). To maintain ah&ﬁ\/antage of this moving suspension-type actuator is that it
level of performance at a reduced track pitch, the servo syste@ks not require large modifications to the shape of the head
must bg able to compensate disturbances caused by disk V'%’L?s‘pension assembly [2], [3]. However, the servo bandwidth
tion, spindle run-out, the resonance modes of components, &fmited to about 3 kHz because of the suspension’s primary
external sources._Thls can only t?e accomplished by increasfddonance mode. Two other types of dual-stage actuator are
the servo bandwidth and reducing the mass (weight) of thgssible. The second-type micro-actuator is located between
actuator. However, any major reduction of mass will lowghe syspension and slider [4], [5]. The advantage of this type
actuator stiffness. Mo'reover, the servo bandwidth is limited ¢o-jocation of the actuator and sensor, so a servo bandwidth
malr_ﬂy by the a}ctuators mechanical resonance modes. Stuctyf:% kHz or more is possible. The third-type micro actuator
of high-bandwidth servo systems have been made to desjgihaced between the slider and the head element to drive the
robust control systems for these mechanical resonance moges,q element [6]. In theory, a large servo bandwidth can be
multi-sensing control systems [10] that use an accelerometerghieyed if the micro-actuator is located closer to the head. In
strain gauge as the vibration sensor, and dual-stage control $ysi-tice, however, other considerations such as shock, flying
tems that have an added small fine actuator to the conventioRglyht, manufacturability, and cost have a significant impact on
coarse VCM (voice coil motor) actuator. the actuator choice and placement. In this study, we chose the
moving suspension-type actuator (Fig. 1) for fine actuation and
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Fig. 3. Frequency response of VCM actuator.
Fig. 2. Decoupled following controller. a0 1 T xperiment
control designs for track following have recently been discusseg * AN T B )
in several papers [1], [7]-[9]. However, track seeking perforg I i S é
mance of dual-stage servos has not been addressed much a1 _| HERI MY
has only been evaluated based on step responses of a closed-| m]:me % "'& = - ﬁm}gh%
tr_ack—followmg feedba_lck system. Th|s_ paper presents anew d s o o o o E—
sign for a track-seeking controller with a dual-stage actuatc. Frequeny [el Froquency [Ha)

in magnetic disk drives. As the plant is a DISO (dual-inputig. 4. Frequency response of PZT actuator.
single-output) system, two separate reference signals are used

for the VCM controller and the PZT controller and a decoupled
seeking controller is used to drive each actuator independently 0
by each reference signal during seeking operation. This paper —_
focuses on one-track seeking and short-span track seeking op- 5-20
erations. As the fine PZT actuator has a stroke limit of only a few £
micrometers, the seek controller design for the short-span seek (0] -
operation should take into consideration the saturation proper- -40p
ties of the PZT actuator.

Section Il describes the structure of the dual-stage actuator -60L > — R
system and the track-following controller design. Section IlI 10 10 10 10
presents the proposed decoupled seeking controller design. Frequency [Hz]
Section IV discusses experimental results. Fig. 5. Frequency response of sensitivity function.

[l. DUAL-STAGE TRACK FOLLOWING CONTROLLER loop sensitivities. Thus, the controller design can be decoupled
into two independent controller designs, the VCM loop and

Several designs for track-following servos, which are a palg—ZT loo
allel type [7], [9], a master-slave typegasynthesis MIMO type .

’ Usually, as the PZT actuator positigf is not detectable,
[8], and a decoupled type [.1]’ have been propqsed. In this SFUHYé observePpyr is used to estimate the PZT actuator position
the decoupled track-following servo controller is used to achleyr%m the inputp of the PZT actuator. The observer is designed
I .

high-accuracy track following. Fig. 2 shows a block dlagrarpo use the DC gain of the PZT actuator. In our multi-layer PZT

(rgotgfaelSSEK(/)CSA}A/S;?;VZC'I{Wai?uO;f;IZTa?jrgp' rezp;]edcgvely, aprlsm actuator, the gain i&1.0 zm/+5 V. The sampling period of the
OBy FBP <= \CM actuator loop isl,, = 154 ps and the PZT actuator loop

respectively, controllers for the VCM and PZT actuators. ThI(SeT — 38.5 us (four times faster)
head positiony is a combination of the VCM outputy and = =y oo\ e that there is no mechanical coupling between
the PZT outpuly». The output of the PZT actuator is added t?he two actuators. Fig. 3 shows the experimental frequency
the input of the VCM controller, which prevents the PZT actu- X '

ator from going to the end of its stroke limit and maintains the PoNses of the VCM actuator (dotted line) and a simulated

output of the PZT on the center of the track. model Pvcy (solid line). The controllerCrpy for VCM
; actuator is designed to use a phase-lag-lead compensator with
The closed transfer function from a referencto the head | h il h I f .
ositionyy is given by analog notc |ters and the open-loop crossover frequency is
P set at 400 Hz, which has been changed from the usual 550 Hz.
_ PyomCrav(1+ PrzrCrep) + PrzrCrap v (1) Fig. 4 shows experimental frequency responses of the PZT

vr = (1+ PvcmCrpsv)(1+ PrzrCrier) ' actuator (dotted line) and simulated modélzr(solid line).
The sensitivity function (error rejection functioy- is The controllerCrpp for the PZT actuator is designed to use
1 a phase-lag compensator with two digital notch filters, which
c= r. (2) sets the crossover frequency at 1.5 kHz.
(1 + FvomCrav)(1 + PezrCrar) It can be seen in Fig. 5 that the sensitivity functi&p has

In the above equation, the total sensitivity function of th&urther attenuation of about 7 dB below 1 kHz, compared to the
decoupled servo system is the product of the VCM and PZ&Ensitivity functionSy.cy of VCM loop.
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Fig. 6. 1um seeking response (preliminary step). Fig. 8. 1um seeking response (Step 1).
W C two separate reference trajectorigs for VCM actuator and
e Crry for the head position, have been introduced. The transfer func-
tion from the two reference trajectories to the head posiipn
Hu ¥ is
y ey Crav " i\ Rrey \4
- + —_— PpzrCrBp .
" Yy 1+ PpzrCrir
¢ PoemCrrv + PyvemCrey
“dme” + A% (3)
(1+ PyemCrBv)(1+ PrzrCrap)
T 50 T Crppl—"2 Pogr We designed feedforward controlléfz gy with the VCM
- rp reference signaly in order to prevent the overshoot of the VCM
actuator response. The feedforward controller is designed by
_ using the Zero Phase Error Feedforward Controller (ZPEFFC)
Fig. 7. Feedforward controller for VCM (Step 1). [11]. Its target acceleration trajectory is a trapezoid-acceleration
exponential-deceleration shape [11]. A step input feeds into the
Ill. DUAL-STAGE TRACK-SEEKING CONTROLLER reference trajectoryy for head position. By using the ZFEFFC,
; ~ p—1
High-speed one-track seeking and high-speed short-spg4n 2" establish thafrry ~ Pycy, and
seeking can improve data transaction performance. As the Pyor - Crryv + Pves - Crey
plant is a DISO (dual-input single-output) system, we use two v = 1+ Pyem - Crav v
separate reference signals for VCM positignh and the total oy 4)
head positionyr. We first explain one-track seeking design and
then discuss the short-span seeking design. can be given. The transfer function (3) from two target trajecto-

ries to the head position is then given by
A. One-Track Seeking (Response Within PZT Stroke Limit)

: : _ PrzrCrar 1 )

Our dual-stage actuator is the DISO systemwhichhasaVCM ¥ = T+ rv. (5)

- . o 1+ PpzrCrap 1+ PpyrCrr

actuator inputyyy, a PZT actuator inpugp, and a head position _ _ .
outputyr. The aim of the dual-stage seeking control system is t8 Fig. 8, there is no overshoot of VCM response and it follows
follow the head position in the specified reference trajectorythe discrete reference trajectory, perfectly. The head position
r7 by coordinating the movements of both the coarse VCM ags, however, still exhibits overshoot behavior.
tuator and the fine PZT actuator. We used the same plant paramStep 2: Next, we designed feedforward pass compensator
eters and track-following controller as discussed in Section fhrrvp from the reference signal- to the PZT actuator input
and assumed a density of 25.4 kTPI (one-track pitchjsn) wp in order to (ijecouple tflel DISO system (see Fig. 10). Let
for the simulation. For simplicity, we will explain in three step$’rrvp ~ —Ppyp, WhereP;, is the inverse DC gain of the
design procedure. PZT actuator. The transfer function from reference signals to

Preliminary Step: The 11:m step response of the decouple@Uutputyr can be described by

track-following controller system (see Fig. 2) is shown in Fig. 6. PoyrCrup 1+ PpyrCrpvp

Both the head position signalr and the VCM actuator dis- Yr =7 T PoyC Tt T PoyC %
placementy;- are overshoot responses. The head position signal P PZE FBE par-rep

yr reaches the target in about 0.8 ms, even though the head is ~ % rr. (6)
moved by the high-response PZT actuator. The transfer function + ErzrCrar

from r to yr is given in (1). In (6), only the reference trajectonyr and the closed loop

Step 1: The servo system shown in Fig. 2 has only one resystem of the PZT actuator influence the head positienit is
erence trajectory, which is fed into the closed loop system ohot affected by the VCM reference trajectory. The output
both the VCM actuator and PZT actuator. As shown in Fig. 8f the PZT actuatoy > has offset response, because there is no
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Fig. 9. 1um seeking response (Step 2).
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. head can read or write data on the data track. The response is
Fig. 10. Feedforward controller for PZT (Step 3). such that the PZT actuator first moves to the target track. After
the head is on track, the PZT actuator then returns to its stroke

7 —y center to cancel out the movement of the VCM actuator.
T ASUUUE U SN S R fv In the block diagram of Fig. 10, the relation of the two
:V feedforward compensators Srrp = —Crpyp. When
— ey a feedforward trajectory-p for the PZT actuator (relative
reference position for the micro-actuator) is defined as

od
(4]

Tp =TT — TV, (8)
then the feedforward input signal to the PZT actuatotsis =
Crrprp. The meaning of the above equation comes from the
16 2 relationyr = yv + yp. In the experiment, we need to store
or calculate four trajectories: the VCM position reference tra-
jectoryry, its feedforward input signal ry-, the total position
reference trajectory;, and the PZT feedforward input signal

Pos, Target pos [wm]

(=]

o
2
o

0.4 08 1.2
Time [ms]

Fig. 11. 1um seeking response (Step 3).

high gain at low frequencies in the PZT loop system, as shol# -

in Fig. 9. : -
Step 3: Finally, we designed feedforward compensatol?' Short-Span Seeking (Response Over PZT Stroke Limit)
Crrp for the PZT actuator such that the output only In this section, we will discuss the short-span seeking re-

follows the reference trajectony;, as shown in Fig. 10. If we Sponse when the head moves over the PZT actuator’s stroke
SUPPOSErrp A Prjle, the transfer function from referencelimit. We present two structures for the decoupled feedforward
signals to outpuyy is control system for the short-span seeking operation. One struc-
PoynC 1 PoypC ture shown in Fig. 12 has the PZT saturation model inserted into
_ tpzrCprpp rZTUFBP .
yr = T+ PogeCrnn rr thg fgedforward block for the PZT actuator in order to generate
~rp ) a Ilmltgd reference feedfor\{vard signal for the PZT actuator.
) The difference between Figs. 10 and 12 is only the feedfor-
The output head positionr is only controlled by one refer- ward saturation block. When the plant does not have resonance
ence trajectoryr. Fig. 11 indicates that the proposed decounodes at high frequency, the responses with this structure for a
pled seeking controller greatly improves the responses. It takiksal-stage actuator are effective, as shown in Fig. 13. The total
about 0.3 ms to move the head to the desired track so that tead positiony;- can accurately follow the reference trajectory
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Fig. 17. PES measurements (single VCM servo).

Fig. 14. 3um step response with resonance modes (Fig. 12).
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Fig. 18. PES measurements (dual-stage servo).

0.3 ms for the head position to reach the target track, while it
Fig. 15. Short-span seek controller with switch. takes about 0.6 ms for the single VCM response.

3.5 T ; IV. EXPERIMENTAL RESULTS

ndig 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 implementation
in a Digital Signal Processor. The parameters for the experiment
were the same as those described in Section Il. The PZT gain
was=+1.5 um/£5 V.

Pos, Target pos [um]

075... .........
o A. Track-Following
0.5
o 04 0 eyt 82 We evaluated the position accuracy of the track-following
control system. Fig. 17 shows position error signals (PES) of
Fig. 16. 3um step response with resonance modes (Fig. 15). the single-stage system controlled by the VCM actuator. Posi-

tion error is measured over a period of 1000 revolutions at the

rr. However, if the plant has resonance modes, the head p@gnter of track (horizontal axis is one disk revolution). Fig. 18
tion response becomes vibratory, as shown in Fig. 14. Since &@ws the position error signals (PES) of the dual-stage system
disad\/antage of this method is that we cannot direcﬂy Specﬁ?ﬂtroned by the decoupled track—following controller. In both
the PZT actuator trajectom, the reference trajectory is steegigures, the envelope signal of the PES and the average signal
and discontinuous at the beginning acceleration period. ~ (repeatable position error; RRO) are shown. The Min-Max value
To overcome this disadvantage, we propose a second strigfcdual-stage RRO is 0.131m, about 34% less than that of the
ture shown in Fig. 15. Instead of the PZT saturation model, W&CM single actuation (0.17@m). The 3 value of nonrepeat-
prepare a smooth Am reference trajectory, for the PZT ac- able position error (NRRO) with dual-stage is 0.Qi4, about
tuator and the switch. The sum of the PZT reference trajectdt% less than that of the VCM single actuation (0.136).
7p and the VCM reference trajectory: is the reference trajec- .
tory for the head position;. When the head position reache®: Track-Seeking
the target track, the switch changes its pass loop from the loweiVe first evaluated 0.5:m track-seeking responses, which are
one to the upper one so that the PZT actuator moves to caneghin the PZT actuator stroke limit. Fig. 19 shows the single
out the response of the VCM actuator. Fig. 16 shows then3- VCM actuator response and Fig. 20 shows the dual-stage ac-
step response of the dual-stage actuator with resonance maddator response with the proposed one-track decoupled seeking
using the second structure. The PZT actuator works at both ttentroller (shown in Fig. 10). In each figure, the envelope of
beginning and the final stages of track seeking. It takes abdhé responses and the average of 128 responses are shown. The
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Fig. 22. 3um seeking response (dual-stage track-seeking servo).

reached the target track in 0.4 ms, while the head with the single
VCM actuator reached the track in 0.7 ms. The inppifor PZT
actuator was limited=3.3 V (=1 «m). The responses were sim-
ilar to the simulation results and the seeking performance was

N good.

o V. CONCLUSION

A T » A decoupled track-seeking controller for a dual-stage actu-
e : : | ator was developed. The track-seeking controller was success-
"0 04 08 12 16 fully implemented in a magnetic disk drive and effective results

Time [ms]

Fig. 20. 0.5pm seeking response (dual-stage track-seeking servo).
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head positionyr of the dual-stage actuator accurately followed [7]
the reference signaly. 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. [9]
Next, we evaluated g4n track-seeking responses, which are
over the PZT actuator stroke limit. Fig. 21 shows the singlq10
VCM actuator response and Fig. 22 shows the dual-stage actu-
ator response with the proposed short-span decoupled seeki[rH]
controller (shown in Fig. 15). The head positignof dual-stage
actuator accurately followed the reference signralThe head

Fig. 21. 3um seeking response (single VCM servo).

were obtained for both simulations and experiments.
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