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Abstract

In this paper, we describe the synthesis of robust and non—fragile H*™ state feedback controllers for linear systems

with affine parameter uncertain tracking servo system of blu-ray disc drive, as well as static state feedback controller
with polytopic uncertainty. Similarity any other control system, the objective of the track—following system design for
optical disc drives is to construct the system with better performance and robustness against modeling uncertainties and
various disturbances. Also, the obtained condition can be rewritten as parameterized linear matrix inequalities (PLMIs), that
is, LMIs whose coefficients are functions of a parameter confined to a compact set. We show that the resulting controller
guarantees the asymptotic stability and disturbance attenuation of the closed loop system in spite of controller gain
variations within a resulted polytopic region.
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I . Introduction

Blu-ray disc drive 1s a new developed type of
compact disc(CD) and digital versatile disc(DVD). DVD
drives use red laser, but blu-ray disc drives use blue
laser. So, blu-ray disc dnves use large storage than
DVD. blu-ray disc drive is widely used optical storage
medium for storage large amount of digital audio and
video date. Blu-ray drive needed high speed and high
accuracy, so blu-ray drive tracking 1s difficult problem.
The optical spot must follow the track within 0.32um
reside tracking error in the face of disturbance.

Most plants in the industry have severe non-linearnty
and uncertainties. Thus, they post additional difficulties
to the control theory of general non-linear systems and
the design of their controllers. It is generally known
that feedback systems designed for robustness with
respect to plant parameters, or for optimization of a
single performance measure, may require very accurate

1]

controllers . However, in practice, controller do have a

certain degree of variations due to finite word length
the
imprecision inherent in analog systems and need for
additional tuning of parameters in the final controller
implements. Therefore, it 1S necessary that any controller
should be able to tolerate some uncertanty m the
controller as well as in the plant” ™"

Cho et all” proposed a robust and non-fragile

and round-off errors in any digital systems,

H controller design method for uncertain systems.
Also the sufficient condition of controller existence,

the design method of robust and non-fragile H°
static state feedback controller, and the region of
controllers which satisfies non—fragility are presented.
The sufficient condition is presented using PLMIs,
that 15, LMIs whose coefficients are functions of a
parameter confined to a compact set. However, in
contrast to LMIs, PLMI feasibility problems involve
infinitely many LMIs hence are inherently difficult to
solve numerically. Therefore PLMIs are transformed
into fimitely many LMI problems using relaxation
techniquesm”lz].

In this paper i1s organized as follows. The modeling
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of tracking servo system is described in Section II,
the definition of PLMI and basic lemma and control
structure are described in Section III. Finally, Section
IV and V discusses simulation results for optical
drive tracking servo problem.

[I. Tracking Modeling

of acceleration capability and

operating range of Fig. 1. dictate the bandwidth and

Requirements

physical size of an actuator. With a single-stage
it is almost impossible to meet both
requirements in optical disc drives. In most cases,

actuator,
therefore, a compound actuator composed of a
high-bandwidth fine actuator mounted on top of a
large coarse actuator i1s used in optical disc drive
systems. The coarse actuator provides a large
operating range at the sacrifice of bandwidth. In
contrast, the fine actuator, with a much smaller
structure and a limited range, 1s capable of following
high-frequency commands. Because the role of coarse
actuator in track—following mode i1s simply to move
the fine actuator slowly over the operating range,
tracking performance is almost entirely dependent on
how accurately the fine actuator is controlled.
Therefore, the literature usually considers only the fine
actuator in the design of the track—following controller.
Fig. 2. shows a schematic view of an optical disc

drive mechanism. A voice-coll motor and stepping
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motor are utilized as the fine actuator and coarse
actuator. A lnear system model 1s usually used to
describe the track-following fine actuator. In this

pater, the tracking actuator 1S modeled as a
second—order nominal plant as follow:
K, w?
Py(s)= i (1)

s° + 2¢,wys + wi

The second order nominal tracking actuator (1) is
not included such as high resonance frequency,

nonlinear characteristic, interference of focusing and

tracking, and temperature characteristics. So the
actual tracking actuator (2)
Ko K wr,wt]’
PO(S)-_-— [ act ad”(} O] (2)

82+2C0[w0",w§]3+ [wg,wg]Q

The tracking servo system (2) is represented by a
linear time-varying delayed system with affine
parameter uncertainties by transforming

z(t) = A, &)z (t) + A,(t, &)z (t—7(t))

+ B, (t,)w(t) + B, (t, )ult), 2(t) = C(t, &)z (t)
(3)

where, z (t) € R" is the state, u(t) € R™ is the
control input, w(t) € R L is the disturbance Input,
and z2(t) € R? is the controlled output. The system
matrices A (t,£), B,(t, &), B, (t,€), B,(t,¢) and
C(t,€) are supposed to have appropriate dimension

Blu—ray ClA3 Z2i0[2 AA"” EciZ MEAAHO CHsH
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and the following time-varying  structured
uncertainties:

A(1,E) =4y +X L8104,

A (0E) = Ay +2,6(1) 4

B(1,§) =By+X,&(1)B;,

B,(1,§) =By +2.,&(1)By,

C(t,E) =C, +3.1.E(1)C,. (4)

To obtain a less conservative result, the uncertain
system matrices are expressed as structured form.

also, the time—delay is time-varying and satisfies

0<tt)<h t)<d<1 (5)

Although one finds the robust H* state feedback
controller «(¢) = Kz (¢), the actual controller with

additive perturbations implemented is assumed as

u(t) = [Ky + AK () Jx(t) = K (t,£)x(1) 6)

where, K(t,£) is the region of controller variations,
and K is the vertices of polytope. And the region of

controller variations 1s rewritten as
K(ta 5) — KO + Zf= 153’ (t)f(j (t)7 F(j — [(] o KO:

() =0,27_,6()=1, j=1,2,-, L.
(7)

Here, the value of K ; indicates the measure of
non—fragility
System (3) without time-delay is transformed to the

against controller gain variations.

closed loop system of affine form as

z(t) = [A(t, &) + B,(t, O{ K, + ZF_ () K} |2 () (8)

II. Controler Design

We consider parameterized L.Mls (PLMlIs), that is,
LMIs depending on a parameter # evolving in a
The parameter 6 can designate

compact set.

parameter uncertainties or system operations but
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virtually appears. In this case, a particular emphasis
is placed on PLMIs of the form

Mo(z)+it9iMi(z)+ 2. 60.M.(z)<0

1<i<j<L

9)

where, z is the decision variable, AZ (z), M;;(z)
are affine symmetric matrix-valued functions of z,

and # 1s a parameter confined to either the polytope
0eT:={6=(6,,6,,,6,):

Y06 =1,6,20,i=12,L}, (10)

or the parameter hyper-rectangle

96F:=[a ,8]; a, feRE,

a0, >0, a; 20, 8, >0, i=1, 2,---, L (11)

where, o; and B are elements of vector «, 3 each
other.

However, PLMI feasibility problems involve an
infinite amount of LMIs according to the variations of
parameters, very difficult to solve
numerically. Computational efforts for locating feasible
points are expected to be much greater than those of
IMIs. In this paper, we use relaxation techniques
where PLMIs are replaced by a finite number of LMIs.
Such approaches are potentially conservative but often
provide practically exploitable solutions of difficult
problems with a reasonable computational effort.

hence are

Lemma 1: The PLMI problem (9) and (10) has a solution
z Whenever the following quadratic conditions hold,

L
X" My(2)x+Y.0.x" M (z)x
i=1
6 + 6° +6,
+ Y max{-x' M (z)x| ——L-——L+0.125 |
1i< <L 2 2
r +6;
x M;(z)x- < 0,
@ cvertT.

(12)

The latter conditions are readily rewritten as LMIs

(161)
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and can be easily expressed as an LMI feasibility
problem. The third term 1s a tight upper bound of

T . .
0,00 M, (z)x with 6, + 6, < 1 Therefore, if the set
I' 1s alternatively defined as

Oel={6=(6,6,,,6,):

>r6,=0,620,i=12 L}, (13)

with » > 1, one can use the change of variable
6, = 6, /v to recover the case §, + 4, < 1. Analogously,

applying the change of variable 6, +6, <1 to the

constraint (11) vields the relation 8 € [0 1]%.

Theorem 1: Consider the linear parameter uncertain
system (3) without time-delay. If there exists the
Yy,

positive  definite matrix (), matnces and

Y, (j=1,2,..., L) such that

v Bl(e ocTe )
Bi(t.5) -pl 0 |<0,
C(t,&)Q 0 —1

¥ =047 (1, £) + A1, £)Q+ B, (1,E)Y, + Y,' B, (1,£)

¥ 80| B (1.8, +Y] B (1,8) | (14)

then the closed loop system (8) 1s asymptotically stable
with disturbance attenuation ~ and non-fragility. Here,

some variables are defined as follows:

Q=P ' p=7. ¥, = KQ and Y;=K,Q
(15)

Proof: When Lyapunov derivative corresponding to

the closed loop system with Lyapunov functional

V(x(0),t)=x"(OPx(t) is negative, suppose that the
disturbance input is zero for all time. The closed loop
system is asymptotically stable.

Under zero imtial condition, let us introduce
J= [ 12 @) z(0) -y w @O)w()]dt (16)

Then performance measure (16) for any nonzero
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w(t) € L0 o),

J=["1z"@)z()- yzw?‘ (Ow(?) +%{xT ()P x(1)}]dt

~xT (00) P x(0) (17)
then robust H* condition
T T = PB(t,S) | x(¥)
0 (’)][Bf" LOP 7 }[w(t)}o’
E=A" (t,E)P+PA1,E)+CT (1,6)C(1, &)
+PB, (t,$)K(t,&)+ K(1,£)' B, (1,E)P (18)

implies || 2(t)|L<| w(t)|], for all nonzero disturbances.

Also, the inequality (18) can be transformed to (14) using
Schur complements and change variables in (15). .

The proposed sufficient condition of existence for
robust and non—fragile 7% static feedback controller

(8) is presented using PLMIs. That is LMIs whose
coefficients are functions of a parameter confined to a
compact set. However, in contrast to LMls, PLMI
feasibility problems involve an infinite number of
LMIs, hence are transformed into finitely many LMI

problems using relaxation techniques.

Theorem 2: The linear parameter uncertain system
(3) stable with disturbance

attenuation v and non-fragility whenever there exist

Y,, Y,(j=1,2,...,L), positive definite

1s  asymptotically
matrices

matrix (), and positive constant p such that

L
ijxTNj (z)x

L
xTMO (z)x+ ZfixTMi (z)x+
=] J=1

2 2
5. + &- -+ £

2

+ ¥ max{—xT M,.j(z)x{

1<i<j<L
} <

‘v’"x”-——l, (5,-, é"j)evert I

xI' M i (2)x-

2 2
§i +&;
2

(19)
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holds for z, M,(2), N,(z), and M;;(z) defined
below:
04,7 + 4,0+ By, + 1B, B,T QCT
Hale)= Big -pl 0 |,
CoQ 0 -y |
—QA,-T + A,—Q-f— B21'Yj + );'TBziT BlfT QCI?"'
M;(z) = B, 0 0 |,
CQ 0 0
“Bz{)Yj LY, T B20T -
Nj(z) = 0 0 0}
0 0 0
_ - )
BZIYJ +Yj Bz, 0 0O |
M@= 0 00 (20)
0 0 0

Proof: Using the modified PLMI form and applying
lemma 1, the proof is easily obtained. =

Remark 1: The inequality (14) is converted to a finite
mmber of LMl problems in terms of @, p, ¥, and
Y;(j=1,2,...,L) using the relaxation technique of lenmma
1. Therefare, the mroposed robust and non-fragile ™ state
feedback controller K, and the region of controllers that
satisfy  nonfraglity can be  calculated from
K=YQ '(j=1,2,-,L) after determining the TM
solutions from (18). In addition, the value of disturbance
attenuiation ~ can be obtained by v= v/p in ().
Because the controller implementation using IR filter
Fig. 4. is subject to imprecision inherent n analog-digital

+

Input - C, >(*? » Qutput
' +
Umit
Time Delay
+
- Cz————~%o-— C4-t-—
+
Unit
Time Delay
 — C3 --——---—«-—b(‘—*_ W+ C'5 o
C .51 coeflicient gain
O 4. IR EEE o|2st ZHEEY £H
Fig. Controller implementation using IR filter.



20082 53 ®X}

Okl

and digital-analog conversion, finite word length, finite
resolution measuring instruments and round-off errors
in numerical computations, as well as a useful design
procedure should generate a controller which also has
sufficient space for readjustment of its coefficients. The
inequality (19) provides a sufficient condition for the
existence of the robust controller under additive control
gain perturbations of the form (7).

Remark 2: The proposed robust H* controller is not
fragile under additive control gain perturbations and

less conservative than controller design algorithms
regarding control gain perturbations as system
uncertainties. Because control gain perturbations
should be mdependent of system uncertainties, the
proposed sufficient condition is less conservative than
a conventional robust ™ controller design algorithm
for a linear uncertain system.

In optical disc drives, tracking error inherently
contains a significant sinusoidal disturbance as the
disc rotates at a constant angular velocity. Because
the sinusoidal disturbance of the disc rotational
frequency has a great influence on the performance
of the track-following system, the proposed control
problem deals with finding a feedback controller that
guarantees the internal stability of a closed-loop
system and suppresses the mfinity norm of the
functions  between

confrolled outputs less than a given bound.

transfer disturbances and

Corollary 1. Consider the linear system with affine
parameter uncertainties in (3) and the time-varying
delay (5). If there exist three positive—definite matrices
P, X{, and X, such that

- 3 3
h AT € hAi (3,( P d, A, (()t, E)P
4,PATLE) o -~ X,
PB[{t, ¢) 0 0

Clt, &) 0

3| =ZX| H 45 # SC H A 3 = 37

Bt &P o1y, ¢) |
0 0
0 0 <0,
—pl 0
0 —1

M =A%t )P+ PA(E)+ AJ(t, &) P+ A/ (4, &) P

+ KTt £) B, €) P+ PB, (t,€) K(t,€) 21)

then the dosed-loop system 1S asynptotically
delay-dependent stable with disturbance atteruation v and

non-fragility, where h = VR*+1 and d, = h/(1 —d).

proof: In Appendix I. And using the modified PLMI
form and applying lemma 1, the PLMI (21) are
transformed into the LMI problems. n

To evaluate the robust and non-fragile A™

controller design method presented in this paper, we
apply to the tracking servo system of Blu-ray optical
disc drive system. Consider a linear system (3) with
affine parameter uncertainties satisfying

AL, 5) = 4, +§1(t)'141 +§2(t)-A2,

B, (1, §)=Bzo+§1(I)'le+§2(t)'Bzzs (22)
and parameters &, (t) and &, (¢) satisfying
el = {5 =(&, & ): Ziz:lé,-(t) =1, &) 2 0.}

(23)

System matrices in (22) are represented in Appendix IL

1.1 l. I I I I T T T T

b -

0.8—”' .

0.6+

Magnitude{um)

0.2k N o (ST IS ............... ................. ............ B

0

0 1 L L i I i l. 4 _I_
i} 1 2 3 4 5 6 7 8 9 10
Time(sec)

ozl 5 2R w(¢)oll gk AlEefojM
Fig. 5. Simulation result of disturbance w(t).
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Y, =[-66.0843 -53.7548],
= therefore, the robust and non—fragile H* state feedback
Z gain, vertex of perturbation satisfying non-fragility, and
£ the value of disturbance attenuation in a closed loop
o system are represented from the changes of varlables
06 (15) as follows:
T i T K, =[562.6236 -577.3742],
a8 6. AEf x(¢)oll i AlE2fo| M _
Fig. 6. Simulation result of state x (¢). K, =[568.6157 -583.2626],
5 | K, =[557.4613 —572.2980:,
---------- ul{t) ;
. y =0.3162. (25)
o This simulation shows that the tracking of blu—ray
E
§ g disc drive controller polytope guarantees the asymptotic
stability. And the disturbance w (¢) is defined by (26).
) I, 1f 2<t<5sec, %6)
0.5} w =
0, otherwise.
.10
Time{sec)
gl 7. HEER ¢d off CHEk Al=go]M .
| = u(t)ol tHEt Arge]ol IV. Conclusions
Fig. 7. Simulation result of control input w« (¢).
03 In this paper, we presented the robust and

02

Magnitude{um})
=
= -

|
=
[

=
[
T

03 -

- | ! i i I [ i i i
0 1 2 3 4 ] 6 7 8 9 10
Time(sec)

HEED &Y 2(¢)ol et AlgejolM
Simulation resuit of control output z(¢).

In Theorem 2, all solutions are obtained simultaneously as
follows:

43.5917 33.1369
33.1369 42.8498 |’

Y, =10 x[5.3933 —6.0968],

(164)

non—fragile H* controller design method for optical

disc drtve with affine parameter uncertainties and
state feedback controller with polytopic uncertainties.
Also, the robust and non-—fragile tracking controller
and the which
non—fragility were calculated at a time using PLMI

approach.

region of controllers satisfies

In spite of the controller gain variations within the
resulted polytopic region, the obtained robust and
non-fragile H* controller guaranteed the asymptotic
stability and disturbance attenuation of the closed

loop system.

Appendix I

2 (¢ — +(t)) x(t)—fi s
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=x(1)~ [, {4(s;E)x(s)
+4, (5, E)x(s = 7(5)) + B, (s, E)u(s) }ds
=x(1)- [, {4(s,E)+ B, (s, OK(1,£)}x(s)ds
sy A (5, E)x(s — 7(5))ds
If we take a Lyapunov functional as
V(x,t)=x"Px

+he [0 2T ()47 (5, €)X, A(s, E)x(s) ds d6

h
+
(1-d)’

[T X ()AL (5, X, 4, (5, E)x(s) ds A

Then the first time—derivative term is obtained as
a:. Tpr+27Ps
=x' {Ad" (t,E)P+ PA(t, &)+ A5 (1, E)P+ P4, (1,£)
+K" (t,£)B; (t,£)P+ PB,(t,£)K(1,&)}x

2:|x" P4, .6, Als, §)x(s)ds“

9.

K PAE)] A, EWx(s ~ ()|

X, 2 4 (s,&)x(s)ds

Ex+2“ x" PA,(1,6) X7V “ H I - 2(r)

+2|| xT PA,(t, 45))(‘1/2 ||

| f_ . )X;/ 2. 4,(5,8) - x(s —7(s))ds

Se+| o PA, 0, )K; 2”2 ¥ X245, E)x(s)ds

t-7(t)

4 || T PA,(t,)X;" 2”2 4

o X2 4,(5,8)- x(s —7(s))ds

S+ |5 PA, (O + 1)

XV (s,g)x(s)“zds

trt

et ol

V2. 4.(5,8)- x(s —(s)) des

where,

[—
e —
b

AT (1, E)P+ PA(t, &)+ AL (1,E)P

+P4,(1,§)+ K" (t,£)B, (1,§)P + PB, (1, )K(1,8)

53] ==X H 456 # SC
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and
[ X 4. x(s =) || ds
:ftﬂm X21/2[ 1 Ad(G)] z(s st
t—{t)—{t") 1-7(6) B—r{0)=s
Sitl_c}" S B V) 1

- The second and third time-derivative terms are
obtained as

_6_‘:.; [ X (5)AT (5,6) X, A(s, EYx(s) ds dO

=h-x' A (X A0E O~ [, x" ()4 (5, X, A(s, &) ds

and

h+7T

ds r .[ gx (S)Ad (5,8) X, 4;(5,&)x(s)ds db

=h-x" 4, (1,E) X, 4,1, E)x - (1-7(1)),

. .[:—_:((:))—h xT (S)Ag (S’ §)X2 Ad (S, é)x(S) dS d9

<h-x A5 (,E)X,4,(6,Hx~(1-d),

J'f—‘r(t)
t—7(t)-h

x! (s)Ag (5,8)X,4,(5,8)x(s)ds dO

By using the above relations, we get

d
ZV(x,t
” (x,1)
E+(B +DPA ()X 4,(LEP
<x' h* ; » X
—+ (l—d)2 +1 PAd (taé)XZ Ad(taf)P_
Appendix II
, [-0.2239  4.7070
4, =107 x ;
47070 —0.2474
- ~0.1940 5.3340
L1 24.0790 -0.2144 |
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—0.2537 4.0790
~5.3340 -0.2804 |

B,, = driver IC gain x [

0.0268 0.0268 -1
B, = , By, =— , By = ’
0.0268 0.0268 -0.9

G

—0.3881
—-0.3881 1

[-0.3881 0.3881],

C, =[0.0379 0.0379], C, =[-0.0379 -0.0379].

Where, the matrix B,, amplified by driver IC gain
12 at quality factor @ < 20dB.
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