Proceeding of the 2004 American Control Conference WeP16.1
Boston, Massachusetts June 30 - July 2, 2004

Design and Experiment of Add-on Track Following Controller
for Optical Disc Drives based on Robust Output Regulation

H. Shim, H. Kim and C.C. Chung

Abstract— An add-on type output regulator is proposed in  drive is proposed [12]. It shows the effectiveness of apgyi

gﬁtﬁjg?r- E)(/:harcl) ﬁgign ﬁgmglr?cra\l/lve mtﬁag ape %%i,ﬁ?qrg the feedforward control at all rotational speeds. Howeiter,
whi S i wi - ; ; ;

feedback controllepr. The role of '[hey add-on F2:ontrolllgr is requires a Iar_ge number of memory at hl_gh Samp"_”g rate
to reject a sinusoidal disturbance of unknown magnitude and optimization Of low pass filter for shaping the estimated
and phase but with known frequency. The proposed output Waveform. Repetitive control has also been shown to be
regulator can be designed independent of the feedback con- very effective for rejecting repetitive disturbances [[&].
troller (that has been possibly pre-desinged independently), |ts advantages and disadvantages are well summarized in
thus we need only a knowledge of the plant under control. g1 hased on four different algorithms used for canceltatio

Advantages of the proposed controller are as follows. (1) It can AT -
be usedgonly Wherﬁ) thpe performance of disturbance (re)jection of periodic disturbances. Although repetitive control lelea

needs to be enhanced. (2) It is turned on and off without Perfect rejection of periodic disturbances by employing th
unwanted transient. Thus, controller scheduling is possible. internal model principle with a periodic signal generator,

(3) It is designed for perfect disturbance rejection not just jt requires the exact knowledge of the period-time of the
for disturbance reduction. (4) Ability for perfect rejection — aytarng| signals. Recently a robust repetitive control is
is preserved even with uncertain plant model. Experimental introduced in [19] to resolve such problem without exact
results for an optical disc drive system confirm the effectivenss . . p h
of the proposed method. knowledge of period-time of external disturbances. How-
ever, this method requires increased number of memory
. INTRODUCTION location on the other hand. Furthermore, plant uncertainty
In this paper we consider the problem of rejecting simakes it difficult to design a repetitive controller providi
nusoidal disturbances whose magnitude and phase are good tracking performance while preserving system stabil-
known but its frequency is known. Solution to this problermity. In [15], a graphical design technique based on frequenc
has been actively studied since 1970 and coined as ‘outpttmain analysis is introduced to maintain system stability
regulation’ problem in the literature (for example, [5]],[7 against all admissible plant uncertainties.
[11]). Based on the theory, we claim that the output regu- In this paper, an ‘add-on type’ output regulator is de-
lator is well applicable to optical disc drive applicatiens veloped. By add-on controller we mean an additional
track following problem under disc eccentricity disturban controller which runs harmonically with a pre-installed
or focus control under vertical disturbance of a disc mediaontroller in the feedback loop. We assume that a feedback
For disturbance rejection or attenuation (especially fogontroller has already been designed for the plant by any
optical disc drives), there are also several other appemchdesign method such as lead-lag compensator degign,
For example, disturbance observer (DOB) is known to be eftesign, DOB technique [10], [16], [17], [20] and so on.
fective to compensate disturbances [16]. Conventiontily, |t is usual to design the feedback controller such that
disturbance observer is designed based on the inverse @ performance is satisfactory under disturbances of wide
namics of a plant with a low-pass filter, whose effects on starequency range. But, when there is a large sinusoidal
bility robustness and disturbance rejection performamee adisturbance of a specific frequency its performance may
analyzed in [20]. However, disturbance observer is not veryot be satisfactory. In this case, instead of increasing the
effective to cancel out a disturbance of specific frequencgain of the feedback controller, we propose adding another
Active damping control can also be used to cancel owontroller whose role is just to reject the specific distode
oscillatory output by increasing open-loop gain at a specifiwith relatively small gain.
frequency [1], [2]. This controller is, however, sensitée  We summarize advantages of the proposed design as
modelling error and entails undesirable oscillatory s&tl follows:
performance. Recently, zero phase error tracking method

to feedforward control for high performance optical disc * The most important advantage of the proposed method

is that gain scheduling is easily implementable without
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rejection (i.e., perfect rejection). We show that, forby the add-on controlleR(s). In particular, we propose a
ODD systems, perfect rejection is guaranteed evettesign method folR(s) assuming that the controlle?(s)
under the parametric uncertainty of the plant models pre-installed and that we do not know any information
This is beneficial since the ODD plant model is usuallyabout C'(s) except that it stabilizes the plai(s) when
obtained experimentally and may have uncertainty. there’s no disturbance. This is a useful feature of our aesig
« The proposed output regulator can be designed indér industry when a feedback system has been already
pendently of the pre-installed feedback controller.  established but we want to enhance its performance even
« For an ODD system considered in this paper, it turngiithout any knowledge on the existing controller. In the
out that the transfer function from the disturbance tdollowing, we summarize our situation.
the error that we want to regulate, which is obtained by Assumption 1: For the plant (1) witho = 0, there exists
the pre-designed feedback controller, does not changedynamic controlleC(s), whose realization is given by
much by the add-on controller except at the frequency
of the disturbance. In this sense, we regard that the Z=Fz+ (e,
add-on controller preserves the performance of the u, = Hz+ Je
pre-designed feedback controller for disturbances other
than the specific sinusoidal disturbance under considithich stabilizes the closed-loop system. In other words, th

®)

eration. matrix
In order to avoid messy notation, the size of matrix and [A +BJC BH]
the length of vector are not explicitly mentioned throughou GC F
the paper, but they are easily understood in the context. is Hurwitz. 0
[I. ADD-ON TYPE OUTPUT REGULATOR Now to design the output regulatdi(s), we assume the
In this section, we construct an add-on type outpdP!loWing. _ _ -
regulator for generic linear systems written by Assumption 2: The following two conditions hold.
i — Az + Bu + Pw 1) There exist matriceH andI" such that
’ 1
e =Cx + Qu, @) IIS = AIl+ BI' + P 4)
where z is the state,u is the control input andw is 0=CII+ Q. 5)

the disturbance. We also suppose that the eeracan . i

be measured while the state is not measurable. The 2) The matrix pair

disturbancewv is unknown except that it is (or can be thought AP

to be) generated by ([C QJ, {0 SD
w = Sw (2)

wheresS is known and neutrally stable (i.e., each eigenvalue IS detectable.
is simple and located on thgu-axis). (Therefore, the dis- %
turbance is assumed to be sinusoidal with known frequency, Remark 1: For output regulation, Assumption 2 is quite
but its magnitude and phase is unknown since we do netandard in the literature (e.g., [5], [11], [14]), althdug
assume that the initial conditiom(0) is known. By the some relaxed version of detectability (Assumption 2.2) is
matricesP and(), we model how the disturbance vector also available in, for example, [3], [11]. Assumption 2.1
affects the system.) This system is calledexosystem in  implies that the subspadéz,w) : = = Hw} (in the state-
the literature of output regulation. space ofr andw) can be made invariant by the feedback
Our control goal is to design an error feedback controlles = Tw (Eq. (4)) and that on the subspace the eror
(using only the error) so that the closed-loop system isis zero sincee = Cz + Quw = (CII + Q)w = 0 (EqQ.
asymptotically stable and that the eregt) goes to zero as (5)). A subspace on which the erreris zero is called
time goes to infinity. In our approach, the goal of closedanerror zeroing manifold and Assumption 2.1 is concisely
loop stability is achieved by the controlléf(s) in Fig. 1  expressed by saying that the error zeroing manifold of (1)
while the goal of asymptotic disturbance rejection is gdineand (2) is controlled-invariant. It is actually well-knowimat
Assumption 2, with stabilizability of A, B), is enough to
design a stabilizing output regulator, while our concern in
this paper is to design an add-on output regulator on top of
Assumption 1. It will be seen in Section 3 that Assumption
2 is always satisfied for optical disc drive systems. ¢
Implementation of add-on output regulator is rather sim-
ple because it consists of a state observer and a state
feedback gail obtained in Assumption 2.1. Since we do
not assume the knowledge abdtits), we also measure the
output of C'(s) and use it as in Fig. 2. The proposed add-
Fig. 1. on controller (which we denote byR(s) where R(s) =
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[R.(s), R.(s)] according to the convention of Fig. 2) is Proof: We first note that the system (6) is a state
given by observer for the plant (1) and the exosystem (2). Indeed,

) by takinge, := & — x ande,, := &, — w (Where¢” =
£€= <A_K1C P_KlQ)f+ (K1>e+(B>u (€7 €7]), we have

—K,C S —KQ K, 0
(6) (e,) _ (A -K,C P- K1Q> (eT)
_ (A—ch‘ p(t)Bl“jtP—KlQ)§+ (Kl) . €w —KoC S—KxQ) \ey)’
—K>C S — K@ Ky which is exponentially stable. Therefore, it follows that
+ (g) Ue ) ew(t) — 0 as t— oo
_ Now the plant (1), the controller (3) and the exosystem
»=(0 pt)T 8 :
“ ( pl) )5 ® (2) can be written as
wherew. is the output ofC(s), i.e., & = (A+ BJC)z + BHz + (P + BJQ)w + pBTw + pBTley
and K, and K, are chosen such that W= Sw.
A P K, _ ) With the matrixII of Assumption 2, we defing := = —
{ {0 5} - |:K2:| [C Q]} is Hurwitz. ITw. Then, in a new coordinatds;, z, w) the above system
becomes

The overall control is written as )
2=(A+BJC)z+ (A+ BJC)lIw+ BHz + (P + BJQ)w
+ BT'w + pBTle,, — (1 — p)BT'w — I1Sw
IHe.re, the scalar varia(\jble]ic? ahswitching functilon WrEose = (A+ BJC)i + BH>
role is to turn on and off the output regulator (more
rigorously, it determines whether the output regulator is +[AIL+ BI — 11§ + P+ BJ(CIL + @)]w
included in the feedback loop or not). In particular, when + BT [pey, — (1 — p)w]
p = 0, only C(s) is running, and ifp = 1, the add-on =(A+ BJC)Z + BHz+ BT'[pey, — (1 — p)w]
controller also takes part in the feedback as wellCds).  ; _ qoz 1 ps 4 G(CII+ Q)w=GCT + Fz
It will be shown shortly that the overall closed-loop system.
is stable forany value ofp(t). We can take advantage of this " ~ Sw,
fact to suppress transient response which could be causedihywhich, (4) and (5) have been used. Here, the first two
abruptly incorporating the output regulator into the fe@td  equation can be rewritten as
loop. Indeed, in a typical situation, the general purpose, .

controller C(s) starts first withp(t) = 0. After a while, ($> — <A+BJC BH) (53)+<BF) (pew—(1—p)w).
if residual vibration on the error variable is not satistagt z GC F ? 0

p(t) is switched to 1 for the output regulator to do its jobsince the system matrix is Hurwitz by Assumption 1, this

This transition can be smooth if we interpolatg) from 0 system is ISS (input-to-state stable) [9]. Therefore, the

to 1 by a slowly varying continuous signal. We will illusteat statesz and > are bounded for any boundes since e,,

its effect in Section 3 through simulation. is bounded andv is also bounded thank to the property of
Now we turn to the stability and convergence issue. Byhe exosystem. Finally, whep(t) = 1, the statei(t) and

Assumption 1, it is clear that the closed-loop is stable ;) go to zero since the input to the system decays to zero.

when p = 0 (although the errore(t) is not guaranteed when, z(t) is zero, the erroe(t) is also zero because
to converge to zero). However, it is still left to show the

stability for nonzerop and the error convergence with thee(t) = Cz(t) + Qu(t) = Ci(t) + (CI+ Q)w(t) = CZ(1).

output regulator. -
Theorem 1: Under Assumptions 1 and 2, all the states

of the closed-loop system (1)—(3), (6)—(10) are bounded foil. TRACK FOLLOWING PROBLEM AND SOLUTION FOR

any time-varying bounded functigs(¢). In particular, when OpPTICAL DISc DRIVE

p(t) =1, the output erroe(t) converges to zero. O Track following problem for Optical Disc Drives such

as CD-ROM or DVD is to control the position of optical
pick-up (more precisely, optical spot) so that it follows th
desired track of optical disc media which is usually de\date
from the concentric circles due to the disc eccentricitye Th
position of the pick-up is controlled by two cooperative
actuators; a fine actuator and a coarse actuator, which are
briefly depicted in Fig. 3. While the coarse actuator moves
slowly across the entire disk radius, the fine actuator has
faster response for a small displacement. For CD-ROM

1831
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Fig. 4. System configuration

for the control goal that(t) = x4 (t)—w1(t) — 0. Note that
the stater andw are not measurable but the only measure
is e and that the initial conditionv(0) is unknown which
determines the magnitude and phase of disturbance. Here,
he equations (11) and (14) are now in the form of (1) (with
=0).
Remark 2: There is, in fact, a sensor gaifi,,: in the
eedback loop (see Fig. 4), which converts the position
%‘?splacement into voltage. Our experiment shafgis,; ~

Fig. 3. Diagram of optical disc drive

drive, the optical spot must follow the track within @
while the displacement error caused by the disc eccemtrici
amounts to more than 28t in the worst case. Although

the disturbance is relatively large, the fine actuator siho%
take care of it because the frequency of the disturban

is synchronized with the disc rotation that is too fast forl.25 « 105V /m, but we regarded this value as 1 for simple

the coarse actuator. There_fore, the fine actuato_r playscﬁalSCUSSiOn in the above. In order to take,; into account,
central role for track following and we thus consider the

fine actuator only one may consider the plant transfer functionfés, (s)
The optical pici<-up (that is, the fine actuator) is effec—mfc'tead of (13). {ar)d reahzg It W'tKOPtb msteaq ofb. In
tively modeled by a mass-sp;ing—damper system that istgls case, the initial condition of disturbance is multoli
; . by K,,:, which, however, is still unknown (thus, nothing is

second order system having full relative degree. Hence, q:v] P

can be always represented b changed). O
Y P y It is interesting to see that ODD systems always meet

o Ar+Bu— |0 1 0 11 Assumption 2. To see this, we have to show that there exist
R PN P (1) matricesTl and T such that, when the input — Tw is
_ _ applied, the subspacf(z,w) : « = Hw} is invariant on
y=Cr=[1 0]z (12) which the errore(t) = Cz(t) + Quw(t) is identically zero.
wherew is the force andy is the position. For example, If e(t) is zero, it follows for (11) and (15) that
we have obtained a model of L&52 CD-ROM drive
experimentally using LDV (Laser Doppler Velocimeter), y(t) = Cz(t) = 21(t) = ~Qu(?)
which is y(t) = z2(t) = —QSw(t)
818.22 i(t) = a1x1(t) 4+ agxa(t) + bu(t) = —QS*w(t).

m/V), (13)

5% +64.73s + 166800( v This implies that the subspadéz,w) : 21 = —Qw, xo =
in which, the natural frequencyw() is 65Hz. This is a —QSw} is an invariant error zeroing manifold if; =
transfer function of a VCM (Voice Coil Motor) actuator F(a1Q + a2QS — QS?)w is applied. Therefore, we have
from voltage input to position output. In fact, a VCM drive
circuit is used to drive the actuator, but its dynamics is 17 — {Q} = l(a1Q+a2Q5_ QS?). (16)
ignored (except its gain) since its bandwidth is sufficigntl -QS5]’ b
high. Note that (13) is realized in the form of (11) and (12)This is actually thanks to the fact that the plant has full

The ODD system measures the position of the pickrelative degree (i.e., relative degree = system order).
up by a relative position error between the desired track \we also assume that a pre-installed stabilizing controller
and the actual position of the pick-up. Therefore, the dIS@(S) exists (Assumption 1). Here, we simply assume that

eccentricity affects this measure as a disturbance. We cg{b following lead-lag compensator has been designed:
model it ase = y + d where d is the disturbance, but

P(s) =

since this disturbance is sinusoidal whose frequency is the C(s) = 041785 4 13165 + 188000 (17)
frequencyo of the disc spindle motor, it can be expressed 52 4 41860s + 3134000
by Fig. 4 describes the overall system whdkés) is the

e=Cx+ Qu= [1 O] T+ [_1 0} w (14) add-on output regulator of (6). (Note that Fig. 4 is an
implementation of (6) while Fig. 2 is with (7).) In order

W= Sw = [ 0 ) 1] w, (15) to illustrate the effectiveness of the proposed controber
computer simulation is carried out. For the simulation, the
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Fig. 5. Simulation results. (a) Tracking errer (b) Output of the pre- SyStemS') Again from Fig. 2, we have

installed controllerC(s). (c) Output of the add-on controlleR(s). (d) 1

The signalp which starts increasing &50msec. This result is for a plant Sp:1 (s) — .
1—(C(s) + C(s)Re(s) + Re(s)) P(s)

whose parameters are perturbed-b30% from its nominal value.
Fig. 6 shows the comparison betwegn_,(s) and.S,—;(s)

spindle motor frequency is chosen as 63.5Hz (3810 rpn{/hen the observer gain of (18) is used. It can be noted
o = 27-63.5) and the observer gaii; and K> are selected that two functions are not very different except at the

as spindle frequency (where perfect rejection of disturbance
30.9 —99.5 is achieved). This means our design does not alter much the
K= —5603]|’ Kp = —4095] (18) sensitivity function obtained by the pre-designed cotgrol

. ) . for high and low frequencies, which is another advantage
Also, to be realistic, all the controllers are discretized b ot oyr design for the ODD system considered.
Tustin’s method with 88.2kHz sampling rate an®.5V,

16-bit A/D and D/A are included in the simulation. Finally, IV. OUTPUT REGULATION FOR UNCERTAIN ODD
the plant parametera;, a; and b have been perturbed PLANT
by +£20% (for example,a; and b are increased and, is ) .
decreased). The results are illustrated in Fig. 5. It shbald _UP to now, we have studied stability and performance of
noted that the add-on controller smoothly enters the stage gisturbance rejection with mominal plant. However, some
a ramp-type signal(-) and the output of(s) diminishes as uncertainty in the plant model is .unav0|dabI.e because the
well as the tracking errar. Perfect rejection of disturbance OPD plant model is usually obtained experimentally. We
can be observed even for tiperturbed plant. Justification SUPPOSe that the real ODD system is given by
of this nice property will be given in Section 4. 0 1 0
Now for ODD systems, we analyze the performance oft = A,x + B,u = } + [b+ } U

. Ho

the add-on controller on the frequency domain. Wihen
where the unknown constant$, i, o) belong to an

1 admissible parameter sBtc R? which contains the origin.

0, the transfer function from the disturbandeo the error ¥ = C7 = [1 0] z
e is clearly given by (see Fig. 2)
T 1- P(5)C(s) It is assumed that andb + ;o have the same sign for all
1833
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admissibleyy. Then, the overall closed-loop system withBy converting (27) to a linear equation using stacking

the real plant whem = 1 is written as follows: operator and Kronecker product (see, e.g., Appendix of
i A +B,JC B,H 0 B,r 13D, we get « -8
& | | KGC+BJC BH A-KC —-KQ+ BT
w KyC 0 —K>C S — K»,@Q | wherea andg are undetermined yet. Finally, by converting
" B,JOQ (26) to a linear equation with the abovVgk,, it boils down
- éQ (through a tedious calculation) to
19
e, + KiQ+BJQ| " (19) (b-+ 1) Iy oyl [a|l [0 —a1—m
g’w KQQ Ho FQ —Fl 6 o —ag — U2 ’
W= Sw This equation has the solution if and onlylif + o213 # 0
e=Cz+ Qu. which is always true. Therefore, it is concluded that robust
In order to ensure robust stability, the system matrix in thelisturbance rejection is achieved for amys in P.
above should be Hurwitz for evepy,’s in P. Unfortunately, V. EXPERIMENT RESULTS

we don't have much to say about the robust stability because . . .
it is affected by the pre-designed controllgfs) (i.e., by The designed add-on controller in Section Il has_ been
the values ofF, G, H and.J) and we assumed in this paperimPlemented for the LGx52 CD-ROM disc drive with

that any information orC'(s) is not known except that it TMS320C6701 DSP (manufactured by TI Co.). Configu-
stabilizes the nominal plant. However, for a discussioruabo'ation for the experiment is the same as Fig. 4 except that
the robust output regulation, it is assumed in the followind’® have added a low-pass filter in front of A/D converter
that the above system matrix is Hurwitz for admissibl ecause the measured signal was too noisy. The experiment
parameters of /i1, is, io)- results in Fig. 7 show the tracking error reduction as in the

Now, we investigate the question whether the prc)pose%mulation results of Fig. 5. When the add-on controller is
add-on controller can regulate the errdt) even for the Urned on ags0msec, it shows good transient response as
real ODD plant that may be different from the nominalthe simulation. The trag:kmg error is not perfectly garmdall
one. This question is answered by applying Lemma 1 iUt due to the added filter and the fact that the disturbance
the Appendix to the overall system (19). indeed, Lemma B NOt purely sinusoidal of single frequency. FFT analysis
tells us that if (and only if) there exist matricg, Il,, IT of tracking error in Fig. 8 shows the reduction of target

andTl, such that disturbance of interest.
II,S = A, + B,HII, + B,I'Tl, (20) VI. CONCLUSIONS
IS = FII, (21) For the proposed approach to be more practical in the

ODD industry, it would be better if the assumption is

I35 = BHIL, + (A — K1 O)lIs + (—KqQ + BI)lL removed that the frequency of the sinusoidal disturbance

(22) . R

is known. In the current paper, the estimation of the

148 = —K>Cl3 + (5 — K2Q)1l4 (23)  disturbance is only valid when it has a constant frequency,
0=CII1 +Q (24) so that the add-on controller can only be applied when

for every ( ), then robust output regulation is the spindle motor is at its steady-state. Since the speed of
Every {fir, k2, flo), P 9 . > rotation usually varies in the prevalent optical disc dsjve

achleveq. (In fact, we have used (24) to derive a smplg}e proposed theory needs to be extended. Indeed, some

expression as above.) theoretical works are already available in this respeat (se

We first suppose that” does not havetjo as its for example [18]), but a more practical solution have to be
eigenvalue. Then, the Lyapunov equation (21) has a unique b ' P

solutionII, = 0. Equation (20), therefore, becomes vestigated.
IS = A, + B,I'Tl,. (25) | APPENDIX X
Lemma 1: Consider a system given
Note that A, and B, have full relative degree for any - _y g y
ui's. From (24) and (25), it is seen thél; = I by the i = Az + Pw 28
same argument as when we get (16). Keeping these in W= Sw, e=Cr+ Qu (28)

mind, we now show that there exists a matfix so that .
(I, TI,, 3, T1,) = (1,0,1L,,11,) is the unique solution where A is Hurwitz and the eigenvalues ¢f are distinct

for (20)-(24). Indeed, with these candidatés it is easily and located at thejw-axis. For every initial condition
seen that (21) and (24) are trivially met and (22) and (23)z(0), w(0)), e(t) — 0 as t — oo if and only if
become the same ori&, S = SII,. Thus, they are reduced there exists a matriXI such that
to MS=AN+P and 0=CHO+Q. (29)
BT, =S— A, (26) o
IS — SIL = 0. @7) Proof is omitted due to page limitation.
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Fig. 7. Experiment results. (a) Tracking errar (b) Output of the pre-

installed controllerC(s). (c) Output of the add-on controlleR(s). (d)
The signalp which starts increasing &50msec.
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