
 

Design of an Iterative Learning Controller

Citation for published version (APA):
Consten, H. J. L. M. (2003). Design of an Iterative Learning Controller: analysis, design, simulation and
implementation on the 'H-drive'. (DCT rapporten; Vol. 2003.031). Technische Universiteit Eindhoven.

Document status and date:
Published: 01/01/2003

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/cc926c9b-4180-49c8-ac07-8db654e723d3


Learning Controller 
Analysis, Design, Simu ation and Implementation on the 
" H-Drive" 

H. J.L.M. Consten 

DCT nr.: 2003.31 

Research report 

Coach: Dr.ir. M.J.G. van de Molengraft 
Supervisor: Prof.dr.ir. M. Steinbuch 

Eindhoven, July 2003 



Summary 

This report is about Iterative Learning Control (ILC). It is a useful method to control 
motion systems that have to repeatedly perform the same task. An example of such a 
system is an industrial pick and place system like the H-drive in the DCT laboratory. An 
important feature of a motion system is the accuracy with which it can follow a desired 
trajectory, expressed in the tracking error. If the tracking error is mainly reproducible it 
will be almost identical every time the same trajectory is followed. This is not optimal. 
ILC is a method that, as the name already suggests, tries to learn from this error. 
This way the error is supposed to get smaller and smaller each iteration until only the 
unreproducible part remains. Attention has to be given to convergence and stability of 
the ILC-controller. 

Before the ILC-controller can be designed first a traditional feedback controller is tuned. 
Therefore a model of the H-drive is needed. This is obtained by fitting a model to the 
frequency response function (FRF) of the H-drive. The FRF is derived from sensitivity 
measurements. Now the ILC-controller can be designed. 

There are several methods to design an ILC-controller. In this report two will be 
presented. The first method uses the Zero Phase Error Tracking Control (ZPETC) 
algorithm to determine the inverse of the process-sensitivity. The second method is 
the differentiate and filter (D&F) method. The non-causd part of the inverse process- 
sensivity is used to filter the measured error signal. The remaining part can be solved by 
a boundary value solver. This solver must be able to deal with unstable systems because 
a non-minimum fase system causes unstable poles in the inverse process-sensitivity. 

Finally simulations and experiments are done with both the ZPETC as the D&F con- 
troller. The results are evaluated and the error turns out to be reduced. The advantage 
of the second method is that begin and end conditions can be prescribed. This means 
that with the D&F-method there are no discontinuities (that cause error) between two 
iterations as is the case with the first method. But this could not be verified on the 
H-drive because of numerical problems. The method proved to get good results in sim- 
ulations and experiments with lower order models with only begin value prescription. 
However the second method has far longer computing time. Maybe by improving the 
numerical methods used to design an D&F-ILC-controller, the numerical problems can 
be overcome and the computing time can be reduced. In that case the D&F-method 
can be made competitive with the ZPETC-method. 



Summary (Dutch) 

Dit verslag gaat over Iteratief Lerend Regelen (ILC). Het is een nuttige methode om 
motion systemen te regelen die herhaaldelijk eenzelfde taak moeten uitvoeren. Een voor- 
beeld van zo'n systeem is een industrieel positioneersysteem als de H-brug in het DCT 
laboratorium. Een belangrijk kenmerk van een motion systeem is de nauwkeurigheid 
waarmee het een gewenste trajectorie kan volgen, uitgedrukt in de volgfout. Als de volg- 
fout hoofdzakelijk reproduceerbaar is, zal deze bijna identiek zijn elke keer dat dezelfde 
trajectorie gevolgd wordt. Dit is niet optimaal. ILC is een methode die, zoals de naam a1 
aangeeft, probeert te leren van deze fout. Op deze manier is het de bedoeling dat de fout 
elke iteratie kleiner wordt totdat, alleen het niet reproduceerbare deel over-blijft. Er 
moet aandacht besteed worden aan de stabiliteit en convergentie van de ILC-controller. 

Voordat de ILC-conroller ontworpen kan worden, wordt eerst een traditionele controller 
getuned. Hiervoor is een model van de H-brug nodig. Dit wordt verkregen door een 
model te fitten op de frequency response function (FRF) van de H-brug. De FRF is 
afgeleid uit de sensitivity metingen. Nu kan de ILC-controller ontworpen worden. 

Er zijn meerdere methoden om een ILC-controller te  ontwerpen. In dit verslag worden er 
twee gepresenteerd. De eerste methode gebruikt het Zero Phase Error Tracking Control 
(ZPETC) algoritme om de inverse process sensitivity te bepalen. De tweede methode is 
de Differentiate and Filter (D&F) methode. Het niet causaie deei van de inverse process 
sensitivity wordt gebruikt om de gemeten fout te filteren. Het overblijvende deel kan 
worden opgelost met behulp van een ranclwaarde solver. Deze solver moet in staat zijn 
om met onstabiele systemen om te gaan omdat niet minimum fase systemen zorgen voor 
instabiele polen in de inverse process sensitivity. 

Tenslotte worden simulaties en experimenten uitgevoerd met zowel de ZPETC als de 
D&F controller. De resultaten worden geevalueerd en de fout blijkt te zijn verkleind. 
Het voordeel van de tweede controller is dat er begin- en eindcondities voorgeschreven 
kunnen worden. Dit betekent dat met de D&F-methode geen discontinuiteiten (die 
fouten veroorzaken) optreden tussen twee iteraties terwijl dit we1 het geval is bij de 
eerste methode. Maar dit kon niet geverifieerd worden op de H-brug als gevolg van nu- 
merieke problemen. De methode bewijst we1 in staat te zijn tot goede resultaten tijdens 
simulaties en experimenten met lagere orde modellen en alleen voorgeschreven begin- 
waarden. Daarentegen heeft de tweede methode een veel langere rekentijd. Misschien 



kunnen, door de numerieke methoden die gebruikt worden om de D&F-ILC-controller 
te ontwerpen te verbeteren, de numerieke problemen opgelost en de rekentijd verkort 
worden. Ir, dat gem! de D&F-~ethede concurreren met de ZPETC-methode. 
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Introduction 

This report is about Iterative Learning Control (ILC). ILC is used to reduce the tracking 
error by "!earnir,g" ar, optima! Feedforward signal. This method is usefu! for motion 
systems that have to perform the same task over and over again. Two very important 
features of a motion system are speed and accuracy. The idea behind ILC is that on 
top of the standard feedback controller a feedforward signal is implemented. Especially 
when demands on performance are very high, like for very accurate positioning systems, 
it is an advantage when the error can be cancelled in advance rather than to react on it 
when it is already present, like a traditional controller would do. Determining what the 
feedforward signal should look like, in order to minimize the remaining error, is the goal 
of this report. To evaluate the ILC technique it is used on a real system; the H-drive. 
If the ILC controller works properly the ideal feedforward can be obtained after only 
a few iterations. Once the ILC controller is designed and tested on convergence the 
feedforward for any trajectory can be computed. 

First an investigation of the existing literature is done followed by a complete identifi- 
cation of the H-drive. The actual computation of the feedforward signal is done with 
the often used ZPETC method. Also a new idea in determining the ideal feedforward 
for ILC, the D&F method is investigated. 

Results from sim::!atior,s a2d experime~ts form the basis of the evduatior, of the perfor- 
mance of the ILC algorithms that were used. Finally the experiences are summarized 
in the conclusion and also some recommendations to further improve certain aspects 
conclude the report. 



Chapter 1 

ILC theory 

The following paragraphs will give an introduction to the idea behind Iterative Learning 
Control. It  is explained for what kind of motion systems this technique is designed 
and what the extra value is compared to traditional controllers. Also stability will be 
discussed. Finally some design techniques are described. 

1.1 Introduction 

The common way to control a plant P is to design a feedback controller C. With P 
and C the transfer functions of the plant respectively the controller are meant. The 
schematic control model is presented in figure 1.1. Assume that P has to follow the 
same desired trajectory r (limited in time) repeatedly, resulting in an error e. If e is the 
same every time the trajectory r is repeated maybe it is possible to learn from this error. 
The idea of ILC is that when you know: (1) the desired trajectory, (2) the actual path 
followed by the motion system and (3) you have a model that approximates the system, 
maybe you can compute an input signal for the motion system that would cancel the 
error. 

This is comparable with the example of the hunter who tried to catch fish with a 
javelin. After a few attempts he realized that if he just aimed at the fish he would miss. 

Figure 1.1: Schematic representation of the control model commonly used to  control a 
plant P 
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Figure 1.2: Schematic representation of the model used for ILC. A4em.or-g means that the 
signal from. last iteration., stored i n  a vector, i s  used for th,e current iteration. 

If he however aimed a little lower than were he saw the fish, he would catch it. This 
phenomenon is the result of the refraction of light due to the difference in light-speed 
between air and water. 

In fact we are searching for an optimal feedforward signal u f f .  If we have a model of 
the plant P the open loop feedforward can be determined with the inverse of P. The 
advantage off this method is also that u f f  is computed with the desired output yd. It 
can be visualised as follows: 
Y d  ---+ P-I + U f f  + P - + y  
Now we can calculate the optimal feedforward u f f  in order to make sure that y is yd 

The new control model including ILC is depicted in figure 1.2. u f f  is computed offline 
which is symbolized by the colored box in figure 1.2. It is added to the control scheme 
of figure 1.1. We assume that C has been designed in such a way that a stable closed 
loop system exists. The tracking error is measured and filtered offline by the learning 
filter L to get the u f f .  The next time the trajectory is executed this u f f  is added to 
the controller output and a new error is measured. It  can be necessary to implement a 
Q filter if the L filter does not represent the inverse process sensitivity well enough. If 
we neglect this filter for now the learning rule is given by: 

In an ideal case the error is zero after one iteration step considering we are able to 
design a perfect filter-L. However due to unreproducible disturbances in the system 
and errors during the L filter design the error is reduced but not completely zero. The 
closed loop is maintained to deal with the unreproducible disturbances. 

The remaining error can be reduced by repeating the procedure described above; filter 
the remaining error with L and update the u f f  from the previous iteration. After a few 
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iterations the error should be minimized such that only unreproducible disturbances re- 
main. This is the best result we can get since the controller is not capable of eliminating 
unreproducible disturbances. 

In the next section a method to convert the measured error into a feedforward signal is 
derived. A filter needs to be designed that is stable and will (theoretically) reduce the 
error to zero. For more information about ILC see Moore [I] 

1.2 Stability analysis 

The learning rule from equation 1.1 can be converted to the frequency domain using 
C L -  w -..- :,- ,,,"L,, uLtz x u u  t~ a u n ~ u ~ u ~ .  Thk yk!d~: 

The goal of ILC is to minimize the error E. Therefore we want the new error to be 
smaller than the last one. In mathematical notation this is: 

E is the Fourier transform of the error e. This means E is not a single number but a 
frequency vector. Therefore we have to take the infinity norm of E to make sure that 
the amplitude of Ek is smaller than E'-~ for the whole frequency domain. 
Substituting equation 1.2 into equation 1.3 we get: 

The left side of equation i.4 can be written as: 

With: 
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Substituting E~ in equation 1.4 yields: 

ml.. -'.-A -$ +L -:-LA . llle B C L U U ~  YCLLL uL Llle 1 1 6 1 1 b  side of ecp&t,tion 1.7 is the same as f r ~ m  ey~aticr, 1.4. SG 
from equation 1.7 we can conclude that the learning rule 1.2 is stable if: 

And equation 1.2 will converge to zero if equation 1.8 is smaller than 1. Ideally the left 

part of equation 1.8 should be zero. In that case u"' I /  f f  l l w  = Il~jf l l W  . In one iteration 

the feedforward signal is not updated anymore and following equation 1.4 the error is 
reduced to zero. From equation 1.8 it can be seen that to accomplish this, L should be 
(12:p) ; the inverse process sensitivity SF'. 

In practice Sp-l can not be used for L straight away. First some problems have to be 
solved. To begin Sp-' can be non-causal. This is caused by the fact that the order of 
the numerator of the transfer function is higher than the denominator. This will be the 
case for most motion systems. A second problem can be the fact that the original system 
is non-minimum-phase. The zero in the right halve plane will become an unstable pole 
of SpP1. The first phenomenon will cause the system to be exited when the original 
input signal was still zero. The second phenomenon will cause numerical problems when 
computing the ideal feedforward signal so the result is not reliable. 

In the next section a technique that solves the problems of designing the L filter will 
be discussed. The derived filter L can be tested by multiplying it by S, and plotting 
the bode diagram of it. It should be below one. Also equation 1.8 can be computed 
and the result plotted in a Nyquist diagram. The plot should lie within the unit circle 
but for robustness usually a margin of 0.5 is taken into account. This is because L is 
only an approximation of SF'. This could make the actual Nyquist plot of equation 
1.8 become bigger than the unit circle causing the learning controller to get unstable. 
Using a margin of 0.5 prevents this from happening. Furthermore the model of the 
plant is only an approximation of the real system. Identification of the high frequency 
dynamics is usually more difficult than low frequency dynamics. Measurement data 
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Figure 1.3: Feedforward controller for perfect tracking 

yd(k+d) - 

used to scale the steady state gain which yields the term Bu(l)  in the denominator of 
equation 1.12: 

Equation 1.11 can also be written as: 

with y ( k )  and uf ( k )  the signals from figure 1.3. 'Equation 1.12 and 1.13 together yield: 

- A(Z-I) 
B (z- ) 

This equation is the condition for perfect tracking. In the frequency domain this equa- 
B U ( z - l )  tion is examined again. From --- B U ( l )  both the gain and phase shift can be determined. 

The gain is evidently not equal to one for all frequencies and there is also a phase shift. 
For low frequency signals the errors should be small but especially the phase error can 
cause unwanted behavior. The phase error can be compensated by g. The following 
relation then occurs: 

Bu (rl) Bu ( z )  
BU( l )  B U ( 1 )  

(1.  15) 

A(z-I) 
z-~B(z-I) u8(k) 

from that can be concluded that the phase shift is indeed zero for all frequencies. 

L 
§P 

~ ( k )  

Equation 1.12 now is: 

The extra term in the numerator B U ( z - l )  of order u introduces an extra delay of u. 
The total delay now is d + u. 

Finally it can be concluded fiom equation 1.12 and 1.16 that: 
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-1.5 -1 -0.5 0 0.5 1 
RE 

Figure 1.4: I/i,sualization of the pole and zero relocattion by Me ZPETC algorithm. in the 
complex plane. Poles of Sp a,re displayed by: %, zeros of Sp are displayed 
by: 0,  Poles of L are displayed by: 0, zeros of L are displayed by: A. 

From equation 1.17 can be concluded that the ZPETC method causes no phase error. 
That explains the name Zero Phase Tracking Error Controller. The filter however does 
cause an amplitude error. The amplitude match is especially bad in the high frequency 
region because that is where the unstable zeroes are usually located. This is another 
good reason to use a low-pass filter for Q in figure 1.2. 
The measured error can be filtered by L and Q. The L filter that is derived is non- 
causal. This problem is solved by shifting the ZPETC inverse signal s + u samples back 
in time. The u f f  signal can be shifted in time because it is computed offline. 

In figure 1.4 the ZPETC algorithm is explained visually. The poies and zeros of a 
discrete system can be displayed in the complex plane. The stable poles lie within the 
unit circle. Poles outside the unit circle are unstable but also poles on the negative real 
axis and close to -1 give a high oscillatory response. For the ZPETC algorithm the place 
of the zeros in the complex plane is important because they will become the poles of the 
learning filter. Zeros outside the unit circle will cause the learning filter to be unstable 
causing great problems when the L filter is used to transform the measured error into 
a good feedforward signal. In figure 1.4 an example of a system with eight zeros and 
eight poles is displayed. The zeros 1, 2 and 3 of Sp lie outside the unit circle. According 
to the ZPETC method these zeros (displayed as circles in figure 1.4) are inverted and 
transformed into zeros of L (triangles in figure 1.4). Also the poles of Sp (stars in figure 
1.4) are transformed into zeros of L. 
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1.3.2 The D&F method 

The Differentiate and Filter (D&F) method is another method that solves the problems 
of non-causaiity and instabiiity. It was proposed by 
M.G.E. Schneiders [3]. ZPETC is fast en stable but it's amplitude is not accumte. The 
D&F method is supposed to have a better amplitude approximation especially when the 
inverse process sensitivity is unstable. Another advantage of this method is that begin 
and end values can be prescribed because the error signal is differentiated and then 
filtered. If a two point boundary value solver, that can also handle unstable differential 
equations, is available begin and end values can be made compatible. It means that 
there are no longer discontinuities between the end of one iteration and the beginning 
of another. This way the influence of the designer on the result is much bigger than 
with the Z P E K  method. 

The method works as follows. First the process sensitivity is presented. Again it is 
assumed that a mathematical representation of Sp is available. But now we use the 
zero-pole-gain (zpk) notation in continuous time. 

Normally SF' will be non-causal so M > N. The system can be split up in a causal 
part H-' (s),, and a non-causal (stable) part H-l (s),. 

Mnc nrnc=l Mc ( S  f 

L = H-' ( s )  = k 11 ( S  + zmnc) Nc 
mnc=l nnc=l ( S  f P ~ C )  

The non-causal part can be simplified until a linear combination of differentiators re- 
mains. Each with it's own parameter. 

Mnc 

HP1(s)nc = k ( s  + zmnc) 
mnc=l 

Mnc 
Mnc 

= aMncS + "Mnc-1 
,Mnc-1 +...  +als+ao 

Equation 1.20 can be seec as the first part of the L filter. Thus the mea,sured error 
signal is first differentiated with the non-causal part of L, H-'(s),,. The differentiating 
part is discussed by M.G.E. Schneiders [3] and also by A.P. Teerhuis [4] 
In the next step the signal resulting from step one is filtered with the causal part of 
L; H-l(s),. It can occur that H-'(s), is unstable. Therefore we need a solver that is 
capable of solving unstable differential equations and can also solve the boundary value 
problem. A two point boundary value solver for stiff unstable differential equations was 
made by B.Roset. For more information see [6]. 
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With this solver begin and end values of the u f f  signal can be prescribed to some 
extend. The amount of boundary values that can be prescribed depends on the order 
of the differential equations. The feedforward and it's derivatives at begin and end of 
an iteration can be forced to be the same. No more discontinuities wili occur between 
iterations as it was the case with ZPETC. The error will be positively affected because 
a discontinuity (step) in input signal of the plant will cause extra error and unwanted 
osciiiation. We do have to realize that not the error is filtered but the diserentiated 
error so the boundary values will have to be adjusted. 

Also an advantage is that no transformation from continuous to discrete time is nec- 
essary which normally reduces the accuracy of the L filter. On the other hand the 
measured error signal is in discrete time so still a transformation is necessary. 

Of course there are aiso disadvantages. Fbr example solving an unstable system costs 
a lot of computation time. Furthermore differentiating a sampled signal, redefining the 
boundary values for the causal part of L and solving an unstable system can lower 
the accuracy of the method. Summarizing the advantagesldisadvantages of D&F over 
ZPETC: 

advantages: 

1. Better amplitude representation if unstable zeros are present. 

2. The transfer function can be in continuous time. 

3. Begin and end values can be prescribed to a certain extend. 

disadvantages : 

1. Unstable system usually cause numerical difficulties. 

2. Differentiating of error is usually not accurate. Especially if the error signal is 
very polluted with noise and a lot of differentiating steps are necessary. 



Before we can start designing traditional controllers or try to derive an ILC controller, 
the behavior of the H-drive has to be known. In this chapter, first and introduction to 
the H-drive is given followed by an identification of the plant. The model will later be 
used to design a standard controller. 

2.1 Introduction 

The H-drive in the Systems and Control laboratory is a Pick and Place system designed 
by Philips. I t  is normally used for assembly purposes like placing electrical components 
on a Printed Circuit Board but in the Systems and Control Lab it is used for tracking 
experiments. A picture of the system can be seen in figure 2.1. As can be seen in this 
picture the H-drive consists of three axes. Two Y-axes and an X-axis perpendicular to 
the Y-axes. 

All three axes are powered by a linear motor; a so called LiMMS (Linear Motion Motor 
System). The sliding mass on the X-axis has a coil which acts as a periodic magnet. 
When the current changes the magnetic force changes in magnitude and direction. On 
the X-axis permanent magnets are mounted with constant distance between them. If 
the current trough the coil is controlled properly the sliding mass and the axis can 
repel or attracted each other making the slider move in the desired direction and with a 
certain speed. In this report only the X-axis will be considered. Every axis has a linear 
encoder with a resolution of 1 pm. 

The control is done with a Dspace board for which a controller can be made in Simulink. 
The Dspace board is set to work at  a sample frequency of 5 kHz. A nice user interface 
has been made by A.F. Rovers [5] (See also for more info on LiMMS, the interface and 
safety layer to protect the system from end-of-stroke collisions or to high currents). So 
initialization safety-layer and synchronizing the two Y sliders has been taken care off. 
In figure 2.2 (a) the simulink model is displayed. The block HDrive represents the 
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Figure 2.1: Picture of the H-drive in  the Systems and Control laboratory 

plant and contains the programmed user interface with all before mentioned aspects 
like safety precautions and initialization. After the initialization procedure is done the 
enable "button" Out-Ctren is activated so after that the control is given back to the 
user. Whatever is defined in block Subsystem is executed. In Subsystem a feedback 
controller and a trajectory can be implemented. The block Subsystem has got an input 
signal connected to pos that contains information about the position of the X-axis and 
the two Y-axes. The output signal from o u t l  contains the thee input currents [ A ] for 
the motors that move the three axes. 

2.2 System identification 

In this report only the x-axis is considered. It's presumed that the x-axis is independent 
of the y-axes. Especially in this case this assumption can be made because the y-axis 
will not be moving during any of the experiments and after initialization the y-axis are 
always positioned at the same place. In the next sections the H-drive is identified and 
a transfer function model is derived. 

The technique used to identify the II-drive is by performing sensitivity measurements. 
The control model of this can be seen in figure 2.2 (b). It is the contents of the block 
Subsystem of figure 2.2 (a) so between the two points pos and o u t l  the H-drive can 
be considered. At sum2 noise is injected before the controller C. The noise is supposed 
to be white noise which means that all frequencies from zero to infinity are present 
in the signal with the same intensity. Of course this is only possible in theory. In 
practice it will be a approximation of white noise. The frequencies present in the noise 
signal will excite all dynamics in plant HDrive. Because of the feedback loop the effect 
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Out-Time 

Out-State 
Start Align 

i n t a r t  

I 
Out-iPDiive 

HDrive 

Subsystem 

(a) Simulink model containing the user interface to control the H-drive 

ref3 x-as 

(b) Contents of the Subsystem from (a)  

Figure 2.2: Control models used for sensitivity measurements 
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of the excitation is present in e. By measuring the input ToWorkspace2 and output 
ToWorkspacel, the plant can be identified because now is known how the dynamics 
are excited. 

The reference signal r is not zero but a slow constant velocity trajectory. The sensitivity 
measurement is not to much affected by friction and cogging this way. Coulomb friction 
a d  cogging can not be overcome with only a noise signal which characteristics are 
that it has limited amplitude and average zero. Without the reference trajectory r the 
H-drive would probably not even move. The results of such a sensitivity measurement 
are useless. It can be proved that r has got no influence on the result of the sensitivity 
measurement. 

The equation of the transfer function from input to output in figure can be derived from 
figure 2.2 (bj: 

1 

From the same figure can be seen that the measurement is performed closed loop to 
ensure the system is stable. Although we are identifying the plant and therefore have no 
knowledge of the system to base the controller design on, we have to have a stabilizing 
controller Trans  f ercontrollerx. A weak PID controller is used to make sure the system 
is at least stable and performance is not so important. The controller used to perform 
the transfer function measurements is presented in figure 2.3 (a). 
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(a )  Bode diagram of the implemented con- (b) Measured controller versus imple- 
troller mented controller on limited frequency 

interval 

Figure 2.3: Controller used to perform the sensitivity measurements. It is a weak PID 
controller. (zpk notation: z=[-0.0101 -0.98991, p=(-1.000e3 - 1.000-~], 
k=iOOi) 
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Frequency i Hz] 

Figure 2.4: Sensitivity measurement X-axis 

The Matlab commands c0here.m and tfe.m can be used to compute respectively the co- 
herence and frequency response function (FRF). The coherence can be used to evaluate 
the quality of the measurement. If the coherence is close to one the quality is good. Is 
it zero than the result can't be trusted for that frequency. The result of a sensitivity 
measurement is depicted in figure 2.4 from which can be seen that at low frequencies 
the coherence is not good. The coherence is the signal to noise ratio and the lower the 
frequency, the smaller the transfer from input to output ( sensitivity) gets. Therefore 
for Iow frequencies the noise has the same intensity as the signal we want to measure. 
So it's not possible to distinct the two from each other and coherence is low and the 
sensitivity useless. Only the data for which the coherence is large enough are used from 
now on. For motion systems this is no problem since for low frequencies the system 
behaves as a double integrator and the resonances occur at higher frequencies. 

The sampling frequency f ,  used to perform the measurements is 5 kHz which makes 
the Nyquist frequency % = 2500 Hz. This is the highest measurable frequency. The 
whole measurement took 120 s. With f ,  = 5 kHz this yields a dataset of 600,000 points. 
A Hanning window of 2048 points is used. The result is more accurate because now 
the frequency response for one particular frequency is the average of 300 measurements. 
The lowest frequency (and the resolution) is & = 2.441 Hz. 

In figure 2.4 the sensitivity of the X-axis of the H-drive is presented. If also the signal 
at the exit of the controller (Transfer controller X in figure 2.2) is measured, the tfe 
data can be used to measure the bode diagram of the controller. This measurement 
can be compared to the calculated bode diagram of the controller that is programmed 
in the simulink mode1 of figure 2.2. The transfer from input to output is: 
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The transfer from input to Trans f ercontrollerX 

Together equation 2.2 and 2.3 yield: 

is: 

(2.3) 

The measured controller is displayed in figure 2.3 (b). If the controller is measured it 
is clear how it behaves in reality. It can be compared to the designed controller to see 
if implementation in a discrete system with a certain sample frequency has effect on 
the controller. The frequency range for that the controller can be measured is small 
because of the Nyquist frequency and the low coherence for low frequencies. The gain 
of the measured controller is higher that the implemented controller. The phase of the 
measured and implemented controller match better only the measured goes quicker to 
zero degrees that the implemented controller. This shows again that a certain safety 
margin must always be used when tuning a controller with a model from measurement 
data. 

The measured sensitivity of figure 2.4 can be transformed to the open loop transfer Hol 
with the use of equation 2.1: 

1 
Hol = - - 1 

S (2.5) 
From this the transfer function of the plant P follows: 

The FRF of P is depicted in figure 2.5 (a) The phase delay because of the sampling 
can be clearly seen. To be able to fit a good model to the measurement data the phase 
delay is subtracted from the measurement to make the fit. The fit is done with the 
Matlab tool f r s  fit. After the fit is ready it is added again because the phase delay is 
an important factor for the stability of the controller that needs to be designed. If the 
delay is not considered, the open loop phase of the real system could be closer to -180' 
at the 0 dB point than is allowed for stability reasons. 

The phase delay transfer function can be approximated by: 

With s = jw this is: 
- jwT - ,-j2,rrfT 

Hdelay (3) = e - @q8) 

f usually is 1.5 * T,, with T, the sample time of 0.0002 s, but in the case of the H-drive 
it is a bit more, namely 2.1 * T, = 0.00041 s. Half a sample time is due to zero order 
hold and 1 as a result of controller calculations. Maybe the extra delay is caused by the 
amplifier but that is not clear and also not further investigated. The calculated delay 
will be used to cancel the delay before a fit of the plant is made. The result of the fit 
can be seen in figure 2.5 (b). 
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Frequency [ HZ ] Frequency [ Hz ] 

(a) Measurement of the F R F  of P (b)  Model fit to  the FRF data of P 

Figure 2.5: Representation of the results of the identification of the H-drive 

2.3 Controller design 

With the result of the fit a state space model of the plant is available to use for the 
design of a controller. A handy tool to do this is the loopshaping toolbox for MATLAB: 
diet1. All kind of controllers ( P D  Kp/K, LeadlLag)  can be designed which can be 
checked for stability and performance by sensitivity-, open loop, nyquist- and time 
domain-plots etc. The new designed controller for learning is presented in figure 2.6 
and in table A.l in Appendix A the components the controller is build up with are 
summed up. I t  is a Leadllag filter with two notches to reduce the amplitude of the two 
most important resonances and a low pass filter is added to cancel high frequent noise. 

The controller is tested in practice on the H-drive and proved to be stable and have 
reasonably good tracking performance. In figure 3.4(a) the used setpoint is displayed 
and in figure 3.12 (a) the resulting tracking error. The setpoint is the same as will be 
used for ILC further on and the tracking error is the input for the L filter to compute 
the u f f  for the first ILC iteration. 

Also a standard u f f  signal is tuned to compare with the results of ILC. It turned out 
to be a combination of a velocity and an acceleration u f f  with an acceleration gain of 

0.166 and a velocity gain of 0.5 &. See figure 3.12 (b) 

The peaks in the tracking error are reduced by the standard u f f  signal but the error 
between the peaks is the same. 

 he do it easy toolbox, developed at Philips Research Labs. 
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Figure 2.6: The 

Frequency [Hz] 

controller used for ILC. Data see table A.l i n  appendix A 



Chapter 3 

ILC in practice 

In this chapter the theory explained in chapter 1 will be put into practice. This means 
that with the controller and plant model of the previous chapter a learning filter L 
is derived. It can be done in two ways. First the ZPETC-method is used followed 
by the D&F-method The L filter is tested on stability and convergence. After that, 
simulations are performed and finally the Iterative Learning Controller is implemented 
on the H-drive. 

3.1 ILC design ZPETC 

The model of the plant is balanced first to reduce numerical problems. The process 
sensitivity can be computed from the transfer functions of the controller and the plant: 

This transfer function is in continuous time while it should be in discrete time for the 
ZPETC algorithm therefore a discretization procedure is used. In appendix B the zpk 
representation of the discrete process sensitivity is displayed. The ZPETC-algorithm, 
explained in section 1.3.1, converts the zpk-data of Sp to the zpk-data of the learning 
filter L. In appendix C the zpk representation of the learning filter is displayed. In 
this case only one zero lies outside the unit circle and is transformed into a zero of the 
iearning filter. Three extra 0 are added to the poles of L to get a proper system. In 
figure 3.1 the learning filter is displayed together with the process sensitivity. It is clear 
that the amplitude is good apart from the high frequency region. The phase is perfect 
so the ZPETC-method indeed has zero phase error. 

The convergence criterium of equation 1.8 is tested in figure 3.2 (a) and (b) it is clear 
that the criterium is not satisfied. For the high frequency region the criterium is bigger 
than one. The earlier explained effect from the ZPETC-method for the high frequency 
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Frequency [ Hz] 

Figure 3.1: Design learning filter. The  phase of L i s  the ezact inverse o j  S,. T h e  
amplitude of L dzflers from S,, m,ainly in the high frequency region 

region is true and a Q filter is really necessary. The cut-off frequency f ,  of Q can be 
determined by figure 3.2 (a) and is 250 Hz. With the Q filter added to the convergence 
criterium we get figure 3.2 (c) and 3.2 (d). Although the safety margin of 0.5 is not 
completely satisfied this Q filter is used anyway because the lower f ,  is, the worst the 
performance of the ILC-controller will be. 

3.2 ILC design D&F 

With the derived process sensitivity and the theory from section 1.3.2 and the software 
of Roset [6] and Teerhuis [4] attempts were made to transform the rzeasured error in s 

feedforward signal by using D&F. The attempts were not successful because the begin- 
and end-value adaptation algorithm is not able to handle a lg th  order model of the 
process sensitivity. The non-causal part is of order 1, so only one differentiation of the 
error has to be performed which is no problem. The remaining order of the causal part 
is 18. Now assume the case that we want the 9 begin and 9 end values to be set equal to 
zero. It means the begin- and end-value algorithm has to differentiate the error 9 times 
and after 4 times the result is already to bad to be used. It is known that since the 
error signal is sampled and polluted with noise, many times differentiating is difficult. 

Simulations with well conditioned, small order systems did yield good results (see Teer- 
huis [4]). A possible solution, to be able to use the method on the H-drive, is to improve 
the method that computed the boundary values for the causal part or to reduce the 
order of the model. Maybe it can be investigated if it is possible to manipulate the 
measured error in a way that differentiating does not lead to a loss of accuracy. 
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Frequency [ hz I 

(a)  Convergence L filter with 
(1 - LS, < 1) with measured 
process sensitivity 

Frequency [ hz I 

(c) Convergence L filter with 
Q ( l -  LS,) < 1, with measured 
process sensitivity 

(b)  Convergence L filter with 
(1 - LS,) < 1, with measured 
process sensitivity; plot should 
stay within the circle with radius 
0.5 

(d) Convergence L filter with 
Q ( l -  LS,) < 1, with measured 
process sensitivity; plot should 
stay within circle with radius 1 

Figure 3.2: Visualization of the convergence criterium of equation 1.8. (a) and (C)  are 
bode-plots and (b) and (d) are nyquist-plots. 
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Bode Diaaram 

Figure 3.3: Original process sensitivity and process sensitivity of the reduced model 

To be able to test the D&F method on the H-drive the model reduction method is tried. 
With a reduction method from the diet toolbox a new reduced model of the process 
sensitivity is derived. In figure 3.3 this model is displayed together with the original 
model. This model is a 6 order model and the corresponding zpk representation is 
displayed in appendix D. The non causal part in zpk representation is: 

The causal part looks like: 

This system is completely stable and therefore an ordinary solver is used without end 
value prescription. The initial values of the system are all set to zero. The simulations 
with this learning filter showed that after a few iterations the error starts to increase. 
This is because the error signal gets very polluted with high-frequent computational 
noise. Therefore the error is filtered first. The filter that is used is a low-pass butter 
filter with a cut-off frequency of 190 Hz. The filtering is performed in MATLAB with 
the command filtfilt. This ensures the filtered error signal has precisely zero phase 
distortion. Now the error converges to a certain minimum without ificreasing again. 

Although the feedforward signal u f f  is calculated with a reduced model of the process 
sensitivity, the simulations are done with the same, full, model and trajectory as for the 
ZPETC simulations are used. This means the simulation results of the two methods 
can be compared directly. 



CHAPTER 3. ILC IN PRACTICE 

B -10' I 
Q 0 0.5 1 1.5 2 2.5 3 

Time [s] 

startlendposition 1 -0.30 [m] 
. . 

(a)  The setpoint used for ILC. A typical pick and place movement (b) Parameter values of the setpoint from figure 
where the sliding mass returns to  it's initial position after an 3.4 (a) 
iteration. 

Figure 3.4: Graphical and numerical representation of the setpoint 

3.3 Simulation 

The setpoint that is used for all simulations and experiments is a pick and place move- 
ment with relative high velocities. From the neutral position in takes 3 seconds to pick 
and place and go back to neutral again. In figure 3.4(a) the setpoint is displayed and 
in table 3.4(b) the parameter values of the setpoint can be seen. 

All simulations are performed with the fitted model of the plant and the controller 
designed for ILC in section 2.3 with the ILC control scheme of figure 1.2. L is first 
determined with the ZPETC method. The results of the simulations are depicted in 
figure 3.5. Figure 3.5 (a) represents the error without u f f .  The error is used to 
compute the u f f  signal for the first ILC iteration. This first u f f  signal, displayed in 
figure 3.5 (b), resembles quite much the error signal used to compute it. Apart, of 
course, from the order of the amplitude. Also the standard u f f  (see figure 3.12 (b)), 
used before in section 2.3 when the newly designed controller was tested, looks like the 
"ideal" u f f  computed by the learning controller. 

The error plots from figure 3.5 (a) t/m (f) speak for them selves but to be able to give 
a value to the reduction of the tracking error by the ILC-controller the two diagrams of 
figure 3.6 are displayed. In figure 3.6 (a) the Root Mean Square value of the error (RMS) 
is shown. It gives an overall look on the performance while figure 3.6 (b) only shows 
the maximum absolute error that occurred somewhere during the experiment. The two 
together give a good impression of the performance. Both the RMS as the maximum 
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error are very much reduced, also because the plots are made on a logarithmic scale. 
The biggest reduction of the error is realized in the first two iterations. Eventually the 
process stabilizes and hardly any improvement can be noticed anymore. 

The whole simulation procedure is repeated but now with the D&F learning filter. The 
results of these simulations are displayed in figure 3.7. Also the RMS and maximum 
error are plotted as a function of the iteration number. They are displayed in figure 3.8. 
These figures all show a similar result as with the ZPETC method; the error reduces 
significantly after a few iterations. Also the D&F method is able to reduce the tracking- 
error in ILC simulations with the model of the H-drive. When the ZPETC and D&F 
method are compared in figure 3.15 it is clear that the D&F method performs better in 
terms of RMS value and maximum error although the model, used to calculate uff, is 
a worse representation of the H-drive than the model used for ZPETC. 

This can be explained by looking at the frequency contents of the error signals after 
learning. They are displayed in figure 3.9 and figure 3.10. In 3.9 (a) the power spectral 
density of the error-signal during ZPETC simulations for certain iterations. The power 
spectral density of the first iteration is without any feedforward and the second iteration 
is with the first learned uff. The error is reduced over the whole frequency spectrum. 
But after that only the low frequency effects in the error signal are reduced whereas the 
higher frequencies remain at the same level. This is because of the low pass Q filter of 
250 Hz for ZPETC. The high frequency information is filtered out and therefore there 
is no learning for frequencies above 250 Hz. In figure 3.9 (a) indeed no more learning 
occurs for frequencies above the cut-off frequency of the Q filter. 

For the D&F method the power spectral density of the error is also determined and 
displayed in figure 3.9 (b). Again it can be seen that only the low frequency contents 
of the error is reduced. This is due to the fact that the model is reduced and therefore 
only describes the low frequency behavior of the H-drive. Also the error signal was very 
noisy which made it necessary to use a Q filter with a cut-off frequency of 190 Hz. From 
the figure it can be seen that the maximum frequency for which learning is possible is 
also about 250 Hz. 

So the explanation for the fact that D&F can perform better than ZPETC is that they 
both only reduce low frequency errors on approximately the same frequency domain. 
The D&F method does this better than the ZPETC method, see the combined power 
spectral density plot in figure 3.10 (a). The fact that the D&F method is performed 
with a reduced model is not important for the result. 
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(a) Error without u f f  (b) Error after 1 ILC iteration 

(c) Error after 2 iterations (d) Error after 3 iterations 

(e) Error after 4 iterations ( f )  Error after 5 iterations 

Figure 3.5: The results of the ILC simulations. u f f  is  calculated with the ZPETC- 
method. (The Error is  plotted with changing scaling on the y-axis) 
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1 0 ! ; ; j ; ; 6 7 8 $  Iteration nD 

(a)  Root mean square value of the error (b) Maximum absolute error 

Figure 3.6: Tools to  evaluate the performance of the ILC-controller i n  simulations. u f f  
i s  calculated with the ZPETC-method. Iteration zero is without a feedforward 
signal 



CHAPTER 3. ILC IN PRACTICE 

(a) Error without u f f  ( b )  Error after 1 ILC iteration 

(c) Error after 2 iterations (d) Error after 3 iterations 

(e) Error after 4 iterations ( f )  Error after 5 iterations 

Figure 3.7: The results of the ILC  simulations. u f f  is calculated with the D&F-method. 
(The Error is plotted with changing scaling on the y-axis) 
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(a)  Root mean square value of the error (b) Maxzmum absolute error 

Figure 3.8: Tools to evaluate the performance of the ILC-controller i n  simulations. u f f  
i s  calculated with the D&F-method. Iteration zero is without a feedforward 
signal. 
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( a )  Power spectral density of the error signal (b) Power spectral density of the error signal 
after Z P E T C  simulation after D&F simulation 

Figure 3.9: Evaluation of the frequency spectrum of the error after ILC simulations. 

This is a result that can be used for further investigation because it seems possible to 
improve the performance of the D&F method if the frequency domain than be expanded 
to the high frequency domain. This means if a better model can be used and the cut-off 
frequency of the Q filter can be enlarged the performance might be even better. The 
advantage of the D&F method that begin and end values of the feedforward signal can 
be influenced can not be visualized with the used setpoint. In the future it might be 
possible to focus on this advantage for example by using dry friction to distinct the 
ZPETC method from the D&F method with respect to begin and end values instead of 
only looking at RMS and maximum of the error. 



(a )  Power spectral density of the error signal (b) Power spectral density of the feedforward 
signal 

Figure 3.10: Frequency analysis of the error and feedforward signal for ZPETC and 
D&F simulations. 

In figure 3.10 (b) the power spectral density of the learned feedforward with both the 
ZPETC and D&F method are displayed. They are very similar to each other and the 
standard feedforward in the low frequency domain. For frequencies above the cut-off 
frequencies of the two Q filters the powers spectrum of the learned feedforward signals 
drops. 

3.4 Experiment on the H-drive 

The simulation results are very promising so now it's time to try the designed controller 
on the real H-drive. Before we can do so first a problem needs to be solved. The u f f  
signal is no longer a function of the position, velocity or acceleration of the trajectory 
so a way to synchronize the u f f  with the trajectory needs to be found. That doesn't 
seem to be a big problem. The trajectory (only the position is needed) and the u f f  are 
placed in a Look-Up Table. The two blocks ref and u f f  in the simulink model in figure 
3.11 are Look-Up Tables. They contain all the data which is 3s * 5 e 3 ~ z  = 15001 values 
times two tables. This costs a lot more time when the coritroller for the Dspace board 
is being build than when a function is used that computes the reference values on the 
fly like the earlier used Ref3 block does. 

Also a problem is the fact that the H-drive needs to be initialized. This means that 
the experiment time that is supplied by block HDrive in figure 2.2 (a) can't be used to 
look in the Look-Up Table to search for the right input value for r and u f f .  Also the 
time needs to  be reset if we want to execute the same trajectory with feedforward again. 
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Enable 

trigger 

OJFh Selector 

Figure 3.11: The control model used to perform ILC. Input FF is the feedfornard signal 
u f f  and re.f is the reference trajectory 

This problem is solved by introducing a new time for the block Subsystem in figure 
2.2 (b) which can be reset. The controller and other user defined elements are placed in 
Subsystem which is not activated until the initialization is finished. The integrator in 
figure 3.11 plays an important role in specifying a own time for the Subsystem. When 
the value of trigger stays zero the output of the integrator is multiplied with zero which 
yields zero and the matching value from the Look-Up Table (verify that they both are 
zero) makes sure that nothing happens. The integrator is setup in a way that when 
trigger changes from it's initial value zero to  one the integrator is reset to it's initial 
condition zero and restarts integrating the constant "1" over the sample time. The 
result is that the integrator starts with zero and every sample time, the sample time is 
added. This way a new time signal is designed which can be triggered at  any time if in 
Control desk a button is made to change the value of trigger during the experiment. 

The trigger should not be reset when the trajectory is not completed. The plant can 
stop a t  a different position then the initial position. When the trigger is activated 
again there is a discontinuity in actual and input position causing a big error which 
will cause an  abrupt increase in input signal. Maybe even bigger than the maximum 
allowed current and the safety precautions will take over and turn off the power. 

The experiments are first performed with the feedforward signal of the ZPETC method. 
Secondly the the D&F method is tested in reality. The results of the ZPETC experi- 
ments are displayed in figure 3.12 and those of the D&F experiments in figure 3.13 
from which can be concluded that both ILC algorithms also work on the real system. 
The error is not reduced as drastically as for the simulations because there the only 
source for error in the ILC design process is the step from Sp to L. The rest is ali 
reproducible. With the real experiments the fact that we use a "measured" model and 
that the H-drive shows a lot of unreproducible behavior during experiments and the 
sensors introduce noise, reduces the performance. An ILC-controllers is not capable of 
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reducing the influence of these effects. 

As was done for the simulation results, the performance of the ILC-controller during 
the experiments on the real system is summarized in figure 3.14. 

Here it is also clear that the error is reduced most in the first few iterations and finally 
the tracking error reduction stabilizes. The error from the experiment performed with 
the standard u f f  shows that not everything can be condiided from figure 3.14 because 
the RMS is bigger than without u f f  but the mzximum error is reduced. Which one 
should be chosen? In other words is the performance better or worse than without u f f ?  
To give aii aimver to that qliestion we need to coI?ipare the fig~res 3.12 (a) and (b). 
Then it is clear that indeed the maximum error is reduced considerably; the peaks are 
gone. But on the other hand to reduce the peaks apparently we have to pay at other 
points which makes the RMS worse while the performance is better. This effect could 
have been expected with the standard velocity and acceleration feedforward because it 
mainly reduces mass effects such as overshoot which explains the reduction of the peaks. 
H~ivever to recluce the error tkir~iighimt the whole experimezt we need to compte  an 
"ideal" feedforward using ILC. A considerable reduction in error can be seen from figure 
3.12 (a) to (h) and figure 3.13 (a) to (h). The same as with the simulations, the D&F 
method performs better than ZPETC. 

To complete the evaluation of the ZPETC and D&F methods used on the real H-drive, 
the RMS and maximum of the error are compared to the simulation results (in figure 
3.15). The RMS and maximum of the error are reduced but not as much a during 
the simulations. This shows that there is a large difference between the model and the 
actual H-drive. The power spectral density of the error during the experiments shows 
this again. In figure 3.16 (a) en (b) the reduction of the error is minimal even for the 
low frequency region. 
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(a) Error without u f f  (b)  Error with standard u f j  

(c) Error after 1 ILC iteration (d) Error after 2 iterations 
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(e) Error after 3 iterations 

(g) Error after 5 iterations 

(f) Error after 4 iterations 
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(h) Error after 6 iterations 

Figure 3.12: The results of the ZPETC ILC-process performed on the H-drive 
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(a) Error without uff (b) Error with standard uff 

(c) Error after 1 ILC iteration (d)  Error after 2 iterations 

(e )  Error after 3 iterations ( f )  Error after 4 iterations 

(g)  Error after 5 iterations (h)  Error after 6 iterations 

Figure 3.13: The results of the D&F ILC-process performed on the H-drive 
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(a) Root mean square value of the er- 
ror 

10.. 

- - ZPETC 
- LnF 

(b) Maximum absolute error 

Figure 3.14: Evaluation of the ILC-learning session on the real system. Iteration zero 
is  without u f f .  The star at iteration one represents the result of the exper- 
iment with standard u f f  . 

lo-= i 

( a )  Root mean square value of the error (b) Maxzmum absolute error 

Figure 3.15: Evaluation of the ILC-learning sessions i n  theory (ZPETC and D&F) and 
in practice. Iteration zero is without u f f .  The star at iteration one repre- 
sents the result of the experiment with standard u f f .  

(a) ZPETC-experiments (b) DBF-experiments 

Figure 3.16: Power spectral density of the error signals of the ILC experiments on  the 
real H-drive system. 



Conclusion and 
Recommendat ions 

Conclusion 
iterative iearning control proved to be a useful tool to reduce tracking error for the pick 
and place system H-drive. The whole well known ZPETC design procedure is performed 
and although some numerical as well as practical problems needed to be tackled, the 
result from simulations and experiments shows a reduction of the tracking error. The 
error during the experiments could be improved if a better model is available. Maybe 
the quality of the sensitivity measurement can be improved. With a different controller 
or reference trajectory, the coherence of the measurement could become closer to one for 
the low frequency region. An other alternative is a different modelling strategy. Further 
the numerical methods can be optimized. L will then be a better approximation of the 
process sensitivity. The cut-off frequency of the Q filter can be increased and the 
resulting feedforward will be better adapted to the H-drive. 

The D&F method will need some more attention in the future to be able to use it for 
performing ILC experiments on the H-drive. The high order of the system makes it 
difficult. The error needs to be differentiated many times in order to compute the new 
boundary conditions for the causal part. Making the system causal makes the non-causal 
differentiating unnecessary, and the boundary values don't need to be recalculated. An 
attempt to use the D&F method for simulations with the H-drive model was done by 
first reducing the order of the process sensitivity from 19 to 6. Now the D&F method 
yielded result. A converging error reduction is established that is even better than with 
the ZPETC method. An explanation for this is found in the power spectrum of the 
error. Only low frequency effects are removed from the error. The D&F method with 
reduced model is capable of reducing the low frequency error better than the ZPETC 
method. Because this result is promising for the implementation of D&F on the H-drive 
this was done as well. The results confirm the results from the simulations. The D&F 
method shows a stabilizing error reduction iteration process which establishes a bigger 
error reduction than the ZPETC method. 



Conclusion and Recommendations 

Recommendations 
In the future the results of the simulation and implementation of the D&F method can 
possibly be improved. Simulations with lower order systems proved that the technique 
works but the computation time is very large so the algorithm could be improved. 
Model reduction is useful but the model will not describe the behavior of the H-drive 
as accurate as before. Maybe there is another way possible to recalculate the boundary 
conditions or a manipulation of the error couid help to prevent the loss ii? accuracy 
since differentiation of the error causes problems for high order systems. The important 
points of the D&F method are the non causal filtering of the measured error signal, 
transforming the initial b ~ - ~ d a r j i  conditions to those of the caixd pzrt m d  solving the 
boundary value problem for an unstable system. Robust and fast algorithms are needed 
to deal with these three numerically challenging problems. 

The major advantage of D&F is the fact that more influence on the resulting u f f  is 
possible because begin and end values can be prescribed. It would be nice to think of 
a situation in which this advantage can be visualised because now the begin and end 
for ZPETC is already as desired and therefore makes no difference that in this case the 
D&F solver only prescribed initial conditions. If the low-pass filter cut-off frequency 
can be increased and the model reduction can be made redundant, the D&F method 
should be able to yield better results. 
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Controller data 

I 2nd order Low-Pass I pole: 191.8 

--- 

Lead/Lag zero: 16.5 
pole: 1000 

I I damping pole: 0.58 1 

Notch 1 
damping: 0.27 
zero: 150.3 
damping zero: 0.0235 

I dam~ing  zero: 0.0415 f 
Notch 2 

L " I pole: 247.5 

damping pole: 0.0671 
zero: 247.5 

Table A. 1: Parameter values of the controller from figure 2.6 used for IL C 
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ZPK data process sensitivity 

Table B.l: zpk notation of the transfer function of Sp 



ZPK data learning filter 

Table C.l:  zpk notation of the transfer function of L 



ZPK data reduced process 
sensitivity 

Table D.l: zpk notation of the reduced transfer function of Sp used for the D&F method 




