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Summary 

To read the information of a disk properly with a CD player, the radial error has to be less 
that 0.1 pm. This is achieved with an internal and a designed external PID-controller. But 
to make the CD-player able to resist shocks and work at lvgher rotational speeds in the 
future, a smaller radial error has to be obtained. With Single Period Learning (SPL) the 
fact is used that the radial error is a periodic signal. The main idea of SPL is to take 1 
period of the radial error, put it into a memory loop and finally add the output signal from 
~1 me memoiy hop, as a sort of feedforward to the radial :!Em (withcct my phase 
delay). The result is that the radial error redwes t~ 0.22 ~ m .  When 2 phase delay occws, 
the outpit signal is not added to the radial error at exactly the beginning of a period but a 
little bit earlier or later. When the phase delay lies between 14.4 '  (=345.6') and 13.3' 
(360' = exact 1 period delay) the error reduction will be at least 50%. The smaller the 
phase delay is that occurs the bigger the radial error reduction will be. SPL will amplify 
noise with a factor 42. SPL is also very sensitive for not knowing the rotational 
fi-equency. The radial error will be even larger than without using SPL. This is 
disappointing. At some points (overlap points) the radial error is as small as the case 
when the rotation fi-equency is exactly known. The closer the supposed frequency is to 
the rotational fi-equency the longer it takes for these overlap points to occur, but the 
maximum radial error stays the same. An attempt to make SPL robust with a technique, 
known from repetitive control, failed. The error is in that case also bigger than when SPL 
is not used. 
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1 Introduction 

The CD-player used in this report is a carloader with a radial rotating arm (type CDm9). 
A picture of the radial rotating arm mechanism is shown in figure 1.1. 

Figure 1.1: Radial rotating arm mechanism 

To read the information of the disk properly, there are two actuators used to follow the 
track on a disk. One actuator is used to follow the track in the radial direction and one is 
used to focus the laserbeam on the track. So also two error signals occur: the radial error 
and the focus error. In this report only the radial error is of interest. To assure that the 
information on the disk will be read properly, the radial error has to be less than 0.1 pm. 
To make the CD-player able to resist shocks and work at higher rotational speeds in the 
future, a smaller radial error has to be obtained. So the main goal in this report is to keep 
this radial error as small as possible but maximal 0.1 pm. 

The tracks on a perfect disk follow an exact spiral (see figure 1.2). The distance between 
the tracks is 1.6 pm and the tracks are 0.4 pm wide. In practice the disks are not perfect 
but manufactured with a maximum track eccentricity of 100 pm. The maximum radial 
error that is allowed is 0.1 pm. This means that the gain of the sensitivity at the rotational 
frequency should be less then 0.001, which is similar to -60 dB. 

Figure 1.2: Detailed view of the disk 

In chapter 2 a model for the CD player (the plant) will be derived and also an external 
PID-controller will be designed. In chapter 3 simulations and experiments with the 
internal controller and the designed external controller will be presented. In chapter 4 a 
method to reduce the radial error further will be discussed: Single Period Learning. 
Finally conclusions and recommendations will be made in chapter 5. 



2 Experimental modelling and external controller design 

2.1 Experimental modelling 

Before there can be done any simulations, a model of the CD player has to be optained. 
The model of the CD player or the plant (P) can be determined out of the following 
expression when the sensitivity (S) and the controller (C) are known: 

In the figure below, the measurement setup is shown. 

source-md 

External Controller 

error-md 
CH2 

t 
DRIVE-rad 

Loop openlclosed 

Figure 2.1 : Measurement setup 

The signals are measured with the Virtual Swept Sine (VSS) option in the SigLab menu. 
The frequency range can be split into different ranges with different accuracy levels 
(settings are shown in appendix A). Every frequency response is measured at exact the 
same frequencies, because for all the measurements the same settings are used. This 
makes it easier to calculated with the optained vectors. 



2.1.1 Summation joint 

To make sure whether the summation joint is an ideal one or not, the frequency response 
from source rad to CHI is measured. During this measurement the loop has to be 
opened, which can be achieved by turning off the laser. The fiequency response of the 
summation joint is shown in figure 2.2. 

summation joint 
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Figure 2.2: Frequency response of the summation joint 

The summation joint is not an ideal one because it has a gain of -3.4 dB. Therefore the 
measurements of the sensitivity and the controller have to be corrected. Dividing these 
measurements by the frequency response of the summation joint will correct the data. 



2.1.2 Sensitivity 

The sensitivity can be optained by measuring the frequency response from source rad to 
CHI with the loop closed. The sensitivity, corrected for the summation joint, is shown in 
figure 2.3. 

sensitivity (controller = internal) 
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Figure 2.3: Sensitivity (with internal controller) 

Peaks appear at the rotational fkequency of 12 Hz and its harmonics. The coherence of the 
sensitivity is shown in figure 2.4. These peaks appear at the lower frequencies because 
the eccentricity of the disk at that point has a larger influence on the error then the noise 
injected in source - rad. The coherence is low between 0 and 130 Hz, so the peaks should 
be ignored during the fitting of the model. 

coherence of the sensitivity (controller = internal) 
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Figure 2.4: Coherence of the sensitivity (with internal controller) 



2.1.3 Internal controller 

The internal controller can be optained in two ways: 
- by measuring the frequency response from source-rad to DRIVE-rad with the loop 

opened and correcting it for the summation joint. 
- by using the electric charts for the print board [I] 

The fi-equency response of the internal controller, optained by measurement as weii as by 
using the electric charts, is shown in figure 2.5. 

internal controller 
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Figure 2.5: Frequency response of the internal controller 

2.1.4 Plant 

By using equation (1) the frequency response of the plant can be derived. This response 
has been fitted with a 6& order fit. Both the frequency response of the plant and its fit are 
shown in figure 2.6. 

plant (controller = internal) 
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Figure 2.6: Frequency response of the plant 



2.2 External PID-controller (phase 1) 

An external PID-controller was designed to reduce the radial error. Specifications for this 
design are: 
- bandwidth of 700 Hz 
- the sensitivity at the rotational frequency should be less then -60 dB (see chapter 1) 
- there has to be an amplitude margin of at least 2 so the maximum sensitivity should 

be less the 6 dE3 
- the phase margin has to be large enough (+I- 40') 

The characteristics of the external PID-controller, designed with DIET are: 
- gain(P-action):2.6 
- zero D-action: 233 Hz 
- pole D-action: 2400 Hz 
- zero I-action: 80 Hz 
- pole I-action: 5 Hz 
- bandwidth:698Hz 
- phase margin: 45" 
- maximum sensitivity: 5.7 dB 
- sensitivity at rotational frequency (12 Hz): -76 dB 

The frequency response of this stable external controller is shown together with that of 
the internal controller in figure 2.7. 

controller internal and external 

Figure 2.7:Frequency response of external controller and internal controller 



The frequency response of the sensitivity (see figure 2.8) is obtained in the same way as 
in paragraph 2.1.2 except now the internal controller is turned off and the external 
controller is implemented with dSpace (with a sample frequency of 40 kHz). Again the 
peaks below 130 Hz have a low coherence and can again be ignored during the fitting of 
the model. 
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Figure 2.8: Sensitivity (with external controller phase I )  

The open loop is shown in figure 2.9. 

open loop (controller = external phase 1) 
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Figure 2.9: Open loop (with external controller (phase I )  

It can be noticed that the bandwidth is not 700 Hz but 900 Hz. The reason is that dSpace 
causes a delay. So when the controller designed in DIET (Cdiet) is implemented in 
dSpace, actually a slightly different controller (Cd=CdietCdelay), which contains the delay 
from dSpace, is presented to the plant. A new plant (P,,,), containing ths  delay, can be 
derived from the following equation. 

S = 
1 - - 1 X 

~ c d i e t c d e l a y P = S - ' - l = X ~ P  =-- 
lt-CdP l+cdietCdebP 

new - 'dehp (2) 
'diet 



The frequency response of the plant containing the delay from dSpace together with a 6~ 
order fit is shown in figure 2.10. 

When the frequency responses of the plant with and without the delay from dSpace are 
plotted together in one figure, the delay is recognisable (see figure 2.1 1). The same 
applies for the 6th order fits (see figure 2.12). 

olant mt plant 

200 

- 100 
0, 

9 
0 

.c 
a -100 -400 

-200 -500 
1 0' 1 0' I 0' 1 o4 10' 10' 12 1 0' 

frequency [Hz] frequency [Hz] 

Figure 2.11: Frequency response of the plant Figure 2.12: Frequency response fit ofthe plant 
with and without delay dSpace with and without delay dSpace 

The plant containing the delay fiom dSpace will be used as "the plant" during the rest of 
tlvs report. 



2.3 New external controller (phase 2) 

Now the new plant containing the delay of dSpace is known, again an external controller 
can be designed in DIET using the new plant. The characteristics of this new, also stable, 
external controller are: 
- gain (P-action): 1.7 
- zero B-action: 180 Hz 
- pole D-action: 2800 Hz 
- zero I-action: 80 Hz 
- pole I-action: 5 Hz 
- bandwidth: 703 Hz 
- phase margin: 48" 
- maximum sensitivity: 5.0 dB 
- sensitivity at rotational frequency (12 Hz): -74.5 dB 

The frequency response of this new external controller (phase 2) is shown together with 
that of the previous external controller (phase 1) and the internal controller in figure 2.13. 

controller internal and external (phase 1 and phase 2) 
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Figure 2.13:Frequency response of external controller (phase 1 and phase 2) and internal controller 



4.3 Influence of a phase delay 

What would happen when the output of the memory loop is not added to the radial error 
at exactly the beginning of a period but a little bit earlier or later? In other words what 
would happen when a phase delay occurs? 

TO fmd out what the influence of such phase delay is on the radial error, some other 
simulations are done each with a differentphase delay. The results (maximum radiai-error------ -- - 

versus phase delay) are shown in figure 4.6. 
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Figure 4.6: The maximum radial error versusphase delay 

A delay of 360' is equal to a delay of exact 1 period. Every 36' a simulation was done 
and 10 additional simulations where taken between 0 and 36' (as well as between 324' 
and 360'). Figure 4.7 shows a zoom of the regions 0'. . .36' and 324'. . .360°. 

Maximum radial error with delay in the SPL memory loop 

delay [degl 

Figure 4.7: The maximum radial error versusphase delay (zoom) 
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- . 50% iine ofmax. negative enorwithout SPL 
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When the phase delay lies between -14.4' (=345.6') and 13.3', an error reduction occurs 
of zit least 50%. The smaller the phase delay, the bigger the error reduction. 



The sensitivity, coherence of the sensitivity and the open loop are shown in respectively 
figure 2.14, figure 2.15 and figure 2.16. 

sensitivity (controller = external phase 2) 
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Figure 2.14: Sensitivity (with external controller phase 2) 

coherence ofthe sensitivity (controller = external phase 2) 
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Figure 2.15: Coherence of the sensitivity (with external controller phase 2) 



Figure 2.1 6: Open loop (with external controller phase 2) 

During the rest of this report the external controller of phase 2 
external controller". The external controller of phase 1 was only 
derive the plant containing the delay from dSpace. 

will be used as "the 
temporary needed to 



3 Time domain simulations and experiments 

3.1 Simulations 

The internal and external PID-controllers, derived in chapter 2, are simulated in Simulink 
to see how large the radial error would be on simulation level. For the simulation 
schemes and simulation parameters used in Simulink see appendix B. 

To simulate fhe radiai track distubance a combination of 3 siiies is iised (preseildiig the 
rotational frequency at 12 Hz, and its znd and 3rd 1i~i1?110iik (see figure 3.1 and 3.2): 
- a sine with a frequency of 12 Hz and an amplitude of 100 pm 
- a sine with a frequency of 24 Hz and an amplitude of 25 ym 
- a sine with a frequency of 36 Hz and an amplitude of 10 ym 

150, , , , D;turban,ce S I Q ~ ; ~  , , , , D~sturbance s~gnal 

time [s] time [s] 

Figure 3.1: Disturbance signal Figure 3.2: Disturbance signal(zoom) 

The radial errors that occur using respectively the intemal and the external controller, are 
shown below in figure 3.3 and 3.4. 

Radial error with internal controller 
0.5 

time Is] 

Figure 3.3: Radial error with internal controller 

Radial error with external controller 
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Figure 3.4: Radial error with external controller 



The radial errors are periodic signals. When using the internal controller, the error 
specifications (maximum error < 0.1 pm), stated in chapter 1, are not met. The error lies 
between +0.1439 and -0.2159 pm. When the external controller is used, these 
specifications are just met. In that case the error lies between +0.0667 and -0.0954 pm. 

3.2 Experiments 

The next step is to implement the controllers on the measurement setup to see how big 
the rariiai errors are in practice. To gct the ra&d ermr the signal k a m  AE? - rad is 
measured with Conirddesk. There is though a pr~blem. The sips! that ?;is measwed with 
Controldesk is in volts, but it can be converted to pm. This is done as follows. 

When the radial arm is rapidly moved across the disk, it will come across a lot of tracks. 
The error signal that then occurs can be approached as a sine. The period of the error 
signal corresponds to a displacement of the radial arm of 1.6 pm (the displacement 
between two tracks). So when the error signal is at its maximum the radial arm displaced 
0.4 pm. Because the slope of the signal is about 45" when it passes a track, the height of 
the peaks that occur in the radial error can be assumed to be 0.4 pm as well (see figure 
3.5). 

error l 

Figure 3.5: Radial error versus radial displacement 



So to convert the radial error from volts to pm, first the radial error should be measured 
when the radial arm is moved rapidly across the disk. The signal shown in figure 3.6 is an 
example of such measurement. 

Radial error (moving the radial arm rapidly across the disk) 

O 0  8 

Figure 3.6: Radial error when moving the radial arm rapidly across the disk 

The maximum error is +0.0591 and -0.0601 volts. This measurement was repeated 
several times and the mean maximum error was about 0.06 volts. So 0.06 volts can be 
compared with 0.4 pm. To translate the radial error fkom volts to pm, the signals from 
aD - rad, measured with Controldesk, have to be multiplied by 6.67 (0.410.06). The radial 
errors, obtained with the internal and the external controller, are shown in respectively 
figure 3.7 and figure 3.8. Also the power spectra of these errors are plotted. 

Radial error (contmler = internal) 
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Figure 3.7: Radial error and power spectrum 
with internal controller 

Radial error (controler = external) 
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Figure 3.8 Radial error and power spectrum 
with external controller 

The sharp peaks that appear in the error, when using the external controller, are a result of 
a scratch on the disk and can be neglected. 



Both the internal and the external controller have a radial error that lies withn the 
specifications (between +0.01 and -0.1 1 pm with the internal and between +0.065 and - 
0.045 pm with the external controller), although it is critical in the case of the internal 
controller. Why the radial error of the internal controller (critically) meets the 
specifications during the implementation and during the simulations does not, can be the 
result of a wrongly chosen disturbance signal in the simulations. Only the rotational 
frequency and its first 2 harmonics were taken in account. The external controller does 
meet the specifications in the simulations because its has more gain than the internal 
seIltro!!er 2t I!nw fi-equemies. 

The power spectrum of the errors shows the influence of every disturbance frequency on 
the error. The rotational frequency and its harmonics have more influence than other 
frequencies. Also the actual rotational frequency can be simply determined using the 
power spectrum of the error. For example the 16" harmonic of the rotational frequency, 
in case of the external controller, lies at 188 Hz. This means that the rotational frequency 
is 11.75 Hz (188116). 

When the cumulative power spectrum of the error is plotted, the separate contributions of 
the rotational frequency and its harmonics to the radial error are clearer visible. The 
cumulative power spectrum of the external error is shown in figure 3.9 

Curnulativ? power spectrum error (controller = external) 
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Figure 3.9: Cumulative power spectrum of the radial error with external controller 

It is obvious that the rotational frequency has the largest contribution in the error. Second 
largest are the 4th and the 7th harmonics followed by the 5th and the gth. 



4 Single Period Learning (SPL) 

There is been seen that the radial error is a periodic signal. Using this fact can help to 
reduce the radial error further. Normally this is achieved using repetitive control [2]. 
However it is interesting to investigate if Single Period Learning (SPL) is useful. 

The main idea of SPL is to take 1 period of the radial error, put it into a memory loop and 
finally add the output signal fiom the memory loop, as a sort of feedforward signal, to the 
ra.&d CEGI- CxithOiit a~i jr  phase delay). Sc there is enly 1 mnme~t nf kming,  thc momcnt 
tEl;rt ! j;e;;lod of the radid ermr is "rec~rded" in the xmmq !oop 

4.1 Convergence criteria 

The convergence criteria for SPL are derived in this paragraph. The block scheme used 
for this derivation is shown in figure 4.1. 

Memory loop mf 
r e 

C P 

Controller Plant 

I I 

Figure 4.1: Block scheme with SPL memory loop 

The following assumptions have been made for the derivation: 
- period k is exactly one disk rotation 
- ek = the radial error during rotation k 
- f = the output signal from the memory loop 
- rk=d+nk 
- rk = the reference signal (setpoint) 
- d = the periodic part (the disturbance) of rk (dk+l = dk) 
- nk = the non periodic part (measurement noise) of rk 
- assumed that it is allowed to work with transfer functions for these finite time signals 

The sensitivity function S is defined as: 
1 

The complementary sensitivity hc t ion  T is defined as: 
CP T = -  

1+CP 



Using (3), (4) and the block scheme, the following equation can be derived: 

During the first rotation of the disk fl = 0 so equation (6) becomes: 
el =Sq-Tf i  = S q  = S ( d + n l ) = S d + S n l  (7) 

After the first rotation ofthe disk the learning part of SPL is done and as fiom the second 
rotation of the disk, f will be: 
f  = el = Sd + Sn, (8) 

So e2 will be: 
e2 =Sr,  -Tf =Sr2 -T(Sd+Sn,)=Sd+Sn,  -TSd-TSn, 

Using (9, equation (9) becomes: 
e2 = S(1- T)d + Sn, - TSn, = S2d + Sn, - TSn, 

The final equation that will hold for every disk rotation besides the first, is equation (1 1): 
e, = S2d  + Sn, - TSn, (11) 

So there can be concluded that the periodic part d of the reference signal will be 
suppressed with a factor s2. Of come  the disturbance signal will also be amplified 
around the bandwidth, but at those frequencies the disturbance signal is not much 
reproducible anymore. The noise however, will be statistically seen raised. The signal nl 
is uncorrelated with nk, so the variances of these signals will be added to each other. 



4.2 Simulation 

To see what Single Period Learning is capable of, a simulation is done in Simulink. The 
same simulation scheme is used as in chapter 3.1, containing the external controller, but it 
has been extended with the memory loop (see figure 4.2) 

Disturbance Radial Error 

Figure 4.2: Simulink simulation scheme with SPL memory loop 

For the disturbance signal, the same signal as in chapter 3.1 is chosen. There is no noise 
injected in the system. 

I 
Clock Switch1 

Out 1 

Figure 4.3: The SPL memory loop 

The memory loop, shown in figure 4.3, works as follows: the radial error enters the 
memory loop at "in 1". The 2 "switches" make sure that the signal that arrives at the 
"transport delay" contains only 1 period of the radial error. The "transport delay" causes 
a delay of exact 1 period and keeps repeating its own output (due to the feedback loop). 

The period of the radial error that is repeated in the memory loop has a length of l/f, 
seconds. F, is the frequency used in the memory loop and has to be taken equal to the 
rotational frequency frat (= 12 Hz.). 



To be sure that the transient response, caused by the activation of the simulation, is gone, 
the memory loop is activated by "switchl" after 0.16 seconds (2/fm). The 3rd period of the 
radial error was captured in the memory loop and exactly at the beginning of the 4th 
period the output signal fi-om the memory loop was added to the radial error. So no phase 
delay occurred. The radial error that is measured during this simulation is shown in figure 
4.4 and a zoom in figure 4.5. 

Radial ermr using Slngle Period Learning 
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Figure 4.4: Radial error using SPL 

x 10" Radial error using Single Period Learning 
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Figure 4.5: Radial error using SPL (zoom) 

Using Single Period Learning causes a tremendous decrease of the radial error, which lies 
now between the +0.23 nm and -0.22 nm. That implies a maximum error reduction of a 
factor 434. 



4.4 Influence of noise 

To see what influence noise has on the performance of SPL, two simulations were done. 
The noise used in these two simulations is white noise, has a sample fi-equency of 250 
Hz, a power of le-7 and is injected as measurement noise in the feedback loop. The noise 
is plotted in figure 4.8. There is no phase delay during these simulations. The resulting 
radial error is shown in figure 4.9. 

Noise (sample frequency = 250 Hz. Power = le-7) 
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Figure 4.8: Noise signal 

Radial error 
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Figure 4.8: Radial error; ~ " ' $ ~ u r e :  no noise injected; 2 n d ~ r e :  noise injected after learning process (no 
noise in memory loop); 3 r d ~ r e :  noise injected at beginning of simulation (also noise in memo y loop) 

In the first figure the radial error is plotted without injecting the noise. In the second 
figure the noise is injected after the learning process in the memory loop took place. So 
the output signal of the memory loop contained no noise. The noise is simply added to 
the radial error. In the third figure the noise is injected at the beginning of the simulation 
so the noise is also put in the memory loop. Because the output signal of the memory 
loop contained noise, the noise part in the radial error is amplified. 



To see how large this noise amplification is, another simulation is done without the 
disturbance signal. So the radial error would only contain the influence of the noise. The 
resulting radial error is shown in figure 4.10 (The output signal of the memory loop is 
added to the radial error at the time of 0.25 seconds). 

Radial ermr 
0.02, 

time [sl 

Figure 4.1 0: Radial error without using disturbance signal; I"fJgure: noise injected after learning process 
(no noise in memoly loop); 2 n d ~ r e :  noise injected at beginning of simulation (also noise in memory 
loop) 

The noise amplification can be clearly seen. Using the 2nd norm of the signals the 
following equation is obtained (see appendix C for validation): 

with: el = the radial error signal when the noise is learned in the memory loop 
= the radial error signal when the noise is not learned in the memory loop 

f, = the output signal from the memory loop containing the noise 

Theoretically Ilfnl12 and Ilenlll2 should be the same and uncorrelated. In the simulations no 
exact white noise can be simulated so there is a little correlation between the two signals. 
In theory Ilell12 should be an addition of two uncorrelated noise sequences, so equation 
(12) becomes: 

So due to the memory loop the measurement noise will be amplified with a factor 42. 



4.5 Influence of not knowing the rotational frequency exactly 

During the simulations that have been done in this chapter the rotational frequency (frat) 
was exactly known. So it was easy to obtain exactly one period of the radial error to put 
in the memory loop. The period that was taken had a length of llf, seconds and f, (the 
frequency used in the memory loop) was chosen the same as got = 12 Hz. But what would 
happen if the rotational frequency is not exactly known and f, therefore is not taken 
equally to frat? In that case not exactly one period of the radial error will be taken in the 
memery !cop, h a  a s ip-1 that is a little bit larger or smaller than one period. The radial 
mor  tkit occws when gDt = 12 Hz m d  fz = 11 Hz is shown in figure 4.1 1 (there is no 
phase delay znd no coise). 

Radial error (hot -12 Hz ,  fm = 11 Hz) 
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Figure 4.11: Radial error; f,, = 12 Hz and fm = 11 Hz 

The radial error (+I- 0.1612 pm) is even larger than when SPL is not used. So it is 
obviously necessary to know the rotational frequency exactly to use SPL properly. At one 
point in figure 4.1 1 (after about 1.2 seconds) the radial error is ex.tremely small again for 
a short time. This is the point where the period of the output signal of the memory loop 
and the period of the radial error start exactly at the same time. For a time-period, which 
is equal to the smallest period of the two signals, the signals overlap each other resulting 
in the same radial error as discussed in chapter 4.2. At what time these overlap points 
(OP) occur, can be calculated with the following equation: 

To = is the period between two overlap points 
Tb = the time that SPL is not operational in the beginning of a simulation to be sure the 
transient response is gone and is not taken into the memory loop. 



When fm is taken closer to f,,, the maximum amplitude of the radial error is not getting 
any smaller (+/- 0.1622 pm). Only the time between two overlap points is getting longer. 
In figure 4.12 and 4.13 the radial errors are shown with cot = 12 Hz and respectively fm = 
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0.6 

Radial error (fm = 11.95 Hz) ] 

1 

-0.4 , , , , , I : ~ ~ ~ 1  , , , , 

-0.6 
0 2 4 6 8 10 12 0 2 4 6 8 10 

time [sl time [s] 

Figure 4.12: Radial error;&, = 12 Hz and fm = 11.9 Hz Figure 4.13: Radial error;$,, = 12 Hz and fm = 11.95 Hz 

When fm= 11.9 Hz: OP = 0.17 + k*10 = 10.17, 20.17, etc. 
Whenf,= 11.95Hz: OP=0.17+k*20=20.17,40.17, etc. 

Because the output signal from the memory loop has a different period than the radial 
error, it can be seen as a signal with the same period length as the radial error and 
containing a time dependent phase delay. Each period the output signal from the memory 
loop corresponds with a signal with a different phase delay. The delay of period k @k), in 
degrees, can be obtained using the following equation: 

A delay of 360' is equal to a delay of 1 period of the radial error (l/f,,S. 

When fm = 11.9 HZ: Dk = k*3.02'. 
v y % ~ ~  fm= 11.95 HZ: ~ ~ = k * ! . 5 ! ~  

So when fm is chosen closer to fmt, the delay difference between two successive periods 
will be smaller. The radial error is not getting bigger than 0.1622 pm because that is also 
the maximum radial error when a delay occurs (see figwe 4.6 in chapter 4.3). There is a 
great resemblance between figure 4.12 and figure 4.6, which confirms the theory 
described here. 



4.6 Robust control 

In an attempt to make SPL robust for not knowing the rotational frequency exactly, a 
method presented by Steinbuch [3], which performs well in case of repetitive control, 
was used. The main idea of this technique is to take 3 successive periods (el, e2 and e3: 
each with a length of llf,) of the radial error into the memory loop instead of one and 
multiply these periods with weight factors (respectively 3, -3 and 1). The memory loop 
that was used is shown in appendix D. So the output signal fi-om the memory loop will be 
a repetiticn cf the sips!: 32;-3e2+e3. 

For the simdatim fmt = 12 Hz and f, = 11.9 Hz was used. The radial error is shown in 
figure 4.14 without the robust control and in figure 4.15 with robust control. 

Radial error (fm = 11.9 Hz) ] Radial error with robust control (fm = 11.9 Hz) ] 

time [s] time [s] 

Figure 4.12: Radial error; ht = 12 Hz and fm = 11.9 Hz Figure 4.13: Radial error; f,, = 12 Hz and fm = 11.9 Hz 
without robust control with robust control 

Unfortunately the robust control used in the case of repetitive control does not work well at all 
using SPL. 

4.7 Analysis 

In case thzt the cnrrect frequency info is not availablej the following problem occixsr 

sin(2dt)- r=l q ~ i n ( 2 ~ t ) )  (16) 

with fo the given frequency of the disturbance and fi + fo. 

To solve this problem is for further shdy. 



5 Conclusions and recommendations 

The main goal of this report was to keep the radial error as small as possible and at least 
0.1 ym. In order to achieve this an external PID-controller was designed and tested. With 
this PID-controller the error specification of 0.1 pm was met. To obtain a smaller radial 
error Single Period Learning (SPL) was introduced. 

The conclusions about SPL that can be drawn are: 
- SFL decreases the radial enor speciacularr. The radial enor is +/- 0.22 rim when iio 

phase deiay occurs, no noise is iiijecied the rotztioiia! fieqiieiiey is exazt!j: 
known. 

- When the phase delay lies between -14.4' (=345.6') and 13.3', the error reduction 
will be at least 50%. The smaller the phase delay is that occurs the bigger the radial 
error reduction will be. 

- SPL amplifies noise with a factor 42. 
- SPL is very sensitive for not knowing the rotational frequency exactly. 
- The robust control technique used for repetitive control does not work well with SPL. 

Recommendations: 
- Try to implement SPL on an experimental setup to see if the results gained in the 

simulations also apply in practice 
- Develop a filter that filters out the noise before learning. 
- Try to develop a robust control technique for SPL to make it less sensitive for not 

knowing the rotational frequency exactly. 
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Appendix A: Settings Virtual Swept Sine (VSS) 

Figure A. 1: Settings VSS 



Appendix B: Simulink simulation schemes and parameters 

Sine b Wave 

Sine Wave2 

F! Disturbance PI Radial error 

0.3346212s2+541 .196stle5 

0.1652332s2+51 73.1 96scle5 

Figure B.1: Simulink simulation scheme with internal controller 
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Figure B.2: Simulink simulation scheme with external controller 
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Figure B. 3: Simulation parameters 
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Appendix C: Simulation results for influence noise 

Every simulation another realisation of the noise (seeds) is used. 

Tabel C.1: Simulation results for influence noise 



Appendix D: Memory loop used for robust control 

I Delay I 

Figure D. I :  Memory loop used for robust control 
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