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Using a Disturbance Observer for Eccentricity Compensation in

Optical Storage Systems

Kyung-Soo Kim

Abstract: In this paper, we consider the track-following control problem in the optical data storage systems in the presence of the
eccentricity. The eccentricity results in the radial deviation of the objective lens so that it degrades the reliability of the data decoding

system. To cope with the eccentricity, an adaptive disturbance compensation technique is newly proposed in the time domain based on
a disturbance observer of reduced order, which effectively estimates the low frequency components of the disturbance. The proposed

compensator is simply added to the conventional feedback control. The error dynamics of the observer and the sensitivity analysis are
given to illustrate the effectiveness of the proposed approach. Finally, through experiments in an optical storage system, the feasibility

of the proposed approach is verified.
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1. Introduction

The tracking problem has been one of the major concerns
in control theory for several decades because it has arisen
in many practical problems such as the trajectory tracking in
robot manipulators, the tip control in tooling machines, and
the track-following in optical data storage systems (ODSS’s)
among many. When the reference signal is known, the con-
trol design problem may be redefined by the regulation prob-
lem by introducing a control term that can cancel out the refer-
ence. However, in some cases, the reference may not be known
and only the tracking error is available for feedback control,
and thus the unknown reference acts as an external disturbance
in the closed loop system. It is noted that the track-following
problem in ODSS’s such as compact disc (CD) or digital versa-
tile disc (DVD) devices corresponds to the case.

In fact, ODSS’s operate based on the elaborate combina-
tion of several types of feedback control in order to restore (or
record) data reliably from (or on) optical discs. For instances,
one may consider the following control problems: 1) automatic
laser power control, ii) focusing control, iii) track-following
control, iv) speed control of the spindle motor, v) center er-
ror control for stable seek operation and vi) the tilt control for
compensating the disc inclination. Since the role of feedback
control is essential to achieve the reliability of ODSS’s, the ap-
plication of the recent feedback theories has emerged. For ex-
ample, in [1], the p-synthesis has been applied to the tracking
controller design for guaranteeing the robustness to the mod-
eling uncertainty. Also, the quantitative feedback theory was
used for the focusing control design in [2]. Recently, the center
error control was discussed in [3] for obtaining the reliable and
silent seek operations for the audio and video applications of
ODSS’s. We refer to the literature and the references therein for
more details. Since all of the control performances contribute
to the quality and the reliability of ODSS’s, the design should
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be robust to the system variations possibly existing in practice.
Among the issues above, more attention should be paid to the
robustness of the tracking control design. Since the track pitch
(i.e., the distance between adjacent tracks) is very small (e.g.,
1.6 pm and 0.74 pm for CD’s and DVD’s, respectively), even
small amount of disturbance can fail the track-following oper-
ation. Moreover, the discs used in practice contain defects that
deteriorate the tracking error detection and, the eccentricity due
to radial run-out of discs from the rotational center and the ge-
ometric distortion of data tracks formed in the manufacturing
process. Owing to such difficulties, the tracking control design
becomes difficult and, at the end, its performance rules the over-
all quality of the ODSS’s. Hence, much effort has been made
to obtain satisfactory performances (e.g., see the references [4],
[5] and [1] among many).

In this manuscript, we consider a method to reduce the ef-
fect of the eccentricity in the tracking control problem. The
eccentricity results in (quasi-) sinusoidal variation of the un-
known reference. In literature, it has been shown that the si-
nusoidal disturbance can be effectively attenuated by using the
repetitive control approach [9] or the disturbance observer tech-
nique [10]. The repetitive control has been developed for the
periodic disturbance rejection and requires the stability analy-
sis when added to the feedback system. The disturbance ob-
server approach is based on the dynamic inversion of the open
loop system to estimate the input disturbance. For avoiding the
non-realizable system inversion, a low pass filter is needed to
compensate the relative degree of the plant.

Our approach relies on the disturbance observer-based com-
pensation scheme. By formulating the track-following prob-
lem into a regulation problem with unknown disturbance, we
develop a disturbance observer of reduced order in the time
domain. The main idea comes from the modification of the
nonlinear friction observer approaches {6], [7] which identify
the constant Coulomb friction coefficient. In fact, we utilize
a generic property of the friction observer capable of estimat-
ing the low frequency components of the frictional disturbance.
Because the disturbance due to the eccentricity in ODSS’s fluc-
tuates mainly with the rotational frequency of the disc, the dis-
turbance observer that can estimate the low frequency compo-
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Fig. 1. A schematic showing the track-following operation.

nents would effectively cope with the eccentricity. Note that
the rotational frequency in ODSS’s is not so high compared
to the closed loop bandwidth. For example, the 32x CD-Read
Only Memory (ROM) drives, which are widely used in practice,
rotate the discs within 100 Hz using the constant angular ve-
locity (CAV) control. The proposed approach is different from
the conventional disturbance observer approaches in several as-
pects. First, the observer is derived in the time domain not in
the Laplace domain. It is advantageous that the error dynamics
decaying monotonically and exponentially in the time domain
can be observed explicitly. Secondly, the dynamic inversion of
the plant occurs implicitly. Thus, there no needs to consider the
issue of the realizability. Moreover, the observer dynamics does
not have the order of the relative degree of the plant. That is,
the proposed observer is of first order while the pickup system
is of second order.

The paper is constructed as follows. In Section 11, the track-
ing control problem in ODSS’s is discussed to set up the sys-
tem description. Then, we propose the disturbance observer in
Section III. Based on the disturbance observer, the feedforward
compensator is introduced and the sensitivity analysis is given.
In Section 1V, a few issues for real implementation are discussed
and the effectiveness of the proposed approach is shown by ex-
periments in an ODSS. Finally, concluding remarks follow in
Section V.

II. Tracking problem with unknown reference

In order to illustrate the track-following operation in ODSS’s,
Fig. 1 shows a schematic for an optical pickup unit consisting of
an objective lens, actuator coils, the stiffness and damping ele-
ments. The pickup unit can be viewed as a sensor measuring the
tracking error (or, the focus error) and, at the same time, as an
actuator for moving the objective lens. Note that the fine actu-
ator moves on the fixed coordinate at the coarse actuator driven
by DC-motors or stepper motors. Refer to the references [1]
and (2] for the standard structures of the dual stage pickup unit.
In general, the dual stage pickup unit is controlled in the closed
loop system to follow the desired data track as shown in Fig. 2.
The readout signals from the pickup are conditioned to gener-
ate the track error in the RF amplifier. Then, the digital signal
processor produces the control outputs for the fine actuator and
the coarse actuator, respectively. Note that each of the actuators
can be independently controlled due to the dynamic separation
of the actuators.

We start with the following equation for the system behavior:

T=v

9 = —2lwnv — wiz + Bwiu — i (N
e=Ko(zr —zs — )

where x, v are the relative position and the relative velocity of
the objective lens, respectively. Note that w,,. ¢ and 3 are the
system parameters given by the pickup specification used, and
K, is the optical gain depending on the laser power and the re-
flectivity of the disc. Here, we assume that the coarse actuator is
being controlled appropriately but not perfectly due to the slow
dynamics of the coarse actuator. Let us denote the remainder
incapable of being cancelled by the coarse actuator control as
zr £ 2, — x. Then, the purpose of the feedback control for
the fine actuator is to obtain the following performance specifi-
cation:

Jim |27 — | < bmaa )]

where 6,44 is the allowable track deviation. As to the unknown
reference, we point out that the rotating data tracks never make
exact circle due to the so-called eccentricity resulting from the
mechanical deviation of the disc center and the spindle one,
and the geometric distortion of the circular tracks. In general,
considering the eccentricity, the unknown reference may be as-
sumed as

Ty = o + €sin(27 fopt + ) 3)

where z, is the unknown offset and fo, is the rotational fre-
quency possibly time-varying. It is noted that the rotational fre-
quencies of most of ODSS’s are not very high in view of the
signal processing. The allowable amount of the eccentricity has
been specified by the storage standard specifications such as the
so-called Red-Book for CD-digital audio [8]. However, in prac-
tice, many of the discs exceed the standard specification so that
ODSS’s have been required to have more ability to overcome
the excessive eccentricity. For instance, playability to discs hav-
ing the eccentricity of 210 zm can be a measure for evaluating
the quality of ODSS’s while the specification allows only up to
70 pm.

Now, we rewrite the reference tracking problem above as a
regulation problem as follows:

°=¢ @)
é = —2wné —wie — K,fwiu+ Kod

where d = &, + 2Cwnt + wizs. Note that the reference
tracking problem is equivalently written by a regulation prob-
lem with the unknown disturbance, which exists with the con-
trol input. Also, the disturbance only contains the reference
information affected by the eccentricity.

III. Reduced order disturbance observer
1. Observer algorithm
For developing the disturbance observer, we start with a tech-
nical assumption in the following.

. .
RF signals RF Track error
| i
Amplifier
—>
Digital Servo

Processor
N Fine actuator control
Drive

Coarse actuator control

Amplifier

Fig. 2. Track following control system.
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Assumption 1: The derivative of the tracking error is avail-
able. That is, é (= £) is measured.

In general, the RF chip that provides the signals related to the
servo operations gives only the tracking error. Hence, to satisfy
the above assumption, one may need the real-time differentia-
tion of the tracking error using an analog circuit (or digital sig-
nal processing). From experiences, obtaining the derivative of
e is of no difficulty because the necessary bandwidth of differ-
entiation is less than a few kHz range so that the differentiation
noise can be effectively reduced using a low pass filter.

Under the assumption, consider an algorithm for disturbance
observer in the following:

{ i=—v (—2@%5 —wle — Kofuwu + K0d> )
d=z+ ~vE

where «y is a positive scalar. To illustrate the estimation error

dynamics, define as ¥ = d — d. Then, we have, from (4) and

(5),

b = d—d
= d—z—+
= —K.¢+d (6)

As can be seen above, the estimation error exponentially de-
creases with the ratio determined by K, while the steady state
error depends on the time-derivative of the unknown distur-
bance. It may be shown that, as ¢ — oo,

I
()| < K, (7N

where g £ max;so [d|. This shows that the steady state error
would decrease if we chose the positive scalar -y to be large (that
is, if the observer dynamics is fast enough). Note that, however,
the parameter +y is the gain multiplied by the time-derivative of
the tracking error in (5), which implies that the observer can
be sensitive to the measurement noise with the increased gain.
Therefore, there should be the trade-off between the sensitivity
to the measurement noise and the disturbance rejection perfor-
mance when selecting the gain parameter.

Now, we examine the physical meaning of the disturbance
observer in the Laplace domain. To this end, observe that, from
@), the exact disturbance may be represented as follows:

% 4 2Cwn s + w2
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where P(s) = Mﬂ% It is noted that the dynamic in-
version of the plant is necessary to obtain the input disturbance.
To investigate the observer operation, consider the disturbance

estimate, from (5),

D = Z(s)+vsE(s)
_ v {(2Cwn — vKo)s + wr } E(s)
s+ 9K, +KopwiU(s)
+vsE(s)
_ K
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It is clear that the disturbance observer would generate the low
pass filtered disturbance, which is obtained implicitly through
the dynamic inversion of the pickup system.
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Fig. 3. Control structure with feedforward compensator.

2. Compensation scheme
Now, we are ready to construct the control law using the es-
timated disturbance. Consider the following control input

U =up+ uy (10)

where u;, 18 the control input from the feedback controller, and
uys from the feedforward one. See Fig. 3 for the system struc-
ture. The feedback input may be obtained by the conventionally
designed compensator while the feedforward input is chosen as

d

- pui

Then, it follows, from @), that

Ug

(1)

£ = —20wn€ —wie — Kofwhus + Kot (12)

Comparing with 4), the disturbance becomes less effective in
the closed loop system depending on the estimation error. This
implies that the feedback controller design can be set to be more
free from the disturbance with the aid of the feedforward com-
pensator.

To show the effectiveness of the disturbance compensation
scheme, let us derive the sensitivity function when the compen-
sator is applied. From (6), we have

s

(s) = ————
)=k

D(s) (13)
where ¥(-), D(-) are the Laplace transformations of the signals
1 and d, respectively. With this and (12), it may be shown that

_E(s) _ Ko P(s) s

S(s) = D(s) ~ Bwi(l+ K.C(8)P(s)) s+ 7K.

(14)

where C(s), P(s) are the transfer functions for the feedback
controller and the pickup system, respectively. Observe that the
transfer function

KoP(s)

5 2 BT KO )

13)

is the sensitivity of the closed loop system when only the
feedback compensator is applied. Since the transfer function,
5'*"7;}(0’ is the high-pass filter of first order, it would reduce
the transmission of the low frequency components of the dis-
turbance.

From the sensitivity function above, the closed loop poles of
the compensated system consist of the poles by the feedback
loop and the observer dynamics, which implies that the feedfor-
ward loop does not affect the feedback loop dynamics.
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3. Robustness to the modeling uncertainty

The plant model must include the parameter uncertainties.
Especially, the optical gain, K, definitely depends on reflectiv-
ity of discs being played. Note that reflectivity of discs is not
uniform over the types of the coated materials on disc surfaces.
Suppose that, instead of @), the system is written as

£ = —20wn€ — wie — Kofwau + Kod + g(€,e,u) (16)

where g(-) represents the existing model uncertainty, which is
Lebesgue-measurable and bounded. It is easy to see that the dis-
turbance observer would produce an estimate for the equivalent
disturbance

deg 2 d+ g(&. e,u) /Ko (17)

This shows that the compensation scheme with the proposed
observer would drive the system to follow the nominal plant
model while the accuracy depends on the time-derivative of the
equivalent disturbance d.q as illustrated in (7). Such a property
is expected to increase the robustness of the feedback system
(e.g., the gain and phase margins). Nevertheless the qualitative
illustration, the robustness issue still remains open.

IV. Application to an optical storage system

In this section, we implement the proposed approach in a
CD-ROM/ReWritable disc drive with 4x operating speed. For
a disc with the eccentricity of 210 pum, we realize and simply
add the proposed feedforward compensator to the conventional
feedback system. In the following, we discuss a few issues for
real implementation.
1. Time-derivative of the tracking error

To obtain the time-derivative of the tracking error, we de-
signed the band-pass filter as shown in Fig. 4. The first cut-
off frequency was chosen considering the disc operating speed
(e.g., 4x constant linear velocity (CLV) control in this exper-
iment). The x1-CLV speed in CD-ROM drives means that the
relative velocity of the pickup lens and the disc surface is within
1.2 — 1.4 (m/s) by the standard specification [8]. Since the radii
of data tracks range from 2.5 c¢m to 6 cm in case of the discs
with 12 cm diameter, the rotational frequency of the discs in the
1x-CLV mode should be around 3 Hz (at the outermost track)
to 8 Hz (at the innermost track). Hence, in the 4x-CLV mode,
the maximum rotational frequency becomes 32 Hz. Also, the
closed loop bandwidth is designed to be within 2 kHz. There-
fore, the effective range of differentiation specified by 7.2 kHz
is enough. It is noted that to reduce the signal noise, we ap-
pended a low pass filter with the cutoff frequency at 18.2 kHz.
The circuit can be described as

a2 ~ReCié = —RoCh€ (18)
c,
L]
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Fig. 4. A circuit for differentiating e.
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Fig. 5. Experimental results: the observer performance.

in the low frequency range. Indeed, one may design a digital
filter instead of the analog circuit. However, we used this to re-
duce the computational burden in the micro-processor we used.
2. Discretization of the observer dynamics

In order to implement the disturbance observer, we adopted
a commercial microprocessor of low cost and, designed to sup-
port the 20 kHz sampling rate, which was chosen considering
the closed loop bandwidth around 2 kHz. When the operating
speed is higher, one may need to design the closed loop band-
width larger. In this case, the computational power would be
needed more than in this experiment. From (5), we have

2 =—vKoz+ f(t) (19)

2
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Since the exact solution for z at t = kT is given by

2kTs) = e eToz((k— 1)Ts)
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the trapezoidal approximation of the 1st order is as follows:
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As a matter of fact, we had also implemented the sec-
ond order approximation that utilized a series of quantities
{frs fe—1, fe—2} to obtain z;. However, the difference was
observed to be negligible.
3. Estimation performance

To investigate the estimation performance, we solved the dif-
ference equation while the feedforward switch was turned off in
Fig. 3. Since we do not know the existing disturbance, the di-
rect comparison between the disturbance estimate and the real
disturbance is impossible. Instead, we calculated the fictitious
feedforward control from the estimated disturbance. As can be
seen in Fig. 5, the feedforward control (uy) follows almost the
feedback control input, which implies that the feedforward con-
trol can take the role of the feedback one for suppressing the
periodic disturbance. Also, the estimation dynamics is asymp-
totically (and monotonically) stable without the overshoot as
illustrated in (6). We simply start the estimation at w7 (0) =0V
to clearly observe the estimation dynamics even though the ref-
erence voltage is 2 V. Note that the estimation should be turned
off during the off-track operations such as the track-jump oper-
ation and the traverse state. When the objective lens is not near
the data track, the plant dynamics in @) is not valid, which may
result in a wrong estimation.
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Fig. 6. Experimental results: feedforward switch is turned on.

4. Control performance with feedforward input

Now, the results are shown in Fig. 6 when the feedforward
switch is turned on in Fig. 3. Before the feedforward control
is applied, there exists the periodic deviation of the tracking
error regardless of the feedback control. However, it can be
seen that the tracking error deviation drastically reduces just af-
ter the application of the feedforward control. Observe that the
feedforward control takes the role to attenuate the periodic dis-
turbance on behalf of the feedback one. This implies that one
may have more freedom for designing the feedback controller
because the design constraint imposed by the eccentricity can
be relaxed with the feedforward compensator.

V. Conclusions

In this paper, a novel algorithm for the disturbance observer
of reduced order has been proposed for handling the eccentricity
in optical data storage systems. The observer is derived in the
time domain analysis and shown to be monotonically (and expo-
nentially) stable in the transient response. The disturbance es-
timate would have steady state error according to the derivative
of the disturbance, however, the estimation error can be reduced
by properly choosing the observer dynamics. The advantages of
the proposed approach are the simplicity of the observer, the ap-
parent estimation dynamics in the time domain and the efficient
disturbance rejection performance. We discussed the sensitivity
analysis and some of practical issues. Also, through an applica-
tion to an optical storage system, the feasibility of the proposed
approach has been proven.
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