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Abstract — Maintaining the trend towards higher track
densities and data rates in rotating memory devices
require track following servo systems of increasing
bandwidth for reliable storage and retrieval (R/'W) of
data. The bandwidth requirements are even more severe
in the émerging portable computing applications. Increase
in bandwidth under strict constraints on over-sampling is
limited by the presence of mechanical resonance modes
and other nonlinearities in the voice coil motor (VCM)
actuators. One approach to overcoming the problem is by
using a dual or a compound actuator. In such a
mechanism, a VCM is used as a primary stage while the
recording head is mounted on the secondary stage which
in turn is mounted on the VCM. The secondary stage
provides rapid small-motion and position correction to the
recording head. Several dual-stage configurations have
been proposed using electrostatic, piezoelectric and
electromagnetic secondary actuators. The paper proposes
a piezoelectric stack micro-actuator design for a disk
drive. It preserves the present  suspension and head
assembly. A prototype of the actuator is. designed,
fabricated, and tested. The test results are presented. A
dual actuator tracking servo system is proposed. The
scheme is a promising alternative for providing high
bandwidth actuation for future high performance drives.

I. INTRODCUTION

A well known trend in magnetic data storage is the 60%
areal density growth per annum. At this rate, an advanced
magnetic storage device is expected to have around 25,000
tracks per inch. (TPI) by the year 2000. The maximum
tolerable offset between the R/W head and the track center is
less than 10% of the track pitch for accurate reading and
writing of data. It is estimated that a drive spinning at 7500
rpm supporting the above track density would require a servo
bandwidth of 2 - 2.5 kHz to accomplish the above [3].

Fig. 1 shows the Bode magnitude plot of a typical VCM

actinator transfer function. Note that the transfer function has a
" resonance mode around 10 Hz, which is dué to the presence
of pivot friction. Friction causes a loss of low frequency gain
of the -actuator servo loop, which causes problems in settling
[4]. The transfer function also displays resonant behavior at
around 4 kHz, which corresponds to the quasi-rigid body
mode of the actuator, which is primarily dependent on the
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stiffness of the pivot beanng Assuming that the actuator
servo loop is of the form shown in Fig. 2 with a P + Lead
compensator, the resonance mode causes the open loop servo
bandwidth to be limited to = 400 Hz. Additional bandwidth
will causes a loss in stability and high frequency rejection.
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Fig. 1. Transfer function of a typicalv 3.5” disk drive VCM aétuator.

One method that can eliminate the small signal-friction-and
provide higher bandwidth ‘actuation is by using a micro-
actuator as a Secondary stage. It can be designed to ride on the
primary actuator and: provide rapid small signal motion to.the
R/W head. Optical disk- drives already use ‘such -a: dual
actuator arrangement very. effectively in achieving >15;000
TPI track densities. Thus it is clear that a micro-actuator with
a high servo bandwidth will ‘increase  the achievable -track
density in magnetic storage devices as well.
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Fig 2. Setvo control system block diagram of hard disk drives:

The micro-actuator has to be small in size but yet be ab]e to
provide sufficient displacement” with reasonably lTow: control
input. Many alternate designs of secondary ‘actuators for disk
drives have been reported in the. literature. They include:
milli-actuators  driven by electromagnetic forces [4];
electrostatic forces [2]; ‘and piezo-electric. effect [3-4]. The
paper reviews some of these reported designs and: proposes a
new stacked piezo-electric secondary actuator. The actuator is
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fabricated and tested for its frequency response. A tracking
servo scheme for a VCM + piezo based compound actuator is
designed and simulated. Note that the words micro-actuator,
dual actuator and compound actuator have been used
interchangeably in the text of this paper.

II. DESIGN REVIEW OF EXISTING SECONDARY STAGE
ACTUATORS

A dual stage positioning system as shown in Fig. 3 was
developed by Hitachi in 1993 [1,6]. Built on a primary stage
VCM, a secondary piezoelectric stack (multilayer) actuator
using PZT is installed on a head-supporting arm. A pair of
parallel plate springs restrains and guides the displacement of
the piezoelectric element, which can precisely locate and
maintain the head to a predetermined position on disk surface.
The piezoelectric actuator has a stroke length of 3-4 tracks for
an applied voltage of O to 100volts. FEM analysis results
show that the resonant frequency in the positioning direction
is about 7.4KHz.

PIEZOELECTRIC ELEMENT
PARALLEL LEAF SPRING

HGA

Fig.3. Piezoelectric stack actuator as secondary stage actuator.

” LOADING BEAM

RECORDING HEAD

Fig. 4. Micro-gimbal electromagnetic micro-actuator,

An electromagnetic micro-gimbal secondary actuator was
designed and fabricated with micro-machining techniques
[2,7]. As shown in Fig. 4, the actuator consists of outside
frame, planer micro-springs, coils, and a movable platform.
Instead of a solid coupon in the center, the slider is attached
to the micro-gimbal by a set of thin planer springs, which arc
designed to have maximum in-plane compliance while
maintaining adequate out-of-plane pitch and roll stiffness. A
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pair of thin-film variable-reluctance micro-actuators is used to
move the slider in the in-plane direction, each of which
consists of two pieces. The stationary piece is mounted on the
outside frame and is constructed of one layer of Perm-alloy
with a wrapped-around helical flat copper coil. The moving
piece is attached to the slider. When a voltage is applied to
the coil, magnetic force is exerted on the moving core, pulling
it towards the stator resulting in an in-plane/cross-track
micron-level fine motion of the slider. The design has the
important advantage that the required fabrication technology
is very similar to that used in making thin film heads.

SUSPENSION

ROTARY
MICROACTOR

SLIDER

RECORDING HEAD

Fig. 5. Rotary electrostatic micro-actuator

Shock loads applied in the direction of in-plane motion
lead to extra uncontrolled displacement of an actuator with
low in plane stiffness. During high G-shock, such a
displacement may be sufficient to affect the R/W process. A
rotary electrostatic micro-actuator proposed by IBM [3,8],
can greatly reduce such shock sensitivity and assure greater
reliablility of the R/W process. As shown in Fig. 5, the micro-
actuator consists of a rotating plate supported on a substrate
by four linear springs. There are two sets of radial mating
interdigitated electrodes on both the movable plate -and
substrate, which activate the motion of the plate in its
tangential direction. The springs are designed to provide a
sufficiently low rotational spring constant to allow rapid in-
plane rotation but sufficiently high loading capability to
accommodate shock loads and stiction loads. The actuator
was fabricated using micro-machining techniques. The
desired displacement output is about +2 pum.

/ FIXED SECTION
TWO ELASTIC SECTIONS
FOUR PIEZO ELEMENTS

HINGE

MOVABLE SECTION

Fig. 6. Planer piezoelectric micro-actuator

Fig. 6 shows another piezoelectric micro-actuator design
configuration [4]. The micro-actuators are built into the
stainless head-mounting block and placed between the head-
gimbal assembly (HGA) and the arm. The micro-actuator is
small and light, It has four piezoelectric elements, The close-
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up view illustrates that the actuator consists of three sections .

seperated by slits, elastic which are a movable section
“attached to the HGA ‘and two elastic sections sandwiched by
piezoelectric elements. Two piezoelectric elements are
connected to both sides of an elastic section. When the same
voltage is applied to the pairs, one expands andthe other
contracts longitudinally. A movable section connects to the
HGA and is swung by the two pairs of the piezoelectric
elements. The generated displacement is amplified eight times
at the head. The application of *12 v results in a 2-3 um
displacement. The first resonant frequency was measured to
be about 3 kHz.

Yet another electromagnetlc flexural milli-actuator consists
of a head mounting block for the movable part, a stator
magnet and a yoke on the carriage arm, a flat coil on the
movable part and across-shaped spring that supports the
movable part [5]. The HGA attached to the head mounting
" block is driven in the in-plane rotary direction around a stator
shaft by electromagnetic force. The existing HGA technology
can be directly employéd. From experiments, the first
resonant frequency is 170 Hz and the seeond is 9.7 kHz. A
dual stage servo system has been built with 30 kHz sample
frequency and 3.3 kHz servo bandwidth was achieved. It is
claimed that this dual stage system can achieve servo
performance required for 25 kTPI recording.

III. STACK PIEZOELECTRIC ACTUATOR WITH CROSS-SPRING

STACK PIEZOACTUATOR

- SPRING GIMBAL

HGA

Fig. 7. Stack piezoelectric micro-actuator with cross-spring.

A simply cross structured piezoelectric micro-actuator has
been designed and fabricated, as shown in Fig. 7. The
piezoelectiic micro-actuator is constructed with a PZT
piezoelectric stack element. and -a cross-shaped rotational
spring frame. The piezoelectric stack element is mounted on
the arm. One end of the piezoelectric element is attached to
the arm while the other is connected to the cross-epring
frame. The cross-spring frame has a small pivot at its crossing
point, which is fixed to the base of the arm. The natrow neck
is used to prevent the piezoelectric element from a high
bending moment. A HGA is directly connected to the edge of
the cross-spring frame. It is important to note that certain
preload should be applied to the cross-spring frame. When a
electric - voltage is. appliled to the piezoelectric stack element,
the piezoelectric element expands or contracts, depending on
the polarity of the applied voltage. This activates the rotation

of the cross-shaped spring frame around its pivot leading to

“the amplification of the displacement output at the recording

head. The present HGA can be directly. used without any
modification, and thus the dynamlcs of the HGA will remain
unchanged. S

The cross-spring frame is the most crltlcal component of
the secondary piezoelectric micro-actuatot. Its’ structuré and
stiffness can- directly affect the bandwidth and displacement
output of the overall dual stage servo system. Finite element

- analysis (FEA) was  employed. to select the - structural

parameters and simulate its performance Fig. 8 shows the
FEA stress distribution. To simplify the analysis, we removed
the center cross point and made the four ends of the spnng‘
beams constrained. It is observed that “stress’ concentration
occurs on the constrained ends of the spring beams and the
narrow neck. This  should be taken into aceount when
selecting the cross-section of the spring beams.

Fig. 8. .FEM stress distribution of the cross-spring frame. .

The first resonance mode. of the ‘cross-spring frame in the
in-plane direction is illistrated in Fig. 9. The resonant
frequency is about 10.9 kHz. It is also observed that the four
spring beams are deformed to generate the desired angular
displacement. To be a good design, The outside frame and the
force arm should have no. deformation. As expected, the
narrow neck is also bent to protect the piezoelectric stack
element. :
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Fig. 9. First resonance mode of the cross-spring frame.

1IV.  EXPERIMENTAL RESULTS

Experiments were designed to’ measure the ‘dynamic
response of the piezoelectric stack micro-actuator with- and
without the HGA attached and with and without an air
bearing. The experimental setup-is shown in Fig. 10. A swept
sine’ wave is generated through a HP Dynamic ‘Signal
Analyzer (DSA), amplified 20 times by 'a power amp., and
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applied to the piezoelectric stack element. A Laser Doppler
Vibrometer (LDV) is used to measure the in-plane motion.
The laser beam is projected to the moving object and the
motion of the measured object is then fed to the input channel
of the DSA. The DSA compares the phase and magnitude of
the original and feedback signals and generates a Bode Plot.

PIEZO ACTUATOR
AND HOA

LASER HEAD

PIEZO AMPLIFIER: PIEZO SYSTEM. 60.102 .
LDV:VIBROMETER CONTROLLER POLYTEC OFV3001

FIBER INTERFEROMETER POLYTEC OFV 502
DIGITAL SIGNAL ANALYZER: HP DSA 35670A

Fig. 10. Experiment setup for the piezoelectric micro-actuator.
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Fig. 12. Frequency response of secondary stage with HGA+air bearing.

Fig. 11. shows the frequency response of the piezoelectric
micro-actuator without HGA attached to it. The measuring
point is on the outside of the cross-spring frame. Its first
resonance frequency is at about 10.6 kHz. However, the
‘recording head is not mounted on the cross-spring frame, but
on the tip of the HGA, i.e., the slider. The overall bandwidth
of the secondary stage servo mechanism will be limited by the
dynamics of both the loading beam and the gimbal. Fig 12
shows the frequency response of the secondary stage
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mechanism + HGA measured when the slider is flying over
the disk surface. The resonance peak is now shifted to 3 kHz.
This is because of the existance of high stiffness air bearing.

In this design, the bandwidth of the overall secondary stage
servo mechanism is limited by the bandwidth of the HGA’s
loading beam. To achieve the 25 kTPI target, high bandwidth
HGA should be used. There are on going efforts to improve
the bandwidth of the HGA [9,10].

V. DUAL STAGE SERVQ CONTROL SCHEME

The structure and performance of the secondary actuator
are key factors affecting the overall dual stage servo design.
Generally, the ideal secondary actuator should possess the
following properties: high bandwidth, sufficient displacement
output, shock resistant capability, small size and simple
structure, low cost, high reliability and long life cycle. The
actuation should take place as close to the recording head as
possible, but the electromagnetic field of the actuator should
not affect the R/W process of the recording head.

Having looked at the design of the individual controllers
for the twb actuators, it was decided to design the dual
actuator servo system such that the resultant transfer function
has closed loop poles that are a product of the two individual
servo loops. Fig. 13 shows the block diagram of the proposed
dual actuator servo system. It includes a conventional VCM
as the primary stage and the piezo micro-actuator as the
secondary stage. It is assumed that there is no mechanical
coupling between the two actuators which is a reasonable
assumption considering the stiffness of the stacked piezo
design. v ‘

by Hinum(s)| |G1num(s)
Input | Feedback Hiden(s) Giden(s)
H1 Gi
o
MT ]| H2nums) | jG2um(s) | .
H2den(s) | | Gaden(s)
e Sum| - Output
Forward 2 &2

Fig. 13. Layout of the dual actuator servo system.

Let Gy and G, be the plant for the VCM and the micro
actuator. Let H; and H; be the controller for the VCM and the
micro-actuator. Taking product of the denominators of the
individual transfer functions 1+G;H; and 1+G,H, gives,

(1+G1H1)(1+G2H2) =1 + G1H1 + Gsz + G1H1G2H2 (1)

The closed loop transfer function in fig. 13 takes the form,
GH,+G,H, +GH,G,H, @
1+G1H1 +GzH2 +GIHIG2H2

Thus, the initial objective of combining and optimizing the
two individual servo loop designs has been achieved.
However, there is no guarantee that the resulting servo loop



454

will have good stability and performance. To tune the servo

loop, the following performance guidelines were used,

1. High closed loop servo bandwidth.

2. To track low frequency disturbance by VCM

3. To track high frequency disturbance by micro-actuator.
These requirements were satisfied by shaping the micro-

actuator servo loop to have a reduced low frequency gain and

a increased high frequency gain through lead- compensation.

The lower servo bandwidth of the VCM will ensure that high

frequency command or noise inputs will be tracked by the

micro-actuator servo loop that is dominating with a higher

gain. Fig. 14 shows the SIMULINK block diagram of the

refined dual actuator controller design.

comnum(s){ . |Hnum(s)| _iNum(s)
comden(s)| |Hden(s)| |Den(s)

Compensator Pl Controller VCM

smcomnum(s N mNum(s)
mcomden(s mDen(s) |  gyma Output
Compensatori ~ Micro- '
-actuator
N 10s+1 bmHnum(s)j
: 1/1000s+1| | mHden(s)
Gain Lead PI Controller1
Compensator :

Fig. 14. SIMULINK block diagram of the dual actuator servo system.

Figures 15 and 16 show the bode plots of the individual
servo loops. It can be seen that the micro-actuator servo loop
has a higher gain at high frequencies. As a result, it dominates
over the primary actuator. At low frequencies, it is the
primary actuator or the VCM that is dominating over the
micro-actuator.
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Fig. 15. Bode plot of VCM servo loop.

The dual actuator controller is also expected to have a

higher servo bandwidth compared with using a single
actuator. This can be seen in Fig. 17, which compares the
closed loop bode plot of the dual actuator with that of just the

VCM. It is evident that the dual actuator has a much
improved servo bandwidth. ‘
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Fig. 16. Bode plot of the micro-actuator servo loop.
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Fig. 17. Comparison of dual actuator controller with VCM c’ontroller./

From Fig. 14, it can be seen that dual actuator controller

- requires the VCM position to be fed into- the micto-actuator

controller. This is easy in theory bi;t,in practice, the VCM
position is not available unless' there is a relative motion
detector at the interface between the primary and.secondary
actuators. One way to avoid such a costly sensor is to design.a
state estimator that will estimate-the VCM\position based on
certain measurable inputs.

Assume that the only “available measurement is “the
combined output of the dual actuator. The.control commands
to the two actuators are available from the 'Servo controller ’
Therefore, it was decided to construct the estimator using the
output track posmon the input Voltage to the micro-actuator
and the current to the VCM. :

The estimator - is des1gned in state space’ as :a predictive
estimator. Four states Xy, Xy, X3, and-xy’, are defined where

x, is the output of the micro-actuator, x; is X,, x is the

output of the VCM and x4 “is¥ %, . The inputs u; and u,
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correspond to the micro-actuator and VCM respectively, The
resonance mode of the VCM has been ignored in the design
and the VCM is approximated as a second order transfer
function. The estimator gain matrix L is calculated such that
the resultant estimator poles would have faster dynamics than
those of the controller. The SIMULINK block diagram of the
resulting dual actuator controller is shown in Fig.18.

¥ lcomnum(s) Hnum(s) Num(s)
Input Sum “|comden(s)] “|Hden(s)| .| | Den(s)
, Compensator PI Controller| VCM Output
X = Ax+Bu W b /
y = Cx+Du
Estimator Mux i
mcomnum(s)| | 1A .| mNum(s)
mcomden(s)| | | mDen(s) | gym2
Compensatorioaturation icro-
actuator
10s+1 mHnum(s) _I
0.00001
0 1/1000s+1| | mHden(s)
Gain Lead P! Controller1
Compensator

Fig. 18. Layout of dual actuator with state estimator.

The time domain simulation of a step response was done on
the above model. The control command on the micro-actuator
was saturated to 15 v to take into account the limited voltage
magnitude available within the PC. The resulting time
response is shown in Fig. 19. The effects of saturation on the
dual actuator controller are minimal. Even for the step
response, where the original input voltage is considerably
above the saturation limit, the effect is hardly noticeable.

12
; 1
0s o8 o
% ...\ 9 /
3 £ o
< os F
1\ g
Z o4 \ g o4 /
0.2 02
\
o 0.05 0.1 0.15 "o 0.05 0.1 0.15
Time (second) Time (second)
(@) (b)
12 I3
1
» 08 s
] N
< g €. 5
TN
£ o4 ° e
0.2
"o 0.05 0.1 0.15 ) 0.05 0.1 0.15
Time (second) Time (second)
(©) @

Fig. 19. One track seek performance of the dual actuator. (a) micr-actuator
position (b) VCM actuator position (¢) composite position (d) control
input to micro-actuator
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VI. CONCLUSIONS

_ Increase in bandwidth is constrained by the placement of

the actuator resonance modes and other nonlinearities of the
current VCM (voice coil motor) actuators. One approach to
overcome this is by the use of a dual stage actuator, i.e. a
VCM as a first stage and a smaller actuator as a secondary
stage, to provide rapid small-motion and position correction
of the recording head. Several dual-stage configurations have
been proposed using electrostatic, piezoelectric and
electromagnetic principles for the second stage. One
piezoelectric stack micro-actuator with a cross-spring frame
has been designed, fabricated, and tested. A servo system has
been designed based on the measured plant model with a view
to obtaining a higher bandwidth than with a single stage
VCM. A bandwidth of 1.5 kHz has been demonstrated in
simulations. The limited bandwidth is due to the relatively
slower dynamics of the HGA. With a higher bandwidth HGA
design, the dual actuator system may be able to achieve the
performance required for track following at 25 KTPI track
densities.
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