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Adaptive Control of Dual-Stage Actuator for Hard Disk Drives

Masahito Kobayashi, Shinsuke Nakagawa, and Hidehiko Numasato

Abstract—The design and implementation of adaptive LS- the VCM actuator. Each head is moved by each milli-
estimation and fault recovery procedure for PZT-actuated actuator and each milli-actuator consists of two push-pull
milli-actuator were presented. We confirmed that the adap- ez gelectric (PZT) elements. Usually, as the milli-actuator
tive estimation method identified the milli-actuator DC-gain does not have a relative distance sensor output and only the
precisely and the fault recovery procedure detected the degra- o ;
dation of milli-actuator gain during track-following data-  head position output is detectable, the total plant of the dual-
reading/writing operation. stage actutor is a double-input single-output (DISO) system.

Index Terms—Dual-stage actuator, Adaptive control, Esti- |n order to obtain accurate track-following and high-speed
mation, Fault recovery, Hard disk drive (HDD) track-seeking performance, it is important to identify an
| INTRODUGTION accurgte val_ue Qf_the PZT gain of ea_ch milli—actuator. More-

' over, in maintaining performance, it is imprtant to detect

T HE most significant trend in hard disk drive (HDD) gegradation of the PZT gain and inform the host system

technology is that track density and storage capacityf the possibility actuator fauilure. Since the conventional
are increasing rapidly while access time is being reducegdgaptation method[6], [7] cannot be easily applied to the
This trend has led to the need for improved performancg|So system, no research has been done about an adaptive
of the head-positioning servo system in order to accuratePpntrol for the milli-actuator of the DISO system.
maintain _the selected hea_d position along the_center_ of |n the moving slider-type dual-stage actuator, the micro-
the track in the track-following mode and to provide rapidyctyator is located between the suspension and the slider.
movement of the head from one selected track to anothgpe advantage of this type is that the collocation of the
selected track in the track-seeking mode. The track pitcctuator and sensor head, so a servo bandwidth of 5 kHz or
of a current HDD is about 0.2xm and the positioning more, is possible. Some micro-actuators has a relative posi-
accuracy is approximately 25 nm. To maintain a high levejoning sensor which indicates the micro-actuator movement
of performance at more reduced track pitch for futurgjistance. If the micro actuator has a relative position, the
HDDs, the servo system must be able to compensate fgjta| plant is a double-input double-output (DIDO) system
track mis-registration (TMR) caused by disk vibrationgng the adaptation for the micro-actuator can be easily
spindle run-out, the resonance modes of components, agghieved using the relative position[8].
external disturbance sources. This can be accomplished byj,, this paper, we first discuss design and implementation
increasing the servo bandwidth of the track-following servgys g adaptive control scheme for a dual-stage actuator
system. without the relative position of the milli actuator. The

Dual-stage actuators have been proposed as a possifiéieme can be easily applied to the micro-actuator system
way of achieving a wider servo bandwidth. A number ofyithout relative position. We then propose a fault recovery
control servo designs for the track following mechanismyocedure to detect milli actuator gain degradation dur-
have been discussed in several papers[l], [2], [8]. Th@g track-following operation. Simulations and experiments
track seeking performance of dual-stage servos has algow that the proposed adaptive system has good accuracy
been addressed in some papers[3]. There are three differgatimation and an effective on-line adaptation for the dual-
types of dual-stage actuators; a moving suspension-tygg-age actuator system in HDD.
milli-actuator, a moving slider-type micro-actuator, and a

moving head-type actuator. The voice coil motor (VCM)
is used in the first stage to generate large but coarse aj Base-plate
slow movement, while the micro/milli-actuator is used in s
the secondary stage to provide fine and fast positioning —/

. .. . / 2
The mechanism for positioning the dual-stage actuator ce / @

d-shaped hinge

PZT elements

improve both the track-following and the track-seeking
performance.

In the moving suspension type of dual-stage actuator[4=
(see Figure 1), the milli-actuator is located between the g
head suspension and the base-plate, which is moved
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Fig. 3. Frequency response of VCM open loop for off-line adaptation
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Fig. 2. Block diagram of off-line adaptive LS-estimation
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Il. ADAPTIVE DC-GAIN LS-ESTIMATION METHOD

In this section, we discuss the design and implementation -90
of an off-line adaptive scheme for estimating the DC-gain 'T?,"’—wo
of the PZT actuated milli-actuator for a double-input single- 3
output (DISO) system. o 270

8 -360
2

A. Moving suspension type dual-stage actuator

Figure 1 shows ®-shaped dual-stage milli-actuators[4] 10
attached to each carriage arm. The two PZT elements,
polarized in opposite directions, are mounted in parallel off9- 4. Frequency response of VCM error rejection for off-line adaptation
a ®-shaped baseplate hinge with a central beam. The top
surfaces of the two PZT elements are electrically connected _ ) .
by a wire and the bottom surfaces of each PZT element afe VCM loop shaping design for DISO system estimation
adhesively bonded to the base-plate hinge. When a voltageFigure 2 shows a block diagram of the adaptive LS-
is applied to both single-ended PZT elements, one PZastimation system for the milli-actuator with the track
element extends, and the other one contracts. The pushHowing servo system of the VCM actuator.
pull actuation of the PZT elements moves the head in the The dual-stage actuator is operated by two control inputs:
off-track direction. a first inputu,, to the coarse-movement VCM actuator and

The PZT moving-suspension milli-actuator has the fola second input:, to the fine-movement PZT actuator. A
lowing specifications: mass, 75 mg; suspension length, 14ifead positioning signa} indicating the total movement of
mm; stroke,+1 um/4+30 V; shock resistance, 3,000 G atthe head, obtained by adding the movement of the VCM
0.2 ms half sine. The PZT elements have dimensions aftuatory, to that of the PZT actuatay,, is outputted as an
2.8x1.0x0.15 mm. The milli-actuators were installed in aoutput signal. As a matter of fact, the deviation of the head
3.5-inch prototype HDD at a rotation speed of 10 krpmmovement from position information which has previously
The track pitch is 0.75%m, and the sampling frequency is been recorded on the disk is detected as the Position Error
about 25 kHz. Signal (PES). Thus, the dual-stage actuator is a double-

In general, when the maximum driving voltage0 V is  input and single-output (DISO) system and it is difficult to
applied to the PZT milli-actuator, the head position changemplement a conventional adaptive estimation method[6],
+1 um. However, the relationship between the drivind7] of a single-input single-output (SISO) VCM actuator in
voltage and the moving distance of the head (input-outptite DISO system.

DC-gain characteristics of the actuator) varies about more As for the VCM actuator, its input-output characteristics
than 10% due to variations in the manufacturing processan be estimated easily using conventional identification
of the piezoelectric elements, variations of the piezoelectrimethods, by interrupting the driving voltage to the PZT
element with time, and environmental conditions such aactuator and letting the VCM actuator operate alone. On
temperature and humidity[5]. the other hand, for the estimation of the input-output
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e I RN | C. Adaptive LS-estimation design

~20{ — = Discrete model .0 The recursive LS-estimation method shown in Figure 2
is explained in detail in the following. In order to reject the
noise components from the signais andy, the band-pass
filter F,,, F,, which cut-off frequency is 2kHz is used for
each signal. For the sake of simplicity, the inpyf and
outputy will also be used after filtering by the same refer-
ence expression. A discrete time model of the milli-actuator
from inputw, to the outputy, is expressed by the following
equation, in which mechanical resonance is ignored. The
calculation time delay is modeled by using first-order Pade
approximation and the PZT driver characteristics is modeled
by using first-order low-pass filter.

Fig. 5. Frequency response of exprimental PZT milli-actuator and
simulated plant model for estimation
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characteristics of the PZT actuator, it is difficult to letvhere Z_fl denotes the unit delay operator. The unknown
the PZT actuator operate alone in the positioning withodP©P gain¢ of the plant is composed of the gain of the D/A
the VCM actuator operation, since the stroke of the milliconverter, the gain of the PZT driver, the sensing gain of
actuator is too small relative to various external disturbancdl€ head position and the gain of the PZT milli-actuator.
to the actuator. Therefore, only the PES (total movement &figuré 5 shows the experimental milli-actuator dynamics
the VCM and PZT actuator) can be used for the adaptiv@d simulated plant model described by equation (3). In the
estimation. figure, since the increase value of the milli-actuator gain

The adaptive LS (least-squares) estimation system g,ynamics. a.t 2 kHz is small, the milli-actuator resonance
Figure 2 identifies the mill-actuator gain precisely using th&haracteristic can be neglected. _
PES ¢) and the PZT input signal,, with excitation of sine The above equation can be represented as a regression
input (Lo sin(27 f,,-k)), while the head does not read/write form.
the data. The transfer function from the PZT inpyt to

the head positiony is described as, vp(k) = O(bru(k — 1) +bou(k — 2))
1 + (—a1yp(k — 1) — agy,(k — 2))

B 1 Jr P’UcmC'ucm

In order to reject the interference of the VCM servo loop The goal is to estimate a variable gai(k) as a good
characteristic during the estimation, the notch filter is seiStimation of the loop gai from y, (k), ¢(k) and n(k).

in the VCM loop to shape the VCM error rejectiari(1 + Here, .the estimation ob is carried out by use of the
PyemClem) (from y, to y) into gain 1 (0 dB) at a specific "€CUrsive IeasF-_squares (LS) method. Incidentallyk) and
sine-wave frequency,, for PZT actuator. the head position errog(k) become equal to each other

From the viewpoint of the stability and time transienifter @ certain length of time. Thereforecan be estimated

response of the VCM loop, the crossover frequency of thgY USing an observable signgik) assumingy, (k) = y(k)

open loop is set to 1 kHz, the cutoff frequency of thdn the above expression. .
notch filter is set to 2 kHz and the damping ratio of the FOr the estimation expression (3), an estimator model and
notch filter is set to 0.1Figure 3 shows both simulation €Stimation error are described as,
and experiment of the VCM open loop characteristics. The . A
crossover frequency is 1 kHz and the phase margin is 24 k) = 0k —1)- (k) +n(k), ®)
degreesFigure 4 shows the error rejection characteristics e(k) = y(k)—9(k). (6)
of the VCM loop. The figures indicate that the gain of the
VCM error rejection is 1 (0 db) and the phase is 0 degrees ' '™~ '
at a frequency of 2 kHz which is the same frequency as tifStimation value
PZT actuated frequency, during the estimation period. 1.

freque o Ak =1) - C(k)
Thus, the relationship betweer, andy (eg. (1)) can be 0k) = 6(k—-1)+ 1 1 2
expressed by the simple equation, where ok J vk —1)-C(k)

L+~(k—1)-C(k)?

The recursive adaptive adjustment rule updates the gain
(k) using the following algorithm[6], [9],

e(k) (7)

v(k) (8)

Y= Ppot-up at f,, (2 kHz frequency (2)

and we can use the conventional LS-estimation method ferhere the initial estimation value &0) = 0 and the initial
the above equation as described below. learning gain is set te/(0) > 0.
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_ ) ) I1l. REAL-TIME GAIN ESTIMATION AND FAULT
D. Simulation and experimental results RECOVERY PROCEDURE

Figure 6 shows the simulated time response waveforms The goal of the second design is to enable an online adap-
during LS-estimation period. The upper and middle flguregve estimation method which estimates the input-output
show the positions of the output VCM responge and characteristics of the PZT milli-actuator and detects its
the position error signaj, respectively, when a sine wave gain degradation even in the midst of data reading/writing.
voltage (-10 V amplitude, 2 kHz frequency) is applied toWhen degradation of the milli-actuator gain is detected,
the milli-actuator. The VCM positiony, responds with a the off-line adaptive gain estimation described in chapter
sine wave-like signal until 0.003 sec due to transient of tha will be executed to obtain a precise value of the mill-
notch filter and then converges to zero. This means thaFtUator gain again and set the appropriate value into PZT
observedy perfectly coincides with milli-actuator responsecogtrc’lllerb;rhUS tEe sHsttDem can keep its servo performance
y, from 0.003 sec forward. The bottom figure shows th&"d refiability in the
estimated gain valud by the LS-estimation which was
started at 0.003 sec. The estimated value converged orfta Adaptive real-time estimation design

correct value in a short time with high accuracy. An adaptive real-time estimation method for milli-
The developed off-line LS-estimation method was impleactuator DC-gain degradation is presented. In this scheme,
mented on a 3.5-inch prototype HDD (10k rpm disk rotatiora gain estimator identifies the loop gain of the milli-actuator
speed) with a moving suspension-tygeshaped milli- during the R/W track following phase, and determines the
actuator (see Fig. 1Figure 7 shows the 300 exposed time amount of degradation for each PZT galfigure 9 shows
responses during the estimation period (6 disk revolutionthe block diagram of the real-time PZT gain estimation
36 ms). The head positiop moves+ 0.2 um when the method without injection of any external signal. The dual-
sine wave voltage46 V amplitude, 2 kHz frequency) is stage actuator (DISO system) is stabilized by the decoupled-
applied to the milli-actuator. The estimated value convergetype controller[2] in this application. The output of a milli-
on a correct value in 10 ms. We measured estimation valaetuator modelV/,., is added into an additional reference
1000 times on each different head at different input voltagesgnal for the VCM actuator, which prevents the PZT
from 3 V to 22 V. The estimated variation witlr3leviation actuator from going to the end of its stroke limit and
is within 1.0% value of its actual value as shownFigure  maintains the PZT output on the center of the track. The
8. crossover frequency of the milli-actuator is set at 2.3 kHz.
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Frequency [Hz] where o denotes the learning gain. The amount of cal-

culation by the above equation is extremely smaller in
comparison with the equation (7) and (8). On the other
hand, estimation accuracy and/or estimation speed might
deteriorate slightly.

Fig. 10. Frequency response of noise rejection filtdfg &nd F,) for
real-time adaptation

In the figure, the estimated output signal of PZT milli-
actuatorP,. is calculated by subtracting the output signal
of the VCM actuator modeP,.,,, from the head position
signal y. The VCM model described in the discrete time The three designs of noise rejecting filtéf, and F),
expression is composed of a second-order low-pass filtéf. Figure 9 are evaluated in terms of estimation value
For real-time calculation, the calculation load should b&nd estimation variance. In order to reject the disturbances
minimized. The adaptive gradient method[9] which cos€ontaminating the head position signaénd the modeling

function J with equation (6) is defined as below, is usec®ITor of P,.,, and P,.;, the second-order band-pass filter
for gain estimation. at 1.5 kHz ¢ = 2.0), the second-order high-pass filter at

9 700 Hz ¢ = 0.7) and without filter (gain=1) are designed
J(k) = e*(k) ) as shown inFigure 10. The estimation was carried out at
By using partial differentiation of the above cost functionthree different locations (inner/middle/outer diskjgure

the gradient estimate equation with the variable 99;(,1@) 11 shows the time responses of the estimation valaad
is obtained as follows, position signaly during estimation for evaluating each noise

rejection filter. In the case where there was no filter and

oJ (k . 2 S
— there was a band-pass filter, the each estimation variation is

A 90(k large depending on the head location. Using the second-

= 0(k—1)+20-((k)-e(k) (10) order high-pass filter which rejects more low frequency
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DC-gain change from nominal to half value

VCM input compornents for force disturbances, a small
estimation variation (less than 5% i Bis achieved and
the filter is adopted for evaluation. The estimation time
about 1.5 sec. The convergence speed is slower than that i

IS

IV. CONCLUSIONS

The design and implementation of adaptive estimation
.method and a fault recovery scheme for a PZT-actuated
milli-actuator were presented. We confirmed that the off-line

adaptive LS-estimation method identified the milli-actuator

the off-line LS-estimation. However, no particular proble . ; o 0 .
arises when the degradation of the milli-actuator with tir:l,;)c'gam precisely within 1.0% value g3 of its actual value

is estimated. IrFigure 12, the accuracy of estimation can in 36 ms. We also confirmed that the fault recovery method

1 illi- i ithi 0,
be seen when the gain of the milli-actuator was intentionalldeu:“Cted the degradation of milli-actuator gain within 5.0%

changed from 1.0 to 0.5. The gradient estimator identifie
the gain change correctly during the track following mode.

C. Fault recovery for milli-actuator gain degradation 1]

Figure 13 is a flow chart showing a fault recovery
process is carried out when the milli-actuator gain drop ig?l
detected by the real-time estimation (equation (10)). When
a estimated gain drop below a preset threshold value ig]
detected, data reading/writing by the head is prohibited
and thereafter the gain of the milli-actuator is estimated,
correctly according to the off-line LS-estimation method
(equations (7)(8)). Subsequently, the estimate value ob-
tained by the LS-estimation is compared with the thresholds
value. If the difference between the estimated value and the
threshold value is small, the milli-actuator controli&j,
is adjusted based on the estimation result. Thereafter, a fle{gs;]
permitting the data read/write is turned on and the dual-
stage actuator track following returns to its normal state
On the other hand, if the difference between the estimategl
value and the threshold value is large, an alarm is issued to
the upper level holst controller. In such cases of gain drop®
below the threshold value, the data reading/writing might
become impossible, and there is a possibility of failure of{9]
the milli-actuator caused by some factors.

‘(y/jalue in 1.5 sec and collected the gain properly.
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