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1. INTRODUCTION 
 

Disturbance observer (DOB) has been known to 
compensate effectively by observing it from the view point of 
linear system. After DOB was proposed by Ohnishi [1, 2], its 
design method and performance have been analyzed 
theoretically [3]. Recently the definition of disturbance has 
been expanded to modeling uncertainty including parameter 
variation, internal disturbance such as torque disturbance and 
friction. The purpose of using DOB is to enhance the 
performance of the system by observing and canceling such 
undesirable disturbances [4, 5]. In DOB, the disturbance 
rejection performance depends on Q-filter’s (low pass filter) 
order and its robustness against modeling uncertainty depends 
on relative degree and denominator order of Q-filter [6].  

DOB is also applied to robot system, high speed system, 
precision position control, optical disk drive system [7]-[11]. 
Disturbances in optical disk drive system such as CD and 
DVD are composed of disk surface vibration, disk eccentricity 
and actuator resonance. In tracking servo, optical spot has to 
follow track with less than 0.1 mµ±  tracking error. Thus the 
above mentioned disturbances cause it difficult to track follow 
such narrow track pitch in high speed and high density ODD 
system [11]. It is proposed that DOB is very effective in 
rejecting the disturbances in ODD system [10, 11]. However, 
only the tracking error is available in ODD system instead of 
reference input or output.  

To overcome this problem, there were some attempts. One 
method is to use an additional sensor to estimate reference 
input and to apply the estimated reference input to DOB [10]. 
Another method is to apply an error based DOB (EDOB) 
which is a modified DOB [12] without using additional sensor 
to measure the reference input. Besides these methods, various 
types of DOBs, to improve disturbance rejection performance 
and sensitivity, were proposed for example PAC, RIC, MPEC 
and IMC. There has been a trial to reduce cross-coupling 
effect and improve sensitivity by adjusting gain between PAC 
(Passive Adaptive Controller) and DOB. RIC (Robust Internal 

loop Compensator) can transform DOB to unity dc gain 
equivalent feedback with feed-forward. Its performance is 
determined by the bandwidth of Q-filter [9]. MPEC (Multi 
loop Perturbation Compensator) is another compensator 
design method with multi loop structure. Single loop DOB has 
a limitation for the compensation value of disturbance 
rejection due to time-delay and phase lag. We are able to get 
improved performance by adding additional external loop 
since the incomplete disturbance rejection in the inner loop 
can be compensated at the external loop DOB. This multi loop 
structure improves system robustness [13]. IMC (Internal 
Model Controller) compensates uncompensated disturbance of 
internal loop at external loop [14]. Although IMC improves 
sensitivity function by multiplying its external loop, it is very 
sensitive to measurement noise due to increase of 
complimentary sensitivity function peak.  

The multi loop DOBs, which are proposed up to now, tend 
to bring poor transient response due to cross-coupling inter 
loops and phase lag [3]. Therefore, there need trade-off 
between sensitivity function in frequency domain and transient 
response in time domain. In this paper, Dual-DOB is proposed 
to maintain disturbance rejection performance of former multi 
loop DOB, reducing cross-coupling effect, and robust against 
measurement noise. The Dual-DOB structure consists of 
internal loop and external loop. Actually, it is similar to IMC 
structure however it has a different design method of external 
loop. Although IMC could improve disturbance rejection 
performance by adding its external loops, it is very sensitive to 
measurement noise due to the increased peak of 
complimentary sensitivity function. Therefore, in this paper to 
resolve this problem we use a different nominal model for 
designing the external loop DOBs. This is a major difference 
from IMC structure. As a result, the Dual-DOB proposed in 
this paper improves the sensitivity function at low frequency 
without increasing the peak of the sensitivity function. By 
designing DOB of internal and external loop independently, 
we could avoid degrading performance of transient response 
while improving the sensitivity function. The proposed 
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Dual-DOB is applied to a tracking system of commercial 
optical disk drive. The experimental result shows that the 
Dual-DOB is an effective method in rejecting the disturbance 
as well as improving the tracking performance. 

 
2. PRINCIPLE AND ANALYSIS OF 

DISTURBANCE OBSERVER 
2.1 Principle of Disturbance Observer  

The DOB system rejects disturbance by injecting into the 
control input a compensation value, which is the difference 
between the commanded control input to the plant and the 
plant output filtered by the inverse of  the nominal plant ( )nP s , 

i.e. 1( )nP s− , as shown in Fig. 2. If unity dc gain Q-filter is used, 

the compensation value of DOB becomes d in low frequency 
bandwidth as in Eq. (1). Without consideration of uncertainty 
of plant modeling, the compensation value can completely 
reject torque disturbance in the input and output disturbance. 
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However, due to 1( )nP s−  generally contain pure differential 

term, often it is not physically realizable. Thus, it is common 
to use Q-filter with 1( )nP s− . In addition using Q-filter reduces 
it less sensitive to measurement noise. This Q-filter has 
typically the characteristic of low pass filter (LPF) with a 
unity dc gain. In this paper, binomial Q-filter is used as a low 
pass filter [15].  
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whereτ is filter time-constant, mia  are binomial coefficients, 
m  is the denominator order and n  is the numerator order of 
filter satisfying m n> . The higher order of the filter is, the 
better performance of low pass filter can be obtained. 
However, high-order filter could have an adverse effect on 
controller performance due to phase lag. On the other hand, 
the bandwidth of Q-filter has also an effect on system 
response. As the bandwidth of Q-filter is increased, we can 
reject fast undesirable disturbance. Thus Q-filter is an 
important factor in the performance of DOB [6]. 

 
2.2 Analysis of Applied Disturbance Observer System 
 

It is not easy to analyze the performance of DOB through 
usual expansion of transfer function in the presence of 
modeling uncertainty even though we could analyze the 
performance of DOB from characteristic equation of transfer 
function. However, if we eliminate the real plant from the 
transfer function by using a new parameter ( )sδ representing 
system uncertainty, it could be easy to manipulation equations 
and an intuitional analysis is further possible [3]. ( )sδ is 
denoted as in Eq. (3) and there is a close affinity 
between ( )sδ and ( )M s∆ which is multiplicative modeling 
uncertainty.  
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Fig. 1 System Structure of DOB. 
 
The real plant is defined as  
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The total input-to-output relationship from the reference 
signal ( )r , the torque disturbance ( )

in
d , the output 

disturbance ( )
out

d , and the measurement noise ( )n  to the 
output are expressed in Eq. (4).  
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For simplicity and intuitional analysis of Eqs. (5)~(8), we 
rewrite these as Eqs. (9)~(10) using parameter, ( )sδ . 
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If we assume that disturbance exists only in low frequency 
range in Eqs. (9)~(12), closed loop system acts like nominal 

2088



ICCAS2005                                        June 2-5, KINTEX, Gyeonggi-Do, Korea       
 

model system in low frequency due to Q-filter implement as 
low pass filter with a unity dc gain. 
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Fig. 2 System Structure of Dual DOB 

 
3. ANALYSIS OF DUAL-DOB STRUCTURE 

3.1 Structure of Dual-DOB  
Various structures of DOB have been proposed to improve 

sensitivity of system for better disturbance rejection 
performance [3, 9, 12, 14, 15]. Due to cross-coupling of 
multiple DOB structure, the performance of DOB needs 
trade-off between sensitivity of frequency domain and 
transient response of time domain. In this paper, the 
Dual-DOB is proposed to reduce the effect of cross-coupling. 
By designing DOB of internal and external loop independently, 
we could prevent the decreasing of transient response quality 
during improvement the sensitivity function. The Dual-DOB 
structure adds the external loop to the system including 
internal DOB loop as shown in Fig. 2. It is similar to IMC 
(Internal Model Controller) structure which is multiple DOB 
but Dual-DOB has different design method of external loop. 
Although IMC improves sensitivity function by multiplying 
its external loop, it is very sensitive to measurement noise due 
to increasing of complimentary sensitivity function peak [14]. 
Therefore we designed nominal system model used fro 
designing of external loop, differently from IMC structure in 
order to improve this problem.  

A conventional DOB system has a limitation of disturbance 
rejection performance due to time delay and modeling 
uncertainty. Internal loop of Dual-DOB uses a conventional 
DOB which uses a nominal model as shown in Fig. 3(a). To 
compensate disturbances uncompensated in the internal loop 
due to system modeling uncertainty and incomplete 
compensation, the external loop DOB use the desired closed 
loop transfer function as a nominal plant as Fig. 3(b). This is 
the key feature of the Dual-DOB proposed in this paper. 
Because the external DOB is designed based on nominal 
closed loop, it observes the behavior of the internal closed 
loop system including the internal DOB and compensates 
uncompensated disturbance. Thus we can get enhancement of 
sensitivity applying Dual-DOB structure. By designing 
Dual-DOB of internal and external loop independently, we 
could avoid degrading transient response performance while 
improving the sensitivity function in low frequency range. 
 
3.2 Analysis of Dual-DOB System  

Dual-DOB consists of internal DOB and external DOB. 
While internal DOB loop uses typical nominal model of plant 
as conventional DOB system, external loop DOB is designed 
by applying the desired closed loop transfer function Eq. (9) 
including internal DOB as a nominal plant. Due to the 
modeling uncertainty, we cannot use Eq. (9) as the transfer 
function. If we approximate Eq. (9) as Eq. (13) in low 
frequency range, however we could assume closed loop 

nominal model, ( )DobG s∗ . 
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(a) Nominal model of internal loop DOB 
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(b) Nominal model of external loop DOB 

 
Fig. 3 Bode of Dual-DOB nominal Model 
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In the same way in section 2.2, we can rewrite the transfer 

function, Eqs. (14)~(17), using parameter ( )sδ from the control 
reference, the torque disturbance, the output disturbance, and 
the measurement noise to the output of the Dual-DOB system 
[3]. 
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All the transfer functions of the Dual-DOB show 

improvement of sensitivity function in low frequency range 
with hardly affecting complementary sensitivity function in 
high frequency range. Compared to conventional DOB 
transfer function in section 2, we see that (1 )Q−  terms of 
conventional DOB transfer functions are replaced with 2(1 )Q−  
in denominator in Dual-DOB. The uncertainty term δ  are 
multiplied by 2(1 )Q− . Since Q-filter gain is equal to or less 
than 1 in all frequency range, Dual-DOB system is more 
robust against modeling uncertainty than conventional DOB 
system. In the view point of torque disturbance and output 
disturbance sensitivities, denominator terms of transfer 
function (1 )Q− changes to 2(1 )Q− . This change means that 
enhancement of disturbance rejection performance against to 
disturbance in the low frequency range. Also, (1 )Q− , the 
denominator term of measurement noise transfer function, 
changes to 2(1 )Q− . 

In general there is improvement in disturbance rejection 
performance of DOB system because the uncertainty term δ  
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is weighted by (1 )Q− . Multiple DOB systems are able to 
reduce sensitivity function in low frequency range but they 
bring poor transient response due to cross-coupling. However 
Dual-DOB system provide low sensitivity function without 
losing transient performance compared to previous multi loop 
DOB systems since Dual-DOB is designed to minimize the 
cross-coupling among multiple loops. Examples will be shown 
in the next subsection. 

 
4. SIMULATION AND EXPERIMENT 

4.1 Optical Disk Drive System 
 

For verifying the Dual-DOB performance, we set up an 
experiment environment with a commercial DVD combo 
player from LG electronics. The pick-up of the optical disk 
drive is consisted of a coarse actuator and a fine actuator as 
shown in Fig. 4. A stepping motor is used for coarse actuation 
and a VCM (Voice Coil Motor) is used for fine one. To get the 
nominal model of plant, we measured the gain from the input 
of the VCM driver to the output of RF-AMP. Thus the 
nominal plant of track following system is approximated as a 
second order system as in Eq. (18).  
 

2 2( )
2n

n n

KP s
s sξω ω

=
+ +

 (18) 

 
where nω is resonance frequency, ξ is damping ratio, K is the 
dc gain from the input of VCM driver to  the output of 
RF-AMP. In the model parameter nω is 326.72rad/sec, ξ is 

0.158, and K is 74.003 10× .  
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Fig. 4 System Structure of ODD System 

 
For experimentally verifying the nominal model, we draw 

bode plot of closed loop system using HP35670A Dynamic 
Signal Analyzer. In simulation and experiment, we use the 
nominal model of Fig. 5.  
 
4.1 Optical Disk Drive System 
 

As mentioned before, a linear controller ( )C s is designed 
based on the nominal model using the property of DOB. The 
linear controller is designed using lead-lag compensation as in 
Eq. (19). The Q-filter is binomial low pass filter with second 
order of denominator andτ is 0.0031.  
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Fig. 5 Frequency Response of Tracking Actuator 
 

Using Bilinear transformation method, controller and ( )C s , 
( )Q s are transformed to discrete time controller with 10 sµ  

sampling time. Since only position error signal is available in 
optical drive system, we design the controller with zero 
reference input. The Fig. 6 shows improvements of sensitivity 
functions in the sequence of lead-lag controller, lead-lag 
controller with DOB, and lead-lag controller with DOB and 
that with Dual-DOB. It shows little difference between 
lead-lag controller and lead-lag one with DOB in 100~1000Hz 
range. The bandwidth of the Q-filter is chosen low since 
disturbance exists at very low frequency (10Hz) while the 
measurement noise is too large compared to tracking error 
signal.  

The peak of sensitivity function of Dual-DOB does not 
increase compared to general multi loop DOBs. It is necessary 
for the sensitivity function not to have high peak to avoid poor 
transient response in time domain. Fig. 7 shows 
complementary sensitivity function. As we see in the figure 
Dual-DOB has almost the same complementary sensitivity 
function in spite that it is a multi loop system. Thus the 
performance of Dual-DOB to measurement noise is not 
deteriorated 

Fig. 8 shows simulation results. Fig. 8(a) is the output 
disturbance used in simulation. The applied eccentricity 
disturbance is 60 mµ± . According to specification, maximum 
eccentricity is 70 mµ± . If we consider optic gain as 0.32 /m Vµ , 
tracking error have to be controlled within 0.3V± to satisfy CD 
specification. In Fig. 8(b), lead-lag controller does not satisfy 
the specification. The others satisfy the CD specification. 
Notice that Dual-DOB’s performance is better than single 
DOB. 
 
4.2 Experimental Results  

 
Fig. 9 illustrates the experimental setup.  TMS320VC33 

DSP and 16-bit ADC, DAC with 100 KHz sampling rate are 
used. Fig. 10 shows the experimental results, Fig. 10(a) is the 
result of applying a lead-lag controller. Fig. 10(b) and (c) are 
obtained with the lead-lag controller with DOB, and the 
lead-lag controller with Dual-DOB, respectively. In the Fig. 
10, CH1 is tracking error and CH2 is control signal. The 
control signal of Fig. 10(c) is smaller than the others. The 
reason is that Dual-DOB is less sensitive to measurement 
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noise because complementary sensitivity function peak of 
Dual-DOB is smaller than general DOB. Through this fact, we 
check that the smallest tracking error is occurred in Dual-DOB 
system and verify effective disturbance rejection performance 
of Dual-DOB. 

 

 
 

Fig. 6 Sensitivity Function 
 

 
 

    Fig. 7 Complementary Sensitivity Function 
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Fig. 8 Disturbance and Tracking Error 
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Fig. 9 Experimental Setup 

 

 
(a) Lead-Lag Controller 

 

 
(b) Disturbance Observer 

 

 
        (c) Dual Disturbance Observer 

 
         Fig. 10 Experimental Result 
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5. CONCLUSION 
 
In this paper, a dual disturbance observer was proposed to 

reduce the effect of cross-coupling in multi loop DOB system. 
It was possible for us to improve the sensitivity function with 
additional external DOB with hardly affecting complementary 
sensitivity function. Designs of internal DOB loop and 
external loop DOB were independently made so that we 
prevented transient response quality from degrading while 
improving the sensitivity function. The proposed Dual-DOB 
was applied to a commercial optical disk drive tracking servo 
system. The experimental result showed that the Dual-DOB is 
an effective method in rejecting the disturbance as well as 
improving the tracking performance. 
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