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ABSTRACT

Periodic disturbance occurs in various applications
on the control of the rotational mechanical systems.
For optical disk drives, the spirally shaped tracks
are usually not perfectly circular and the assembly
of the disk and spindle motor is unavoidably eccen-
tric. The resulting periodic disturbance is, therefore,
synchronous with the disk rotation, and becomes par-
ticularly noticeable for the track following and focus-
ing servo system. This paper applies a novel adap-
tive controller, namely Frequency Adaptive Control
Technique (FACT), for rejecting the periodic runout
and wobble effects in the optical disk drive with
dual actuators. The control objective is to attenuate
adaptively the specific frequency contents of periodic
disturbances without amplifying its rest harmonics.
FACT is implemented in a plug-in manner and pro-
vides a suitable framework for periodic disturbance
rejection in the cases where the fundamental frequen-
cies of the disturbance are alterable. It is shown that
the convergence property of parameters in the pro-
posed adaptive algorithm is exponentially stable. It
is applicable to both the spindle modes of constant
linear velocity (CLV) and constant angular velocity
(CAV) for various operation speeds. The experiments
showed that the proposed FACT has successful im-
provement on the tracking and focusing performance
of the CD-ROM, and is extended to various compact
disk drives.

Keywords: Frequency Adaptive Control Technique,
Optical Disk Drives, Disk Runout Control, Disk Wob-
ble Control.

1. INTRODUCTION

In many tracking control problems (e.g., robot arms,
rotating machinery), a desired output or disturbance
input includes periodic signals with a known period.
As a result, the system outputs typically involve pe-
riodic errors with the same period. The terms “pe-
riodic compensation”, “repeatable control” and “iter-
ative learning” are often used to describe specialized
control algorithms designed to cancel errors which are
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periodic in time. Specifically, the repetitive control
system is a servo system that achieves zero steady-
state tracking error for periodic desired outputs and
periodic disturbance inputs with a fixed period. The
repetitive control scheme was first proposed by In-
oue [1] and then there are several methods devel-
oped to eliminate periodic disturbances. For example,
Cong [2] and Yamada [3] proposed repetitive control
systems for DC servomotor applications. Lam [4] uti-
lized the iterative learning control to reduce the speed
ripple in permanent magnet (PM) synchronous motor.
Especially for cancellation of repeatable runout in disk
drives, repetitive controllers and adaptive feedforward
cancellation schemes have been applied.

In optical disk drives, the disk runout and wobble
effects introduce periodic disturbances with sinusoidal
behavior [5, 6]. It causes the deviation on position er-
ror at the same frequencies for track-following, focus-
ing, and seeking servo systems. In addition, not only
the harmonics but a valuable DC content disturbance
exists in track-following and focusing systems because
of their special mechanisms used in optical disk drives.
DC content is a critical factor in servo performances
because it determines the deviation error. Although,
there are many ingenious methods to deal with peri-
odic disturbance, the manipulation of DC content was
not addressed.

This paper applies a novel adaptive controller,
namely frequency adaptive control technique
(FACT) [7, 8], for rejecting the periodic runout
cancellation for both the CAV and CLV spindle
modes of the ODD with multiple playing speeds.
The experimental results show that the FACT can
remarkably reduce the errors in track-following and
focus systems.

2. POSITIONING SERVO SYSTEM

The positioning system consists of track-following and
focusing systems. Feedback signals from pick-up head
are used to adjust mechanically the position the lens
in the horizontal and vertical direction movement, re-
spectively. The focusing servo output the control sig-
nal to force the focusing voice coil motors (VCM) in
vertical movement while the tracking servo output the
signal to the tracking VCM in horizontal direction.
The pick-up head assembly sits on a sled and is moved
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Figure 1: The block diagram of track-following.

by sled motor in horizontal to travel the whole range
of the disk surface. Moreover, the disk is clamped
on spindle motor and its speed is controlled by CLV
or/and CAV control loops.

Track-following Servo System

During the track-following, as shown in Figure 1, the
fine actuator directs the lens moving in radial direction
to follow the vibrating track. where the transfer func-
tions of fine and coarse actuators are denoted as Gf (s)
and Gc(s), while the variables uf (t) and uc(t) are the
control inputs to Gf (s) and Gc(s), respectively. The
difference between track position and spot position is
detected by optical devices and fed to track-following
controllers via a constant gain which generally very
high. Neither track position nor spot position is avail-
able and only the TES, off-track error multiplied by
a constant gain, is measurable. Owing to the spiral-
shaped track, the displacement of the fine actuator
increased as the track-following function carried out
continuously. The increasing offset displacement will
cause the fine dynamics to be nonlinear and the sys-
tem performances decreased apparently. To get rid of
this situation, the coarse actuator will move the sled
slowly as the offset displacement larger than a given
threshold, so that the lens always has a narrow dis-
placement and the linearity can be reserved. In this
way, the actuators possess different dynamic charac-
teristics. The position of the lens and that of the sled
determine the laser spot position, thereby forming a
multi-input single-output servo system.

The response of et(t) to disturbance signal dt(t) can
be expressed as

et

dt

=
Gf (s)

1 + Gf (s)Cf (s) + Gc(s)Cc(s)Cf (s)
(1)

Since the bandwidth of the coarse actuator is much
smaller than the frequencies of the runout distur-
bance, only the closed loop dynamic of fine actuator is
needed to describe the system performances in track-
following process. Hence, Eq. (1) can be simplified
as

et

dt

≡
Gf (s)

1 + Gf (s)Cf (s)
(2)

Since the disk runout is the most significate distur-
bance source and synchronizes with the disk rotation,
the TES will have significant excitations at the fre-
quency of disk rotation and its higher harmonics.
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Figure 2: The block diagram of focusing system.

One major problem of the conventional track-
following scheme is the disturbance caused by disk
runout. The runout results in a low frequency in-
put and has effects both on fine and coarse dynam-
ics. In order to overcome such disturbance, the com-
pensator Cf (s) is designed such that the magnitude
of |Gf (s)Cf (s)| within the low frequencies is limited,
or else the coarse actuator will be excited by runout
disturbance. Widely applied to the consumer ODD,
Cf (s) is designed by a parallel type lead-lag compen-
sator where the DC gain always has a finite limit.

Focusing Servo System

The focusing servo uses the reflection from the main
laser beam to detect and correct FES, and maintain
the laser spot on the disk within its suitable range
of focus as shown in Figure 2. The transfer function
of the vertical VCM and the stabilizing controller are
denoted as Gp(s) and Cp(s), respectively, and the disk
wobble effect is depicted as dw(t). The response of
focusing error ew(t) to the disturbance dw(t) can then
be expressed as

ew

dw

=
Gp(s)

1 + Gp(s)Cp(s)
(3)

It is clear that the compensator Cp(s) can be designed
so that the system is stable and ‖ew(t)‖∞ is bounded
in a suitable ranges. To simplify the design of system,
however, the compensator Cp(s) can use the same ar-
chitecture of the track-following compensator but the
parameters are replaced for the focus system. With
this scheme, two compensators Cf (s) and Cp(s) can be
fully implemented by executing the same program in
a digital signal processor (DSP). This manner is suit-
able to a system-on-a-chip (SOC) design for the ODD
servo chip. Therefore, similar to track-following servo,
it must be kept in mind that the open-loop Gp(s)Cp(s)
has a finite DC gain and that the DC component in
focusing error can not be minimized exhaustively.

On the other hand, the free position of the lens
cannot guarantee to be a suitable position to initi-
ate the focusing system, additional process to search
an appropriate initiating point is necessary for ODD
focusing servo system. As a result, the free position
always differs from that of focusing point when the
focusing system functions properly. This implies that
there exists a constant bias force to pull the lens to
the free position constantly because of the extension
or compression in the vertical spring that holds the
lens within a limited stroke. Hence, the FES always
contains a significant DC content due to a constant
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Figure 3: The plug-in wobble cancellation controller.
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Figure 4: The equivalent plug-in cancellation scheme
of Figure 3.

external spring force. Being a finite DC gain in focus
servo loop, the constituents of FES include not only
the harmonic contents introduced by the disk wobble,
but also the valuable DC component.

3. FACT CONTROLLER

The plug-in FACT controller was designed to mini-
mize the error signals in the track-following and fo-
cusing systems According to Eq. (2) and Eq. (3),
the system dynamics relating the periodic disturbance
and the system errors for the focusing and the track-
following systems are shown to fall into the same form
as

e

d
=

G(s)

1 + G(s)C(s)
(4)

where G(s) represents the plant dynamic and C(s)
denotes the feedback controller. Without loss of gen-
erality, the plug-in cancellation for disk wobble effects
on the focusing servo system is demonstrated; and the
conclusions in the track-following system are straight-
forward. As shown in Figure 3, the plant Gp(s) con-
taminated by the disturbance dw(t) is controlled by
the feedback controller Cp(s) as well as the compensa-
tion v(t) through the plug-in controller, wherein Cp(s)
is designed independently of the plug-in controller and
Gp(s) is modeled as a linear time-invariant system.
The DC component of dw(t) causes the plant output
having a corresponding constant steady state error,
and the sinusoidal disturbances cause the output hav-
ing the significant excitation of harmonics. Denoting
that the transfer function from v(t) to e(t) is expressed
as

e

v
=

Gp(s)

1 + Gp(s)Cp(s)
= W (s), (5)

the equivalent scheme of Figure 3 can be expressed
in Figure 4, where the block diagram of FACT for a
single frequency at ωn is shown in Figure 5.

Periodic Cancellation Scheme of FACT

Let the periodic error e(t) be given by the M order
sinusoidal functions with fundamental frequency ω1,

Low Pass
+

FSF
Y

J
iYiY

X

J
iXiX

n

n

∂
∂

−=+

∂
∂

−=+

µ

µ

)()1(

)()1(

t
n

ωcos

t
n

ωsin

n
x

n
y

n
a

n
b

)(tv
n

)(te ⊗

⊗

⊕

n
α

n
β

Matirx
transform

)(sH
n

Figure 5: The block representation of the nth bank
FACT.

i.e.,

e(t) =
M
∑

n=0

(an cos ωnt + bn sin ωnt) (6)

where ωn = nω1, and an and bn are unknown vari-
ables. Operated by the frequency sampling filter
(FSF), the n’th output responding to e(t) is defined
by

ξn(t) =
N

2
(αn + jβn) (7)

where N is the number of samples in a fundamental
period of e(t) and has a minimum value of 2M +2. It
was shown that the parameters an and bn in Eq. (6)
can be identified as

{

an = αn cos ωnt + βn sinωnt

bn = αn sinωnt − βn cos ωnt
(8)

By defining the output v(t) as

v(t) =

M
∑

n=0

vn(t) =

M
∑

n=0

(xn cos ωnt + yn sin ωnt) (9)

and the total energy J of e(t) as

J =
M
∑

i=0

Ji =
M
∑

i=0

1

2
(a2

i + b2

i ) =
1

2
(AT A+BT B) (10)

the adaptation law of xn and yn that are used to re-
duce the energy J can be formulated as

{

ẋn = −µn[Wr(ωn)an + Wi(ωn)bn]
ẏn = −µn[−Wi(ωn)an + Wr(ωn)bn]

(11)

where Wr(ωn) and Wi(ωn) are the real and imagi-
nary parts of W (s) at s = jωn, respectively. Since
the adaptation rate is faster than twice the highest
harmonic frequency, i.e.,

Nω1 ≥ (2M + 2)ω1 = 2(ωM + ω1) > 2ωM (12)

it is sufficient to approximate the adaptation law in
Eq. (11) with a backward Euler method as

{

xn(i + 1) = xn(i) − µn[Wr(ωn)an + Wi(ωn)bn]
yn(i + 1) = yn(i) − µn[−Wi(ωn)an + Wr(ωn)bn]

(13)
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Figure 6: The frequency response measurement setup
for plant W (s) in Figure 4.

Stability and Convergence of FACT

In steady-state condition, the input-output relation-
ship of the algorithm in Fig. 5 was shown to be equiv-
alent to the following linear time-invariant (LTI) con-
troller [9],

v(s)

e(s)
=

M
∑

n=0

µn

Wr(ωn)s − Wi(ωn)ωn

s2 + ω2
n

(14)

The controller includes M pairs of poles at ±jωn to
achieve runout rejection by guaranteeing an infinite
loop-gain at the frequencies of runout disturbance. By
choosing an approximated LTI zero-order holder Zo(s)
as

Zo(s) =
2Nω1

s + 2Nω1

(15)

and defining the variables WA(ωn) and WB(ωn) as, re-
spectively, the real and imaginary parts of Zo(s)W (s)
at ωn, the upper limit of µn’s in Eq. (13) can be de-
termined analytically as

µn =
ω2

p − ω2

n

2πNω1 |Zo(jωp)W (jωp)|
√

W 2

A(ωn)ω2
p + W 2

B(ωn)ω2
n

(16)
where ωp is the frequency such that

arg [Zo(jωp)W (jωp)] = −90◦ (17)

Furthermore, it is also shown that the overall system is
stable and the feedforward gains xn and yn in Eq. (9)
converge exponentially if the adaptation gain µn is less
than the value given in Eq. (16).

4. EXPERIMENTAL IMPLEMENTATION

AND RESULTS

The experimental system used for implementation
consists of a commercial high-speed CD-ROM drive
and an Field Programmable Gate Array (FPGA) de-
vice [10]. Besides the controllers Cp(s), Cf (s) and
Cc(s), the proposed FACT algorithms and additional
interfacing signals are implemented digitally into the
FPGA chip. Figure 6 shows the setup for the identifi-
cation of parameters of Wr(ωn) and Wi(ωn) that are
used in the implementation of FACT. The experimen-
tal disks are standard testing disks with 1 ± 0.05mm

in vertical deviation in focusing system and 140µm

runout in track-following system. When the disk
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Figure 7: The experimental results for CAV-16X and
CAV-24X without (blue) and with (red) FACT func-
tion.

is running at CAV-16X (4,500rpm) and CAV-24X
(6,780rpm), Figure 7 shows their results in focus servo
system while Figure 8 shows the corresponding results
in track-following servo system. It is seen that the am-
plitude of FES and TES can be reduced significantly.
When the disk speeds up to a higher CAV speed with
the same feedback controller as that in CAV-16X case,
the track-following system fails when the disk speeds
up to CAV-24X . As the FACT is applied, however,
the disk can be speed up to CAV-24X and CAV-32X
(8,940rpm) and the track-following system performs
successfully, as shown in Figure 9.
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Figure 8: The experimental results for CAV-16X and
CLV-6X without (blue) and with (red) FACT func-
tion.

5. CONCLUSION

A novel frequency adaptive control technique is ex-
amined on a optical disk drive. The experiments are
conducted on a high speed commercial CD-ROM drive
with an FPGA-based development system. The ex-
perimental results show that the periodic harmonics
in track-following and focus systems can be rejected
simultaneously and efficiently for both CAV and CLV
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Figure 9: The experimental results for CAV-24X and
CAV-32X with FACT function.

spindle modes under variable playing speed. Success-
ful reduction in the harmonics and DC content verifies
that the FACT is promising in the application of in-
dustrial ODD systems, especially for disk runout and
wobble compensation.
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