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Abstract This study proposes a dual-stage lens actuator

used for optical disc drives, which includes a piezoceramic

parallel-beam as a fine actuator and a voice coil motor

(VCM) as the coarse one. The positioning algorithm of the

objective lens is comprised of robust H? fine/coarse con-

trollers designed based on l synthesis and a repetitive

controller to further reduce effects of disturbance. To these

ends, the dynamic model of the piezoceramic parallel-

beam and VCM are first established and then identified by

experiments. Based on these identified models, the system

dynamics is represented as a standard form, which is ready

for l synthesis to design robust controller. Performing

optimization, the desired robust H? controller used for

conducting fine/coarse positioning is obtained. In addition

to H? control design, the repetitive controller is further

forged to reduce the effect of disturbance based on the

periodic nature of the disturbance. Simulations and

experiments are conducted to validate the performance

expected by previously designed controllers. The experi-

ment shows that the fine piezo-actuator bears the respon-

sibilities of compensating in-precision positioning of the

coarse VCM actuator and external small level periodic

disturbance.

1 Introduction

Optical disk drives serve as most common data-reading

platforms nowadays for CD-ROM, DVD, CDP, LDP, etc.

Inside the drives, the optical pickup is one of key com-

ponents, which consists of objective lens on a movable

bobbin (the lens holder) in order to achieve ultra-precision

positioning of the lens for a better data-reading quality. As

the demand for faster data-reading and density amounts is

increased recently, the improvement of the speed and

precision in the optical pick-up is needed. To achieve the

goals, this study designs a dual-stage servo system, along

with H? and repetitive controls to perform a fast and

precise data-tracking of optical disc drives.

The design aim of the tracking-following system in

optical disk drives is to achieve desired control performance

and robustness against modeling uncertainties and extra-

neous disturbance. The robust H? control is capable of

finding a feedback controller that guarantees robust per-

formance and robust stability. Lee et al. (1996) developed

robust H? control with regional stability constrains for the

track-following system of optical disk drive. Lim and Jung

(1997) designed a H? controller for an optical pick-up

installed in 89 speed CD-ROM drive, and demonstrated

that the controller has improved tracking performance.

Kang and Yoon (1998) designed a robust control of an

active tilting actuator for high-density optical disk. Choi

et al. (1999, 2001) proposed a positioning control scheme

for optical disc drives, using piezoceramic-based smart

structures. In order to pursue the trend towards higher track

densities and data rates in rotating memory devices, it

requires track-following servo systems to own an increased

bandwidth for reliable storage and retrieval of data.

One approach to overcome the problem is by using a

dual-stage servo system. This dual-stage controller was
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however initially applied to hard disc drives. In the servo

proposed in this study, the voice coil motor (VCM) is used

at a first stage to generate extensive but coarse and slow

positioning, while the piezoactuator is used as a secondary

stage to provide fine and fast positioning. Research works

have been paid in the past decade to develop a mature dual-

stage controller. Mori et al. (1991) proposed a dual-stage

actuator using a piezoelectric device, while Hernandez

et al. (1999) designed another dual-stage track-following

servo controller for hard disc drives. Chung et al. (2000)

also proposed a two-degree-of-freedom dual-stage actuator

for hard disc drives, while Kobayashi and Horowitz (2001)

also forged a dual-stage control for tracking and seeking.

Recently for theoretically development of the dual-stage

control, Zhang et al. (2008) developed an initial error

shaping (IES) method for fast settling of the dual-stage

controller, while Zheng and Fu (2008) proposed a nonlin-

ear feedback controller in the structure of dual-stage for

reducing settling time. As to the application of the dual-

stage control to optical disk drives, it was dated back to

1996, when Yang and Pei (1996) proposed a basic dual-

stage controller to optical pickup positioning. Cho et al.

(2002) developed a swing-arm-type PZT dual actuator with

fast seeking via self-sensing actuation (SSA) and positive

position feedback (PPF) for optical disk drives. Ryoo et al.

(2002) developed a dual-stage controller for precisely

positioning the optical pick, using PQ method. In this

study, a novel control is designed based on the lsynthesis

technique and structure (Zhou and Doyle 1998), and mostly

importantly a repetitive control capability is later added

into the controlled system to deal with periodic disturbance

caused by the rotation of an imbalanced optical disk. The

above-mentioned repetitive control was utilized by Moon

et al. (1998) for a tracking-following servo of an optical

disk drive, while later applied to an ultrasonic motor in

Kobayashi et al. (1999) in combination of H? control.

Zhong et al. (2002) also designed electronic converters to

implement the repetitive control.

Owing to common practical limitations on actuators

used in optical disc drives; e.g., physical bandwidths of

actuators/sensors and limited control effort offered, this

study proposes a dual-stage controller including a fast

piezoceramic parallel-beam as a fine actuator and a VCM

as a coarse one. The positioning algorithm would then

consist of a robust H? fine/coarse controllers designed

based on l synthesis and a repetitive controller to further

reduce effects of disturbance on the positioning perfor-

mance, which is often the main obstacle in CD/DVD

control task. Note that in the control designed herein, the

H? dual and repetitive controllers share the task of

reducing the disturbance caused by disc imbalance. Mod-

eling is first conducted based experimental identification;

then, the control design is followed. Simulations are next

conducted to verify the effectiveness of the controllers

designed and finally experiments are performed validate

originally intended of the controllers.

In the next section, the modeling for the pick-up actuator

is presented. In Sect. 3 the H? controller is designed.

Experimental results are subsequently presented in Sect. 4.

Finally conclusions are given in Sect. 5.

2 Modeling via Identification

The dynamic models for the parallel-beam piezoceramic

actuator and VCM are derived in this section, via experi-

mental identification. A photo and its configuration of the

piezoactuator are depicted in Fig. 1, which is made of

piezoceramic parallel-beam. Figure 2, on the other hand,

shows the VCM in the whole dual-stage actuator, which

consists of the VCM and the piezoactuator. A PZT sus-

pension is mounted at the end of the primary VCM arm.

For ensuing control design, the transfer function of this

piezo-actuator is derived via an experiment system, for

which a dynamic signal analyzer is used to obtain the

frequency response of the piezoactuator first as subjected to

Fig. 1 The designed optical

pick-up using piezoceramic

bimorph structure
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a swept sine excitation ranging from 5 Hz to 50 kHz. A

laser displacement sensor measures the displacement of the

objective lens tip and feedbacks the signal to the dynamic

signal analyzer. The frequency response in bode diagram

can be obtained. Figure 3 shows the result, where the first

dynamic mode of the real system is considered and

approximated for later control design. The forms of system

transfer function to be identified is considered as (Choi

et al. 1999, 2001).

GðsÞ ¼ kx2
n

s2 þ 2fxnsþ x2
n

: ð1Þ

where xn, f and k are the nature frequency, the damping

ratio and DC gain, respectively. The natural frequency can

be directly identified from peak location of the

experimental response in Fig. 3, which is approximately

297 Hz. The damping ratio f can be calculated by the

following equation based on the response obtained, as

shown in Fig. 3,

GðjxÞj jmax¼
1

2f
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� f2
p : ð2Þ

The gain k was computed by the DC gain observed from

Fig. 3 by the following equation

DC gain ¼ 20 log
kx2

n

s2 þ 2fxnsþ x2
n

�

�

�

�

�

�

�

�

s¼j0

: ð3Þ

Therefore, the system transfer function can be identified by

a common computation process of curve-fitting, yielding

GPZT sð Þ ¼ 4:912� 105

s2 þ 144:9sþ 3:93� 106

lm

volt

� �

: ð4Þ

The identified system frequency response is also shown in

Fig. 3, where it is seen that the responses of the real system

and the identified two-order system are closely matched

before 3,000 rad/s, which is normally beyond the actuation

bandwidth of a piezo-actuator.

Fig. 2 The realistic dual-stage actuator for experimental validation
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The VCM in the dual-stage motor is next identified. The

VCM is subjected to an electric voltage as an input. Fig-

ure 2 shows the realistic experimental system for dual-

stage control, where though it is actually built in a hard

drive, ready to be implemented in an optical disk drive.

The associated equivalent circuit is shown in Fig. 4 and the

associated parameter definitions are listed in Table 1. From

basic electromagnetic behavior of this VCM, the input–

output dynamics can be modeled by a third-order transfer

function of the form

hvðsÞ
VVCMðsÞ

¼ 1

s LJ
Kt

s2 þ RJ
Kt

sþ Kb

� �

2

4

3

5: ð5Þ

A dynamic signal analyzer is next used to obtain the input–

output dynamic response, which is shown in Fig. 5, along

with a curve-fitted response to match the experimental

counterpart. The resulted identified transfer function of

VCM is

GVCM sð Þ ¼ 2� 1010

sðsþ 80Þðsþ 9; 000Þ
lm

volt

� �

: ð6Þ

3 Control design

The ensuing control design process consists of three stages:

(1) a baseline PI/double-lead compensator and robust H?

controller for the piezoactuator, (2) a robust H? dual-stage

controller for VCM and piezo-actuator, (3) a repetitive

controller for the dual-stage actuator.

3.1 Control design for the piezoactuator

The conventional PI-and-double-lead compensator and H?

controller are designed in this section, with a performance

comparison between them. The PI-and-double-lead com-

pensator is employed for its simple structure, while the H?

controller for inherent robustness.

3.1.1 PI-and-double-lead compensator

A well-designed phase-lead compensator is capable of

achieving desired stability and transient response. With the

desired compensated phase angle designated over 60�, the

double-lead compensator is often employed. On the other

hand, to annihilate steady-state error completely for the

Type 0 system of the piezoactuator, the PI controller is

augmented to the pre-designed double-lead compensator.

Thus, the PI/double-lead compensator is of the form

CPDL; PZTðsÞ ¼ K
1

s

1þ s1s

1þ a1s1s

1þ s2s

1þ a2s2s
K [ 0; s [ 0; 0\a\1;

ð7Þ

where the subscript ‘‘PDL’’ denotes ‘‘PI-and-double-lead.’’

The PI-and-double-lead compensator must satisfy the time-

domain specifications as

Ts ¼ 0:05 s; Mp ¼ 0:05; PM [ 60�; ð8Þ

where Ts, Mp and PM are settling time, maximum

overshoot and phase margin, respectively. Note that the

control specifications in Eq. 8 are focused on the larger-

range seeking control of the optical pickup with

precision—about 10 lm positioning. This is expected to

be achieved within approximate 50 ms (=Ts) with little

maximum overshoot; Mp = 0.05; and small oscillation;

PM [ 60�. These specifications are compatible to those in

(Cho et al. 2002). Following the fundamental process for

designing lead compensator in (Palm 1986), the PI-and-

double-lead compensator can be successfully designed as

GcðsÞ ¼ 362:3646
ð0:0016sþ 1Þð0:0012sþ 1Þ
ð0:0001sþ 1Þð0:0001sþ 1Þ: ð9Þ

The frequency response of the compensated open-loop

system is depicted and shown in Fig. 6. The phase margin

is clearly 62.4�, which satisfies the original performance

specifications for the system.

3.1.2 H? controller

The H? control structure employed is shown in Fig. 7,

where the exogenous inputs and controlled outputs are

regulated by five weighting functions. In this figure, z1 is

the error signal; z2 is the controlled signal; d is the dis-

turbance signal; n is the noise signal; u is the control input;

Fig. 4 The univalent circuit of the VCM actuator

Table 1 VCM system parameters

VVCM Control voltage

i(t) Work current

hv(t) VCM angle displacement

R VCM resistance

L VCM inductance

Kb Counter-electromotive force

Kt VCM torque constant

J Moment of inertia
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r is the reference signal; P is the plant; K is the controller;

We reflects the requirements on control objective; Wu does

some restrictions on the control or actuator signals; Wd and

Wn are designed to reject the disturbances and noises,

respectively; Wa is the multiplicative uncertainty weighting

function; D is the multiplicative uncertainty. A typical

design process of a H? control design (Hernandez et al.

1999) is initialized by determining the aforementioned
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weighting functions, which affect the system sensitivity

function, control sensitivity function and complementary

sensitivity functions that are used to examine if the origi-

nally set performance specifications are satisfied. The

determination of five weighting functions for the piezoac-

tuator is detailed in the followings.

1. Performance weighting function We.

Based on the structure in Fig. 7, in order to reject the

effect of external disturbance on the error, the magnitude of

sensitivity function must be kept small over the considered

bandwidth. The sensitivity function S and complementary

sensitivity function T are defined as follows,

S ¼ 1

1þ PK
and T ¼ PK

1þ PK
: ð10Þ

The weighting function We can be selected to satisfy

WeSWdk k1 � 1 by the small gain theorem, which leads to

the design of We as

We ¼
s=Ms þ xb

sþ xbee
; ð11Þ

where

Ms ¼ Sk k1¼ SðjxmaxÞj j ¼ X
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2 þ 4f2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1� X2Þ2 þ 4f2X2
q ; ð12Þ

X ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:5þ 0:5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 8f2

q

r

;

xmax ¼ Xxn; xb � xn=
ffiffiffi

2
p

:

ð13Þ

For practical purpose, one can usually choose a suitable ee

as shown in Fig. 8a that is related to the steady-state error.

Choosing ee = 0.001 leads to

Mp ¼ 0:05ð� 5%Þ; Ts ¼ 0:01 s: ð14Þ

With determined time-domain performance specifications

Ts and Mp, {f, xn} can be calculated, and then {xb, Ms}

from Eqs. 12 and 13, completing the design of the

performance weighting function We.

2. Control-restricting weighting function Wu.

The determination of control weighting function Wu is

based on the control signal equation

u ¼ KSðr � n� dÞ: ð15Þ

where r is the input reference, n is the sensor noise, d is the

input disturbance. The magnitude of |KS| in the low-

frequency range is essentially limited by the allowable cost

+
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+
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of control effort and saturation limit of the actuators;

henceforth, the maximum gain of KS, denoted by Mu, ought

to be designed large, while the high-frequency gain is

essentially limited by the controller bandwidth frequency

of the beam xbc and the sensor noise frequency. The

candidate weight Wu can be designed of the form (Zhou

and Doyle 1998)

Wu ¼
sþ xbc=Mu

eusþ xbc
: ð16Þ

For the present study, Mu is designated as 90, which is the

maximum input voltage to the piezoactuator, while the

bandwidth frequency of the beam, xbc = 2,000 Hz, is

designated as the controller bandwidth frequency. In the

next step, as shown in Fig. 8b, a suitable eu is chosen to

satisfy WuKSWdk k1 � 1 by the small gain theorem, which

is set as 0.75.

3. Disturbance weighting function Wd.

Consider the disturbance caused by eccentric rotation of

the disk, when a disk is rotated at a high-speed state. In this

case, by using the MATLAB signal processing toolbox, the

disturbance weighting function Wd can be designed as a

Butterworth bandpass filter with the two cut-off frequencies

set as the disk rotating speeds that were between 1,800 and

2,100 rpm. Therefore, the disturbance weighting function is

Wd ¼
100:5s

s2 þ 100:5sþ 983,000
: ð17Þ

4. Sensor noise weighting function Wn.

The noise weighting function Wn is used to penalize

sensor noise that is caused by laser displacement sensor,

wires and environmental stimulation that are relatively

significant at some high frequencies. To this aim, Wn is

selected to be a high-pass filter to reflect the effect of the

aforementioned noise on the system performance. Based on

measurement noises, the cut-off frequency is set as 5 Hz to

capture sensor noise. Therefore, the noise weighting

function can designed of the form

Wn ¼
s

sþ 31:42
: ð18Þ

5. Multiplicative uncertainty weighting function Wa.

The difference between identified model and the real

model is called ‘‘uncertainty’’. There are two different

Fig. 9 PtðjxÞ�PðjxÞ
PðjxÞ

�

�

�

�

�

�
and the

bond Wa

z w

y u

v η

K

G

Fig. 10 The LFT framework of the H? control considering plant

uncertainty
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kinds of uncertainties. One is structured uncertainty, while

another is unstructured one. The former reflects the varia-

tions in every uncertain parameter of the system; for

example, the manufacture tolerance value during mass

production. The latter refers to those other than the para-

metric uncertainty, such as unknown high-order dynamics

in this study. The difference between the identified model

and the real model will be modeled to be structured

uncertainty with the multiplicative weighting function Wa

designed to bond the plant uncertainty. The block diagram

for modeling the plant uncertainty was shown in Fig. 7,

where Pt(s) indicates the completely description of the

plant with variation 1%. The weighting function Wa can be

calculated by the following equation

WaðjxÞj j � PtðjxÞ � PðjxÞ
PðjxÞ

�

�

�

�

�

�

�

�

8x: ð19Þ

With required computation based on Eq. 19 at each

frequency, Wa can be captured by

Wa ¼
0:026211ðs2 þ 2685sþ 3:47e6Þ

s2 þ 193:9sþ 4,037,000
: ð20Þ

Figure 9 shows the Bode diagram of plant uncertainty,

where it is seen that ðPtðjxÞ � PðjxÞÞ=PðjxÞj j has been

well upper-bounded by Wa at all frequencies.

Prior to H? control design in the next subsection, the

structure in Fig. 7 is transformed into an LFT framework

as shown in Fig. 10, for a standard l synthesis to design

the H? controller. In Fig. 10, G is the interconnection

matrix; K is the controller; w is a vector signal including

noises and disturbances; z is a vector signal including all

controlled signals and tracking errors; D is the set of all

possible uncertainty; u is the control signal; y is the

measurement. A comparison between Figs. 7 and 10 leads

to

11

22

0 0 0
0

( )
0 0 0

a

e e d e

u

d n

W
PW WW PW dzdz

G s
W nznz

P W W P uyuy

ηνην −
−

= ⇔ =
−
−

The goal of a standard H? control design is to find all

admissible controllers K(s) such that the exogenous input

to controlled output transfer function Tzxk k1 is mini-

mized. However, it is difficult to find an absolutely

optimal H? controller, since it is both numerically and

theoretically complicated. In practice, it is often not

necessary to design an optimal H? controller, rather a

so-called sub-optimal H? controller that can be solved

and suit well the control goal to some degree (Zhou and

Doyle 1998). With the plant uncertainty considered, an

H? controller of order 16 can be found with the input/

output transfer function satisfying Tzwk k1 � 0:9774:

Model reduction is also performed to reduce the order

the controller to 9, yielding

With the above H? controller designed successfully, two

conditions are examined to ensure robust performance and

robust stability, respectively, in

WeSWd

WuKSWd

�

�

�

�

�

�

�

�

� 1 ð23Þ

for robust performance, and

WaKSk k� 1 ð24Þ

for robust stability with multiplicative uncertainty consid-

ered. Figure 11 shows the simulated performance indices

defined in the LHS of Eqs. 23 and 24, where it is seen that

the robust performance criteria and stability as given in

Eqs. 23 and 24 are satisfied.

3.2 Design of the dual-stage controller

An H? controller is designed next for a dual-stage servo

system, which consists of a parallel-beam piezoceramic

structure as the fine actuator and a VCM as the coarse

actuator. Figure 12 shows a block diagram of the decoupled

dual-stage servo system. The head position yT is a combi-

nation of the VCM output yV and the PZT output yP. The

output of the PZT actuator is added to the input of the VCM

controller, which prevents the PZT actuator from going to the

end of its stroke limit and maintains the output of the PZT on

the center of the track. The closed-loop transfer function

from a reference r to the head position yT is given by

KðsÞ ¼ 4393:1023ðsþ 16760Þðsþ 502:7Þðs2 þ 39:48sþ 39;940Þðs2 þ 144:9sþ 3;930;000Þðs2 þ 193:9sþ 4; 037; 000Þ
ðsþ 11,840Þðsþ 496:7Þðsþ 0:6857Þðs2 þ 31:41sþ 41,450Þðs2 þ 196:7sþ 4; 049,000Þðs2 þ 7329sþ 33,580; 000Þ:

ð22Þ
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yT ¼
PVCMCVCMð1þ PPZTCPZTÞ þ PPZTCPZT

ð1þ PVCMCVCMÞð1þ PPZTCPZTÞ
r; ð25Þ

where PVCM and PPZT are the plants for VCM or PZT

actuators, respectively. CVCM and CPZT are the associated

controllers to be designed. The sensitivity function ST is

ST ¼
e

r
¼ 1

ð1þ PVCMCVCMÞð1þ PPZTCPZTÞ
: ð26Þ

In the above equation, the total sensitivity function of the

decoupled servo system is the product of the VCM and

PZT loop sensitivity. Thus, the controller design can be

decoupled into two independent controller designs, the

VCM loop and PZT loop.

The framework of l synthesis in a block diagram is

employed next for design of the dual-stage servo controller,

as shown in Fig. 13, which is a easy result of direct

transformation from Fig. 12. This block diagram contains

various signals and weightings that allow for a complete

description of a dual-stage CD-ROM control system. PVCM

and PPZT denote the nominal plants of the coarse VCM and

fine PZT actuators, respectively. Independent multiplica-

tive or additive uncertainty can be used to describe

uncertainty for both the coarse actuator and piezoactuator.

WVCM_un and WPZT_un denote the multiplicative uncer-

tainties for them, respectively. Several disturbance signals

are accounted for in the model, including (1) input dis-

turbances to the coarse and fine actuators, dVCM and dPZT,

respectively; (2) the VCM sensor noise nVCM and the

piezoactuator sensor noise nPZT. The weightings WVCM_d,

WPZT_d, WVCM_n and WPZT_n are corresponding frequency

shaping filters. These weightings must be selected by the

designer with sufficient fidelity. The signals for design in

the synthesis model are the VCM position signal, the pie-

zoactuator relative position signal, the VCM control input

and piezoactuator control input. These signals are,

respectively, multiplied by scaling factors WVCM_e, WPZT_e,
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Fig. 12 The block diagram of decoupled track-following design
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WVCM_u and WPZT_u to forge the performance output sig-

nals zVCM(e), zPZT(e), zVCMð~uÞ and zPZTð~uÞ. Table 2 lists all

designed weightings used in the l synthesis block diagram

for H? control design in Fig. 13.

Given a set of input and output weightings and plant

uncertainties, the l synthesis is performed successfully and

then a controller is synthesized which results in a singular

value less than or equal to 1. An H? controller of order 16

can be found with the input/output transfer function satis-

fying Tzwk k1 � 0:9861: Order reduction is also performed

to reduce the order of the controller to 9, yielding the H?

controller of the form

Utilization of the controller in Eq. 27, the overall sen-

sitivity function ST can be plotted, as seen in Fig. 14, where

ST has further attenuation compared to the sensitivity

function SVCM of VCM loop.

3.3 Design of repetitive control

Periodic disturbance exist due to the rotation of an

imbalanced optical disk. These disturbances are around

the rotational speed, 155 Hz, for the present study.

Owing to the inability of an H? controller to counteract

periodic disturbances, a repetitive compensator is

designed and augmented to the H? dual-stage controller

in order to suppress the negative effects of the periodic

disturbance on the control performance. Figure 15 shows

the newly designed system involving the H? dual-stage

controller and the repetitive compensator. The repetitive

compensator is designed to be composed of a low-pass

filter

FðsÞ ¼ xc

sþ xc
; ð28Þ

and a time delay e-Ls where L is slightly less than the

period of external position disturbance Ld; i.e.,

L ¼ Ld �
1

xc
: ð29Þ

_PZT uW

_VCM uW
_VCM unW

_PZT unW

+

+

_PZT eW

+
_VCM dW

_PZT dW

+

+

_VCM eW
_VCM nW

_PZT nW

+

+
−

K
VCMP

PZTP

VCMn

PZTn

VCMd

PZTd

( )VCMz e

( )PZTz e

( )VCMz u∼

( )PZTz u∼

r

VCMν

PZTν

VCMη

PZTη

+

∆

∆

Fig. 13 The block diagram of

H? dual-stage control

Table 2 Weightings

Weight Transfer function

WVCM_e
0:65sþ31:02
sþ0:03102

WPZT_e
0:7796sþ79:92

sþ0:07992

WVCM_u
sþ3142

0:001sþ3142

WPZT_u
sþ139:6

0:75sþ1:257�104

WVCM_d
1005s

s2þ100:5sþ9:83�105

WPZT_d
100:5s

s2þ100:5sþ9:83�105

WVCM_n
s

sþ31:42

WPZT_n
s

sþ157:1

WVCM_un
0:02586sþ13:08

sþ456:8

WPZT_un
0:02215s2þ113:3sþ2:605�105

s2þ319:2sþ1:201�107

0:14659ðsþ3:142�106Þðsþ9;000Þðsþ456:8Þðsþ80Þðsþ31:42Þðsþ0:5598Þðs2þ82:09sþ8:101�105Þ
ðsþ3:853�104Þðsþ456:8Þðsþ0:4537Þðs2þ0:8757sþ4:366Þðs2þ100:5sþ9:83�105Þðs2þ3:823e4sþ1:433�109Þ

0

"

0
170:7858ðsþ1:676�104Þðsþ157:1Þðs2�53:11sþ8:405�105Þðs2þ234:6þ1:19�107Þðs2þ319:2sþ1:201�107Þ
ðsþ1;311Þðsþ164:3Þðsþ0:09294Þðs2þ64:49sþ9:484�105Þðs2þ330:5sþ1:201�107Þðs2þ971:1sþ1:312�107Þ

#

:

ð27Þ
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Assume that the transfer function G(s): = PPZT(s) CPZT(s)

has no unstable pole-zero cancellation. Then, the repetitive

control system shown in Fig. 15 is internally stable if the

following two conditions hold (Kobayashi et al. 1999):

i. H? control system depicted in Fig. 12 is internally

stable;

ii. |F (jx)| \ |1 ? G (jx)| V x [ R.

The above condition (i) has already been satisfied since

CPZT(jx) is a controller solution from Eq. 27 based on H?

control design theory. The low-pass filter F (s) in condition

(ii) should be appropriately selected for good tracking

performance without resultant instability. If the choice of xc

is too low, only few poles of the internal model are close to

the imaginary axis, leading to poor tracking. If xc is too high,

the system is difficult to stabilize; thus, F (s) is chosen as

FðsÞ ¼ xc

sþ xc
; xc ¼ 2p� 750 rad/s ð30Þ

for satisfying condition (ii). Figure 16 shows |F(jx)| as the

solid curve and |1 ? G(jx)| as the dotted curves, where it is

clearly seen that the above-mentioned condition (ii) is

satisfied for all frequencies.

4 Experiment verification

The previous control designs are applied to the realistic

dual-stage actuator as shown in Fig. 3 for performance test
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Fig. 15 The H? dual-stage controller with the repetitive compensator
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and the comparison to that by a traditional PI-and-double-

lead compensator. Figure 17 shows the experiment frame-

work. The implementation of the control algorithms is

accomplished by a dSPACE module. The output control signal

is amplified by a power amplifier (HAS 4051) to provide

enough voltage to move the actuator. The motion of the

objective lens is measured by a laser displacement sensor (MTI

250, MICROTRAK 7000). The sensor signal is feedbacked to

dSPACE module for computing the control output. Note that

the resolution of the laser displacement is around ±0.2 lm.

Figures 18 and 19 show experimental results along

with simulated counterparts for step control of the piezo-

actuator. The controllers employed are PI-and-double-lead

compensator and H? controller for comparison. It is seen

from these figures that both controllers need about 0.04 s to

settle in a 10 lm step with indistinguishable steady-state

errors. However, the PI-and-double-lead controller needs

higher voltage than simulation data to reach 10 lm at

steady state. This is probably due to the nonlinear phe-

nomenon called ‘‘creep’’ (Kuhnen and Janocha, 1998),

which changes gradually the static relationship between the

displacement and applied voltage. Also, some fluctuations

present in all steady-state displacements in both Figs. 18

and 19 are caused by the measurement error of laser dis-

placement sensor since the resolution of laser displacement

sensor is about ±0.5 to 0.6 lm.

Fig. 17 Experimental

framework for controller

performance validation
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In addition to the above qualitative observation, efforts

are paid to conduct quantitative analysis, which is initiated

by defining the ‘‘averaged error’’ as

Ep ¼
Pn

1 yexp � ydes

�

�

�

�

n
; ð31Þ

where n is the number of the experiment samples, yexp is

the experimental data, and ydes is the desired trajectory, i.e.,

a step responses. Ep is thus an indication of control per-

formance. For the experimental data presented in Figs. 18

and 19, the values of Ep are 0.2226 and 0.2433 lm,

respectively, for H? and the PI-and-double-lead compen-

sators, showing a better performance by the H? control.

Also noted is that the experimental averaged errors of the

two controllers are closer to the resolution of laser dis-

placement sensor, indicating that both controllers have

pushed the performance to natural limit.

Attention now turns to the performance validation of the

dual-stage controller. Figure 20 shows the experimental

and numerical step responses of the closed-loop system

with the dual-stage controller in Eq. 27 applied in subfigure

(a); individual displacements actuated by VCM and PZT in

subfigure (b); control efforts in subfigures (c) and (d). It is

seen from subfigure (a) that the controller is capable of

reaching 8 lm at steady state, despite the fluctuating dis-

placements and control efforts by the VCM and piezo-

actuators, respectively seen in subfigures (b) and (c). These

fluctuations, particularly magnified in subfigure (e), are

caused by the in-precision coarse VCM actuator. It is

compensated by the fine piezo-actuator, which is evidenced

by the experimental smooth step response seen in subfigure

(a) and out-of-phase displacements seen from subfigure (e).

Figure 21 shows the steady-state experimental and

simulated step response error and control effort subjected
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to sinusoidal input, where an external 155 Hz disturbance

in the level of 5 lm is added at the output for testing

the performance of the repetitive controller. It is seen

from subfigure (a) that the external disturbance in the level

of 5 lm is suppressed 0.5 and 3 lm, respectively, for

numerical and experimental results, showing the effec-

tiveness of designed H? dual-stage and repetitive con-

troller. In other words, the H? dual-stage controller with

repetitive control can reject the disturbance up to 40% of

the original. On the other hand, subfigures (b) and (c) show

the positioning errors by VCM and piezo-actuator. It is

noted that substantial positioning error is observed from

subfigure (b), which is due to in-precision mechatronic

characteristics of the coarse VCM actuator. This is also

evidenced from the mismatch between experimental and

numerical data in subfigure (d). Fortunately, it is seen from
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subfigure (c) that the fine piezo-actuator successfully exerts

the response out of phase to the intentionally added

external disturbance, resulting in relatively smaller error

response in subfigure (a). In a short conclusion from

observation on Figs. 20 and 21, the fine piezo-actuator

bears the responsibilities of compensating in-precision

positioning of the coarse VCM actuator and external small

level periodic disturbance.

5 Conclusion and future work

A new dual-stage lens actuator based on the H? control

and repetitive control is proposed in this study for an

optical pickup in optical disk drives. The coarse and fine

actuations are implemented by VCM and piezo-actuators.

Dynamic modelings of both actuators are first conducted

via experimental identifications. The controllers of the

traditional PI-and-double-lead and H? dual-stage control-

ler are subsequently designed for precision positioning.

The effectiveness of the designed controllers are finally

demonstrated based on experimental studies. The designed

controller is demonstrated capable of achieving the preci-

sion seeking in 0.04 s and suppressing an external 155 Hz

disturbance in the level of 5 lm up to 40% of the original.

It is found from experimental and numerical data that the

fine piezo-actuator bears the responsibilities of compen-

sating in-precision positioning of the coarse VCM actuator

and external small level periodic disturbance.

It should be noted that the choice of F (s)-filter in

repetitive control hinders the capability of the repetitive

controller to precisely predict the primary period and phase

of the disturbance. In the future, an adaptive-like F (s)-

filter should be designed for repetitive control.
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