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Abstract

Radial track lollowing o{ a compact disc player servo mechanis-
m is severely exposed to periodic disturbances, induced by the
eccentric rotation of the disc. The period o{ this disturbance is
not available for measurement and varies slowly in time. Peri-
odic disturbances can be adequately attenuated using the con-
cept oI repetitive control, provided the period is known. To deal
with time varying periodic disturbances, a repetitive controller is

tuned based on a simple though inaccurate physical model of the
time varying character of the period. The modei is tuned based
on an estimate of the period, obtained through recursive iden-
tification. Experimental results show that the proposed scheme
enables a significant improvement o{ the tracking accuracy oI the
radial servo mechanism.

Keywords: adaptive repetitive control, periodic disturbance
signals, compact disc rnechanism.

1 Introduction
In this paper the issue o{ track following is addressed as is
encountered in a compact disc player. The compact disc ser-

vo mechanism considered here consists of two servo systems
that enable track following, one for focus and one for radial
tracking. In tiris paper attention is restricted to the radial
part of the servo mechanism.

As the radiai position of the track is not available for mea-
surement, this signal may be interpreted as a disturbance
acting on the servo system. Due io deficiencies of the track
geometry and eccentric rotation of the disc, this disturbance
mainly has a periodic character.

In view of present specifications, the required tracking ac-

curacy is established using PID controllers, in spite ol pe-

riodic components that are present in the tracking error.
However, a much tighter bound on the tracking accuracy
is desired due to desired higher inlormation densities on the
disc. Attenuation of periodic components of the tracking er-
ror therefore is imperative in order to comply with future
sp ecifications.
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In literature (a.o. [6, 3]) the concept of repetitive control
has proven to be a useful control strategy for tracking refer-
ence signals or attenuating disturbances that are of periodic
nature provided the period of the signal is known. However,
as the period of the disturbance is not directly measured and
varies in time, an estimate of the period of the error signal
can be used to tune the repeiitive controlier. This problem
has been elaborated based on simulation studies in [7].

In this paper an adaptive repetitive control scheme is pro-
posed to meet the required attenuation of periodic distur-
bances having a time varying period. It is shown that fruit-
ful use can be made of prior knowledge of the time varying
character of the disturbance in order to provide better atten-
uation. As the prior knowledge is rather inaccurate, it has
to be tuned based on an estimate of the period. As is always
the case with adaptive systems, attenuation of time varying
disturbances is a compromise between sufficient excitation
of the estimation algorithm and sufficient attenuation of the
disturbance.

The adaptive repetitive control scheme mainly consists of
the following three parts: the repetitive controller (section
3), an identification algorithm for estimating the period of a
periodic signal (section 4) and a tuning algorithm for adapt-
ing the repetitive controller according to the estimated pe-

riod (section 5). The scheme is implemented on an experi-
mental set up of a compact disc player. The experimental
results show that the time varying periodic disturbances are
adequately attenuated (section 6). The paper is concluded
with some conclusions.

2 Problem description
For read-out of information in a compact disc piayer, a spi-
rally shaped track on a rotating disc is scanned by an op-
tical device. Por adequate reading of the information, the
optical device must be positioned with respect to the traclt
within specified accuracy bounds. Positioning of the optical
device is enabled by two actuators, one in radial direction
of the track and one in focus direction. Both actuators are
marginally stable and must therefore operate in closed loop
with a stabilizing controller. An elaborate description of the
compact disc system is found in [2].

Due to eccentric rotation of the disc and the fact that the
tracl< is not perfectiy spirally shaped, the radial track posi



tion predominantly has a periodic character. The periodic
components consist of a fundameutal frequency correspond-
ing to the rotation velocity of the disc and some higher har-
monics.

Another feature of the disturbance is the time variance of
its period. This results from the lact that the rotation fre-
quency must be adjusted during play in order to keep the
scanning velocity along the track at a constant value. This
implies that the fundamental frequency decreases when read-

ing t,he track from the centre to the edge of the disc. More-
over, in case the radial distance of the track would be known
the fundamental Irequency could be deduced from track ge-

ometry and the scanning velocity. Although the track ge-

ometry is not exactly known and differs per disc, some prior
knowledge about the evolvement in time of the fundamental
frequency is available, as will be shown in section 5.

As the track position is not available for measurement, it
constitutes a disturbance acting on the closed loop system as

shown in figure 1. The actuator is denoted as P and C is a

stabilizing controller; r is the track signal and e the tracking
error.

fig. 1: Block scheme of the compact disc servo mechanism

So, we are dealing with a disturbance having the character
of a harmonic signal with time varying period.

In present applications the radial tracking error must not
exceed 100 nm. This is established by controllers having high
gains in the low frequent region (up to 300 Hz) and sufficient
high frequent roll off in order to guarantee robust stability.
Control design based on loop shaping provides low order con-

trollers that enable the required track following behaviour.
In figure 2 a fragment of a time domain measurement and

in figure 3 an estimate o{ the power spectrum of ihe radial
error signal is shown using a PID controller.

lime(se.)

fig. 2: Radial error signal under PID control

The peak with the lowest frequency in figure 3 corresponds

rvith the rotation frequency of the disc; the higher harmon-

ics result from eccentric rotation. As is obvious from these
flgures, the periodic components have a considerable contri-
bution in the magnitude of the error signai.
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fig. 3: Power spectrum of the radial error signal

In future applications of optical data systems a desired

feature is a higher inlormation density on a disc. This is

enabled by decreasing the radial distance of the track per
revolution. An important consequence is that the maximum
magnitude of the tracking error must be kept below a smaller
value.

To establish a tighter specified bound on the maximum
tracking error, the periodic components must be suppressed.

One way to achieve this is increasing the controller gain in
the low frequent region (f.i. by adding an integrator) re-

sulting in a controller that also shows large disturbance at-
tenuation at frequencies in between the frequencies of inter-
est. Moreover, robustness is endangered since extra phase is
added to the loop transfer function.

The periodic nature of the disturbance can be exploited
for design of a controller for attenuation of specific frequen-
cies. Since the period of the disturbance is not measured and

slowly varies in time the problem of constructing an adaptive
control scheme is considered where the time varying period
is estimated from the error signal.

3 Repetitive control
In case the period of the disturbance is known and time in-
variant, repetitive control has proven to be an efficient con-

trol strategy. The concept of repetitive control is based on

incorporating the repetitive nature of periodic signals in the
control design (a.o. [6, 3]).

A repetitive controller is added to an existing controller
in the closed loop as is schematically depicted in the block
scheme of figure 4. Here the radial actuator is denoted as P,
C is a stabilizing controller and the repetitive controller is
depicted in the dashed box.

The repetitive controller, aiso known as memory loop, is
formalized in discrete time as follows. The signal buffer con-

stitutes a delay of ff samples; the transler from e to e' in
figure 4 is expressed as

o-N 1
r1-1-q-N-1-q:r

3
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(the fundamental frequency) and that the estimation has to
be done on line.

A notch filtering technique as described by [a] is considered
here for estimating the fundamental frequency. The identifi-
cation procedure is based on minimizing the prediction error,
expressed as:

e(t,o): H(q,0) e(t)

rvhere
fig. 4: Configuration of repetitive control

where q-1e(t) = e(t - 1). Adding the repetitive controiler to
the closed loop system results in an infinite gain of the loop
transfer at {requencies , = T, k = 7,2,...,1[. In case r
has the same period length of il samples, the disturbance is
suppressed asymptotically.

Adding infinite gains to the loop transfer endangers sta-
bility of the closed loop system since the actuator dynamics
are not exactly known. Robust stability of a repetitive con-
troller has been thoroughly analysed by Tomizuka ([6]) and

Hillerstr6m ([:]). To guarantee stability two filters .Fr and
.F3 are added to the configuration of figure 4 as is shown in
figure 5.

fig. 5: Modified repetitive controiler

The filter F1 modifies the infinite gain to a finite but high
value and & limits repetitive controller action to a frequency
range where robustness is preserved. This leads to a modified
repetitive controller expressed as

, - o- 4q-'' -' ' '21-f1q-(1vr+Nr) -
1-Irq-^/t(t-N'2-Il)

1 - Flg-(Iv'+1v?)

To preserve high gains at the frequencies ff the transfer

function Fr;ir-*d--;r";r is restricted to have a linear phase

characteristic. This is achieved by choosing F1 and P2 to be

low pass filters with iinear phase characteristic.

4 Estimation of the fundamental
frequency

In this section the estimation of the (time varying) period of
a periodic signal is considered.

Consider the signal

M

e(t) = for sin(tdsl)*u(l)
i=l

where u(l) is some noise signal, a; are the coefficients of the
periodic components and 0s is the fundamental Irequency.
We are concerned with estimating d6 from e(t).

The literature in the field of frequency estimation of a sum
of sinusoids is cluite extensive (a.o. [5, 8]). Important in this
case is the fact that only one parameter is to be estimated

H(q,,):#*6=fiffi
A(p-rq,Q1 - LL

P

-2coslc? pq-L + p2q-2)

where d equals the fundamental frequency. The
parametrized fiIter II(q,0) has the structure of a notch filter
having p notches at u = k0, k = {t,...,p}. The param-
eter p determines the width of the notches. In case p - I
the poles of H(q,0) all lie on ihe unit circie and the notches
have zero width, resulting in an unstable fiIter. By choosing
p ( 1 stabiliiy of the prediction error filter is obtained and
the notches have nonzero width. The latter is imperative in
order to increase the filters sensitivity with respect to the
time variance of the periodic components. Specific feature
of a notch filtering technique is that the fundamental fre-
quency is the oniy parameter used in the estimat,ion, due to
a specific structure of the prediction error filter.

The parameter d is estimated in a recursive setting as

1M
b = arle-i, i I )LI-k e2 1k,e1

where ) is a forgetting ,.ir=.r. ,rr.. the periodic com-
ponents are nonstationary, ) must be chosen smaller than
1.

This leads to a nonlinear parametrized optimization prob-
Iem and as the identification has to be done on line, only an
approximate estimate is obtained according to an algorithm
of a recursive prediction error type ([4]):

Ap1 = a1t - r; + I(r) s(r)

e(t) = UQ,e(t - r)) e(r)

r.( t\ - P(t\il,( t\ - PQ - 1)1bU)
-\-/ - \'/7\-/ )(r)1 + ?rr(t)P(t _ l)rb(t)

Dl,\ _ 7 ,o,, 1\ P(t-1)1rT4r"(t)P(r-1)rr\e/-)14rrt,-')-wI

Here )(l) is a time dependent forgetting factor. The algo-
rithm requires calculation of

De(t\
tlt(t\ ;- --:-: =aaft)

d(t)
aQ-rq,e(t - t))

where /(t) is a regression vector and of the prediction error
s(l,d(l - 1)).

5 Tuning of the controller
In case an accurate estimate of the fundamental frequency is

obtained, the repetitive controller can be adjusted according-
ly. Crucial issue is to determine whether adjustment based
on an estimate available improves disturbance attenuation
or not.



A sound strategy with respect to tuning of the repeti-
tive controller hinges on a compromise between two require-
ments. On the one hand the memory loop is nolto be tuned
as long as periodic disturbances are sufficiently attenuated.
On the other hand the memory loop rzzsf be tuned in case
adjustment based on the estimated period provides better
disturbance attenuation.

Using adaptive algorithms these requirements are closely
related and somehow conflicting, as is stated in [1]. Once the
periodic components are sufficiently suppressed in the error
signal, excitation of the estimation algorithm is lost, result-
ing in a bad estimate of the period. Tuning of the memory
loop based on this estimate is more likely to deteriorate dis-
turbance at,tenuation. So, the memory loop must only be
adjusted in case the periodic disturbance sufficiently excites
the estimation algorithm (good estimate) without allowing
the magnitude of the error signal to become too large (suffi-
cient attenuation).

The problem boils down to finding a compromise between
allowing some periodic excitation in order to prevent that
larger periodic signals arise in the loop.

To formalize the compromise between sufficient attenua-
tion and sufficient excitation, tuning takes place in case the
magnitude of the measured error signal exceeds a threshold
value. This tuning criterion heavily relies on the assump-
t,ion that the magnitude of the error signal is mainly due
to periodic components. As is obvious from figures 2 and
3 this holds to some extent since the error signal contains
nonperiodic noise. It is noted that the tuning criterion is
not very robust against nonperiodic disturbances like shock-
s. The threshold value is determined by trial and error.

Although the exact track position is not known, rough
prior knowledge about the track geometry and the scanning
velocity is available. From this prior knowledge a physical
model of the rotation lrequency as a function of time is de-

rived as follows.
The radial distance between the track position at angle a

and the center of a spirally shaped track can be expressed as

r'(a) = ro * *,, ro = r(0).

Norv the length of the track at a - / equals:

,(il= [ r@)dct=rod*l*0, (1)
Jo 2d0

ururd 
tn. lengih of the track scanned at time I is expressed

r1t) = /' u7Q)dr : ur .t (2)
Jo

rvith u7 being the (constant) scanning velocity.
Equating the expressions for c(l) and c(/) gives

u7.t = ,o A +l* O'. (3)
zdQ

Expressing / explicitly as a {unction of time I and differ-
entiating with respect to time gives the following result:

TaT

2m 2w

fig. 6: The rotation frequency evoiving in time with o7 =
1.3mf s (solid line), 7.4mf s (upper dashed line) and
l.2mls (lower dashed line).da = 1.6 x 70-6m,rs =
2 x 70-2m.

where d7 is the increase of the radius afier 2r rad. revo-
Iution and fr,= *.

The rotation frequency t.,(l) :: f; ir .xpr"rr.d in terms
of the scanning velocity u? along the track, the increase of
the radial distance after one revolution d7 and the radial
distance of the track with respect to the center of the disc at
time I = 0, 16. The values of u1 and d" are nominal values,
standard for an audio compact disc ([2]). Figure G shows the
rotation frequency as a function of time I as expressed by (4)
for 3 diferent values of o7.

Based on this model a prediction of the rotation frequency
at time I can be made. If the model would be sufficiently ac-
curate, the repetitive controller could be adjusted according
solely to this model and estimation of the fundamental fre-
quency rvould not be necessary. Hotvever, this is not the case
since the description of the track geometry is rather rough
and the parameter values of the modei are not exact and
vary for diferent discs. For instance, the scanning velocity
u7 is constant per disc but may vary between 1.2 m/s and
7.4 mls.

An adaptive scheme is implemented where the repetitive
controller is tuned based on the physical model described
above and the model is adjusted in case the error exceeds
its maximum value. The configuration is depicted in fig-
ure 7. The error signal is low pass filtered belore it enters
the estimation algorithm in order to prevent aliasing. The
filtered error enters the notch filter and is simultaneously
monitored to evaluate whether the magnitude does not ex-
ceed the threshold value. In case it does, the model is tuned
based on the estimate o{ the period available at that time.

6 Experimental results
The adaptive scheme using prior knowledge of the rotation
frequency is implemented on ihe radiai servo mechanism of
a compact disc player. The filter .F1 is a 10th order filter,
.E2 an 8th order low pass filter, both having a linear phase
characteristic. The buffer length of the repetitive controller
is adjusted by changing the number of delays 1[1. The repet-
itive controller is impiemenied with a sampling frequency of

d6alt):= *: J;4 +.,rd,t t
(4)

\
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fig. 7: Scheme of the implemented adaptive repetitive con-
troiler

2 kHz and a stabilizing PD controller is implemented with 8

kHz using a digital signal processor. Note that the integrator
is left out in order to obtain sufficient 1ow frequent excitation
of the estimation algorithm. Figure 8 shows the Bode plot
of the repetitive controller.

fig. 8: Bode diagram of the modified repetitive controller

The recursive estimation as presented in section 4 runs
parallel to ihe adjustment of the memory loop. The notch
filter is chosen to have order 4 so the rotation frequency
is estimated from the fundamental frequency and the first
harmonic. The error signal that is fed to the estimation
algorithm has to be 1ow pass filtered such that a good signal
to noise ratio is obtained. A first order low pass filter having
a cut off frequency at 20 Hz is implemented, indicated as

"anti a1." in figure 7.

To demonstrate the merits of a physical model of the time
variance of ihe period, first the adaptative repetitive con-

troller is implemented without the model. A fragment of
the measured error signal and the estimate ol the rotation
frequency are shown in figure 9.

The magnitude of the error signal gradually increases until
the moment that the threshold value is exceeded. Adjust-
ment oI the memory loop leads to a decrease of the error
magnitude, implying an improved attenuation of periodic
components; so the estimate seems sufficiently accurate. The

fig. 9: The measured radial error signal e (upper) and the es-

timated frequency (lower) in case the memory loop is
tuned directly by the estimated rotational frequency

comptomise between attenuation and excitation is clearly iI-
lustrated by the gradual increase and abrupt decrease of the
error magnitude.

Now figure 10 shows the same fragment of the error signal
and the frequency estimate in case tuning is based on the
physical model.

fig. 10: The measured error signal (upper) and estimated
(doi) and modelled (solid) frequency (lower) in case

the memory loop is tuned by the model of. u(t).

The maximum magnitude of the error signal is smaller
than in case of direct tuning. This means that in the time
span considered the physicai model provides better suppres-
sion oI time varying periodic disturbances.

Figure 11 shows what happens in case the model becomes
less accurate in the course of time; the magnitude of the
error gradually increases due to inadequate adjustment of
the memory loop. In case the magnitude of the error signal
exceeds a threshold value, the model is updated based on

the current estimate of the rotation frequency. Due to loss of
excitation of ihe estimation algorithm the frequency estimate
deteriorates.

During the same time span, the use of a priori knowledge
of the time varying character of the disturbance period pro-
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fig. i1: The measured error signal (upper) and estimated
(doi) and modelied (solid) frequency (Iower) in case

the memory loop is tuned by the model of c.,,(t). The
model is tuned after approximately 127 seconds.

vides better suppression of periodic components than direct
tuning based on the estimate. Direct tuning of the memory
loop occurs every 12 seconds; tuning of ihe model once in
approximately 125 seconds.

Note that the maximum magnitude of the error is user

defined in both schemes since it is determined by the tuning
criterion. So in both schemes the error magnitude reaches

the same maximum value.

7 Conclusions

In this paper the problem of attenuation of time varying pe-

riodic disturbances, acting on the radial servo mechanism of
a compact disc player is addressed. An adaptive repetitive
control scheme is proposed and implemented on an exper-
imental set up of a compact disc player. A memory loop

having adequate buffer length suppresses the periodic com-

ponents in the error signal. Tuning of the memory loop is
based on a physical model of ihe time variance of the ro-

tation frecluency. In case this model becomes inaccurate in
the course of time, it is updated based on an estimate of
the rotation frequency. Ihe estimate is obtained through re-

cursive prediction error identification, based on an adaptive
notch filter technique. Use of a physical model provides an

improved track following accuracy.
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