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Abstract—Position sensors other than the R/W heads are not
embedded into current hard-disk drives (HDDs) due to cost, reso-
lution, and signal-to-noise ratio (SNR) issues. Moreover, the “op-
timal” location for placing these sensors is still unknown. In this
paper, the Pb-Zr-Ti (PZT) elements in the PZT suspension-based
microactuator are used as a secondary actuator and a displace-
ment sensor simultaneously with self-sensing actuation. The pro-
posed displacement estimation circuit produces an estimated PZT
microactuator’s displacement with high SNR and nanometer reso-
lution comparable to that measured from the laser doppler vibrom-
eter (LDV). A robust active mode damping controller is then de-
signed to damp the PZT microactuator suspension’s torsion modes
and sway mode, as well as decoupling the HDD dual-stage servo
into two distinct loops for individual sensitivity optimization. Our
results show attenuation of PZT microactuator’s suspension modes
by 5 dB and sway mode by 30 dB with low sensitivity. A reduction
of up to 20% in 3σ position error signal is also observed.

Index Terms—Active-mode damping (AMD), dual-stage servo
systems, self-sensing actuation (SSA).

I. INTRODUCTION

IN today’s information explosion era, hard-disk drives
(HDDs) find their applications in many home and portable

electronic devices. As such, industries are striving for HDDs
with smaller form factors and higher recording density simul-
taneously to meet the storage demands of consumers. These
pushing factors translate into stringent requirements for servo
positioning to enable high recording densities. With the demon-
stration of more than 200 kTPI (tracks per inch) at the end of
2002, the track density of HDD product is expected to double
by the end of 2004.

Such a high-track density requires a higher precision servo
system, which cannot be achieved by the current HDDs employ-
ing the voice coil motor (VCM) as the sole actuator. The VCM
limits the bandwidth extension in the single-stage servo sys-
tem because of its mechanical resonances and high frequency
uncertainties. As such, dual-stage actuation is seen by many
as the solution for next generation of HDDs. In a typical pro-
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posed dual-stage HDD, a small secondary actuator (e.g., PZT
suspension-based microactuator or PZT microactuator for short)
is appended piggyback on the VCM for fine positioning. As the
effective stroke range of the PZT microactuator is limited, it is
easily saturated, which leads to instability of the dual-stage servo
system if unconsidered [4]. Also, the electrical and mechanical
characteristics of the PZT element are still not well developed
and understood. The stiffness of the suspension remains an is-
sue, hence unlike optical drives where dual-stage actuation is
introduced with much celebrated success, secondary actuation
is still not implemented into current magnetic HDDs. Position
error signal (PES) remains as the only available information for
feedback control when there are now two distinct actuators to
be controlled.

On adding sensors for active control in HDDs, Huang
et al. [5] used rotational accelerometers to damp the VCM but-
terfly mode in a single stage HDD, Li et al. [8] split the two PZT
strips in a PZT-actuated suspension and use one strip of PZT
element as actuator and the other as sensor for active vibration
control in a dual-stage HDD. While Lee et al. [7] used the PZT
elements in the entire compound actuator solely as a position
sensor.

In this paper, self-sensing actuation (SSA) employing the
PZT element as a secondary actuator, and displacement sensor
is explored simultaneously. This idea was first brought to the
HDD industry by Sasaki in 1999, but since then no results
were documented till recently where [17] and [11] appeared
simultaneously. Yanado et al. [17] uses the strain and strain rate
information from SSA for active vibration control of the PZT
microactuator, using positive position feedback (PPF) and strain
rate feedback (SRF), respectively. Pang et al. [11] focus on the
SNR issues in using the PZT microactuator with SSA and use
the PZT microactuator’s displacement information for active-
mode damping (AMD) of the PZT microactuator for dual-stage
sensitivity optimization.

With the natural collocation of the actuator and sensor, we
propose a simple and robust AMD controller for the PZT
microactuator. Together with PES, the PZT microactuator’s
displacement information is used to decouple the dual-stage
servo system into two loops for track-following controller de-
sign and individual sensitivity optimization. Our experimental
and simulation results show the effectiveness of the proposed
scheme.

This paper is organized as follows. Section II gives a brief
introduction on dual-stage servo systems in HDD. Section II
discusses about SSA and implements a collocated sensor cir-
cuit on the PZT microactuator. The dual-stage controller design
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Fig. 1. Modified DMS configuration with PZT microactuator saturation con-
siderations [4].

using the estimated PZT microactuator displacement for AMD
and track following is proposed in Section IV. The performance
of the proposed control scheme and experimental results are dis-
cussed in Section V. The conclusion and future work directions
are summarized in Section VI.

II. DUAL-STAGE SERVO SYSTEMS

The main classifications of HDD dual-stage servo systems
in ascending order of size are: 1) the head based, where the
microactuator is attached between the slider and the read/write
head; 2) the slider based, where the microactuator is inserted
between the suspension and the slider; and 3) the suspension
based, where the microactuator is placed between the arm
of the VCM and the suspension. Depending on the location
in which the microactuator is placed, the control topology
and design for a dual-stage HDD differs. The slider- and
head-based microactuators are manufactured by the micro-
electromechanical system (MEMS) technology, and are hence
known as MEMS microactuators. In our discussions and ex-
periments, we are using the suspension-based microactua-
tors actuated by PZT elements, or PZT microactuator for
short.

Among the many dual-stage control designs proposed, the
parallel configuration and the decoupled master–slave (DMS)
configuration are the most widely used configurations. Readers
referred to [14] for details on other control topologies. In the
rest of the paper, we use the modified DMS dual-stage control
structure with saturation as shown in Fig. 1 with GV, GM, CV,
and CM being the VCM, PZT microactuator, VCM controller,
and PZT microactuator controller, respectively. This configura-
tion is used for its simplicity and effectiveness in dealing with
microactuator saturation issues [4].

In the DMS configuration, more control emphasis is placed
on the microactuator (master) than the VCM (slave). This con-
figuration constructs an off-line estimator G∗

M to predict the
displacement of the secondary actuator yM. As such, the VCM
is driven by its decoupled loop error signal eV as can be seen
from Fig. 1. If G∗

M produces a good estimation y∗
M such that

y∗
M ≈ yM, we can obtain decoupling of the two actuator loops.

Fig. 2. Proposed SSA–DMS dual-stage control topology. The PZT microac-
tuator’s displacement estimation circuit HB allows an online estimation of PZT
microactuator’s displacement y∗

M.

This enables individual loop control and sensitivity optimization
for better disturbance rejection capabilities.

Because of the limited displacement range of the microactua-
tor, the control efforts for the two actuators should be distributed
properly when designing respective controllers to prevent satu-
ration of the microactuator. An effective dual-stage loop should
adhere to the guidelines given in [6] so that the actuators will
not conflict with each other’s control authority, causing negative
interferences.

In this paper, we propose an SSA–DMS dual-stage control
topology as shown in Fig. 2. Unlike the conventional DMS
structure where only PES is used, this proposed SSA–DMS
control topology uses PES and the estimated PZT microactua-
tor’s displacement y∗

M obtained from SSA for feedback control.
The digital inverse of displacement estimation circuit H−1

B (z)
replaces the off-line estimator G∗

M in the conventional DMS
configuration to obtain a real time estimated y∗

M for actively de-
coupling the dual-stage loop so that the controller designs and
sensitivity optimization for the VCM and the PZT microactuator
can be carried out independently. Further, y∗

M is also in AMD
controller CD to damp the PZT microactuator suspension’s tor-
sion modes and sway mode in the inner loop compensation,
which was previously impossible if y∗

M arising from the dis-
placement estimation circuit HB using SSA was unavailable.
The details on design of CV,H−1

B , CD, and CM are presented
in future sections.

III. ONLINE ESTIMATION OF PZT MICROACTUATOR’S

DISPLACEMENT Y ∗
m

In this section, we shall detail the procedure in obtaining an
online estimation of PZT microactuator’s displacement y∗

M. The
SNR and resolution of the estimated y∗

M will also be compared
to the measured yM from the LDV.
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Fig. 3. Bridge circuit employing the PZT microactuator as actuator and sensor
simultaneously. The PZT elements are modeled as a capacitor CPZT with
dependent voltage source vM.

A. Self-Sensing Actuation (SSA)

When piezoelectric materials (e.g., PZT elements) are sub-
jected to strain, charges arise on the surface of the material and
hence setting up an electric field analogous to back electro-
motive force (EMF) in electromagnetic systems. This property
allows the piezoelectric material to be used as an actuator and
sensor simultaneously or common known as SSA. SSA has al-
ready been applied to many practical engineering problems (e.g.,
control of robot manipulators and cantilever beams; see [10]
and the references therein). SSA is attractive in active control
applications because the actuator and sensor arrangement is a
truly collocated (or in many applications near collocated) pair,
and hence avoids nonminimum phase zero dynamics, which
degrades tracking performance.

In a PZT microactuator, the PZT elements can be modeled
as a capacitance in series with a variable voltage source, the ca-
pacitor representing the dipoles, and the variable voltage source
representing the electric field setup by the dipoles during ac-
tuation. If the capacitance of the PZT elements is known, we
can decouple the variable voltage (hence strain/displacement
information) using a bridge circuit. For our application, we con-
struct a bridge circuit shown in [10] to generate displacement
(proportional to strain) required for active control.

B. Bridge Circuit

The PZT elements in the PZT microactuator are modelled as
a capacitor CPZT in series with a dependent voltage source vM,
as shown in Fig. 3.

When the bridge circuit is subjected to control voltage uM,
the PZT microactuator is actuated to give displacement yM. The
voltage vM generated is hence proportional to yM (arising from
mechanical strain) of the PZT microactuator, and can then be
decoupled from uM using a differential amplifier. As such, we

Fig. 4. Frequency response of differential amplifier setup consisting of
HP1142A differential probe control and Brüel and Kjær voltage amplifier.

can obtain the following equations from Fig. 3:

v1 =
CPZT

C1 + CPZT
(uM − vM) (1)

v2 =
C2

C2 + C3
uM (2)

vs = v2 − v1

=
(

CPZT

C1 + CPZT
− C2

C2 + C3

)
uM

+
CPZT

C1 + CPZT
vM. (3)

The measured capacitance CPZT of the PZT elements in the
PZT microactuator is 160 µF. Resistors R1 and R3 are some-
times placed in parallel with capacitors C1 and C3 to prevent
dc drifts. By making capacitors C1 = C2 = C3 = CPZT, the
bridge circuit is balanced and a PZT microactuator displace-
ment estimator is established with

vs =
CPZT

C1 + CPZT
vM

=
vM

2
. (4)

As such, vM is decoupled from the control signal uM and can be
used for control purposes. Moreover, when applied to dual-stage
HDDs, SSA requires only additional cheap electronic circuitry
and does not reduce the effective actuation of the PZT microac-
tuator. The only tradeoff we have is that a larger control signal
uM is needed for the same amount of displacement actuation as
compared to no-bridge circuit.

For our experiments, a differential amplifier setup consisting
of the HP1142A differential probe control (with power module)
and Brüel and Kjær voltage amplifier for low noise and high gain
amplification is used. The frequency response of the differential
amplifier setup with a gain of 10 is shown in Fig. 4.

It should be noted that any high-speed low-noise instrumen-
tation amplifiers (e.g., AD524 from Analog Devices) can be
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Fig. 5. Frequency response of displacement estimation circuit HB.

TABLE I
PARAMETERS OF HB(s)

used. The differential amplifier setup has constant gain with
little phase distortion from 100 Hz to 10 kHz.

C. Identification of Displacement Estimation Circuit HB

The PZT microactuator displacement estimation circuit HB

consists of the PZT microactuator/sensor and the differential
amplifier setup. As vM (hence vs) arises from yM,HB should
be modelled by a transfer function HB(s) = (vs(s)/yM(s)).
Making the VCM stationary, we connect yM measured from the
laser doppler vibrometer (LDV) to channel 1 and vs from the
differential amplifier setup output to channel 2 of the dynamic
signal analyzer HP 35670A (DSA). The frequency response of
HB(s) is measured with swept sine excitation and is shown in
Fig. 5.

To identify HB(s), the following sixth-order transfer function
is used:

HB(s) = KB
ω2

1

s2 + 2ζ1ω1s + ω2
1

ω2
2

s2 + 2ζ2ω2s + ω2
2

× ω2
3

τ

s + τ

s2 + 2ζ3ω3s + ω2
3

. (5)

The values of KB, ζi, ωi, and τ for i = 1, 2, and 3 are shown in
Table I.

D. Performance Analysis

A digital inverse of HB(s),H−1
B (z), is constructed at a sam-

pling frequency fs of 100 kHz to provide an estimate of the PZT

Fig. 6. Time responses with uM = 10 sin(2π10 × 103t) V. (Top) PZT
microactuator’s displacement yM measured from LDV with resolution of
0.5 µm/V. (Bottom) Estimated PZT microactuator’s displacement y∗

M from
digital bridge circuit inverse H−1

B (z). The PZT microactuator is actuating at
about ±37.5 nm in radial directions.

microactuator displacement y∗
M. The model inverse H−1

B (s) is
constructed as

H−1
B (s) =

τω5
β

KBω2
1ω2

2ω2
3

s2 + 2ζ1ω1s + ω2
1

(s + τ)(s + ωβ )

× s2 + 2ζ2ω2s + ω2
2

(s + ωβ )2
s2 + 2ζ3ω3s + ω2

3

(s + ωβ )2
(6)

where ωβ = (πfs/β) and 1 ≤ β < 1.2 is usually chosen so that
the H−1

B (s) is realizable. The poles are chosen near the Nyquist
frequency fs/2 to maximize the dynamic range of H−1

B . A
saturation function is also included to mimic the saturation of
the PZT microactuator.

While a sixth-order transfer function is computationally in-
tensive, it is still more efficient than the eight-order estimator
G∗

M (digital PZT microactuator model as shown in Fig. 11) used
in conventional DMS control structures. With the inverse dy-
namics available, vs is channeled into the digital inverse H−1

B (z)
so that its output y∗

M estimates the PZT microactuator’s displace-
ment yM measured using the LDV. This allows us to evaluate
the effectiveness of PZT microactuator displacement estimation
circuit HB in nanoposition sensing for usage in the dual-stage
HDDs.

1) SNR Analysis: For brevity but without loss of general-
ity, the performance of the sensor circuit is examined with si-
nusoids of frequencies at 10 and 30 kHz for illustration pur-
poses. This is done by making the VCM stationary and exciting
the PZT microactuator with uM = 10 sin(2π10 × 103t) V and
uM = 10 sin(2π30 × 103t) V, respectively. The time responses
of the measured PZT microactuator’s displacement yM using a
LDV and the estimated displacement y∗

M from the digital in-
verse H−1

B (z) are shown in Figs. 6 and 7. The small phase
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Fig. 7. Time responses with uM = 10 sin(2π30 × 103t) V. (Top) PZT mi-
croactuator’s displacement yM measured from LDV with resolution of 0.5µm/V.
(Bottom) Estimated PZT microactuator’s displacement y∗

M from digital bridge
circuit inverse H−1

B (z). The PZT microactuator is actuating at about ±37.5 nm
in radial directions.

Fig. 8. Time responses with uM = 2.5 sin(2π30 × 103t) V. (Top) PZT mi-
croactuator’s displacement yM measured from LDV with resolution of 0.5µm/V.
(Bottom) Estimated PZT microactuator’s displacement y∗

M from digital bridge
circuit inverse H−1

B (z). The PZT microactuator is actuating at about ±10 nm
in radial directions.

differences between the two signals are due to the phase loss
during sampling and imperfect modeling of HB.

If we reduce the source level of control signal uM further, it
can be seen from Figs. 8 and 9 that the estimated PZT microac-
tuator’s displacement y∗

M still resembles yM measured from the
LDV well with high SNR at nanometer resolution and accuracy
even when the PZT microactuator is actuating at ±5 and ±10
nm in radial directions.

The measured yM from the LDV becomes distorted when
the PZT microactuator is actuating at about ±5 nm in radial
directions, as shown in Fig. 9. However, the PZT SNR is low only
when the PZT microactuator is actuated to less than 2 nm (not

Fig. 9. Time responses with uM = 1.2 sin(2π30 × 103t) V. (Top) PZT mi-
croactuator’s displacement yM measured from LDV with resolution of 0.5µm/V.
(Bottom) Estimated PZT microactuator’s displacement y∗

M from digital bridge
circuit inverse H−1

B (z). The PZT microactuator is actuating at about ±5 nm in
radial directions.

Fig. 10. Frequency response of measured PZT microactuator’s displacement
from LDV yM to estimated PZT microactuator’s displacement y∗

M. The PZT
microactuator is set to actuate at about ±8 nm in radial directions.

shown), which makes the displacement estimation circuit HB

comparable to the measurements from the LDV in nanometer
resolution.

2) Correlation Analysis: By setting the peak-to-peak level
of uM to 2 V corresponding to the PZT microactuator actuating
at about ±8 nm in radial directions, the frequency response of
the measured PZT microactuator’s displacement from LDV yM

to the estimated PZT microactuator’s displacement y∗
M is shown

in Fig. 10.
It can be seen from Fig. 10 that the estimated PZT microac-

tuator’s displacement y∗
M correlates well with measured PZT

microactuator’s displacement from LDV yM from about 300 Hz
onward even at small displacements of ±8 nm. This makes the
displacement estimation circuit HB effective only in the higher
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Fig. 11. Frequency response of PZT microactuator.

frequencies, which is tolerable as low frequency error rejection
is mainly done by the VCM. The high frequency accuracy is also
essential for effective inner-loop compensation AMD control to
actively damp the high-frequency PZT microactuator’s torsion
and sway modes to be discussed in future sections.

IV. SSA–DMS DUAL-STAGE CONTROLLER DESIGN

With the measured PES and online estimated PZT microac-
tuator’s displacement y∗

M, we can proceed to design the SSA–
DMS dual-stage track-following and AMD controllers in Fig. 2.
The designs of the VCM controller CV and the PZT microac-
tuator controller CM are discussed in Sections IV-A and IV-C,
respectively. The AMD controller design using y∗

M is discussed
in Sections IV-B.

A. VCM Controller

Suppose the dominant VCM resonant modes are compen-
sated for by notch filters and the compensated model can be
approximated by a double integrator in the frequencies of inter-
est. A lag-lead compensator recommended in [4] is used as the
VCM controller. This design methodology uses the lag portion
of the controller to increase the low-frequency gain for low-
frequency disturbance rejection and tracking accuracy. The lead
portion of the controller increases the phase margin to ensure
stability during crossover region. This design also requires the
servo designer to tune only one parameter α for the desired gain
crossover frequency fV. A slight modification is made and the
controller takes the following form [12]:

CV(s) = KV

s + 2πfV
2α

s + 2π10
s + 2πfV

α

s + 2α2πfV
(7)

with 5 < α < 10 used typically. KV can be calculated by setting
|CV(j2πfV)GV(j2πfV)| = 1.

B. AMD Controller

In conventional HDDs, noncollocation of actuators (VCM)
and sensor (R/W head) exists. However with SSA, the col-
location of PZT microactuator and PZT microactuator’s dis-
placement sensor issue is nearly achieved. The estimated PZT
microactuator’s displacement y∗

M can be used for many con-
trol methodologies, e.g., dual-input single-output (DISO) robust
control synthesis. In this section, we present a robust AMD con-
troller design for damping the PZT microactuator suspension’s
torsion modes and sway modes.

The PZT microactuator behaves like a pure gain in low fre-
quencies coupled with a number of resonant poles and anti-
resonant zeros at high frequencies, as can be seen in Fig. 11.

The identified model GM(s) is

GM(s)

= 0.9875 · · ·

× s2 + 2(0.01)(2π5 × 103)s + (2π5 × 103)2

s2 + 2(0.05)(2π4.41 × 103)s + (2π4.41 × 103)2

× s2 + 2(0.01)(2π7.1 × 103)s + (2π7.1 × 103)2

s2 + 2(0.01)(2π6.62 × 103)s + (2π6.62 × 103)2

× s2 + 2(0.03)(2π17.3 × 103)s + (2π17.3 × 103)2

s2 + 2(0.07)(2π11 × 103)s + (2π11 × 103)2

× (2π20.8 × 103)2

s2 + 2(0.001)(2π20.8 × 103)s + (2π20.8 × 103)2
.

(8)

The PZT microactuator suspension has identified torsion modes
at 4.31 and 6.52 kHz and sway mode at 21.08 kHz.

We propose an AMD controller CD,i(s) for each resonant
mode i as

CD,i(s) = KD,i

s + ωn , i

εi

s + κ iωn , i

εi

s + ωn,i

s + εiωn , i

κ i

(9)

to increase the damping ratios (hence smaller amplitudes) of the
PZT microactuator suspension’s torsion modes and sway mode.
KD,i is set to εi in most cases. εi and κi are tuning parameters.
1 < εi ≤ P is chosen usually for robustness against natural fre-
quency variations P%, where P < 3 for most physical systems.
5 < κi < 15 is then chosen to determine the amount of phase lift
required to stabilize the resonance mode at the natural frequency
ωn,i . The overall AMD controller CD is given by

CD(s) =
N∏

i=1

CD,i(s) (10)

where N = 3 in this case. Phase lead compensators are some-
times added to reduce the phase loss introduced by the AMD
controllers and to increase the gain of the PZT microactua-
tor’s displacement for high-frequency mode detection. CD can
be thought of as a general case of traditional PPF vibration
controller [3] with additional minimum phase zeros. The zeros
prevent causality issues in PPF arrangements and improve the
robust stability margin of the closed-loop system, as will be illus-
trated later. The proposed AMD controller in essence increases
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Fig. 12. Simulated frequency responses of PZT microactuator with AMD.

the gain of each resonant mode but stabilizes the PZT microac-
tuator loop using a phase lead from the zeros at (ωn,i/εi), which
is a common result when using optimal control methods such
as H∞ loop shaping techniques.

Assuming that the PZT micro-actuator GM has resonant
modes at natural frequencies ωn,i with the AMD controller CD

in the feedback path as shown in Fig. 2. The following equation
closed-loop equation holds:

yM(s)
uM(s)

=
GM(s)

1 + CD(s)GM(s)
(11)

if the closed-loop system is stable. The gains of the modes are
suppressed by the AMD controller at the frequencies ωn,i of the
resonant modes effectively by a factor of (1/|CD(jωn,i)|)

∣∣∣∣ yM(jωn,i)
uM(jωn,i)

∣∣∣∣ =
∣∣∣∣ GM(jωn,i)
1 + CD(jωn,i)GM(jωn,i)

∣∣∣∣
≈ |GM(jωn,i)|

|CD(jωn,i)GM(jωn,i)|

=
1

|CD(jωn,i)|
(12)

if |CD(jωn,i)GM(jωn,i)| � 1.
The simulated frequency responses of AMD controller CD(s)

and the open-loop transfer function CD(s)GM(s) are shown in
Fig. 12. With CD(s) in the feedback path as shown in Fig. 2
and (11), the loop is closed to damp the PZT microactuator
suspension’s torsion modes and sway mode. Fig. 13 shows that
the PZT microactuator suspension’s torsion modes at 4.31 and
6.52 kHz as well as sway mode at 21.08 kHz are all damped by
the AMD controller CD. The oscillations causing deviation of
the R/W head from the track center during reading process are
hence greatly reduced.

However, from Fig. 13, it can also be seen that the pro-
posed AMD controller CD(s) is more effective in suppress-

Fig. 13. Experimental frequency responses of PZT microactuator.

Fig. 14. Simulated step responses of PZT microactuator with and without
AMD.

ing the sway mode of the PZT microactuator at 21.08 kHz
(>30 dB) than the torsion modes at 4.31 and 6.52 kHz (≈5
dB). This is apparent as the estimated PZT microactuator’s
displacement y∗

M from the displacement estimation circuit HB

is only effective in measuring in-plane components (making
in-plane sway modes controllable) of the PZT microactuator
and not the torsion modes (out-of-plane weakly controllable
modes). The PZT microactuator’s displacement estimation cir-
cuit HB is a scalar signal and hence the control effectiveness
of the system is reduced due to more degrees-of-freedoms
(DOFs) in the PZT microactuator’s suspension than control
inputs.

The simulated step responses of the PZT microactuator with
and without the proposed AMD controller CD are shown in
Fig. 14. The transfer function of the step response with AMD
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Fig. 15. Identified model of PZT microactuator with AMD control.

controller yAMD(s) is given by

yAMD(s)

=
1260897508.4794

s(s2 + 7380s + 3.808e8)
· · ·

× (s + 3.142e5)2(s2 + 5542s + 7.678e8)
(s2 + 1148s + 9.809e8)(s2 + 2.51e4s + 1.468e9)

× (s2 + 314.2s + 9.87e8)(s2 + 8319s + 1.73e9)
(s2 + 539.3s + 1.958e9)(s2 + 4.074e4s + 6.199e9)

× (s2 +446.1s+1.99e9)(s2 +3261s+1.182e10)
(s2 +5.717e5s+8.846e10)(s2 +1.208e4s+1.232e10)

× s2 + 2.614e4s + 1.708e10
s2 + 1.644e4s + 4.248e10

. (13)

C. PZT Microactuator Controller

With the main resonant modes of the PZT microactuator
dampened, we proceed to identify the mathematical model of
the PZT microactuator with AMD control. In this section, a
track-following controller CM(s) is designed for this identified
model.

Let the transfer function of the PZT microactuator with AMD
control from uM(s) to yM(s) be GC

M(s) where the superscript C
indicates the presence of AMD controller. Using a second-order
model, we identify GC

M as

GC
M(s)

= 0.25
(2π9 × 103)2

s2 + 2(0.04)(2π9 × 103)s + (2π9 × 103)2
.

(14)

The frequency responses from the experiment and mathemat-
ical model are plotted in Fig. 15. A low-order model is used for
identifying GC

M, which suffices as the gain stabilization of the
PZT microactuator loop is used and the amplitudes of the PZT

microactuator’s resonant modes with AMD control are all very
small.

Using the model of GC
M, the PZT microactuator track-

following controller of the form

CM(s) = KM
1
s2

s + 2π fM
β

s + 2πβfM
(15)

is used to control GC
M. Where fM is the gain crossover frequency

of the open loop PZT microactuator path and β is a tuning
parameter for intended disturbance attenuation. 1 < β ≤ 1.2
is used typically, and KM can be found with the relation
|CM(j2πfM)GM(j2πfM)| = 1.

The PZT microactuator controller CM is in essence a double
integrator in series with a lead compensator. The lead compen-
sator is added to improve phase margin at the gain crossover
frequency and hence closed-loop stability in the PZT microac-
tuator loop. Integrators are placed to ensure steady-state accu-
racy in the PZT microactuator loop required for fast tracking
and error rejection. Also, the integrators are essential to test
the effectiveness of the bridge circuit in estimating the PZT
microactuator’s displacement and at the same time filter the
high-frequency noise in the displacement estimation circuit. β
can be used to tune the damping ratio of the closed-loop system.
For implementation purposes, a slight modification to the above
proposed controller in (15) becomes

CM(s) = KM
σ2

(s + σ)2
s + 2π fM

β

s + 2πβfM
(16)

where σ is chosen to be σ < 100. This practical modification
prevents a large low-frequency gain, which saturates the PZT
microactuator and causes integrator windup.

V. SYSTEM EVALUATION

In this section, we investigate the robustness of the proposed
AMD controller CD(s). The performance of the proposed dual-
stage control topology, sensitivity transfer functions of the VCM
loop, PZT microactuator loop, and dual-stage loop are pre-
sented. The 3σ PES of using the different control schemes are
also compared.

A. Robustness Analysis

To illustrate the robustness of the proposed AMD controller
CD, we carry out simulations with ±10% shift in natural fre-
quencies of the modes in the PZT microactuator, as shown in
Fig. 16.

The corresponding closed-loop transfer functions and step
responses are shown in with the same designed AMD controller
CD(s) as shown in Figs. 17 and 18, respectively. From these
figures, it can be seen that the proposed AMD controller CD is
robust to resonant frequencies shifts up to ±10% using phase
stabilization, hence avoiding the use of notch filters required
for attenuating the gain of the modes. This method avoids the
use of digital notch filters to attenuate the gain of the reso-
nance modes as they are sensitive to transients of residual vi-
brations [15] and not robust to parametric variations. Shifts in
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Fig. 16. Frequency responses of PZT microactuator with ±10% shift in nat-
ural frequencies.

Fig. 17. PZT microactuator’s inner closed-loop transfer functions.

natural frequencies often results in mode splitting and spill-over
phenomenon, which compromises the closed-loop stability of
the closed-loop system.

B. Decoupling Analysis

Referring to the SSA–DMS dual-stage control topology in
Fig. 2, the following equations hold:

LD = (1 + CMGM)CVGV + CMGM (17)

SD =
1

(1 + CMGM)(1 + CVGV)

= SMSV (18)

TD =
(1 + CMGM)CVGV + CMGM

(1 + CMGM)(1 + CVGV)
(19)

where LD, SD, and TD are the dual-stage open loop, sensitivity,
and complementary sensitivity transfer functions, respectively.
SV and SM are the sensitivity transfer functions of the VCM
path and PZT microactuator path, respectively.

Fig. 18. Simulated step responses of PZT microactuator with ±10%.

The sensitivity transfer function of the dual-stage servo sys-
tem SD is the product of the sensitivities of the VCM path
and PZT microactuator path. As such, these sensitivity transfer
functions are a measure of the extent of decoupling between the
VCM path and PZT microactuator path.

For our design and experiment, we set fM to be about 3 kHz.
This high-gain crossover frequency—translating directly into
a high dual-stage open-loop gain crossover frequency—is nor-
mally not achievable without AMD control, as the first dom-
inant resonant mode of the PZT suspension-based microac-
tuator is usually at 5–10 kHz. As no notch filters are used,
two integrators are used for a high-gain reduction rate of about
−40 dB/dec after gain crossover frequency fM for closed-loop
stability by keeping loop gain less than unity. The integrators
are also important in sensitivity optimization via loop shaping
of the dual-stage open-loop transfer function. The high roll-off
rate after fM causes the dual-stage open loop in the Nyquist
plot to avoid the unit circle centered at −1 + j0, a region where
feedback increases the sensitivity rather than decreasing it. The
simulated sensitivity transfer functions of the VCM loop SV,
PZT loop SM, and dual-stage loop with and without AMD are
shown in Fig. 19.

The experimental sensitivity transfer functions SV, SM, and
SD are shown in Fig. 20. It can be seen from the sensitivity
transfer functions that indeed SD = SVSM. However, because
of the high gain feedback from the SSA loop, the low-frequency
gain of the PZT microactuator in CM is decreased to prevent
saturation of the PZT microactuator. The estimated PZT mi-
croactuator’s displacement y∗

M decouples the VCM path and
PZT microactuator path into two distinct loops for individual
path’s sensitivity optimization. This method of using the real-
time PZT microactuator’s displacement estimation y∗

M is far
more accurate and robust to parameter as well as environmental
variations. SD is shaped independently such that the lag portion
of the VCM controller CV is used for low-frequency disturbance
rejection capabilities and tracking performance while the AMD
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Fig. 19. Simulated sensitivity transfer functions of different control schemes.

Fig. 20. Experimental sensitivity transfer functions using proposed
SSA–DMS dual-stage control topology.

controller CD and integrators in the PZT microactuator con-
troller CM are used to ensure a low hump in the high-frequency
sensitivity after crossover frequency. The low-sensitivity hump
retains good disturbance rejection capabilities and avoids am-
plification of output disturbances at higher frequencies [12].

C. 3σ PES

For simulation purposes, additive zero mean white noise with
variance of 0.01 is added to the PZT microactuator’s displace-
ment to mimic sensing noise in the PZT elements. The 3σ PES
of different control schemes used in the PZT microactuator loop
for a dual-stage HDD is shown in Fig. 21, using vibration and
noise models in [2].

Fig. 21. Comparison of 3σ PES with different control schemes.

The conventional DMS scheme uses digital notch filters to
attenuate the gain of the resonant modes in the PZT microac-
tuator, as depicted in Fig. 1. In the SSA–DMS scheme, digital
notch filters together with CD = 0 are used, as shown in Fig. 2.
The main difference between the conventional- and SSA–DMS
schemes is that SSA–DMS is able to pick up real-time PZT mi-
croactuator’s displacement while the conventional DMS scheme
relies on an off-line estimator to estimate the displacement. The
SSA–DMS with AMD control topology includes the proposed
AMD controller CD to damp the PZT microactuator’s torsion
modes and sway modes.

It can be seen that AMD control is robust for ±10% shifts in
frequencies of the resonant modes ωR. When SSA–DMS and
AMD are employed simultaneously, better servo positioning
capabilities are achieved with a reduction of up to 20% in 3σ
PES.

VI. CONCLUSION

In this paper, we use SSA to construct a cheap and collo-
cated PZT microactuator’s displacement sensor with nanoposi-
tion resolution. The proposed displacement estimation circuit
HB estimates the PZT microactuator’s displacement yM with
high correlation and high SNR without compromising the ef-
fective actuation of the PZT microactuator. y∗

M is used to design
a robust AMD controller to actively damp the PZT microactuator
suspension’s torsion modes and sway mode, as well as decou-
ple the dual-stage loop. Experimental results show the proposed
dual-stage servo loop is effectively decoupled, and sensitivities
in the VCM path and PZT microactuator path can be optimized
individually to obtain a low-sensitivity hump servo system. An
improvement of 3σ PES by up to 20% is also observed when
both SSA and AMD control are employed simultaneously. Fu-
ture works include applying to servo track writing (STW) tech-
nologies as well as servo test stands for higher kilo tracks per
inch demonstrations.
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