The 30th Annual Conference of the IEEE Industrial Electronics Society, November 2 - 6, 2004, Busan, Korea

Comparison of AFC and FACT Method for Periodic Disturbance
Suppression in Optical Disk Drives

Jieng-Jang Liu* Yee-Pien Yang!
Department of Mechanical Engineering, National Taiwan University, Taipei, Taiwan, R.O.C.
* Email; jjliu@ntuwedutw
t Email: ypyang@ntu.edu.tw

Abstract— The adaptive frequency control (AFC) and fre-
quency adaptive control technique (FACT) are effective meth-
ods in eliminating periodic disturbances. Especially for cancel-
latien of repeatable runout in hard disk drives (HDD)}, AFC
schemes have been applied successfully. This paper presents
and compares the applicability from such two methods in
optical disk drives (ODD). A surprising result is that a DC
content dominating the periodic error signals is necessary for
AFC schemes to fuuction properly. This implies that AFC
is inapplicable in systems where the DC content is small or
intended to be reduced. The property is analytically examined
through the well-known amplitude modulation {(AM) process
and is verified experimentally on the disk wobble compensation
in ODD. Experimental results show that FACT has better
properties than AFC in terms of DC reduction and harmonic
independence. It is also shown that AFC fails if the DC content
and harmonics are compensated simultaneously. Regarding the
application on ODD, the FACT scheme is practical in disk
runout and wobble control.

I. INTRODUCTION

In rotating machinery, periodic disturbances are unavoid-
able. For data storage devices, such as hard disk drives
(HDD) and optical disk drives {ODD), periodic disturbances
appear in the error of position of the head or laser spot
following the data track. In ODD, the track-following and
focusing controls attempt to maintain the position of the
laser spot over the target track in radial and vertical di-
rections, respectively. Primarily, the repeatable runout in
the position of the laser spot with respect to the center
of track can be referred to as tracking errors in the track-
following system. Similarly, the repeatable wobble in the
position with respect to surface of the disk are referred to
as focusing errors in focusing control. Although the well
designed feedback controllers are adequate to satisfy most
specifications, they do not have good tracking or focusing
capabilities in the presence of periodic disturbances due to
repeatable disk runout or wobble effects,

To achieve perfect regulation in the presence of disk
runout, the AFC schemes were successfully used in HDD by
way of feedforward control, which minimizes the magnitude
of the error signals [1]-[5]. The design method of such
algorithms was presented by Messner [6]. Recently, the
FACT method has been developed to reduce the tracking
error an ODD application [7]-[8]. This method considers
the fact that the ranning speed and mode of disk are diverse
in ODD, whereas those are unchangeable in HDD. Both
AFC and FACT methods learn the true shape of the track
to be followed on-line and output the inverse of the periodic
disturbances to achieve high-accuracy regulation.

In principle, methods designed for reducing etrors in
track-following systems are capable of decreasing the focus-
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The plug-in wobble reduction controller

ing errors in focusing control because their controtl strategies
are implemented same as the standard feedback control.
In fact, not only the periodic disturbances but also the
DC component are encompassed in both the tracking and
focusing errors on ODD. The DC value in tracking error
comes from the steady-state deviation of radial position
of lens with respect to the center of pick-up head (PUH)
and acts as the source to actuate the sled motor movement
of the dual-actvator setup in ODD. On the other hand,
the DC content of focusing error results from the vertical
displacement of lens from the free position to the focusing
point and makes a significant contribution in focusing errors.
Although the AFC schemes were devoted to the systems
perturbed by periodic disturbances, the issues regarding the
DC contribution have not been addressed.

In this paper, the AFC and FACT controllers, which are
used in evaluating the viability of periodic disturbances
reduction, are reviewed in respect of DC content reduction
for focusing servo system on ODD. Both controllers are
designed and instailed as a plug-in module in the existing
focusing servo system. It is shown that the AFC method
is unable to reduce any harmonic if the DC content 1s not
the dominator of the periodic focusing errors. By contrast,
the FACT method is capable of reducing the periodic
disturbances and DC content simultancously.

II. THE FEEDFORWARD COMPENSATION

The plug-in feedforward adaptive controller, as shown in
Fig. 1, was designed to minimize the focus error signals
(FES} of the focus servo system in ODD, The plant G(s)
contaminated by the disturbance d(t) is controlled by the
feedback controller C(s) as well as the compensation (1)
through the plug-in controller, wherein C(s) is designed so
that the feedback system is stable. The DC component of
d{t) causes the plant output e(f) to have a corresponding
constant steady state error, while the sinusoidal disturbances
cause e(t) to have significant excitation of harmonics.
Assume that the transfer function from v(t) to e(t) is
expressed as
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Fig. 2.

Generalized AFC architecture.

The adaptive signal v(f) is designed so that the sinusoidal
excitations on e(t) are reduced by injecting the additive
inverse to the input of the plant. That is, if e(t) is composed
of M order of sinusoidal functions, v(t) is defined as

Af M
v(t) = Z v (t) = Z{mn coswyt + Yy sincw,t)  (2)
n=0 n=>0

where x, and y,, denoting as on-line adaptive variables,
are formulated according to the adaptive rules of AFC and
FACT schemes.

III. GENERALIZED AFC SCHEME

Developed by Bodson [1], the AFC algorithm is em-
ployed to reduce undesired harmonics. A generalized algo-
rithm of AFC is proposed in Fig. 2, where the disturbance
d(t) includes not only the sinusoidal contents but also a DC
component, Contrast to the basic AFC algorithm, the current
algorithm employs a low-pass filter so that the valuable
low frequency contents of e(tf) can be preserved while
the high frequency noises can be suppressed. To simplify
the notation without loss of generality, it is assumed that
d(t) is composed of a DC component and the fundamental
frequency, i.e.,

d(t) = ag + a1 cos{wst) + by sinfunt) (3

where ag, a1, and b; are unknown constants. In cases that
there are many harmonics to be compensated, the extensions
are straightforward. According to (2), the control v(2) is
selected to be

v(t) = zp + 21 cos{wrl) + y1 sinfwit) @

so that the disturbance is exactly compensated when the
on-line adaptive variables have nominal values

zyg=ag, 3 =a;and y; =b 5)

Letting that ¢y = ZW {jwn) and

g 1 Qg
0= |z |, w=|cos(wit+)].,8=|m (&)
n sinfwit + ¢1) b

the output e(t) can be written as

e=W[# -0 w (N

where W is defined in (1), then a possible update law for
the on-line adaptive variables is

Eo(t) = goe(t) (8
#1(t) = g1e(t) cos(wt + QS]) ()]
() = gre(t) sinfwit + ¢1) (10)

where the parameters go and gy refer to as the adaptation
gains. If W(s) is stable and Re[W (jw; )] > 0, the adaptive
algorithmn is convergent and e(f) tends towards zero by
choosing a sufficiently small adaptation gains. Tt was shown
by Bayard [9] that an AFC system can be expressed as an
exact linear time-invariant (LTI) representation. The corre-
sponding LTT relationship between the Laplace transform of
the input, e(t}, and that of the output, v(t), in Fig. 2 is

V(s) cos(¢1) c0s(¢h)s + sin(dy Jun

E(s) =hT e 52 +wi

1

It is clear that there exists a pair of complex conjugate poles
at 3 = *+jw; and a single pole at 5 = 0. According to

the internal model principle [10], the equivalent controller
includes the disturbance generation elements by which the

disturbance can be reduced.

If e(t) is sampled at a rate of /V samples per revolution
of disk, the adaptation algorithms in (8)-(10) are most likely
to be implemented as the following discrete-time versions:

an

wo(k + 1) =zo(k) + goe(k) a2
zi(k + 1) =z1(k} + re(k) cos(wik + ¢1)  (13)
yilk + 1y =p1{k) + gre(k) sin(wik + 1) (14)

with the corresponding control low as
vk) = zo(k) + z1 (k) cos(unk) + 1 (k) sin(wnr k)  (15)

In case that the disk has speed of w; revolutions per
second and the M order of sinusoidal components are to be
reduced, the highest frequency component in e(t) is now of
MunHz. Thus, for a desirable stability, the least value of
N can be given in terms of Af and wy, as follows:

Nuy > 2Mowy (16)

which yields
N > 2M. an

Making the IV larger tends to make the discrete-time version
behave more like the continuous-time system. It is important
to point out that the equally spaced points N is determined
by Af alone and is independent of w;. This implies that even
the speed or the running mode is changed, the A/ harmonics
can be reduced all the time. For basic AFC without a low-
pass filter in series, the adaptive rate is specified the same
as the sampling rate of the overall discrete-time system; and
consequently, it can be implemented in the case where the
disk has a unigue running speed.

A. Amplitude Modulation Property in AFC

For LTI system W (s) in Fig. 2, the plant output e(f),
having the same form as the input d(¢), can be represented
as

e(t) = @y + @ cos(wy t) + by sin{w; ) (18)
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Fig. 3. The amplitude of the right hand side of Q1) withd =1, 6 =0
and varipus @p. The lines indicate as a, b, ¢, d corresponding to the cases
that @p has value of 1.5, 1, 0.5, and 0, respectively. When Gy < &, the
regions labeled by x on lines ¢ and d have opposite values on those of
lines a and b.

where @y, @1, and by are unknown constants because ag,
@1, and b; in (3) are previously nnknown. Using (18), the
right-hand side of (9) gives

gre(t) cos{wy t + 1)

91{8o + @) cos(writ) + by sin{w 1)) coswit + ¢y )
g1dp cos(wit + ¢r)

+g1(8; cos{w;t) + by sin{w;t)) cos(wit + é1)

G180 cos(wil + 1)

+g1(asin{wi? + b)) cos{wi t + &), (19

1l

where & and b are related to @y and by as
asin{wnt + b) = @1 cos{wit) + by sinfwit). 20)

If the constant gain g and relative phase ¢, in (19) are
ignored, there results

e(t) cos(wit) = g cos(w; ) + asin(wy t + b) cos(wt)
= A 4+ B @n

showing that portion & is the unmodulated carrier of level
@y and portion B is the modulation product. The operation
is similar to a system known as ampliude modulation
(AM) [11], where the carrier signal cos(w,t) is modulated
by means of 2 signal of sin{w)t + ). The important facts
are that in (21) the frequency of carrier signal is the same
as that of modulating signal and that the portions A and B
are in phase with each other only if the condition @y > 4
is satisfied. That is, the sign of modulated output not only
depends on the angle of wyi but also the amplitudes of
ay and &. In terms of the terminology in AM processing,
the condition of Gy = a refers to as full modulation
_and distortion occurs if @y < 4. Such phenomenon can
be illustrated by a simple graph as follows. For example,
without loss the generality, letting @ = 1 and b = 0, Fig. 3
demonstrates the values of (21) in cases that the @y varies
in some values such as 1.5, 1, 0.5, and 0. It is seen that
the regions labeled by x on lines ¢ and d have values that
are opposite to those in lines of a and b, which is the result
that the distortion occurs when &, < &. The reverse sign
makes an incorrect adaptation gain which in turn results in
a failure adaptation. Consequently, the amplitade of the DC
component larger than that of other harmonics is an essential
requirement for the modulation to take place faithfully. This
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Fig. 4. Optical disk mechanism.

implies that a dominant DC content in e(t) is necessary
for the AFC algorithm to function successfully. It can be
concluded that the DC content and any harmonic cannot be
compensated simultaneously by AFC method.

B. Intrinsic Nature of DC Component

For data storage devices used in the computer, such as
HDD and ODD, the available power sources are unipolar,
that is, +12 and +5 volts. The zero crossing point is
shifted by a constant level, for example, +-1.85 volt for the
experimental drive in this paper, so that the internal signals
behave as bipolar, which is needed in servo configuration.
In this way, there is always a DC content involved in
FES of focusing system. Without pruning away the shifting
constant or the true FES having amplitude in sizable value,
the harmonic components can be reduced by AFC method.
The applications in HDD to reduce the runout effects are
classified into this group [3], [5], [12]. For the ODD used in
this paper, however, the maximum allowable FES is limited
in £1um, which is equivalent to a voltage variation of
+63m V. Compared with the shifting constant, the true FES
1s insignificant even at the worst condition. Invelving with
shifting constant, the mathematical operations are inefficient
and additional bits of data words are needed to realize the
data processing. To make a practical data processing, the
shifting constant must be removed.

IV. THE FOCUS SERVO SYSTEM IN ODD

Figure 4 illustrates the schematic setup of a typical ODD
system. The mechanism is composed of a spindle motor for
the rotation of the disk, an optical PUH for focusing and
track following, and a coarse actuator to move the pick-up
assembly m radial direction. The focusing system directs
the movement of the lens in vertical direction and maintains
the laser spot on the disk within its suitable range of focus.
Since the free position x,, as depicted in Fig. 4, cannot
guarantee to be a suitable position to initiate the focusing
action, a search process detects the focus point x, and then
turns on the focusing servo so that the focus point can be
locked.

One important character is that the free position z,
always differs from that of focusing point x, when the
focusing system functions properly. This implies that there
exists a constant bias force to pull the lens to the free
position x, constantly. Since the displacement |z, — z,|
differs if the drive or disk is replaced, the bias force varies
accordingly. Hence, the FES always contains a significant
DC content due to this external bias force. It is of most
significant that the DC component is likely to dominate
FES depending on the disk speed and physical properties of
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TABLE 1
THE iDENTIFIED PARAMETERS OF W{s).

CAV 4,500 ipm CAV 6,780 rpm

Hz Welwn) Wi(wn) én |Hz Welwn) Wilwn) on
0 08410 0 0° | 0 0.8410 0 0°
75 (.8726  0.0704 4.6°|113 09111 0.119%0 8.1°
150 09658 01207 7.1°|226 11166 01771 9.0°
225 1.1158 00300 6.6° (339 14426 0.1037 0.1°
300 1.3143  0.0759 3.3° [452 1.8490 -0.1993 -6.1°
375 1.5474 D067 -25°(565 22057 -0.8764 -21.6°
2 - .
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Fig. 5. The time series and FFT spectrum of FES at 4,500rpm (75Hz)

without the help of AFC or FACT compensation.

disk. Furthermore, a slant turntable causes such DC content
to vary slowly when the PUH moves within the entire radial
range.

V. EXPERIMENTAL IMPLEMENTATION AND RESULTS

The experimental setup for implementation consists of
a commercial high-speed CD-ROM drive and a field pro-
grammable gate array (FPGA) device. In addition to con-
troller C(s), the AFC, FACT and additional interfacing
signals are implemented digitally into the single FPGA chip.

With a properly designed feedback controller C(s), the
frequency response W(s) defined in (1) can be identified
and the parameters needed to implement the AFC and FACT
are illustrated in Table 1. In the experiment results shown
below, both the AFC and FACT methods are designed to
compensate the first five harmonics of FES. For a standard
test disk with 1£0.05mm in vertical deviation [13], Fig. 5
shows the time series and FFT spectrum of FES at CAV
4,500rpm. It is seen that the DC deviation and harmonics
are significant. The positive DC content indicates that the
lens has a constant downward deviation from the focusing
point. The DC content dominates the FES energy in the
present case.

A. Verification of AM Property in AFC

As stated previously, a dominant DC component is neces-
sary for the AFC algorithm to be realized. If the DC content
is reduced out or is not dominant in the FES, the AFC
fails because distortion occurs from the AM processing. To
show this feature, Fig. 6 represents a series of actions when
both the fundamental harmonic and DC content are to be
reduced, in which the DC content is reduced by fraction
of 25%, 50%, and 75%, respectively. It is clear that the
more the fraction of DC content is reduced, the closer the

2 25% of DC content be cancelled 1

FES (um)

L L . L L L L
1] 0005 001 oMS 002 00@S 003 GmS

2r 50% of DC content be cancelled 1

FES (um)

Y e O S

2 L L 1 L 1 1
0005901 005 O0@ o@m@5 003 04035

2 75%% of DC content be cancelled 1

FES (um)

1 : s 2 . . L L
0 0005 001 0015 0@ 0 003 0035
Time (sec)

Fig. 6. The AFC results when both the fundamenrtal and fractional DC
contents are reduced.
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Fig. 7. 100% of DC reduction followed by an additional 1st harmonic
compensation cavses the FES out of control.

FES trajectory is to the zero line. However, it is impossible
for the AFC to have both the fundamental and 100% of DC
contents reduced concurrently, as shown in Fig. 7 where the
FES becomes uncontrollable and the focusing servo tums
off. The results verify the discussion in Section II-A.

B. DC and Harmonic Reduction in FACT

Contrast to the AFC method, the FACT provides a
superior selection to deal with the condition when both the
harmonics and DC content are to be reduced simultaneously.
In fact, with respect to the FACT method, the contents
in FES are decoupled independently. Therefore, a 100%
DC content together with any hammonics can be reduced
at the same time. For example, both the 100% DC and
fundamental contents are reduced concurrently in Fig. 8.

In the case that the disk is running at a higher speed, for
example CAV 6, 780rpm (113Hz), Fig. 9 shows the corre-
sponding FES if the feedback controller C'(s) is the same
as that used in CAV 4, 500rpm. As expected, the controller
C(5), which is not designed for this current speed, provides
inadequate open-loop gain at wobble frequencies. Instead
of the DC content, the fundamental harmonic dominates

2

+ 4

FES (um)

o h R -

‘ . 2 . 1 . L
0 Q005 0H 0015 002 O0@5 00 0065
Time (sec)

Fig. 8. By FACT method, both the fundamental frequency acd 100% DC
contents can be reduced concurrently.
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Fig. 9. The time series and FFT spectrum of FES at 6,780 rpm (113Hz)
without the help of AFC or FACT.
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Fig. 10.  With the help of FACT, the DXC and the five harmonics are
reduced successfully for CAV 6, 780rpm,

the energy in FES, which has a maximum amplitude up
to 2.5pm. In this condition, the AFC method cannot be
applied because the AM process fails. By FACT, however,
the DC content as well as the five harmonics can be reduced
successfully, as shown in Fig. 10. It is seen that the FES
satisfies the specification in +1pm dramatically.

C. Experiment on the CLY mode

In addition to the CAV mode for high speed operation, the
slow speed CLV mode also plays important roles in ODD’s.
The harmonic effects are insignificant due to the slow
running speed. However, it is helpful to compensate the DC
content and the fundamental harmonic. For example, Fig. 11
shows the trajectory of FES at CLV-6x speed without the
help of AFC or FACT. Obviously, a notable DC deviation
and fundamental frequency excitation are observed. It is

ES
L
[+ 0005 DO D015 D02 025 003 DS
Time (sec)
3 {®)
= 02t 4
=
E
-
E 1
o
‘o s 150 225 a0 a7s 250

Freguency (Hz)

Fig. 11.  The tme series and FFT spectrum of FES at CLV-6x without
the help of AFC or FACT compensaticn.
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Fig. 12.  With the belp of FACT, the DC and the fundamental contents
are reduced successfully at CLV-6x.
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L L ' 1 . L L
0 COo05 GOl oms 002 OMRS G083  0.85
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. , L L
0.015 002 oS 0
Time (sec)

L :
a .05 001 0.035

Fig. 13. The trajectories of adaptive variables x5 and ys when the AFC
was applied at ime zero.

clear that the AFC method will not work in this case but
the FACT will as shown in Fig. 12.

VI. CONVERGENT PROPERTY OF AFC aND FACT

The convergent property for variables z, and 3, in (2)
reveals the essential difference between AFC and FACT
methods. As shown in (8)-(10), the variables x, and y,
governed by AFC rely on the sampled value of e(t). If
e(t) includes Af order harmonies, all harmonics are coupled
concurrently to generate x,, and y,. As a result, the output
v, (¢) for the nth harmonic in (2) will be contaminated
by other harmonics. For example, Fig. 13 depicts the
trajectories of x5 and y; when the AFC method was applied
at CAV 4,500rpm. The corresponding output v; shown in
Fig. 14 indicates that »5 is not a pure sinusoidal function at

Rdative outpot ¥y

: ) . . . L
i} Q05 001 oms Q02 0025 003 0035
05 . Time (sec) .

FFT of adative output v,

22 300 k) 450
Frequency (Hz)

Fig. 14. The adaptive output vy as the x5 and ys are depicted in Fig. 13.
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Fig. 15. The trajectories of adaptive variables xs and ys when the FACT
was applied at time zero.
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Fig. 16. The adaptive ontput vs if the x5 and ys5 are depicted in Fig. 15.

375Hz but includes components at 75Hz, 150Hz, 225Hz and
300Hz. Depending on the phase of these components, FES
could be either reduced or enlarged at these frequencies
when the fifth harmonic was reduced by AFC method.
The outcome discussed here also provides an alternative
interpretation of the harmonic generation effect introduced
by Bodson {I].

By FACT, however, the consequences are much different.
Figure 15 shows that the variables x5 and y5 converge
toward constant values because each harmonic is indepen-
dently determined. Accordingly, the cutput vs behaves as a
perfect fifth sinusoidal function, as shown in Fig. 16. The
fifth harmonic in FES can then be reduced independently
without any effect upon the other harmonics.

VII, CONCLUSION

This paper addresses the effects of wobble disturbances
on the optical disk drive. A comparison of AFC and FACT
periodic cancellation methods on the wobble compensation
has been described. Analysis and experimental results show
that the AFC methods are not suitable for the cases where
the DC content in periodic errors is insignificant with
respect to other harmonics or is intended to be minimized.
Contrast to AFC, the FACT controller is capable of com-
pensating the DC content and undesired harmonics indepen-
dently. Successful reduction in the harmonic components
and DC content verifies that the FACT is promising in the
application of industrial ODD systems, especially for disk
runout and wobble compensation.
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