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1 Motivation and aim
Recently, there has been a growing need for the automation of increasingly
complex plants in different branches of the industry. This presents a challenge
for systems and conrol theory: how to cope with nonlinearity and complexity
inherent in most of the industrial control problems. At the same time, the
analysis and control of nonlinear systems is a rapidly developing area of systems and control theory using mainly advanced geometric and symbolic tools
which are not suitable for complex systems of industrial size.
A possible remedy to bridge this gap between theory and industrial use
is to utilize the special structure of the system in question. Process systems
are special (often highly nonlinear) dynamic systems the behaviour of which
is governed by the laws of thermodynamics. This implies a special structure
which can be utilized to develop feasible and yet powerful nonlinear techniques for model analysis, diagnosis and control.
Topics covered by the dissertation are quite diverse in terms of the tools
and techniques used. These are parameter estimation, model-based fault diagnosis, nonlinear and Hamiltonian analysis and control of dynamic models.
However, a common idea is present throughout the work: how the special
structural properties of process systems can be used to simplify these tasks.
This approach is called grey-box modeling.
The first part of the thesis (Chapter 2) deals with model-based fault detection and isolation of process systems. There is a growing demand for fault
detection and diagnosis in order to provide safe and continuous operation in
dynamic process plants [1]. Dynamic modeling of the equipments, called operating units is a well developed area, and model based diagnostic methods
can therefore be efficiently and relatively easily applied.
The usual design goal of process systems is to create energy and/or cost
optimal systems which is often a highly complicated problem. Most often,
linearized models are used for model analysis and controller design. However, the dynamic behaviour of process systems is known to be nonlinear in
most cases due to the complex thermodynamic relations, reaction kinetics etc.
On the other hand, more and more theoretically well-grounded mathematical
tools for studying nonlinear systems have become available recently [2], [3].
The natural form of a process model is a nonlinear state space model with
clear engineering meaning [4]. Therefore, the aim of the second part of the
work (Chapters 3, 4 and 5) was to apply the tools of nonlinear model analysis and control to relatively simple but practically important process system
classes.
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2 New scientific results
The main scientific contributions of the dissertation are summarized in the
following theses.
Thesis 1 Model-based fault diagnosis of process systems (Chapter 2)
([P1], [P5], [P6], [P7], [P11])
A method has been developed for the model-based fault detection and
diagnosis of nonlinear process systems. Physical model has been used
for the description of the process dynamics and semi-empirical models
have been applied for fault modeling.
1. It has been shown that the performance of the fault detection and
isolation algorithms is improving with the increasing level of detail
of the process models. A method has been worked out for the spatial localization of the faults using measured signals belonging to
different spatial locations of the system.
2. It has been shown that safe simultaneous fault detection and isolation is possible using the grey- or white-box models of the faults
together with the process model.
The results have been illustrated on the example of countercurrent heatexchangers. The known process dynamics have been used as a filter for
extracting characteristic fault-relevant information from the measurement data. Recursive parameter estimation and signal-change detection
methods have been applied for fault detection and diagnosis.
Thesis 2 Nonlinear model analysis of process systems (Chapter 3)
([P2], [P8], [P9], [P12], P[13])
The analysis of nonlinear process systems given in nonlinear inputaffine state space form has been performed using linear and nonlinear
methods. Conclusions have been drawn from the comparison of the
linear and nonlinear analysis methods on the example of fermentation
processes.
1. Exploiting the special structural properties of process models, the
generally highly complicated nonlinear reachability analysis becomes analytically computable. On the example of continuous fermentation processes it has been shown that the singular points obtained from the reachability analysis have clear physical meaning.
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2. It has been shown that a large class of isotherm fed-batch fermentation processes is not reachable with the inlet feed flow rate, since
the rank of the reachability distribution is less than the number of
state variables in each point of the state space. The coordinates
transformation suitable for transforming the state space model of
fed-batch fermentation processes to controllability canonical form
has been determined. It has been shown that the calculated coordinates transformation is independent of the source function (that
is of the fermentation kinetics) in the model. Using the calculated
coordinates-transformation the minimal state space realization of
fed-batch fermentation processes has been given. A dimensionally
homogenious conserved quantity has been determined which is a
nonlinear combination of the state variables. The results have been
generalized for the temperature-dependent (non-isotherm) case.
3. It has been shown that the zero dynamics of continuous isotherm
fermentation processes is globally asymptotically stable with respect to the substrate concentration as output independently of the
source function. This means continuous fermentation processes are
globally minimum-phase systems with respect to the substrate concentration. Furthermore, if one involves the biomass concentration
into the output, it makes the stability region of the zero dynamics narrower. This implies that the stability region of a controlled
(closed loop) system is also narrower in this case.
Thesis 3 Analysis based control structure selection (Chapter 4)
([P3], [P9], [P14])
The role of the nonlinear analysis results in control structure design has
been investigated. Linear and nonlinear static controllers for the stabilizing control of continuous fermentation processes have been designed.
The operation of the controllers have been compared based on their performance measures and recommendations for their use have been given.
1. A method for using the prior information from the nonlinear model
analysis (stability region, reachability distribution, zero dynamics)
in the design of nonlinear controllers has been developed.
2. Using theoretical analysis and simulation experiments it has been
shown that the controllers designed on the basis of the nonlinear
analysis results have more advantageous properties than the linear
ones designed using the locally linearized model of the process.
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3. A novel method for the design of a globally stabilizing controller for
continuous fermentation processes has been worked out. The design parameter of the controller is the quadratic Lyapunov-function
of the closed loop system.
4. A generally applicable method has been developed for the local
stabilization of locally reachable nonlinear single-input input-affine
state space models. The method creates a link between linear optimal control and nonlinear systems. Using the method it is possible
to select those linear outputs that make the system at least locally
minimum-phase.
Thesis 4 Hamiltonian view on process systems (Chapter 5)
([P4])
Dynamic models describing a large class of process systems can be
transformed into the so-called simple Hamiltonian form. Based on this
simple Hamiltonian description nonlinear stabilizing and loop-shaping
controllers can be designed for process systems.
1. A method has been worked out for the tuning of Hamiltonian stabilizing and loop-shaping controllers that is based on the global stability analysis of the closed loop system.
2. The condition of the simple Hamitonian description of process systems corresponding to the source function has been given. Based on
this condition it has been shown that process systems not containing
source or containing only one component can always be described
in the simple Hamiltonian framework.
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