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Adaptive Feature Based Control of Compact Disk Players

P.F. Odgaard, J. Stoustrup, P. Andersen & E. Vidal

Abstract—Many have experienced the problem that their as fast as possible and when a fault is detected, the control
Compact Disc players have difficulties playing Compact Discs strategy is changed in a way that accommodates the detected
with surface faults like scratches and fingerprints. The cause ¢t A frequently used method for detection of faults is to
of this is due to the two servo control loops which are used b h in either th f f . | th
to keep the Optical Pick-up Unit focused and radially on the ORSEIVE € a"‘g?s 'r_] S ; € SUM OTH0CUS SIghais oI the
information track of the Compact Disc. The pr0b|em is to sum Of the I‘adlal Slgna|S, sSince a fault W0u|d reduce these
design servo controllers which are well suited for handling sums, e.g. see [1]. A simple fault tolerant control strateay
surface faults which disturb the position measurement and still often been used to handle such surface faults. The core idea
react sufﬂmently against normal disturbances like mechanical in this simple approach is not to rely on sensor information
shocks. In previous work of the same authors a feature based durina the fault. Th . | imolv fixed t
control scheme for CD-players playing CDs with surface fault is uring the tault. .e sensor S|gn§s are simply fixed to zero
derived and described. This feature based control scheme uses @S long as a fault is detected. This, however, means that the
precomputed base to remove the surface fault influence from the system is operated in open loop, and sometimes this causes
position measurements. In this paper an adaptive version of the |pss of tracking.
feature based control scheme is proposed and described. This The research in control of CD-players has been intense

adaptive scheme can in contrast with the other scheme adapt . ther directi than fault tol t trol il
to the given fault. The adaptive scheme recomputes the feater ' ONEr diréctions than fault tolerant control, espeyi

extraction bases which is used to remove fault components @daptive and robust controllers applied to the CD-player. A
from the measurements, at each encounter of the given fault. interesting example of @-controller used in a CD-player
The improvements of this adaptive scheme are illustrated by was reported in [2], which was based on DK-iterations. An
simulations, with the clear re_sult that the adaptive s_cheme example of an adaptive control design was [3] where a self-
clearly adapts better to the given faults compared with the tuni troll ted. Onlv 4] add th
non-adaptive version of the feature based control scheme. uning c_on rolier Wa§ suggested. Only [4] addresses the use

of FTC in the handling of surface faults such as scratches,

. INTRODUCTION fingerprints etc.

Optical disc players such as Compact Disc players (CD- In the PhD work by the first author of this paper, see
players) have become widely used in homes and busineséek @ scheme based on fault tolerant control and signal
in the last couple of decades. However, performance issug&cessing was presented. This scheme is called feature
are still to be improved. One of these issues is the crRased control, since features are extracted from the eetect

players’ problem playing certain discs with surface fault§urface faults and subsequently used to remove the influence
like scratches and fingerprints. from surface faults on the distance signals. The standard

In the CD-player an Optical Pick-up Unit (OPU) is used tg*ominal contrpllerg can subseguently be used to control
retrieve the data/music stored in the spiral shaped informfPcus and radial distances. This method uses precomputed
tion track on the disc. The OPU is positioned by two serv@PProximating bases of predefined classes of surface faults
loops. A servo loop is formed to keep the OPU focused off! Practice this strategy can be non optimal, since a given
the reflection layer of the disc. The second servo loop keef@Ult is not always well-described by the approximatingesas
the OPU radially tracked. attached to this class. _

The OPU includes optics which facilitate measures of the ThiS paper suggests an approach for making the feature
focus and radial distances. The distances are the distarR@S€d control scheme adaptive. In the sense that the approx-
from the actual position of the OPU to the position wherdMating basis is adapted to the given fault during playback
the OPU is focused and radially tracked. The main proble@f the CD. This means that the approximating basis is
with the surface faults is that they introduce additionalifa "€computed after each encounter of the given surface fault.
components in the measurements of focus and radial dis-A short description of the focus and radial servos in the

tances. These degenerated position measurements can résfi-Player is given together with a description of the reféva
in loss of focus and/or tracking. model of the CD-player and surface faults. The general

One possible method to handle these faults is to useSjucture of the feature based control scheme is introduced
fault tolerant control strategy, where the surface fautes aWith focus on the fault accommodation part of the feature

handled in a special way, when detected. Faults are detect®f€d control scheme. An adaptive version of the feature
based control scheme is subsequently proposed. Simugation
P.F. Odgaard, J. Stoustrup and P. Andersen are at Departin€ohtrol ~ Of the adaptive feature based control scheme are compared
Engineering, Aalborg University, Fredrik Bajers Vej 7C, BX220 Aalborg  jith simulations of feature based control scheme in order to
East, Denmark{odgaar d, j akob, pa}@ontrol . aau. dk . . .
E. Vidal is at Bang & Olufsen A/S, Peter Bangs Vej 15, DK-76aauer,  Illustrate the improvements of the adaptive scheme. In the

Denmark,evs @ang- ol uf sen. dk end a conclusion is drawn.
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Fig. 2. The principles of the model of the CD-player. The Clygr
Fig. 1. The focus distancey, is the distance from the focus point of consists of four parts. The electro-magnetic system and ptiead system,
the laser beam to the reflection layer of the disc, the radihncee, is  the unknown references (in a vector denothgl[n]) and the surface fault.
the distance from the center of the laser beam to the centdteofrack.  [r] is a vector of the control signals to the electro-magnetld;esysd[n]
The OPU is the Optical Pick-up Unit, which measures four detesignals. IS & vector the unknown disturbances to the electro-magsgsitem,e[n

These can be used to estimate these distances as well as isv@tesused 1S @ vector of the distances;[n] is the radial distanceg(n] is a vector of
to detect surface defects as scratches. the distance components due to the surface f&lii] is a vector of the

estimated/measured distanc@$n] is a vector of scalings of the detector
signals due to the surface fault|n] is a vector of the detector signals
without surface faults ansin[n] is a vector of the measured detector signals.

Il. THE CD-PLAYER

The OPU in the CD-player is focused and radially tracked
by movements of the OPU in two directions, called focus anthe focus model, and, € R**?, B, € R**!,C; e R**
radial directions. These movements are enabled by a two a@&e the model matrices in the radial model. This model is
device, where linear electro-magnetic actuators are used $omewhat simplified, but sufficient for our purposes.
perfor_m th_e actual movements. By moving the_OPp in thosg  Model of the optical detectors
two directions the focus distancg, and the radial distance,
er can be minimized. The two distances are illustrated in - .
Fig. 1. The position of the OPU in these two directiond'eScribed in (3),

This optical model is expressed by the vector mapping,

is measured by using smart optics in the OPU. The OPU D [n]

generates four detector signals which can be used to generat £ |:€f [n]} . Dsn) 3)
the approximations of the distances. Two focus detector " |en] Sin] |’

signals are denotef?; and D5, and the two radial distances Sa[n]

are denotedS; and S,. The pair wise differences of these
are qualified approximations of the respective distances. WNereD: [] andD.[n] are the two focus detectors afn]

Unfortunately these measurements are influenced by tﬁ‘gd 52 7] a;ef the tvt\)/o ra_ldla:_f(_jeée_ctotrs ) 'I]:h”e fqur coordinate
surface faults. All these are illustrated by Fig. 2. In thi§cunC lons Oft can be simpiified n the following manner,

figure the signals are defined as followsn] is a vector (see [8]),

of the control signals to the electro-magnetic systdfn] is fi(et[n], er[n]) = hilet[n]) - gi(er[n]), (4)
a vector of the unknown disturbances to the electro-magneti

system,d.[n] is a vector of the unknown references, (genwhere

erated by local disc geometry), to the systeshp] is a

vector of the focus distancesjn] is a vector of the distance i€{1,2,3,4}, )
components due to the surface fad] is a vector of the
estimated/measured distancég;] is a vector of scalings of MOr€over

the detector signals due to the surface fafit] is detector

signals without surface faults angh[n] is a vector of the gi(erln]) = galer[nl). )
measured detector signals. In [8], detailed optical models are described. In practide i
useful to simplify this model, in [8] and [9] it is suggested

A. Model of the electro-magnetic system ; ! - .
. . . tg approximateh; (es[n]) and g;(e;[n]) with cubic splines.
The electro-magnetic system in the CD-player is modele

and described in a number of publications. The focus arfd. Model of the surface faults
radial models are much alike, and are often modeled by The surface faults decrease the energy received in all the
decoupled second order models, see [6] and [7]. In thgetectors. This can be described by scaling the photo detect
discrete time version the model is given by signals, such that the two focus detectors are scaled with
Ar 0 Bf 0 one scalef[n], and the two radial detectors are scaled with
1] = {0 Ar] ~nn] + [0 BJ ~u[n], (1) another onef[n]. However, if these scalings were the only
et[n] C 0 influence from the surface faults on the detector signals,
[ } = {0 C] - n[n], (2) the surface fault components could be removed from the
' detector signals by normalization of the detector sigriie
wheren[n] € R* is the vector of states in the modéd; € surface faults introduce a pair of faulty distance comptsien
R?*2 By € R?*! C;y € R'*? are the model matrices in represented by a vectéfn], see [10] and [11]. These surface



D; Ill. FEATURE BASED CONTROL

In this section the core idea of the feature based control
scheme of the CD-player will be described briefly. The idea
in short is that the signalsyy = 1 — 5 anda, = 1 — 3, are
used to detect and locate the surface faults on the time axis.
The feature extraction presented in [13] gives a classifinat
of faults. Approximating coefficients of the surface faults
in a given basis representing a class of faults have been
presented in [11]. This approximation of the surface faislts
used to remove the fault component from the measurement
of the next surface fault encounter based on the previous
encounters. The standard focus and radial controllers ean b
used, since the fault component is removed from the detector

Fig. 3. lllustration of how the surface faults influence toets measure- signals.
mentsD; and Ds. G - f(er + &) is the measured point parameterized with  The feature based control strategy is illustrated in Fig. 5,

Do

guﬁg(é: *f'aﬂffﬁ)afbpe‘;'{ltp”r”e“ferﬁt_t“e measurements would have been f "from which it can be seen that the feature based control
strategy consists of: Residual & Distance Estimator, Fea-

Noises ture Extraction/Fault Detection, Fault Accommodation and
Surface Faults Controller.sm[n] is a vector of the measured detector signals,

Disturbances « is a vector of the residualg|n] is a vector of the distance

measurementdy[n] is a vector of the fault detection signals,
these takes the value 1 in case of a detected fault and O
Fig. 4. An illustration of how the frequency region of the fage faults ~ €lSewhereg[n] is a vector of estimates of distances due to
is overlapping both the frequency region of disturbancesmeasurement the control signalsg[n] = &é[n] — é[n] is a vector of the
noises. part of distances which are unrelated to the control signals
e[n] is a vector of the corrected distancesn| is a vector

faults components are illustrated for the focus detectgign ©f the control signals. One should notice tib| contains
3. This leads to the following model of the detector signai§'0re than just the distance fault components, in addéai

frequencies [Hz]

during a surface fault contains disturbances and noises. l.e. filtering is necg#sa
' order to estimate the fault components.
Giln] - I 0 - This filtering is performed by subtracting approximation
= -f . 7 .
Smin] 0 Brn] -1 (eln] + €[n)) ™ of the fault components from the measurements. The esti-

An important observation which is made in [5] and [12]’mat|ons of the‘fault components are performed by the use
of Karhunen-Lé&ve bases, see [14], computed based [@h

states that a surface fault does not vary much from one . . . : .
containing measured surface faults. Denote the matricis wi

encounter to the next encounter. . )
focus and radiak[n] measurements as column vectab:

D. The problem in handling surface faults and D, respectively, see [5]. The approximating bases can

subsequently be computed as the Karhuneévkobasis of
Based on the models of the CD-player and the surface

faults, one could draw the conclusion that surface faults ca

Sm

be viewed as measurement noises. However, a controller Residual& |y, &, & Featre
design based on this idea is not a very qualified solution CO player EDS'f:Zf:'r JFault
to this problem of handling surface faults. The disturbance ’—>

and measurement noises are in the CD-player example & e, fy
reasonably well separated in frequencies, meaning that it

is possible to cover the disturbances in frequencies by the NS
sensitivity of the controller and to cover the measurement

noises by complementary sensitivity function. Howeveg th
frequency region of the surface faults is partly in the ragid
the disturbances and partly in the region of the measurement u
noises, as illustrated in Fig. 4. Disturbances are due to
mechanical shocks, deformations of the disk and track,
etC An example on measurement nOISe |S Internal electr Lg 5. lllustration of the structure of the feature basedticn SCheme, to

. . . . andle surface faults as faultsy, is a vector of the measured detector
magnetic noises in the CD-player. l.e. if the surface fault§gnals, o is a vector of the residualss is a vector of the distance
are included in the measurement noises it is not possim%easurementsﬂj is a vector of the fault detection signal,is a vector

. . . &iﬁestimates of distances due to the control signalss a vector of the

to separate disturbances from measurement noises in ances parts not depending on the control sigralis, a vector of the
frequency domain. corrected distances is a vector of the control signals.

(el

Controller




these matrices. A number of the most approximating basis
vectors are used for the approximation, since these few
basis vectors approximates the general structures in data CD —=0&<=—
matrices, and the remaining ones support the noises in the
data vectors. In this application, this separation between
signal and noise, removes the fault component from the u €
disturbances and noises by filtering. The surface fault does
not change much from encounter to encounter, whereas dis- e
turbances and noises can be assumed to vary from encounter
to encounter. l.e. the surface component is the generadlsign -
structure and the disturbances and noises are filtered &y thi A
approximation,

(ol

; T
K, = {eigenvecto(D; - D{ )}, (8) P, =—
and the approximating part d€., denotedK,, is ! ) ) )
Fig. 6. lllustration of the closed loop with the feature ha®rrection
P at encounterm, for the non-adaptive feature based control scheme,
Ks =K {N—-k+1---N}, 9) m = P, and time invariantK is the controller, and”D is the CD-

player. A is the unit revolution delayu is a vector of the control signals,
. . . .e is a vector of focus and radial distancésjs a vector of faulty sensor
wherer is the number of used approximating vectors. In thigomponents due to the surface faitis a vector of the estimates of the

applicationx is equal 4. The approximating radial basis carfaulty sensor components due to the surface failts a vector of the
be defined likewise measured distance signals angl is a vector of the measurement noises.

Ko =K {N —r+1-N}. 10 g Stability of the scheme
A. The feature based control algorithm A stability criterion for this feature based control scheme
The feature based control algorithm is presented in [5] ari'1§ derived in [5] and [11]. The criterion is given by Lemma
uﬂhe fault correction algorithm can now be stated: Define the following matricesP" is the lifted approxi-
1) Detect the fault and locate its position in time, Whenmating basis system, and it can be computed by
the fault is detected at sample fy[n] = 1. Pt =K, KT, (11)
2) If fd[n] =1:

and the lifted representation of the complementary seityiti
a = 0 if fd[n_l]zoa is
Cla+1 if fan—1=1

_ ho 0O --- 0
e = et~ 3] A (12)
where h2:55 . | ho
t=((L—1) div (2))+a, whereh = [hg  hi -+ hoss] istime series of. samples

of the impulse response @f.
where L is the length of the correction block, (in the

used exampld. = 256), a is a counter counting the | emma 1 The feature based control system defined by Fig.
number of samples the given fault is present, finally 6 is stable if and only if: mageig (T-P4) |) < 1,

is a counter used to locate the given sample relative {ghere Pt is defined in (11) and™ is defined in (12).
the fault correction block.

3) When the fault has been passed, classify the fault, IV. ADAPTIVE FEATURE BASED CONTROL

compute the samples where the fault begins and ends,The use of the fault handling method proposed in [5]
and compute the fault length. and [12] introduces a potential problem. The approximating

4) Compute the focus correction block coefficients bypasis is precomputed being the best approximation basis of
ki = K¢ - &[v] and the radial correction coefficientsthe entire fault class. However, in most cases it will be
by : ki = Ko, - &v], wherev is the interval ofL  possible to compute a basis which approximates the fault
samples in which the fault is present. much better than the basis for the given class of fault. This

5) Compute the focus fault removal correction block bycan be accommodated by extending the feature based control
ér = K - ki, and the radial fault removal correction g|gorithm with an update of the approximating basis after
by: & = K¢, - k. each encounter with the surface fault.



]-1
wherePL is defined in (13) and™ is defined in (14).

3 Proof of Lemma

Fig. 7. Closed loop of the adaptive feature based contrabryd” is the Nﬁcesssny ang rS]uf'fIICIean Tondltlons' h . . hich
complementary sensitivity of the nominal systet,is the unit revolution | e stability of the closed loop system shown in Fig. 6 whic

delay, andPy is the feature based fault handling. is equivalent to stability of the system in (15), which isra li
ear time varying discrete time system, from which the result
follows, the system is stable if and only if nfaxA4,,)) =

This update consists of the following steps: Extract th@nax(a (T'PL)) < 1. "

data containing the focus and radial signals of the recent Lo

encounter of the fault. This extracted data is subsequentl The system response through?,,, will converge towards

. . ; ro if the maximum singular value ®f P~ is strictly less
alrJ]gmented Wltg 3 matrix s.tor_lng:c t|t|1e past fau(;t encounterg, -n one for allm, meaning that the system represented by
The augmente ata matrix is following used to cpmput%Lpé is stable if maxa (TVPL,)) < 1.
the new set of approximating vectors by the Karhunegseo m
transform. The computation of the approximation of thetfaul . . .
is the same as in the standard feature based control scheme-l,-r;)e s_tal:::hty ;hall be chectkzd _erz:]ch t;mt?Iil new glpprommat-
see (8-10). However, stability is an issue which one shoulf9 Pasis has been computed. The stability problem occurs
be aware of it the sensitivity of the closed loop is amplified too much

at given frequencies through the approximating basis. This

A. Stability of adaptive feature based control algorithm might happen if a given fault has a very low frequency

The stability issue of the adaptive version of feature basegpntent, and as the adaptive approximating basis covers
control scheme is not the same as in the standard case, sifitese frequencies more and more, the stability margin of the
the merged system in the adaptive scheme is linear tingystem decreases. This might end in instability of the syste
variant in contrast with the non-adaptive scheme. The stability check procedure is as follows: When a

In order to derive a stability criterion, the complementarynew approximating basis is computed, determine if the new
sensitivity of the nominal servo system and the adapfve system is stable using Lemma 2. If the system is stable use
at encountern are lifted, meaning that both part systems ar¢he newly computed approximating basis, if not use the tates
represented by a discrete time series of a given length. Thtable computed basis.
stability of the scheme can be dealt with in this way since

p is so large that the response of a fault encounter is degd The algorithm of the adaptive feature based control

before the next fault encounter. strategy
The lifted P can be computed by ) ) )
The adaptive fault correction algorithm can now be stated:
PL =K. -KI . (13) .
m moTem 1) As step 1 in the feature based control scheme, see
where K. is matrix representation of the approximation Subsection IlI-A.
filter computed at encounten, and the lifted representation 2) As step 2 in the feature based control scheme, see
of the complementary sensitivity at encounteris Subsection IlI-A.
3) When the fault has been passed, determine the location
ho 0 - 0 of the the fault in time, compute the fault length
h h : and updatdD; and D, with vectors containing the past
™= 0 : (14) fault. If the data matrices are too large, the oldest fault
: - vector in each matrix is removed.
hass -+ ho 4) Compute the focus approximating basis by:
H T
whereh = [hg hi -+ haoss] istime series of. samples Ke = {eigenvecto(D; - DY) H{N — x + 1--- N},

and the radial approximating basis byKs =
{eigenvectofD, - D/ ) }{N — x4+ 1---N}.
5) Check stability using Lemma 2. If the system is stable
use the newly computed approximating basis, if not
§IN + 1] = A &[N] + Ku[N], (15) use the latest computed stable basis.

where A — TEPL | and¢ is the related state vector. These 6) Compute the focus correction block coefficients by:

definitions make it possible to state Lemma 2, which says ~ Kf = K - & [v] and the radial correction coefficients
that the adaptive feature based control scheme is stable if a by : ki = Kér.. er[v], wher_ev is the interval of L
certain requirement is fulfilled. samples in which the fault is present.

7) Compute the focus fault removal correction block by:
Lemma 2 The adaptive feature based control system defined & = K¢, - kr, and the radial fault removal correction
by Fig. 6, which is stable if and only if: mgx (T-P},)) < by: & = Ko - k.

of the impulse response @f.
By lifting the system illustrated in Fig. 7 one gets a set of
discrete time varying difference equations of the form, if :
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Fig. 8. A zoom on focus distance during the handling at the Samléein
five different ways. a) in case of no correction, b) handledttmsy feature
based control scheme, c) handled by the adaptive scheme afteodinters
of the fault, d) handled by the adaptive scheme after 9 enecuirtf the
fault, and e) standard industrial fault handling method.

criterion has been fulfilled at all encounters.

VI. CONCLUSION

In previous work of the same authors a feature based
control scheme designed for CD-players playing CDs with
surface faults is derived and described. In this paper ap-ada
tive version of this feature based control scheme is prapose
and described. This adaptive scheme can in contrast to the
previous scheme adapt to the given fault, and thereby handle
the surface faults in a better way, measured in terms of the
controller reaction to the surface faults. The improveraent
of this adaptive scheme is illustrated by simulations, vl
result that the adaptive scheme clearly adapts better to the
given faults compared the non-adaptive version of the featu
based control scheme. In addition a stability criteriontfor
adaptive feature based control scheme is derived.
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V. SIMULATION

The adaptive feature based control scheme is tested Qy
simulations, using a simulation model of a CD-player playin
a CD with a surface fault, see [11]. In order to make
the simulations challenging the variance of the fault from
encounter to encounter is increased with a factor of 33
In the simulation model the surface faults are generated
based on statistics of measured faults transformed by th
approximating basis. In simulation the basis vectors used
for the fault generation are modified such that the standar
approximating basis is not a good representation anymore,
both still close to it. [6]

The output of this simulation is illustrated by Fig. 8, which [7]
shows five zooms on the system’s reaction on the fault, in five
different situations: no correction, the standard feahased g
control scheme, the adaptive feature based control scheme
after 4 and 9 fault encounters and the standard industrial
fault handling method. From this it can be seen that thd9]
feature based scheme improves the handling, but not as good
as the two adaptive handlings, and the industrial scheme.[3f]
is also seen that adaptive feature based method is clearly
better than the industrial method. The adaptive handlin
improves as the number of encounters increase. Howeverﬁﬁ
the simulations the improvements seem to converge at the 9th
fault encounter. The plotted results are chosen, sincedtey (12]
a good representative for a number of different simulatmins
both focus and radial loops. It can thereby be concluded th&£!
an adaptive feature based control scheme is an improvement
of the feature based scheme in terms of CD-players handlirﬂﬂ]
surface faults on the disk surface. In all the simulationglena
of the adaptive feature based control scheme, the stability

] P. Odgaard, J. Stoustrup,
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