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Abstract 

In this report an implementation is presented of scratch detection on a CD-player setup, 
so that specific action can be taken to control this system. This is done by means of a 
wavelet transform of the radial error signal. This signai has, at the event of a feature, 
some properties, which can be extracted by the wavelet transform. With this method it is 
possible to detect a scratch before the error signal shows significant rise. 
When a scratch is detected fast, specific action can be taken to make sure that the laser 
stays on track. In this report this action consists of switching the feedback signal between 
the output of the real system and a model of this system during the presence of a scratch. 
During this short time a 'fake' radial error signal is used as input to the controller. 
This way the controller generates an input (u) to the plant based on the output of the 
model which keeps the laser on the desired track. 
At the moment that switching occurs, the internal states of the model and the plant should 
be equal to each other to avoid stepresponse of the system. This is done by a kalman 
filter. From the real system, only the radial error signal can be measured. To generate the 
fake radial error signal the model should be expanded with an observer which estimates 
the track so the model can adjust better to the measured radial error signal. This is done 
by implementing an unknown input state observer. 
Simulations show that the system with implemented observer produces good results. 
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1. Introduction 

1.1 Background 
Nowadays, playability is an important factor in the design of CD and DVD-players. 
There are several methods to improve the playability of a disc and several causes that 
decline the playability. One of these causes is a scratch on the disc. 
These scratches can be detected in the radial error signal of the CD-player. In many 
systems this is done by comparing the intensity of the reflected light from the laser with 
the nominal value ofthis intensity. In some cases this detection is too slow which then 
leads to the loss of the track. It would be better if the scratch could be detected earlier. A 
method Schneiders [I] uses, is the analysis of the radial error signal with wavelets. This 
way it is possible to detect a scratch before the error signal shows significant rise. 
However, this method has not yet been implemented in the control of a CD-player 
system. 

1.2 Goal 
The goal of this report is to implement scratch detection by means of wavelets and to 
develop a control strategy for a CD-player based on the occurrence of scratches. This 
strategy consists of switching between the real system and a model of this system during 
the presence of a scratch. During this time a 'fake' radial error signal, which is generated 
by the model, is used as the input to the controller, see figure 1.1. 

I 

figure I .  I :  Scheme of control mechanism. (C: controller, P: plant, M: model, S: 
switch which changes the controller input when a scratch is detected) 

This way the controller generates an input (u) to the plant based on the output of the 
model which hopehlly keeps the laser on the desired track. 

1.3 The CD-player 
The CD-player used is a carloader with a radial rotating arm (type CDm9). A picture of 
the radial rotating arm mechanism is shown in figure 1.2. 



figure I. I :  Radial rotating arm mechanism 

In this process two servo loops are involved, one for radial positioning of the laser and 
one for focusing. In this report only the radial positioning is of interest. This one controls 
the tracking of the reference and receives input from the reflected laser beam. Scratches 
on the disc affect the reflection and disturb the servo-loop while the actual mechanical 
system is not disturbed. In bad cases this could mean that the track will be lost. 
The only signal in this system that can be measured is the radial error signal. 

1.4 Problem description 
There are several problems that must be solved before implementation can be done. At 
the moment that switching occurs, the internal states of the model and the plant should be 
equal to each other to avoid stepresponse of the system. To make sure that this is the case 
a kalman filter is designed. In the real system only the radial error signal can be 
measured, so to generate the fake radial error signal the model should be expanded with 
an observer which estimates the track. This way the model can adjust better to the 
measured radial error signal. In order tot do so, the kalman filter is replaced with an 
unknown input state observer. 

1.5 Outline of the report 
At first, something will be said of the wavelet analyzer and scratch detection. The third 
chapter covers the control mechanism, in the fourth chapter the design of a kalman filter 
will be explained. ARer this, the unknown input observer is presented and results will be 
given. Finally, some conclusions and recommendations are presented. 



2. Waveletanalysis 

Wavelet analysis is a way of extracting relevant information from a signal. A lot of 
methods for analysis are available of which the Fourier transform is the best known. A 
disadvantage of these transformations is the fact that features can only be discriminated 
by their frequency content. With a wavelet analysis it is also possible to discriminate by 
the time these features occur. 
The coefficients of the analysis are determined by measuring similarity between the 

t - z  
signal x(f) and the analyzing function y(-j : 

S 

In this function both the analyzing and the window shape are defined. For best results of 
the analysis, the impulse response of this function should equal the inverse of the 

feature's time pattern. The wavelet coefficients are divided by f i  to normalize the 

energy of the signal for every scale (s). 

2.1 Filter Banks and the discrete wavelet transform 
To analyze the error signal with the wavelet a filter bank structure is used. This is a 
collection of discrete filters with a common input which separate the input signal into 
frequency bands. For wavelet analysis a so-called multiresolution tree-structured filter 
bank is used (figure 2.1). 

Bgure 2.1: Multiresolution tree-structuredJilter bank 

This tree structure can be expanded to the wanted decomposition depth (number of 
frequency bands the signal should be divided to). The resulting coefficients can be 
downsampled to avoid redundancy. This downsampling does not result in aliasing 
because of the Nyquist sampling theorem, which states that a continuous hnction is fully 
determined by the sample points if the sample-rate is at least twice the maximum 
frequency. So if the filter bank exists of a highpass and a lowpass filter the coefficients 



can be downsampled by a factor 2 because the two signals are halved in frequency 
content. 
With a special set of the filters H(z) and L(z) this is called the discrete wavelet 
transform. 
The time-grid is enlarged for lower fi-equencies by the increasing downsample rates so 
these filters can be seen as the wavelet fkction acting on different scales. 
The filters H ( z )  and L(z) can be computed out of a wavelet by the MATLAB command 
wfiltersm. For the computation of the wavelet coefficients these filters have to be put in 
the discrete wavelet transform. This can be done by the M A T L B  routine rtwvana.m. 
This routine produces a filter matrix F which can be implemented as a multiple output 
FIR (Finite Impulse Response) filter so a real-time wavelet analyzer is created. 

T H l l  1 

1 ~ 1  - - -L,]  
This wavelet analyzer can be implemented in MATLAB Simulink as showed in figure 
2.3. 

figure 2.3: Implemented wavelet analyzer in Simulink, in this particular case the 
decomposition depth equals 6 

More on wavelets can be found in [I]. 



2.2 Sratch detection 
As stated earlier best results for detection are obtained when a waveform is used with an 
impulse response that is equal to the features inverse time pattern. In the case of a scratch 
the time pattern looks like figure 2.4. 

4 51 1 I 
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& w e  2.4: Radial error signal 

The Daubechies db3 waveform shows good resemblance with the inverse of a disc 
scratch as seen in figure 2.5. This waveform will therefore be used as the analyzing 
fimction. If necessary, a dedicated waveform could be computed for scratch detection. 

x 10' 

figure 2.5: Db3 waveform 

If the radial error signal is filtered by the wavelet analyzer from figure 2.3 with the 
wavelet filters Hk) en Lb) based on the db3 waveform it will be partitioned in six 
freqency bands which represent the wavelet coeefficients as a hnction of time in these 



bands. The highest frequency band (Cl) contains the upper half of the frequencies. In this 
case the sampling rate of the error signal is 25,6 kHz so C1 contains the frequencies 
between 6400 and 12800 Hz (according to the Nyquist sampling theorem). Band C2 
contains frequencies between 3200 - 6400 Hz and so on. 
The total partitioning of the signal is shown in figure 2.6. 

tim e 

figure 2.6: Wavelet analysis of the radial error signal using the db3 waveform 

The measured radial error signal is plotted in the last figure. The scratches are the circled 
parts. From figure 2.6 it is clear that scratches are best detected in level 1 and 2, this 
rneans that they have a high frequency content. Now a theshold can be used on the level 



one coefficients, the intersection points with the signal are the points when the error is 
detected. 
The band C1 with the threshold is shown in figure 2.7 and the radial error signal along 
with the times the scratch is detected are in figure 2.8. 

figure 2.7: Highestpequency band with threshold 

figure 2.8: Radial error signal along with detection points 



As can be seen in figure 2.8, the scratch is detected before the radial error signal shows 
significant rise. Detection with the wavelet analyzer is faster than the detection method 
used in this CD-player. This means that it should be possible to ignore the scratch at all. 
This could be done by means of a switching system that is presented in the next chapter 



3. Control mechanism 

If the error signal is largely disturbed by the scratch, it is possible that the controller 
cannot compensate and that the track will be lost. To avoid this, a way has to be found to 
adapt the control mechanism. In this report a switching mechanism is introduced which 
switches between the radial error signal generated from the real plant and the 'radial error 
signal' generated by a model of the plant. 

3.1 Piant, modei and eontroiier 
With dSpace, Siglab and DIET a sixth order model has been derived of the CD-player. 
This model is referred to as 'the plant' in the sequel of this report. The Bode diagram is 
given in figure 3.1. 

FRF plant en model 

10' I o2 1 o3 l o 4  
Frequency [Hz] 

l o 1  1 o2 103 l o 4  
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figure 3.1: Bode-diagram of the plant (6rh order model) 

The rotation frequency of the disc is 12 Hz. It is clear from figure 3.1 that around this 
1 

frequency the plant can be modeled by a single mass with transfer fhction K - - 
s 

The use of a second order model in stead of the sixth order model of the system is 
necessary since the use of the latter leads to numerical problems when computations are 
done later on. To compute the gain (K) of the model, the frequency response data from 
the plant can be used: 
log(H) = log(K) - 2.log(w) 2 K = 10"0g(H"2.10g(")) (3.1) 
It follows from equation 3.1 and data from figure 3.1 that the gain is approximately 
4.5295 lo7 V /V . This gain also includes the various gains of the electrical systems such 
as the amplifier for example. 



A good second order model of the plant is then: - 

4.5295 . lo7 
H (s) = 

s 

.- 
Frequency [Hz] 

The bode diagram of this model and the Nyquist plot of the open loop system can be 
found in appendix A. 1 (figures A1 .1 and A1.2). 
The internal controller can also be measured. The result is shown in figure 3.2. 

&re 3.2: Bode diagram of the controller 
These systems can be converted into state-space models for implementation in MATLAB 
Simulink. The transfer hnctions of these systems can be found in appendix A.2. 

0 

- 

3.2 Control strategy 
The proposed control strategy consists of switching the feedback signal between the 
output of the plant and the output of the model as can be seen in figure 3.3. 

radial ermr coefftdents 

................. 5-....... !. ...... , , , , , . , , .  
# , . . , . , , .  , , . 1 . , . , 1  , . . , , , . . I  , , , . , . , , .  , , . . , . . , ,  , . 

, , . , . , , . 1  , , , , , , . 1 1  , , , , , 1 1 1 1  

, , . , , , 1 1 1  , , , , , , , a 1  ....................... 
, , , , , , , 1 1  , , . , , , 1 1 1  

, . , , , , 1 1 1  , , , , , , , , .  
-... .........<..+.............................................................. 7 ?. : ; : : : : :  . . .  , , , , , . , , .  , , . I . , . . I  

, . . , .  
1 , , . , . , , .  , , . , . , , . .  ; , i  , i  , i  . i i i i i  , . .  , .  ,/ . ; i  i  i i i i i  

figure 3.3: control mechani'sin 

4 ............."-....'-..'-...L.A.................. >... .........A...L..,.....,..........f..... .......L.............. A- 

, , , , , 1 1 1 1  
, , . , > , . ,  

0- , , , , , , , 1 1  : : : : \ ; /  : : : : ; : ; :  , , , , , , 1 1 1  
c , , , , , > , 1 1  

, 8 0 ,  

.- , , , . , 1 1  , , , . , . I  

, , , , . , , 1 1  

, , , 1 , , . 1 1  , , , . . ,  , , . , . , , 1 1  

, , , , . , , . .  , , . , . , , .  
d -10 

: ................. " .... ; - - - ; - - ->- - : - -+-4 .4 -  
, , , , , , , , 1  , ,,' r - y -  , . , , , , , . .  

i  i  ;/;: i i  
, , , , , , , . .  ', i  i  i \ ; i i i i  , , . , . , # . (  

, , , , . , , a  , 8 

, , , , . , . a 1  

, , a  . , , ,  , , , , . , , , 1  , . . , . , , . 1  1: .----. :: .--- ............~..........iP....L.................................iP..... * -iP--- .iP....- , , . , . , , . a  , , . , . , , ,  -.-... , . , , . ,  , , . . , , , . .  ;p,i i  i  i ;  / ; ; : :  : :  , , , , , , . . 1 , , , . .  , . a 1  

, # , , , #  
, , , , , . , . 1  

, , , ,  , , , . , ,  , , . 1 , , 1 1 1  

, , , , 1 -  , , , , , , , , 1  

i n1 1 o2 1 o3 lo4 



The wavelet analyzer is used to compute the switching signal and a disturbance signal is 
added which represents the track. 
As can be seen in figure 2.8, the scratch is detected several times. For the switching 
mechanism, only the first detection should take place because when the error signals are 
switched, the true radial error signal does not give a good interpretation of the actual 
mechanical system. To generate a useful switch signal, a S-function has been written in C 
which sets the signal to zero for a certain number of samples when the scratch is detected 
for the first time and outputs 'one' the rest of the time, see f ig~re  3.4. This number of 
samples is based on the time the influence of the scratch is obvious in the error signal and 
depends therefore on the sample rate of the measurement. This is all done in the wavelet 
analyzer from figure 3.3. 

I I I I I I 

0 . 0 5  0 . 1  0 . 1 5  0 . 2  0  2 5  0 . 3  E 
t i m  e 

figure 3.4 Radial error signal & switch signal 

While there is no scratch detected, the radial error signal of the piant is used for feedback 
to the controller. When a scratch is detected, the signal generated by the model will be 
used for feedback. 
From the measured radial error signal, the disturbance signal representing the track can 
be computed as follows: 

In equation (3.3), C(sj represents the controller and H(s) represents the plant. This signal 
has to be passed through a highpass filter at 10 Hz to make sure the low frequency 
content is not summed by the integrator action in the plant and controller. 



3.3 Simulations 
Simulations can be done with the setup depicted in figure 3.3. The output of the plant, the 
output of the model and the added disturbance signal are plotted in figure 3.5, figure 3.6 
shows the difference between the output of the plant and that of the model. 
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-200 I 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 
time 

&re 3.5: Disturbance, output plant & output model 

time 

figure 3.6: Dzflerence between the output of the plant and that of the model 

As can be seen in figure 3.6, the output from the model differs too much from that of the 
plant since at the time the feedback signal switches between these two outputs, the 
internal states of the model should equal those of the plant. This can be accomplished by 
a kalman filter. Smh a filter is designed in the next chapter. 



4. Kalman filter design 

As stated in the last chapter, at the time the feedback signal switches between the radial 
error of the plant and that of the model the internal states of the model should equal the 
internal states of the plant. Simulations show that the model by itself produces an output 
that differs too much from the output of the plant (figure 3.6). 

4.1 Design and impiementation of a kaiman filter 
For this reason a kalman filter is designed that updates the states of the model by 
comparing the difference between the output of the model and the output of the plant. 
This difference is multiplied by the kalman gain and fed back into the system. The 
bandwidth of the closed loop system with the model is approximately 1 M-Iz and the 
poles of the kalman filter are placed at 5 kHi. This gives significantly better results for 
the output of the model (compare figure A3.1, appendix A.3 to figure 3.6). 
The rotational frequency of the disc is 12 Hz so for the simulations the setpoint is set to 
zero and a sinusoidal output disturbance signal combined of 12,24 and 36 Hz is added to 
the system to represent the track in stead of the noisy signal from equation 3.3. Now 

jigwe 4.1 : Simulation model 

The input gain (K) of the model is placed before the kalman filter to avoid numerical 
problems when placing poles for this filter. 
During scratches, the internal states should not be updated to the output of the plant since 
this plant does not give a realistic view of the mechanical system due to the scratch. 
Hence the innovation signal is held at the last value to avoid step responses in the model. 
This is also done with a switch, see figure 4.2. 
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figure 4.2: Implemented kalmanJilter 

4.2 Results of the implemented kalman filter 
If the simulink model is implemented as proposed in figure 4.1, the following results are 
obtained for the disturbance (track), the output of the plant and the output of the model 
together with the switch signal: 

I 1 I I I I 1 
0.05 0.1 0.15 0.2 0.25 0.3 

time 

Figure 4.3: Track, plant output, mode1 ouput & switchsignal 

As can be seen, these three lines coincide. The simulated radial error signals are plotted 
in figure 4.4. 
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Figure 4.4: Radial error produced by the plant and the model 

If a closer look is taken at the e m r  signal at the time the input to the controller switches, 
it can be seen that there is almost no difference between the plant output and the output of 
the model. 

I I I I I 
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time 

figure 1.5: Close-up on error signals and the switch signal 



Without the kalman filter the results are a lot worse, compare figure 4.4 with figure A3.2 
in appendix A.3. In appendix A.3 also a figure is presented with the bode diagram of the 
transfer between the input and the output of the of the kalman filter (figure A3.3). 
From figure 4.5 it is obvious that the error signal of the plant with feedback of the model 
just slightly differs from the error signal that would be generated when feedback of the 
plant is used. 

fig~re 4.6: Real-lime setup 

4.3 Limitations of the used simulation setup 
The model from figure 4.1 gives good results but, unfcrtmately, it cannot be used for the 
real-time setup. In the experimental setup only the radial error signal can be measured 
while in the simulations the output of the plant is used as the update signal for the model. 
Therefore, a new implementation of the system has to be made which overcomes this 
limitation by using the available 'radial error signal'. This setup is depicted in figure 4.6. 

In this setup the track is represented as a sinusoidal disturbance signal of 12 Hz. The 
harmonics have been removed to make calculations more feasible. This is not a limitation 
since adding more harmonics would only make the system more complex and they do not 
influence the general dynamics. In addition, the 12 Hz sinusoid is the most disturbing 
signal with most energy content. When simulations are done with this setup with the 
same kalman filter as used before, the results depicted in figure 4.7 are obtained. 
To compare the results, a simulation has been done with the system showed in 4.1, which 
uses the direct output of the plant, but with only one sinusoid at 12 Hz as the disturbance 
signal. The result of this simulation is shown in appendix A.4, figure A4.1. It is obvious 
from figure 4.7 that using just the radial error signal generated by the piant as an input to 
the kalman filter is not sufficient. This bad result is due to the fact that the kalman filter is 
not able to follow the error signal from the plant because there is a disturbance on the 
plant, which is not compensated for in the kalman filter. Even if the system is only 
disturbed for a short time (during the scratch), this has a big influence on tracking the 
right track. The laser is not able to track the desired track anymore. This is shown in 
appendix B. 

0 3348212&541 IQBs+leS 
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figure 4.7: Error signals generated by the plant, the model and the switch signal. A 
kalmanjlter is implemented and the 'radial error signal' is used as input 

to the filter 

To make sure the model can follow the error signal of the plant, a new filter has to be 
made which can compensate for the disturbance. This can be done by means of an 
unknown input state observer. The design of such a filter is presented in the next chapter. 



5. Unknown input observer 

As stated in the former chapter, a kalman filter by itself is not able to track the radial 
error signal since the disturbance signal working on the system is not compensated for in 
this filter. An observer which can compensate for an 'unknown' disturbance, if a state 
space representation of this disturbance model is available, is called an unknown input 
observer. 

5.1 Unknown input state observer 
An unknown input state observer is an observer whose output consists of the estimated 
states of the original system. It is an observer, which is extended with a model of the 
disturbance that is expected to work on the system. In this case the disturbance consists of 
a sinusoidal signal with frequencies 12 Hz and the following harmonics (24 Hz, 36 Hz, 
etc.). A disturbed system could be modelled as shown in figure 5.1. 

I u : disturbed original system 
I 
I 
I 

I 
I 

figure 5.1: Disturbed system 

In the observer, this disturbance can be implemented if a model of this disturbance in the 
state-space form is available. This disturbance should be a waveform structured signal. 
Every linear waveform structured signal can be modelled by an expression like: 

w(t) = c; d( @ )  + c,f, ( t )  + . . - + c, ,,' " f, ( t )  (5.1) 
A state-space model can be derived as follows. Suppose that the Laplace transform of 
J; ( t )  can be written as 

then, if the parameters ci are treated as constants, the Laplace transform of equation (5.1) 

can be expressed as 



Equation (5.3) can also be written as 

The numerator P(s) involves the parameters c, and the denominator Q(s) is the least 

common denominator among the set of Laplace transforms F, . The polynomial Q(s) can 
be written as: 
Q(s) = s P  +q1sP-' +q2sPP2 + - - - + q P - l ~ + q p  (5 .5)  
From equation (5.4) it can be seen that the disturbance signal w(t) can be seen as the 
output of a fictitious dynamical system with transfer hnction 

subject to a set of initial conditions which, after Laplace transformation, lead to the 
polynomial P(s).  This means that w(t) can be seen as the output of an autonomous 
system subject to a set of initial conditions: 

A state-space realisation of system (5.7) in the observable canonical form looks like: 



in which the set {z, }, k = I.. . p is the 'state' of the disturbance w(t) . 

With this description of the disturbance signal the following block scheme of the 
disturbed system could be generated: 

: disturbance model 
I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

I - - - _ - - - _ - - - - - - - - - - - - -  

I  
I 
I  
I  
I  

original system 
I  I 

jigure 5.2: Disturbed system with state model of disturbance 

The state-space model of the original system augmented with the disturbance model can 
be expressed as 

L -l 

A block scheme representation of system (5.9) is given in figure 5.3. 
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figure 5.3: State model of disturbed system with included disturbance model 

The system depicted in figure 5.3 can now be used as an unknown input state observer. 
The observer with a disturbance model for a sinusoid at 12 Hz, which can be used for the 
tracking of the radial error signal, can be found in appendix C. 1. 

5.2 Results system with unknown input state observer 
If this observer is implemented in the simulation, the results are much better compared to 
the results obtained with only a kalman filter as showed in figure 5.4 (compare to figure 

- - - error model 
switch s~gnal 

I I I I I I 

0.05 0.1 0.15 0.2 0 25 0.3 
time 

figure 5.4: Radial error signal generated by plant and model with unknown input 
state observer 



The bode diagram of the transfer between the in- and output of the unknown input state - 

observer is given in figure 5.5. 

1 o0 1 o1 1 02 1 o3 
Frequency [Hz] 

1 o0 1 o1 1 o2 1 o3 
Frequency [Hz] 

figure 5.5: Bode diagram of observer 

As can be seen in figure 5.5, the magnitude of the frequency response shows a dip around 
the predicted disturbance fkequency. An advantage of such an observer is the fact that the 
transfer fimction of the original system and the transfer fbnction of the system with 
implemented observer are the same so the overall dynamic properties will not change. 
The setup with the unknown input state observer works very well. In appendix C.2, 
results are also given for the disturbed system with two disturbance signals (rotational 
frequency 12 Hz and the first harmonic at 24 Hz). 
More disturbance signals cannot be implemented because numerical errors occur when 
computations with Matlab have to be done. It is expected that this is not a real problem 
since the rotation frequency of 12 Hz is the most disturbing signal in the system. 

5.3 Limitations for real-time implementation 
Now it is time to check if the measured radial error signal can be followed by such an 
observer. For his purpose, the disturbance signal from equation 3.3 is added tot the 
system. In appendix D, figure 1, the result is given from this simulation. As can be seen, 
the result of this simulation is very bad. This bad result is due numerical problems that 
arise from the high gains that are necessary to place the poles of the system at high 
frequencies. This can be solved by lowering the input gain (K)  fi-om equation 4.1 to one. 
Due to this lower gain the simulation results are better, see figure 2, appendix D. 
Unfortunately, the system with lowered gain is unstable, see figure 3, appendix D but 
since it is used for only a very short time, this is not yet a problem. However another 
solution has to be found to avoid the numerical problems instead of lowering the gain. 
This should be futher i~vestigated. 



If this system is implemented in real-time, some difficulties arise. The wavelet analysis of 
the radial error signal is done with a sample rate of 25,6 kHz. This means that the total 
system should operate at this sample rate. A simulation with this sample rate has been 
done as well. The result of this simulation is shown in figure 4 in appendix D. 
Better results are probably obtained when the poles of the observer are pIaced at higher 
frequencies but this is not yet possible because of numerical problems that arise in 
computations. 
Unfortunately real-time experiments could not be done because of lack of time. 



6. Conclusions and Recommendations 

Detection by means of wavelet analysis is a fast way to isolate scratches from the radial 
error signal of a CD-player. Since the scratch can be detected before the radial error 
signal shows significant rise, it is possible to apply a mechanism which switches the 
feedback signal between the output of the actual system and the output of a model of this 
system. Several problem occur when such a strategy is implemented. 
First of a!!, the i,n_terna! states of the system and the modal should be the same. This is 
done by an observer. Since the rotation of the disc is a dfsturban~e on the system, it 
should be implemented in this observer. A way to do this is using a so-called unknown 
input state observer. With this observer it is possible to generate an output of the model 
which is almost the same as the output of the real system. 
This is all done with simulations. If this control strategy is implemented in a real-time 
setup there arise some difficulties. To make sure the radial error signal of the plant is 
tracked correctly, the poles of the observer have to be placed at high frequencies. 
Unfortunately, placing the poles of the observer at the wanted frequencies produces a 
high observer gain. In order to use wavelet analysis, the sampling of the system should 
be done at the sampling rate of the measurement. Simulations show that at this sample 
rate it is not possible to track the radial error signal correctly. 
Another problem is the determination of the time the scratch is obvious in the radial error 
signal becaise, after switching, the output of the actual system is not based on the 
mechanical system but on the model. 
Further research should be done to this phenomenon. It is also recommended to 
implement a disturbance model in the observer that is more accurate to the real 
disturbance (rotation frequency and measurement errors; linked possibly with repetitive 
control). If the experiments are done at higher sample rates, the results will probably 
improve since the poles of the observer then can be placed at higher frequencies. 
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Appendix A 

A.l Model 

Frequency [Hz] 

figure Al. I :  Bode diagram of the used model 
Nyquist Diagram 

Real Axis 

figure dl. 2: Nyquist diagram of open loop controller and proposed model 



A.2 Transfer functions of systems: 
Transfer hnction of measured plant: 

0s6 - 1.27.10- '~s~ 2.347-107s4 -1.227 .101's3 4.161-10~~s '  1.197 .1oZ1s 5.298.10'~ 
H(s )  = 

ls6 5.945 -103s5 2.439.109s4 8.174. 10"s~  1.169.10'~s' 0s 0 

Transfer hnction of measured controller: 

Transfer hnction of model: 

H (s) = 
1 

2.2077. lo-' s2 

8.3 Errors generated with and without the kalman filter 

time 

figure A3. I: Difference between output of the plant and the model with a kalman filter 



error plant 
error model 
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figure A3.2: Close-up on radial error signals produced by the plant and the model 
without a kalmanjilter, the switch signal is also plotted 

figure A3.3: Bode digram of transjer between in- and output of the kalman filter 



A.4 Simulation results with kalman filter, disturbance sinusoid at 12 Hz 
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figure A4.1: Generated radzal error szgnals from plant and model together with the 
switch signal. A kalmanfilter is used based on the dzrect output ofthe 

plant 



Appendix B Track loss during scratch 

Here will be shown what happens if the used control scheme is used without proper 
action to compensate for the disturbance signal (track). 
The track is represented by a sinusoidal disturbance signal of 12 Hz. If a track is followed 
that has an eccentricity of 100 ym, a 12 Hz sinusoidal disturbance signal with amplitude 
100 pm can be used to represent this track. 
For sem-a! ms the feedback signa! is switched to the nutput of the model. Suppose the 
swiichiag occurs while the reference goes thrcugh zero. Then the reference signal is set 
to zero and the error already was zero, so the controller will keep the error at zero while 
the track continues to go on, see figure B. 1. 

figure B. 1 : Disturbance signal representing track and the path the laser follows 

Suppose the switching time due to the scratch is 1 ms. When the feedback signal switches 
back to the 'radial error signa!' from the real p!a_n_t, the laser will settle to the nearest 
track. The distance between two tracks on a disc is 1,6 pm. During the switching time of 
1 ms however, a distance of approximately 7,5 y is travelled so the laser will be tracking 
a completely different track (5 tracks away). In figure B.2 this is depicted. 
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figure B.2: Close up on track andpath the laser follows 

The time the feedback signal is switched depends on the amount of samples chosen to 
hold the switch signal. This depends on the size of the scratch and can vary a little. 
However, even if this time can be made shorter a substantial distance will be lost by the 
laser and the track will be lost. 



Appendix C 

C.l Unknown input state observer with 12 Hz disturbance 

The disturbance signal is a sinus with frequency 12 Hz: 
w(t) = sin(2x ir 12t) 
rnl 

1 ne Lapiace transform of this fuiictioii eqiials 

SO Q(s) = s2 + u2. 
The state-space realisation of this disturbance in the observable canonical form can be 
expresses according to equation (5.8) as 

1 
The state-space description of the rrsed model , looks like 

S 

y=[o  llr 
Now the state-space form of the disturbed system with included disturbance model can be 
written as 

The block diagram of the system with the unknown input state observer is depicted in 
figure 1. 





C.2 Unknown input state observer with 12 & 24 Hz disturbance 
If a disturbance signal is added which consists of two sinusoidal fkctions of 12 Hz and 
24 Hz and an observer is implemented with these two disturbance models, the following 
results are obtained: 
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Jigure 2: Error signal generated by plant and model with included disturbance 
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figure 3: Bode diagram of obser-~er 



Appendix D 
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Results with actual measurement as disturbance 
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figure 1: Radial errors produced by plant and model with actual measurement as 
setpoint. Original setup with unknown input observer 
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figure 2: Radial errors produced by plant and model with actual measurement as 
setpoint. System has unknown input observer and gains are lowered 



figure 3: 

Nyquist Diagram 
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Nyquist diagram of openloop system with observer with lowered gain 
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figure 4: Radial errors produced by plant and model with actual measurement as 
setpoint. System has unknown input observer, simulations at 25,6 kHz. 


