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bstract

A novel decoupling actuation scheme applied to a new three-axis four-wire optical pickup is synthesized in this study based on theories of
liding-mode control and high-gain observer. The three-axis pickup owns the capability to move the lens holder in three directions of focusing,
racking and tilting. This capability is required particularly for higher data-density optical disks to annihilate the non-zero lens tilting. To achieve
ontrol design, Lagrange’s equations are first employed to derive equations of motion for the lens holder. A sliding-mode controller is then
esigned to perform dynamic decoupling and nonlinearity cancellation with the aims of precision tracking, focusing and no tilting. A full-order

igh-gain observer is next forged to estimate the velocities of the moving lens holder in order to provide low-noised feedback velocity signals for
he designed sliding-mode controller. Simulations are carried out to choose appropriate parameter values of the designed controller and observer.
inally, experiments are conducted to validate the effectiveness of the controller for annihilating lens tilting and the capability of the observer for
educing the effects of digital noises on pickup positionings.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Optical disk drives (ODDs) serve as data-reading platforms
or various applications such as CD-ROM, DVD, CDP, LDP,
tc. One of key components in optical disk drives is the pickup,
hich performs data-reading via a well-designed optical system

nstalled inside the pickup. Fig. 1 shows a photo of a three-axis
our-wire type pickup actuator, which is designed and manu-
actured by the Industrial Technology and Research Institute,
aiwan (ITRI). This pickup consists mainly of an objective lens,
lens holder (often called “bobbin”), wire springs, sets of wound
oils and permanent magnets. Thanks to flexibility of wire
prings, the bobbin could easily be in motion as the forces acting

n the bobbin are generated by the electromagnetic interactions
etween the magnetic fields induced by permanent magnets and
he currents conducted in sets of coils. A conventional pickup

∗ Corresponding author. Tel.: +886 3 2654310; fax: +886 3 2654358.
E-mail address: pchao@cycu.edu.tw (P.C.-P. Chao).
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ctuator (not the three-axis one shown in Fig. 1) often owns
nly two sets of wound coils—the focusing and tracking coils.
n this way, two independent actuating forces are generated in
he directions of focusing (vertical) and tracking (horizontal to
he disk) to perform precision positioning of the lens. This type
f actuator is therefore named as “a two-axis actuator”.

Large numerical apertures (NA) and/or short wavelength
asers are recently employed for objective lens design in pickups
n order to produce a smaller optical detecting spot on an optical
isk for better data-reading resolution. This aims at increasing
ata density of an optical disk via decreasing the circular radius
f the aberration region of the optical spot, the main factor limit-
ng resolution of data storage for disks. As the size of the optical
pot is decreased, some original electro-mechanical designs of
he pickup structure might become obsolete. One of critical chal-
enges arises from the unavoidable tilting of the bobbin during

ts motion [1]. This tilting is caused by an uneven magnetic field
nd/or by the fact that the net electromagnetic force in the direc-
ions of focusing and tracking do not act through the mass center
f the bobbin while the bobbin moves from its static position to

mailto:pchao@cycu.edu.tw
dx.doi.org/10.1016/j.sna.2006.07.034
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Fig. 1. Structure of the three-axis four-wire type optical pickup by ITRI.

esired vertical and radial positions, resulting in a tilting moment
n the bobbin and then a non-zero tilt angle of the bobbin. This
on-zero tilting of the bobbin inevitably results in larger levels
f distortion on the supposedly circular detecting spot. The spot
istortion was originally tolerable for a lower data-resolution
esign; however, as higher data density of discs is in demand,
he level of the spot distortion needs to be restrained for a more
ccurate, faster data-reading. To this end, the tilting control of
he bobbin provides an effective means to minimize the level of
he spot distortion. Some three-axis pickups with an additional
air of coils, including the one by ITRI as shown in Fig. 1, were
esigned recently by researchers to create the servo capability
f the bobbin in the tilting direction [2–6]. These actuator struc-
ures own the capability of suppressing the unavoidable tiltings
f the bobbin in the pickup.

With the hardware of the three-axis pickup well developed,
three degree-of-freedom (DOF) nonlinear controller based on

he exact nonlinear dynamic model of the moving bobbin is
esigned in this study to forge the actuating forces and moment
equired to perform precision positionings in focusing, tacking
nd tilting simultaneously. To this end, Lagrange’s equations are
rst applied to system kinetic and potential energies for deriv-

ng nonlinear system equations of motion, which is followed
y designing a robust sliding-mode control (SMC) [7,8] with
onsiderations of parameter uncertainties and external vibratory
isturbances satisfying the input matching condition [8,9]. Note
hat thanks to the capabilities of first counteracting the known
ystem nonlinearity and then augmenting an artificial tunable
witching part in the controller to approach the desired states,
he general advantages brought by the SMC over other control
esigns (such as well-known H∞ control), are the abilities to
irectly tackle system nonlinearity, control convergence speed
nd offer a less complicated design procedure. Along with the
MC is a high-gain observer [10–16] synthesized in this study
or the pickup to estimate the feedback moving velocities of the

obbin in the directions of focusing, tracking and tilting. The
mployment of the high-gain observer is aimed to avoid the high
ifferentiation noises caused by the computer discretizations
n practical implementations. Note that most of the high-gain

t
t
c
t
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bservers were originally designed to estimate the velocities of
he robots [12,14–16], since joint velocities are usually mea-
ured by noise-contaminated tachometers. With the controller
nd observer designed theoretically, experiments are conducted
o verify the effectiveness of the designed SMC for annihilating
obbin tilting and the capability of the observer for reducing the
ffects of digital noises on pickup positionings.

This paper is organized as follows. Section 2 presents the
athematical modeling of the three-axis four-wire-type lens

ctuator. Section 3 presents the design of the sliding-mode con-
roller, while Section 4 does the synthesis of the full-order
igh-gain observer. The numerical and experimental results are
resented in Sections 5 and 6, respectively, to predict and verify
he effectiveness of the proposed controller/observer scheme.
inally, conclusions are given in Section 7.

. Mathematical modeling

A typical three-axis pickup actuator designed ad fabricated
y ITRI as shown in Fig. 1 is considered in this study. This
ickup mainly consists of a lens holder—bobbin, inner/outer
okes, four wire springs, coils for actuations in directions of
racking/focusing/tilting, four permanent magnets and a PCB
older. To actuate the pickup, three external voltages are applied
ndependently across the respective spring wires to generate the
ire-carried currents through the magnetic fields posed by sur-

ounding magnets. This would induce electromagnetic forces
nd moment on the bobbin for generating necessary motions for
recision positioning in the directions of tracking, focusing and
ilting. The resulted motion of the objective lens on the bobbin
p to expectations makes possible fast, correct data-reading.

.1. Dynamic modeling of the bobbin

The conventional bobbin, due to its specially designed sup-
orting structure of four parallel wires, exhibits motions mainly
n the directions of tracking (X-axis) and focusing (Y-axis). In
ddition to the motions in X and Y directions, small tilting often
ccurs about (θ-axis), which is caused by manufacturing tol-
rance, uneven magnetic fields and/or geometric mis-passes of
he electro-magnetic forces acting line on the bobbin mass cen-
er. The objective of this study is to design a controller that
wns three independent actuating forces and moment in X, Y
nd θ directions in order to perform precision focusing/tracking
nd to simultaneously achieve zero tilting to avoid any errors
n optical reading signals. The design of such controller starts
ith an establishment of the system dynamic model. It is first

ssumed that the pickup assembly can be simply modeled as a
umped mass-spring-damper system due to bobbin’s high mate-
ial rigidity compared to the flexibility of the suspending wires.
ig. 2 shows the schematic bobbin from planar view and accom-
anying coordinates/notations defined for capturing the bobbin
otion from the viewpoint toward the X–Y plane. As seen in
his figure are coordinates xyz defined as the body-fixed ones to
he moving bobbin, while coordinates XYZ are global, ground
oordinates. X also serves as a dynamic variable, capturing
he horizontal, tracking motion; Y does the vertical, focusing
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Fig. 2. Planar dynamic model of the bobbin.

otion; θ does the rotating angle of the bobbin about Z, i.e. the
ilting angle. The displacement vector w for a given point of the
obbin can be captured by

= R + Tr (1)

here R = [ X Y θ ]T is the position vector of bobbin cen-
roid, O′, measured from the origin of the ground coordinates
YZ, O. Also,

=

⎡
⎢⎣

cos θ − sin θ 0

sin θ cos θ 0

0 0 1

⎤
⎥⎦

s the transformation matrix due to θ, and ro = [ x y θ] is
he position vector of the centroid o. Differentiating Eq. (1) with
espect to time and put into kinetic energy, the kinetic energy of
he bobbin can be obtained as

T = 1

2

∫
m

ẇTẇ dm

= 1

2
m(Ẋ2 + Ẏ2) + 1

2
IOθθ̇

2 − Ẋθ̇(Ix sin θ + Iy cos θ)

+ Ẏ θ̇(Ix cos θ − Iy sin θ), (2)

here IOθ is the mass moment of inertia of the bobbin about
ts centroid along z axis, while Ix = ∫

m
x dm and Iy = ∫

m
y dm

re first mass moments of inertia with respect to x and y axes,
espectively. The potential energy of the pickup is next expressed
s

= 1

2
(kxX

2 + kyY
2 + kθθ

2) + mgY, (3)

here kx, ky and kθ are the equivalent spring stiffnesses to the
obbin in tracking, focusing and tilting directions; m the mass of
obbin; g is the gravitation. Finally, the non-conservative virtual
ork can be derived as
W =
∫

A

(T · F)Tδw dA = (Fx cos θ − Fy sin θ)δX

+ (Fx sin θ + Fy cos θ)δY + Fθδθ, (4)

T

δ
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here δW denotes virtual work while Fx and Fy represent the
ctuation forces acting on the centroid, respectively, in the track-
ng and focusing directions. Fθ denotes the torsional moment
bout θ. Substituting Eqs. (2)–(4) into Lagrange’s equation [17],
he equations of motion can be readily obtained as

q̈ + K0q + N + G = TF, (5)

here q = [ X Y θ ]T contains the generalized coordinates
or describing the motion of the bobbin. M and K0 are overall
ass and stiffness matrices. N contains the centrifugal and Cori-

lis force terms. G captures the gravitational effect. F captures
he actuator forces. Their expressions are given in the follow-
ngs:

=

⎡
⎣ m 0 −(Ix sin θ+Iy cos θ)

0 m (Ix cos θ−Iy sin θ)

−(Ix sin θ+Iy cos θ) (Ix cos θ − Iy sin θ) I0θ

⎤
⎦ ,

K0 = diag[ kx ky kθ ], F = [ Fx Fy Fθ ]T

G = [ 0 mg 0 ]T
,

=

⎡
⎢⎣

−θ̇2(Ix cos θ − Iy sin θ)

−θ̇2(Ix sin θ + Iy cos θ)

Ẋθ̇(Ix cos θ − Iy sin θ) + Ẏ θ̇(Ix sin θ + Iy cos θ)

⎤
⎥⎦ .

he stiffness coefficients in the above K0, (kx, ky) comply with

x = ky = 4 · 12EIw

L3 , (6)

here E is the elastic modulus, Iw the area moment of inertia
bout x or y axis for the wire and L is the length of each wire.
he expression of kθ is next due to be derived. To this end,
ig. 3 are first depicted to illustrate how to derive the moment M
esponsible for the tilting of the bobbin. In Fig. 3, F represents
he combined electro-magnetic force in focusing and tracking
irections, which is generated by the current carried by a wire
t some instant. φ is the angle between F and x axis. Assuming
n even magnetic field, the electro-magnetic forces induced by
ther three wires are identical and can also then be denoted by
. Then the net moment acting on the bobbin is

= 4FD,

here D, as shown in Fig. 3(b), is the distance between the
obbin center and the wire. The angular deflection θ is next
erived for calculating the equivalent rotational (tilting) stiffness
θ , which is started with expressing the translational deflections
n x and y directions due to the total electro-magnetic force F as

δx = 4F cos φ

kx

= F cos φL3

12EIw
and

δy = 4F sin φ

ky

= F sin φL3

12EIw
. (7)
he net deflection along F is

=
√

δ2
x + δ2

y. (8)
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ig. 3. Moment generation of the four-wire-type optical pickup. (a) 3D view
nd (b) side view of the bobbin from positive θ direction.

ssuming small motions of the bobbin, thus, δ = Dθ. Henceforth,

θ = M

θ
= 4FD

δ/D
= 48EIw(D2

x + D2
y)

L3
√

(Dx/D)2 + (Dx/D)2
, (9)

here Dx and Dy are, respectively as shown in Fig. 3(b), the
istances in x and y directions between the bobbin center and
ach wire.

.2. Modeling of voice coil motors

The electro-magnetic forces acting on the bobbin in the direc-
ions of focusing, tracking and tilting are parameterized in this
ection. The actuators composed of sets of coils in the pickup are
amely voice coil motors (VCMs), the electromagnetic dynamic
alances of which in pickup operation, as equivalently shown in
ig. 4, can be derived based on the Kirchhoff’s law, yielding

m(x,y,θ) = Rm · im + Lm

dim

dt
+ Vmb

= R · i + L
dim

K · q̇ , (10)

C0 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

Cx +
(

nxBxlx

Rx

)
Kmvs,

0

0

m m m
dt

mvs (x,y,θ)

here Vm(x,y,θ) are the independent VCM input voltages in three
irections, Vmb is the back electromotive force (EMF) and {Rm,

m, Lm and Kmvs} represent the resistance, current, inductance
Fig. 4. Circuit model of the voice coil motor.

nd back EMF constant of the VCMs, respectively. With the
lectrical dynamics in Eq. (10) derived, the Fleming’s left hand
ule [18] is then employed to derive the electro-magnetic forces
or actuation, which is

(x,y,θ) = nm · Bm · lm · im, =
(

nm · Bm · lm

Rm

)

×
(

Vm(x,y,θ) − Lm

dim

dt
− Kmvs · q̇(x,y,θ)

)
, (11)

here nm is the number of coil loops, Bm is the magnetic flux
ensity within the air gap between the bobbin and magnets, and

m is the total effective coil length for a single coil loop. Based
n the fact that the electrical dynamics of the conducted current
s much faster than those mechanical ones in the directions of
ocusing, tracking and tilting, the term Lm(dim/dt) in Eq. (11)
an be neglected. Incorporating further the simplified F(x,y,θ) in
q. (11) into the system model in Eq. (5) arrives at a net system
odel with additional consideration of wire damping as

q̈ + C0q̇ + K0q + N + G = T0V, (12)

here V is of the form V = [ Vx Vy Vθ ]T which contains the
nput voltages into the VCMs in three DOFs of tracking, focusing
nd tilting, respectively. The remaining two expressions in Eq.
12), C0 and T0, are given as follows:

0 0

y +
(

nyByly

Ry

)
Kmvs,y 0

0 Cθ +
(

nθBθlθ

Rθ

)
Kmvs,θ

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

, (13a)

0 =

⎡
⎢⎢⎢⎢⎢⎢

cos θ · nxBxlx

Rx

− sin θ · nyByly

Ry

0

sin θ · nxBxlx

Rx

cos θ · nyByly

Ry

0

⎤
⎥⎥⎥⎥⎥⎥ .
⎣
0 0

nθ, Bθ, lθ

Rθ

⎦
(13b)
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.3. Modeling of uncertainties and disturbance

There often exist an uneven magnetic filed generated by
agnets and manufacturing tolerances with respects to various

rucial dimensions of the pickup structure, which are the factors,
ther than the movement of the bobbin, causing the mis-passes
f the electro-magnetic forces on the mass center of the bobbin;
s results, it leads to a non-zero tilting. For later control design,
he uncertainties due to the uneven magnetic field and manufac-
uring tolerance are formulated into the mathematical model in
q. (12) as structured, parametric uncertainties [19]. The formu-

ation is started with re-expressing the system equation in Eq.
12) as

q̈ + Cq̇ + Kq + N + G = TV, (14)

here

= M0, N = N0, G = G0, (15)

= C0 + CΔ, K = K0 + KΔ, T = T0 + TΔ,

(16)

here subscripts of “0” denotes the nominals while “Δ” denotes
he corresponding parametric variations due to the uneven mag-
etic field and manufacturing tolerance. Note that no variation
omponents are associated with M, N, G, since they can be mea-
ured or derived with relative precision. On the other hand, based
n the geometry of the bobbin, the variations CΔ, KΔ and TΔ

an be modeled by

Δ =

⎡
⎢⎢⎢⎣

0 0 0

0 0 0(
nxBxlx

Rx

)
Kmvs,x · Γy

(
nyByly

Rx

)
Kmvs,y · Γx 0

⎤
⎥⎥⎥⎦ ,

(17a)

Δ =

⎡
⎢⎣

0 0 kxay

0 0 kyax

kxay kyax kxa
2
y + kya

2
x

⎤
⎥⎦ , (17b)

Δ =

⎡
⎢⎢⎢⎣

0 0 0

0 0 0
nxBxlx

Rx

· Γy

nyByly

Ry

· Γx 0

⎤
⎥⎥⎥⎦ , (17c)

here ax and ay are the equivalent asymmetric offsets of the
estoring forces induced by the supporting stiffnesses kx and ky,
espectively. These non-zero ax and ay are caused by relative
isalignments and/or manufacturing tolerances of pickup com-

onents. On the other hand, Γ x and Γ y are the offsets of the
lectromagnetic force acting lines from the mass center of the
obbin due to an uneven magnetic field and/or misalignments

f magnetic components in x and y directions, respectively.
n this study, parametric uncertainties of {ax, ay, Γ x, Γ y} are
ssumed approximately up to 5% of the respective sizes of the
obbin.

s
t
l
o

Fig. 5. Time trace and FFT of measured runouts.

The external disturbances are next modeled based on realistic
adial vibrations (runouts) for later control design. To this end,
simple experiment system is built with mainly a commercial
ptical disc drive in the laboratory to mimic the aforementioned
D-ROM system, and two laser sensors to measure the radial
ibrations. The measured radial vibrations are shown in time
nd frequency domains in Fig. 5, where it is seen that the practi-
al radial vibratory disturbance consists of a primary harmonic
f 1 �m at 7850 rpm, which is exactly the disk rotational fre-
uency. These measured radial vibrations would serve as output
isturbances in later control design and experimental valida-
ion. Incorporating the measured disturbance into system Eq.
14) arrives at the modified system equations as

q̈ + Cq̇ + Kq + N + G + D̃ = T̄V, (18)

here D̃ = [ vd,x vd,y 0 ]T · vd,x and vd,y are assumed as the
forementioned measured radial vibrations in x and y directions,
espectively.

. Controller design

A sliding-mode controller (SMC) is synthesized in this sec-
ion for precision positioning of the pickup actuator in 3 DOFs.

well-designed SMC is expected to accept the estimated states
f q and q̇ from the high-gain observer designed in the next sec-
ion, and then to calculate required control efforts V to be fed to
he optical pickup. Fig. 6 shows a block diagram that well illus-
rates the structure of the SMC and the accompanied high-gain
bserver. To complete SMC design, it is first understood that the
ystems controlled by a SMC are a class of controlled nonlinear

ystems actuated by discontinuous control efforts, which change
he system structure to have the controlled states reaching and
eaving the switching surface (or sliding surface). The structure
f the switching surface is specified at the zeros of a so-called
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Fig. 6. Block diagram of the controlled system with the observer.

switching function,” which is a pre-defined vector-valued func-
ion, often denoted by S(e). The sign of the switching function
ndicates which side of the switching surface the states are, and
ffers the direction for the control action to be designed. In this
ection, the objective is to design the switching surface reaching
aw for the SMC design. This is accomplished by determining
he reaching mode and the overall control law, which is aimed at
he convergence of the system dynamic to the switching surface
nd ultimately the desired states. To this goal, three independent
ontrol inputs to the three-axis four-wire type optical pickup
re synthesized to accomplish precision positioning in track-
ng/focusing and annihilating tilting. This starts with re-writing
q. (18) as

¨ = −M−1Cq̇ − M−1Kq − M−1D + M−1T̄V, (19)

here D = (N + G + D̃). The error vector of the system is
efined as

= q − qd =

⎡
⎢⎣

X − Xd

Y − Yd

θ − θd

⎤
⎥⎦ , (20)

here qd = [ Xd Yd θd ]T are targeted focusing, tracking and
ilting positions. Note that to eliminate non-zero tilting, θd is set
s zero. A switching vector function S(e) containing the integrals
f the positioning errors is next defined as

(e) =
(

d

dt
+ C1

)2 (∫ t

0
e dt

)
= ė + 2C1e + CT

1 C1

∫ t

0
e dt,

(21)

here C1 = diag[ C1,x C1,y C1,θ ]. Note that C1 is a matrix
ith positive diagonal elements to be determined. The determi-
ation of the elements in C1 decides relative convergence speeds
mong 3 DOFs. Taking time derivative of S(e) in Eq. (21) and
lso incorporating Eqs. (19) and (20) leads to

˙ = (−M−1Cq̇ − M−1Kq − M−1D + M−1T̄V) − q̈d

+ 2C1(q̇ − q̇d) + C2
1(q − qd). (22)

o find an appropriate control law, the reaching law of the states
ith proportional plus constant power rates in the form of
= −PS − Qsgn(S), (23)

s first set to be achieved. Note that Q = W ·
|Sx|α

∣∣Sy

∣∣α |Sθ|α ]
T

with Sx, Sy, Sθ being the compo-

c
a
W
w
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ents of given sliding-mode matrix S. Furthermore, P and W
re positive weighting coefficients to be designed, while the
hoice of α also allows one to adjust the convergence speeds.
y selecting appropriate values of P, W and α in Eq. (23), the
onvergence of state trajectories to the switching surface can be
uaranteed since the reaching law (23) directly leads to

· Ṡ < 0. (24)

o make possible the reaching law (23), the control efforts V in
q. (22) can be designed as follows, based on theory of sliding-
ode control,

= [
V x V y V θ

]
= (M−1T0)

−1
(

M−1C0q̇ + M−1K0q + q̈d − C1q̇ + C1q̇d

− PS − Qsgn(S) + CT
1 C1

∫ t

0
(q − qd)dt

)
. (25)

Note herein that by selecting large values of P and W for the
ontrol effort V in Eq. (25), one is able to not only reach the con-
ergence in Eq. (24) but also retain the robustness against the
ncertainties of CΔ, KΔ and TΔ as prescribed in Eq. (17) and the
isturbance D specified in Eq. (18). Note that the necessary con-
ition for reaching the robustness against the uncertainties and
isturbance by the voltage input V in Eq. (25) is the satisfaction
f the input matching condition [8,9]. Appendix A details the
roof on the satisfaction. Finally, in order to reduce the known
hattering phenomenon near the switching surface, the function
gn(s) pre-proposed in Eq. (25) is replaced by a saturation func-
ion inside the pre-designated boundary layer [7]. The saturation
unction is of the form

at(S) =
⎧⎨
⎩

sgn(S), if |S| > φs

S
φs

, if |S| ≤ φs

⎫⎬
⎭ , (26)

here φs is the boundary layer width of the switching surface.

. Observer design

With the sliding-mode controller designed, a high-gain
bserver is synthesized and augmented into the controlled sys-
em in this section with the aim to estimate the moving velocities
f the bobbin in the directions of tracking, focusing and tilting.
he estimated velocities would be provided to the controller
s the feedback signals in places of those digitally computed
ime derivatives from the measured displacements of the mov-
ng lens/bobbin. The replacements are motivated by the fact that
he computed derivatives are often contaminated by the noises
aused by sensor limitation and magnified by consequent digital
iscretization.

The design process of the high-gain observer follows the pro-

edure similar to that in [10], which starts with defining new state
nd output variables of the system as q1 = q, q2 = q̇ and y = q.

ith these new definitions, the system equations augmented
ith the designed sliding-mode controller in Eq. (19) can be
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Table 1
Geometric and magnetic parameter values of the VCM actuator

Description Symbol Value Unit

Max voltage Vm(max) 5 Volt
Max current im(max) 0.67 A
Resistance Rx 7.5 �

Resistance Ry 7.5 �

Resistance Rθ 6.4 �

Back EMF constant Kmvs,x 0.0416 Volt/(m/s)
Back EMF constant Kmvs,y 0.0416 Volt/(m/s)
Back EMF constant Kmvs,θ 0.0357 Volt/(m/s)
Magnetic flux density Bx 0.454 Wb/m2

Magnetic flux density By 0.454 Wb/m2

Magnetic flux density Bθ 0.454 Wb/m2

Effective length* lx 0.37 m
Effective length* ly 0.35 m
Effective length* lθ 0.1 m
No. of coil loops nx 32 Loop
No. of coil loops ny 25 Loop
No. of coil loops nθ 40 Loop

*

l
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e-expressed as

˙ 1 = q2, q̇2 = f (q1, q2) + g(q1)V, y = q1, (27)

here f (q1, q2) = −M−1C0q2 − M−1K0q1 − M−1D, g(q1)
M−1T0, and y = q1 = [ X Y θ ]. Note that
= [ X Y θ ] is the output vector containing the mea-

ured displacements of the moving bobbin in three DOFs of
ocusing, tacking and tilting. With the sliding-mode control
ffort designed previously by Eq. (25), the term V in Eq.
27) can be seen as a function of state estimations offered by
he observer and time, i.e. V = η(q̂1, q̂2, t) where q̂1 and q̂2
enote, respectively, the estimates of the actual displacements
nd velocities of the bobbin/lens, q1 and q2, respectively. Thus
he system Eq. (27) can be further simplified as

˙ 1 = q2, q̇2 = φ(q1, q2, q̂1, q̂2, t), y = q1, (28)

here φ(q1, q2, q̂1, q̂2, t) = f (q1, q2) + g(q1)η(q̂1, q̂2, t).
onsider the high-gain observer in the form of

ˆ 1 = q̂2 + 1

ε
Hp(y − q̂1), q̂2 = 1

ε2 Hv(y − q̂1), (29)

On the other hand, Hp and Hy are designated as the diagonal
atrices with constant elements, i.e. Hp = diag(hp,i) and Hv =
iag(hv,i), with the aim to achieve an estimation convergence
or q̂1 and q̂2. Convergence of the estimation can be guaranteed,
ven against the uncertainties of CΔ, KΔ and TΔ, by choosing
he values of hp,i’s and hv,i’s such that the spectra (roots) of the
haracteristic polynomials

i(λ) = λ2 + hp,iλ + hv,i, i = 1, . . . , N (30)

re all in the left half plane. Finally, the value of ε in the observer
n Eq. (29) is chosen as a small positive parameter, serving as

detuning parameter to adjust the convergence speed of the
esigned observer. ε is usually detuned small enough such that
he convergence speed of the observer is much faster than the
argeted convergence speeds of states of the controlled system,
esulting in assurance of the expected control performance by the
MC designed in Section 3, where no observer is assumed. On

he other hand, note that the smallness of ε in fact leads to large
alues of 1/ε and 1/ε2 in Eq. (29), explaining why the observer
s named the high-gain observer. It is important to note herein
s well that the estimated q̂1 and q̂2 by the high-gain observer
re computed through the time integrations on the right hand
ides of Eq. (29), rendering the estimated values of q̂1 and q̂2
n lower noises than those embedded in directly computed time-
erivatives from measured displacements. With values of hp,i’s,
v,i’s and ε determined following the aforementioned directives,

he convergence of the estimation by the high-gain observer can
e guaranteed. The proof to ensure the convergence is provided
n Appendix B.

. Numerical simulations
With the sliding-mode controller and the high-gain observer
ynthesized, numerical simulations are conducted in this sec-
ion to find suitable controller parameters and observer gains.

a
g
C
s

The effective lengths of the wires for focusing/tracking/tilting are total
engths of coil loops, not the size of the coils in appearance.

he practical three-axis pickup by ITRI, as shown in Fig. 1, is
onsidered for the ensuing numerical simulations and experi-
ental validation. All parameters of the considered three-axis

our-wire type optical pickup actuator are calibrated or obtained
rom documented properties. They are

m = 2.87 × 10−4 kg, L = 12.5 × 10−3 m,

Iw = 1.01 × 10−17 m4, E = 1.1×1011 Pa, r = 4 × 10−5 m,

Dy = 1.225 × 10−3 m,

Δt = 5 × 10−4 s, I0θ = 1.97 × 10−9 kg m2,

Ix = 1.97 × 10−9 kg m, Iy = 3.47 × 10−9 kg m, (31)

hile the parameter values of the voice coil motors (VCMs) are
iven in Table 1.

.1. Choosing control parameters

Numerical simulations are carried out in this subsection with
he aim to choose appropriate parameter values for the sliding-

ode controller designed in Section 3. The appropriateness
an be ensured if the error convergence in Eq. (24) is reached
ith the presences of the disturbances due to radial rurnouts,

s specified by D in Eq. (18), and the parametric uncertainties
ax, ay, Γx, Γy} in Eq. (17) that are prescribed as 5% of respec-
ive dimensions of the pickup bobbin. It can be obtained from
he SMC design process proposed in Section 3 that the main
ontrol parameters affecting the controller performance are P,
, α and C1. Among these parameters, one can only consider
and W as the main parameters to be tuned for convergence
nd robustness, since the effects of α are only on the conver-
ence that can also be tuned by P and W. On the other hand,
1 determines only the relative convergence speeds among the

tates. Therefore, in the following process of controller tuning,
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Table 2
Cases for choosing weightings P and W

Case no. P W

1 5 × 103 10
2
3
4

F
1
e
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is set to be unity to leave the job of convergence tuning to P
nd W, while C1 is designated as C1 = diag[ 300 300 900 ]
or reflecting desired relative convergence speeds among the
tates.

Four cases of varied P and W as listed in Table 2 are con-
idered herein for simulations to obtain satisfactory controller
erformance. The first, second and third cases are integrally set
o consider relative large, medium and small levels of P and a

xed W, with the aim to find the most suitable value of P for
etter control convergence and robustness. With the desired tra-
ectories in x and y directions set to be step functions of 10 �m
nd the desired tilting in θ direction to be zero, simulations are

c
r
s
v

ig. 7. Simulated step responses, control efforts and errors of the pickup system cont
given in Table 2. (a) Tracking, (b) focusing, (c) tilting, (d) tracking control effort, (e)

rror and (i) tilting error.
(also for experiment) 5 × 104 10
5 × 105 10
5 × 104 103
onducted and then the related results are shown in Figs. 7–9,
espectively, corresponding to Cases 1–3 in Table 2. It can be
een from these figures that the case with the pre-chosen medium
alue of P = 5 × 104, as shown in Fig. 8, renders the smallest root

rolled by the designed SMC in three directions with control parameters of Case
focusing control effort, (f) tilting control effort, (g) tracking error, (h) focusing
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ig. 8. Simulated step responses, control efforts and errors of the pickup system
given in Table 2. (a) Tracking, (b) focusing, (c) tilting, (d) tracking control effo

rror and (i) tilting error.

ean squares of errors (RMSE) in all three directions. The case
ith the smallest value of P = 5 × l03 exhibits positioning fluc-

uations in three DOFs at steady state, as shown in Fig. 7. This
s largely due to an inadequate control effort supplied to the
CM to overcome the disturbance of the radial runouts spec-

fied in Eq. (18). On the other hand, the case with large value
f P = 5 × 106 has trouble in stabilizing the tilting motion at

teady state, as shown in Fig. 9. This is largely due to the over-
owered control effort to the VCM in the tilting direction. In
onclusion, the medium value of P = 5 × 104 suits best for the
ontroller.

b
s
s
c

olled by the designed SMC in three directions with control parameters of Case
focusing control effort, (f) tilting control effort, (g) tracking error, (h) focusing

In the next step, the simulations with the parameter values
onsidered in Case 4 in Table 2 are conducted to find suitable
alue of W for a satisfactory controller performance. In Case 4,
ith P fixed to the pre-chosen medium value of 5 × 104, W is

ncreased from the value of 10 in Case 1–3 to 1000 for a chance
o speed up the convergence near the sliding surface. The cor-
esponding results are shown in Fig. 10. A general comparison

etween Figs. 8 and 10 renders that an increased W does not
ignificantly shorten response time especially in the transient
tage, while brings small levels of fluctuation due to the higher
ontrol gain of W near the sliding surface. Note that from Eq.
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Fig. 9. Simulated step responses, control efforts and errors of the pickup system controlled by the designed SMC in three directions with control parameters of Case
3 rt, (e)
e

(
e
W

5

e
b

h
H
4
o
i

given in Table 2. (a) Tracking, (b) focusing, (c) tilting, (d) tracking control effo
rror and (i) tilting error.

23) it can be perceived that W dictates level of the switching
ffort near the sliding surface. Therefore, the suitable value of

remains as the pre-chosen 10.

.2. Choosing observer gains
With the control parameters chosen based on simulations,
fforts are paid herein to find suitable observer gains also
ased on simulations. In the first step, the values of parameters

m
t
i
c

focusing control effort, (f) tilting control effort, (g) tracking error, (h) focusing

p,i’s and hv,i’s, prescribed by Eq. (30), are designated to have
p = diag[4 × 103, 4 × 103, 2 × 104] and Hv = diag[4 × l06,
× l06, 1 × 108] to ensure robust stability of the observer. Sec-
nd, the small parameter ε is first chosen as ε = 0.005 (as listed
n Table 3) for a relative fast convergence on state velocity esti-
ations. The resulted responses are plotted in Fig. 11, where
he responses of the controlled system with the feedback veloc-
ties estimated from the observer are represented by dot-dashed
urves, while those with those actual velocities are represented
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the observed velocities are indistinguishable from those of actual
counterparts, demonstrating that a smaller ε = 0.0005 is a bet-
ter choice than ε = 0.005. Note that the previous finding in fact
reflects the theoretical core of the high-gain observer. In each

Table 3
Cases for choosing detuning parameter ε
ig. 10. Simulated step responses, control efforts and errors of the pickup sys
ase 4 given in Table 2. (a) Tracking, (b) focusing, (c) tilting, (d) tracking con

ocusing error and (i) tilting error.

y solid curves for comparison. It is seen from the errors in
ig. 11(g–i) that the controller assisted by the high-gain observer
chieves precision positionings in the three DOFs of focusing,
racking and tilting. Also, the RMSE values of the controlled
ystem with the observer employed are close to those of actual
esponses in all 3 DOFs, indicating a satisfactory convergence in
elocity estimation by the high-gain observer. ε is next detuned

o a even smaller value, the chosen parameter as shown in
able 3, ε = 0.0005, to aim for a better observer convergence.
he corresponding simulated responses are plotted in Fig. 12,
here it is seen that the controlled responses and errors using

C

1
2

ontrolled by the designed SMC in three directions with control parameters of
fort, (e) focusing control effort, (f) tilting control effort, (g) tracking error, (h)
ase no. P Q ε

5 × 104 10 0.005
(also for experiment) 5 × 104 10 0.0005
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Fig. 11. Simulated step responses, control efforts and errors of the pickup system controlled by the designed SMC assisted by the high-gain observer in three
d e 1 in
f error
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irections. The employed controller and observer parameters are those of Cas
ocusing control effort, (f) tilting control effort, (g) tracking error, (h) focusing

esign of the observer, one ought to continuously detune the
alue of ε until the required computation load is bearable for the
SP module utilized.

. Experimental validation
Experiments are conducted to verify the expected effective-
ess of the designed SMC and the high-gain observer with
he parameters and gains chosen in Section 5. Fig. 13 illus-
rates the experimental setup employed, which consists of a

b
c
c
T

Table 3. (a) Tracking, (b) focusing, (c) tilting, (d) tracking control effort, (e)
and (i) tilting error

aser displacement sensor (MTI 250), two optical fiber displace-
ent sensors (MTI KD-300) and a three-axis pickup provided

y the Industrial Technology and Research Institute (ITRI),
aiwan. The implementation of the previously designed con-

roller/observer algorithms are accomplished by a DSP module
dSPACE1103). This DSP accepts the measurements of the bob-

in motions from the laser and optical sensors, based on which
alculations are conducted following the previously designed
ontroller/observer algorithm to output required control efforts.
he output control efforts are further amplified by a custom-
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Fig. 12. Simulated step responses, control efforts and errors of the pickup system controlled by the designed SMC assisted by the high-gain observer in three
d e 2 in
f error a
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irections. The employed controller and observer parameters are those of Cas
ocusing control effort, (f) tilting control effort, (g) tracking error, (h) focusing

ade amplifier circuit featuring chip OP-741 before fed into
he pickup for generating bobbin motions. The tracking (hor-
zontal) motions of the bobbin in the pickup are measured
irectly by the laser displacement sensor, while the focusing
vertical) and tilting motions are calculated from the measure-
ents of the two optical fiber sensors. The focusing motion is
btained by averaging two optical sensor signals, while the tilt-
ng motion is by taking the difference between the two sensor
ignals and then divided by the span between two parallel sen-
ors. Note that the aforementioned averaging and subtraction

t
u
s
o

Table 3. (a) Tracking, (b) focusing, (c) tilting, (d) tracking control effort, (e)
nd (i) tilting error.

re conducted by the DSP module. The resolution of the laser
isplacement is 0.1–0.2 �m, while those of the optical sensors
re 0.3–0.5 �m.

It should be also noted at this point that for most of commer-
ial two-axis pickups the detection of bobbin motions is made
ossible using the differential phase detection (DPD) module

hat consists of four photo detector patches in a simple config-
ration as shown in Fig. 14(a). The DPD module outputs the
ignals that estimate well the bobbin motions in the directions
f focusing and tracking. To offer an additional detection of
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Fig. 13. Schematic diagr

he tilting for the three-axis pickups, more receiving patches of
hoto detectors need to be added to the original DPD module.
ig. 14(b) shows one of new DPD configurations designed by
20], where the four additional patches of A2, B2, C2 and D2
n the middle section make possible the detection of the tilting

otion of the bobbin.

Two series of experiments with and without the high-gain

bserver employed are carried out to validate the expected per-
ormance of the proposed controller and observer. Using the
ontrol parameters determined previously based on the simu-

Fig. 14. Photo detector patches of a DPD module.
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the experimental setup.

ations in Section 5.1, the experiments without the high-gain
bserver are conducted to verify the expected controller perfor-
ance in the first series of experimental studies. Fig. 15 plot

he experimental responses, control efforts and time histories
f positioning errors with theoretical counterparts for compar-
son, where the experimental precision positioings simultane-
usly in the directions of focusing, tracking and tilting are
learly achieved, rendering satisfactory steady-state RMSEs of
.2453 �m, 0.2036 �m and 0.0015◦, respectively. Note that the
MSEs obtained herein for tracking and tracking are already
lose to the resolutions of the used laser and optical sensors,
espectively. A general closeness between the theoretical and
xperimental counterparts is also present despite of little fluc-
uations involved in the experimental steady-state signals of
racking and focusing. These fluctuations are probably caused
y DSP discretization, sensors noises, subsequent digital dif-
erentiations and the runouts. Also plotted in these figures are
he dashed curves in Fig. 15(c and i) corresponding to the cases
ithout tilting control for comparison. This is made possible in
ractice by simply switching off the voltage input in the tilt-
ng direction. It can be seen from Fig. 15(c and i) that without
he tilting control, persistent large non-zero tilting angles are
resent before and after the control activated, causing a serious
ifficulty in data-reading by the pickup. Finally, it is seen from
he control efforts in Fig. 15(d–f) that larger fluctuations in the
ontrol efforts at steady state in Fig. 15(e and f) are present than
hose in Fig. 15(d). This is due to the fact that the resolution by
he laser sensor for the tracking motion is finer than those by the
ptical sensors responsible for detecting the focusing and tilting

otions.
In the second series of experimental study, the high-gain

bserver with the gains previously determined in Section 5.2
s augmented into the SMC to verify the expected performance



P.C.-P. Chao, C.-Y. Shen / Sensors and Actuators A 135 (2007) 713–730 727

Fig. 15. Experimental and simulated step responses, control efforts and errors of the pickup system controlled by the designed SMC without an observer in three
directions. (a) Tracking, (b) focusing, (c) tilting, (d) tracking control effort, (e) focusing control effort, (f) tilting control effort, (g) tracking error, (h) focusing error
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nd (i) tilting error.

redicted theoretically. Fig. 16 plot the experimental responses,
ontrol efforts and time histories of errors with the theoretical
ounterparts for comparison, where it is seen that the synthesized
ontroller and observer are able to perform precision position-
ngs simultaneously in the directions of tracking, focusing and
ilting, rendering steady-state RMSEs of 0.1407 �m, 0.1449 �m
nd 0.0019◦, respectively. Note that the RMSEs obtained herein
or tracking and tracking are slightly below the resolutions of the
sed laser and optical sensors, respectively, thanks to the integra-
ions performed by the high-gain observer to reduce noises by
he sensors and environment. A general closeness between the

imulated curves and experimental counterparts is also present.
omparing the responses in these figures with those counter-
arts in Fig. 15, where no high-gain observer is applied, it is clear
hat moderate levels of higher-frequency fluctuations embedded

h
e
i
i

n the error signals in Fig. 15(g–i) are alleviated in the coun-
erpart subfigures, Fig. 16(g–i). This is in fact largely due to
he integrations conducted by the high-gain observer, since the
bserver circumvents the noise induced by DSP digital differ-
ntiations. However, this also comes with the cost of longer
ransient responses, as shown in Fig. 16, for completing the
ntegrations demanded by the observer. Finally, it should also be
oted that the large fluctuations in the control efforts in Fig. 16(d
nd e) prior to the initiation of the step commands are due to the
ubstantial estimation errors of the bobbin velocities induced by
he high-gain observer. Based on Eq. (B.5) in Appendix B on the

igh-gain observer convergence, the aforementioned observer
stimation errors can easily be shown inevitable as the position-
ng errors are close to zeros as before the step commands are
nitiated.
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Fig. 16. Experimental and simulated step responses, control efforts and errors of the pickup system controlled by the designed SMC assisted by the high-gain observer
in three directions. (a) Tracking control with high-gain observer, (b) focusing control with high-gain observer, (c) tilting angle control with high-gain observer, (d)
t rror, (
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racking control effort, (e) focusing control effort, (f) tilting control effort, (g) e

. Conclusions

This study is dedicated to design and experimental validation
f a sliding-mode controller equipped with a high-gain observer,
hich are synthesized for simultaneous precision positionings of
three-axis optical pickup in the directions of focusing, tracking
nd tilting. Based on the simulated and experimental results, the
ollowing conclusions are drawn.

1) Simulations and experimental studies have demonstrated

that the synthesized controller and observer is capable of
simultaneously positioning the bobbin in the pickup for pre-
cision focusing, tracking and reducing tilting to acceptable,
small levels.
h) error and (i) error.

2) The levels of the tilting in the cases without tilting
control are found substantially larger than those with
the titling control by the designed SMC, showing the
importance of employing a three-axis controller and
the effectiveness of the accompanied controller/observer
algorithm proposed in this study to suppress non-zero
tiltings.

3) The application of the high-gain observer helps greatly
for reducing levels of fluctuations in steady-state sys-
tem responses. These fluctuations are possibly caused

by environmental, sensor and digital noises. However,
it should also be noted that although fluctuations is
reduced, the observer brings the cost of longer transient
responses.
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ppendix A

The proof to show the satisfaction of the input matching con-
ition is provided herein. Following the procedures in [8,9], the
roof starts with re-presenting the system equations in a state-
pace form as

˙ = f̃(x) + �f̃(x, t) + [G̃(x) + �G̃(x, t]u, y = h̃(x),

(A.1)

here

x = [qq̇] = [X, Y, θ, Ẋ, Ẏ , θ̇]; h̃(x) = q = [X, Y, θ];

f̃(x) =
[

Î

−M−1C0q2 − M−1K0q1 − M−1D

]
;

G̃(x) =
[

0̂

M−1T̄0

]
; u = V;

Î =

⎡
⎢⎣

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

⎤
⎥⎦ ; 0̂ =

⎡
⎢⎣

0 0 0

0 0 0

0 0 0

⎤
⎥⎦ ;

nd {�f̃, �G̃} are the uncertainties associated with {f̃, G̃},
espectively. It can easily be obtained that

Lg̃j
h̃i(x) = 0, for i, j = 1, 2, 3,

A ≡

⎡
⎢⎣

Lg̃1
Lf̃h̃1(x) Lg̃2

Lf̃h̃1(x) Lg̃3
Lf̃h̃1(x)

Lg̃1
Lf̃h̃2(x) Lg̃2

Lf̃h̃2(x) Lg̃3
Lf̃h̃2(x)

Lg̃1
Lf̃h̃3(x) Lg̃2

Lf̃h̃3(x) Lg̃3
Lf̃h̃3(x)

⎤
⎥⎦ = M−1T̄0,

(A.2)

here L denotes Lie Derivative; g̃j’s are row vectors of G̃ while
˜
i ’s are components of h̃. Based on theory of nonlinear con-

rol, the content of the computed matrix A in Eq. (A.2) leads
o a vector of relative degree of freedom (DOF) of [2, 2, 2] if

−1T̄0 is nonsingular. The matrix, M−1T̄0, being a function of
he pickup tilt angle, can easily be shown nonsingular with the
ystem dynamics considered in this study, due to the fact that the
ilting angle is always small. With the relative DOFs obtained,
he next step toward the input matching condition is to check
f the relative DOFs are unchanged by addition of uncertainties

nd disturbance, which are prescribed by CΔ, KΔ and TΔ in
q. (17) and D in Eq. (18), respectively. While in the formulated
ystem Eq. (A.1), they are grouped into �f̃ and �G̃. Based on
he entrance locations of CΔ, KΔ, XΔ and D into �f̃ and �G̃,

E
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t can easily be deduced that

f̃ and �g̃j ∈ Ker[dh̃i], (A.3)

ince Ker[dh̃i] = [ 0 0 0 R3 ]. With the above condition
A.3) held, the matching condition is henceforth satisfied.
inally note that the system Eq. (18) are in fact ready to be in
normal form with M−1 multiplied at both sides. The relative
OF vector is obviously [2, 2, 2], where each “two” corresponds

o one of DOFs of tracking, focusing and tilting. Non-singularity
f M−1T̄0 and the satisfaction of condition (A.3) mean practi-
ally that one could design a control effort V capable of reaching
nd suppressing system uncertainties and disturbance for the
hree-axis pickup considered in this study.

ppendix B

The proof on the estimation convergence of the proposed
igh-gain observer is provided in this appendix. This proof starts
ith establishing the equations governing the error dynamics of

stimation by the high-gain observer. These equations can be
btained by subtracting Eq. (29) from Eq. (30), yielding

q̃1 = q̃2 − 1

ε
Hp(q̃1),

˙̃q2 = − 1

ε2 Hv(q̃1) + φ(q1, q2, q̂1, q̂2, t) (B.1)

here q̃i = qi − q̃i, i = 1, 2. For further analysis, the following
ew coordinates and scalings are introduced, i.e.

˜1 = q̃1, z̃2 = εq̃2, z̃ = (z̃T
1 , z̃T

2 )
T
. (B.2)

ith the aboves, the error dynamics in Eq. (B.1) can be re-
xpressed as

˙̃z1 = −Hpz̃1 + z̃2, ε ˙̃z2 = −Hvz̃1 + ε2φ(q1, q2, q̂1, q̂2, t)

or in the matrix form of

˙̃z2 = Ao(z̃) + ε2bφ(q1, q2, q̂1, q̂2, t), (B.3)

here z̃ =
[

z̃1

z̃2

]
, Ao =

[
−Hp I

−Hv 0

]
and b =

[
0

I

]
. Since

atrices Hp and Hv have been chosen to place the spectra
f pi(λ), i = 1, . . ., N, in the left half plane, there exists a
ositive definite matrix Po independent of ε to be the solution
f the following matrix equation AT

o Po + PoAo = −I. With the
olved Po, a new quadratic function defined by W(z̃) = z̃TPoz̃
s formed, which can be used to serve as a Lyapunov function
andidate for the error dynamics in Eq. (B.3). Computing the
erivatives of W(z̃) along the solutions of Eq. (B.3) gives

dW
dt

= 1

ε
[z̃T(AT

o Po + PoAo)z̃ + 2ε2φTbTPoz̃]

= −1

ε
z̃Tz̃ + 2εφTbTPoz̃. (B.4)
q. (B.4) further gives

dW
dt

≤ 1

ε
‖z̃‖2 + 2ε ‖Pobφ‖ ‖z̃‖ .
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ased on the above inequality, the convergence of the designed
igh-gain observer can be ensured by detuning the parameter ε

mall enough to satisfy

2 <
‖z̃‖

2
∥∥P0bφ(q1, q2, q̂1, q̂2, t)

∥∥ . (B.5)

It should be noted at this point that the controlled system
lways renders a finite quantity of the right hand side in inequal-
ty (B.5) before reaching the infinite time. Therefore, there must
xist a small value of ε for observer convergence before all posi-
ioning errors are very close to zeros. In the actual process of
etermining ε, one can detune ε from a moderate small value
ith the assistance from simulations until the observer reaches

ts required convergence speed for control use. The required con-
ergence speeds of the observation errors {q̃1, q̃2} are usually set
uch faster than the targeted convergence speeds of states {q1,

2}, in order to ensure the overall convergence of the control
rrors.
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