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ABSTRACT

This paper discusses the design and implementation of two
track-following controllers for dual-stage hard disk drive servo
systems. The first controller is designed by combining an outer
loop sensitivity-decoupling (SD) controller with an inner loop
disturbance observer (DOB). The second is designed by
combining mixed H,y/H,, synthesis techniques with an add-on
integral action. The designed controllers were implemented and
evaluated on a disk drive with a PZT-actuated
suspension-based dual-stage servo system. Position error
signal (PES) for the servo system was obtained by measuring
the slider displacement with an LDV and injecting a simulated
track runout.

1 INTRODUCTION

The continuously increasing storage capacity of hard disk
drives (HDD) poses a great challenge to precisely position the
read/write head on the desired track. Typically, tracking
performance is measured by track mis-registration (TMR). The
TMR can be broken down into a component due to repeatable
runout (RRO) and a component due to non-repeatable runout
(NRRO). RRO mainly results from disk eccentricity, non-ideal
servo track writing [1], and spindle motor vibration and is
hence synchronous with the disk rotation speed. All other
runout other than RRO is referred to as NRRO. Furthermore,
non-repeatable runout can be in turn categorized into torque
disturbance, windage, non-repeatable disk motions and
measurement noises. The torque disturbance, which is mainly
caused by the bias force of the flexible cable, the pivot friction
and the air-turbulence impinging on the voice coil motor
(VCM), is typically a low frequency disturbance. Windage,
which is mainly due to air-turbulence directly exciting
suspension resonance modes, is primarily a high frequency
disturbance. Non-repeatable disk motions, which directly affect
the position of R/W head relative to the servo track, lead to
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additional track runout. Measurement noise, representing the
effects of PES demodulation noise, includes electrical noise and
A/D quantization noise. The goal of the HDD servo system is to
reduce TMR as much as possible. A great deal of research effort
has been focused on the development of disturbance rejection
algorithms for minimizing RRO, such as adaptive feedforward
cancellation (AFC) [2-3] and this topic will not be pursued in
this paper.

Dual-stage actuation (DSA), which combines the
traditional VCM with an additional microactuator (MA), has
been proposed as a means of enhancing servo tracking
performance by increasing the servo bandwidth. Several
dual-stage control design methods have been studied for NRRO
rejection. And DSA track-following control design can be
roughly classified into single-input-single-output classical
loop-shaping design techniques, such as sensitivity-decoupling
control [4] and the PQ method [5], and multivariable optimal
control design, such as LQG [6], H,, [7] and p-synthesis [8].

In this paper, we present two track-following control
designs for dual-stage servo systems. The first controller was
designed by combining an outer loop sensitivity-decoupling
controller with an inner loop disturbance observer [9]. Two
different Q filters were utilized in the inner-loop disturbance
observer to achieve both good disturbance rejection and robust
stability, by considering that the plant uncertainties for the
VCM and the microactuator are quite different. The second one
was designed by using a mixed Hy/H, control synthesis
methodology in order to minimize a nominal H, norm for a
good performance as well as to satisfy an H,, constraint for the
robust stability. The conservatism of the mixed H,/H,, control
via a convex optimization with linear matrix inequalities (LMI)
was discussed and a nominal H, controller was designed by
tuning control input weighting values to achieve the robustness.



In addition, an add-on integral action was incorporated to
cancel constant and low-frequency disturbances. The designed
controllers were implemented on a PZT-actuated suspension
dual-stage servo system, which utilizes the microactuator to
bend the suspension to generate a controlled fine radial head
motion. The servo system’s PES was obtained from the output
of a laser Doppler vibrometer (LDV), which measures the
absolute radial slider displacement. Since such a setup does not
have track runout, a computer generated runout signal was
injected into the control system to simulate track motion.

The paper is organized as follows. Section 2 describes our
test setup and the corresponding system identification. In
Section 3, the two control designs are presented.
Implementation results are shown in Section 4. The conclusion
is given in Section 5.

2 TEST SETUP AND MODELING OF THE
DUAL-STAGE SERVO SYSTEM

2.1 Disturbance observer design

Figure 1 shows a picture of the experimental setup. A
PZT-actuated suspension was assembled to an arm of the
E-block of a commercial 3.5” 7200-rpm disk drive. An LDV
was utilized to measure the absolute radial displacement of the
slider. The resolution of the LDV is 2 nm for the measurement
gain of 0.5um/V. The control circuits include a Texas
Instrument TMS320C6713 DSP board and an in-house made
analog board with a 12-bit ADC, a 12-bit DAC, a voltage
amplifier to drive the MA, and a current amplifier to drive the
VCM. The DSP sampling frequency is 71.4 KHz in this paper.
And the input delay including ADC and DAC conversion delay
and DSP computation delay is 6 ps. A hole was cut through the
case of the drive to make laser go into the drive. It should be
noted that these modifications affected the response of the drive
and may have detrimentally affected the attainable performance
of the servo system, as discussed in Section 4.
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FIGURE 1. EXPERIMENT SETUP

2.2 Dual-stage actuator modeling

The frequency response of the VCM shown in Fig. 2, was
measured from the input to its current amplifier to the slider
motion, while the frequency response of the microactuaor
shown in Fig. 3, was measured from the input to its voltage

amplifier to the slider motion. The experiment frequency
responses show that the flexi-cable mode is around 160Hz and
the microactuator resonance mode is around 18 KHz. Then, we
did frequency response fitting for the experiment frequency
responses by using Weighted Least Square (WLS) techniques.
Consequentially, the fitted VCM and micro-actuator transfer
functions have 12 states and 10 states respectively.

The experiment frequency responses show that the VCM
and the micro-actuator have some common suspension modes.
To reduce the system order, all of the five suspension modes are
treated as common modes. Then, the dual-stage actuator system
was modeled as a double-input-single-output system with 12
states after the common mode identification. The simulated
frequency responses for the identified VCM and MA models
are shown in Fig. 2 and Fig. 3 respectively. With the identified
disturbances presented in Section 2.3, the complete dual-stage
servo system is modeled as the block diagram in Fig. 4.
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2.3 Disturbance identification

2.3.1 Measurement noise (d,). As the LDV integrates
velocity signals to calculate displacement signals, its
displacement measurement has a low frequency drift, which
can be seen from the LDV measurement noise power spectrum
density (PSD) in Fig. 5. The low frequency measurement noise
can be considered as runout and is captured by a second order
low pass filter shown in Fig. 5. At high frequency, the LDV
measurement noise was modeled as white noise with ¢, = 1.3
nm.
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2.3.2 Windage torque disturbance identification
(dw). The windage torque disturbance, which is caused by the
air-turbulence impinging on the VCM and directly exciting the
suspension modes and is known to be a broad band excitation,
is assumed to white and denoted by the input signal d,, to VCM
in Fig. 4. The amplitude o, was estimated by matching the
power spectrum density of the absolute open loop slider
motion.

2.3.3 Runout identification (d,). Although there is no
track runout for our experiment setup, a runout model,
characterized from the track runout data of a real drive, was
included to make our control design more realistic. The real
track runout caused by disk vibrations has several disk modes
between 1 KHz and 3 KHz. In order to make the control
synthesis simple, the peaks were characterized by a second
order envelop shown in Fig. 6. Note that the LDV low
frequency measurement noise is also treated as runout and the
measurement noise is much higher than the real track runout at
low frequency. Then, the LDV low frequency measurement
noise and the second-order envelop for the disk modes were
combined to construct the complete runout model shown in Fig.
6. The root-mean-square (RMS) value of this runout model is
118.12 nm.
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FIGURE 6. COMPLETE RUNOUT MODEL

2.3.4 Low frequency torque disturbance (d;). The
torque disturbances due to the bias force of the flexible cable
and the pivot friction have nonlinearities, which makes it
difficult to model these disturbances. However, these torque
disturbances are mainly at low frequency. Thus, to reject these
torque disturbances, we just incorporated an integral action into
the controllers instead of modeling these torque disturbances
for our control design.

3 DSA TRACK-FOLLOWING CONTROL DESIGN

3.1 Disturbance observer design

3.1.1 Design methodology. Disturbance  observer
control has been broadly used in mechatronic systems to do
disturbance rejection with a proper Q filter selection [10]. In
this paper, this technique was extended to dual-stage actuation
servo systems. By considering that the VCM and the
microactuator have different plant uncertainties, two different Q
filters were designed to achieve both good performance and
stability. The sensitivity-decoupling dual-stage servo technique
[4] was used to design the servo system’s outer loop control.
Figure 7 shows the block diagram of the disturbance observer,
where G,", G," and d,, represent the nominal VCM plant, the
nominal MA plant and the overall effect of all disturbances
respectively. Note that the nominal plants should be minimum
phase. Their magnitude bode plots are shown in Fig. 8

SD ® 2Gn
control =

FIGURE 7. DUAL-STAGE DISTURBANCE OBSERVER
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FIGURE 8. NOMINAL PLANTS FOR VCM AND MA

Then the PES can be written as:

th G, (W () + Gy (s, (s)+ (1= 0O, (s))d,, (5)
PES(s) = o

1 1-0,
2[1+Q2A2(S)+1_gl(1 +Q1A1(S))J

Q)

where A; and A, are respectively the VCM and MA model
uncertainties, ie. G, (s)=G(s)(1+A,(s)) and
G, (5)=G ()(1+A,(s)) - For the robust stability, the Q; and
(0, must satisfy the following constraint.

<1 (@)
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By considering the arbitrariness of A, and A,, the robust
stability constraint is transformed to the following constraint.

|(1 - QI)QZAZ(jw)l + |(1 - 0,)0A, (Jw)l

- <1, forall w 3
[0=0,+1-0,)(jw)|

3.1.2 Selection of Q filters. Equation (1) shows that
the disturbances rejection function of the servo system can be
shaped by changing O)(s) and QO,(s). In addition, the Q filters
must be designed to satisfy the robust stability requirement in
Eq. (3). Since many of the largest disturbances are at low
frequency, the selection of high-pass filters of 1-Q; (i=2)
facilitates the low frequency disturbance rejection. Meanwhile,
such a selection makes Q; (i=2) be low-pass filters and thus
facilitates the attainment of the robust stability as well, since
plant uncertainties are significant at high frequency. Moreover,
in order to follow the track runout due to disk motions, O, was
designed to achieve good attenuation at the 1 KHz to 2 KHz
frequency range for the overall sensitivity function from d,,, to
PES shown in Fig. 11. In addition, by considering that the
microactuator has less uncertainty than the VCM at high
frequency, we designed the Q filters in such way that the DC
gain of O, for the microactuator is higher than that of O, for the

VCM and the corner frequency of O, is also higher than that of
0. In order to make our controller synthesis simple, the filters
were chosen as first-order systems. Figure 9 shows the final
selection of the Q filters. In order to verify the attainment of
robust stability constraint Eq. (3), the magnitude of its left term,
shown in Fig. 10, was calculated by replacing A; and A, with
the differences between the nominal plants and the experiment
frequency responses.
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FIGURE 9. SELECTION OF Q FILTERS
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FIGURE 10. ROBUST STABILITY VERIFICATION

3.1.3 Outer loop control design. The outer loop
controller was designed according to the standard
sensitivity-decoupling synthesis technique [4]. The VCM loop
controller was designed to have a PI controller with a lead
compensator and a notch filter to attenuate the biggest
resonance peak at 9.06 KHz. The resulting gain crossover
frequency for the VCM loop sensitivity function is 587 Hz.
Since the microactuator has higher bandwidth than the VCM,
the MA loop achieves a higher gain crossover frequency at 1.64
KHz, by designing the MA loop controller as a lag compensator
with three notch filters to attenuate the three resonance peaks at
14.70 KHz, 17.71 KHz and 29.34 KHz. The corresponding
design results are shown in Fig. 11. The resulting gain margin,
phase margin and gain crossover frequency for the overall outer
loop are 6.72 dB, 28.8° and 1.34 KHz respectively.
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As shown in Fig. 11, by using the disturbance observer
outlined in this section, the overall gain margin, phase margin
and gain crossover frequency can be improved to be 6.83 dB,
30.7° and 2.08 KHz respectively.

3.2 Mixed H,/H,, design with add-on integral action
3.2.1 Design methodology. In this section the
dual-stage track-following servo synthesis problem is
formulated by minimizing the variance of the PES while
maintaining robust stability in the presence of plant input
multiplicative unstructured uncertainties as described in Eq. (4).

Wy (s) 0

P(s) = F,(s) 0 W ()

I, +

A(s)],"A(s)"OC <1®

Way and W,y are respectively the VCM and MA
uncertainty weighting functions, which must be selected by the
designer. Based on the plant identification presented in Section
2, Way and Wy, were designed as first-order systems shown in
Fig. 12.
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FIGURE 12. UNCERTAINTY WEIGHTING FUNCTIONS

The linear fractional transformation (LFT) for the mixed
H,/H,, control design is shown in Fig. 13, in which the transfer
function from d,, to z, is used to measure the robust stability
and vy, v, and the control input weight W, are tuning parameters
for the control synthesis. Then the optimal control synthesis can
be written as the optimization problem in Eq. (5), where “T;...5”
means the closed-loop transfer function from input “4” to
output “B” and “||7]},” is the H-2 norm of the transfer function
“1.
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FIGURE 13. LFT FOR CONTROL SYNTHESIS
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3.2.2 Control synthesis. To make the designed
controller be more implementable, the mixed H,/H,, control
was synthesized in discrete-time domain. There are several
control synthesis methods [12] to solve Eq. (5). In this paper,
the convex optimization approach via linear matrix inequalities
[13] was utilized for the control synthesis. The closed loop
system with the output [z’ z,']" from the input [d..” d>']" can
be written as:

cl Bcloo Bc/2
Gcl = Ccloc Dclococ DL’IOCZ (6)
cl2 Dchoo DL'IZZ

Then, by using the ideas of the congruent transformation, the
optimization in Eq. (5) can be formulated as:

min trace{W}

K.W,P P,
W CCIZPZ Dch P2 ACIPZ Bc12 (7)
st. * P, 0 [>~0,* P 0 >0
Poo Aclpoo Bcloo 0
* Poc 0 Poocj;oo
N N ;=0
I Dcloc
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where the symbol denotes the transpose of the
corresponding element at its transposed position.

The equivalence between the two optimizations does not
require P,=P,. However, it is necessary to impose the
constraint

PB=P =P (8)

to recover the convexity of the mixed optimization [13]. The
price of this restriction is that, as will be shown in the results
that will be subsequently presented, a significant conservatism
is thus brought into the design. As the parameters y; and vy, are
reduced to 0, the solution of the mixed optimization H,/H,,
optimization given by Eq. (7) and Eq. (8) converges to the
nominal H, design. However, with y,=y,=1 the solution of the
mixed H,/H,, optimization given by Eq. (7) and the imposition
of the constraint by Eq. (8) results in a very conservative
control design, which attains a significant lower performance
than that attained by the nominal H, design which satisfies the
robustness constraint imposed in Eq. (5). Moreover, reducing
the control input weighting function W, to zero (“cheap”
control), did not significantly alter the closed-loop sensitivity
function from runout to PES of the mixed H,/H, design, as
shown in Fig. 14.

3.2.3 Nominal H, control. In order to verify the
inherent conservatism of the mixed H,/H,, control synthesis by
using LMI optimization with Eq. (7) and Eq. (8), a nominal H,
controller was synthesized by tuning the input weighting value
W, in order to satisfy the H, constraint in Eq. (5). With the
choice of W,=0.1*I,, the designed controller can achieve the
robust stability with "deﬂw " =0.941<1. The resulting

sensitivity function from runout to PES for the H, control is
shown in Fig. 14. As a consequence, we decided to implement
the nominal H, design in order to evaluate its performance on
an actual drive.
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FIGURE 14. SENSITIVITY FUNCTIONS BY TUNING Wy

In order to investigate the benefit of the microactuator, the
sensitivity function from runout to PES was decomposed into a
product of a VCM sensitivity function and a MA sensitivity
function, following the procedure in the sensitivity-decoupling
design technique [4]. As shown in Fig. 15, the gain crossover
frequency of the MA sensitivity transfer function is 5.48 KHz,
which means the microactuator is significant for high frequency
disturbance rejection.
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3.2.4 Add-on integral action. An integral action was
added onto the designed controller to attenuate low frequency
disturbances such as torque disturbances. Because of the small
moving range of the PZT actuator, the integral action was only
added onto the VCM controller as described in Eq. (9). In order
to avoid degrading the performance of the original control, the
parameters were chosen as g=1, z;=0.9972. With the add-on
integral action, the constraint for the nominal H, control

changes to "de_% "OO =0.939<1-

z—z
0
g

K(z)=| z-1

*K(z) ©)

4 |IMPLEMENTATION RESULTS

4.1 Simulated track runout

In order to obtain a more realistic and complete evaluation
of the dual-stage servo system performance, we used a
computer generated runout signal to simulate track motions.
The simulated track runout whose 3¢ value is 11.4 nm, was
generated from the power spectrum density of the real track
runout data.

4.2 Experimental results

Firstly, in order to validate our system identification and
control designs, the closed-loop sensitivity functions by using
the sinusoidal sweeping signal were measured. Because of the
conservatism of the mixed H,/H,, control, only the nominal H,



control with the better performance and the robust stability was
implemented. The experiment results are shown in Fig. 16.
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To analyze the closed-loop time-domain PES, 2048-point
PES was recorded by the DSP. To highlight the advantage of
the disturbance observer, the outer-loop sensitivity-decoupling
controller was also implemented. The fast Fourier Transform
(FFT) of the closed-loop PES without repeatable runout for the
designed controllers is shown in Fig. 17.
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The designed controllers in this paper aim at rejecting
non-repeatable runout, since repeatable runout can be cancelled
very well by using some specific compensators, such as
adaptive feedforward cancellation [2-3]. Therefore, it is helpful
to take repeatable runout components out from the closed-loop
PES to evaluate the designed controllers. Table 1 shows 36 PES
values for the designed controllers with and without repeatable
runout components respectively.

TABLE 1. IMPLEMENTATION RESULTS

30 PES w/ 30 PES w/o
RRO (nm) RRO (nm)
Sensitivity
decoupling control 18.1 17.0
Disturbance observer 13.2 13.1
Nominal H, control 21.6 9.4

4.3 Discussion of experimental results

For the areal density of 1 Tb/in’ the track pitch is
approximately 50 nm, which requires that the 30 TMR budget
should be approximately 5 nm. In our experiments, the
PZT-actuated suspension based dual-stage servo system
achieved the best 30 PES of 9.4 nm without repeatable runout.
However, there are several factors that may detrimentally affect
the servo performance in our experimental setup, making our
results too pessimistic.

First, the LDV resolution is 2 nm, while the real PES
resolution for the track pitch of 50 nm is around 0.2 nm. In
addition, the LDV measurement noise at low frequency caused
by the low frequency drift is quite high and the RMS value of
the measurement noise is of the order of magnitude of 100nm.
Second, in our experiment one arm of the E-block was cut out,
which may affect the original optimal structural dynamics of
the E-block. Furthermore, we mounted the PZT-actuated
suspension on the E-block by using a screw and E-POXY,
which may introduce additional vibrations. Also, the disk drive
we used in the experiment was modified from an off-the-shelf
single stage commercial drive. Thus, the PZT-actuated
suspension may not match the E-block very well and the slider
flying height may not be set to its optimal value during the
experiment.

5 CONCLUSION

The disturbance observer with the sensitivity-decoupling
control and the mixed H,/H,, control with an add-on integral
action were developed for the dual-stage track-following
control. Because of the conservatism of the mixed H,/H.
control synthesis through LMIs, the nominal H, control was
designed by tuning control input weighting value to achieve
robustness. Consequently, the designed nominal H, control can
achieve not only good performances but also the robust
stability. The designs were experimentally validated using a
PZT-actuated suspension based dual-stage servo system. The
sensitivity-function crossover frequency of the disturbance
observer design is 2.08 KHz and that of the H, design is 3.67
KHz. The 30 PES without repeatable runout for the disturbance
observer design is 13.1 nm, while the 3¢ PES without
repeatable runout for the H, design is 9.4 nm.
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