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Abstract
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INTRODUCTION

1.1 Background

Optical disk drive is one of the most popular systems of information storage.

Two promising candid a ; ; ecordi nd holography. Holographic
data storage 't ding "and readout. High

1pa obtz a optical stylus for
graphy,

.
ata are impressed onto a

!gesult very 3
N

focusing spot is nea

optical a%nd %k

proposed i Ing pitch, alc] the Seesz

performs in thg al disk drive is one of

most popular s of information storage. Two promising candidate

near-fielc

o i

cOherent

s approaching

dimensions le . to the optical lens, requiring
close proximity between the al head and disk, making removability of the media
more difficult. From the control point view, it cannot be achieved by the current

ODDs employing the sole actuator of VCM. The VCM limits the bandwidth

extension in the single-stage servo system because of its mechanical resonances and
1



high frequency uncertainties [3]. As such dual-stage actuation is seen to be the
solution for new generation of ODDs. Dual-stage servo control system is proposed to

perform the fine positioning for ultra-high focusing speed. Referring Fig. 1.1&

Figl.2, the new s ha dual stage actuation in the mini-ODD places a

small séconda small s dary PZT actuator

sed to perform the fine focusing for ultra ack pitch, and the
H u

"
v performs in the role of the major tracking actuator.

Fig. 1.1 dual-stage actuator =
H
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schematic diagram of the optical configuration
1

disk
objective lens
5 " HOE
microprism 1
S (MP1)
microprism 2
(MP2)
 silicon substrate
450
(the laser chip is bonded on a submount

the papes)

optical parameters

Bl

ahjective lens

silicon suhstrate

photodetector

Fig. 1.5 blue ray optical hee

Ttern C dence

image-object relation finire-conjugate system

disc cover layer thickness © mm (surface recording)

laser wavelength &54nm

object NA (laser side) 0.1

image NA (dick cide) 0.65

focal length 0.525um.

clear aperture diamater 1.0mm |

laser chip

45° mirror
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ces and the ely!ivalent

VCM suspensi

on 1S mass reductic
| |

reducing e i : e ition. ¢ ignal (PES) wo

with increasin

" maintained ini : S complex
"
ircuit, hanical ¢ : : decrease it thicknes
: <

D x‘z will not only impact the cost of the ODD but al

in% to long delay time. A control pr.ohlarT
| |

put signal and res y seeking time.

oscillatio he 0

The other S ACCO C ( signed for robust performance [3].

The system must follow the track to keep the residual focusing error below its

tolerance. Hence, the focusing servo system should keep the robust performance

against sudden disturbance. Generally, the conventional tracking servo system is



accomplished by the feedback servo designed using PID control. It is difficult to
compensate the sudden disturbance and periodic disturbance. The robust control and

the adaptive control methods are used to eliminate the effects of uncertainty for

systems with uncertain : 1ve Co od has more applications in
industrial and 1 s s with parameter

ed oo control



1. ROBUST DISTURBANCE OBSERVER ON
2DOF SERVO SYSTEM

2.1 Tracking control system

Signifiea OZress i f an ODD can, be accomplished by

high-bandwidth and

St actuator system. In such a serve
i ||

| |
. ate micro actuator is used in combination alVCM to

| |
sition the read/write hea ; The follo 0. ¢ontrol

C ertaint.iEs

iUSte equired to fc
3 ’ =
. disturbances and product varia s difficult
H B - | |
| |
HEE . I
| | | |

1atio

1ce Observ

Fo /O S ' aken into account i=1

|
|
||
| |
I form of an ung 3 nrf onsists of a nominal mo

. . n
together..with Wi the dlsturbancgs

. uncerta [
o 1855
S0 |-4—{ 7o)
"

"

Generally, the bloc Ty ki ontrol system for an optical disk
drive is shown in Fig2.1. Here, P(s) is the tracking actuator for an optical disk drive,
which is a moving-coil actuator. x,.ris the tracking position reference to be followed.

x is the optical spot position. x,; is a disturbance input.
7



2.2 Robust feedback controller based on disturbance observer
Based on coprime factorization, the transfer function P(s) of the tracking actuator

VCM and PZT are expressing by:
N(s

P(s)= 1

(1

)

I ||
bust”feedback controller C(s) is determined b.ylﬂ1r factorization
u_

$),:D(s), X(s), Y(s).

X(s)+(
$)—C

rejection response
Gas) of g(s 11 the gains of Gg4/(s) and
the sensitivity functio ) uld bec as small as possible in all frequency
bandwidth and must be zero in steady state. This paper proposes that O(s) is
determined by the stable and proper function g(s). A gain of g(s) is unity in steady

state. The sensitivity function S(s) and the disturbance rejection response Gg(s) are
8



represented as shown in (6) and (7). The block diagram of proposed robust control

system is illustrated as shown in Fig. 2.2.

Y(s)

06) =32 £(s). £0)=1 @
Cs)= - o )
ction S(s) = D(s)- Y (s)[1- & 6)

"y

- Disturbance rejection response G, (s) = N(s) - Y(s)-[1-g (7)

"

xX= ‘ o+ Y(Lijl(s) ﬂ ’
Y(s)+ X( | Y(s)+X(s)-P(s)

NG _‘vp‘f s
N ’@WEH N(s) X(5)-(1-2(5)) +2(s) |- P(5) :

1895

"

o NE)¥E) [

L — T
g()]

-

L, [NV 1—g<$)]+g(s>]‘P(sf)‘1+[)((S)+ : =8,
L NE ) [1-g6)] Y(s)  N(s)Y(s):[1-2@)],
NG)
) N(s) . - NGs): r(5) _g(s)]'xdis

N/ . xdts

A J] | iﬁ l—g(S)]

X =
Xor g g Ve LN ©, e
Y(s) N(s5)-Y [1 s D( D(5)-Y(s) D(s)-Y(s)-[l—g(s)]
N(S)'xref+N(S)'Y(S)'[1_g(s)]'xdis
. D(s)-Y(s)-[1-g(s)]

1
D(s)-Y(s)-[l

20 .[D(s) Y(8)-[1-g($)]+ N(s)- X(s)-[1-g(s)]+ g(s)]

9



N(5): X, + N(5)- ¥(5)-[1= ()] - %,
D(s)-Y(s)-[1-g(s)]

x=[Ds)-¥(s)-[1-g(s)]]-

2.3 Robust stability condition

The inner loopis the closed looj ased e state feedback and the state
observe ; e p system based on
pass filter

Sitivity

of the

denote P(s) as

icative perturbation E(s)
into account, the mode

P(s) = P(s)-[1+ E(5)] ®)

10



be a stable

perturbation £

D(s)
+ X,

X(s) N(s) Lt Es in ! X(s) N(s) L E dis

Y()D()[+()] “Yo) Disy LIHEO)

- Y(s)

11



_ N(s)-[1+ E(s)]-u,, + N(s)-Y(s)-[1+ E(5)]- x,
T D) V() + N(s) X(s) 1+ E(5)]

_N(s)-[l+E(s)]-um+N(s)-Y(s)-[1+E(s)]-xdis
e 1+ N(s)X () E(

A A

x=G,(s)- ny

-X(s)+Y(s)-D(s)]-E(s)}'[u'

1+ N(s)- X(s)-E(s)
g ’ h' .
%_;{_ f state b

-{1+
1+

n
.I. For Lﬂ)(& of s

E;,(s), this paper suitab
n HEE .

I-ill.’ill-

S101 1€Sponse

Ga(5) of teste

xpd(s):M-s2+D-s+ ) (

G, (5)=—5) _ D(s)-7(s)-[1- g(s)] (12)
xpd S)

Proof:

12



()= PO 549 = 3 59

x(s) = D(s)-Y(s)-[1=g(5)]-x,4(s) = D(5)- Y (s)-[1- g(s)] -%‘xﬁs (s)

x(s):N(s)-Y(S)-[l—g - X (5) . 18 equal to, Eq.7

esired robust stable
ssion response.

es the

ally
| |

suppression response. |

n HEEE

DOF control' System

s a high
ese problems, this
stem based on doubly

paper propo

coprime factorization.
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X

dix
Plant Ms)Dr(s)

o. 2.5 General model of 2DOF co

+

R [y

.
N

Where, P(s) der e feedback compensator (

¢ plant to be controlled.

_ defines 't ybust staliﬂi

.?ﬁ.ed-fmh OMpEnsa ponse

"
‘ 'ous that the feed-forward compensator C,(s) is not able to ::m C
|

"
) ed.l.oop system. Therefore, the feedback contro.llgr C
|

]
iz Iback system composed of P(s) and

G, (5) s

G, (s)=N(s) R(s

S(s)=D(s) Y (s)-[1-g(s)]

14



Proof:

N(s) N(s)
Gin (S) X= 1 ' D(S) 'uin + D(S) xdis
Y(s) | (X(s) N(s) +(X(s) , N(S)j
D(s)

1-g(s)

. 8(s) X +N(s)-Y(s)-x::-l.

s)-|N(s)-R(s)—1

numys)
den{s)
FF PZT

nurmys)
CO——1—>6)

Int Fy denis)
FB FZT

FB VCM
"' numis) 2.5342007
- HTT—' O —

numys)

den{s)
FF WVCM disturbance

Pzt

[
Lol

1047
denis)

Y

Y

¥

Fig. 2.7.sudden disturbance model
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111 ZERO PHASE ERROR TRACKING
CONTROL AND SYSTEM
IDEN

3.1 feed
the output

ZPET

DV
|

" The design of the ZPE’

and zeros in the gosit'

..T).ropos

developed

computations [

far better than \ onal feedback control, and has demonstrated the capabili

L reduce tl

I
any d

acnieve a

} oach to stable to any

condition. If there exist no ni se [zeros 1n the transfer function to be
controlled, this method is no doubt make the actuator unstable. The pole-zero
cancellation method only cancels those stable zeros and poles, but the system still

have phase lag between the actual output signal and the desired tracking signal.
17



Tomizuka (1987) solved this control problem from the frequency response and

designed a new type of feed-forward controller. The proposed feed-forward control

system can reduce the tracking error caused by time delay.

32 '- 5 re
Fig. 3.2 descri on of the dynamic system. It

uses the poles-zeros cancellation method which the closed loop have the stable zeros.

18



£ system w.

9

I | |
feed-forward ¢ : : al without lave the p

shifted.

3.3 ZPE

atrollable item and

the non-controllable ite n transfer ct consists of the controllable

poles and zeros. The stable poles and zeros take the error signal approximate to zero
in infinite. And the non-controllable transfer function consists of all unstable zeros.

The unstable zeros include both non-minimum phase zeros and overly oscillatory

19



zeros. Those unstable zeros cause the errors signals which passing the feed-forward

controller explode or exceeding the oscillation of the plant. It takes the new function

numerator [Bf (z)-B“(z7")| toreplace the old numerator B,(z™") .

When thestra i > tem-of the feedback control

nto'two parts:

(=) zBoz B ) -

E-II“I-

Fig. 3.4 Feed-forward controller
Although the closed loop has the unstable zeros, the frequency response remains

approach to stable without explode and unstable.

20



Z94.(z7 z'4A.(z7)

Cor &)= B 87 B G OB () )

ZdAc (z™h
B ) Bi

= Bz B Bz
i l' & & @
0)

this desired

y(z)= -

B ()

"
n, ~the phase shifted will disappear and approz-cﬂ.g

D MaKes -y

d

t the

olynomial of the unsta

"
_|' vz B

b (]

Eq.22 shows the degree e/transf nction in the complex plane:
BEG R+ L, (0) @3)
Bg (1) JwT
z=e

21



Bi(z)

Bg (1) o = Re(a)) _]Im (a)) (24)
JB@ L BED [I(w) _tan_{f,,,(m }:0 29)
B! (1) B ) R, (@)

j_;_ nimum. The actual

I track to the time varying signals method is

it still

27)

z94.(z")-B'(z2) ) Az B (2

k) = y
O mar T meyma)

)y,(2) 28)

2" can estimate d+s step to compensate the closed loop delay time in

advance.
22



3.4 System ldentification
Designed ZPETC need the useful inverse model, so we investigated a more

accurate control model by comparing the tracking characteristics of VCM and PZT

in the ZPETC loor oe of thesproperties of a system, and it is

necessafy to so ng, Sys design. Sometimes

d.

']i System identification:

ed to the
yarameters. System
from experimental

data.

23



Disturbance and error v(f)

Input signal u(i) +1 Owutpui signal (1)

0 system

The systen inear disturbance v()
disturbance. A

oming too

np { > 1 i > iment. It has a

signific in Sometimes, the input
signal must be introduced to d a reasonable identification results. There are three

input signals can used in the system identification in the identification experiment:

24



R
| 1. Step function !
| 2 ARMA

; System madel]
3. Sum of sinusoids |

/

l
\

3.5 Least squares method
Least squares method is the best method of the system identification to make a

feasible model. The simplest parametric model is linear regression. It can be shown

25



in:

y(0) =3(t)+e()=¢" (1)-O+e(t) (29)

101S€ sequence

system.

(32)

ap and b, are the unknown dynamical parameters.

26



¢ =[-y(t=1),—y(t=2),....—y(t —n),u(®),u(t =1),u(t=2),...,u(t —m)]
v(t)=C(z7")-e(r) (33)

C(z™") = 1+¢-z4

3.6 AR

ing average

€ A.RMAX model is refe
Az y(@)=B(z")

... autoregre. p!t ontro

N NN
The i

-ll-ll!“

The Least sc

\
L
t

"
l. S e -€

ap ach

y(6)=p(t) -
a(SSE)_é(eT-e) T T _ T ~
R, -2-¢" - y+2-¢" - p-0=-2-¢ .(y_¢.9)~0 a5)

The last term ¥ —@-6 contains unknown value. The SSE is minimal when the

27



last term is the minimum. The solution of least squares parameter estimate is

o=(¢"-9) ¢y
(39)

Assume further Eq.36 that e(¢) is a noise or disturbance and the estimate

.. 1
(¢7-4) 9" E()=6

ﬂ

V

(R=1-.

n 4

L —l . n-1 :l. ) F
‘ .;.y(t)—n [;y(t)+y(n)j p [(.n. 1)+4

= 0(n)=6
(41)

é(n) : the estimation of the model parameters in the sampling time »
e(n): the errors between the measured output signal y(n) and the model output signal.

28



K(n): a weighting factor should be shown how much the value of e(n) will modify

the parameter vector.

Suppose at sampling time (n), we already calculated 0, but the new output signal

(?) 1s available at'ti

Om+1

(46)

(n=1)-g(n)- ¢’ (n)- P(n—1)
1+¢" (n)- P(n—1)-¢(n)

The linear function y(¢) =@ (¢)-@+e(f) to be minimized in a least squares

P(n)=| P!

algorithm y = Zn:[e(t)]z is:
=

29



V(6) = Z::[y(t) — (1) QT = Z::/i"_t [)’(t) ~¢" (1) 0}2 (47)

When the A <1, it is supposed to 0.99 or 0.95. The forgetting factor is useful in

the linear syste del. The forgetting fac that the order data has less
effect il the C surements obtained
orithm with
with
w o
e, and the algorithm is ¢

!f.alue

forgott

(49)

1e RLS algorithm:
Alq™) () =B
yO = —a-y(t-D=-a, y(t=2)=..=a,, y(t—n,)+b-u(t=1)

+by - u(t=2)+..+b, -u(t—ny)+c,-e(t=)+c,-e(t=2)+...
30



+c,.-e(t—n,)+e(t)
1. Initialization:

Set é(O) , P(0) ,e(0),s..,€ = 0., and the model starts from ¢+

2. Ith CC c C

31



V. TWO DEGREE OF FREEDOM IN
DUAL-STAGE SERVO SYSTEM

4.1 dual-stage control

Industries S ng orsgand higher recording

C ally, the VCM is used as the so r in ODDs. With the

__H || -
ncrement of focus speed, VCM cannot suppoL accuracy for

arrower track width, b S 1dwic VCM ma

m
P 1fficiently bance. A

a

| D

|

r ato \' efore,
r he on

. u |
- densi quires a_hlg

ODDs employing the
I

the optical reac

placed in fro

. piezo-¢ ic materi
| ]

lactuatorﬁ tha

he horizontal plane when the optical head focuses the optic axisiof i

can be effectively decrease the focusing time and co e. It

ing speed. In
view o : designs a and micro-actuator PZT
controllers. A" migro-actuator con r has been proposed as an effective way to
attain the sufficiently high servo bandwidth and suppress the high-frequency noise,

but the piezo-effect produces the new periodic disturbance.

32



PZT controller PZT

o Col) 1 Pul®) L

s

In accorc

generally desig

& PIIIII!

Lt Cs) 1 Ps)

+

33



Fig. 4.3 dual-stage control loop
The more control emphasis is placed on the micro actuator than the VCM. This

configuration constructs the PZT actuator to predict the displacement signal of the

VCM controller a S time. It ca ain decoupling of the two actuator loops.
The du: age ] ion capabilities than the

here to the

34



"=
DOF con
(]

||
cIror wit

Refs Fig
I.. IE

satisfy sient respo
tolerab

| |
bust feed

e outj

equency respo

| |
from the refe yus that thl !‘eed—fo

eedback closed-loop.

compensator is

feedbac tro

7 (8)- B (8)+C, (5) P (5)+Crp (5)-F, (5)
m 1+C,(s5)-P.(s)+C, (5)- B, (s)

Orand Eq.51, to determir the dual actuator
system when the E actua ; e seesaw feedback loop must be
stable by itself. The major controller designs by the basic performance. Therefore, it

uses the open loop function to attain the stable phase margin and gain margin. The

relative effect is conspicuous in the low frequency range and slight in the high

35



frequency range. The PZT controller is designing by adjusting the seesaw’s outside
disturbances, and shows the proposed actuator controller which has two following

algorithms [3]:

1. The track-follows nstruct the system with better

performance . ce ties and various

"
robust control problem deals with finding feedb;-cfi.

gu.;rantees robust stabi ) 2 olled outpu

“" tharla given bound.

The open contrel loop approaches to actuator working alone in the low
frequency. It will be ignored the action of the PZT actuator in the initial value. Cy(s)

can be designed to stabilize by:

36



[C(9) B )+ C(9)- ()| =[C,(9)- Bs) | (s—>0) 1)

Referring to the Eq.51, the two input one output system can be made to

converge to this parallel loop. The major controller designs by the basic performance

to determine system stab 1 nator doesn’t work, the VCM
§) Jis designed to

ytiomsthat the

37




V. HIGH SPEED PERIODIC DISTURBANCE
REJECTION USING ZPET-FF CONTROL

5.1 ZPET-FF loop

Fig. 5.2 ZPET-FF loop. =
|

|
ng e f stem must have a

precise focusing pO . >ss than 0./[pm] for a reference input

signal with an amplitude of 700[um]. Essentially, the desired position reference of
the focusing servo system is zero. However, the focusing servo system for optical
disk always has the position disturbance input. The maximum amplitude of the

38



position disturbance input is about /00[um] peak-to-peak. Therefore, it is often
difficult for only the robust feedback control to follow the track to keep the residual

focusing error below the tolerance of 700 [ um] peak-to-peak.

For suppressings the 1C ce, thismpaper proposes a new robust

feed-fo d o/ phase error tracking"

1.slﬂo.

disturbance

ecording system

N
new configuration of the ZPET control loop .1 and

Gclosed ‘

5.2 Estimators

However,

referenc u

| |
" to overc OT0 g & @ ﬁ f position re
"
i .hr re-Co 1 Aty U AL vlrvwall CU U Cl. 4

(54

Estimator, ‘ (55)

Hence, using the 1 ory, t d lestimation method obtains the input
variable 7+2 of the pre-compensator, which is-the two sampling forward. The
proposed method estimates the position reference input signal by using the focusing

error. Generally, as the high speed focusing servo system does not move the actuator
39



in the very narrow space, this paper treats the position reference input signal as the
periodic function. It proposes a new estimation method of the two sampling forward

tracking error e(t+2). This paper treats the focusing error e(¢) as a memory to obtain

the two samplingpfi m'. is used to memorize the

focusing erro step is to fit the
e ZPETC
y, then

pare

40



V1. EXPERIMENT AND SIMULATION

6.1 Seesaw frequency response and PZT frequency response

Analyzing System is an i ant tas vhich itswould like to control and affect

the beh: . 0 ies of a system. It is necessary

2l of the system in order to solve proble mtrolvand system
u

yverall

he step inp

—
s

IHIHL-I.'-

0000000000

R R AT 57 ) &

Tracking coil

41
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6.2 PZT frequen
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512

e TOMENEN S1 S2 $3 54 55 57 S8 59 510 S11 .

LehE= e e, 300 1050 2000 1400 1260 1580 1850 1350 1000 1300 1320
FEamigs tg 5 (%) 05 20 18 035 03 04 04 045 03 035 035
B Np (HzM) 2020 1980 2050 2150 2270 2280 2250 2330 2235 2280

Nt (HzM} 2245 2070 2050 2030 2100 2130 2150 2050 2100 2110 2080

BRATEE Ke (% ) 54 53 52 51 49 47 46 47 47 46 49
o am 55 80 76 400 900 1360 1450 1800 2000 1600 1000
R

s d.,(x10 2M/V) 460 530 325 335 430 365 290 325 320 350

8a3(x107V-M/N})

P(x10°Kg/M* } 7.2 755 756 77 775 776 778 785 7384 7.9 7.8

189K
Y\ f Cn
N \ s
L .
Fig.6.4 piezoelectric ceﬁaml'

=
|

6.2 piezoelect
PZT(S-2):

Bimorph piezo-ceramic actuators are dedicated to replace electro-magnet
actuators. Using the high efficient ceramics allows to meet the requirement of the

control deflection and the control force. Their main advantages are low energy
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consumption, higher control speed and small dimensions. S-2 is very high sensitivity
material featuring extremely high permittivity, large coupling factor and

piezoelectric constant. It has relatively low Currie temperature. This material is

suitable for a wid f high sens 'i plications with limited temperature

range o

I-lF-Ei-

resonant

L
r :]‘-

=2992.2592Hz

eq ! 555 Fig. 6.2,

esaw bandwidth is around /74.57 Hz with stable phase margin. The

y. The

2 T'i 114.57 Hz not enough to do a precise motion in th

*I‘I z. The

micro-ae 0 he high fre 7 10 4000 Hz and has a

short focusing distance of / ] >ases the focusing time and correct the

optical departure usefully.
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6.3 system identification

0r
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The VCM transfer function is:

9.159¢-014s + 8.132e-012
1.788e-048 5° +8.236¢-044 s° +2.493¢-037 57 +9.52¢-033 s°

+8.076e-027 s° +2.5 *4+3.715¢-018 s +6.76¢-016 s*
+1.835e-0 + 6e-01(

o - ()

s

Oon 1s:

20805 +2.15¢-0755" +1.24e-068 s +?.cs 9e-058s"
—fi.ﬂ.6e—053 s” +9.866¢-048 5° +4.794¢-043s" +8.265¢=03 28¢- 0335

+2.888¢-028s" +8.8 : 5 23e-015s 0
' -059s"" +

h s° +7.346¢
| |

O 298@- U

it

sion to obta

I-EIEEIPI

t ( erefore, a =>etter ﬁﬁ

be obtained w model than in the sa

. .
order model. e ‘ e, important thlng

_investig

| |
“more ¢ C

L
he high order fr

sfer function makes the feedback closed loop of

n
] .Eiy complex. To simplify the actuator’s model is very
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Fig. 6.8 System Identification of PZT
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Fig. 6.7 and Fig. 6.8 shows the 4th order fitting curve, the red solid line is the
estimated curve, and the green dashed one is the frequency response. By combining

the frequency response and utilizing System Identification. The function of VCM

IL'IIII_EII,

Amplitude

0 ; 1 I I I I I 1 1 I
0 0001 0002 0003 0004 0005 0006 0.007 0005 0.002 001
time

Fig. 6.9 servo system reg)an' e
1 than the single
feedback controller design. I e do , the step responses of the servo system
design is comparing in Fig. 6.9, the solid line is the 2DOF control loop, and the dash

line is the feedback robust loop. Referring Fig. 6.9 the convergence speed of the two

48



degree of freedom design 0.0055 second is better than the conventional system
0.0062 second.

6.5 periodic disturbance response
(SRR S S —

equal to zero an the same lc%le of the

control 0.011 g ster than the conventio
| |

ZPET-FF cc

| |
obtained fi
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6.6 sudden disturbance reject

5[][] T T T T T T T T T
450k e ]
400} i -

350} J.-' 4

Amplitude

1 1 1 1 1 1 1 .
0015 002 0025 003 0035 004 0045 005
time

1 |
0.005 0.01

n disturbance

robust control (dotted line), and conventional PID control (dashed line) at a dual

stage servo system. Each control methods design to minimize the sudden disturbance.
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In each compensator, the sudden disturbance of the new control is obvious within the

tolerance level at this PZT focusing. The simulation results thus confirmed that the

new control loop may allow precise control at very high speed focusing.
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VI. CONCLUSION

ZPET-FF robust design in 2DOF of dual-stage system is proposed for high

speed focusing in miniaturized ODD. The high-bandwidth micro-actuator working in

the path can great prove output response eference focusing. The 2DOF
constiuc ‘ ve actua es 2 ntion to overcome the
njected to

guarantee

hat the primary actuato

n
.l'new robust-fo
H Il IEs
and s

B experir @

ic} on of focusi
l i.. B8
error. The exf osed robust ‘tracking se

system reduces den disturbance.
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