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ABSTRACT
We have implemented the design of a dual-stage actuator

tape head for enhanced reduction of lateral tape motion (LTM)
disturbance. Our design consists of a conventional voice coil mo-
tor (VCM) and a micro-actuator for coarse and fine positioning,
respectively. The micro-actuator, which is mounted on the VCM,
uses a piezo crystal and allows following LTM up to the kHz
regime, while the VCM follows low frequency LTM. Using step
response measurements and a realization algorithm, we have
created a multi-input discrete-time model of the dual-stage actu-
ator. Based on the model, we designed and implemented a dual-
stage controller, using a dual-input single-output approach based
on a PQ method. The dual-stage controller controls the position
of both actuators and enables an increased track-following band-
width along with a control signal that is smaller in magnitude
than that for a conventional single-stage tape head.

1 INTRODUCTION
State-of-the-art tape drives use a servo mechanism to reject

disturbances such as lateral tape motion (LTM). Lateral tape mo-
tion is defined as the motion of the tape perpendicular to the tape
transport direction. A schematic of a typical tape transport is
shown in Fig. 1. The tape moves from the supply reel to the
take-up reel at velocity v. Data are written on the tape and read
from the tape by the read/write head. The lateral position of the
tape head is determined by means of a timing based servo pattern
on the magnetic tape [1], and is adjusted by a voice coil motor

∗Address all correspondence to this author: uwe@talkelab.ucsd.edu

(VCM) actuator. The read/write head attempts to follow lateral
tape motion. However, the magnitude of the control signal is
limited by available power in the tape drive, and, thus, the band-
width of the servo actuator is limited. As a result, high frequency
LTM cannot be followed by the servo actuator. This might result
in track misregistration, in particular, when narrower tracks are
used to accommodate higher storage densities.

To increase the storage capacity on magnetic tapes, it is
important to improve the track following servo mechanism. A
novel design of a dual-stage actuator tape head was designed
by Raeymaekers et al. [2]. A state-of-the-art commercial tape
head was modified to include a piezo-based piggyback actuator
(PZT). The PZT only actuates the air bearing surface with the
read/write elements. This allows increasing the servo bandwidth
beyond 500 Hz, which is typically achievable with a VCM ac-
tuator while decreasing the magnitude of control signals and al-
lowing frequency separation between the actuators. In this paper
we show low bandwidth servo tracking for the VCM; the PZT
operates at higher frequencies so that an overall bandwidth im-
provement can be achieved.

2 EXPERIMENTAL SET-UP
The prototype of our dual-stage actuator tape head, has no

timing based servo capability. Instead, the servo mechanism is
mimicked by measuring the lateral position of the air bearing
surface using a Laser Doppler Vibrometer (LDV). Fig. 2a shows
a part of the the experimental set-up in a schematic. The model
of the dual-stage actuator G can be seen in Fig. 2 b) were GVCM
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Figure 1. SCHEMATIC OF A TYPICAL TAPE TRANSPORT.
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Figure 2. a) SCHEMATIC OF THE DUAL-STAGE ACTUATOR PROTO-
TYPE b) DUAL-INPUT SINGLE-OUTPUT MODEL.

and GPZT represent the dynamics of the VCM and the PZT, re-
spectively. uVCM and uPZT denote the system input whereas yLDV
denotes the system output, which is the position of the air bearing
surface.

To achieve the desired lateral displacement of the air bearing
surface by using the full range of the D/A convertor, a voltage
driver is used to operate the micro-actuator. In addition, a current
driver is used to actuate the voice coil motor. We use the velocity
output of the LDV to estimate the discrete time models of both
micro-actuator and voice coil motor. The data are sampled at
1MHz to avoid aliasing, and we use averaging (100 times) to
average out stochastic noise disturbances.

3 SYSTEM MODELING
The complexity of the mechanical system makes it difficult

to use a simplified physical model. Hence, experimental data are
used to obtain a discrete time model, using system identification.
The Generalized Realization Algorithm (GRA) proposed by de
Callafon [3] allows the direct estimation of a discrete time model
based on experimental data obtained from input/output relations.
As a result, one obtains a good approximation of the matrices
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Figure 3. STANDARD FORM OF A STATE SPACE REALIZATION

A,B and C of a standard state space realization, illustrated in
Fig. 3. Here, u(k) represents the system input, while yVCM(k) and
yPZT(k) represent the system output. To estimate a model of the
VCM and the micro-actuator, we have measured the response to
a 1V step-function. The measurement data are stored in a 2N×N
block Hankel Matrix Y

Y =



yv(1) yv(2) · · · yv(N)
yp(1) yp(2) · · · yp(N)
yv(2) yv(3) · · · yv(N +1)
yp(2) yp(3) · · · yp(N +1)

...
...

...
...

yv(N) yv(N +1) · · · yv(2N−1)
yp(N) yp(N +1) · · · yp(2N−1)


(1)

where N denotes the number of data points taken into ac-
count for each measurement.The vectors yv and yp denote the
measured step response of the VCM and the PZT, respectively.

The GRA is related to the Ho-Kalman algorithm [4] which
uses the decomposition of a Hankel matrix that contains the
Markov parameters (impulse response terms) of the system. In-
stead we use step response measurements. For a unit voltage step
input and a two-dimensional output, the modeling algorithm [3]
works as follows. The input/output relationship can be written in
a Hankel matrix representation

R = Y−E (2)

where Y is the output matrix described in (1) and E is the error
matrix. The error matrix is a row-wise listing of output signals
in block structure.

E =


yv(1) · · · yv(1)
yp(1) · · · yp(1)

...
...

...
yv(N) · · · yv(N)
yp(N) · · · yp(N)

 (3)
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The matrix R is decomposed into a 2N×n matrix R1 and
an N×n matrix R2, by using singular value decomposition. This
decomposition enables choosing the rank n, and, thus, the order
of the estimated model. The matrix R can be also described as

R̄ = Ȳ− Ē = R1AR2 (4)

Here, Ȳ is the the shifted version of Y given in (5)

Ȳ =



yv(2) yv(3) · · · yv(N +1)
yp(2) yp(3) · · · yp(N +1)
yv(3) yv(4) · · · yv(N +2)
yp(3) yp(4) · · · yp(N +2)

...
...

...
...

yv(N +1) yv(N +2) · · · yv(2N)
yp(N +1) yp(N +2) · · · yp(2N)


(5)

R̄ and Ē denote the shifted version of R and E, analogous to
Y and Ȳ. When R1, R2 and R̄ are known, the state space matrix
A can be estimated. The input matrix B and the output matrix C
can then be described as the first column of R2 and the first two
rows of R1, respectively. Based on a plot of the singular values
of R and a model validation, the model order was chosen to be
high enough to capture most of the system dynamics of both, the
VCM and the PZT.

The estimated 30th order model is validated in two different
ways. First, the model is used to simulate an input step which
is compared to the actual step response measurement. The result
of this time domain validation is illustrated in Fig. 4 and shows
excellent agreement between the simulated and measured step
response data. Fig. 4 a) shows the results for the voice coil motor
and Fig. 4 b) shows the results for the micro-actuator.

Secondly, the model is validated in the frequency domain,
by measuring the frequency response function of both the VCM
and micro-actuator with a dynamic signal analyzer. The result
of this frequency domain validation is shown in Fig. 5. Fig. 5 a)
shows the results for the voice coil motor and Fig. 5 b) shows the
results for the micro-actuator.

From Fig. 5, we observe good agreement between the mea-
sured FRF and the estimated model. The model captures almost
all high frequency resonance modes. Based on several measure-
ments with different fixtures for the tape head, we postulate that
the small resonance mode at 500Hz corresponds to the fixture of
the tape head. Furthermore, we believe that the resonance mode
at 2kHz corresponds to the eigenfrequency of the micro-actuator
(the spring-mass-damper system of the leaf springs and the air
bearing surface).
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Figure 4. TIME DOMAIN VALIDATION a) VOICE COIL MOTOR AND b)
MICRO-ACTUATOR
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Figure 5. FREQUENCY DOMAIN VALIDATION a) VOICE COIL MOTOR
AND b) MICRO-ACTUATOR

4 DUAL-STAGE CONTROLLER DESIGN
Dual-stage controllers are well-known in hard disk drive

technology [5]. However, in the design of our dual-stage actuator
tape head, the relative motion between the two actuators is un-
known, and we only use one position measurement to determine
the lateral position of the air bearing surface. Thus, the system is
considered as a dual-input single-output system (DISO).

The servo control structure for the dual-stage actuator tape
head is shown in Fig. 6. The signal e is the difference between the
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Figure 6. DUAL-STAGE ACTUATOR TAPE HEAD CONTROL DESIGN

desired lateral position of the tape head r and the actual lateral
position of the tape head y (controller output). The controller
design is based on the PQ method which was first proposed in
[6] and applied to a dual stage controller in hard disk drives in
[7]. The PQ method allows to decompose a DISO system into
two SISO systems. CVCM and CPZT are the VCM and micro-
actuator controllers. GVCM and GPZT represent the dynamics of
both actuators.

The VCM controller CVCM is given in (6). It contains an in-
tegrator to remove the steady-state error and reject disturbances.
A second order lead compensator increases the phase margin
and ensures stability in the feedback loop. The micro-actuator
controller given in (7) is designed as a high pass filter, since it
only needs to respond to LTM frequencies above several hun-
dred Hertz. Figure 7 a) shows the Bode diagram of the VCM,
while Fig. 7 b) shows the Bode diagram of the micro-actuator.

CVCM =
(z−0.8966)
(z−0.999)

· (z−0.9687)2

(z2−1.31z+0.6289)
(6)

CPZT = 7.43 · (z−0.999)
(z−0.7789)

(7)

The controller CSISO handles the closed-loop stability and
performance of the overall system. To increase the bandwidth
to the maximum achievable for this actuator, several notch filters
were used to cancel out high frequency resonance modes. Figure
8 shows the open loop transfer function of both actuators CVCM
and CPZT. The transfer function of the overall system CSISO ·
GSISO can be obtained by summing the transfer functions of the
VCM and the micro-actuator, i.e., CSISO ·GSISO = CSISO ·CVCM ·
GVCM +CSISO ·CPZT ·GPZT

We have compared the performance of our dual-stage con-
troller to a single-stage controller Css, which only uses the voice
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Figure 7. BODE PLOT OF a) CVCM AND b) CPZT
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Figure 8. OPEN LOOP TRANSFER FUNCTIONS

coil motor. Css uses a notch filter at 2kHz. The sensitivity func-
tion (error rejection function) of both the single-stage and dual-
stage controller are shown in Fig. 9.

From Fig. 9, we observe that the single-stage controller
design has a better disturbance rejection at frequencies below
240Hz, while the dual-stage controller has a better disturbance
rejection above that frequency. The system parameters for both
designs are listed in Table 1.

The closed loop bandwidth of the dual-stage design shows
an improvement of approximately 25% compared to the single-
stage design. However, the main advantage of the dual-stage ver-
sus the single-stage controller can be seen in Fig. 10. Figure 10
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Figure 9. CLOSED LOOP TRANSFER FUNCTION AND SENSITIVITY
FUNCTION OF SINGLE-STAGE AND DUAL-STAGE DESIGN

Table 1. SYSTEM PARAMETERS

Single-stage Dual-stage

gain margin 6dB 6.8 dB

phase margin 42 degrees 48 degrees

overshoot 33% 21%

5% settling time 1.1 s 0.8 s

closed loop bandwidth ≈ 800Hz ≈ 1kHz

a) shows the lateral position of the tape head, while Fig. 10 b)
shows the magnitude of the control signal, for a step response.
The solid line and the dashed line represent the dual-stage and
single-stage controller, respectively. The dotted line shows the
reference signal r, i.e., the desired lateral position of the tape
head.

The magnitude of the control signal of the VCM in the dual-
stage design is approximately three times smaller than in the
single-stage design, for the same displacement. Hence, the dual-
stage controller can reject disturbances with larger amplitudes
than the single-stage controller, since the available power in a
tape drive is limited.

5 CONTROLLER IMPLEMENTATION
The dual-stage controller was implemented in the dual-stage

actuator tape head prototype. We have applied a 100Hz square
wave reference signal of 0.1V amplitude. Figure 11 shows
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Figure 10. SIMULATED STEP RESPONSE FOR DUAL-STAGE AND
SINGLE-STAGE CONTROL DESIGN

0 2 4 6 8 01 21
50.0-

0

50.0

1.0

51.0
ecnerefer

tnemerusaem
ledom egats-laud detalumis

0 2 4 6 8 01 21
2.0-

1.0-

0

1.0

2.0

vo
lta

ge
 [V

]

0 2 4 6 8 01 21
2-

1-

0

1

2

]sm[ emit

a)

b)

c)

Figure 11. IMPLEMENTED CONTROLLER

the results. Figure 11 a) shows the lateral tape head position;
Fig. 11 b) shows the control signal for the voice coil motor;
Fig. 11 c) shows the control signal for the micro-actuator.

From Fig. 11, we observe that the dual-stage controller set-
tles the lateral position of the tape head to the desired (reference)
position within less than 1 ms. The simulated output signal and
the two simulated control signals are in very good agreement
with the measurements. To illustrate the frequency separation
obtained with the dual-stage controller, we have simulated the
individual displacement of both actuators. The results are shown
in Fig. 12. We observe that the VCM moves to the desired posi-
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tion slowly, while the micro-actuator acts fast and moves back to
its zero position, since there is no DC component in the control
signal for the micro-actuator.

6 DISCUSSION AND CONCLUSION
A dual-stage controller for a dual-stage actuator tape head

has been designed and implemented. The dual-stage design uses
less control energy than a comparable single-stage design. Thus,
it enables rejection of disturbances with larger amplitudes. The
estimated model shows an excellent agreement with the mea-
sured results.

Furthermore, we have achieved an improvement in the
closed loop bandwidth. However, since the first peak in the
FRF of the micro-actuator is close to the maximum achievable
closed-loop bandwidth of the VCM, this improvement is rela-
tively small. The mechanical design of the prototype could be
altered to yield a stiffer second stage. A higher stiffness would
move some of the low frequency resonance modes in the fre-
quency response function to a higher frequency, and, thus, would
allow a larger closed loop bandwidth.
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