Proceedings of the 2004 [EEE
International Conference on Control Applications
Taipei, Taiwan, September 2-4, 2004

A simulation model of focus and radial servos in
Compact Disc players with Disc surface defects

PE. Odgaard. J. Stoustrup, P. Andersen

Department of Control Engineering
Aalborg University

Fredrik. Bajers vej 7C

DK 9220 Aalborg

Abstract— Compact Disc players have been on the market
in more than two decades. As a consequence most of the
control servo problems have been solved. One large remaining
problem to solve is the handling of Compact Discs with severe
surface defects like scratches and fingerprints. This paper
introduces a method for making the design of controllers han-
dling surface defects easier. A simulation model of Compact
Disc players playing discs with surface defects is presented.
The main novel element in the model is a model of the surface
defects. That model is based on data from discs with surface
defects. This model is used to compare a high bandwidth with
a low bandwidth controller’s performance of handling surface
defects.

I. INTRODUCTION

Compact Disc players (CD players) have been on the
market in more than two decades. As a consequence the
design of the nominal control servos is not considered being
a problem any more. Two serves are focusing and radially
tracking the Optical Pick-up Unit (OPU) at the information
track on the CD without any probiems on all discs fulfilling
the specifications and in addition on most discs not fulfilling
the specifications. However, many users have experienced
problems with discs with surface defects such as scratches,
finger prints etc.

The problem in handling surface defects is that the
defects change the indirect focus and radial distance mea-
surements. This means that the servo controilers react on
false distance signals. It is the object of the servo controllers
to keep these signals close to zero. Le. a false measurement
will cause the controllers to force the OPU out of focus and
radial tracking. These false measurements are in part due to
the fact that defects decrease the reflection rate of the disc.
The defect also introduces virtual focus and radial distances.
Tt can cause severe problems if the servo controllers try
to suppress these virtual errors. This means that handling
the defects in principle requires a low bandwidth of the
servo controllers. Handling disturbances such as mechan-
ical shocks, on the other hand requires a high controller
bandwidth. These highly conflicting control problems are
often tried to be solved by turning off the controller during
defects. A new approach is presented in [1], where a fault
tolerant control approach is used.
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Previously the design of the fault tolerant part of the con-
troller has been based on trial and error on real test systems
since no simulation models of the defects are available. The
CD player servos consist roughly of two parts: an electro-
magnetic part - the actuator, and the electro-optical part -
the sensor. A large amount of work has been performed in
modelling and identification of the mechanical and electro-
magnetic parts of CD players. [2] focuses on the modelling
of these parts of the system and [3] describes a simple
method to perform open loop system identification. Both
[4] and [5] perform some work on the cross-couplings in
the mechanical and electro-magnetic parts between focus
and radial loop. Regarding the optical part of the system the
present control strategies are based on simple linear models
not concerning the optical-cross coupling see [2] and [6).
A more detailed optical model is made in [7].

The work done in modelling of defects is limited to some
studies of experimental data of the sensor signals, see [8]
and [9]. The work in [8] indicates that a good simple way
to model surface defects is to model the defects as a scaling
of the sensor signals as they would have been if no defects
occurred. This model is also intuitive, the defect decreases
the reflection rate of the CD. In [10] and [1}] this model
is described in more details. But still it does not give any
informations about these scalings except they are almost
equal to one in the normal situation without any defects.

In [12] a good approximating basis of surface defects is
found. It is done by finding the Karhunen-Log¢ve basis on a
set of experimental data with defects. These defects are by
inspection also classified into two groups: small and large
defects.

By using a Karhunen-Loéve basis, based on experimental
data, the defects can be approximated with a few coeffi-
cients. This can be used to simulate defects, by computing
the required coefficients by randem numbers with the same
mean and variance as the training data did have,

The focus in this paper is to form a simulation model
which can simulate a CD-player playing a CD with surface
defects. In this paper the known electro-magmetic and
electro-optical models are described and summarised. The
simulation model is developed based on a Karhunen-Logve
approximation and the mean and variance of the experi-
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Disc

Fig. 1. The focus ermor ¢ is the distance from the focus point of the laser
beam to the reflection layer of the disc, the radial errer is the distance from
the centre of the laser beam to the centre of the track. The OPU emits the
laser beam towards the disc surface and computes indirect measurements
of e¢ and e, based on the received reflected light. In additon the OPU
generates two residuals which can be used 1o detect surface defects such
as scratches.

mental data. In addition noises are added at the relevant
places in the system. In order to validate the model, it is
needed to simulate it with some controllers. Notice that the
design of controllers handling nominal and fault situation
simultaneously is not the topic of this paper. Simulations are
performed in closed loop with two different controllers with
and without a surface defect. The first simulated controller
has high bandwidth which makes it good for handling
disturbances. The second simulated controller has a lower
bandwidth which makes it more suited for handling surface
defects.

1I. MODEL

The idea of the discrete time mode! is to simulate
focus and radial servo loops in CD players with relevant
disturbances as well as surface defects represented with
models based on experimental data. The control servo’s job
is to keep the OPU focused and radially tracked at the disc
information track. The actuator used 0 move the OPU in
focus and radial directions is a 2-axis linear electro magnetic
actuator, This Electro Mechanical System (EMS) is used to
set the OPUs absolute position, x[n] = [z¢[n] a:,[n]]T
The track position is given by the position reference
Xeet]nt] = [ﬂ:ref‘f[ﬂ] mmm[n]] , these references are due to
eccentricity and skewness of the disc, These focus and radial
errors are illustrated in Fig. 1. A sledge takes care of the
larger radial movements, but can be disregarded, the cross-
couplings from the sledge is assumed to be a part of the
disturbance acting on the system. The Optical System, OS,
is used to retrieve data from the disc and te generate four
detector signals, s[n] = [Diln], Da[n], Sy[n], Sg[n]]T,
which are used to approximate the focus and radial errors.
This approximation is done in the Signal Converter, SC.
The SC computes normalised approximations of the error
signals, eg[n]. Tn [10] and [13] defects are modelled by

sm(n] = Bln] - s[n), e
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Fig. 2. Mlustration of the sircture of the CD player simulations model.
The sub-models in the models are as follows: EMS, denotes the Electro
Mechanical system, OS is the Optical System of the OPU. DS denotes
the Defect Synthesiser, and simulates surface defecis. SC denotes Signal
Converter which computes normalised focus and radial differences which
are approximations of focus and radial distances. In additien focus and
radial disturbance; d[n|, and an unknown references, Xpr[r2], are added to
the system.

where

B{n] = diag(ﬁf[n]x /Bf[nl? ﬂr [n]7 ﬁf[n])? (2)

Sm(n] is a vector of the measured detector signals, and
Beln], B[] are two defect model parameters. This defect
mode!l can be explained, but unfortunately a defect affects
the detector signal in another more problematic way. De-
fects also introduce virtual focus and radial errors, eg[n],
which are added to e[n]. The task of the controller is to keep
the OPU focus and radially tracked. It is done by feeding
the EMS with control signals uln] calculated from past
and present values of e,[n]. In order to simulate external
disturbances like shocks, a disturbances, d[r] is added to
u[n| before they are fed to the EMS. The overall structure
of the simulation model is illustrated in Fig. 2. Each of
these sub-models are described in following.

A. Model of the electro-mechanical system

The electro-mechanical system is the actuator part of the
OPU. The OPU is a 2-axis device, enabling a movement
of the OPU vertically for focus cormrection and horizontally
for radial correction of focus and radial errors. Linear
electro-magnetic actuators are used for both focus and the
radial corrections. The magnetic field in the actators is
controlled by focus and radial control voltages wug{t} and
u{t). The OPU itself can be modelled as a mass-spring-
damper system, with one or two masses dependent on the
required details. This tesults in a second or fourth order
model for both focus and radial actuator dynamics, see [6],
[3] and [2]. In [3] a system identification on the same
CD player setup, as used for experimental work in this
paper, is performed. The second order model found in [61,
[3] and [2] will be used in this paper, since this paper
is focused on simulation of the surface fault and not the
electro-mechanical parts of the CD-player. Focus and radial
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models are of the following structure:

() = {‘f‘) }‘)”] () + H ), @)
elty=[0 b -n(p), )

where aq, a1, b are model parameters. The values of aq, a1, b
are found in [1].
Now it is possible to merge focus and radial models,

M)t)=Acp-n{t) + Bep - ut) + E - d(t), (5

1
{ngtﬂ = Cep - n(t), ©
where
Acp = {";f AO,] : Bep = [I;f 1(3),] : (7
_ Cf 0, _ Er,f 0
CCD = !:0 cr] 3 E= [ 1} Er.l] ’ (8)

where Af, By, Cy are the model matrices in the focus model,
and A, B,, C, are the model matrices in the radial model.
Since this sub-model is in continuous time it has to be
discretised before any further use. This is done by the use
of a zerc-order-hold method. This means that any variable
used in the model is following denoted in discrete time, e.g.
er[n] is the discrete version of es(%).

B, Optical model

One of the most important things, in making a CD player
work, is to focus the laser beam at the information track.
The CD player used in this work has its detector system
implemented as a hologram, but works as a three beam
single Foucault detector system. The main beam is used
both to retrieve the information saved on the disc, and to
focus the beam at the disc reflection layer. Two additional
beams are used to keep the main beam radially tracked. The
information in the track is stored by using two different
levels, called pit and land, (the land has the same level as
the area outside the track). The level difference is a quarter
of the wave-length of the laser beam in the material Le.
when the light is reflected, the light reflected from a pit
interferes destructively with the light reflected from a land,
see [2] and [14].

1} The focus and radial optical models: This optical
medel is expressed by the mappings, described in (9-12).

f1: {edn] en]) — Di[n], )

(eslnd, ec[n]) — Dalnl, (10)
fa 1 (erln], edn]) — Siln, (1)
f4 : (ef[n],er[n]) — Sz[n] (12)

These four mappings define the vector function f(e[n]).
In [7] these mappings are approximated by the following
separated form:

filen &) == hafer) - gsfer) Ai €{1,2,3,4}.  (13)
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The eight functions involved in (13) are given in [7] where a
cubic spline approximation is also given for computational
reasons. This spline approximation is used in this work.

C. Defect model

In [13], [10] and [11] the measured detector signals are
modelled by the use of the optical model and a fault modei.
This fault model is based on experimental work and the
observation that a surface defect decreases the reflection
rate of the disc. This leads to the following defect model:

sm[n] = Bln] - sln} = Bln] - f (e[n]), (14)

s[n] is the output of the optical model and takes the
valnes which the detectors would have had if no defect had
occurred. Blr] is a 4 x 4 matrix with two scaling parameters
in the diagonal, one parameter for scaling the focus detector
signals and one parameter for scaling the radial detector
signals. f(e[n]) is the optical model represented by a
mapping. In [13] the inverse mapping of the defect model
is computed, meaning that sym[n| can be parameterised
with two defect parameters and two distance parameters.
Unfortunately a surface defect also influences egln] and &[n]
during the occumrence of the surface defect. This means
that a surface defect changes the detector signals in another
way. This can partly be explained in the way that the
defect introduces virtual focus and radial distances, meaning
that during a defect, focus and radial distances consist of
two parts: the real distances and the virual distances due
to the defect. A more detailed defect model can now be
constructed by the nse of (14)

Smn] = Bn]f (e[r] +ea[n]).

D. Defect synthesiser

(15)

The defects are now parameterised. The next step is to
synthesise the values of these parameters during a defect.
One approach would be to take measured data, from a
real CD player playing a CD with a surface defect, and
use these measured data in the simulation representing a
surface defect. This approach has a severe drawback, since
it limits the number of possible defects in simulation to
those measured. In this paper another approach is presented,
which is based on Karhunen-Lo&ve approximations of the
defects.

Blocks of 256 samples are extracted from experimental
data, where each block contains at least one defect. The
experimental data represent fingerprints, short and long
scratches etc. In [13] the experimental setup used o measure
the data is described. By inspection the experimental data
is separated into three classes in [12]: short and long
scratches and disturbance like defects. The next step in
this approach is to compute the best approximating basis
of this set of data - the Karhunen-Logve basis, see [15].
The approximating potentials of this basis are illustrated in
Fig. 3. This illustrates a scratch approximated with the most
approximating coefficient and the four most approximating
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Fig. 3. [llustration of the Karhunen-Loéve approximation of af which
contain a typical scratch. The approximation is denoted with &g, The first
approximation is based on the most approximating coefficient, the second
approximation is based on the four most approximating coefficients.

respectively. Note that the approximation with only one
coefficient is a good approximation of the scratch.

Denote a matrix, where the column vectors are blocks of
zero mean data, S. The Karhunen-Loéve basis, K, of 8 is
the set of eigenvectors of the autocorrelation of S:

K = {eigenvectors (SST)}. (16

The Karhunen-Loéve (K1) basis of all the measured G is
denoted Kz, Kp, denotes the KL basis of measured 3.
K., K., denote the KL basis of measured eas and eq,.

Assume that each of the measured defects consists of
a signal part and a noise part. Using the KL basis the
signal part can be approximated with a few coordinates in
that basis, (the first &k coefficients). The remaining noise
part could be approximated with the remaining n — k
coefficients. Next compute the mean m; and variance o
of each coordinate. Assume that each KL coordinate can
be simulated as independently distributed normal random
variables with o; and m,;, where these statistics are found
based on the KI. coordinates. The signal part can then be
synthesised as:

k
Ssyn = Z Ksyn,ick,i» ()]
i=1
and the noise as
"
Ssyn,n = Z Ksyn,ick,ia (18)
i=k+1
where
KS)’D = {Kﬁﬂ Kﬁ,i KBdf! KEd,r} * (19
ki € Nilmy, o), (20)

and S, denote the synthesised S, £, €4, €arr and Sgynn
the noise part of these. Since k& <« n the signal synthesis

150
Samples [n)

Fig. 4, B¢[n] of a small scratch from a number of encounters of the same
defect. Notice the small variation from encounter to encounter.

is cheap in computations, but the noise part is expensive.
Instead the noise signal can be computed as

va]”

where y; € N (0,%) and is independent, o is equal

;/aﬁ 41+ -2, The coordinates in the noise vector are in-
ependent, identically distributed nermal random variables,
since it is well known that if T:R™ — R"™ is onthonormal
and y; is defined in (21), then the coordinates of T'y; are in-
dependent, identically distributed normal random variables
signal with same mean, 0, and variance,

It is now possible to synthesise a defect. The statistics
psed for the defect construction is based on all defects in
a defect group. But a defect does not vary much from one
encounter to the next encounter. This is illustrated in Fig. 4,
where f¢[n] of a small scratch from a number of revolutions
is illustrated.

The fact that a defect does not vary much from an
encounter to the next encounter has to be taking into
account when the next defect encounter is simulated. o;
are modelled as the mean of variance of coefficients at a
number of encounters of the defect. The mean used in the
construction is the simulated coefficient value from the last
defect encounter.

This defect synthesiser constructs the defects in blocks
meaning that it is required to compute a long block of defect
parameters before the simulation of the CD player, and then
during the simulation use these computed values.

Ssyn,n = [yl e Wi (21)

E. Disturbances and references

The CD player's unknown reference is mainly due to
eccentricity and skewness of the disc which dominates the
inherent reference from the track. It is computed as a sine
with the period being the period of the given rotation. These
periods increase with one sample each third rotation, due
to the linearly increased length of the rotation measured in
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number of samples. The amplitude of the reference can be
freely chosen, (with the player requirements stated in [6]),
and in this simulation both are chosen to be 30 um. The
disturbances are white noise added to the control signals,
where the variance 0.01 is chosen based on experience.

€
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Fig. 5. Bode plot of a typical focus controller.

F. Signal converter

The Signal Convetter is described in Section II-C, where
it is described that focus and radial distances are approxi-
mated by the use of the normalised difference between Dy
and Do for focus and 5; and S for radial, see (22).

Dulr] ~ Dafn] Saln] = Salnl
Drln] + Dojn]” Siln) + Seln]
G. Controller

The intended use of this model is to simulate the perfor-
mance of designed controllers before implementing them on
a real system. In the simulation in this paper two pairs of
sitnple PID-controllers are used. The first pair is the typical
PID-controller described in [6] with a gain adapted to the
given CD players optical gains, see Fig. 5. The second pair
has a lower bandwidth in order to handle surface defects
better. A bode plot of the focus controiler is shown in Fig. 6.
This simulation model gives a method to validate controller
performance regarding handling of defects.

(22)

1 DEFINITION Define eln] in the defect free case as ey
and in the case of a defect as ey. Then the defect handling
petformance, DP, can be defined as:

e —e
O
&,

I1I. SIMULATIONS

(23)

The simulaticns are performed in closed loop, where the
two simulated controllers control the CD player model,
with the objective to suppress the disturbances and the
unknown reference. The first simulations of the two con-
trollers are simulations without any surface defects. These

& £ 8

Magnituda (08)
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10 3 10°
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Fig. 6. Bode plot of a focus controller with lower bandwidth,

defect free simulation, are important in order to validate the
given controllers capability to handle a defect, since any
differences from these are due to the defect, and not the
controllers ability to suppress disturbances. These signals
are as consequence used in Def, 1 where these errors are
denoted e,.

The controllers react to a sum of the real distances and
the virtual ones. To illustrate how the controller forces the
system out of focus and radial tracking during a defect,
the simulated real distances are illustrated and not the
distances used for controlling the system, since they contain
the virtual part too. The simulation output of the normal
PID-controller can be seen in Fig. 7 which is a zoom on
a defect. The second subfigure in Fig. 7, is a zoom on
the defect, ege[n]. This means thai the controller reacts
on the focus error component due to the defect, eqsn|,
which is undesired. The controller with a lower bandwidth
is illustrated as well in Fig. 7. This figure shows that the
low bandwidth controller handles the defect better than
the normal one. The upper plot in Fig. 7 do also validate
the simulation model, since this close loop output of the
nominal controller, is similar to the measured focus distance
during a surface fault where the focus distance is controlied
by the nominal controller.

The two controllers can be compared by using Def, 1,
the computed indexes can be seen in Table II1, in addition
the nominal performances, AP, are also computed defined
as:

rms (e;)
ms (Xes) + rms (d)

NP = (29)
The two-norm of the error signal can be use 0 compare
the nominai performance of the two controllers since the
same reference, disturbances and defects are applied to
them in the simulations. The performance index consists
of two elements the first is the focus index and the second
element is the radial index. Based on these results it can
be seen that the nominal controller is better for handling
disturbances, but on the other hand the low bandwidth
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TABLE I
TABLE OF THE DEFECT HANDLING PERFORMANCE PP AND THE
NOMINAL PERFORMANCE AP, FOR BOTH THE NORMAL
PID-CONTROLLER AND THE LOW BANDWIDTH PID-CONTROLLER,
THE PERFORMANCE INDICES ARE VECTORS WITH THE FIRST ELEMENT
BEING THE FOCUS INDEX AND THE SECOND THE RADIAL INDEX.

Normal PID Low bandwidth
Coniroller Controller
1.2785 0.5574
pP 0.9219 0.1345
NP | [37868- 1074 8.9161- 1074
27317107 12.3812 - 1074

PID-controller is better for handling the surface defects.
This supports the known controller specification conflict
between handling defects and disturbances. One should
notice that the simulated defect in this situation is a small
defect, which controllers normally survives, but in a non-
optimal way. Handling larger defects cause larger problems
for the controller, meaning that a fault tolerant approach
is relevant in order not to react to surface defects, where
surface defects are viewed as being sensor faults. The use
of this simulation model has a potential to make the design
of controllers handling surface defect faster, since the use of
simulations can eliminate some of the practical experiments
in the controller design process.

The simulations are implemented in Matlab. The used
Matlab and data files can be seen at [16].

eg[n]

samplas [r]

samples [n]

Fig. 7. The upper plot is a zoom on a surface defect in ef[n], for both
controllers. Notice the low bandwidth controller reacts less on the defect.
The lower plot is of eg¢[n], for the same defect. g¢|n] is strongly comelated
to ey¢[n] this means that the controller react on the virtual error signal.
Le. the controller handles this defect in an undesirable way.

IV. CONCLUSIONS

In this paper a closed loop simulation model of a CD
player playing a CD with surface defects is presented. The
use of this simulation model has a potential to make the
design of controllers handling surface defects faster, since
the use of simulations can eliminate some of the practical

experiments. The simulations show that a typical CD player
focus and radial servo react on the defect in a non-desired
way. In addition a controller with a lower bandwidth is
simulated. A performance index of the controllers handling
defect is also defined and used to compare the two simu-
lated controllers. This comparison validates a known fact
that handling disturbances in CD players requires a high
bandwidth and handling surface defects on CDs requires a
low bandwidth.

V. ACKNOWLEDGEMENT

The authors acknowledge the Danish Technical Research
Coiincil, for support to the research programme WAVES
(Wavelets in Audio Visual Electronic Systems), grant no.
56-00-0143. The authors give their thanks to Department
of Mathematics, Washington University for hosting the first
author during some of the research for this paper.

REFERENCES

[1] E. Vidal, K. Hansen, R. Andersen, K. Poulsen, J. Stoustrup, P. Ander-
sen, and T. Pedersen, “‘Linear quadratic control with fault detection in
compact disk players,” in Proceedings of the 2001 1IEEE International
Conference on Control Applications, Mexice City, Mexico, 2001.

[2] W. Bouwhnis, }. Braat, A. Huijser, J. Pasman, G. van Rosmalen, and
K. Schouhamer Immink, Principles of Optical Disc Systems.  Adam
Hilger Ltd, 1985.

[3] E. Vidal, J. Stonsirap, P. Andersen, T. Pedersen, and H. Mikkelsen,
*Open and closed loop parametric system identification in compact
disk players,” in ACC2001, Arlington, Virginia, 2001.

[4] T.-J. Yeh and Y.-C. Pan, “Modeling and identification of opto-
mechanical coupling and backlash nonlinearity in optical disk drives,”
IEEE Transactions on Consumer Electronics, vol. 46, no. 1, February
2000.

[5] M. Dettori, “LMI techniques for control - with application to a
compact disc player mechanism,” Ph.D. dissertation, Technische
Universiteit Delft, The Netherlands, 2001,

[6] S.G. Stan, The CD-ROM drive. Kluwer Academic Publishers, 1998.

[7} P. Odgaard, J. Stoustrup, P. Andersen, and H. Mikkelsen, “Modelling
of the optical detector system in a compact disc player,” in Proceed-
r'!;]%gof the 2003 American Control Conference, Denver, USA, June
2003.

[8] E. Vidal, P. Andersen, J. Stoustrup, and T. Pedersen, “A study on
the surface defects of a compact disk,” in Proceedings of the 2001
IEEE Imternational Conference on Control Applications, Mexico
City, Mexico, 2001.

F. Pavua, G. Beszedics, and H. Picher, “Surface evaluation of

compact disks by electronic means.” in Proceedings of the 1999 IEEE

Canadian Conference on Electronic and Compurter Engineering,

Edmeonton, Canada, May 1999,

[10] P. Odgaard, J. Stoustrup, P. Andersen, and H., Mikkelsen, “Extracting
focus and radial distances, fault features from cd player sensor signals
by use of a kalman estimator,” in Proceedings of the 42nd IEEE
Conference on Decision and Control, Maui, Hawaii, USA, December
2003

[11] ——, “Fault detection for compact disc players based on redundant
and non-linear sensors,” 2004, 1o appear in procedings of American
Control Conference 2004.

[12} P. Odgaard and M. Wickerhauser, “Discrimination between different
kind of surface defects on compact discs,” 2003, submitted for
publication,

113} P.Odgaard, 1. Stoustrup. P. Andersen, and H. Mikkelsen, “Estimation
of residuals and servo signals for a compact disc player” 2003,
accepted for publication in [EEE Transaction of Control System
Technology.

[14] K. Pohlmann, The Compact Disc Handbook, 2nd ed.
University Press, 1992.

[13] 5. Mallat, A waveler rour of signal processing, second. ed. Academic
Press, 1999,

[16] P. Odgaard, J. Stoustrup, P. Andersen, M. Wickerhanser, and
H. Mikkelsen, “Matlab source for simulation of cd player with sur-
face defects,” www.control.aau.dk/~~odgaard/software/CDsim, Qcto-
ber 2003, The link includes matlab and data files for download, which
are nceded for using the simulation software.

[9

=

Oxford

110



