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Dynamic Modeling and Control of a Piezo-Electric
Dual-Stage Tape Servo Actuator

Uwe Boettcher, Bart Raeymaekers, Raymond A. de Callafon, and Frank E. Talke

Center for Magnetic Recording Research, University of California San Diego, La Jolla, CA 92093-0401 USA

We present a data-based approach for modeling and controller design of a dual-stage tape servo actuator. Our method uses step
response measurements and a generalized realization algorithm to identify a multivariable discrete-time model of the actuator. The data
acquisition and modeling can be implemented in the servo firmware of a tape drive. We have designed a dual-stage controller, based on
the model, using loop shaping techniques adopted for multivariable control problems. We applied the procedure to the prototype of a
dual-stage actuator tape head to reduce the effect of lateral tape motion. The prototype consists of a conventional voice coil motor for
coarse positioning and a micro-actuator for fine positioning. The micro-actuator, which is mounted on the voice coil motor, uses a piezo
crystal to follow high-frequency lateral tape motion (up to the kilohertz regime), while the voice coil motor follows only low-frequency
lateral tape motion. Compared to a single-stage design, the dual-stage servo design provides a 25% bandwidth improvement and a voice

coil motor control signal that is much smaller in magnitude.

Index Terms—Magnetic tape recording, modeling, servosystems.

1. INTRODUCTION

AGNETIC tape recording has been used for digital data
M storage for more than 50 years. Storage capacity and
areal density of data bits have been increasing exponentially in
the past [1] and the price per gigabit of storage has decreased
significantly over the same time. The cost per gigabit is much
lower in tape storage devices than in hard disk drives [2]. A tape
in a tape drive is exposed to many disturbances during reading
and writing of data. Since tape is flexible, track densities are
generally much lower compared to hard disk drives. To increase
track density, improved track-following servo mechanisms are
needed [3]. 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 [4] and is adjusted by a voice coil motor
(VCM) for track following. The VCM rejects incoming distur-
bances such as lateral tape motion (LTM) which is defined as
the motion of the tape perpendicular to the tape transport di-
rection (see Fig. 1). LTM causes track misregistration and is a
limiting factor in achieving track densities above 1000 tracks
per inch (40 tracks per mm) [5]. Sources of LTM are imper-
fections of the reel motor, contacts of the tape edge with other
components of the drive, and friction of the surfaces or edges of
the tape with guidance elements [6]. Those disturbances occur
over the whole frequency range. However, high-frequency LTM
(above 500 Hz) is much smaller in magnitude than low-fre-
quency LTM [7]. Thus, a high bandwidth servo controller is de-
sired to reject LTM disturbances. The performance of the servo
is limited in state-of-the-art drives by saturation of the con-
trol signals. To increase the track density on magnetic tape, it
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Fig. 1. Schematic of a typical tape transport.

is necessary to improve the track following servo mechanism
using improved actuator and servo control designs. The idea
to include a second-stage actuator that moves a smaller inertia,
and, thus, enables a higher overall servo performance was pro-
posed for a hard disk drive (HDD) more than 15 years ago
[8]. Since then, many researchers have designed, studied and
implemented dual-stage actuators in HDDs using electrostatic,
electromagnetic ([9]-[16]), or piezoelectric effects ([17]-[21]).
Micro-actuators have been implemented mainly in experimental
devices rather than commercial applications. It is anticipated
that dual-stage actuators will become essential to allow fur-
ther increases in track density. In order to stay competitive with
HDDs, future tape drives will require track densities in excess
of 30 kilo tracks per inch (ktpi). Dual-stage actuators promise
to be a solution to obtain such high track densities.

In this study, a state-of-the-art commercially available tape
head [22] was modified [23] to include a piezo-based piggyback
actuator (PZT). The PZT is positioned to only actuate the air
bearing surface with the read/write elements. This increases
the servo bandwidth beyond 500 Hz (typically achievable only
with a VCM actuator) while maintaining or even decreasing
the magnitude of the control signals via frequency separation
between the actuators. Consequently, low-frequency servo
tracking is achieved with the VCM whereas high-frequency
tracking is obtained with the PZT actuator. Hence, an overall
bandwidth improvement can be achieved using appropriate
control algorithms.
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This paper illustrates a data-based approach for the design
of a multi-input, single-output (MISO) discrete time model of
a dual-stage actuator. In addition, the paper implements a dual-
stage controller using a MISO model and standard loop-shaping
techniques based on the PQ method [24].

II. SYSTEM MODELING

A. Generalized Realization Algorithm

The complexity of the mechanical system makes it difficult to
derive models from first principals. Instead, experimental data
are used to obtain a discrete time model using system identifica-
tion techniques. The Generalized Realization Algorithm (GRA)
proposed by de Callafon [25] allows the direct estimation of a
discrete time model based on experimental data obtained from
the input/output relationship. Specifically, this algorithm can be
used to generate a multivariable model of the dual-stage actu-
ator using simple step response measurements. Measurements
of this type can be integrated in the firmware of the tape drive
to facilitate the calibration of the tape servo system.

The GRA computes the state space matrices A, B, C and D
of a multivariable model of the dual-stage actuator, illustrated
in Fig. 2 where ¢ denotes the usual discrete-time shift oper-
ator. Here, u(k) represents the system input, while yycon (k) and
ypzr (k) represent the system output. The GRA is related to the
Ho-Kalman algorithm [26] which uses the decomposition of a
Hankel matrix that contains the Markov parameters (impulse re-
sponse terms) of the system. However, in the present approach,
step response measurements are used, representing a more re-
alistic experimental environment than using impulse response
measurements. For more details on the GRA see [25].

The input/output relationship of the system shown in Fig. 2
can be written as

Y=HU+E 6]
where Y is a Hankel matrix of the output signals, U is the input

matrix, and H is a Hankel matrix that contains the Markov pa-
rameters g(k) defined by

| D fork=0
9(k) = {CAk_lB for k > 1 @
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forming the matrix

H=TQ 3

where I' and Q are the observability and controllability matrix,
respectively, defined by

C
CA
I'= .

, Q=B A*Bl. @)

CAM!

The matrix E contains the effect of past input signals mul-
tiplied by the Markov parameters of the system. Since a step-
function is chosen as the input, and the system is considered
to be linear and time-invariant, E is a row-wise listing of past
output signals [25]. The key of the GRA is that a realization is
performed based on the weighted Hankel matrix R =Y — E,
allowing the use of step function input signals instead of im-
pulse response measurements.

The measured data are stored in a 2N x N Hankel Matrix Y

myv(1) yv(2) yv(N) T
Yp(1) Yp(2) Yp(IV)
w2 w(3) yo(N +1)
Y = yp<2) yp<3) ?/p<N + 1) 5)
yx<N) yv(N + 1) yv(2N - 1)
Lyp(N)  yp(N +1) Yp(2N — 1) ]

where IV denotes the number of data points for each measure-
ment. The vectors ¥, and y,, denote the measured step response
of the VCM and the PZT, respectively. E can be defined by

v (0) y+(0)
yp(O) yp(O)
B=| ©
yv(N - 1) yv(N - 1)
yp(N -1) yp(N -1

The weighted Hankel matrix R is defined as

R=Y-E=HU 7

and has the same rank as H. The matrix R is decomposed into
a 2N x n matrix R; and an n x N matrix R, by using sin-
gular value decomposition (SVD). This decomposition enables
choosing the rank n, and, thus, the order of the estimated model.
The SVD is applied to R as follows:

R=USVT = [U, U] ﬁ“ EO } [VHT} )
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where V and U are unitary matrices, and X is a diagonal matrix
that contains the singular values of the original matrix. The n
largest singular values are stored in ¥,, while X5 contains the
remaining smaller part. Using SVD and reducing R to a matrix
with rank n yields

R, = RiR; ©))

where R1 and Ry are defined by

Ry = U,XY? Ry =212v7 (10)

With (4), we have R; = I"'and R, = QU, where U has full
rank. The shifted version of Y is denoted by Y and defined by

Toue(2) Yv(3) Yo(N +1)7
yp(Z) yp(3) yp(N + 1)
Yv(3) yv(4) yv(N +2)
Y = Up(?’) yp(4) yp(N +2) (11)
y(N+1) yo(N +2) yv(2N)
Lyp(N +1) yp(N +2) yp(2N)

and the corresponding shifted version of R can be described as

R=Y -E. (12)
From (2) and (4) it can be observed that the shifted version of
R becomes

R =TAQU = R;AR,. (13)

Since Rq, Ry, and R are known, the state space matrix A
can be estimated. Therefore, the left and right inverse of (10)
can be defined as

r=w-20T RE=V, 212 (14)

and an estimation for the state space matrix A can be shown to
be

A = R;RR;. (15)

From (4) we observe that the input matrix B can be described
as the first column of R and that the first two rows of R; form

the output matrix C
C,
C= .
e

The feed-through term D contains only the first data point of
the two output signals after an input step, i.e.,

o= (p7)= (o))

(16)

7)
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Fig. 3. (a) Schematic of the dual-stage actuator prototype and (b) dual-input
single-output model.

B. Application of the GRA to the Dual-Stage Actuator
Prototype

The prototype of the dual-stage actuator tape head used
in this study does not have 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) with an independent timing based inter-
rupt for data acquisition. Fig. 3(a) shows a schematic of the
experimental set-up. The model of the dual-stage actuator G
is shown in Fig. 3(b) where Gvcy and Gpgzr represent the
unknown dynamics of the VCM and the PZT, respectively.
The signals uyvcwm and upzt denote the system input whereas
yr,pyv denotes the system output, which is the position of the
air bearing surface. With the state space model depicted in
Fig. 2 and the separation of the C and D matrix in (16) and
(17), the dynamics Gycm and Gpzt will be represented by the
discrete-time models

GVCM(Q) = Dv + Cv(qI - A)_lB

Gpzr(q) =Dy + Cp(¢T - A)™'B (18)

indicating common poles of Gy ¢y and Gpzr. In (18), I denotes
the identity matrix.

To achieve the desired lateral displacement of the air bearing
surface by using the full range of the D/A converter, a voltage
driver is used to operate the micro-actuator. In addition, a cur-
rent driver is used to actuate the voice coil motor. The velocity
output of the LDV provides the output data to estimate the dis-
crete time models of both the micro-actuator and voice coil
motor. The data are sampled at 1 MHz to avoid aliasing, and
time-based averaging minimizes the effect of noise disturbances
during the system identification phase. After downsampling to
20 kHz, the first N = 450 datapoints were considered for the
model estimation. The discrete-time models Gvcom and Gpzr
will be modeled at a sampling frequency of 20 kHz. The servo
controller will be implemented at the same sampling frequency
in real-time.

C. Model Validation

Using the GRA, one can obtain a plot of the singular values
of R (Fig. 4). Based on Fig. 4 and time and frequency domain
model validation, the model order can be chosen to be high
enough to capture most of the common system dynamics of
both, the VCM and the PZT actuator as indicated in (18).
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Fig. 4. Singular values of R in (a) linear and (b) logarithmic scale.
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Fig.5. Time domain validation using step response data for (a) voice coil motor
model Gy (g) and (b) micro-actuator model Gpzr(q).

From Fig. 4, any model with order larger than 20 will suffice.
Howeyver, to ensure that all the resonance modes relevant for
control design are captured, we chose an order of 30, allowing
also a good fit of the small resonance mode around 2 kHz. The
30th order model was 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 depicted in Fig. 5. Excellent agreement
is observed between the simulated and measured step response
data. Fig. 5(a) shows the results for the voice coil motor and
Fig. 5(b) shows the results for the micro-actuator.

To investigate the effectiveness of the proposed GRA method,
the model is validated in the frequency domain by measuring
the frequency response functions (FRF) of both the VCM and
the micro-actuator using a dynamic signal analyzer. Fig. 6(a)
shows the results for the voice coil motor and Fig. 6(b) shows
the results for the micro-actuator. It is observed that very good
agreement exists between the measured FRF and the estimated
model and that almost all high-frequency resonance modes are
captured. The VCM model shows also a low-frequency stiffness
that is related to the leaf springs that are included in the mechan-
ical design of the VCM.
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Fig. 6. Frequency domain validation (a) voice coil motor and (b)
micro-actuator.

III. DUAL-STAGE CONTROLLER DESIGN

A. PQ-Method

The relative motion between the two actuators of a dual-stage
actuator tape head is unknown, i.e., only one position measure-
ment is available to determine the lateral position of the air
bearing surface. Thus, the system is a dual-input single-output
system (DISO). Many different control design techniques for
dual-stage actuators have been developed. An overview of ap-
plied control techniques is given in [10]. The servo control struc-
ture for the dual-stage actuator tape head is shown in Fig. 7. The
position error signal PFES is the difference between the desired
lateral position of the tape head r and the actual lateral position
of the tape head y. Cycn and Cpyr are the VCM and micro-ac-
tuator controllers. Gy and Gpyzr represent the dynamics of
both actuators. The controller design is based on the PQ method
which was first proposed in [24] and applied to a dual stage con-
troller in hard disk drives in [27]. The PQ method allows to de-
compose a dual-input single-output system into two single-input
single-output systems and addresses interactions between the
actuators by means of frequency separation. The VCM and the
PZT counteract each other at the zeros of Gsiso which is the
parallel structure of both actuators illustrated in Fig. 7 and de-
fined as

Gsiso = Cvem - Gyvem + Cpzr - Gpzr. (19)

The main idea behind the PQ method is the observation that
the zeros of the model of Ggigo in (19) are equivalent to the
poles of the feedback connection shown in Fig. 8 where P and
Q are defined by

_ Cveml(q)

_ Gveum(q) and = G
pzT(q

Pla) = Gprzr(q)

Q(q) (20)
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Fig. 7. Dual-stage actuator tape head control design.
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Fig. 8. PQ method.

The model of the plant P(q) and the compensator Q(q) is
used to place the closed-loop zeros of the feedback-connection
depicted in Fig. 7. As indicated in (18), the multivariable state
space model of the dual-stage actuator has a common A- and
B-matrix. Hence, the computation of P is found by the standard
matrix manipulation

z(k+1) = Az(k) + By, (k)

yv(k) = Cx(k) + Dy, (k) (1)

where the new input and output of the system is represented by
yp(k) and y, (k), respectively. The state space matrices of P are
defined by

A=A-BD;'C,

B =BD;"

c=cC,-D,D,'C,

D =D,D;" (22)

where A, B, C,, C;,, D, and D,, are the state space matrices
given in (18).

After defining P, a controller @ for the feedback connection
shown in Fig. 8 is designed. The stability of this feedback con-
nection guarantees stability for the parallel structure described
in (19) and allows consideration of the dashed box in Fig. 7
as a single-input single-output system. Frequency separation is
achieved via closed-loop zero placement. Finally, the controller
Csiso is designed to ensure stability of the overall system and
to achieve desired bandwidth requirements.

B. Application of the PQ Method to the Model
of a Dual-Stage Actuator

@ and therefore C'ycy and Cpyzr can be parameterized using

- 2 _hg—b
and
-1
Cpz1(q) = KpzT * la=1) 24

(q —d1)

3021

50
"\\\\

—_ \\\
5 \\\\
(] \\\"\
S OfF _\\\\_
FS TN
g N\
=

-50

270 /_\_ﬂv,____\,\
=)
& 180}
g 80\ p’ \L
3 T~
& 90l |
a h

0
10° 10 10° 103 10*
Frequency (Hz)

Fig. 9. Bode response of open loop gain of P(g) - Q(q).

where Kvcum, Kpzr, a1, b1, b, ¢1, co are free design
parameters.

In the parameterization of (23), the VCM controller Cycym
contains an integrator to remove the steady-state error and reject
steady-state disturbances. A second order lead compensator in-
creases the phase margin and ensures stability in the feedback
loop. The micro-actuator controller given in (24) is designed
as a high pass filter, since it only needs to respond to high-fre-
quency disturbances due to LTM above several hundred Hertz.
Using standard root locus techniques, one can optimize the pa-
rameters of (23) and (24) for phase and gain margin leading
to Kvom = 1, Kpzr = 7.43, a1 = 0.8966, by = 1.9374,
by = —0.9384, ¢; = 1.3100, co = —0.6289, d; = 0.7789 for
the specific dual-stage actuator considered in this paper.

Fig. 9 shows the open loop Bode diagram of the loop gain
P-Q. The PZT dominates the response above the 0 dB crossover
frequency, the VCM responds below that frequency.

The controller Cgiso is designed to handle the closed-loop
stability and performance of the overall system. Notch filters
were used to suppress high-frequency resonance modes seen in
the dual-stage actuator model.

Due to the small mass of the piezo-based actuator, it is pos-
sible to cancel high-frequency resonance modes. Cancellation
of these modes for a single-stage controller requires large con-
trol signals. We used the design freedom in Csiso to demon-
strate this effect by providing additional cancellation of high-
frequency resonance modes at the expense of a higher controller
order. In particular, Csiso was chosen to be a 16th order filter.
Fig. 10 shows the open loop transfer function of both actuators.
The transfer function of the overall system Csiso - Gsiso can
be obtained by combining the transfer functions of the VCM
and the micro-actuator, i.e., Csis0 - Gsiso = Csiso - Cyvewm -
Gvem + Csiso-Cpzt - Gpzr As a final test on the evaluation
of the dual-stage controller, the frequency separation obtained
with the dual-stage controller can be illustrated by simulating
the individual displacement of both actuators. The results are
shown in Fig. 11. It can be observed that the VCM moves to the
desired position slowly, while the micro-actuator acts fast and
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Fig. 11. Simulation of step response of dual-stage actuator illustrating fre-
quency separation.

moves back to its zero position, since there is no DC component
in the control signal for the micro-actuator.

C. Comparison With Single-Stage Control Design

To illustrate the improvement of the dual-stage servo system,
a comparison of the performance of the dual-stage controller to
a single-stage controller C, that only uses the voice coil motor
has been done. For reference, the transfer function of Cs(g) is
given in (25) and it was designed to achieve maximum closed-
loop bandwidth.

o ~6.745 - (¢* —1.922q + 0.928)(¢* — 1.555q + 0.947)

The parameterization is similar to the one for Cy ¢y but uses
an additional notch filter to suppress the resonance mode in the
actuator dynamics at 2 kHz.

To measure the control signal level required to attain a pre-de-
termined bandwidth, it is useful to compute the maximum norm
(Tschebyschew norm) of the control signal wycn () sent to the
VCM due to a step change in reference for track following. The
control signal uycwm(t) of a standard single-stage servo system
is given by

_ CsS(‘])
1+ Gvem(9)Cas(q)

r(t) 26)

uvem(t)
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TABLE 1
SYSTEM PARAMETERS

Single-stage | Dual-stage

gain margin 6dB 6.8dB
phase margin 42 degrees | 48degrees

over shoot 33% 21%

5% settling t ime 1.1 ms 0.8 ms

closed loop bandwidth =~ 800 Hz =~ 1kHz

VCM control signal level |[uycyl.. 0.675 V 0.142 V

* (¢ —0.999)(q — 0.214)(q — 0.1)(¢> — 1.515¢ + 0.926)
(25)

whereas for the dual-stage control system, the input signal to the
VCM is given by

uyeoMm(t)
_ Cstso(9)Cvem(q)
1+ Csiso(q) [Crzr(q)Grzr(9) + Cyvenm(q) Gvem ()]

r(t).
(27)

From (27) it can be observed that the effect of the micro-actu-
ator is added to the denominator, and, thus yields a lower VCM
control signal compared to the single-stage controller depicted
in (26). The maximum norm for the VCM control signal is de-
fined by

02pum t>0
luventlloe = max [uvo(t)| for r(t) = {0 /ﬂl;l 120"
(28)

Given the maximum VCM control signal as one performance
measure, Table I compares the dual-stage and the single-stage
design. At the same time, standard performance measures such
as gain and phase margin, overshoot, settling time and band-
width are taken into account. The sensitivity function (error re-
jection function) of both the single-stage and dual-stage con-
troller are shown in Fig. 12. From Fig. 12, we observe that the
single-stage controller design has a better disturbance rejection
at frequencies below 240 Hz, while the dual-stage controller has
a better disturbance rejection above that frequency. In addition,
it can be seen that the small mass of the piezo-based actuator
allows better reduction of high-frequency resonance modes as
indicated earlier.

The closed loop bandwidth of the dual-stage design shows
an improvement of approximately 25% compared to the single-
stage design. In addition, it can be observed that the level of the
control signal of the dual-stage actuator is much smaller than
that of the single-stage actuator. In particular, the maximum
magnitude of the control signal of the VCM in the dual-stage de-
sign is about 20% of the control signal level in the single-stage
design, for the same displacement.

The inputs to both the VCM and the PZT are constrained.
A 5 V input constraint for the VCM (mimics the actual cur-
rent constraint) and a 30 V input constraint for the PZT is
defined. The simulation results are illustrated in Fig. 13. Here,
Fig. 13(a) shows the lateral position of the tape head for a
2 pm step response, while Fig. 13(b) shows the magnitude of
the control signal. The solid line and the dashed line represent
the dual-stage and single-stage controller, respectively. The
dotted line shows the reference signal 7, i.e., the desired lateral
position of the tape head. The single-stage VCM controller hits
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Fig. 13. Simulated step response for dual-stage and single-stage control design.

the 5 V constraint which increases the settling time whereas the
VCM control signal stays below 1.5 V. The maximum value of
the PZT control signal (not illustrated) is about 21 V. Hence,
the dual-stage controller can reject high-frequency disturbances
with larger amplitudes than the single-stage controller, using
the same control signal level.

In addition, we simulated the PES using a non-repeatable fil-
tered band pass disturbance between 200 Hz and 3 kHz, rep-
resenting the LTM, entering the feedback system. Taking into
account the same saturation limits of the control signals of the
actuators (5 V and 30 V), we can simulate the PES and the re-
sults are depicted in Fig. 14. This figure shows how the high-
frequency disturbances cause control signal saturation for the
VCM in the single-stage design, while the VCM control signals
are much smaller in the dual-stage design. We also observe a
21% improvement in the 3-sigma level of the PES, and a 28%
improvement in the maximum absolute value of the PES, indi-
cating an improvement of the track misregistration budget.
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IV. CONTROLLER IMPLEMENTATION

The dual-stage controller was implemented in the dual-stage
actuator tape head prototype. A 100 Hz square wave of 0.2 ym
amplitude was applied as a reference signal. Fig. 15 shows
the results. Fig. 15(a) shows the lateral tape head position;
Fig. 15(b) shows the control signal for the voice coil motor;
Fig. 15(c) shows the control signal for the micro-actuator. From
Fig. 15, it can be observed that the dual-stage controller settles
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.

V. DISCUSSION AND CONCLUSION

An algorithm that uses step-response measurements for mod-
eling of the dual-stage actuator has been proposed in this paper.
Simple SISO controller design techniques were used to design
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a dual-stage controller for a dual-stage actuator tape head. The
controller was implemented as a prototype. The dual-stage de-
sign uses a much smaller control signal for the VCM actuator
than a comparable single-stage design. Thus, it enables rejection
of disturbances with larger amplitudes. The estimated model
shows an excellent agreement with the measured results.

Furthermore, an improvement in the closed loop bandwidth
was achieved. However, since the first peak in the FRF of the
micro-actuator was close to the maximum achievable closed-
loop bandwidth of the VCM, this improvement was 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 of the frequency response
function to a higher frequency, and, thus, would allow a larger
closed loop bandwidth.
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