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Abstract: A frequency-shaped high-gain (FSHG) compensator is proposed and implemented for optical disk drive
control systems, such as CD or DVD servo systems. The FSHG compensator is obtained by modifying an errorbased disturbance observer. The FSHG compensator can be easily realised as a form of a low cost analogue
circuit. The disturbance rejection performance can also be easily improved by ﬁlter parameters in the FSHG
compensator. Design guidelines for the ﬁlter parameters (numerator order and ﬁlter time constant) are also
suggested in this paper. Finally, the effectiveness of the FSHG compensator is shown through experimental
results showing disturbance rejection performance evaluated under forced disturbances.

1

Introduction

An optical disk drive (ODD) such as a CD-ROM/RW
requires precise servo control to read and record a large
volume of data at high speed. For a high-speed and highvolume drive, there are difﬁcult problems such as
mechanical resonance, deviation of the spindle motor,
external shock and eccentricity deviation of the disk. The
higher the speed of the spindle motor in the ODD servo
system, the worse the disturbance rejection performance of
the existing controller. Currently, most controllers being
operated in ODD servo systems use a lead – lead –lag
compensator, which is realised in the form of a hardwired
digital signal processor (DSP). However, the hardwiredDSP is only able to adjust to pole-zero locations with a
ﬁxed controller order; as a result, there is no room to realise
a specially designed controller in order to improve the
disturbance rejection performance. Also, since the
realisation cost of the controller must be low for an ODD
system application, we aim to improve the disturbance
rejection performance by minimising any changes in the
existing control structure.
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A disturbance observer (DOB) is a viable alternative to
reject disturbances caused by mechanical resonance,
deviation of the spindle motor, external shock or
eccentricity deviation of the disk in ODD servo systems.
After the DOB estimates the equivalent disturbances, the
difference between the output of the real plant and the
output of the nominal plant, the estimated equivalent
disturbance quantity is added to the existing control input
for the cancellation of the disturbance [1]. The DOB has
been widely used in the precision motion control ﬁeld, for
example, hard disk drive control system, because of its
simple structure and good performance [2– 7]. In disk drive
servo systems, since only a position error signal is available,
a conventional DOB was realised by attaching an
additional position sensor to the original system in [8]. On
the other hand, Fujiyama et al. showed in [9] that it was
possible to construct a DOB by using only an error signal
without adding an additional sensor. Also, in [10, 11], the
robustness and disturbance rejection performance of a
DOB system were theoretically researched and extended to
the error-based DOB, however, the implementation at a
low cost still remains an issue.
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In this paper, the frequency-shaped high-gain (FSHG)
compensator is ﬁrst derived from the conventional DOB. The
characteristics of the FSHG compensator become equivalent
to those of the DOB if certain conditions are satisﬁed. Here,
the conditions are derived from the high-loop-gain
characteristics of the ODD servo system itself. Also, the
proposed FSHG compensator has the merit that it can
be implemented as an analogue circuit form. Through
experimental results on the control performance against
periodic disturbances caused by an eccentric disk, the
effectiveness of the FSHG compensator is shown in this paper.
This paper is organised as follows: Section 2 introduces the
error-based DOB in the ODD system; Section 3 explains the
design guidelines of error-based DOB; Section 4 proposes
the FSHG compensator, derived from the DOB, the
ODD servo systems; Section 5 shows the simulation and
experimental results; and ﬁnally, Section 6 draws conclusions.

2

the ODD system, an output signal cannot be observed as
distinguishable as that from the conventional system. Since
the value of deviation from the track centre by the laser spot is
detected and measured in a numeric form, the DOB can be
reconstructed on the basis of error(1) instead of reference(r)
and output( y) as shown in Fig. 2. In the ﬁgure, the reference
r and output y are virtual signals that cannot be measured in
practical ODD control systems.
In this ﬁgure, di , do , h and d represent the input disturbance,
output disturbance, noise and the estimated disturbance,
respectively. The real plant P(s) is a ﬁfth-order system
composed of the ﬁrst-order driver, second-order actuator and
second-order RF ampliﬁer. The transfer function Pn(s)
expresses a second-order nominal plant obtained by
modelling a ﬁfth-order real plant. In addition, Q(s) is a lowpass ﬁlter that is referred to as the Q ﬁlter. Now, the transfer
function from the external inputs to error can be obtained as
follows
1 ¼ Gdi 1 (s)di þ Gdo 1 (s)do þ Gh1 (s)h

Error-based DOB

ODD systems have dual stage motion controllers for the macro
and micro actuators; the step motor is used for coarse tracking
(macro) motion and the voice-coil motor for ﬁne tracking
(micro) motion, as shown in Fig. 1. Here, our main concern
is the ﬁne tracking motion, namely, the precise track
following motion of the voice-coil motor. Unlike
conventional control systems, the ODD control system has no
reference input signal. The quantity of deviation of only an
error signal from the track centre is measured according to the
rotation of the optical disk. Also, since the measured error
signal shows nonlinearity because of the optical reading
mechanism in the ODD tracking control system, the error
should be guaranteed to remain within 1/4 pitch of one track
to keep its linearity. Here, most errors are caused by the
disturbances by radial vibration because of eccentricity, disk
surface vibration and resonance.
To improve the tracking performance of the ODD control
system, the DOB is ﬁrst implemented by using the
programmable DSP. The main property of the DOB is that it
behaves like a nominal plant component in DOB. This
characteristic of the DOB has made it possible to estimate the
equivalent disturbance from the modelling error, change of
parameters and external disturbance. However, in the case of

Figure 1 Schematic diagram of ODD system
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(1)

where
Gdi 1 (s) ¼

PPn (1  Q)
Pn (1  Q) þ PQ þ PPn C

Gdo 1 (s) ¼

Pn (1  Q)
Pn (1  Q) þ PQ þ PPn C

Gh1 (s) ¼

PPn C þ PQ
Pn (1  Q) þ PQ þ PPn C

(2)

In the frequency region where the magnitude of the Q ﬁlter is
equal to one, the transfer function in (1) will behaves
approximately in the following form
1 ¼ (0)di þ (0)do þ (1)h

(3)

In contrast, in the frequency region where the magnitude of the
Q ﬁlter is equal to zero, the transfer function in (1) will behave
approximately as follows







P
1
PC
d þ
d þ
h
1¼
1 þ PC i
1 þ PC o
1 þ PC

(4)

Equation (3) shows the main characteristic of a DOB that
rejects the disturbance within the bandwidth of the Q ﬁlter.
Equation (4) indicates that the DOB effects disappear out of
the bandwidth of the Q ﬁlter. The effectiveness of the DOB

Figure 2 Conﬁguration of error-based DOB
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system was shown in [10], in which the robustness and
disturbance rejection performance of the DOB according to
the (numerator and denominator) orders of Q ﬁlters was
proven for second-order systems. Here, the parameters of the
Q ﬁlter, such as the time constant, order of the numerator/
denominator and relative degree, are designed according to
[10]. In this paper, the Q ﬁlter has the binomial form as follows
Qmn (s) ¼

Sni¼0 ami (ts)i
m
(ts þ 1)

where

ami ¼

m!
(m  i)!

(5)

where t is the time constant, m and n represent the denominator
order and the numerator order satisfying m  n, respectively.
As explained, the real plant consists of a driver, actuator
(voice-coil motor) and RF ampliﬁer. However, since the
bandwidths of the driver and RF ampliﬁer are much larger
than the bandwidth of the actuator, their dynamics
disappear quickly and their response characteristics will not
be taken into account. Here, we can obtain the secondorder nominal plant in the following form
Pn (s) ¼

K v2n
s2 þ 2zvn s þ v2n

3 Design guidelines of an
error-based DOB
Many experiments [6, 7, 11] have reported a good
disturbance rejection performance of the DOB. Now, let us
assume that the nominal plant is equal to the real plant in
Fig. 2. Then, we can obtain the following transfer functions
1 ¼ [1  Q(s)](r  do )  Pn (s)ur
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Table 1 Coefﬁcients cmn according to Qmn ﬁlters
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(7)

Here, let us consider the transfer function from the input
disturbance (di) to error (1) in the equation above
Gdi 1 (s) ¼ [1  Q(s)]Pn (s)

Now, the decibel magnitude can be obtained as follows

(6)

where K is the DC-gain of the nominal plant, vn the natural
radian frequency and z the damping ratio. This nominal plant
will be used to design the DOB in the following section.

 [1  Q(s)]Pn (s)di  Q(s)h

and the coefﬁcients cmn according to Qmn ﬁlters is listed in
Table 1.

(8)

then, its magnitude can be calculated by using a nominal
plant (6) and Qmn ﬁlter (5) as the following form
jGdi 1 ( j v)mn j ¼

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k2 cmn
((1=v2n ) þ (tv=vn )2 )m A v4n

where v is the radian frequency variable
k W K v2n
 4
 2
v
v
2
AW
þ 2(2z  1)
þ1
vn
vn
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Qmn

 2i
tv
2(mi) v
n
i¼nþ1 vn
m
X

emi

if i ¼ n þ 1, emi ¼ a2mi
else,

emi ¼ ami
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To obtain insight for the design of the DOB according to
Qmn ﬁlters, ﬁrst, let us approximate (9) in low frequencies
such as v  vn; then, (9) can be approximately given in
the following form:
 
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k
em(nþ1)


20 log jGdi 1 (j v)mn j ’ 20 log 2  þ 20 log mn1
vn
vn
 
 
tv
1
þ 20(n þ 1) log   20m log 
vn
vn


kam(nþ1) 
 þ 20(n þ 1) logjtvj
¼ 20 log
v2n 
(10)
2
in Table 1. As we can see in (10),
by using em(nþ1) ¼ am(nþ1)
the disturbance rejection performance is dependent only on
am(nþ1) , n and t in low frequencies. Secondly, if we
approximate (9) in high frequencies such as v  1=t, then
jGdi 1 ( j v)mn j recovers the magnitude of nominal plant
jPn ( j v)j, regardless of the Qmn ﬁlters. Therefore the plot
for (9) can be obtained as shown in Fig. 3. In Fig. 3, the
disturbance rejection performance according to the Qmn
ﬁlters is depicted. Also, since most disturbances exist at low
frequencies, two design guidelines can be obtained from
Fig. 3 and (10).

range for disturbance rejection. For instance, smaller t
means a wider frequency range for disturbance rejection. As
shown in Fig. 3, since the second-order plant (6) has the
advantage of 240 db/decade roll-off in high frequencies
over the natural radian frequency vn , we should determine
the time constant, t, with t , 1=vn .
The two guidelines can be used for the design parameters
(numerator order and ﬁlter time constant) of Q ﬁlter in the
error-based DOB. For example, if the disturbance rejection
performance is important in designing the DOB, the
numerator order should be increased according to
(Guideline 1). Also, if the disturbance rejection range is
important in designing the DOB, the ﬁlter time constant
should be adjusted according to (Guideline 2). In the
following section, we propose an FSHG compensator
obtained by using the characteristics of the ODD servo system.

4

FSHG compensator

Although the DOB shows good performance for disturbance
rejection, industry has not used DOB because its
implementation requires additional DSP at a high cost. The
conventional (lead–lead–lag) controller has the following form
C(s) ¼ Kc

(Guideline 1) Numerator order (n) of ﬁlter and disturbance
rejection: As shown in Fig. 3, the larger the numerator order,
the better the disturbance rejection performance, for
example, the performance of the Q31 ﬁlter is better than that
of the Q30 ﬁlter. Additionally, for Qmn ﬁlters with the same
numerator order, the disturbance rejection performance
varies a little according to the values of am(nþ1) as shown in
(10), for example, the Q20 ﬁlter shows somewhat better
performance for disturbance rejection than the Q30 ﬁlter,
because a21 ¼ 2 for Q20 and a31 ¼ 3 for Q30 .
(Guideline 2) Filter time constant (t) and disturbance rejection:
The ﬁlter time constant determines the effective frequency

Figure 3 Disturbance rejection performance according to
the numerator order of Qmn ﬁlters
854
& The Institution of Engineering and Technology 2008

(1 þ s=z1 )(1 þ s=z2 )(1 þ s=z3 )
(1 þ s=p1 )(1 þ s=p2 )(1 þ s=p3 )

(11)

where Kc is the proportional gain, pi the adjustable pole
location and zi the adjustable zero location for i ¼ 1, 2, 3.
The discrete form of a conventional (lead–lead–lag)
controller (11) is realised by hardwired-DSP as depicted in
Fig. 4. The control parameters from ktn1 to ktn18 in Fig. 4
determine the poles and zeros of a discrete lead–lead–lag
controller. Since the existing controller in the ODD servo
system has a ﬁxed form, the DOB cannot be implemented in
the existing controller. In this respect, we need to devise the
implementation method at a low cost, and we begin by
looking into the characteristics of the ODD system itself. In
the ODD system, if the magnitude of the error signal is
within +1 V error, the output of the QPn1 block in the
DOB maintains the level of approximately +0.1 mV because
the real and nominal plants have a DC-gain of approximately
80 dB (¼ 104 ). Here, a 1 V error corresponds to a tracking
error of 0.424 mm because the RF ampliﬁer has a sensitivity
of 2.34 V/mm to read the tracking error. However, this can
be a trivial value because the analogue-to-digital converter
cannot detect a small change. Although it is known that the

Figure 4 Block diagram of hardwired DSP controller
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QPn1 block plays an important role in the DOB system, the
QPn1 block does not signiﬁcantly affect the ODD system.
From this point of view, the DOB can be modiﬁed as shown
in Fig. 5, and we call it an FSHG compensator.

Table 2 Transfer functions of DOB and FSHG
DOB

The FSHG compensator has been derived from the DOB
and the characteristics of the ODD system itself. The transfer
functions obtained by using the FSHG compensator are as
follows
Gdi 1 (s) ¼

P(1  Q)
1  Q þ PC

Gdo 1 (s) ¼

(1  Q)
1  Q þ PC

Gh1 (s) ¼

PC
1  Q þ PC

FSHG

PP1
n Q

Gr1

PC þ
PC
1
1  Q þ PC þ PPn Q 1  Q þ PC

Gdi 1

P(1  Q)
Pð1  QÞ
Q
1  Q þ PC þ PP1
1
 Q þ PC
n

Gdo 1

(1  Q)
ð1  QÞ
1
1  Q þ PC þ PPn Q 1  Q þ PC

Gh1

PC þ PP1
PC
n Q
Q
1  Q þ PC þ PP1
1

Q
þ PC
n

(12)
then (13) can be simpliﬁed to the following form
j1  Q þ PCj  jQj

As shown in (12), if Q ¼ 1 in the low frequencies, then
the FSHG compensator shows the disturbance rejection
property. In other words, the FSHG compensator does not
lose the characteristics of a DOB in view of the disturbance
rejection performance and sensor noise effect. However, the
one characteristic that makes the real plant behave like a
nominal plant in the DOB disappears in the FSHG
compensator system. Actually, the FSHG compensator has
the structure of a high-gain controller with frequency
shaping. If a plant has high DC-gain, the DOB has this
characteristic because the QPn1 block can be neglected in
the DOB itself.

(15)

Since (1 þ PC) indicates the inverse of the sensitivity
function of the original system, the above equation can be
changed as follows


1

  Q  jQj
S

n

(16)

Also, since the Q ﬁlter has the form of a low-pass ﬁlter, the
following inequality can be obtained for low frequencies
satisfying jQj ¼ 1
(revised condition 1) j1=Sn  Qj  1 for low frequencies

The transfer functions of the DOB and the FSHG
compensator are summarised by using (2) and (12) in
Table 2, in which the equations in (2) are divided by Pn .
In Table 2, the transfer functions of the DOB can be
approximated to the transfer functions of the FSHG if the
following conditions are satisﬁed
(condition 1)

j1  Q þ PCj  jPPn1 Qj

(13)

(condition 2)

jPCj  jPPn1 Qj

(14)

where j  j is the magnitude of the corresponding transfer
function.
To make the analysis easier, if we assume that the transfer
function of the nominal plant is equal to that of a real plant,

(17)
The revised condition 1 is valid under the cut-off frequency
of the Q ﬁlter. The suggested one can be applied to the cutoff frequency of the Q ﬁlter. Therefore the Q ﬁlter should be
chosen to satisfy the condition of (17), that is, the
magnitude of j1=Sn  Qj should be .1. This is the physical
meaning obtained from revised condition 1. On the other
hand, dividing both sides of (14) by the jPj gives the
following relation
(revised condition 2) jCj  jPn1 Qj

Equation (18) describes the condition where the magnitude of
the given controller is greater than the magnitude of QPn1 . If
the DC-gain of the nominal plant is very large, the magnitude
of QPn1 is relatively small; this becomes identical to the
previous explanations. As a result, if two conditions of (17)
and (18) are satisﬁed for the given systems, the DOB can be
substituted with the FSHG compensator while retaining
properties of the original DOB.

5
Figure 5 Structure of FSHG compensator
IET Control Theory Appl., 2008, Vol. 2, No. 10, pp. 851 – 859
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(18)

Experimental results

The DVD-ROM drive is used as an example for
the simulations and experiments using the DOB and the
855
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FSHG. The nominal plant of an ODD system has the form
of (6), where vn is 314.16 rad/s, z is 0.3155 and K is
7.79  103. The conventional lead – lead – lag controller
embedded in the ODD system itself has the following form

C(s) ¼

9:44  1012 s3 þ 2:88  107 s2 þ 0:00025s þ 5
5:99  1013 s3 þ 7:09  107 s2 þ 0:00021s þ 1
(19)

The Q ﬁlter has the form of (5) for the DOB and the FSHG,
and the time constant of the ﬁlter is set to 1.989  1024 s.
To compare the real plant with the nominal plant, Bode
plots are drawn as shown in Fig. 6a. The nominal model
coincides with the real plant except for a high-frequency
region. First, the conditions of application of the FSHG
compensator such as (13), (17) and (18) must be checked.

Figs. 6b – d show that the conditions of application of the
FSHG are satisﬁed for the given system. In Fig. 6c, the
condition of (17) is satisﬁed within the low frequencies.
Also, since the DC-gain of the ODD system is up to
80 dB, the magnitude of the controller is greater than that
of QPn1 as shown in Fig. 6d. Therefore the FSHG
compensator can be applied to the suggested ODD system
instead of the DOB. In Fig. 7, the sensitivity functions of
the DOB and FSHG are compared; in fact, the Bode plots
of the two systems are almost in accord. Also, the
disturbance rejection performance changes according to the
numerator/denominator orders of the Q ﬁlter. As
suggested in (Guideline 1), as the numerator order of the
Q ﬁlter increases, the disturbance rejection performance
improves as shown in Fig. 7. In addition, the frequency
responses can be obtained for the conventional ODD
control system, conventional ODD control system with the

Figure 6 Bode plots of several transfer functions
a
b
c
d

P (s) against Pn(s)
(1 2 Q þ PC) against PP21
n Q
j1/Sn 2 Qj
jC(s)j against jQP21
n j
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Figure 7 Sensitivity functions of DOB and FSHG compensator
a DOB
b FSHG

DOB and conventional ODD control system with the
FSHG compensator as shown in Fig. 8, respectively. From
these frequency responses, we are able to obtain the gain/
phase margins as follows:
† Conventional control system: GM inﬁnity; PM 45.688
† Conventional control system þ DOB or FSHG: GM
inﬁnity; PM 45.738
Here, we can conﬁrm that the adding of the DOB and
FSHG do not affect the gain and phase margins. Therefore
we could design the FSHG compensator such that it could
keep the ODD control system stably and tolerably from
external disturbances caused by disk eccentricity and an
external impact without degrading the speciﬁcations (gain

Figure 8 Comparison of magnitude and phase changes
using DOB or FSHG
IET Control Theory Appl., 2008, Vol. 2, No. 10, pp. 851 – 859
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margin and phase margin) of the existing lead – lead –lag
controller.
The experimental results are explained as follows. First, the
DOB was realised by using the programmable-DSP M44.
The control frequency of the lead – lead – lag compensator
embedded in the ODD systems was very high (it was
176.4 kHz). However, the control frequency of the DOB
was set to 20 kHz because of the hardware limitation of
M44 DSP. Secondly, the FSHG compensator was
implemented by using cheap analogue operational
ampliﬁers (OP-AMP) as shown in Fig. 9. The analogue
FSHG compensator was simply composed of the secondorder Q ﬁlter and an add-on circuit. Four OP-AMPs were
used to construct the Q ﬁlter and adder circuit. In addition,
the analogue switch was utilised to distinguish between the
search mode and tracking mode in the ODD system. The
search mode appears when the actuator moves across
the tracks and the generated error signal is nonlinear. On
the other hand, the tracking mode appears when the
actuator follows the track and the generated error signal is
linear. In the tracking mode, the switch becomes ON and
the FSHG compensator starts.
To inject the forced disturbance into the ODD servo
system, the commercial 150 mm DVD eccentricity disk
was used. In the experiment, the Q31 ﬁlter was adopted
since it had excellent disturbance rejection performance
through simulation. Furthermore, the cut-off frequency of
the Q ﬁlter is set to 800 Hz because the ODD system
rotates up to a maximum speed of 160 Hz. As shown in
Fig. 10a, the commercial ODD system was affected by
the disturbances caused by the eccentric disk. Its
magnitude was up to 640 mV. The experimental results of
the DOB and the FSHG compensator show the
performance improvement as shown in Figs. 10b and 10c.
857
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Figure 9 Experimental apparatus of an analogue FSHG compensator

Figure 10 Experimental results for disturbance rejection performance
a Conventional ODD system
b When DOB is attached
c When FSHG is attached

The magnitudes of the DOB and the FSHG decreased to
500 mV. In the case of a conventional ODD control
system, the error signal has a periodic form according to
the rotation of the spindle motor with the eccentric disk.
However, in the case of the DOB and the FSHG, the
periodic error signals disappear because of the disturbance
858
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rejection performance of the FSHG compensator.
Therefore we can conclude that the DOB and the FSHG
show the same performance for disturbance rejection of
the ODD system. Moreover, the FSHG compensator has
the additional advantage of being implemented simply by
using cheap analogue elements.
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Conclusion

In this paper, an FSHG compensator was proposed using the
concept of an error-based DOB and realised as a form of an
add-on analogue circuit at a low cost. Also, the disturbance
rejection performance was easily improved by adjusting the
ﬁlter parameters (numerator order and ﬁlter time constant)
in the FSHG compensator. Finally, the effectiveness of the
FSHG compensator was proved through the experimental
results showing disturbance rejection performance evaluated
under forced disturbances.
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