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1 Intro duction

1.1 Overview

Delft Center for Systemsand Control (DCSC) coordinates the education and researd activi-
ties in systemsand control at the Delft University of Technology. DCSC hasbeenestablished
in 2003by mergingthe systemsand cortrol groupsof Electrical Engineering(ITS), Mechanical
Engineering (OCP) and Applied Physics (TNW).

The corereseard activity of the DCSC is twofold:

the dewvelopmert of new theories and numerical tools for modeling and control of dy-
namic systems,and

the validation of these new cortributions in engineeringapplications.

The deliberately selectedintegration of the fundamertal researd line with the application
oriented one, createsthe ideal platform to systematically addressproblemsin emergingtech-
nologiesand to stimulate the developmert of innovative industrial cortrol technology. The
fundamertal researt activities concertrate on the three major areasof model basedcortrol
design,i.e.,

modeling
systemidenti cation
controller design.

The application oriented researth aims at the adaptation and integration of fundamertal
innovations in laboratory demonstrationsand for industrial pilot plants covering the following
target application domains:

industrial processcontrol
medatronics and micro systems
trac and transportation cortrol
physical imaging systems.

The researd activities in these domains are multi-disciplinary in nature and for the rst 3
domains are de ned in concurrencewith the \Speerpurt" programs of Delft University of
Tednology.

1.2 Address and location

Delft Center for Systemsand Control

Delft University of Technology Mekelweg 2
2628 CD Delft

The Netherlands

Phone: +31-15-2785119
Fax: +31-15-2786679
Web site: http://www.dcsc.tudelft.nl



2 Mo deling

The models for designing cortrollers are primarily developed basedon rigorous rst princi-
ples on the laws of nature. Sud models and related numerical solvers play an increasingly
dominant role in virtual prototyping of new cars, industrial plants in the processindustry,
etc. The sciertic challenge is the appropriate complexity reduction to make the overall
optimisation of the plant design feasible. Contributions towards this challenge include the
modeling of processedy large-scale rst principles models and the use of measuremen data
for quantifying the dynamically relevant properties of non-linear chemical/physical processes
in view of processmonitoring, detection, (re)design, cortrol and optimisation, aswell asthe
dewvelopmert of model reduction and model uncertainty quali cation tools for large scalein-
dustrial processesthat make a trade o between performance and computational e ciency
tractable.

2.1 Mo del reduction of port-Hamiltonian  uid dynamics
Project members: R. Lopezlena,J.M.A. Scherpen

Sponsoredby: Instituto Mexicano del Petroleo

Fluid Mechanicsis one of the cornerstonesof engineering. Through the uid dynamics equa-
tions: continuity, momertum and energy; it is possibleto model with fair precision a high
variety of engineeringproblems. Especially due to the advancesof Computational Fluid Dy-
namics (CFD) engineerscould take full advantage of this theory. Applications of CFD can
be seencustomarily in the aerospace,the petroleum and others industries. Nevertheless,
traditionally these models could not be used for real-time control purposesdue to the high
dimension of the systemsand the high computational demand of the corresponding algo-
rithms. In order to deal with thesehigh dimensional models and to adapt them for analysis
and control purposesmodel reduction tools have to be further developed.

Over the years sometechniques for model reduction of uids have been developed, but
still the necessaryorder reduction is mainly done by physical insight and experienceor with
empirical methods (e.g. Karhunen-Loeve expansion) which may provide accurate models but
fail to provide a reducedmodel interpretable in physical terms. Sincephysical conceptualiza-
tion of results is important, there is a needfor a more systematic approac which presenes
the physical structure in the reduced system.

A fairly generalapproad to model physical phenomenawith control purposesis known
asthe Port-Hamiltonian approach which hasbeenusefulto describe the dynamic behavior of
a very diversi ed classof engineeringsystems,including medanical and electrical, resulting
in a structured represenation of possibly nonlinear di eren tial equations. Recertly in the lit-
erature, the extensionsof this theory to distributed parameter systems| including uids, |
were formalized, providing with this a uniform and structured represenation of the dynamic
behavior of physical systems.

The method based on symmetries can be used for reduction of Hamiltonian systems.
Though very formal and general, it fails to be applicable for control engineering purposes
duein part to the fact that important input-output control concepts,like cortrollabilit y and
obsenability, were not consideredin their formulation.

During the courseof this researt we have showvn that the Dissipativity Theory providesa
very generalframework to deal with the input-output cortrol properties while preservingthe



physical structure of the system. Moreover, basedon this theory seweral successfulcortrol
algorithms can be used.

Basedon the framework of Dissipativity Theory and the resulting models from the Port-
Hamiltonian paradigm in uids, the main objective of this researt lies on the design of
structure-preserving nonlinear balancedreduction algorithms.

2.2 Nonlinear control systems analysis
Project members: J.M.A. Scherpen, W.S. Gray (Virginia, USA), K. Fujimoto (Ky oto, Japan)
Sponsoredby: NWO

This researd focuseson extensionsof linear realization theory to nonlinear cortrol systems.
The relation betweeninput-output systems,Hankel operators, state-spacerealizations, min-
imality, and balancedrealizations is considered. These considerationsare important for ap-
plications to model and cortroller reduction, numerical e ciency , nonlinear black box identi-
cation and order estimation, sensorand actuator placemerns, etc. A sequenceof papersin
this direction has been published.

The study towards the relation of Hankel operators, its factorization in an obsenability
and cortrollabilit y part, and their state-spacerealizations, has given rise to a generalization
of the notion of Hilbert adjoint systemsto the nonlinear case. This topic usesconcepts
from physical systems, namely, Hamiltonian systemsand their extensions, Legendre trans-
formations, etc. Basedon these methods, a procedure towards a new balancing method for
nonlinear systemis de ned, resulting in a procedure for model reduction that is part of the
on-going researd. So far, a constructive algorithm is part of the procedure, which aims at
the dewvelopmert of implementation tools.

2.3 Relating Lagrangian and Hamiltonian descriptions of electrical circuits

Project members: J. Clemerte Gallardo, J.M.A. Scherpen, D. Jeltsema

In the last years, an evidert interest for the Lagrangian and Hamiltonian description of
electrical circuits has arisenin the literature. A recert Lagrangian description [29, 30] leads
to a successfulpicture of RLC circuit dynamics and provides a step-by-step construction for
the description of the componerts, the de nition of the Lagrangian, and the corresponding
Euler-Lagrange dynamics. Kirchho 's current law de nes a set of holonomic constraints for
the corresponding Lagrangian system, while the corresponding voltage law de nes the Euler-
Lagrangeequationsfor the system. Regardingthe Hamiltonian description of the dynamics of
electrical circuits, arecert and successfubpproad is basedon the conceptof Dirac structures
and port-controlled Hamiltonian systems. This approac also provides a suitable description
of the dynamics of the system.

It seemsquite natural to compare both approadesand to try to relate the solutions of
both methods for electrical circuits. Since dissipative elemerns and sourcescan be viewed
as external elemers, we only consider electrical LC circuits here. The formulation of both
frameworksis donein R" and hencethe canonicalprocedurewould suggestto usethe Legendre
transform to go from dynamics given by the Lagrangian formalism into dynamics given by
the Hamiltonian formalism, and vice versa. The problem in this caseis that the Lagrangian
formalism proposedin [29, 30] yields a singular Lagrangian description, which makes the



Legendretransform ill-de ned and thus no straightforward Hamiltonian formulation can be
related. We complemert the original Lagrangian picture proposedin [29, 30]with a procedure
that transforms the singular Lagrangian system into a regular Lagrangian system. Then
the Lagrangian system can be related with a Hamiltonian system by using a well de ned
Legendretransform. The main new ingredient of the approad is the use of Lie algebroids
in the description. A Lie algebroid is a geometrical object which generalizesthe concept of
tangent bundles (which is the natural framework of usual Lagrangian mechanics) such that a
Lagrangian formulation on them is still possible. Essetially, we just needone of the simplest
examplesof the Lie algebroid, namely an integrable subbundle of a tangent bundle, which
in the caseof electrical LC circuits is even a vector space. For the caseof networks without
switches, this approad is equivalent to usethe integrated version of Kirchho current law.
This implies the use of the condition of charge consenation, to de ne a regular Lagrangian
description by using only the inductancesof the system.

The future researd includesthe extensionof the new framework to more generalcircuits,
including switched networks, and to mergethis approad with the extensionof Brayton-Moser
equations.

2.4 Mo deling and analysis of hybrid systems

Project members: B. De Schutter, W.M.P.H. Heemels(Eindhoven University of Tedinology),
A. Bemporad (ETH Zurich)

Sponsoredby: SICONOS (EU project)

Hybrid systemsarise from the interaction betweencortin uous-\ariable systems(i.e., systems
that can be described by a system of di erence or di erential equations) and discrete-e\ent
systems (i.e., asyncironous systemswhere the state transitions are initiated by events; in
general the time instants at which these events occur are not equidistant). In general we
could say that a hybrid system can be in one of seweral modes whereby in eatch mode the
behavior of the system can be described by a system of di erence or di erential equations,
and that the system switches from one mode to another due to the occurrenceof an event
(seeFigure 1).

We have shawvn that seweral classesof hybrid systems: piecewise-a ne systems, mixed
logical dynamical systems,complemenarity systemsand max-min-plus-scaling systemsare
equivalent [3, 4, 22, 23]. Someof the equivalencesare establishedunder (rather mild) addi-
tional assumptions. These results are of paramount importance for transferring theoretical
properties and tools from one classto another, with the consequencdhat for the study of
a particular hybrid system that belongsto any of these classes,one can choose the most
conveniert hybrid modeling framework. Related resear® is described under Project 4.9.

In addition, we have also showvn an equivalence betweentwo type of mathematical pro-
gramming problems: the linear complemenarity problem (LCP) and the extended linear
complemenarit y problem (ELCP) [14]. More speci cally, we have shavn that an ELCP with
a bounded feasible set can be recastas an LCP. This result allows us to apply existing LCP
algorithms to solve ELCPs [13].

2.5 Mo del based optimization of fed-batc h biopro cesses

Project members: J.A. Roubos, P. Krabben, R. Babuska, J.J. Heijnen, H. Verbruggen



Figure 1: Schematic represenation of a hybrid system.

Sponsoredby: DSM Anti Infectives, DIOC-6

Many biotechnological production systemsare basedon batch and fed-batch processes.Op-
timization of the product formation currently requiresa very expensive and time consuming
experimental program to determine the optima by trial and error. The aim of this project is to
nd a more e cien t developmert path for fed-batch bioprocessesy an optimal combination
of experiments and processmodels. The two main resear® topics of this project are:

Developmentof a user friendly modeling environment for fed-batch processes.The soft-
ware tool must be able to usedi erent typesof knowledge coming from experts, experi-
ments and rst-principles, i.e., consenation laws. New modeling methods sud asfuzzy
logic, neural networks and hybrid modelswill be used.

Iterative optimal expgeriment design. First somebasic experiments can be doneto esti-
mate somepreliminary parametersfor the system. The idea is to make a rough model
to designthe next experiment. First, a stoichiometric model is made and thereafter a
structured biochemical model that will be gradually improved accordingto the fermen-
tation data. The main objective is to predict the right trends. The actual values are
lessimportant at the initial stages.

Oncethe modelis su cien t in terms of quartitativ e prediction of the production processfor a
variable external environment, it will be usedto determine optimal feeding strategiesfor the
reactor in order to improve product quality and/or quartity. Thesefeedingstrategieswill be
applied in an on-line processcontrol ervironment. The results of this researd are reported
in the Ph.D. dissertation by J.A. Roubos.



3 System identi cation

When an actual plant exists, the problem of developing a model for a model basedcortroller
is addressedprimarily basedon the signals acquired from the plant to be cortrolled. In the
developmert of solutions for sud identi cation problems researt is conducted along 3 dif-
ferent approaces:

First, the intelligent modeling approad. Intelligent methodologiesemploy techniquesinspired
by the functionality of intelligent biological systems.

Second,to improve the userinteraction and performanceof identi cation methods novel tech-
nigques for speci ¢ classesof linear, non-linear and hybrid systemsare developed.

Third, the key question in identi cation for cortrol is the dewvelopmert of low order models
basedon the designof appropriate experimental conditions and closed-lmp systemidenti ca-
tion technigues. Considering applications with arrays of thousandsand thousands of sensors
(MEMS) and actuators the analysis paradigm is shifted from certralized processingmethods
towards deceriralised ones.

3.1 Mo del based monitoring of large scale pro cessesin pro cess industry
Project members: R. Bos, P.M.J. Van den Hof, X.J.A. Bombois
Sponsoredby: TNO-TPD

In processindustry a lot of time and e ort is spernt on modelling large scaleprocessesusing
rst principles relations. The resulting models usually consist of a large set of non-linear
partial di erential equations. These equations usually cannot be solved analytically, which
meansthey have to be solved numerically on a ne spacialgrid. The modelscan be converted
to the familiar state-spaceform by assigningone or more statesto ead point on the spatial
grid. Solving the equationson this grid tends to be computationally intensive.

Beforewe can usethese rst principles modelsfor monitoring purposeswe facethree main
problems. The rst problem is that the number of states in the model is often very large.
A secondproblem is that the state-equationsare very computationally intensive. The nal
obstacleis that these rst principle modelstend to be non-linear. Thesedi culties causethat
standard solutions to monitoring, suc as Kalman Itering cannot be used. In this project
we will attempt to nd alternativ e strategiesfor monitoring processvariables.

The methods and techniquesdeweloped in the project are tested in a casestudy. The case
study in this project consistsof a dynamic model of the dryer section of a paper mill, see
Figure 2.

This researt is being done in cooperation with the Control Engineering and Process
Physics groups of TNO-TPD in Delft.

3.2 Towards experimen t-based robust control design

Project members: X.J.A. Bombois, P.M.J. Van den Hof, M. Gevers (Univ ersite Catholique de
Louvain, Belgium), G. Scorletti (Universite de Caen, France), B.D.O. Anderson (Australian
National University and National ICT Australia, Australia), P. Date (Brunel University,
United Kingdom)

Feedba& cortrol has nowadays readhed many industrial sectors (chemical industry, elec-



Figure 2: Paper mill.

tronic devices, high tech manufacturing industry) since this technology allows one to meet
the requiremerts of modern industry i.e. quality, performance and optimal processopera-
tion. Howewer, the developmert of feedbad control is still restrained by various open issues
in cortrol and system theory. In most of these issues,the harmonious interaction between
modelling (or systemidenti cation) and model-basedrobust control designis very important.

The control engineeroften facesthe problem to obtain a model and a description of the
model uncertainty that are not compatible with the techniques developed for robust cortrol
design. In order to improve the design of feedbadk loops, the e cien t connection of system
identi cation and robust cortrol designis thus of the highest signi cance and relevance. This
connection must lead to an experiment-based robust cortrol design procedurei.e. a robust
control design procedure which usesthe model and its related uncertainty as delivered by
systemidenti cation.

Since the beginning of the nineties, many e orts have beenspent in this direction. The
methodology that hasbeendeveloped sofar canonly be applied for a limited classof systems.
For the practical implementation of this methodology, it is necessaryto extend this classto
multiv ariable systemswith non-linear dynamic componerts. This extensionto multiv ariable
systemsand to certain classef non-linear systems(e.g., NARMAX systemsor systemswith
a small non-linearity) is one objective of our researt project. Besides,the very presen issue
of optimal experiment design also plays a very important role in our resear® project. The
objective of optimal experiment designis to determine the lesscostly identi cation experi-
mert that delivers su cien t information on the system dynamics for the design of a robust
cortroller.



3.3 Identication of hybrid systems
Project members: V. Verdult, B. De Schutter, T.J.J. van den Boom

Hybrid models consist of a combination of continuous dynamics (di eren tial or di erence
equations) and discrete dynamics (discrete-events, logical switches,automata). They form an
important classof dynamical systemsfor which analysis, veri cation and control techniques
have been widely studied. Howewer, identi cation techniques for hybrid systemshave not
received a lot of attention.

The goal of this researt is to dewelop identi cation techniques for seweral classesof hy-
brid systems. The identi cation techniqueswill be basedon our experiencewith state-space
identi cation methods for linear and nonlinear systems,especially the subspacetype of meth-
ods. Identi cation methods will be dewveloped that determine a discrete-time multiv ariable
state-spacemodel using input and output measuremets We have performed some prelimi-
nary work on the identi cation of hybrid systemsthat can be described by max-plus-linear
discrete event systems.

3.4 Bounding uncertain ty in subspace identi cation

Project members: T.J.J. van den Boom, V. Verdult, B.R.J. Haverkamp

In this project we aim at the estimation of the uncertainty on models,identi ed using subspace
identi cation methods.

In the recen years, subspacemodel identi cation (SMI) has becomea popular tool for
the identi cation of state-spacemodels under the in uence of disturbances. The fully pa-
rameterized state-spaceis estimated using robust and accurate subspacemodel identi cation
methods, such as CVA, MOESP and N4SID. They are being usedin many di erent practical
applications.

The uncertainty region is speci ed in a polytopic description. This description is a pow-
erful and elegarn way to describe the parametric uncertainty set in the caseof state-space
models. For plants in an polytopic uncertainty description, robust controller can be designed
using optimization techniquesbasedon Linear Matrix Inequalities (LMI). For this type of op-
timization problems fast and reliable algorithms exist that solvesthe problem in polynomial
time.

The key in this method described in [37] and [38] is the calculation of the rst or higher
order approximation of the relation betweenthe perturbation on the data and the error on
the elemerns in the identied state-spacematrices. Using this approximation one can nd
a polytopic description of the uncertainty region of the identied model. In a nal step,
the dimension of the polytopic description can be reduced. All three mentioned subspace
identi cation algorithms (MOESP, N4SID and CVA) can be handled by the above method,
sincethe three algorithms are closely related.

3.5 Identication of nonlinear state-space systems

Project members: V. Verdult, M. Verhaegen

Over the years considerableattention has beengiven to the identi cation of linear systems.
Linear systemshave proven their usefulnessn numerousengineeringapplications, and many



theoretical results have beenderived for the identi cation and control of thesesystems. How-
ewver, most real-life systemsinherertly show nonlinear dynamic behavior. Consequetly, the
useof linear models hasits limitations. When performancerequiremerts are high, the linear
model is no longer accurate enough, and nonlinear models have to be used. This motivates
the dewvelopmert of identi cation methods for nonlinear systems.

In this project, new systemidenti cation methods are developed for nonlinear state-space
systems. Although most work on nonlinear systemidenti cation dealswith nonlinear input-
output descriptions, state-spacesystemsare considered,becausethey are especially suitable
for dealing with multiple inputs and outputs, and they usually require less parameters to
describe a systemthan input-output descriptions do. Equally important, the starting point
of many nonlinear control methods is a state-spacemaodel of the system to be controlled.
Currently, identi cation methods have beendeveloped for three particular typesof nonlinear
systems:linear parameter-varying state-spacesystems,bilinear state-spacesystems,and local
linear state-spacesystems.

3.6 Development of computationally ecien t and numerically robust sys-
tem identication software

Project members: V. Verdult, M. Verhaegen

Over the years seweral methods for system identi cation of multiv ariable linear state-space
systems have been deweloped. To make these methods available to a large community of
sciertist and engineersin both industry and academics.areliable and e cien t implementation

of these methods is needed. The goal of this work is to dewvelop a software padkage that

provides computationally e cien t and numerically robust implementations of seweral system
identi cation methods for multiv ariable linear state-spacesystems. The software is developed
for usewith Matlab and is partly written in the C programming language. It makes use of
numerical linear algebraroutines from BLAS, LAPACK, and SLICOT.

The software dewvelopmert focuseson the following identi cation methods: 1) time and
frequencydomain subspacemethods, 2) state-spacesystemidenti cation basedon minimizing
the prediction error, and 3) state-spacesystem identi cation by tting frequency response
functions.

3.7 Choice of uncertain ty structure in identication for robust control
Project members: S.G. Douma, P.M.J. Van den Hof

In identi cation for robust control an identied model has to be accompaniedby a bound
on its uncertainty, while the represeniation of this uncertainty should allow for robustness
analysis and robust cortroller synthesis. A large number of such uncertainty descriptions is
available from robust cortrol theory, ase.g.a (H1 )-norm-bounded additiv e or multiplicativ e
uncertainty on the plant model, a norm-boundeduncertainty on a closed-lmp plant represen-
tation (e.g.its dual Youla parameter), uncertainties boundedin the gap or -gap metric, and
real parametric uncertainties. On the other hand, a range of identi cation techniques exists
providing for uncertainty structures identi ed from the data, ase.g. parametrically structured
(ellipsoidal) uncertainty, norm-boundedadditiv e, non-parametric (boxed, ellipsoidal) additive
in the frequencydomain. Amongst such a variety of possibleuncertainty structures a relevant
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Figure 3: Uncertainty structure and robust cortrol.

guestion is what the implications are of a particular choice of structure in the identi cation
for robust cortrol problem.

An ultimate questionto be answered would be what is, for a given purpose (robust sta-
bilit y/p erformance analyis or synthesis), the best model uncertainty structure in which to
identify the model set (nominal model and uncertainty bound). And consequetly, what
would be the best experiment allowing for minimisation of the uncertainty.

While extensiwe literature exists dealingwith characteristics of ead uncertainty structure,
answering the posed question requires a thorough comparison and a bridging of the gap
betweenidenti cation and robust cortrol that goesbeyond the presern state of the art. This
project is intended to highlight aspectsin which the various uncertainty structures di er in
their consequence$or robust analysisand designand in their potentials to be determined on
the basis of realistic experimental data.

3.8 Multi-ob jectiv e nonlinear identi cation

Project members: R. Babuska, K. Maertens (Katholiek e Universiteit Leuven), T.A. Johansen
(Norwegian University of Scienceand Tecnology)

Sponsoredby: Fondsvoor Wetensdappelijk Onderzoek in Vlaanderen

Methods for the multi-ob jective identi cation of nonlinear dynamic models consisting of local
linear models are being investigated. The tradeo betweenglobal model accuracy and inter-
pretabilit y of the local models is explicitly consideredby intro ducing weights on the criteria
for local model accuracy A strategy has been proposedto tune the local weights in order
to adchieve a similar tradeo for ead local model. In this way, the model generalization is
improved. The multi-ob jective identi cation algorithm has been applied to predict the en-
gine load of an o -road vehicle (a combine harvester) operating under varying working load
conditions. The analysistools have proven useful for the construction of an accurate and ro-
bust engineload prediction model. The resulting model can directly be usedin model-based
control algorithms in automatic tuning systemsthat explicitly deal with constraints on the
working region.

3.9 System identication of bio-tec hnological pro cesses

Project menbers: M. Verhaegen,H.H.J. Bloemen (Biotechnology, Delft University of Tecth-
nology)

The purposeof metabolic modeling is, in the rst place, to understand the in vivo kinetics
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Figure 4: Multi-ob jective nonlinear identi cation was usedto construct a model to predict
the engineload of a combine harvester.

of the metabolism of a (micro) organism, and in the secondplace, to possibly reprogram
this metabolism. The models often describe the metabolism under the assumption that
the amount of enzymesremains constart, e.g. [27]. Both to reveal the metabolism and to
verify the metabolic models, pulse experiments are conductedto a steady state culture of the
particular organism. In order to be able to neglectthe biosynthesis of new enzymes,the data
should be collected within a time window of a few minutes after the pulse. This motivatesthe
dewvelopmert of rapid samplingtechniquesto analyzethe dynamicsof the di erent metabolites
in this time window (see,e.g., [31]). Besides,often measuremets are available of the oxygen
O, and carbon dioxide CO, concerrations in the o -gas of a fermenter, measuredby a gas
analyzer, and of the dissolved oxygen (DO) concertration in the fermentation broth.

The latter measuremei can be usedto reconstruct the dynamics of the oxygen uptake
rate (OUR) and carbon dioxide ewlution (CER) after the pulse, and in turn can be usedto
analyze the metabolism and to verify the metabolic models. To reconstruct the OUR and
CER rst amodelis required that describesthe dynamic relation betweenthe OUR and CER
(the impulse of the model) and the measuredquartities provided by the gas analyzer and
the DO sensor(the outputs of the model). Using this o -gas model, the OUR and CER can
be reconstructed from the data (collected during the pulse experimert) by using estimation
techniques.

3.10 Classication of buried objects based on ground penetrating radar
signals

Project members: M. Verhaegen

Ground Penetrating Radar (GPR) is widely used for the non-invasive investigation of the
subsurfaceand man-made structures. Applications include utilit y location, landmine and
unexploded ordinance detection, road inspection, mapping of groundwater contamination,
archeology etc. Especially for landmine detection the interestin GPR hasgrown signi cantly
over the last 5 years. This is the result of increasedawarenessabout the sewerity of the global
landmine problem (see, e.g., http://www.oneworld.org/guides/landmines/index.html )
as well asthe advantagesthat GPR hasto o er over other sensorssuc as metal detectors.
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These advantagesinclude the capability to detect both plastic and metallic landmines.

Currently, an extensive GPR researt project is carried out at the International Researt
Centre for Telecommnunications-Transmissionand Radar (IRCTR) in cooperation with the
Control SystemsEngineeringgroup, the sectionof Applied Geoplysicsand the Laboratory of
Electromagnetic Researti. The project encompasses variety of researt activities aimed at
improving landmine detection with GPR. Theseinclude the developmert of ultra-wideband
GPR systemsand new data processingschemessudc asimaging, inversion and classi cation,
to name a few. The researt in collaboration with the Control SystemsEngineering group
falls into the area of object classi cation.

3.11 Identication and control of LPV systems using orthonormal basis
functions

Project members: P.M.J. Van den Hof, C.W. Sderer, V. Verdult, P.S.C. Heuberger,R. Toth

Sponsoredby: NWO

Orthogonal basis functions have a long history in the context of system approximation
and identi cation. Examplesare the standard pulse basisand the Laguerre basis. Theseare
both special casesof a more general construction in which the basisfunctions are generated
by a cascadednetwork of all-pass Iters. Typically basisfunction models are parameterized
as

X
G(2)= & «k(2);
k=1

wheref ((z)g denotesthe set of basis functions and f cg is the set of coe cien ts (parame-
ters). An important advantage of this parameterization is that the model parametersappear
linearly (this implies that in least squaressettings the optimum is unique and easily cal-
culated). Furthermore it leadsto an output error structure (consistert estimation of the
transfer function, irrespective of noise). This project aims at the exploration of the possible
advantages of orthogonal basis functions for the modeling and cortrol of non-linear systems.

Many practical (control) systemsinvolve phenomenathat are not only functions of time,
but also of other independert variables, suct as, e.g., spacecoordinates. Furthermore, these
functions are sometimesnonlinear and/or non-stationary. As a result the accurate modeling
of such systemsis in generala complexand tedious task, involving the useof nonlinear partial
di erential equations,leadingto modelswith a huge number of parametersand high compu-
tational complexity. On the other hand accurate and e cien t cortrol of the relevant process
variables is of paramount importance to satisfy the increasing performancedemands. In or-
der to adhieve these goals, cortrol algorithms and methods have to be applied that require
processmodels of low complexity. This project aims at the developmert and application of
a new generation of tools for identi cation and control of these processesgnhancingresults
recertly obtained in systemsand cortrol theory, with the goal to bridge this obvious gap be-
tweenmodeling and cortrol requiremerts by the creation of relatively simple models, that are
both accuratein the represertation of the overall system behavior, suited for cortrol design.
One of the approadcestaken will consist of interpolation of locally linear models, combining
the theory on LPV (linear parameter varying) systemsand the theory on orthogonal basis
functions.
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4 Controller design

The fundamenrtal questionof taking uncertainty of the model in the designof high performance
certralised or decerralised cortrollers into accourt is addressedfrom a large number of
dierent ways: (1) Physically structured cortrollers in correspondencewith the structure
of the systemto be controlled are investigated based on the Lagrangian and Hamiltonian
framework and on energycontrol, (2) Optimisation basedon e.g. semide nite programming
is investigated for multi criteria robust controller design, (3) Fault tolerant cortroller design
methods are deweloped that are able to detect and to modify the cortroller settings before
a fault turns into a failure or catastrophe. (4) Model predictive control for classesof hybrid
systems,etc.

4.1 Theory and design of robust control systems
Project members: C.W. Scherer

Modern controller designtechniques are basedon models of a physical plant which are ob-
tained using rst principles or systemidenti cation. It is often possibleto incorporate pre-
dictable changesof the physical plant into a model, such asvariations in measurableparame-
ters. In addition, onemight aswell encourter unpredictable or unmeasurableplant variations
or system parts which are hard if impossibleto be approximated by simple models. In order
to cope with the latter e ects, it is hencereasonableto basethe cortroller designon a whole
set of models which can be parameterizedin a simple fashion. Combining both uncertainty
structures, any realistic control designmethodology should hencestart with a parameterized
family of model sets, the parameter capturing the measurablechangesof the plant and the
model setsrepresetting unpredictable systemvariations. The designalgorithm should lead to
a parameterizedor scheduled family of cortrollers which achievesnot only one but a variety
of designobjectivesfor all elemeris in the model set.

Performance objectives are either speci ed in a qualitative manner (regulation, distur-
bancedecoupling) or they can be quanti ed using systemnorms or gains (with the H2-norm
and Hj -norm as typical examples). For linear time invariant systems, it is by now well-
established how to solve many of these problems independerily. However, the theory of
designing cortrollers achieving multiple objectives for one model or for a whole model set,
the so-calledrobust multi-ob jective design,is still in its infancy.

The main goal of our resear is to push further new developmerts in the area of robust
multi-ob jective cortrol and to combine the corresponding cortroller synthesiswith scheduling
techniquesif the system varies with a measurableparameter.

4.2 Ecien t analysis and synthesis tools for robust and scheduled con-
troller design against time-v arying and dynamic uncertain ties

Project members: S. Dietz, C.W. Scerer

In recert yearsoptimization basedrobust corntroller analysis and synthesis techniques have
emergedas powerful tools in numerous practical corntrol applications. In particular the de-
velopment of fast optimization algorithms for solving semi-de nite programming problems
during the last decadehas causeda paradigm shift in control to handle designproblemsthat
are deemeduntractable with establishedanalytical techniques. Despite impressive progress,it
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is only partially understood how to e ectiv ely incorporate mixtures of dynamic time-invariant
and rate-boundedtime-varying uncertainties into systematic corntroller analysisand synthesis
algorithms by employing suitable relaxation schemes,and it is largely unexplored how to
estimate relaxation errors.

This project aims at dewveloping an integrated theoretical framework for handling un-
certainty mixtures by merging time- and frequency-domaindescriptions of their properties.
Emphasiswill be put on the developmert of structure exploiting numerical algorithms that
allow a gradual reduction of relaxation errors and that generatebounds on the involved con-
senatism. This fundamentally novel strategy leadsto the secondgoal, the developmert of the
corresponding robust and scheduled controller synthesis techniques, with the demonstration
of their applicability for regulating systemswhose dynamics vary with time or nonlinearly.
These stchemeswill involve a partition of uncertainty value sets suc that robust or sched-
uled cortroller designwill be intimately related to the designof multi-ob jective and switched
controllers for a large number of models. The third goal is to arrive at a fundamentally new
understanding of the interrelations of these topics with the design of structured cortrollers
for system network interconnections.

4.3 Robust model predictiv e control
Project members: H. Chen (Jilin University), C.W. Scherer

Model predictive control (MPC) is amongthe most successfutegulation techniquesin process
industry. As the essetial theoretical bene t, MPC acdhievesfeedbadk-control action by solving
open-loop optimization problems on-line. Industrial systemstypically suer from a large
plant-model mismatch which can lead to considerable performance degradation in on-line
optimization schemesif not taken into accourt. Unfortunately the systematic incorporation
of (structured) uncertainties in the MPC framework is still rather immature. The main goal
of this researt is to understand how feedbad-control action can be generatedfor uncertain
models by solving minimax problems for open-loop strategies.

As an initial step we speci cally considerthe L »-disturbance attenuation problem with
hard constraints on the cortrol inputs. Based on game-theoretic techniques we investigate
schemesthat allow to relax or tighten performancespeci cations during on-line optimization
in order to avoid input saturation while still guararnteeing desiredperformancespeci cations.
Our ultimate goal is a non-consenative solution of the H; -synthesis problem with hard
constraints.

4.4 Robust activ e control of noise and vibrations

Project members: P.R. Fraanje, M. Verhaegen

Our researt on robust active control of noise and vibrations focuseson the suppressionof
broadband stochastic disturbances (seee.g. Figure 5). Until now active noise/vibration con-
trol (ANV C) has beensuccessfullyapplied to cancelharmonic disturbances, e.g.in propeller
aircrafts and air conditioning systems. In most of these ANV C systems,the Filtered-X LMS
algorithm is applied, becauseof its simplicity and adaptivit y.
Howevwer, the cortrol of broadbanddisturbances,e.g.in jet aircrafts and road-tire/aero dynamic

noisein cars, su ers to someimportant problems, which has hold bad from practical appli-
cation:

14



noise radiating panel
e ' B .\ noise
I+

\/ anti noise

L
'e

anti noise sources

Figure 5: Artist impression of a smart panel system, in which disturbing vibrations are
suppressedoy cortrolling piezo-electricactuators.

cortrary to the caseof harmonic disturbances, in the caseof broadband disturbances
usually no referencesignal which is highly correlated with the disturbance is available;

adaptive LMS algorithms, like Filtered-X LMS cornvergesvery slowly due to correlation
in the broadband regressionsignal,

the systemto be controlled is usually an in nite dimensional system, which yields high
model ordersin its nite order approximation;

the system, especially actuators and sensors,often su er to nonlinear behavior.

To solve these problems, we have proposedtwo solutions:

1.

ano -line probabilistic control designmethod, which optimizesthe averageperformance
over a stochastic model uncertainty set;

an robust fast adaptive control designmethod, which is basically a robust preconditioned
version of the Filtered-X LMS algorithm.

Our researt to improve the performance of the rst method is on cortrol-relevant (closed-
loop) identi cation of the model and iterativ e identi cation and cortroller design. In cooper-
ation with the University of California, Los Angels, we investigate how to improve the second
method, sud that performancebounds can be guaranteed.

For large scale applications, e.g. in smart materials, with many sensorsand actuators,
decertralized and distributed control methods needsto be developed to reducethe complexity
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of the real-time cortroller. Therefore a secondmain researt goal is to designand practically
validate deceriralized ANV C algorithms for broadband disturbance suppression.
This project is donein cooperation with TNO-TPD.

4.5 On weight adjustmen t in H,; control design

Project members: X.J.A. Bombois, B.D.O. Anderson and A. Lanzon (Australian National
University and National ICT Australia, Australia)

In recert years, H; cortrol design has becomea well-known method to design a model-
basedcortroller satisfying a number of constraints expressedby amplitude bounds (weights)
on the "to-b e-designed" closed-lamp transfer functions. This method has known numerous
applications for cortrol design on real-life systems. The design of a cortroller using H;

control design generally follows an iterativ e procedure. In a rst step, only the sensitivity
function is e ectiv ely constrained (i.e., the constraints on the other transfer functions are
chosenin such a way that they remain ine ective). A rst cortroller is obtained in this
way. However, this controller has generally an unsatisfactory performance with respect to
the closed-lmp transfer functions for which the constraints were (in this rst step) too loose
to be e ective. Consequetly, in a secondstep, the weights on these closed-lmp transfer
functions are adapted in order to improve the closed-lmp behaviour of the cortroller and a
secondcortroller is computed using these adapted weights. This procedureis pursued until

the obtained cortroller is judged satisfactory enough. The way with which the weights are
adapted at ead \iteration" is generally purely heuristic. It is consequetly very interesting
to build someinsights about the in uence of a weight modi cation on the obtained (central)

controller and, more importantly, on the obtained closed-lmp transfer functions in order to
be able to improve the way H1 cortrol designis performed.

4.6 Discrete-time sliding mode control

Project members: G. Monsees,J.M.A. Scerpen

Sliding mode cortrol is a well known robust control algorithm for linear as well as nonlinear
systems. Continuous-time sliding mode cortrol has been extensively studied and has been
usedin various applications. Much lessis known of discrete-time sliding mode cortrollers.
In practice it is often assumedthat the sampling frequency is su cien tly high to assume
that the closed-lmp systemis cortinuous-time. Another possibility is to designthe sliding
mode cortroller in discrete-time, basedon a discrete-time model of the sampledsystemunder
cortrol.

State-based, discrete-time, sliding mode control has received quite some attention over
the last decade. The main problem encourtered in discrete-time sliding mode cortrol, as
opposed to cortinuous-time sliding mode control, is the limited switching speed. Where
the switching frequency in cortinuous-time is assumedto be in nite, in discrete-time it is
limited by the sampling frequency Therefore (perfect) sliding mode can not be attained in
discrete-time. Instead, the best achievable result is to steerthe closed-laop system within a
small boundary region around the switching surface called the quasi sliding mode band. As
opposedto discrete-time state-basedsliding mode cortrol, discrete-time output-based sliding
mode has receiwved little attention. Researt in this area has been focused on a transfer
function approadc sofar.
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Our researt hasbeenfocusedon the designof an output-based discrete-time sliding mode
controller basedon a linear state-spacerepresenation of the system. Using this method, the
designof the output-based cortroller can be applied easilyto MIMO (multiple input multiple
output) aswell. Further improvemerts are made by the use of disturbance estimation and
reduced order state obsenation. It is also shavn that the derived cortroller can be applied
to the problem of target tracking, possibly in conjunction with a feedforward controller.
Simulation studies demonstrate the applicability of the deweloped control theory.

4.7 Multi-agen t control of large-scale hybrid systems
Project members: R. Negerborn, B. De Schutter
Sponsoredby: STW & NWO(via the VIDI Innovational Researt Incentives Stheme)

Hugetrac congestionafter recen incidents (such asthe bomb alerts in the tunnels in Ams-
terdam, or at the IKEA stores), or the problemsin the US, The Netherlands, and Italy dueto
power outageshave shown the crucial role of a reliable operation of tra ¢ and transportation
systems,electricity distribution networks, and other large-scalecomplex systemsthat are one
of the corner-stonesof our modern scciety such aswater distribution, logistic operations, and
telecomnunication networks. A reliable and e cien t operation of thesesystemsis not only of
paramount importance when the systemsare pressedto the limits of their performance, but
also under regular operating conditions. The systemsmentioned above can be modeled as
hybrid systems,i.e., systemswith both contin uousand discrete dynamics. A smooth, e cien t
and safeoperation of thesesystemsis of paramourt importance for the economicgrowth, the
ervironment, and the quality of life.

Up to now, most control methods for hybrid systemsare basedon a certralized cortrol
paradigm and/or on ad-hoc techniques. However, certralized cortrol of large-scalesystemsis
often not feasiblein practice due to computational complexity, communication overhead,and
lack of scalability. Furthermore, a structured corntrol designmethod is alsolacking. Therefore,
we proposeto dewelop a structured and tractable design methodology for robust control of
large-scalehybrid systems.

In this project we will dewvelop both the necessarynew theory and a corresponding design
framework for control of large-scalehybrid systemsusing an approad basedon:

a multi-lev el cortrol structure with local \control ageris" at the lowest level, and one
or more higher \sup ervisory" cortrol levels,

combination and integration of techniquesfrom computer scienceand cortrol engineer-
ing in order to obtain coordination at and across all cortrol levels.

This will result in systematic approacesthat outperform existing heuristic or case-degndert
decertralized control strategies.

In addition to performing fundamertal researt on cortrol of large-scalehybrid systems,
we will concerrate on three specic application elds: trac & transportation, electricity
distribution, and logistics.
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4.8 Mo del predictiv e control for discrete-ev ent systems

Project members: B. De Schutter, T.J.J. van den Boom

Model predictive cortrol (MPC) is a very popular cortroller design method in the process
industry. An important advantage of MPC is that it allows the inclusion of constraints on
the inputs and outputs. Usually MPC useslinear discrete-time models. In this project we
extend MPC to a classof discrete-eent systems. Typical examplesof discrete-ewent systems
are. exible manufacturing systems, telecomnmunication networks, trac cortrol systems,
multipro cessoroperating systems,and logistic systems. In general models that describe the
behavior of a discrete-eernt system are nonlinear in cornvertional algebra. However, there is
a classof discrete-eent systems{ the max-plus-linear discrete-exent systems{ that can be
described by a model that is \linear" in the max-plus algebra.

We have further developed our MPC framework for max-plus-linear discrete-eert systems
and included the in uences of noiseand disturbances[32, 33, 34, 35, 36]. In addition, we have
also extendedour results to discrete-eent systemsthat can be described by modelsin which
the operations maximization, minimization, addition and scalar multiplication appear [19],
and to discrete-eent systemswith both hard and soft synchronization constraints [16] (see
also Project 7.3).

4.9 Mo del predictiv e control for piece-wise ane systems

Project members: B. De Schutter, T.J.J. van den Boom

We have extended our results on model predictive cortrol (MPC) for discrete event systems
(seeProject 4.8) to a classof hybrid systemsthat canbe described by a contin uous piecewise-
ane state spacemodel. More speci cally, we have consideredsystemsof the form

x(k) Px(x(k  1);u(k))
y(k) Py(x(k);u(k)) ;
wherex, u andy arerespectively, the state, the input and the output vector of the system,and

where the componerts of Py and Py are cortin uous piecewise-a ne (PWA) scalar functions,
i.e., functions that satisfy the following conditions:

1. The domain spaceof f is divided into a nite number of polyhedral regions;
2. In ead regionf can be expressedasan a ne function;
3. f is continuous on any boundary betweentwo regions.

We have shown that continuous PWA systems are equivalent to max-min-plus-scaling
systems(i.e., systemsthat can be modeled using maximization, minimization, addition and
scalarmultiplication). Next, we have consideredMPC for thesesystems. In general,this leads
to nonlinear non-corvex optimization problems. However, we have developed a method based
on canonical forms for max-min-plus-scaling functions to solve these optimization problems
in a more e cient way than by just applying nonlinear optimization as was done in pre-
vious researd. More speci cally, the proposed algorithm consistsin solving se\eral linear
programming problems [20].
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4.10 Mo del predictiv e control for hybrid systems

Project members: I. Necoara,B. De Schutter, T.J.J. van den Boom
Sponsoredby: STW

Both academiaand industry have recertly directed a considerableamount of researt e ort
on hybrid systems. Hybrid systemstypically arise when cortinuous plants are coupled with
cortrollers that involve discrete logic actions. Although hybrid systemsare encourtered in
many practical situations, up to now most cortrollers for such systemsare designedusing ad
hoc and heuristic procedures. Due to the complex nature of hybrid systems,it is infeasible
to comeup with generally applicable cortrol design methods.

In this project we will therefore focus on structured control design methods for speci ¢
classesof hybrid systemsthat are industrially relevant. These methods will be extensionsof
the model predictive control (MPC) framework for contin uoussystems,soasto include hybrid
systems. The MPC schemeis nowadays very popular in the oil re ning and (petrochemical)
processindustry and has adequately proved its usefulnessin practice. MPC o ers attractiv e
featuresthat makesthis cortrol approac alsointeresting and relevant for extensionto hybrid
systems. In this project we will develop high performanceMPC cortroller designtechniques
for hybrid systems,concerirating on applications in the chemical processindustry (Shell) and
in the brewing industry (Heineken).

Currently, we have already obtained someinitial results on MPC for special classesof
hybrid systems(seeProjects 2.4, 4.9 and 7.3). In this project we will further extend these
results to more relevant classesof hybrid systems,thoroughly investigate and formalize the
designprocess,improve optimization proceduresto realize real-time implementation, and use
the results for practical problems of the partners from industry.

This project is donein cooperation with dr. W.P.M.H. Heemelsof the Control Systems
group of Eindhoven University of Tednology.

4.11 Predictiv e control of nonlinear systems in the pro cessindustry

Project members: H.H.J. Bloemen, T.J.J. van den Boom, J.M.A. Scherpen, M. Verhaegen,
V. Verdult, H. Oku, H.B. Verbruggen

Sponsoredby: STW

The project aims at the dewvelopmern of methods that enableto transfer the high investmert
return of currently usedModel-basedPredictive Controller (MPC) schemesfor linear systems
to important classesof nonlinear systemsin the processindustry.

The rst classcontains systemswhich can, from an input-output point of view, accu-

rately be described by a linear dynamical model when the operating range of the system

is limited. Though, the presen generation of MPCs are designedfor this limited op-

erating range, the tendency to produce more client oriented, will causethe processes
to frequertly make a transition from one limited operating range to the next. Using

existing MPC technology these transient e ects are not taken into account, possibly

leading to non-smaoth transitions and therefore economicallosses.

The secondclasscortains processeshat even for alimited operating range demonstrate
a nonlinear behavior. An example is a high purity distillation column which for a
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Figure 6: Block diagram of a Wiener model.

particular operating range can accurately be described by a seriesconnectionof a linear
time-invariant (LTI) dynamic model followed by a static output nonlinearity (NL), a
so-calledWiener model (seeFigure 6).

The special way in which the nonlinearity enters the Wiener model can be exploited by
transforming it into uncertainty. The result will be an uncertain linear model, which enables
to userobust linear MPC techniques. A similar approad can be applied for Hammerstein
systems, in which casea linear dynamic block is precededby a static input nonlinearity.
This Hammerstein-Wiener MPC algorithm [8] extends the linear MPC algorithm described
in [10]. A casestudy, concerningthe distillation column benchmark, has demonstrated the
e ectiv enessof the proposedWiener MPC algorithm and is presered in [7].

Also discrete-time bilinear models may be useful for black-box identi cation of nonlinear
processes. In bilinear models the nonlinearity enters the dynamic part of the model, i.e.
the state equation cortains a product term betweenthe current state and the current input.
This property can be exploited for solving a "classical" nite horizon MPC problem [9]. An
application of bilinear MPC to a polymerization reactor is preseried in [12]. Extensionsto
an in nite-horizon bilinear MPC algorithm can be found in [5, 11]. Extensionsto bilinear
MPC algorithms that aim at a low computational demand for the on-line computations are
reported in [6, 5].

This project is part of STW project DEL 55.3891. This project is done in co-operation
with the Control group of the University of Oxford, UK.

4.12 Robust and predictiv e control using neural networks

Project members: T.J.J. van den Boom, M. Ayala Botto

The aim of the project is to investigate the possibilities of the application of neural networks
to the predictive control of dynamical systems. It contains two sub-projects.

In the rst sub-project we aim to establish a link betweenaccuracy of function approxi-
mation with a neural network and the stability of the system,leadingto a robust model-based
cortrol scheme using a nonlinear (neural network) model. Of particular importance is that
when bounds can be given on the modeling error, robust control schemesfor sud systems
must be developed which lead to a guaranteed stable cortrol system. The project speci cally
investigatesthe relationship betweenboundson the network error and stability of the system.
If this is achieved, neural corntrol can be applied to real-world applications with guaranteed
robustnessproperties.

In the secondsub-project investigate the use of neural networks in the designof analytic
constrained predictive controllers for linear systemsthat combines constraint handling with
speedand is applicable to corntrol problemswith many constraints. The solution to the model
predictive cortrol problem is a contin uousfunction of the state, the referencesignal, the noise
and the disturbancesand hencecan be approximated arbitrarily closeby a feed-forward neural
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network. This leadsto an analytic constrained predictive corntroller that combines constraint
handling with speed and is applicable to fast systemsand complex cortrol problems with
many constraints [26, 1].

This project is donein co-operation with the IST group of the University of Lisbon.

4.13 The standard predictiv e control problem

Project members: T.J.J. van den Boom, A.C.P.M. Backx (Eindhoven University of Technol-
ogy)

In this project the standard predictive cortrol problem (SPCP) is studied. The SPCP consists
of one extended processdescription with a feedbad& uncertainty block. The most important
nite andin nite horizon predictive control problemscan be seenasspecial realizations of this
SPCP. The SPCP and its solution are given in state-space. The objective of the cortroller
is nominal performance subject to signal constraints and robust stability with respect to
bounded model uncertainty.

Stability and feasibility are studied for the nite and in nite prediction horizon casewith
structured input signalsdescriptionsand level and rate constraints on input, state and output
signals.

This project is donein cooperation with the Control Systemsgroup of Eindhoven Univer-
sity of Technology.

4.14 Mo del-based fault detection and controller recon guration for wind
turbines

Project members: V. Verdult, M. Verhaegen,S. Mesic
Sponsoredby: Novem

Wind turbines, especially o shore turbines are shutdown for a prolongedperiod of time dueto
failures and degradation of components under seere weather conditions. Repairing o shore
wind turbines is costly. Model-basedfault detection and cortroller recon guration are two
new, partly still experimental techniques, that have the potential to detect faults quickly
and minimize the impact of faults in a more e cien t way than the currently used classical
condition monitoring and control methods can. The combination of fault detection and
cortroller recon guration is called fault-tolerant cortrol. Fault tolerant cortrol increases
system availabilit y.

A casestudy was performed to investigate the feasibility of model-basedfault detection
and cortroller recon guration of wind turbines. The casestudy was focusedon failures of the
sensorsand actuators in the primary pitch-to-vane control loop and to changesin the gain of
this cortrol loop that can be viewed asbeing due to the occurrenceof faults or degradation of
componerts. Two major bottlenecks in the use of fault detection methods for wind turbines
are: 1) The operation of a wind turbine in a closed-lmp cortrol con guration, which leads
to correlation betweenthe input and output signals of the wind turbine; 2) The fact that
the closed-lmp wind turbine systemis driven by an unknown input signal, the rotor e ective
wind speed. In practice, the wind speed cannot be measuredaccurately, and therefore it is
assumedto be unknown.
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Figure 7. Fault-tolerant control system

The combination of the closed-lmp operation and the unknown driving input leadsto a
complicated setting for performing fault detection. Most currently available fault detection
methods are not suited for this scenario. Within this feasibility study dedicatedfault detection
methods have been developed that can deal with the closed-laop setting and the unknown
wind input. Thesemethods are basedon a Kalman Iter and usea model of the deterministic
dynamic behavior of the wind turbine and models of the faults that are to be expected (for
examplemultiplicativ e actuator faults). The dewveloped methods not only estimate the faults,
but alsothe unknown input signal.

4.15 Neuro-fuzzy modeling in model-based fault detection, fault isolation
and controller recon guration

Project members: R. Hallouzi, S. Kanev, V. Verdult, R. Babuska, J. Hellendoorn, M. Ver-
haegen

Sponsoredby: STW

The aim is the developmert of fast and reliable algorithms for fault detection and diagnosis
(FDD) and controller recon guration (CR). In control systems,faults are events that could
cause unwanted behavior or a catastrophe of the controlled system. The design of FTC
systemshas therefore the purposeto prevent the degradation from simple faults into serious
system failures, since system failures might lead to huge economicaland human losses. A
fault-tolerant system consists of two main parts (see Figure 7): one that has the task to
detect and diagnosefaults that occur in the cortrol system, and another that recon gures
the cortroller accordingly, whene\er faults occur in the system, so that the performance of
the recon gured faulty closed-lap systemis presened at somedesiredlevel.

The goal in the project is the developmert of numerically fast and robust algorithms
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for on-line implemenrtation, applicable to the problems of FDD and CR in casesof both
abrupt and incipient system faults in the sensors,actuators and physical parametersin the
system. The project is subdivided into two work padkages,one dealing with fault detection
and isolation (researtier R. Hallouzi, started in 2004), and another focusedon the problem
of cortroller recon guration (researder S. Kanev, 1999-2003).

Within Work Package | the main focusis put on the following items:

the augmerted Kalman Iter for the estimation of multiplicativ e and additive sensor
and actuator faults,

LPV basedFDI for dealing with non-linear systems.
FDI methods that provide information on the uncertainty of the identi ed faults.

evaluation of FDI methods on a non-linear aircraft model that may include component
faults.

Within Work Package Il dierent approaceshave beendeveloped:
FTC basedon multiple-mo del estimation and predictive cortrol,
recon guration strategiesfor robust LQ regulator/Kalman lIter,
a BMI approadc to passiwe FTC,
an ellipsoid algorithm for probabilistic robust cortroller design,
active LPV-based FTC in the presenceof uncertainty in the FDI,

a randomized approad to robust output-feedback MPC.

4.16 Fuzzy control of multiv ariable pro cesses
Project members: R. Babuska, S. Mollov

Fuzzy cortrol provides e ectiv e solutions for nonlinear and partially unknown processes,
mainly becauseof its ability to combine information form di erent sources,such as avail-
able mathematical models, experience of operators, processmeasuremets, etc. Extensive
researty hasbeendewoted to single-input single-output fuzzy control systems,including mod-
eling and cortrol designaspects, analysis of stability and robustness,adaptive cortrol. Mul-
tivariable fuzzy cortrol, howewer, have received considerably less attention, despite strong
practical needsfor multiv ariable cortrol solutions, indicated amongother elds from process
industry, (waste)water treatment, or aerospacesngineering. Yet, theoretical foundations and
methodological aspects of multiv ariable cortrol are not well developed.

This researt project focuseson the useof fuzzy logic in model-basedcontrol of multiple-
input, multiple-output (MIMO) systems. Recen dewelopmerns include e ectiv e optimization
techniguesand robust stability constraints for nonlinear model predictive cortrol. The devel-
oped predictive control methods have beenapplied to the designof an Engine Managemen
Systemfor the gasolinedirect injection engine benchmark, developed as a casestudy within
the Europeanreseart project FAMIMO (seeFigure 8). An extension of the Relative Gain
Array approad has beenproposedthat facilitates the analysis of interactions in MIMO TS
fuzzy models. The results of this researd are reported in the Ph.D. dissertation by S. Mollov.
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Figure 8: Fuzzy predictive cortrol of a gasolinedirect injection engine.

4.17 Aordable digital y-b y-wire igh t control systems for small commer-
cial aircraft

Project members: M. Oosterom, R. Babuska, V. Verdult
Sponsoredby: European Community GROWTH project ADFCS{l |

The objective of this project is to apply the y-b y-wire (FBW) technology in ight control
systemsof a smaller category of aircraft (seeFigure 9). In FBW digital ight cortrol systems,
there is no direct link betweenthe cortrol stick and pedals, which are operated by the pilot,
and the cortrol surfaces.All measuredsignals,including the pilot inputs, are processedy the
ight control computer that computes the desired cortrol surface de ections. This scheme
enablesthe ight control engineerto alter the dynamic characteristics of the bare aircraft
through an appropriate designof the ight control laws. Moreover, important safety features
can be included in the control system, such as ight envelope protection. This increasesthe
safety level comparedto aircraft with medianical control systems.

Our task in the project is to assesshe bene ts and to verify the validity of the soft-
computing techniques in the FBW cortrol system design and sensormanagemen These
novel techniques are combined with standard, well-proven methods of the aircraft industry.
The researt topics are the design of gain-sdieduled control laws, fault detection, isolation
and recon guration, and an expert systemmonitoring of the overall operational status of both
the pilot and the aircraft. For the FCL optimization and the fault detection and identi cation
system, fuzzy logic approacesare adoptedin order to extend linear designtechniguesto non-
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Figure 9: Galaxy businessjet (left) and validation of the control systemthrough pilot-in-the-
loop simulations at the Researt Flight Simulator of the NLR (right).

linear systems. Moreover, a neuro-fuzzyvirtual sensoris being developed in closecooperation
with Alenia to replace hardware sensors.For the pilot-aircraft status monitor a fuzzy expert
systemwill be developed that hasthe functionality of a warning and advisory/decision aiding
system.

4.18 FDI applied to aordable digital y-b y-wire igh t control systems
Project members: R. Hallouzi, R. Babuska, V. Verdult, M. Verhaegen
Sponsoredby: European Community GROWTH project ADFCS{I |

Employing analytical redundancy basedon mathematical models rather than hardware re-
dundancy basedon redundart hardwareis a key issuein current researt in the areaof aircraft
fault detection and identi cation (FDI). In this manner cost, weight and complexity can be
reduced. The objective of this project is to apply model-basedFDI methods to small com-
mercial aircraft (seeFigure 10). In previous work within the ADF CS-Il project researd has
mainly focusedon sensorfaults. Howewer, in order to achieve complete condition monitoring
in aircraft, the developmert of FDI methods for actuators is an important step.

The FDI methods we proposeare able to distinguish betweentotal and partial actuator
faults in an aircraft and can estimate how large these faults are. Partial faults are charac-
terized by the fact that the control surfaceis still functioning, but only with reduced power
(loss-of-e ectiveness). Total faults are characterized by the fact the control surfaceis stuck
at a certain position and doesnot react on the cortrol input (e.g. stuck-in-place or hard-over
fault).

The useof well-provenlinear FDI methodsis attractiv ein many aspects. However, aircraft
are non-linear systems. In order to still be able to apply theselinear FDI methods, multiple
linear models have to be scheduled. Thesemodels are linearized at certain points in the igh t
envelope of the aircraft. The challengeis to useas few linearized models as possibleto cover
the whole ight envelope.

4.19 Fuzzy model based control with use of a priori knowledge

Project members: R. Babuska, J. Abonyi (University of Veszprem,Hungary)

E ectiv e developmert of nonlinear dynamic processmodels is of great importance in the
application of model-basedcontrol. Typically, one needsto blend information from di erent
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Figure 10: Galaxy businessjet (left) and a schematic overview of a cortrol system with
model-basedFDI (right).

sources: experience of operators and designers,processdata and rst principle knowledge
formulated by mathematical equations. To incorporate a priori knowledgeinto data-driven
identi cation of dynamic fuzzy models of the Takagi-Sugenactype a constrainedidenti cation
algorithm hasbeendeweloped, wherethe constrainson the model parametersare basedon the
knowledge about the processstability, minimal or maximal gain, and the settling time. The
algorithm has beensuccessfullyapplied to o -line and on-line adaptation of fuzzy models.

When no a priori knowledgeabout the local dynamic behavior of the processis available,
information about the steady-state characteristic could be extremely useful. Becauseof the
dicult analysisof the steady-state behavior of dynamic fuzzy models of the Takagi-Sugeno
type, block-oriented fuzzy models have been deweloped. In the Fuzzy Hammerstein (FH)
model, a static fuzzy model is connectedin serieswith a linear dynamic model. The obtained
FH model is incorporated in a model-basedpredictive control scheme. Results show that the
proposed FH modeling approacd is useful for modular parsimonious modeling and model-
basedcortrol of nonlinear systems.

4.20 Analysis and design of nonlinear control systems for switc hing net-
works

Project members: D. Jeltsema, J.M.A. Sderpen, J.B. Klaassens

Switching electrical networks are nowadays essetial for high-performanceenergy control for
a large variety of applications. This variesfrom simple DC-DC, AC-DC, DC-AC and AC-AC
corverter structures for usein commercial electrical apparatus, to high tech structures for use
in, e.g.,spaceand non-civilian applications. The basicideal con guration of a power corverter
is generally based on the combination of cortrollable (semiconductor) switches and ( Iter)
componerts in the form of passive componerts like inductors, capacitors and transformers.
In the last thirt y yearsthis areahasundergonea wealth of practical and theoretical devel-
opmerts, mainly donein the eld of power electronics. Thesedewelopmerts and studieswhere
mainly concernedwith small signal analysis (linearizing) basedon averaging techniques like
pulse-width modulation (PWM), and related, linear PID cortrol techniques, static behavior,
ripple analysis, etc. The aim of this project is to considerthe general structure of switching
electrical networks. We approac these systemsfrom a physical modeling point of view, i.e.,
we use physical systemtheoretic descriptions (large signal) basedon the interconnection and
energy properties of the system. For that, a general energy-basedmodeling procedure for
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(single and multiple) switched-made electrical networks hasbeendeveloped. The method is a
synergy of the well-known Hamiltonian and Lagrangian formalism together with the Brayton-
Moser equations. This technique is useful for, e.g., passivity-basedcontrol purposesand large
signal stability analysis. As casestudies, fundamertal single switch DC-to-DC corverters and
multi-switc h AC-to-DC recti ers were used (see Figure 11). Further researt includes the
involvemert of seweral classesof non-ideal physical elemerts into the framework.

The generalmodeling framework will be usedfor analysispurposes,and for giving speci ¢
choicesfor the best physical variables for controller design. These choicesare important to
obtain a better overall performance(in terms of overshoot, disturbance rejection, etc.) of the
closedloop system. The topology of the switching network is decisive for the (in-)stabilit y
of the zero-dynamics, i.e., for being a (non-)minimum phase system. Study of the zero-
dynamics is mainly of importance for the cortroller design. Furthermore, we study possible
improvemerts by deweloping (nonlinear) control schemesthat are basedon the physics and
that are generally applicable to this type of systems. If possible, by the new set-up from
a system and corntrol point of view, new switching network topologieswill be developed,
resulting in corverter structures that are ful lling speci ¢ demandsof high tech applications
likein, e.g., spaceand non-civilian applications.

4.21 Stabilization of nonlinear RLC circuits: power shaping and passiva-
tion

Project members: D. Jeltsema, J.M.A. Scherpen, Romeo Ortega (Supelec, France)

Sponsoredby: Marie Curie Control Training Site (CTS)

Passivity is a fundamertal property of dynamical systemsthat constitutes a cornerstonefor

many major dewvelopmerts in systemsand control theory, including optimal (H, and H1 )

control, realization theory and adaptive cortrol. Passivity has also been instrumental to
reformulate, in an elegart and unifying manner, the certral problem of feedbadk stabilization
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| either in its form of feedbad passiwation for generalnonlinear systemsor asenergy-shaping
control for systemswith physical structures.

It is well-known that arbitrary interconnections of passiwe (possibly nonlinear) resistors,
inductors and capacitors de ne passiwe systemswith supply rate the product of the external
sourcesvoltages and currents, and storage function the total stored energy Interestingly,
for a classof RLC circuits with convex energy function and weak electromagnetic coupling
it is possibleto "add a di erentiation' to the port terminals preserving passivity | with a
new storage function that is directly related to the circuit power. The result is of interest in
circuits theory, but also has applications in control problems asit suggeststhe paradigm of
Power Shaping stabilization asan alternativ e to the well-known method of Energy Shapingas
recertly proposedin the literature. In cortrast with Energy Shapingdesigns,Power Shapingis
not restricted to systemswithout pervasive dissipation and naturally allowsto add “derivative'
actions in the control. These important features, that stymie the applicability of Energy
Shaping cortrol, make Power Shaping very practically appealing. To establish our results we
exploit the geometric property that voltagesand currents in RLC circuits live in orthogonal
spaces,.e., Tellegen'stheorem, and heavily rely on the seminal paper of Brayton and Moser
in 1964.

Additional researd includesthe extensionof our results beyond the realm of RLC circuits,
e.g.,to medanical or electromedanical systems. A related question is whether we can nd
Brayton-Moser like models for this classof systems.

422 Real-time control of smart structures

Project members: M. Verhaegen,P.R. Fraanje, N. Doelman (TNO)

Smart materials is a notion used for materials that deform when electrically actuated and
vice versaproduce an electrical signal when they are deformed. What makesthese materials
\smart" is the signal and corntrol processingschemesthat actively cortrols the interaction
betweenthe material and structure to which the materials are attached.

Thesestructures can at a large scalebe exible. In that casethe smart cortroller design
arti cially adapts the sti ness of the structure, or changesits shape in order to optimize the
plant performances. Examples are the active shaping of the using pro le to maximize the
drag in dierent ight phases. At a nano-scale,smart materials are used for high-precision
positioning in, e.g., Atomic Force Microscopes. The researt challengesaddressedin the
project are both fundamertal:

Modeling and control of the nonlinear phenomenonsuc as hysteresis and creep of
piezo-electricmaterial;

Decerntralized cortrol of large scalesystemswith distributed sensorsand actuators;
aswell as practically oriented:

Real-time implementation of Matlab simulink phototyped corntrol schemesmaking use
of real-time Linux.
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5 Industrial pro cess control

The relevant trends in processindustry could be summarizedas: better pro tabilit y, increased
exibilit y and the incorporation of sustainability. The current researd focusis on pro tabilit y
and exibilit y and could be summarized as model-basedcontrol/optimization of \di cult”
unit operations and complete plants. In this researt three aspects can be recognized:

1. Mo deling : this includesmodeling, validation, identi cation and reduction. After mod-
eling we should end up with a model that has su cien t accurate predictive power at
acceptablecomputational cost.

2. Observ ation : Attention is paid to extended Kalman Iters and horizon estimators.

3. Control/optimization  : The researt in this area concerrates on dynamic optimiza-
tion (sequertial and simultaneous approad) but also on the integration of control and
optimization.

This researd is done in close cooperation with the processindustry: Bayer, Shell, Solvay,
AKZO, Unilever, ...

5.1 Economic optimal plantwide control

Project members: A.E.M. Huesman

The objective of plantwide cortrol (the cortrol of a complete chemical plant) can be formu-
lated as:

1. support (not guarantee) safely,
2. realize the required cornversion,
3. minimize the operating costs.

It should be noted that the three aspects of the objective are mertioned in the order of
economic importance. The support of safety is essetial to avoid (economic)loss,the required
corversion is a necessarycondition to make prot and minimizing the operating costsleads
to maximum pro t.

There are at leasttwo approacdesto realizethis objective. The rst approad is traditional.
This approad focuseson the required corversion and tries to realize this by control. If
necessaryor possiblethe support of safety and the minimization of the operating costsis also
handled by control. An advantage of this approad is that it leadsto cortrol problems that
can be solved easily real-time. A disadvantage is that it does not minimize the operating
cost to the lowest possiblelevel, so potential prot is lost. Another disadvantage is that the
traditional approac only works well for continuous processes.

The secondapproad usesthe objective to formulate a dynamic optimization problem:

min operating cost
DOF over time( P J 9
s.t. support of safety,
required conversion
and plant behavior
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DOF standsfor DegreesOf Freedom(valve positions etc.), s.t. for subjectedto. The optimiza-
tion approad is attractiv e sinceit leadsto economic optimal plantwide control. Furthermore
it can not only handle contin uous processe$ut alsobatch processesHowever the typical size
of the optimization problemsinvolved is considerable(the number of variables and equations
is 10° 10°). And the e ect of disturbancescan only be taken into accourt by repeating
the optimization real-time. The current researh concerrates on the question how to solve
large optimization problemsreal-time (in a plantwide cortrol context).

5.2 Closed-lo op model predictiv e control
Project menmbers: D.H. van Hessem,O.H. Bosgra

Sponsoredby: GROWTH Program of the European Union

During the last twenty years, processcortrol and optimization hasfocusedon open-loop pre-
dictive methods. The main disadvantage of these open-loop methods is that feedbad is only
generatedby meansof a receding horizon strategy. Consequetly, model predictive control
su ers from the limitation of any open-loop strategy, namely that the possibility of shaping
the processsensitivity, a basiccharacteristic of feedbak designmethods, is completely absen.
As a consequencerobustnessis and always hasbeena problem with MPC. To overcomethese
inconsistenciesa closed-lmp formulation has beendeveloped making an explicit use of both
feedforward and feedbadk in a generalizedplant setup. An example of such a control solution
is visualized in Figure 13.

5.3 Mo del reduction for dynamic optimization of chemical pro cesses
Project members: J. van den Berg, O.H. Bosgra

Sponsoredby: GROWTH Program of the European Union

Processindustry hasbecomemore market driven. Nowadays, e.g.in the polymer industry
customersrequire between30{100 varieties of product gradesdue to wide variety of costumer
products. The gradeshaveto be producedwithin tight speci cations and against competitiv e
price using an increasingvariation in input quality of feedstack material. Di culties of pro-
duction units to adapt to this demand lead to unnecessaryresourceusagewaste production,
energy usageand higher cost.

Current cortrol and optimization systemsdo not support the dynamic non-linear process
behavior of production plants. They cannot use dynamic processmodels (too complex) and
no adequatealgorithms exist. INCOOP is aiming at fully integrated dynamic and non-linear
processcontrol and optimization.

The cortribution of this researt is the assessmenof existing and developmert of new
model reduction techniques that exploit the available rst principle models and reduce the
computational load for the optimization.

5.4 Rigorous model-based control strategy for batch crystallizers (CrysCODE)
Project members: A.N. Kalbasenka, A.E.M. Huesman,O.H. Bosgra
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Figure 13: Visualization of a closed-lmp predictive cortrol solution.

Sponsoredby: AKZO-Nob el, BP-Amoco, DSM, Purac BioChem, Solay

This researt is a part of the multi-disciplinary researd project CrysCODE (Crystallizer

COntrol and DEsign).

The ultimate goal of the present researt is to designa model-basedcontrol system for
batch crystallization processes.This ambiguous researd title can be elaborated further re-

sulting in the following subgoals:

validation of the modelsfor a crystallizer (draft-tub e and draft-tub e-ba e crystallizers;

validation of the modelsfor processactuators (conventional and ultrasonic seedingtech-

niques, impeller frequency);

validation of the model for a measuremen system(crystal sizedistribution measuremen

and supersaturation measuremen devices);

model reduction;

designand validation of a dynamic obsener (extended Kalman lter);

designand validation of a model predictive cortroller.
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Figure 14: Experimental laboratory setup (left) and the basic model-basedadaptive cortrol
stheme (right).

5.5 Intelligen t adaptiv e control of bioreactors
Project members: R. Babuska

The goal of this researd is the dewvelopmert and implementation of a robust self-tuning
controller for fermentation processes. To ensure an optimal operating conditions, the pH
value, the temperature and the dissolved oxygen concerration in the fermenter must be
controlled within tight bounds. Ideally, the samecortrol unit should be able to ensurethe
required performancefor a whole variety of fermentation processegdi eren t microorganisms),
dierent scales(volume of one liter to sewral thousand liters) and throughout the ertire
processrun. Figure 14 shavs an experimental laboratory setup usedin this project. The
main cortrol challengeis the fact that the dynamics of the system depend on the particular
processtype and scaleand moreover are strongly time-varying, due to gradual changesin the
processoperating conditions.

Controllers with xed parameterscannot ful ll theserequiremerts. Self-tuning and adap-
tive cortrol is applied to addressthe time-varying nature of the process.Among the di erent
typesof adaptive cortrollers (model-free, model-based,gain-steduled, etc.), the model-based
approad is pursued. The model is obtained through a carefully designedlocal identi cation
experimert. Special attentions is paid to the robustnessof the ertire systemin order to ensure
safeand stable operation under all circumstances. The main contribution of this researt is
the dewelopmert, implementation and experimental validation of a complete self-tuning con-
trol system. The robustnessof the systemis achieved by combining well-proven identi cation
and control design methods with a supervisory fuzzy expert system. This researt is being
done a cooperation with Applik on Dependable Instruments B.V., Schiedam.

5.6 Articial intelligence for the control of a hopp er dredger

Project members: J. Braaksma, R. Babuska, J.B. Klaassens
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Figure 15: The \Rotterdam" dredgerduring rst seatrials. Source: Ballast Ham Dredging
2001.

Sponsoredby: IHC Systems,Serter

This project is a cooperation of the Delft Center for Systemsand Control with IHC Systems,
a compary specialized in the dewvelopment and manufacturing of automation systems for
dredgers. Although modern trailing suction dredgersare equipped with advanced dynamic
positioning and tracking systems,there is needfor an on-board decision-supprt systemthat
will advisethe operators on a control strategy leading to optimal dredger performanceunder
given operating conditions.

The dredging processcan be subdivided into two main subprocessestrailing (propulsion
of the ship) and dredging (excavation of the soil from the seabed and its transport to the
ship). Set-points for manipulated variablesin uencing theseprocessesre determined by two
human operators. Consequetly, the performanceand e ciency of the entire dredging process
heavily depend on the experienceand insight of these operators.

Changesof external variablesthat have large in uence on dredging e ciency , suc asthe
type of soil, dredging depth, water current, etc., require that the operators must constartly
changethe important settings of the manipulated variables. Theseinclude the propeller pitch,
the pump drives,the visor angle, swell compensators,etc., whentheseactuators are cortrolled
manually, or the corresponding set-points for trail speed, mixture speed, soil-water mixture
density, etc., when controlled automatically.

An important constraint is the limited amount of energy available on-board. Proper dis-
tribution of the energyamongthe di erent subprocessess thus crucial. In addition, dierent
operating strategies can be usedin di erent dredging projects, sud as the maximization of
the production rate vs. optimization of e ciency and awarenessof maintenanceand fuel costs.

The goal of this project isto dewvelop an adaptive decision-supprt systemthat will advises
the operators on the most suitable corntrol strategy, given a speci ed goal, such as the mini-
mization of the integral dredging costsper m? or the maximization of the production per time
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Figure 16: The control certer of the Amsterdam Water Supply plant (left) and the softening
reactors (right).

unit. The systemwill make use of available knowledgein the form of (partial) mathematical
models of the processand will alsoinvolve on-line learning and adaptation during operation.

5.7 Grey-b ox modeling and plant-wide integrated control of water puri-
cation pro cesses

Project members: K.M. van Schagen,R. Babuska, J.M.A. Sderpen
Sponsoredhy: Serter

This project, called Promicit (ProcessModeling and Integrated Control of Water Treatmen),
is a cooperation between Amsterdam Water Supply, ABB, DHV and the Delft University of
Tednology { Department of Civil Engineering and Delft Center for Systemsand Control.

Currently, water treatment plants are primarily cortrolled by experiencedoperators, based
on laboratory and on-line measuremen of water quality parameters. The goal and the chal-
lenge of this project is to develop models of the complete water puri cation plant, by using
rst principles (chemical, biological and physical) aswell as novel gray-box, data-driven tech-
nigues. Based on these models, an automatic corntrol systemwill be designedfor integrated,
plant-wide cortrol of the entire processchain. This systemcan be usedboth for on-line pro-
cesscortrol and for decision support. The main treatment steps consideredin this project
are ozonation, softening and biological active carbon lItration. It is expectedthat by using
advanced modeling and cortrol techniques, water supply companieswill gain more insight
in the operation principles of the plant, improve monitoring, prediction and cortrol of the
processesand thus will consisterily produce high-quality drinking water.

In a rst pilot study, a model-basedpredictive controller for the softening processstage
(consisting of sewral pellet reactor operating in parallel, seeFigure 16) was dewveloped. This
processwas selectedasit is relatively independert of the other treatment steps,the chemical
and physical principles are well understood and a su cien t number of sensorsand actuators
are available. The softening controller should maintain the desiredwater hardnessand at the
sametime minimize the super-saturation of calcium in order to prevent calcium deposits in
later water treatment steps.

First, a model wasdeveloped within the Stimela environment under Matlab and Simulink.
Sensitivity analysis hasbeenconducted on this model to identify the most important param-
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etersand to compute the uncertainty boundsin the predicted outputs. The parametersof the
model were optimized by using processdata. A hierarchical cortrol structure was proposed
to comply with the requiremert of constart e uen t hardnessand minimal super-saturation.
A supervisory cortrol level is responsible for determining optimal water ow and reactor ef-
uent hardnessset-points. Local controllers take care of the actual cortrol of the individual
softening reactors. The performance of the local cortroller was evaluated in four di erent
scenariosand it was comparedwith the cortroller currently usedin the plant.

5.8 Mo del based optimization of emulsi cation pro cesses
Project members: M. Stork, J. Wieringa, O.H. Bosgra
Sponsoredby: EET

Emulsi cation is a key manufacturing technology in the food industry. Examplesof emulsions
are mayonnaiseand many kinds of dressings.For the manufacturing of theseproducts oil and
water (or more generalan oily and an aqueousphase), surfactants, ingredients and energy
are needed. Equipment asusedfor the production of oil-in-water (o/w) emulsionsis shavn in
Figure 17. It consistsof a stirred vesselin combination with a colloid mill and a recirculation
loop. The colloid mill consistsof a stator and a rotor. In the narrow gap between these
the intensity of the hydrodynamic forcesacting on the drops is very high, which causesthe
breakage of the oil drops. The colloid mill also acts like a pump resulting in a recirculating
ow to the vessel. The processis operated fed-batch wise and typical production times are
in the order of 10-20 minutes.

In industrial practice the operation procedure is corvertional in the sensethat the oil
ow addition rate and the stirrer and rotor speed (the input variables) have constart val-

36



Figure 18: Schematic view of a typical MSW combustion plant.

uesin time. After the oil addition the processis continued for a certain time to ensurea
su cien t drop sizereduction. For prot maximization it is desirableto decreasethe produc-
tion time while maintaining the product quality speci cations. Experiments are expensive
and time-consuming; therefore a model-basedoptimization approad is followed here. The
emulsion quality is strongly a ected by the drop size distribution (DSD). The desired DSD
is often multi-mo dal and/or asymmetric. This makesthe cortrol of the momerts of the DSD
inadequate and createsthe needfor the control of the full distribution. The objective of the
researt is to chosethe cortrol inputs sud that a certain prede ned terminal DSD is reached
in minimal time. The researt comprises(physical) modeling, parameter estimation, model
validation and optimization of the operation procedure.

5.9 Mo del predictiv e control of municipal solid waste plants
Project members: M. Leskens,L.B.M. van Kessel,P.M.J. Van den Hof, O.H. Bosgra
Sponsoredby: TNO-MEP

The incineration of municipal solid waste (MSW), i.e., householdwaste, is used for the re-
duction of the amount of waste and for the production of energy It is typically performed
at a plant of the form that is depicted in Figure 18. Sudch an MSW combustion plant is
subject to both economic and environmental operational and, thereby, control objectives.
Economic objectives are, e.g., maximization of the waste throughput, maximization of the
energy output and maximization of the lifetime of the componens of the MSW combustion
plant. Environmental objectives are, e.g., upper bounds imposed on potentially contami-
nating componerts of the ue gas. Part of these objectives are supporting ead other, e.g.,
maximization of the waste throughput implies maximization of the energy output, and part
of the objectivesare con icting, e.g.,the objective of maximization of the waste throughput
and energy output con icts with the demand of maximizing the life time of the componens
of the MSW combustion plant.

Among many MSW conbustion plant managersthere is a needto improve their process
operation performance. This is due to the ever more stringent ervironmental regulations and
ever growing higher energy demands. An essetial tool for the ful llImen t of the increasingly
higher and tighter economicand ervironmental objectivesis (apart from operators) a combus-
tion control system. Such a combustion cortrol systemis typically a network of proportional
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Figure 19: A smart eld in which oil is produced through water o oding.

and, sometimes,integrating (PI) cortrollers, which at best ful lls the mertioned objectives
in a suboptimal manner. An alternativ e which is thought to be able to deliver a much better
control performanceis model predictive cortrol (MPC). The reason(s)for this expectation
is that MPC is thought to be able to deal much better with the following typical character-
istics of the MSW combustion cortrol problem: (i) multiple, conicting objectives, (ii) the
multiv ariable interacting nature of the process,and (iii) constraints.

The aim of this researt project is to investigate the feasibility of MPC as a tool for
improving the processoperation performance of MSW combustion plants. Aspects of the
researth are, amongst others, (i) modeling of MSW combustion plants via linear system
identi cation techniquesand (ii) nonlinear MPC using a rst-principles model that describes
the main dynamical phenomenataking place during the MSW combustion processand which
is of low complexity (i.e., with respectto the number of (di eren tial) equationsof the model).
If all works out well, (NYMPC will betested on a real-life large-scaleMSW combustion plant.

5.10 Mo del-based optimal pro cessoperational strategies in reservoir engi-
neering using quantied model-uncertain ty estimates

Project members: M.J. Zandvliet, P.M.J. Van den Hof, O.H. Bosgra
Sponsoredby: Shell

Smart eld technology is an emerging developmert in the oil and gas production industry
(seeFigure 19). It involvesthe application of measuremei and control conceptsto optimize
the production of hydrocarbons over the lifecycle of a resenoir, and includes aspects suc
asmeasuremeny data transmission, data handling and data interpretation, systemmodeling,
uncertainty quanti cation, decision-makingunder uncertainty, optimization and cortrol (cf.
Figure 20). Smart elds technology may allow us to go from passiwe/reactive production
scenariosto active/proactiv e production cortrol.

This project concernsthe developmert of control and optimization techniquesfor the opti-
mal operation of resenoirs on the basisof dynamic models containing quanti ed uncertainty.
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Figure 20: Oil production represenied as a model-basedclosed-lamp cortrol process.
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6 Mechatronics and micro-systems

Control engineeringmethods are developed for medhatronic systemsof the scaleof millimeters
and micrometers. Examples of applications are in adaptive optics where use is made of a
deformable mirror with a large array of sensorsand actuations, position cortrol in a micro
compactdisk or hard disk, etc. Also onthe macro-scalethe DCSC collaborateswith industrial
partners like Oce, IHC-Systems, SKF, TNO, etc. to dewelop cortrol strategiesfor innovative
mechatronic designs,such as X-by-wire steering or braking.

6.1 Fixed order controller synthesis for electro-mec hanical servo-systems
Project members: C.W.J. Hol, C.W. Scherer
Sponsoredby: Philips CFT

The demanding requiremerts on speed and accuracy on electro-medanical servwo-systems
imply the useof multi-v ariable feedbad control basedon a dynamic model of the system. A
state-of-the-art method for multi-v ariable cortroller synthesisis through H; optimization.

One of the main disadvantagesof H; cortroller synthesisis the high order (McMillan de-
gree) of the resulting cortroller which equalsthe order of the dynamical model plus the order
of the weighting functions, typically in the range of about one hundred. In real-time imple-
mentations on electro-medanical systemswith a very high sampling rate (typically around
1kHz), the computation of the cortroller action becomeamore expensiwe with increasingcon-
troller order. This revealsthe need for a low-order cortroller synthesis method which goes
beyond existing techniquesin being applicable to systemsof order larger than ft v.

This researt project aims at developing a synthesis method to compute xed-order con-
trollers for higher-order models of electro-medtanical servo-systems. The algorithm must be
implemerted in a numerically stable fashionto facilitate the dissemination of reduced order
H. synthesisin the industrial practice.

6.2 Vibration isolation and suppression applied to mechanical servo-systems
Project members: M.l. Parra Calvade, P. Valk, O.H. Bosgra

Sponsoredby: International Researt Institute for Simulation, Motion and Navigation

The SIMONA Researt simulator is a lightweight re-con gurable cockpit mounted over a
6-DOF motion platform. It is desiredthat this simulator work with a wide bandwidth, from
10Hz to 15Hz, that would allow the simulation of special conditions. The requiremerts of
higher speedand acceleration,and the desiredhigh performanceforcedthe useof lighter struc-
tures that have asdrawbadk higher exibilit y and more susceptibility to unwanted vibrations.
Within this framework, it is our main interest to compensate for bending and vibrations
over the componerts of the video display system, namely the projectors, the badc projection
screenand the mirror and to allow the high performanceuse of the motion hydraulic system
for the simulation of special conditions. As a rst approad, it is important to analyze the
interaction betweenVideo Display Systemcomponerts and how their performanceis a ected
by the referencemotion necessaryto give the pilot the impressionof real ight. This clearly
involves knowledge over the exible-m ulti-b ody cockpit structure and video display system.
For this end, we will use experimental modelling tools giving emphasisto identi cation of
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Figure 21: Diagram of the SIMONA Researty Simulator visual display system

multiv ariable systemsin closed-lap and modal identi cation for mode shape represenation.

Further, we want to suppressunwanted vibration that deterioratesnot only the performance
but eventually the structural integrity of mirror or screen.As a rst approad input shaping
algorithms will be studied as passive damping technique keeping open possibilities of extra
feedbadk (signals related to the performanceof the Video Display System) aiming to a nal

active control of vibration of the cockpit structure.

6.3 Mechatronic redesign for activ e control of a micro uid jet system

Project members: M.B. Groot Wassink, S. Koekebakker (Oce), O.H. Bosgra, D. Rixen, J.
van Eijk (Delft University of Tecnology)

Sponsoredby: Oce TednologiesB.V.

In this researt project, a printhead is investigated as example of a micro uid jet system
(see Figure 22). A basic printhead con guration consistsof a certain number of channels
ead actuated by a piezo-actuator. A pressurewave created through actuation of the piezo-
actuator is ampli ed which resultsin the emitting of a droplet at the nozzleof a channel. The
shape of the channelstogether with the wave form of the pressure eld are therefore crucial
to the performanceof the printhead. Minor actuated modi cations on the wave shape under
realtime control might considerably amplify the performance. From these considerations
stemsthe idea of the manipulabilit y of the resonator functionality of the printhead by means
of active cortrol.

To make optimal useof abilities of active control, a medatronic redesignof the printhead
is required. For one, proper sensorfunctionalit y should be build in. This requiresa thorough
physical understanding of the printhead that involvesa comprehensiv model describing the
in uence of all relevant parameters. At the sametime, this knowledge is neededto design
sensiblecortrollers for the printhead. Practical applicability is to be shovn using a test-rig
that is available to perform measuremeits and validate results.
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6.4 Control of a jumbo container crane (JCC pro ject)

Project members: J.B. Klaassens,G. Honderd, H. van Nauta Lemke

The goal of the project is to develop a new generationof cortainer terminals capableto handle
all modalities of all sizeswith an equal servicelevel. This concernsall modalities, including
the within ten years coming Jumbo Container Vessel. Vesselswith a capacity of eight to
ten thousand TEU (Twenty Feet Equivalent). To accomplishthe program's goal, a highly
automated terminal will be dewveloped. Handling containers with a throughput of 500.000
TEU ayear or more can only be done economicallyand e cien tly by robotizing stacking and
terminal transport. The goal of the JCC project is to dewvelop container craneswhich can
handle a Jumbo Container Vesselwithin 24 hours (seeFigure 23). The JCC project hasthe
following participants: SiemensNederland N.V., ECT, Transport Tecnology group of the
Faculty of Mechanical Engineeringand Marine Tednology of Delft University of Tedinology),
and DCSC.
DCSC cortributes with the following researt activities:

dewvelopmert of 2D and 3D mathematical models of the corntainer crane.

(time)optimal trajectory generation. This researt provides a trajectory for the con-
tainer crane load which minimizes the transfer time for the container.

design of robust cortrollers with the potential of fully automatizing the process. The
torque patterns of the cat motor and the hoist motor are controlled in such a way that
the container can track the time-optimal trajectory.

stabilizing swing and skew of the container.

6.5 X-by-wire
Project members: J.B. Klaassens,E. Holweg (SKF)

The objective of this project is to achieve a framework for the introduction of safely related
fault tolerant electronic systemswithout medanical badkup in vehicles(so-called\x-b y-wire
systems", seeFigure 24). The \x" in \x-b y-wire" represens the basis of any safely-related
application, suc as steering, braking, power train or suspension cortrol systems. These
applications will greatly increaseoverall vehicle safety by liberating the driver from routine
tasks and assisting the driver to nd solutions in critical situations. Highly sophisticated
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Figure 23: Sketch of the jumbo container crane.

future vehicleapplications sud asdriver assistanceor autonomousdriving needcomputerized
control of the driving dynamics. This requiresthat driver requestsbe sensedand interpreted
appropriately soasto take proper accourt of the current driving conditions and environmental
in uences. Theserequestshave to be translated into optimum steer, brake, and acceleration
maneuwers. In the aerospaceindustries the topic of dependable electronics system has been
the subject of intensive investigations over many years. Other solutions are available in
transportation in general, e.g. military vehicles, ships, trains, as well as in safety critical
industrial applications like nuclear power plants. Researt is donein cooperation with SKF.
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Figure 24. Steer-by-wire.
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7 Trac and transp ortation control

The trac and transportation researti of DCSC focusseson the corntrol of large-scaletrans-
portation systemwith a main emphasison freeway and road tra ¢ networks. In addition, we
also consider cortrol of railway networks. The primary cortrol strategy is model predictive
control. Furthermore, we alsoconsiderdistributed control of large-scaletra ¢ networks using
a distributed and/or hierarchical multi-agent corntrol approad.

7.1 Adv anced control techniques for optimal adaptiv e trac control
Project members: A. Hegyi, B. De Schutter, J. Hellendoorn

Sponsoredby: AVV (Transport Researt Certre, Ministry of Transport, Public Works and
Water Managemern, The Netherlands)

The overall framework of this project is dynamic trac managemen (DTM). We mainly
addresssystemsand cortrol issuesof DTM. More speci cally, we investigate the possibilities
and advantagesof using advancedcortrol techniquesin optimal adaptive trac cortrol.

Trac patterns changeduring the day and depend on external in uences suc asweather
conditions, incidents, holidays, and soon. In order to obtain optimality, tra c cortrol policies
should adapt to these changes. Adaptiv e cortrollers take the changesin the trac system
and the external conditions into accourt and in that way they can deal with the changesin
the trac patterns. Therefore, we considermodel predictive control (MPC) trac cortrollers
in this project.

In this project we concerirate on two trac cortrol measuresfor motorway trac: ramp
metering (seealso Project 7.2 and Figure 25) and variable speedlimits [25, 24]. More specif-
ically, we apply MPC to optimally coordinate variable speed limits and ramp metering for
highway trac ow control. The basic idea is that speed limits can increasethe (density)
range in which ramp metering is useful. For the prediction we use a slightly adapted ver-
sion of the METANET trac ow model that takesthe variable speedlimits into accourt.
The optimal control signalsaim at minimizing the total time that vehiclesspend in the net-
work. The coordinated cortrol results in a network with lesscongestion, a higher out o w,
and a lower total time spert. In addition, the recedinghorizon approadc of model predictive
cortrol results in an adaptive, on-line control strategy that can take changesin the system
automatically into accourt.

7.2 Optimal trac control
Project members: B. De Schutter, T. Bellemans(K.U.Leuv en, Belgium)

Sponsoredby: FWO project ICCoS (ldenti cation and Control of Complex Systems)

Congestionand trac jams are one of the major socio-economicproblems of today. Since
building new roads is not always a feasible option, one of the most e ective measuresin the
battle againsttrac congestionseemsto be a better cortrol of trac. Possibleapproades
to cortrol trac owsaretrac signals,variable messagesigns, dynamic route information
panels,ramp metering, \green waves", route directives, radio broadcast messagesetc.

In this project we concernrate optimal ramp metering. In ramp metering a trac signal
is put at the on-ramp of the highway. When the signal is green,one car at the time is allowed
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Figure 25: Ramp metering on the A13 highway in Delft-Zuid.

to enter the highway. The switching schemeof the trac signal (i.e., the occurrenceof green
periods) should be controlled in a such a way that the additional ow coming from the on-
ramp doesnot causethe trac o w on the highway after the on-ramp to exceedthe critical
density. In this way a smooth ow of trac is guaranteed and trac jams are prevented.
Note however that the waiting time for the vehicleson the on-ramp should alsobe minimized.

The resulting problem can be solved using nonlinear optimization. However, becauseof
its computational complexity this approad is not feasible for on-line adaption of the ramp
metering policy to changesin trac patterns. Therefore, we are now using a model predic-
tive control (MPC) approad, which provides a balanced trade-o between computational
complexity and global performance. In addition, we have improved an existing simple rst-
order model to describe the ewolution of trac owsin a motorway network [2]. The results
of the computed ramp metering strategy are veri ed using micro-simulation, in which the
movemerts of ead individual vehicle are simulated (seeFigure 26).

7.3 Optimal transfer coordination for railw ay systems

Project members: B. De Schutter, T.J.J. van den Boom

In this project we extend the model predictive cortrol framework (MPC), which is a very
popular cortroller design method in the processindustry, to railway systems[15, 17, 18].
Usually MPC useslinear (or nonlinear) discrete-time models. However, railway networks and
subway networks cannot adequately be described by such models.

First, we have intro duced a modeling framework for railway systemswith both hard and
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Figure 26: Screenshotof micro-simulation of ramp metering.

soft connection constraints. A typical example of a hard connection constraint in a railway
context is when a train should give a guaranteed connectionto another train. Howewer, in
somecases(e.g., if there are delays) we could allow a train to depart although not all trains
to which it should give connections according to the schedule have arrived at the station:
if someof thesetrains have a too large delay, then it is sometimesbetter | from a global
performanceviewpoint | to let the train depart anyway in order to prevent an accunulation
of delays in the network. Of course,missedconnectionslead to a penalty due to dissatis ed
passengerr due to compensationsthat have to be paid. Syndronization constraints that
may be broken (but at a cost) are called soft connection constraints. We also consider an
extra degreeof freedomfor the cortrol to recover from delays by letting trains run faster than
their nominal speedif necessary Of course,this control action will alsolead to extra costs
(due to increasedenergy consumption or faster wear of the material).

Next, we have extendedthe MPC framework to railway systemswhile still retaining the
attractiv e features of corvertional MPC. The main aim of the cortrol is to obtain optimal
transfer coordination and/or to recover from delaysin an optimal way by breaking connections
and/or letting sometrains run faster than usual (both at a cost). In general the MPC
control design problem for railway systemsleads to a nonlinear non-corvex optimization
problem. We have shown that the optimal MPC strategy can be computed using extended
linear complemenarit y problems or integer programming algorithms.

Other examplesof systemswith both hard and soft syndhronization constraints for which
this approac can be usedare subway networks and logistic operations.
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Figure 27: Multi-agent control framework.

7.4 Development of advanced multi-agen t control strategies for multi-class
trac networks

Project members: M. van den Berg, B. De Schutter, J. Hellendoorn
Sponsoredby: NWO-CONNEKT

This project is part of a larger project \Adv ancedmulti-agent cortrol and information for in-
tegrated multiclass trac networks" (AMICI), and aims at developing an innovative cortrol
theory speci cally suited to the coordinated cortrol of heterogeneousrac ow. General
control objectives are to optimize network e ciency, to minimize safety-critical trac con-
ditions, and to minimize societal impacts, by providing class-sgci ¢ travel information and
trac control. We combine existing control designtechniques from the elds of distributed
and hierarchical cortrol, supervisory cortrol, model-basedcortrol, hybrid systems control
and multi-agent cortrol and apply them to the trac cortrol setting sketched above. These
techniqueswill be usedto obtain a structured cortrol designmethod and adapt them to the
typical characteristics of atrac system.

Figure 27 illustrates the multi-agent cortrol framework usedin this project. The trac
network is divided in seweral possibly overlapping regions, ead of which is cortrolled by a
local control agert. The agens cooperate and coordinate their actions soasto contribute to
the reliable and robust operation and the performanceof the ertire system. Furthermore, we
have one or more higher \sup ervisory" cortrol levels.

In this project we alsofocuson optimization of the interaction betweenthe urban network
and the motorways, by dividing the networks into subregions. Besidesbeing class-sgci c,
integrated and coordinated, another characteristic is that the developedtra c control systems
will be anticipatory (i.e., adaptive and predictive).
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7.5 Validation metho dology for fault-toleran t advanced driv er assistance
systems

Project members: O.J. Gietelink, B. De Schutter, M. Verhaegen,J. Ploeg(TNO Automotiv )
Sponsoredby: TNO-TRAIL

The main objective of this project is the developmert of a methodology for the validation
of Advanced Driv er Assistance Systems(AD ASs). Examples of ADASs are adaptive cruise
control (automatic distance keeping), collision warning systems,and pre-crash systems. An
ADAS useservironment sensors(e.g. radar, laser, camera vision), electronic cortrol func-
tions, and actuators (brake-by-wire, steer-by-wire) to recognizecritical trac situations, give
an appropriate warning to the driver, or react autonomously. In the dewelopmen process
of ADASs a number of challengessitill lie ahead. The growing number of intelligent vehicle
control systemsand their interaction causesan increasingcomplexity of the cortrol architec-
ture, whereasthe demand for reliability and safety of these systemshas increased. Design
and validation of these systems,especially regarding safety and reliabilit y, therefore requires
a growing e ort in the product dewvelopmen processof these systems.

To improve the robustnessand fault managemen of ADASS, often measuressud as
redundancy and fault-tolerant cortrol systemsare implemented. A fault managemen system
can detect faults in e.g. radar sensor,communication systemsor actuators (brake, throttle)
and react accordingly. Currently, simulations and full-scale prototype tests on a test track are
usedto validate an ADAS. Simulations are however often not reliable enough,and test drives
can be dangerous,di cult to analyzeand dicult to reproduce. An e cien t methodology is
thus required for analyzing the reliability of the system. For this purpose TNO Automotiv e
has dewveloped VEHIL (VEhicle Hardware-In-the-Loop), a laboratory for the dewvelopmert
and testing of intelligent vehicles. The VEHIL conceptallows for conducting experiments on
ADASs n a laboratory ervironment. Figure 28 givesan impressionof a VEHIL test. Within
this project the focus lies on the validation of the robustnessand fault managemen of the
ADAS cortrol systemusing VEHIL.
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Figure 28: VEHIL laboratory setup.
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8 Physical imaging systems

The researt activities of DCSC cover the application of (newly developed) methods and tools
for modeling, measuremen and cortrol to practical problemsin various elds of physics. One
of the target application domainsis formed by physical imaging systems. It is shovn how a
quantitativ e model-basedapproad, accompaniedby statistical experimental design, allows
precise measuremen of the atomic structure of materials from electron microscopy images.
Furthermore, optimal statistical tests are developed for the detection of neural activity by
meansof functional magnetic resonancemaging. We also apply modern cortrol strategiesto
adaptive optics systems,with emphasison ground-basedtelescopes.

8.1 Towards quantitativ e structure determination through electron mi-
croscopy

Project members: A.J. den Dekker, S. Van Aert (University of Antwerp), D. Van Dyck
(University of Antwerp)

Sponsoredby: KNAW

As sciertists manageto cortrol the structure of materials on an ever ner scale, more and
more materials are being developed with interesting properties which are mainly related to
their nanostructure. Parallel to this, one seesan ewlution in solid-state theory where materi-
als properties are increasingly better understood from rst principle theoretical calculations.
The merging of these elds will enable materials scienceto ewlve into materials design. In
order to correlate real properties with theoretical simulations, characterization methods in
the future needto be able to determine atom positions in aperiodic structures with a preci-
sion of the order of 1 pm. Electron microscopy hasthis potential. From all possibleimaging
particles, electrons are the best candidates since they interact most strongly with matter to
provide local information on atomic scale. Howeer, the goal is not yet reached. Thus far,
the technique has mostly beenbasedon a qualitativ e basis, mainly as a result of the strong
and hencecomplicated interaction of the electronswith the material. However, the directly
interpretable resolution is no better than near-atomic (ca. 0.2nm). For the future, this will be
totally insucien t. To meetthe future requiremerts, the electron microscopy imagesshould
be interpreted quantitativ ely instead of qualitativ ely. It is our goal to show that the inter-
pretation of the imagescould greatly benet from a quartitativ e model-basedapproad (in
which statistical parameter estimation plays a crucial role) accompaniedby quartitativ e sta-
tistical experimental design. The nal objectiveis to dewvelop a reliable quartitativ e electron
microscopy method and an accomparying methodology for experimental design,which allow
oneto determine coordinates of the projected atomic structure with the required precision.

8.2 Optimal statistical analysis of functional magnetic resonance data

Project members: J. Sijbers (Univ ersity of Antwerp), A.J. den Dekker, A.M. Van Der Linden
(University of Antwerp), D. Van Dyck (University of Antwerp)

Sponsoredby: FWO

Functional Magnetic Resonancelmaging (fMRI) is a relatively new technique for functional
imaging of the brains, or the detection of active regions within brains under a variety of
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experimental setups. By meansof a seriesof functional MR recordings during which a task
model is applied, the aim is to nd the hemodynamic response in order to constitute a
statistical parameter map (SPM) of signi cantly active regionsfor ead experimental setup.

Nearly all signal processingmethods currently applied to fMRI data, sud asconstruction
of an SPM, are deweloped for gaussiandistributed data. fMRI images, however, are not
gaussianbut Rician distributed. An important goal of our researt is the developmert of
statistical tests that accourt for the true, underlying data distribution. Previous researt
has already demonstrated that estimation of parametersfrom MR imagesmay be improved
signi cantly in casethe incorrect assumptionof gaussiandistributed data is no longer retained
but the correct (Rice) distribution of the data is takeninto accourt. Therefore, it is expected
that alsothis researd will prove its value for the computation of SPMs.

Furthermore, a new technique will be developed that exploit spatial correlation of func-
tional active regionswithin the image.

8.3 Control for adaptiv e optics
Project members: M. Verhaegen,K.J.G. Hinnen, N. Doelman
Sponsoredby: TNO-TPD

Adaptiv e optics (AO) is a technique to actively sense,estimate and correct the wavefront
distortions that are introducedin a light beamasit propagatesthrough turbulent media[21,
28]. One important application is to counteract the e ects of atmospheric turbulence in
ground-basedastronomical imaging, which results in a considerableimprovemert of the image
resolution (Figure 29). Nowadays, most of the leading ground-basedtelescopesare equipped
or being retro tted with somekind of AO system. In this project we focus on the control
aspects of adaptive optics. Our ultimate goal is to dewvelop innovative cortrol strategies for
AO in general,with a main emphasison systemsdedicated to ground-basedimaging.

The current generation of AO systemsare often basedon static cortrol algorithms that
are implemented as explicit matrix multiplications. These algorithms are usually derived
from physical insights. The goal of this project is to apply modern cortrol strategiesto AO,
which take into accourt the dynamics of the wavefront sensor,the deformable mirror and
the turbulent atmosphere. The cortrol of large AO systemsposesa number of interesting
researt problems:

Mo deling the disturbances, i.e. the wavefront distortions intro duced by the
turbulen t atmosphere In order to apply modern control strategies, a model of the
disturbance is required. The main challengeis to model both the temporal as well as
the spatial correlation of the wavefront distortions over the telescope aperture plane.

Development of an algorithm to predict the wavefront distortion

The wavefront sensorinherently intro ducesa delay. Thereforeit is desirableto introduce
a predictor to estimate the current wavefrornt distortion. To this end an accurate model
of the distortions is required.

Dimension of the control problem

Current AO systemsincorporate a few hundred to about one thousand sensorsand
actuators. The wavefront corrections have to be applied in real-time with a frame
rate in the order of a few hundred Hertz, which imposesconsiderable demands on
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Figure 29: (left) Paranal Obsenatory, \Credit European Southern Obsenatory (ESO)"

(right) Image of a galaxy with and without AO compensation\Credit Canada, France, Hawalii
Telesco (CFHT)"

the computational power. This issuewill becomemore and more important since the
number of sensorsand actuators of future AO systemsis expected to increase. As the
algorithms becomemore complex it may be necessaryto considerdistributed cortrol.

Non-linearities in the wavefront sensor and deformable mirror.
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