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Abstract

A unified method is presented for the fault diagnosis for a large class of distributed-
parameter systems that does not require a system approximation. The considered
system class includes parabolic, biharmonic, and heterodirectional hyperbolic ODE-
PDE systems. A residual generator is derived for the detection of additive and
multiplicative actuator, process and sensor faults with unknown signal form. This
residual generator is decoupled from disturbances that are described by a signal
model in the form of a finite-dimensional linear time-invariant system. With this
signal model, a large class of relevant signal forms for disturbances can be considered.
In addition to the modeled disturbances, also unknown but bounded disturbances are
taken into account by introducing a threshold for the fault detection residual signal.
Moreover, the fault diagnosis, i.e., the fault detection, isolation, and identification,
is regarded for additive actuator, process, and sensor faults with known signal form.
For the fault diagnosis, the signal form of both the fault and the disturbance are
assumed to be described also by a signal model. The fault identification is achieved
in finite time. If additionally the unknown but bounded disturbance is present,
then fault detection, isolation and estimation with a bounded estimation error are
achieved.

By applying integral transformations to the system description, an input-output
relation is established. From this expression, residual generators that are dedicated
to the fault detection and the fault diagnosis can be derived in the form of moving
horizon integrals. The used integral kernels are determined as the solution of a
feedforward control problem for an ODE-PDE system, which is solved by flatness-
based trajectory planning. Existing degrees of freedom in the trajectory planning
are utilized to make the resulting residual generator less sensitive with respect to
the unknown but bounded disturbance. In addition to systematically determining
the residual generators, the flatness-based approach also leads to conditions to easily
check the detectability and identifiability of the faults. For the implementation of
the resulting residual generators in discrete-time, finite impulse response filters can
be used. Simulation results for models motivated from engineering applications of a
cantilever with load at the free end and a cable with payload in constant flowing
water illustrate the theoretical results for the fault detection and diagnosis.
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Kurzfassung

Zur Fehlerdiagnose fiir eine grofe Klasse verteilt-parametrischer Systeme wird eine
einheitliche Methode vorgestellt, die keine Systemapproximation erfordert. Die be-
trachtete Systemklasse umfasst parabolische, biharmonische und heterodirektionale
hyperbolische ODE-PDE Systeme. Zur dedizierten Detektion von additiven und mul-
tiplikativen Aktor-, Prozess- sowie Sensorfehlern mit unbekannter Signalform wird
ein Residuengenerator hergeleitet. Dieser Residuengenerator kann von Stérungen
entkoppelt werden, die sich durch ein endlich-dimensionales lineares zeitinvariantes
Signalmodell beschreiben lassen. Dieses Signalmodell ermoglicht die Berticksichti-
gung einer groflen Klasse von relevanten Signalformen fiir die Storung. Zusétzlich
lassen sich auch unbekannte Stérungen mit bekannter oberer Schranke durch die
Einfithrung eines Schwellenwertes fiir das zur Fehlerdetektion genutzte Residuum
beriicksichtigen. Des Weiteren, wird die Fehlerdiagnose, d.h. die Fehlerdetektion,
-isolation und -identifikation, fir additive Aktor-, Prozess- und Sensorfehler mit
bekannter Signalform behandelt. Zur Fehlerdiagnose wird angenommen, dass sich
die Signalform des Fehlers und der Stérung durch ein endlich-dimensionales lineares
zeitinvariantes Signalmodell beschreiben lassen. Wenn zusétzlich unbekannte aber
betragsméBig beschrinkte Storungen auftreten, ist die Fehlerdetektion, -isolation
und -schétzung mit beschrianktem und bekannten Schétzfehler dennoch moglich.

Durch Anwendung von Integraltransformationen auf die Systembeschreibung wird
eine Fingangs-Ausgangs-Beziehung aufgestellt. Aus diesem Zusammenhang lassen
sich Residuengeneratoren die speziell fiir die Fehlerdetektion und die Fehlerdiagnose
vorgesehen sind in Form von Integralen {iber einem gleitenden Horizont bestimmen.
Die verwendeten Integralkerne werden als Losung eines Steuerungsproblems fiir
ein ODE-PDE-System bestimmt, das mit flachheitsbasierter Trajektorienplanung
gelost wird. Vorhandene Freiheitsgrade in der Trajektorienplanung werden genutzt,
um den resultierenden Residuengenerator gegeniiber der unbekannten, aber begren-
zten Storung unempfindlicher zu machen. Neben der systematischen Bestimmung
der Residuengeneratoren fithrt der flachheitsbasierte Ansatz auch zu Bedingungen
zur einfachen Uberpriifung der Detektier- und Identifizierbarkeit der Fehler. Die
Implementierung der resultierenden Residuengeneratoren in diskreter Zeit erfolgt
durch Filter mit endlicher Impulsantwort. Simulationsergebnisse fiir aus technischen
Anwendungen motivierte Modelle eines Auslegers mit Last am freien Ende und
eines schweren Seils mit Last in konstant flieBendem Wasser veranschaulichen die
theoretischen Ergebnisse zur Fehlererkennung und -diagnose.
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1 Introduction 1

Chapter 1

Introduction

The development of control methods enables the automation of more and more
complex tasks, increase process efficiency and improve product quality. However,
with the resulting increase in the automation, also the issues of operational safety,
availability and reliability become more and more important. In safety critical
systems, the occurrence of a fault can lead to serious consequences such as economic
loss, endangerment of people and ecological destruction. Faults are unpermitted
deviations of the system from standard conditions, which can cause a failure or
malfunction, i.e., a permanent or intermittent irregularity of the required function
(see, e.g., [43]). Thus, an essential step in avoiding the possible consequences of
failures or malfunctions is the early detection of a fault so that countermeasures
can be taken. Further information about the location and magnitude of the fault
can help to make the automated system more resilient by means of fault-tolerant
control methods, or to support and simplify maintenance. The detection of a
fault, the isolation of different faults and the identification of the magnitude of a
fault are summarized as fault diagnosis (see, e.g., [43]). To be specific, the fault
diagnosis consists of the fault detection, isolation and identification. Fault detection
is primarily concerned with determining the occurrence of a fault, fault isolation
is about distinguishing between different faults and fault identification addresses
the determination of the magnitude of a fault. Thus, the on-line supervision of
automated systems by a fault detection is a key technology to avoid catastrophic
consequences in safety-critical systems. In addition, the fault diagnosis can improve
the availability, reliability and maintainability of technical systems.

In the model-based fault diagnosis approaches, a mathematical model of the technical
process is used to derive a residual generator for a residual signal. The latter indicates
the presence of a fault and can be used for the fault isolation and identification.
When the dynamics of the technical process can be described by linear ordinary
differential equations (ODEs), a linear lumped-parameter system (LPS) is derived
as a model. For this system class, the model-based fault diagnosis approaches are a
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well-developed field (see, e.g., the monographs [12, 16, 28, 42]). However, whenever
a relevant quantity of the technical process does not only change in time but is
also continuously distributed over a spatial domain, the modeling of the technical
process leads to partial differential equations (PDEs). The derived system model
is then a distributed-parameter system (DPS). A spatial dependence of system
variables occurs in many models for technical processes. Examples are diffusion,
heat transfer, vibrations in flexible structures and wave propagation. The reaction-
diffusion equation and the heat equation are PDEs of parabolic type, which describe
balancing processes like matter diffusion or heat transfer. Important application
examples that are modeled by parabolic PDEs originate from the field of chemical
and biochemical engineering (see, e.g., [6, 44]). A specific example is a tubular reactor
as described in [45]. The typical PDE of the biharmonic type is the Euler-Bernoulli-
beam equation, which describes the distributed vibrations in a beam. The latter is a
relevant model in the field of smart materials (see, e.g., [8]) and flexible structures
(see, e.g., [7]). As discussed in [30], flexible robot manipulators in particular can be
modeled by biharmonic PDEs. With hyperbolic PDEs like the wave equation or the
transport equation, for example, vibrations in a string, transport processes, but also
time delays are described. An important subclass are the heterodirectional hyperbolic
PDE systems. They consist of transport PDEs propagating in both the negative
and positive direction of the spatial coordinate. Many hyperbolic PDE systems can
be rewritten into this form, including models for coupled string networks (see, e.g.,
[59]), transmission lines, networks of open channels and further application examples
described in [10]. Moreover, when the model of the technical system contains coupled
subsystems with lumped and distributed parameters, ODE-PDE systems are derived.
Examples are a flexible robot arm (see, e.g., [3]), a cable with a payload (see, e.g.,
[68]), a pneumatic system with a tank (see [47]) or a dual-cable elevator (see [88]).
Although the modeling often leads to nonlinear system models, in many cases it
is sufficient to consider a linearization of these. Recently, efficient control design
approaches have been developed for DPSs (see, e.g., [29, 52, 59, 62]), which increases
also the need for a systematic fault diagnosis method for this system class.

1.1 Fault diagnosis for distributed-parameter
systems

In contrast to the well-developed methods for the LPSs, the fault diagnosis methods
for DPSs are so far predominantly based on observers. In an early-lumping approach,
the observer used for the fault diagnosis is designed for a finite-dimensional model
of the DPS (see, e.g., [9, 32, 37, 39]). Thus, in principle, the well-developed fault
diagnosis methods for LPSs become accessible for the residual generator design,
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but the neglected dynamics must be additionally taken into account. The latter
introduces further complexity in the residual generator design and can also lead to
high-order models, which can further complicate the design process. In particular, as
discussed in [37], the approximation of some boundary controlled DPSs can become
challenging. The fault localization, which is also relevant for DPSs, is solved in [34]
based on a finite-dimensional observer used as a residual generator for a spatially
distributed residual signal.

In the late-lumping approaches, the residual generator is designed directly for the
DPS. A general fault diagnosis approach based on a late-lumping observer is described
in [20] for estimating process faults. However, the distributed state must be known,
which is rarely possible in real-world applications. For positive-real linear infinite-
dimensional systems, the fault detection for actuator faults is presented in [22], where
a late-lumping observer is used. Moreover, some nonlinearities have been taken
into account by observer-based approaches, shown in [4] and [21]. For parabolic
PDE systems with constant coefficients, boundary inputs and measurements, fault
diagnosis approaches are regarded in [15, 27], by using backstepping-based observers
as residual generators. Both approaches take into account distributed disturbances
but consider specific boundary conditions (BCs) and specific fault scenarios, which
limits the application of the method. Another observer-based fault diagnosis approach
in which measurements in the spatial domain and at the boundary are used is
presented in [33] for scalar parabolic PDE systems with constant coefficients. For
hyperbolic PDE systems, fault diagnosis residual generators based on observers that
are designed by the backstepping method can be found in [1, 26, 97]. To be specific,
the fault detection, identification and localization problem is solved in [1] for a 2 x 2
heterodirectional hyperbolic PDE system. Multiplicative actuator and sensor faults
with constant fault parameters in a scalar first-order hyperbolic PDE system with
an additional integral term are considered in [97]. An additive distributed fault
affecting a wave equation subject to a distributed disturbance is taken into account
in [26]. These late lumping approaches have in common that no approximation
error has to be considered in the construction of the residual generator. However,
since the residual generator is based on an infinite-dimensional observer, at least
for the realization of this observer an approximation is required. An approach that
omits the latter drawback is the functional observer designed in [23] for the fault
detection in Riesz-spectral systems. However, only systems with in-domain input
and measurement can be regarded. An alternative to the observer-based approaches
is shown in [35], by using the Laplace transform and algebraic manipulations to
derive a residual generator for the detection and localization of a fault in an electrical
transmission line.

This non-exhaustive overview for the fault diagnosis for DPS shows that a lot of
relevant fault diagnosis problems have been already taken into account. However,
all the presented solutions are only applicable for a specific problem setting or
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require restrictive assumptions. In particular, no late-lumping approach for parabolic
and biharmonic PDE systems with spatially varying coefficients for boundary and
in-domain control inputs as well as measurements is available in the literature. There
are also no such results for general heterodirectional hyperbolic ODE-PDE systems.
Moreover, only a few of the existing fault diagnosis approaches take disturbances
into account.

Recently, a new approach for the design of the residual generator based on integral
transformations has been introduced in [98] for a simple parabolic system. It
was extended in [102] for a large system class including DPS with parabolic and
biharmonic PDEs, general BCs, boundary and in-domain inputs, measurements
as well as disturbances. In this approach, additive actuator, sensor and process
faults with a signal form that can be modeled by a polynomial are taken into
account. This approach was transferred to a faulty wave equation in [103] and
generalized to heterodirectional hyperbolic ODE-PDE systems in [104]. In the
latter contribution, also the signal class of the faults and disturbances is extended.
Both, the fault and the disturbance signals are assumed to be solutions of a signal
model in form of a lumped-parameter linear time-invariant (LTI) system, which
enables the modeling of polynomial and trigonometric signals as well as combinations
thereof. Thus, a significantly larger signal class can be taken into account that
includes relevant and frequently occurring signal types. A further result, based on
the integral transformation-based method, is the dedicated fault detection approach
for LPS in [106] that requires no knowledge of the fault signal form. In all these
contributions, the resulting residual generators consist of integral expressions on
a moving horizon for the control input and the measurement. Since the latter are
usually only available at sampled time points, the integral expressions must be
approximated in discrete-time. This approximation yields finite-impulse response
(FIR) filters, which are easy to implement with low computational effort.

1.2 Contribution

A fault detection and a fault diagnosis approach based on integral transformations
for linear parabolic, biharmonic and heterodirectional hyperbolic ODE-PDE systems
is presented in this thesis. Both, for fault detection and diagnosis, no system
approximation is required. In [102] and [104], the fault diagnosis problem is solved
with the focus on the identification, which requires the assumption that the fault
signals can be described by a signal model. As has been shown for LPSs in [106], this
restrictive assumption can be omitted if only fault detection is required. Thus, the
approach in [106] is transferred in this thesis to the DPSs to solve the fault detection
problem under less restrictive assumptions. A fault detection residual generator is
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designed to detect faults of additive and multiplicative type, which does not require
a known signal form for the fault. The corresponding residual signal is decoupled
from disturbances with known signal form that are modeled by lumped-parameter
LTT signal models. Unknown but bounded disturbances can be taken into account
by a threshold. The fault diagnosis problem, i.e., the fault detection, isolation
and identification, is solved for additive faults that have a known signal form and
can be described by a lumped-parameter LTT signal model. Similar to the fault
detection, the residual generator for the fault diagnosis can also be decoupled from
disturbances, which are described by a signal model of the same type. Because
integral transformations on a moving horizon are used, the fault identification is
achieved in finite time. If an unknown but bounded disturbance is present, the
fault detection, isolation and estimation with bounded estimation error can still be
achieved. For both, the fault detection and the fault diagnosis residual generator,
available degrees of freedom are used to make the residual signal less sensitive to
the unknown but bounded disturbances. This sensitivity optimization allows the
detection of small faults even in the presence of disturbances with unknown signal
forms and for the fault estimation, a low fault estimation error is achieved. To verify
the fault detectability and identifiability, conditions are derived that are simple
to evaluate and depend solely on the system parameters as well as the assumed
signal models for the faults and the disturbances. Note that the resulting residual
generators do not require a system approximation and no observer must be designed.
The resulting residual generators can be efficiently implemented in discrete-time by
FIR filters.

The fault diagnosis for DPSs with parabolic or biharmonic PDEs is already considered
in [102], but extended in this thesis to systems with general ODE-PDE couplings.
These couplings can occur both in the spatial domain and at the boundaries so that
the fault diagnosis becomes available for further relevant technical systems such as,
e.g., flexible robot arms [3]. Moreover, only fault and disturbance signals that can be
described by polynomials have been taken into account in [102]. To further increase
the flexibility of the proposed method and make it applicable to more fault diagnosis
settings, also the signal class of the faults and disturbances is extended. Similar to
[104], these signals are assumed to be described by lumped-parameter LTT signal
models in this thesis. Thus, also trigonometric signals or combinations of these and
polynomial signals can be taken into account.

The proposed approaches for the fault detection and diagnosis are based on integral
transformations on a moving horizon. The integral kernels of these transformations
can be determined so that an input-output relation is derived, which is decoupled
from the disturbance with known signal form. Based on this input-output relation,
the fault detection residual generator is obtained in form of integral expressions
on a moving horizon for the control input and the measurement signal. To derive
this residual generator, requirements on the integral kernels are imposed, which
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yield kernel equations in the form of an ODE-PDE system with initial and end
conditions, an algebraic constraint and a freely assignable input. The PDE subsystem
of this kernel equations is of the same type as the original system, i.e., it is either
of the parabolic, the biharmonic or the heterodirectional hyperbolic type. Because
of the given initial and end points, the kernel equations are a two-point initial-
boundary value problem. The latter can be solved by the determination of a suitable
feedforward control for the freely assignable input that drives the kernel equations
system from the initial point to the end point. To compute this transition, results
from the flatness-based trajectory planning are used. The flatness-based approach
was originally developed for LPS (see, e.g., [54, 74, 82]) and generalized to DPS in,
e.g., [53, 62, 73, 75, 93]. It uses a differential parametrization to express any system
variable in terms of a freely assignable parametrizing variable. If the components of
the latter are differentially independent, then it is a flat output and the system is
called flat. For such systems, the planning of a transition between given initial and
end points can be reformulated into an algebraic interpolation problem for a reference
trajectory that is assigned to the flat output. Since this interpolation can be achieved
by solving a linear system of equations, the solution of the two-point initial-boundary
value problem is significantly facilitated. Finally, the trajectories for the system
variables are obtained by the evaluation of the differential parametrizations with the
computed reference trajectory. Note that for the solution of the kernel equations,
only transitions for specific initial and end points have to be realized, which does not
necessarily require a differentially independent parametrizing variable. In particular,
for the fault detection problem, the obtained initial and end points are homogeneous.
Thus, it suffices to plan a reference trajectory for this specific transition under
consideration of the additional algebraic constraint. To verify the existence of such a
trajectory, a condition based on the coefficient matrices of the differential expressions
is derived in this thesis. On the one hand, this condition is significantly simpler
to evaluate than a flatness analysis of the DPS of the kernel equations and on the
other hand, it directly ensures the detectability of the fault. In contrast to the
fault detection, the fault diagnosis kernel equations ICs are inhomogeneous and in
general do not correspond to an equilibrium point of the corresponding ODE-PDE
system. Although this nonequilibrium point makes the trajectory planning more
difficult, it suffices to show that the required transition can be parametrized by a
suitable reference trajectory. For the planning of the latter, this thesis proposes a
constructive approach that provides also an easily verifiable condition.

Since the flatness analysis of the kernel equations system is avoided, the derived formal
differential parametrizations are called differential expressions and the corresponding
quantity to the flat output is called a parametrizing variable. Nevertheless, the
required differential expressions can still be derived by employing results from the
literature. To be specific, for kernel equations with a subsystem described by a PDE
of parabolic or biharmonic type, results from [75, 93] are used to determine the
differential expressions. However, this approach considers only dynamic BCs. To
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determine the differential expressions for the more general ODE-PDE couplings that
can occur in the kernel equations system the results from [75, 93] are supplemented
in this thesis. For faulty heterodirectional hyperbolic ODE-PDE systems, a kernel
equation with a PDE subsystem of the same type is obtained. The few flatness-based
trajectory planning approaches for this system class (see, e.g., [93, 94]) are not
suitable for the solution of the kernel equations. In particular, the approach in [93]
requires a fixpoint iteration and the approach in [94] is only described for systems
with constant coefficients. Thus, an alternative approach following the idea in [83] is
proposed in this thesis. In [83], the flatness-based motion planning for a DPS with
scalar parabolic PDE with varying coefficients is facilitated by mapping the original
system into a more suitable form by a backstepping transformation. The latter is
an established method for the feedback controller design of boundary controlled
DPSs and an introduction to it can be found, e.g., in [52]. In the sense of [83], the
backstepping transformation described in [41] is used to map the heterodirectional
hyperbolic ODE-PDE system of the kernel equations into a target system with a
cascade structure. Due to the latter, the differential expressions can be determined
explicitly (see [104]), which gives rise to a systematic solution of the kernel equations.

By making use of results from the flatness-based trajectory planning methods, an
interesting connection between the flatness and the fault detection as well as the
fault diagnosis is established. This connection makes already existing results in the
literature applicable to solve the fault detection and diagnosis problems systematically
for a large system class. Vice versa, this connection also allows to transfer results
derived for the solution of the kernel equations back to the motion planning for
DPSs. In addition to the extended results for the determination of the differential
expressions, a trade-off design for a residual generator is shown in this thesis that is
sensitive to the fault and less sensitive to the disturbance. This trade-off design is
derived by utilizing degrees of freedom in the reference trajectory planning, which
might also be useful in other transition planning tasks.

1.3 Relation to other integral transformation
based methods

Similar integral transformations as used in the proposed approach are also used
in the modulating functions method, for which an overview can be found in [70].
The modulating function method is an algebraic method, originally developed in
[81] for the parameter identification in LPS, which has been transferred to other
system classes. Examples are nonlinear LPS (see, e.g., [17]), fractional LPS (see,
e.g., [31]) and also DPS (see, e.g., [2, 56, 67]). Moreover, the modulating functions
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method has also been applied to state estimation problems (see, e.g., [46, 69, 90])
and source estimation in DPS (see, e.g., [5, 105]). For the derivative estimation,
approaches based on similar integral transformations are, e.g., [55, 61, 91]. Note
that such approaches for the derivative estimation have also been used to solve
fault detection problems for nonlinear systems in [57, 58, 66]. In contrast to the
proposed method in this thesis, the previously mentioned approaches are based on
integral transformations with prescribed integral kernels. Thus, available degrees
of freedom are not systematically chosen to achieve additional objectives as the
sensitivity optimization in this contribution. However, a systematic design for the
determination of the integral kernels that imposes a desired transfer behavior on the
derivative estimator is presented in [49, 65]. Moreover, in [77, 78], the modulating
functions method is presented for the parameter identification for linear LPSs, where
the determination of the modulating functions is firstly formulated in terms of a
transition problem for a dynamical system. Since the latter is solved by trajectory
planning methods, it shows interesting similarities to the presented approach in this
thesis.

Moreover, the integral transformation based approach introduced in [98] is also used
in [105] to reconstruct the source-term in a transport equation with time-varying
transportation speed. A further interesting extension of the proposed approach
can be found in [36], where it was modified to estimate the distributed state in a
parabolic system.

1.4 Outline of the thesis

In Chapter 2, the fault detection and diagnosis problem is solved for parabolic and
biharmonic ODE-PDE systems. At first, the considered system class as well as the
fault and disturbance signals are introduced in Section 2.1 and Section 2.2. Based on
this problem setting, the fault detection problem for parabolic and biharmonic ODE-
PDE systems is solved in Section 2.3. After a detailed problem formulation in Section
2.3.1, the integral expressions are used to derive an input-output expression in Section
2.3.2 from which the residual generator is derived in Section 2.3.3. For this residual
generator, the kernels of the applied integral transformations must be computed as
a solution of the fault detection kernel equations, which are determined in Section
2.3.4 employing results of the flatness-based trajectory planning methods. The fault
detection results are demonstrated for a simulation example of an Euler-Bernoulli
beam as model for a cantilever beam with a tip load in Section 2.3.5.

Subsequently, the fault diagnosis approach for the parabolic and biharmonic ODE-
PDE systems is presented in Section 2.4. After the introduction of the fault diagnosis
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problem formulation in Section 2.4.1, the fault diagnosis equation for the fault
identification respectively estimation is derived in Section 2.4.2. To make use of
the resulting residual generator, the fault diagnosis kernel equations are solved in
Section 2.4.3. Finally, the described fault diagnosis method is demonstrated for an
Euler-Bernoulli beam in Section 2.4.4.

In the Chapter 3, the fault detection and diagnosis problem is solved for hetero-
directional hyperbolic ODE-PDE systems, which are introduced in Section 3.1. The
fault detection for this system class presented in Section 3.2 follows basically the
same outline as the solution of the fault detection problem for the parabolic and
biharmonic ODE-PDE systems. This procedure leads to the input-output expression
described in Section 3.2.1 and the residual generator described in Section 3.2.2.
However, the solution of the fault detection kernel equation in Section 3.2.3 is more
involved due to the transport character of the hyperbolic PDEs. A backstepping
transformation is used to map the ODE-PDE system of the corresponding fault
detection kernel equations into a target system of cascade structure, which facilitates
the solution of the feedforward control problem. The described results are verified
for a 4 x 4 heterodirectional ODE-PDE system as a model for a hanging cable with
a payload that is immersed in water with constant flow.

In Section 3.3, the fault diagnosis problem for the heterodirectional hyperbolic ODE-
PDE system is solved. For this, the fault diagnosis equation is derived in Section
3.3.1. The corresponding fault diagnosis kernel equations are taken into account in
Section 3.3.2. Simulation results in Section 3.3.3 demonstrate the effectiveness of the
fault diagnosis method for a simulation example of a hanging cable with a payload
immersed in water with constant flow.

A brief summary of the presented methods and an outlook on possible research fields
for extensions of the proposed method will conclude the thesis in Chapter 4.

1.5 Remarks on the notation

The identity matrix is denoted by I and is always assumed to be of appropriate
dimension. When the dimension of I does not result from the context, it is explicitly
specified, i.e., I, € R™*™ is the identity matrix of dimension n xn. By e; , € R", the
ith unit vector of dimension 7 is denoted. The zero matrix is denoted by 0, which is
always assumed to be of appropriate dimension. With A® B the Kronecker product is
referred to, i.e., A® B = [a;;] ® B = [a;; B] for matrices A € R"*" and B € RP*? of
arbitrary dimension (see, e.g., [11, Def. 7.1.2]). Derivatives are written in the notation

d.h(z) = <L h(z) respectively d;h(t) = h(t) = L h(t). Partial derivatives with respect
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to space and time are shortened by 9,h(z,t) = %h(z,t) and Oih(z,t) = %h(z,t).
The pointwise evaluation of the derivative 0,x(z, t)|,—., at a point z; is abbreviated by
0.2z, t). With RT the positive real numbers are denoted, i.e., RT = {z € R|z > 0},
with R the nonnegative real numbers, i.e., Ry = {z € R|z > 0} and with R~ the
negative real numbers, i.e., R~ = {z € R|z < 0}. For a vector h(t) € R, |h(t)] is
the vector of absolute values, i.e., |h(t)| = col (|h1(t)],. .., |ha(2)]) € (Rg)™.
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Chapter 2

Parabolic and biharmonic
ODE-PDE systems

In this chapter, the fault diagnosis problem is solved for ODE-PDE systems with
PDEs of parabolic or biharmonic type. Application examples that are modeled
by parabolic PDEs come from chemical and biochemical engineering (see, e.g., [6,
44]). Important examples are chemical fixed-bed and tubular reactors (see, e.g., [45,
71]). Moreover, for battery management systems, thermoelectrical models in the
form of parabolic PDEs are derived (see, e.g., [38, 84]). Typical real-world systems
that are modeled by the Euler-Bernoulli beam equation, i.e., a biharmonic PDE,
originate from the field of flexible and smart structures (see, e.g., [7, 8]). Specific
application examples are a piezo-actuated flexible structure considered in [80] or a
flexible robot arm (see, e.g., [3]). This non-exhaustive overview shows that a wide
range of technical processes can be modeled by parabolic and biharmonic ODE-PDE
systems, for which a unified description is introduced in the following section. The
fault and disturbance signals that are considered for the fault diagnosis are described
in Section 2.2. To ensure a safe and reliable operation of these systems, a fault
detection and diagnosis scheme for this system class is proposed in Section 2.3
respectively Section 2.4.
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2.1 System description

Consider the faulty linear ODE-PDE system, which may be of the parabolic or
biharmonic type and is described by

9:x(2,t) = Alz(2)|(t) + Hi(2)w(t) + Bi(2)u(t)

4 Gh(2)d(t) + Er(2)f (1), (z,4) € (0,1) x R* (2.1a)
Kox(O, t) + le(l, t) + ng(t)
= Bgu(t) + ng(t) + ng(t), t>0 (2.1b)

1
w(t) = Fw(t) + /Ll(z)x(z,t)dz + Low(0,t)+Laz(1,t) + Bau(t)
0
+ Gsd(t) + Es f(t), t>0 (2.1¢)

/C1 (z,t)dz 4+ Cox(0,t) + Csz(1,t)+Cyw(t) + Gad(t)

+EJ(% £>0 (2.1d)

with the distributed state z(z,t) € R"= the lumped state w(t) € R™, the input
u(t) € R™, the disturbance d(t) € R4, the fault f(t) € R"f and the measurement
y(t) € R™. From these signals, only the input u(f) and the measurement y(t)
are assumed to be known. In (2.1a), the formal differential operator of the order
na € NT is given by

§:A )dia(z,t) (2.2)

with A; € (C1[0,1])"=*"= §=0,...,n4. The unknown initial conditions (ICs) are
Oix(2,t)|t=0 = i0(2) ER™, 2 €[0,1],i=0,...,n4—1, as well as w(0) = wy € R™
and assumed to be compatible with the BCs (2.1b). With (2.1b), the required n,
BCs for the PDE subsystem (2.1a) and (2.1b) are specified by Ky, K1 € R"=*"=
where K = [ Ky K] € R"*2" gatisfies

rank K = n,. (2.3)

The system matrix of the ODE (2.1¢) is F € R™*™» and the coupling from the
PDE to the ODE is given by L; € (L2(0,1))"#*" and Ly, L3 € R"*". The
ODE subsystem affects the PDE subsystem (2.1a) via Hy € (L2(0,1))"=*™ and
Hy; € R">*™w_ The input u(t), the disturbance d(t) and the fault f(t) act via
By € (L2(0,1))"=>"w Gy € (L2(0,1))"=>*"4 E; € (L2(0,1))"=*™f and the real
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valued matrices of appropriate dimensions B;, i = 2,3, G, j = 2, 3,4, as well as E;
on the system. According to (2.1d), the output y(¢) can contain in-domain, boundary
and ODE state measurements, which are characterized by C; € (Lz(0,1))"v <™=,
Cs,C3 € R™Ww*"s and Cy € R™>*™w, In the following, all system parameters are
assumed to be known. Note that the specified function classes for By(z) and Cy(z)
exclude pointwise inputs respectively measurements. However, this restriction is only
made for the sake of brevity, but is not a general limitation of the proposed method.
An example for the consideration of pointwise measurements can be found in [98,
99]. Furthermore, this restriction is also justified by the fact that such inputs and
measurements can usually be well approximated by suitable spatial characteristics.

A general discussion for the well-posedness of the system (2.1) is out of the scope
of this thesis. However, in the following it is assumed that the faulty system under
consideration is well-posed in the sense of Hadamard (see, e.g., [18, Chapter 2.1]).
This assumption is justified since the modeling of technical systems usually leads to
such systems. Note that with (2.1a), PDEs of parabolic, biharmonic and hyperbolic
type can be described in general. However, in this section only parabolic and
biharmonic PDEs are taken into account, since these can be treated in a common
framework. For PDEs of the hyperbolic type a more suitable system representation
is introduced in Section 3.

The representation of the PDE subsystem given by (2.1a) and (2.1b) as system of
first order PDEs with respect to the spatial variable z was originally introduced in
[75, 93] to facilitate the flatness-based solution of the motion planning problem for
DPSs realizing a setpoint change. This system representation for the PDE subsystem
has already been shown in [102] to be suitable to solve the fault diagnosis problem
for parabolic or biharmonic PDE systems. To consider also ODE-PDE couplings,
the PDE subsystem (2.1a) and (2.1b) is extended by the ODE (2.1c), which differs
from the system representation in [75, 93]. Although dynamic BCs can already be
accounted for in [75, 93] by differential operators, the form (2.1) with the explicit
ODE (2.1c) allows more general ODE-PDE couplings and is thus well suited to solve
fault detection and diagnosis problems.

To illustrate how a parabolic PDE system with an actuator dynamic described by
an ODE fits into the system description (2.1), the following example is given.
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Ezample 2.1 (Faulty parabolic system with actuator dynamics).

Consider the parabolic system
Orv(z,t) = 0. (a(2)0.0(2, 1) + B(2)v(z,t) + g (2)d(t), (2,t) € (0,1) x RT (2.4a)
D,v(0,t) = hy w(t), t>0 (2.4b)
d.v(1,t) = gy d(2), t>0 (2.4c)

with the distributed state v(z,t) € R and the lumped state w(t) € R™ described by
the ODE

w(t) = Fw(t) + Bs(u(t) + fi(t)), t>0 (2.4d)

with the ICs v(z,0) = v € R and w(0) = wy € R™ as well as input u(t) € R. The
measurement y(¢) € R is given by

y(t) = crv(1,t) + f2(t), t>0. (2.4e)

The system is subject to the disturbance d(t) € R? and the faults to be considered
are f(t) = col (f1(t), f2(t)) € R2. The system parameters a(z), 3(z) satisfy a, 3 €
C'0,1] and «a(z) > 0, z € [0,1]. The remaining parameters are real valued vectors
respectively matrices of appropriate size. Hence, (2.4a) can be rewritten to

1 d.a(z) ol 7@02 79?(2)
a(z) a(2) Buviz:d) a(z) =) a(z) a2

Introducing z(z,t) = col (0,v(z,t),v(z,t)), the first order differential operator A
(see (2.2)) has the coeflicients

D?v(z,t) = O (z,t) —

_d:a(z)  _ B(2) 0 -1
Ap(2) = fi(z) a(z) and A (z) = {O 0482)] . (2.6)

Furthermore, G1(z) = col (— gg(zz)70—r>,

o-y e

Hjy = col (—hy ,07), Ga =col (07, g, ) and C3 = [0 ¢;] are obtained. Due to the
two independent BCs (2.4b) and (2.4c), K satisfies (2.3). The fault fi(¢) is an
actuator fault with E5 = Bs[1 0] and f»(t) is a sensor fault with E4 = [0 1]. <

Also biharmonic PDEs with dynamic BCs can be described in the form of (2.1),
which is shown in Section 2.3.5 and Section 2.4.4. Hence, a large class of DPSs
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Ja(t) fpf) d(t) fs(t)
u(t) ug(t) yr(t) Vy(t)
—L3 Actuator ¥ Process M Sensor [——

Figure 2.1: Separation of a faulty system into the actuator, process and
sensor part, which are subject to the actuator fault f,(t), the
process fault f,(t), the sensor fault fs(¢) and the disturbance
d(t).

can be modeled by (2.1) and thus are considered for the fault diagnosis. For a less
abstract description of the following fault detection method, the interested reader is
encouraged to consult [100]. In this article, a similar fault diagnosis method for a
diffusion-reaction system is shown directly on the basis of the parabolic PDE.

2.2 Faults and disturbances

A technical system can be separated into the actuator, process and sensor parts,
which is shown in Figure 2.1. According to the component in which a fault occurs,
the fault is called an actuator fault, a process fault, or a sensor fault (see, e.g., [28]).
To be specific, a fault f;(t) = e/, f(t),i € {1,...,n}, is called an actuator fault if

i,Mmf
the system is subject to the faulty input signal
uy;(t) = u;(t) + fult) (2.8)

where only u;(t) is known, which is the jth component of w(t). The fault f;(t) can be
taken into account in the setting of (2.1) by the fault input matrices Ey, k = 1,2, 3,
which follow from

Bkejﬁnuufyj(t) = Bkejynuuj (t) + Bkej,nufi(t)7 (29)

and are given by Exe;,, = Biejn,. To describe the sensor faults, let y, ;(t) be
the jth component of the fault free measurement y,.(t) = y(t) — E4f(t) (see (2.1d)).
Then, a fault f;(t) is called a sensor fault if the jth component

Yi(t) = yr; (t) + fi(1), (2.10)

of the measurement y(t) is corrupted by a fault f;(t). According to (2.1d), this is
modeled by e;-fny Eyein, = 1. If a fault f;(t) does not correspond to an actuator or
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a sensor fault, it is called a process fault. Depending on whether such a fault occurs
in the distributed- or the lumped-parameter subsystem, the fault input in (2.1) is
described by the matrices F;, i = 1,2, 3.

Moreover, a distinction between additive and multiplicative faults must be made.
Additive faults are unknown exogenous signals, which are independent of system
variables. This can be, e.g., an offset in an actuator, a drift in a sensor or when the
system is subject to an unknown exogenous signals (e.g., disturbances) that could
provoke a malfunction or damage to the technical process that must therefore be
monitored.

In contrast, a fault that leads to a change in a system parameter is called a multi-
plicative fault. Thus, the effect of a multiplicative fault on the system depends on a
corrupted system variable, i.e., u(t), z(z,t), w(t) or y(¢t) (see, e.g., [28, Section 3.5]).
The influence of a multiplicative actuator fault Af;(t) can be described by

up;(t) =1+ AfKE)u(t), ie{l,...,ns}. (2.11)

In order to consider this type of faults in the setting of (2.1), it is reformulated into
the form given in (2.8) by introducing f;(t) = Afi(t)u;(t). Similarly, a multiplicative
sensor fault Af;(t) affecting the measurement by

yi(t) = (L+ AL (1)) yr (1), (2.12)

is regarded with f;(t) = Afi(t)y,;(t) as additive sensor fault in (2.1). Distributed
multiplicative process faults would require the introduction of a space and time
dependent fault expression, which would make the system description and derivation
of the residual generator unnecessarily cumbersome. Thus, only multiplicative
process faults in lumped quantities are considered in the following. To be specific, a
multiplicative process fault Af;(t) in the jth component w;(t) of w(t) is rewritten
into an additive process fault by f;(t) = Af;(t)w;(t) and corresponding entries in the
fault input matrices E;, ¢ = 1,...,4. Similarly, a multiplicative process fault A f;(¢)
in the boundary values z(0,t) or z(1,t) can be rewritten into an additive process
fault by f;(t) = Afi(t)z;(0,t) respectively fi(t) = Afi(t)x;(1,t), j € {1,...,nz},
and corresponding entries in F;, i = 2,3,4. Note that in the following it is assumed
that the system is at first in a healthy state, i.e., f(¢t) =0 for 0 < ¢ < t;, where ¢y is
the fault occurrence time.

In addition to faults, technical systems are in general also subject to disturbances.
The latter are unknown exogenous signals that influence the system but do not
cause failures or malfunctions. Unlike faults, the occurrence of a disturbance during
operation must be tolerated. Thus, a major challenge in the fault diagnosis is
the reliable diagnosis or detection of faults even though disturbances are present.
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Although a disturbance d(t) must be assumed to be unknown, often some information
is still available that allows to specifically consider their influence on the fault
detection. To use this information in the following fault detection approach, assume
that d(t) is composed of two components d(t) € R and d(t) € R™, so that it
satisfies

d(t) = Gd(t) + Gd(t) (2.13)

with the known matrices G € R™*"i and G € R™*". The components d;(t) of

d(t) are absolutely bounded by

|di(t)| < 6:, i=1,2,...,n51t>0, (2.14)
with known bound ¢ = col(dy,...,d,,;) € R". The component d(t) is assumed to
be described by the signal model

’l')d(t) = Sd’l}d(t), t>0 (2.15&)
d(t) = Rqva(t), t>0 (2.15b)

with vg(t) € R™4 and the known matrices Sg € R™vd*"vd ag well as Ry € R™d*™vd
where (Rg, Sg) is observable. Note that the spectrum of Sy satisfies o(S4) C jR and
Sg is not required to be diagonalizable. The signal model (2.15) describes only the
specific form of the signal, but the actual form (e.g., offset and slope for a drifting
fault or amplitude and phase in case of trigonometric signals) is determined by
the unknown IC v4(0) = v} € R™ and thus d(t) is unknown. With the signal
model (2.15) signals of polynomial form, trigonometric signals or also combinations
thereof can be described (see, e.g., the examples in Section 2.3.5 and 2.4.4). Hence,
commonly occurring disturbance signals can be considered. In view of (2.13), the
component J(t) of a disturbance must only hold approximately on the moving horizon
I, = [t —T,t] with finite length 7" € R™, since the approximation error can be readily
taken into account by the bounded disturbance d(t). The length T' of the moving
horizon is a design parameter that will be considered in Section 2.3.

2.3 Fault detection

A key technology to ensure the safety of automated systems is the reliable detection
of faults. This detection should be possible with as few assumptions as necessary
so that it can be used for a wide range of failure scenarios. Therefore, a residual
generator for fault detection is presented that does not require knowledge of the fault
signal form and reliably detects both additive and multiplicative faults. The specific
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Figure 2.2: Structure of the residual generator for the fault detection with
an input filter (m,,u(t))r and an output filter (n,y(t))r.

fault detection problem is introduced in Section 2.3.1. Subsequently, an input-output
relation is determined in Section 2.3.2, from which the fault detection residual
generator is derived in Section 2.3.3. The required kernel equations are solved in
Section 2.3.4 by a flatness-based trajectory planning. Finally, a simulation example
for an Euler-Bernoulli beam in Section 2.3.5 visualizes the theoretical results.

2.3.1 Problem formulation

The fault detection problem consists in detecting the occurrence of a fault by means
of a residual signal. This problem is solved using a residual generator with the
structure shown in Figure 2.2 for the residual signal r(t) € R. In accordance with
[12, Problem 6.2], the residual generator must

e consist of an input and an output filter,

¢ be independent of the operating point of the system,
¢ be independent of the ICs of the system,

« be independent of the disturbance d(t)

e and satisfy

r(t) £0 for f®) #£0, t>T (2.16a)
r(t) = for f(t) =0, t>T. (2.16b)

Based on (2.16), the definition of weak fault detectability is introduced.
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Definition 1 (Weak fault detectability [12, Definition 6.1]). A fault
fi(t) # 0, where f;(t) is the ith component of f(t), is weakly detectable if
there exists a residual generator such that the residual signal r(t) is affected

by fi(t) (see (2.16)).

A fault detection in sense of Definition 1 is called weak, since it is possible that the
residual signal r(t) may return to zero after a transient phase although a fault is
still present. For a residual signal r(t) to reliably indicate the presence of a fault
fi(t) even after the transient phase, strong fault detectability is required. The latter
is specified in the following definition.

Definition 2 (Strong fault detectability [12, Definition 6.2]). A fault
fi(t) is strongly detectable if there exists a residual generator such that r(t)
reaches a nonzero steady-state value for a fault signal that has a bounded
steady-state value different from zero.

However, (2.16) can only be achieved if d(t) = 0. If a disturbance d(t) is present, i.e,
d(t) # 0, a threshold value rp > 0 must be introduced for secured fault detection,
ie.,

lr(t)] < rg, for f(t) =0, t>T (2.17)

must hold, so that |r(t)| > rp necessarily indicates the presence of a fault f(t) # 0.

2.3.2 Determination of the input-output expression

In the following, an input-output expression is determined by the application of
integral transformations, from which the residual generator can be derived. For this,
the integral transformation for the PDE (2.1a)

Mz (t) = / / m (2, )zt — 7)drdz = (m, 2())ou (2.18a)
00
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with © = [0,1] and I = [0, 7], T € R+, for the BC (2.1b)

T
/pT h(t — 7)dr = (p, h(t))1, h(t) € R", (2.18b)
0

for the ODE (2.1c)

Qu [w](t) = (g, w(t))1, (2.18¢)

for the output equation (2.1d)
Nyl(#) = (n,y(t)n (2.18d)
and for the signal model (2.15) of the disturbance d(t)
Qalva)(t) = (ga, va(t))1 (2.18e¢)

are introduced. The mowving horizon length T is a design parameter addressed more in
detail in Section 2.3.5. Due to the timeshift in the arguments of the transformations
n (2.18), these are evaluated on the moving horizon I, = [t — T, t]. This becomes
obvious by a simple substitution 7 = ¢ — 7, which yields, e.g.,

T t
/nT(T)y(t —7)dT = /nT(t —Fy(F)ds, t>T (2.19)
0 t—T

for (2.18d) and is illustrated in Figure 2.3. The integral kernels m(z,7) € R"=,
n(r) € R™, q,(7) € R™, q4(7) € R™ and p(r) € R" are degrees of freedom
which are utilized to solve the fault detection problem. Note that similar integral
transformations are used in the modulating functions method for the parameter,
state and derivative estimation (see, e.g., [46, 49, 70, 78]). However, in these
approaches, the integral transformations are applied to treat derivatives of known
signals. In contrast, the integral kernels in the presented approach are used to
eliminate unknown system variables in order to derive an input-output expression
from which the residual generators are determined.

Apply the transformations (2.18) to the corresponding equations of (2.1), which
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Figure 2.3: Integral transformation (n,y(t)); (-==) of a signal y(t) € R
(—) with the evaluation of the integral transformation visual-
ized at time t* by y(¢), t € I;» = [t* =T, ¢*] (=) and the integral
kernel n(r) € R (---) depicted in an additional 7-coordinate
system.

yields

(m, 0.a(t))a1 = (m, Alz](t))a,1 + (m, Hiw(t))a1 + (m, Biu(t))e,
+ (m, Grd(t)) s + (m, By f(E))our (2.20a)
(. K01 = —(p, How(®)x + {p, Bou(t))s + {p, God(®)x + (p, Baf())1 (2:20)
(qu, W(t))1 = (qu, Fw(t))1 + (Gw, le(t»ﬂ,l + (qu, Lz ()1 + (quw, B3u(t))1
+ (qu, G3d(t))1 + (qu, B3 f(t))1 (2.20c)
(n,y()1 = (n, Crz(t))a,1 + (n, Cprp(t))1 + (n, Caw(t))1
+(n, G4d(t))1 + (n, Es f ()1 (2.20d)

with z5(t) = col (z(0,t), z(1,t)), Lg = [Ly L3] and Cp = [Cy C5]. Note that

(o / Ly ()22, )t)1 = (gu, Ly (D))o (2.21)
0

is used to obtain (2.20c) and a similar relation for (n, Ciz(t))q,1 in (2.20d). In the
following, the temporal and spatial derivatives, the operator A and also the matrices
in (2.20) are shifted to the integral kernels. Use integration by parts with respect
to z for the left-hand side in (2.20a) to transfer the spatial derivative to m(z,7),
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yielding
(m, 0,z(t))a1 = (m(1),z(1,t))1 — (m(0),z(0,t))1 — (D.m, x(¢t))a.1- (2.22)

In order to shift A to the kernel m(z, 7), use its representation (2.2) to obtain

nA

(m, Alz](t))ar = _(m, A40{x(t))a,. (2.23)

i=0
With diz(z,t — 7) = (—1)"0%x(2,t — 7) and by transposing of the matrices A4;(z),
(m, Asdia(t))a = (—1) (AT m, Ohr(t))a (2.24)

follows for the summands in (2.23). Hence, the derivative operator d¢ can be shifted
to the kernel m(z, 7) by means of an i-folded integration by parts with respect to 7.
The result reads as

i—1

(AT m,dka(t)ar = [(—1) (AT &m(r), 057 a(t — m)al,
=0
+ (=1D)HA] 0im, z(t)) .1 (2.25)

The still unknown distributed values 9tz (z, t—T7)lrerory, 2€[0,1],i=0,...,na—1
are eliminated by imposing

om(z,7)|reo,ry =0, z€1[0,1),i=0,1,...,n4 — 1. (2.26)
As a result of (2.24)—(2.26),
(m, A0t = (AT Olm, 2(t))a (2.27)
follows. Consequently, (2.23) reads as
(m, Alz] () = (A*[m], z(t)or, t=T (2.28a)

with the formal adjoint
na )
A*[m(2)](r) = Y Al (2)0im(z, 7). (2.28b)
i=0

In the term (m, Hyw(t))q,1 in (2.20a), the matrix Hy(z) can be shifted to the kernel
by taking its transpose. Subsequently, the required form is achieved by changing the
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order of integration to
(m, Hyw(t))ax = (H) m,w(t))ax = ((Hi,m)a, w(t)1, (2.29)

where (-, ) represents the integration with respect to z € Q. Then, introducing
_ —m(O,T)
mp(T) = [ m(1,7) ] (2.30)

and using (2.22), (2.28), as well as the form (2.29) for the remaining terms in (2.20a)
leads to

(mp,zp(t)1 = (A*[m] + 0.m, z(t))a1 + ((Hi,m)a, w(t))1 + ((B1,m)a, u(t))1
+ ((G1,m)a,d()1 + ((E1,m)a, f(t)) (2.31)

In (2.20b) and (2.20d) the related matrices are shifted to the kernels p(7) and n(7)
yielding

(K Tp, ()1 = —(Hy p,w(t))r + (By p,u(t))1 + (Ga p,d(t))1

+(Ej p, () (2.32a)
(n,y(®)1 = (CY n,x(t) o + (Chn, zp)1 + (C n,w(t))r
+ (G n,dt))1 + (E]n, f(t))1. (2.32b)

For (2.20c), use w(t — 7) = —d,w(t — 7), apply integration by parts with respect to
7 and impose

Gw(T)lrefory =0 (2.33)
to obtain
{qu, W(t))1 = (quw, w(t)1, (2.34)

where ¢, (7) = d-qw (7). Then, by shifting the matrices of the terms in the right-hand
side of (2.20c) to the integral kernels

(G — F " qurw(t))1 = (L] qu, 2(t)) a1 + (L 5w, ()1 + (B3 quw, w(t))1
+ <G3TQw7d(t)>I + <EPTQw; f(t)>1 (2'35)

follows. By setting
0zm(z,7) + A*[m(2)](r) = O (2)n(r) — L{ (2)qu(r) =0 (2.36)
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one can insert (2.32b) and (2.35) in (2.31) to eliminate z(z,¢), which yields

(mp + Cpn + Lpqu,z(t)1 = (n,y(t))
+ (o — F T qw — C{ n+ (Hi, m)q, w(t))1
+ ((B1,m)q — B qu, u(t))1
+ ((G1,m)q — G g — G n, d(t))1
+ ((Ev,m)a — E5 g — Ef n, f(t))1. (2.37)

In (2.37), the left-hand side is still dependent on the unknown boundary value zp(t).
However, inserting

mp(t) + Cin(r) + Liqu(T) = K 'p(T) (2.38)
in (2.37) and replacing the resulting term by (2.32a) leads to

(=(Br,m)a + B3 p+ Ef qu + Efn, f(t))1 = (n,y(t)r
+ (Gw — F T quw + (Hi,m)q + H) p— C{ n,w(t))1
+((Bi,m)q — By p— B3 qu,u(t)1
+ ((G1,m)q — Gy p — G4 g — G4 n,d(t))1. (2.39)

The unknown ODE state w(t) in (2.39) is eliminated by imposing
Gu(T) = Fqu(7) + (Hi,m(7))o + Hy p(r) = Ci{n(r) =0, 7€ (0,T). (240)
By inserting (2.40) in (2.39), the expression
(myp, f@)r = (n,y ()1 + (mu, u(t))r + (ma, d(t))1 (2.41)

results, in which

my(1) = —(E1,m(7))a + By p(7) + E3 ¢ (1) + B/ n(7) (2.42a)
my (1) = (Bi,m(r))a — By p(r) — B3 qu(T) (2.42b)
mq(7) = (G1,m(7))a — G3 p(7) — G5 qu(7) — G, n(7) (2.42¢)

with mys(7) € R™, my(7) € R™ and mg(7) € R™ are utilized.

In the next step, the disturbance d(t) is taken into account. In view of (2.13), the
disturbance term in (2.41) reads as

(ma, d(t))1 = {mg, d(t))1 + (mg, d(1))r (2.43)
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with mj(1) = G mga(r) and mg(r) = G mga(r). The signal model (2.15) of the
disturbance d(t) can be utilized to decouple (2.41) from d(t). Applying the transfor-
mation (2.18¢) to (2.15a), using integration by parts in view of 04(t—7) = —d,vg(t—7)
and imposing

qa(7)|ref0,ry =0, (2.44)

leads to
(4a — SJ qa,va(t))1 =0, (2.45)

where ¢4(7) = drqq(7). The first term in the right-hand side of (2.43) can be
expressed in terms of v4(t) by making use of (2.15b), which yields

(mg, d(t)1 = (Rgmg, va(t))1- (2.46)
Thus, inserting
Ga(T) — S4 qa(T) = Rymy(t), 7€ (0,T) (2.47)

in (2.45) leads to (mg,d(t))1 = 0 in view of (2.46), i.e., (2.41) is independent of d(t)
(see (2.43)). Finally, the resulting input-output expression reads as

(mg, f(O)r = (n,y(O)r + (M, w(E)r + (mg, d(t)r, ¢ =>T. (2.48)

This expression depends only on the known measurement y(t¢), the known input wu(t),
the fault f(t) and the unknown disturbances d(t). For (2.48) to hold, the integral
kernels must satisfy (2.26), (2.33), (2.36), (2.38), (2.40), (2.44) and (2.47), which
are summarized in the following lemma.
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Lemma 2.1 (Fault detection kernel equations). Let d(t) be described by
(2.15) and the integral kernels m(z,7), p(7), quw(7), qa(7) and n(7) be a
solution of the fault detection kernel equation

(z, ) = —A [m(2)|(7) + L] (2)qu (1) + CT (2)n(r)  (2.49a)

Tp(7) = mp(7) + Cn(7) + Liu(T) (2.49b)

Gw(1) = F T qu(7) — (Hi,m())a — Hy p() + C{ n(r) (2.49¢)

Qd(T) = 54 9a(7) + Rymg(T) (2.49d)
om(z,7)|refo,ry =0, z€1[0,1],i=0,...,n4 — 1 (2.49¢)
Qw(7)|refo,ry =0 (2.49f)
qa(7)|refo,ry =0, (2.49¢)

with (2.49a) defined on (z,7) € (0,1) x (0,7) and (2.49b)—(2.49d) on 7 €
(0,T). Then, the input-output expression (2.48) holds.

In order to make use of (2.48) for the fault detection, a solution for (2.49) must be
determined. A constructive approach for this is discussed in Section 2.3.4, whereas a
fault detectability condition based on system properties is derived in Section 2.3.4.3.

2.3.3 Residual generator

In view of the input-output expression (2.48),
r(t) = (n,y(t)1 + (mu,ut)), t>T (2.50)

is a candidate for the fault detection residual generator, since it only depends on
the known signals u(t) and y(t). It follows from the derivation of (2.48) that r(t) in
(2.50) is already independent of the operating point and the unknown ICs z; o(2),
z2€[0,1],i=0,...,n4 — 1 as well as wy. Hence, it remains to prove (2.16). In the
case d(t) = 0, insert (2.50) in (2.48) to obtain

r(t) = {mg, f(O)r, t =T, (2.51)

which already implies (2 16b) To show that also (2.16a) holds, rewrite (2.51) in

view of (my, f(t))1 = fo Ly m (T)ein, fi(t — T)d7 in the form r(t) = Y2, ri(t)
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with
T
/m 7)ein, filt —7)dr, t>T. (2.52)
0

By continuing the components e, ,, m(7) on 7 > T with zeros, i.e. ejnfmf(T) =0,
7 > T, the upper bound of the integration in (2.52) can be replaced by t. Thus,
the right-hand side in (2.52) can be regarded as the convolution of f;(t) with the

integral kernel egnf my(7), Le.,

2, f

= /m}r(T)eiynffi(th)dT, t>T. (2.53)
0

Provided that f;(t) = 0 for t < T, the Titchmarsh convolution theorem [85, Theorem
VII] states that r;(t) given in (2.53) is not identically equal to zero on ¢ > T, if and
only if both e, s myg(7), 7> 0and f;(t), t > T, are not identically equal to zero. As
a result, imposing

el mp(r) #£0, 7€ (0,T), Yi=1,.. ny, (2.54)
ensures 7(t) Z 0, ¢t > T for f;(t) =0,t < T and f;(t) #0, t > T, while f;(t) =0,
Jj # i, in view of (2.51). Under these assumptions, (2.50) satisfies (2.16) and is
thus a residual generator for separately occurring faults on ¢ > T. However, if
multiple faults occur simultaneously, Z:Lf 1 7i(t) does not hold in general. Hence,
the specific case f(t) # 0, so that >/, 7;(¢) = 0 must be excluded. However, this is
non-restrictive since it requires the simultaneous occurrence of multiple faults and
additionally specific signals f;(¢) depending on m (7). These results are summarized
in the following theorem.

Theorem 2.1 (Residual generator)

Assume that d(t) is described by a solution of (2.15), d(t) = 0 holds and let
f(t) satisty f(t) =0, t < T, as well as (my, f(t))1 Z 0 for f(t) # 0. If the
integral kernels satisfy (2.49) and (2.54), then (2.50) is a residual generator
for the system (2.1). A fault is detected if (t) # 0, t > T, with r(¢) given by
(2.50).

Proof. The proof of Theorem 2.1 is based on the derivation of (2.50). If the integral
kernels satisfy (2.49), the residual generator (2.50) has the structure shown in Figure
2.2, consists only of the input and output filters (n,y(t)); and (m,,u(t)); and is
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independent of the operating point of the system, the ICs of the system as well as
the disturbance d(t). If (2.54) is satisfied, then it is ensured by the Titchmarsh
convolution theorem that r(t) is excited solely by the occurrence of a fault f;(¢),
i.e., (2.16) holds. When multiple faults are present, which satisfy (my, f(t))1 # 0,
(2.16) is satisfied by the same reasoning. Thus, (2.50) is the sought for residual
generator. |

The residual generator (2.50) ensures only weak detectability (see Definition 1). This
is a consequence of taking faults into account that are as general as possible. In
order to achieve strong detectability (see Definition 2), further assumptions on the
fault must be imposed, which is investigated in Section 2.4.

To discuss the fault detection with respect to the unknown but bounded disturbance

d(t) # 0, insert (2.50) in (2.48) to obtain

r(t) = (mg, f(O))r = (mg, d(t))1, t=>T. (2.55)

It follows from (2.55), that the residual is not only affected by the fault f(¢) but
also by d(t). Hence, a threshold must be introduced to distinguish the influence of
f(t) and d(t) on r(¢). To this end, consider the absolute value of the residual error

[(my, f(0)r — () = [(mg, d&)], t>T (2.56)

caused by d(t). Use the integral representation of (-, )1 to estimate (2.56) by

T
[(mg, d(t))1] < /|m;l—r(7)c?(t —7)|dr. (2.57)
0
Introduce the vector of absolute values |h(t)| = col(|hi(t)], ..., |k (t)]) € (RF)Y,
h(t) € R”, the integrand on the right-hand side of (2.57) can be estimated by
mg (r)d(t —7)| < |mg(r)|"|d(t — 7). (2.58)

Then, (2.58) is bounded by

mg (r)d(t = 7)| < [mg(7)| "6 (2.59)

in view of (2.14). Since ¢ is constant, the fault detection threshold

T

rg = [|mg(r)|"dré (2.60)
/
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can be introduced. It follows from (2.57) and (2.59) that

(mg, dt)1| <rp, t=T (2.61)

holds. Furthermore, it can be concluded from (2.56) and (2.61) that in the fault free
case, i.e., f(t) =0, the residual r(t) satisfies

r(t) <rp, t>T. (2.62)

Consequently, if |r(t)| > rp, a fault must be present. The next theorem summarizes
this result.

Theorem 2.2 (Fault detection)

Assume that d(t) is described by a solution of (2.15), d(t) satisfies (2.14) and
(my, f(£))1 # 0 holds for f(t) # 0. Let the integral kernels m(z, 1), qu(7),
qq(7) and n(7) satisfy (2.49) and (2.54). Then, for the system (2.1), a fault
is detected if the threshold rp is exceeded by the residual signal r(¢) given in
(2.50) for t > T, i.e.,

r(t)] >rp, t>T. (2.63)

Proof. The proof of Theorem 2.2 is based on the fact that (2.50) is a residual

generator for the case d(t) = 0 (see Theorem 2.1). Then, it follows from the residual
error (2.56) and the estimate (2.61) that a fault can be detected by (2.63). |

The first time instant at which the threshold value in the sense of (2.63) is exceeded,
is called the fault detection time t, which is an estimate for the fault occurrence
time ¢y, i.e., f > t;. Note that if a disturbance d(t) is present, missed detections are
possible if the excitation of the residual generator by the occurrence of a fault is not
sufficient. Hence, attention should be paid in the design of the residual generator
to keep the threshold sufficiently small compared to the excitation of the residual
generator for expected fault signals. Details on this trade-off design are discussed
for the simulation example in Section 2.3.5. However, (2.63) ensures that no false
alarms occur.
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2.3.4 Solution of the fault detection kernel equations
2.3.4.1 Fault detection kernel equations

A systematic approach for the computation of the integral kernels that satisfy (2.49)
and (2.54) can be derived by considering (2.49) as an ODE-PDE system. For this,
take into account that (2.49a) is a system of n, first-order PDEs with respect to
z. The corresponding n, BCs result from (2.49b). In view of (2.3), n, conditions
for the 2n, boundary values mp(7) can be satisfied by a suitable choice of p(7) in
(2.49b). Thus, the remaining n, conditions are independent of p(7) and these are
the required BCs. The latter can be determined by making use of the left annihilator
(KT)+ € R%*2"% of KT which satisfies (KT)* KT = 0 and rank (K ")% = n,.
Applying this annihilator to (2.49b) yields with

(KT)* (mp(7) + CEn(r) + Lgu(r)) =0 (2.64)

the n, BCs for (2.49a). Furthermore, with (2.64) being satisfied, (2.49b) is uniquely
solvable for p(7) because of (2.3), i.e., p(7) is given by

p(7) = (K )" (mp(7) + Cpn(r) + Liqu(r)) (2.65)

in terms of mp(7), ¢u(7) and n(7). In (2.65), (K T) is the Moore-Penrose generalized
inverse, which can be computed with

(KN =(KK")"'K (2.66)

in view of (2.3) (see, e.g., [11, Proposition 6.1.5 and Theorem 2.6.1, ix)]). From this,
amatrix K = — K (K)T € R?%*2% gatisfying KK | = 0 and rank K = n, (see,
e.g., [11, Proposition 6.1.6., xix)]) is deduced. Consequently, (K ')+ with required
rank (K )+ = n, results from choosing the n, linear independent rows of K.

The result (2.65) allows to eliminate p(7) in (2.49¢) and (2.49d). Insert (2.65) in
(2.49¢) to obtain

Gu(T) = (F" = Hy (K")'LE) qu(7) = (Hi,m(7))o — Hy (K ")Tmp(7)
+(Cf = Hy (KT)'CE) n(7). (2.67)

To rewrite (2.49d), insert m (1) = G Tmg(7) where p(7) in mg(7) given in (2.42c)
is replaced by (2.65) to obtain

da(r) = Sj qa(t) — RgGT (G (KT)'LE + G )quw(r) + Ry G (G1,m(7))a
—R]GTGY (K mp(r) — RJGT(G (KNICE + G )n(r).  (2.68)
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As a result, the fault detection kernel equations are represented by the ODE-PDE
system with the PDE

0zm(z,7) = —A*[m(2)](7) + L1(2)a(r) + Cy (2)n(7) (2.69a)
defined on (z,7) € (0,1) x (0,T) following from (2.49a), the BCs
Kom(0,7) + Kym(1,7) + Laq(1) = Can(7), 7€ (0,T) (2.69D)
resulting from (2.64) with (2.30) and the ODE

1

G(1) = Feq(7) + /H1 (2)m(z,7)dz + Hom(0,7) + Hzm(1,7) + Csn(7), (2.69c)
0
defined on 7 € (0,T) where ¢(7) = col (¢ (7), ¢a(7)) € R™ with n, = ny, + nyg

summarizes (2.67) and (2.68). The matrix in (2.69a) is Li(z) = col (L{ (2), 07).
The matrices in (2.69b) result from (2.64) with mp(7) = col (—m/(0, 7), m(1,7)) to

[~Ko Ki]=(K")* (2.70a)
Ly=(K")"[L} 0] (2.70b)
Cy=—(K"*cy (2.70c)

where Ko, K1 € R™*" and Ly, € R" X", The matrices in (2.69c) follow from
(2.67) as well as (2.68) and read as

B [ FT—HQT(KT)TLE 0
Fe= | _RIGT(GT(K)1LL + G]) qu(r) 5] (2.71a)
[ —HT()
_ _ [ _HT (KT)T
—Hs Hs| = o2 2.71c
e B | petep ey .
[ - mwic
Cs= | _RIGT (G (KT)'CS 1 6]) (2.71d)

where Hy, Hs € R™ %"= For convenience, the fault detection kernel equations are
summarized in the following lemma.
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Lemma 2.2 (Fault detection kernel equations as ODE-PDE system). Let

d(t) be described by (2.15) and the integral kernels m(z,7), ¢(7) and n(7)
be a solution of the fault detection kernel equation

9.m(z,7) = —A*[m(2))(7) + L1(2)a(7) + CY (2)n(7) (2.72a)
Kom(0,7) + Kym(1,7) 4 Lag(t) = Can(1), (2.72b)

1
G(7) = Feq(7) + /Hl(z)m(z,T)dz + Hym(0,7)
0

+ Hzm(1,7) + Csn(7), (2.72¢)

and
Oim(z,7)|rerory =0, 2€[0,1,i=0,...,na—1 (2.73a)
q(7)|refo,ry =0 (2.73b)

with (2.72a) defined on (z,7) € (0,1) x (0,7") and (2.72b)—(2.72¢) on 7 €
(0,T). The matrices in (2.72) are specified in (2.70) and (2.71). Then, the
input-output expression (2.48) holds.

The initial and end conditions (2.73) follow from (2.49¢)—(2.49g). It follows that
(2.72) is a PDE-ODE system subject to the initial and end values (2.73) as well
as an input n(7), which is a degree of freedom. Note that this two-point initial-
boundary-value problem is equivalent to (2.49) such that any integral kernels that
are a solution of (2.72) subject to (2.73) yield the input-output expression (2.48)
in accordance with Lemma 2.1. By the consideration of the additional algebraic
constraint (2.54) in this transition problem, it is ensured that (2.52) is a residual
generator in view of Theorem 2.1.

To solve this two-point initial-boundary-value problem, a suitable input n(7) must
be determined so that m(z,7) and ¢(7) realize the transition subject to (2.54) from
the initial point to the end point given in (2.73) in finite time 7. By embedding
the initial and end values (2.73) into setpoints, which is achieved by additionally
requiring

arAm(z,7)|reqo,ry =0, z€[0,1] (2.74a)
d-q(7)|-efo,r} =0, (2.74D)

the transition problem of the kernel equations is traced back to a setpoint change.
The latter can be solved systematically with results from the flatness-based motion
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planning, which is a well established method for the motion planning of DPSs
(see, e.g., [62, 73, 75, 93]). It is based on the introduction of a parametrizing
variable to express the system variables as functions of this so called flat output
and its derivatives (see, e.g., [62]). Based on these differential parametrizations, a
setpoint change between arbitrary setpoints of the system can be traced back to an
algebraic interpolation problem for a reference trajectory for the flat output. For
linear systems, the latter can be achieved by solving a linear system of equations,
which yields a systematic solution of the in general difficult to solve two-point
initial-boundary-value problem. However, since the transition between the specific
initial and end points (2.73) can be always achieved, it is not required to show that
the parametrizing variable is indeed a flat output. Nevertheless, it must be shown
that a transition between the given points can be parametrized, which also satisfies
the additional algebraic constraint (2.54). This requirement on the differential
expressions for the system variables m(z,7), n(r) and ¢(7) of the kernel equations
system is investigated in Section 2.3.4.3. Before that, the parametrizing variable and
the associated differential expressions are introduced in the following section.

2.3.4.2 Determination of the differential expressions

In this section the differential expressions required for the motion planning are
derived. In the previous work [102] it was possible to use the results from [75, 93]
directly to determine the differential expressions for (2.72). However, the general
ODE-PDE coupling occurring in (2.72a) requires an extension of the results [75, 93].

For a systematic derivation of the differential expressions, the Laplace transform
with the correspondence h(z,T)O—Oﬁ(z7 s) € C¥ for h(z,7) € R” is employed. In
the following, the Laplace transformation is applied formally at first. However, a
rigorous mathematical justification can be obtained by using operational calculus
(see, e.g., [63, 75, 93]).

Use the Laplace correspondences 9im(z,7)o—es'm(z,s), i = 0,...,n4, in view
of the homogeneous ICs (see (2.73)) as well as g(7)o—e§(s) and n(r)o—e(s) to
obtain the formal Laplace transform of (2.72a)

d.m(z,8) = —A*(2,8)1m(z, s) + L1(2){(s) + C} (2)7(s) (2.75a)

with A*(z,5) = 314 AT (2)s* (see (2.28b)). The transformation of the BCs (2.72b)
reads as

Kom(0,s) + K1m(1, s) + Lag(s) = Con(s). (2.75b)
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Regard s in (2.75) as complex parameter, then (2.75) is a boundary-value problem
with (2.75a) as ODE with respect to z and the BCs given in (2.75b). Let & :
02 x C — C"=*"= be the state transition matriz related to (2.75a), which satisfies

0.8(2,(5) = —A"(2,9)0(2,(,5), B(GCs) =1, (2,(,5) €9 X T (276)
(see [75, Assumption 1]). As a result

m(z,s) = (z,0,5)m(0,s) + U1 (2, 8)4(s) + Vo(z,8)n(s), (z,8) € QxC (2.77)

is the general solution of (2.75a), with

z

By (2, ) = / B(2, ¢, 5) L (C)dC, (2,5) € QO x C (2.782)
0

Bo(zs) = / B(2,¢,5)CT(C)dC, (5,5) €Q x C (2.78D)
0

(see, e.g., [16, Section 4.5]). For the consideration of the BCs (2.75b), insert (2.77)
in (2.75b) yielding
(Ko + K1®(1,0,5)) (0, 5) + (Ka¥r (1) + L2 ) d(s)
- (02 _Klifca,s)) i(s), (2.79)
which depends only on the lumped variables m(0, s), ¢(s) and the input 7(s). Apply
the formal Laplace transform to (2.72c¢), which gives

1

(ﬂ—nm@:/m@m@gm+mmm@+mm@@+@mg (2.80)
0

This relation can be rewritten in terms of (0, s), ¢(s) and n(s), by inserting (2.77)
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n (2.80). The result

1
(s[ —F, — /f[l(z)\i!L(z7s)ds - f_Ig\i/L(l,s)) q
(/Hl zOsdz+H2+H3<I>(IOs)) m(0, s)

= (/Hl(z)\ilc(z, s)dz + O3 + Hs‘ifc(l,s)> n(s)
0

and (2.79) can be summarized in

i(s) { qv((os’)s)} — D(s)n(s)
with
6= [l timo): 2= [t
and

Iy (s) = — [ Hy(2)®(2,0,s)dz — Hy — Hs®(1,0, )

1
Moo (s) = sI — F, — /ﬁl(z)\IIL(z, s)ds — HsW (1, s)
0
Di(s) = Cy — K1%c(1,5)
1
Dy(s) = [ Hi(2)¥c(z,s)dz + Cs + HsW (1, 5).
0

A parametrizing variable fi(s) € C™ can be introduced as

fi(s) = det T1(s)i(s),

(2.81)

(2.82)

(2.83)

(2.84a)
(2.84b)

(2.84¢)

(2.84d)
(2.84¢)

(2.84f)

(2.85a)
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which leads to

() ] N
{ i(s) } = adjII(s)D(s)f(s) (2.85b)

for (2.82) in view of I1(s) adj I1(s) = det II(s)I. With (2.85), m(z, s) can be expressed
in terms of fi(s) by inserting (2.85b) and (2.85a) in (2.77), which yields

ﬁ@(z,s):<[(i)(z707s) @L(z,s)]adjﬁ(s)b(s)+ifc(z,s)detﬁ(s)) f(s). (2.86)

By introducing
co(s) = det TI(s) (2.87a)
U(s) = J,adjTI(s)D(s) (2.87b)
V(z,s) = [ti)(z,O, s) WUp(z, s)] adj I(s)D(s) + ¥ (z, 5) det TI(s) (2.87¢)

with ©(s) € C, J, = [0 [] € R*a*"atme [J(s) € C"*™ and V(z,s) € C"*"v the
system variables m(z, s), ¢(s) and 7n(s) in (2.85) and (2.86) can be rewritten to

m(z,s) = V(z s)i(s) (2.88a)
d(s) = U(s)ja(s) (2.88b)
n(s) = wo(s)f(s). (2.88¢)

In order to determine the time domain correspondences for the expressions in (2.88),
the operators V(z,s), U(s) and o(s) in (2.88) are developed as formal power series
in s. This series expansion can be achieved systematically as shown in [75], by
expressing ®(z, ¢, s), U1 (z,s) and W (z, s) by the formal power series

O(2,¢,8) =) Pi(20)s", 2z(eQseC (2.89a)
i=0

Up(z,s) = Z\IILl(z)sl, 2€Q,5eC (2.89b)
=0

Ueo(z,s) = Z Uei(2)st, 2€Q,s€C. (2.89¢c)
i=0

Note that the coefficient matrices ®;(z, () € R™*=*"= U ;(z) € R™*" and ¥ ;(z) €
R™*"y in (2.89) can be computed numerically by using results from [75, 93] or the
recursive algorithm described in Appendix A.5.

Taking into account that term wise addition and the Cauchy product for multiplica-
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tion of formal power series results again in a formal power series (see Appendix A.1,
Lemma A.1), the operators V(z,s), U(s) and ©(s) in (2.87) can be also expressed
as the formal power series

V(z,s) = Z Vi(2)s' (2.90a)
U(s) = i U;s' (2.90b)
=0

w(s) = Zwisi (2.90¢)
i=0

with V;(z) € R"=*™ U, € R"*™ and w; € R by inserting (2.89) in the containing
matrices of (2.87) (see (2.83) and (2.84)). Using (2.90) in (2.88) allows a simple
transform of the system variables m(z,s), ¢(s) and 7(s) into the time domain
by applying the formal correspondence s'fi(s) e—od: u(7). This yields the formal
differential expressions in terms of d’pu(7), i € Ny, which are summarized in the
following lemma.

Lemma 2.3 (Formal differential expressions). Let V;(z), U;(z) and w; be
given by the formal power series (2.90), which are defined by (2.87). Then,
the system variables m(z,7), ¢(7) and n(7) can be parametrized by the
differential expressions

m(z,m) =Y Vi(z)dipu(r) (2.91a)
=0

q(r) =) Usdip(7) (2.91b)
1=0

n(r) = Z w;d? p(T) (2.91¢)
=0

in terms of the parametrizing variable u(7) and its derivatives.

To make use of the so far only formal derivation of (2.91), the convergence of the
containing series must be ensured by a suitable choice of the parametrizing variable
u(7), which is considered in detail in Section 2.3.4.3.

For the residual generator (2.50), the computation of the threshold (2.60) and the
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investigation of fault detectability (see (2.54)), the integral kernels m, (1), mz(r) and
my(7) are required, which can be also expressed in terms of differential expressions
with the parametrizing variable p(7). To this end, insert (2.65) in (2.92) to eliminate
the dependence on p(t), yielding

my(r) = By, m(r)a + BY (K ) tmp(r) + (Ef (KT) L + Y ) Jua(r)

+ (B (KT)'CE + E{ ) n(r) (2.92a)
ma(r) = (Bim(r))o = B (KT)'mp(r) = (B (K")'Lj + B ) Jug(r) (2.92b)
ma(r) = G ((Grm(r)a = G (K ) ms(r) = (GI (KT LE + GF) Jua(7)

— (GI(KTYCF + G n(T)) (2.92¢)

with J,, = [I,0] € R™*™a. Then, (2.91) can be inserted in (2.42) to obtain

myg(T) = ZXidiu(T) (2.93a)
1=0

ma(r) = Xy idip(r) (2.93b)
=0

mg(7) =Y Xg;diu(r) (2.93¢)
=0

where X; € R *™v X, ; € R"™*™ and Xg; € R">*" read as

Xi= (B, Vi)a+ By (KT)f [‘VV(%))] + (By (K" Ly + EJ ) JuUs
+(Ey (KN)CE + B ) = (2.94a)
Xui=(B1,Vi)a— By (K")! [‘VV(%))] — (BJ(KT)'LL + BJ) J,U;  (2.94b)

Vi
Vil

— (G (KtCE +GT) w) (2.94c)

Xg =67 (161 Va - 61T [1)] - (€1 T 2g +.65)
2.3.4.3 Fault detectability condition

With the differential expressions (2.91), the fault detection kernel equations (2.72),
(2.73) and (2.54) can be solved by the planning of a suitable reference trajectory
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w* € (C>=(1))™ for the parametrizing variable p(7). On the one hand, this reference
trajectory must ensure the convergence of the series in the so far formal differential
expressions (2.91) and on the other hand, it must be ensured that the required
nontrivial setpoint change can be parametrized by these differential expressions in
terms of p*(7). If both can be achieved, then the two-point initial-boundary-value
problem of the fault detection kernel equations can be reformulated into an algebraic
interpolation problem. With the latter a reference trajectory p*(7) can be determined
that yields a solution for the fault detection kernel equations by the evaluation of
the differential expressions. Thus, the residual generator (2.50) exists and the faults
can be detected.

In view of (2.91), it can be verified that the initial and end condition (2.73) are
satisfied if p*(7) holds

ALyt (7)|reqo,ry =0, i € No. (2.95)

However, the only analytic function satisfying (2.95) on an open neighborhood is the
zero function. Since a nontrivial setpoint change is required so that the additional
constraint (2.54) can be satisfied, u*(7) has to be locally non-analytic. A suitable
function class with this property are the Gevrey functions, which are specified in the
following definition.

Definition 3 (Gevrey functions [72, Definition 1.4.1]). Let G*(I) be
the class of Gevrey functions of order a in I. The function J(7) is in G*(I) if
¥ € C°°(I) and for every compact subset I of I there exists h € R such that

|dZ9(7)| < A () (2.96)

holds for all i € NT and 7 € L.

Taking into account that G*(I) is the space of analytic functions on I (see [72]), u*(7)
must be chosen as Gevrey function of order @ > 1 to be non analytic. A suitable
Gevrey function, satisfying the requirement (2.95) is

£F)7)
19(7') = fOTeXp(f((lf%)%)fo)dC T E (O,T)

0 : otherwise,

(2.97)

which is a Gevrey function of order & = 1 + /5 (see, e.g., [60, Lemma 1]). It is
illustrated in Figure 2.4 for T'= 1.75 and a = 1.999.
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— o =1.600
9 o =1733
x a = 1.999 —— o= 1866
s o =1.999
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

T

Figure 2.4: Function (2.97) for different values of o with corresponding
Gevrey orders « € {1.6,1.733,1.866,1.999} and T = 1.75.

Based on the bounded growth of the derivatives of Gevrey functions (see (2.96)),
requirements on the reference trajectory p*(7) can be determined to ensure the
convergence of the differential expressions (2.91). For this it is required to determine
the order of the power series (2.90) associated with the series in (2.91). The order
of formal power series is related to properties of entire functions and can be found
in [75, Definition 1] or Appendix A.1 Definition 4. The convergence of such series is
shown, e.g., in [93, Satz 5.4] and stated in the following theorem.

Theorem 2.3 (Convergence of formal power series)
Let the formal power series

a(s) = Zaisi (2.98)
i=0

with a; € R be of order g with 0 < o < 1. If ¢(7) € R is a Gevrey function
of order @ < /o on 7 € I, then the corresponding series

a(r) =Y aidie(r) (2.99)
=0

is locally uniform absolute convergent.

The proof of this theorem is based on the bounded growth of the derivatives of
Gevrey functions and shown in the proof of [93, Satz 5.4].

Thus, in view of Theorem 2.3, the series (2.91) are locally uniform absolute convergent,
if the formal power series (2.90) is of order 0 < ¢ < 1 and the reference trajectory
w* € G(I) with « < % holds. Nevertheless, the order of the power series (2.90) must
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be determined. For this, it is utilized that formal power series of order p form a
commutative ring, i.e., the addition and multiplication of formal power series of
order p result again in a formal power series of the same order (see [93, Hilfssatz
5.3] respectively Appendix A.1, Lemma A.1). Consequently, it suffices to determine
the order of the power series representations for ®(z,¢,s), ¥y (z,s) and ¥ (z,s) in
(2.89). As shown in [93], this can be achieved by an analysis of the structure of
A*(z, ) as stated in the following lemma.

Lemma 2.4 (Order of the power series (2.89) [93, Satz 5.5]). Assume that
A*(z,s) = > 14 Al (2)s' has the structure

A*(z,8) =
Cvlll(Z,S) &12(2’,8) 0 0
an,—21(2,8) Gn,—22(%,8) ... dn,—2n,-1(2,5) 0
&71,1,—11(2,5) dnm—12(zas) énm—lnm—l(ZaS) dnm—lnz(zas)
n,1(2,5) Gn,2(2,8) ... dpyn,—1(2,9) n,n, (2, 8)
(2.100)
with the polynomial components
Na,ij
a;;(2,s) Z @i ( (2.101)

of degree dega;;(z,s) = nq,j and a;;, € C[0,1] for i,j = 1,...,ng, k =
1,...,n4,;, which satisfy the inequality
e s

max J8%(28) g (2.102)

z€N o
for 4,7 = 1,...,ny, with ¢ > j — 1 and some g € R satisfying 0 < o <1
mdependent of ¢ and j. Then, the components of <I>( ,C,8), \IIL(Z s) and
\Ilc(z, s) are power series of order g.

Note that the required structure of A*(z, s) in Lemma 2.4 relies on the choice of the
system variable z(z,t). If A*(z,s) does not have the required structure (2.100), a
different choice of the system variable may lead to a suitable form. Moreover, the
structure of A* (z,s) in this lemma is not restrictive. In the following example it is
shown that the operator A* (z, s) related to the parabolic system in the Example 2.1
satisfies this condition.
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Ezample 2.2 (Order of the power series for é(z, ¢, s) related to the formal adjoint
system operator of the Example 2.1).

The formal adjoint system operator A*(z, s) related to Example 2.1 has the repre-
sentation

—d.a(z)
A (z8) = | s 1, (2.103)
o) taw® O

see (2.6) and (2.28b). In view of (2.103), A*(z,s) satisfies the structure given in
(2.100) and with

1 i=2j=1

) (2.104)
0 : otherwise

deg ;;(z,s) = {

the inequality (2.102) yields % < 2. Hence, é’(z, ¢, s) is a formal power series of order

1
0=73. N

The same can be shown for further parabolic and biharmonic PDE systems by an
appropriate choice of the state x(z,t) (see, e.g., [99, 102]). Although Lemma 2.4 is
only sufficient, it provides a straightforward verifiable condition for the determination
of the order of the formal power series (2.90) for a large class of DPSs.

Finally, the fault detectability condition (2.54) (see Theorem 2.1) must be taken
into account in the planning of a suitable reference trajectory p*(7). This is stated
in the following theorem.

Theorem 2.4 (Fault detectability)
Let

3j € Np so that e, X; 07, Vi=1,...,ny, (2.105)

hold with X; given in (2.94a) and assume, d(t) is described by (2.15) and
d(t) = 0. Then, for the system (2.1), a fault f;(t) = e/, f(t) is detectable

in the sense of Theorem 2.1. If the system is subject to d(t) # 0 satisfying
(2.14), then the fault f;(¢) is detectable according to Theorem 2.2.

Proof. The result of Theorem 2.4 is proven by showing that there exists a reference
trajectory p*(7), which parametrizes the fault detection kernels m*(z, 7), ¢*(7) and
n*(7) so that they solve (2.72) subject to (2.73) and (2.54). Note that if (2.72)
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subject to (2.73) is satisfied, also (2.49) holds, which is the requirement of Theorem
2.1 and Theorem 2.2.

If p* € (G(I1))™, 1 < a < 1/p satisfies (2.95), the resulting m*(z,7), ¢*(7) and
n*(7) from (2.91) are solutions of (2.72) subject to (2.73). A possible choice for
w* (1) satisfying these requirements is (2.97). Thus, it remains to prove that (2.54)
can be satisfied. Express the reference trajectory m}(r) assigned to my(7) in terms
of p*(7) resulting from (2.93a) by

= X;dl (7). (2.106)
7=0

Take (2.106) component-wise into account, i.e., for each eznfm}(r) and e;nyﬂ* (7).
Consider the ith component of m’(7) in the form

() = Zm},ik(T). (2.107)
k=1
n (2.107), the terms

m5 (T ngk i=1,...,n5 k=1,...,n,, (2.108)

are ordered with respect to the kth component k(1) of u*(7), where x/, € R are
the components of

T X{ny
X; = : : , (2.109)
XZIfl X‘Z?‘fny

which satisfy ng # 0 for some j € Ny in view of (2.105). Consider the case
m} (1) =0, Vk =1,...,ny, so that (2.108) reads as

ijdeuk i=1,...,np k=1,...,mn,. (2.110)

Then, (2.110) is a homogeneous differential equation with respect to pj(7). The
only solution satisfying (2.110) with the ICs dZu%(7)|,—0 = 0, j € Ny, is the
trivial solution 4 (7) = 0. Consequently, any pj(7) # 0 satisfying (2.95) yields
m} 1. (1) # 0, if X, # 0 holds for some j € No. Moreover, Sk, m} ;. (7) = 0 with
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m} ., (7) # 0, can always be omitted by a suitable choice of (7). Hence, under
assumption (2.105), a nontrivial reference trajectory p* € (G*(I))™, 1 < a < /o,
satisfying (2.95) exists so that the parametrized fault detection kernels m*(z, 1),
q*(7) and n*(7) resulting from (2.91) are solutions of (2.72) subject to (2.73) and
(2.54). [

Note that the condition (2.105) depends only on the coefficient matrices X, j € No,
of the differential expression (2.93a). In view of the derivation of X; in Section
2.3.4.2, it follows that X; depends only on parameters of the original system (2.1)
and the signal model (2.15) of the disturbance d(t). Hence, (2.105) is a system
property that can be verified a priori.

2.3.4.4 Systematic approach for the planning of the reference trajectory

If Theorem 2.4 holds, then it remains to choose a suitable reference trajectory p*(7).
In the following, an algorithm is proposed, which allows to specify the stationary
gain of the residual generator with respect to constant faults and to reduce the
influence of the disturbance d(t) on the residual signal. This allows to balance the
residual signal to the expected magnitudes of faults. Although this approach assumes
constant faults for the design of the residual generator, it is shown in Section 2.3.5,

that this approach leads also for time-varying faults to good results.

For the case of a constant fault f;(t) = const., i =1,...,n5, t >0, (2.52) reads as

r(t)y=mjf, t>T (2.111)
where
T
my = /m}(T)dT (2.112)
0

is regarded as the stationary gain for constant faults. Since
mf,i 750, Vi = 1,...,77,f, (2.113)

for the components my; of my ensures the fault detectability condition (2.54), the
reference trajectory planning can be traced back to the determination of a mg

satisfying (2.113). To express (2.112) in terms of p*(7) insert (2.106) in (2.112),
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yielding

T
mp=> X /diu*(T)dT (2.114)
=0 0

after changing the order of the integration and summation. The latter is allowed
because the uniform convergence of the series (2.93a) is ensured by p* € (G*(I))™v,
1 < o < Yo, Let p*(7) satisty the initial and end conditions specified in (2.95).
Then, the evaluation of the integrals in (2.114) gives

T
/diu*(T)dT = [di ' (r)], =0, i>0. (2.115)
0
With (2.115), (2.112) reads as
T
my = Xo //L*(T)d’r. (2.116)
0

In order to introduce degrees of freedom in the parametrizing variable p*(7), impose

B ) = 3 .17

with n; € R™,i=1,...,n,, §; =1 and linear independent functions 0; € C*°(I),
i1=2,...,n,, 9€GI), 1 <a<,

d29(7)|reqo,ry =0, i€ No (2.118)
and
T
/19(7')(17' =1. (2.119)
0

In (2.117), 9(7) ensures the convergence of the series (2.91) as well as the required
initial and end conditions (2.95). The degrees of freedom 7; will be used to ensure
(2.116) as well as to make the residual generator less sensitive to the disturbance
da(t).
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Rewrite (2.117) into the form

p () =0(r)n (2.120)

with 6(1) = 9(7)[01(7) - - - O, (7)]® I, where I, is the identity matrix of dimension
ny and 1 = col (7717 e ,nn“). Therein, A ® B is the Kronecker product, i.e., AQ B =
[a;;] ® B = [a;; B] for matrices A € R™*™ and B € RP*? of arbitrary dimension (see,
e.g., [11, Def. 7.1.2]). Inserting (2.120) in (2.116) and introducing © = fOTH(T)dT
yields

= XoOn. (2.121)

In general, Xo© € R™ *™v"+ is non-square, thus a compatible m; € R(X() must be
chosen, where R(Xj) is the range of Xy. Note that R(X,) = R(X(0) follows form
61 =1 and [11, Proposition 2.6.3.]. Then, (2.121) has the solution

n=(Xe0)ms + (I - (X00)'X0) m7, (2.122)

where (X(0)! is the Moore-Penrose generalized inverse of X,0, which can be
computed by a singular value decomposition as described, e.g., in [11, Section 6.1].
If rank (I — (X0)7X(©) > 0 holds, my € R™™ in (2.122) is a degree of freedom,

which will be used to minimize the influence of the disturbance d(t). In view of
(2.122), the fault detectability can be ensured by specifying an my satisfying

€,y #0, Vi=1,...,ns, so that my € R(Xo). (2.123)
This is possible if

el . Xo#0 (2.124)

i,nf

holds, which is in accordance with the results of Theorem 2.4.

If rank (I — (X0©)TX,0) > 0 holds, there exist remaining degrees of freedom m},

which can be used to reduce the influence of d(t) on the residual signal r(¢). By
regarding the threshold value rp as a measure for the influence of the disturbance
d(t) on the residual signal 7(t), m} should be chosen to reduce rp. In view of (2.60),
express mg(7) in terms of m} by inserting (2.117) with (2.122) in (2.93c) after the
substitutions p(7) — p*(7) and mg(1) — m%(7) to obtain

m(7) = Oo(7) + b1 (T)m} (2.125)
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with

)= Xg,d56(r) (X00) iy (2.126a)
7) = iXd,idw(T) (I - (X00)' X00). (2.126D)

Thus, the desired threshold value becomes
rp = /|§o(7') + 01 (r)m|Tdro (2.127)

by inserting (2.125) in (2.60). Since rp is an upper bound for the effect of the
disturbance d(t) on the residual signal r(t), the threshold rp should be chosen to

T
rg = min /|§0(T) + él(f)mdeT& (2.128)

mER™M Y
0

By (2.122) and the particular choice of ¥(7), it is ensured that the resulting reference
trajectory p*(7) from (2.120) leads to integral kernels m*(z, 7), ¢*(7) and n*(7) (see
(2.91)) that are solutions of (2.72) subject to (2.73) and (2.54) for any m} € R""x.
Thus, (2.128) can be solved numerically.

2.3.5 Fault detection for an Euler-Bernoulli beam

For the illustration of the presented fault detection approach, the cantilever beam
with a load at its tip depicted in Figure 2.5 is considered. The system setup is
inspired by the real-world setup treated in [79] to demonstrate the applicability of
the approach. A similar setup has been considered in the previous work [101] for
fault diagnosis. However, multiple inputs, outputs, disturbances and faults are added
to show the generality of the presented approach. The simulation of the beam and
the fault detection are implemented in MATLAB 2020a and are available in [108].

By assuming an Euler-Bernoulli beam with viscous external damping, the well-known
equation of motion for the deflection v(z,t) € R reads as

1(2)07v(2,) + p(2)dpv(2, 1) + 02 (Ao (2) 97 (2, 1))
= b1(2)(1+ AfL())ur(t) + g1(2)(d(t) + du(t)) + ex(2) f2(1) (2.129a)
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| 91(2)(d(®) + d1 (1), e1 () fa (1)
¥+ ¥ ¥ ¥ T 1 ¥ ¥ 7

A bi(2) (i (8) + f1(1)) L
—— > mg, Jg
: fo(t) L ds(t) fa@), f5(t) L ds(),da(®)
— —0—
y3(t) y1(t), y2(t)
z=0 z=1

Figure 2.5: Schematic of the cantilever beam with a tip load and patches
mounted on opposite sides of the beam for the actuation as well
as a measurement described in (2.129).

and is defined on (z,t) € (0,1) x RT. The BCs of the cantilever beam with a tip
load are

v(0,t) = d,v(0,t) = 0, t>0 (2.129b)
O2v(1,t) = —Jgd20.v(1,t) + gada(t), t>0 (2.129c¢)
D3v(1,t) = mpofv(1,t) + ba(ua(t) + f3(1)), t>0 (2.129d)

and the available measurements y(t) = col (yy(t), y2(t), y3(t)) € R? are given by

(1+ Afa(t)crv(1,t) + ds(t)
y(t) = c0,v(1,t) + d4(t)7—|— f5(t) , t>0. (2.129¢)
[y ea(2)020(z, t)dz + ds(t) + fo(t)

The beam is actuated by two asymmetrically controlled piezoelectric patches mounted
on the opposite surfaces of the beam and a force acting on the tip load. The
influence of the input u;(¢) € R on the system is modeled by the spatial characteristic
b1(z) = bp0?h1(z) € R with hy € C?[0,1] and the input us(t) € R has the gain by € R.
The deflection and bending at the tip of the beam are available by measurements
y1(t),y2(t) € R. Additionally, y3(t) € R is the output of an attached strain gauge,
which has the spatial characteristic c3(z) = coha(z) € R, hy € C?[0,1]. The system
parameters are (p(2) = fie+p(h1(2)+ha(2)) € R, p(2) = pe+pp(hi(2)+ha(2)) € R,
Ao(2) = A + Ap(h1(2) + ha(z)) € R, where the component with index ¢ reflects the
parameters of the carrier layer and the components with index p the parameters of
the attached patches as described in [79] as well as parameters of the additionally
added strain gauge. The spatial characteristics hq(z) and ho(z) are described by
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Table 2.1: Normalized model parameters for the cantilever beam.

Value Parameter Value Parameter
fe  52.00 x 1073 ptp  88.20 x 10—3
pe  139.50 x 1073 pp 560 x 1073
Ao L.72 Ap  5.60
Jg 4434 x 1079 mp  843.24 x 1076
by 1.21x1073 by 200 x 1076
g1 1.12x1073 g2 1x1073
Co 2.74 x 103 C1,C2 1.00 x 103
e,o 561.19 x 1076 e, 1.68x1073
dp, 197.04 x 1073 L, 418.72 x 1073

2 76.35x 1073

h1(z), ha(z)

Figure 2.6: Spatial characteristics hq(z) (—) and ha(z) (---) as piecewise
defined polynomials of order 5.

hi(z) = h(z — z1) and ha(z) = h(z — 22), 20 = 21 + L, with the piecewise defined
function

0 :2<0
hs(2) 0<z<dy
h(z) =41 cdp <2< L,—dp (2.130)
1—hs(z—Lp+d) :L,—dp<z<L,
0 122> Ly,

and are shown in Figure 2.6. In (2.130), hs(z) € R, z € [0,d}] is a polynomial of
order 5 satisfying 9'h4(2)|,—=0 =0, i = 0,...,2, hs(dy) = 1 and 9 hs(2)].=a, = 0,
i =1,2, so that h;(z), i = 1,2, has the required smoothness. All system parameters
are normalized to the length L, = 0.41m of the beam so that z € (0, 1) holds and are
assembled in Table 2.1. Furthermore, the disturbance J(t) € R is acting in-domain,
whereas the signal form of d(t) = dYsin(3t + ¢4) is known but the parameters df,

¢4 € R are unknown. Hence, d(t) can be described by a signal model specified by
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known
Sa {3 0 }, Ry=1[0 1] (2.131)

and the unknown IC v§ € R2. The disturbances d;(t), i = 1,...,5, are bounded
by |d;(t)| < &;, with known upper bounds §; = 2 and §; = 0.10, i = 2,...,5. The
input uq(t) is subject to the multiplicative fault Af;(t) € R, which is rewritten as
additive fault f1(t) = uy (t)Af1(t). With f2(t) € R, an additive process fault, acting
in-domain with known spatial characteristic e;(z) = e, + €.,222 € R is taken into
account. The fault f3(¢) € R is an additive actuator fault, affecting us(t). The
measurement y; (¢) is subject to a multiplicative fault Af4(¢) € R, which is rewritten
as additive fault fy(t) = Afa(t)crv(1,t). The measurements yo(t) and ys3(t) are
subject to the faults f5(t) € R and fs(¢) € R, which are additive sensor faults.

In order to use the described fault detection approach, at first, (2.129) must be
rewritten into a system of the form (2.1). To this end, introduce

z(z,t) = col (B2v(z,t), 02v(z,t), 0.v(2, 1), v(z,1)) (2.132)

so that the defining matrices of the operator A (see (2.1a)) are given by

d. Xy (2) d2 Xy (2)
_2 )\I,E)Z) - )\h(z) 0 0
Ap(2) = 1 0 0 0f 2.133
=] L0 0 (213)
0 0 1 0
Aq(z) = —)\pb((zz))el,él 614 and Ay (z) = —f\“;gz;el,;; 614. Moreover, By (z) = it((i)) 6174612

and G1(z) = gie14 6I5 result. For the dynamic BCs (2.129b)—(2.129d), the ODE
states

w(t) = col (0,0,v(1,1), d,v(1,t), Ow(1,t), v(1,t)) (2.134)

are introduced. With these, the boundary matrices for (2.1b) are

00 10 0000 0 0 0 0
000 1 000 0 0 0 0 0

Ko=1g 0 0 o B1=]o 0 1 of @ =1y 3 o o (*1352)
0000 000 1 0 0 0 -1
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With (2.134), the matrices for the ODE (2.1c) read as

0 00O 0 —ﬁ 0 0
1 0 0 O 0 0 0 0
F=15 0 0 ol Li=| 1 4 o of (2.136)
0 010 0 0 00
By = —%63’4 6;2, Gz = %6174 6;5 and for the output equation (2.1d), C1(z) =
c3(2)es 3 eg 4,
00 0 ¢
03: 0 0 C2 0 s (2.137)
00 0 O

as well as G4 = I3. The matrices to consider the components d(t) = col(d1(t), da(t),
ds(t)) and d(t) of the disturbance d(t) (see (2.13)) read as G = e1 5 and G = I. The

. . b
fault input matrices are Fy(z) = Alb((i))emef’ﬁ + %6174636, Es = —7%63,4 e3¢ and

E; = [0 I] € R3S,

The computation of the differential expressions (2.91) and (2.93) is implemented with
the help of the toolbox [109] that simplifies the implementation of time and space
dependent functions and operators in MATLAB. For the coefficient matrices V;(z), U;
and w; of the differential parametrization, it is required to compute ®;(z,¢), ¥, ;(2)
and We ;(%), which is done with the recursive algorithm proposed in Appendix A.5
on a discrete grid with 801 points for the spatial domain and the containing integral
terms are computed with the compound trapezoidal rule. Then,

8.01 x 1099  1.12 x 1019 0
1.69 x 101° 2.16 x 1010 2.28 x 10%
9.71 x 1099 1.36 x 1010 2.58 x 10%°

Xo =19 41 » 101 0 0 (2.138)
0 2.41 x 1011 0
0 0 2.41 x 101!

results by evaluating (2.94a) for i = 0 to verify the fault detectability in view of
(2.105). With (2.138), the requirement (2.124) for the application of the approach in
Section 2.3.4.4 for the planning of the reference trajectory p*(7) is satisfied. Hence,
it is used to obtain the following results. In the simulation, faults with the expected
magnitudes f., = col (41.82,28.50,30,2.65,16.51,1.50) are assumed. To balance the
residual generator stationary gain m; with respect to to fes, my should be close
to my = col(f;jl,..., e_mlnf) where fez; = e;:nffem, i =1,...,ny. Additionally,

my € R(Xo) must hold, which is required to solve (2.121). Both requirements can
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be achieved by
g = XoXdmy, (2.139)

since (2.139) minimizes |y — m¢||2 and ensures that my € R(X,) holds (see [11,
Fact 9.15.4]), where ||-||2 is the Euclidean norm. From the resulting

my = [0.0154 0.0383 0.0258 0.378 0.0611 0.667] (2.140)

it is verified by (2.123) that the resulting reference trajectory p*(7) will lead to an
integral kernel m}(7) that satisfies the detectability condition (2.54).

As linear independent functions 6;(7) in (2.117), the first five basis functions of a

Fourier series, i.e., 01(7) = 1, 62(7) = sin(%F), 3(7) = cos(%F), 04(7) = sin(3F)
and 05(7) = cos(2%5T) are chosen, whereas n, = 5 is determined so that an increase

would not lead to a relevant improvement of the resulting residual generator.

To choose an appropriate ¢(7) in (2.117) the upper bound 1/, of the Gevrey order «
for p*(7) must be determined. According to Lemma 2.4,

—QdZ)\b(Z)

o 10 0

v —9zMbl2

A*(z,8) = AbéZ) 8 (1) (1) (2.141)
—p(2) o (2) 2
e nes 000

satisfies the required structure in (2.100). With (2.141), it follows from (2.102),
that the corresponding fﬁ(z,(,s), \i/L(z,s) and \ifc(z,s) are formal power series
of order p = /2. Thus, p*(7) must be a Gevrey function of order 1 < a < 2.
Hence, the Gevrey function specified in (2.97) is used for 9(7), since it ensures the
requirements (2.118), (2.119) and thus the convergence of the series (2.91) and (2.93)
forl <o <2.

The evaluation of the differential expressions requires to compute d%(6;(7)9(7)),
i>0,j=1,...,n,, (see (2.120)), for which the product rule is applied so that only
the derivatives d26;(7) and d2d(r) are required. The latter are computed with the
Symbolic Math Toolbox in MATLAB and are then numerically evaluated.

For the residual generator and the threshold rp, the integral kernels m}(7), n*(7)
and m’(7) must be determined. Since a < 2 ensures the convergence of the series in
the differential expressions, the integral kernels m} (1), n*(7) can be computed by a
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truncation of the defining series (2.91c¢), (2.93b) and (2.93c). To be specific,

ny (1) =Y widip*(7) (2.142a)
1=0

M (1) =Y Xuadip*(7) (2.142b)
=0

mfi,ns ()= Z XJ,idi/‘*(T) (2.142¢)
=0

are used as approximations for my(7), n*(7) and m’(7), whereas ns = 12 is de-
termined, so that the relative increment of the last term is less than 1079, i.e.,
e dz®iwlliee  10=6 holds for (2.142a) and corresponding expressions for (2.142b)

woll
In3;, II1,00

as well as (2.142c). At this, ||h||1,00 = sup,¢1 |2(7)], h(7) € RY, v € N is utilized.

The minimization problem (2.128) for the determination of m} is solved using the
fminsearch function from MATLAB, with zero as initial point. Although, this
ensures a local minimum only, it leads to suitable results. With the resulting m%,
1 can be computed with (2.122) to obtain the required reference trajectory u*(7)
from (2.120) for the computation of the integral kernels.

The remaining design parameters are « and 7T'. In order to investigate their influence
on the residual generator, the threshold value rg given in (2.60) and a normalized
detection delay Ay are used. The latter is introduced as a measure for the time from
the occurrence of a normalized fault hy(t) to its detection, i.e., A is quantified by
the earliest time where |(my, hy(t))1| > 75, t > 0, occurs. For the components of
hy(7), the step functions hy;(t) =0,t<0,i=1,...,nf, and hy;(t) = fez,i, t >0,
are used. Due to (2.121), the integral kernels calculated for different T" and « have
the same my (see (2.140)), so their thresholds rp and normalized detection delays
Ay can be compared. The result in Figure 2.7 shows that « should be close to the
upper bound 2, since this leads to a low threshold as well as a low Ay. However,
a compromise is required for 7. On the one hand, an increase in T leads to a low
threshold value rg, which allows to detect faults of small magnitude and reduces
missed detections. On the other hand, an increase in T would increase the fault
detection delay A, which is indicated by A¢ in Figure 2.7. Choosing oo = 1.999 and
T = 1.40, an acceptable threshold rp = 0.24 and a small Ay = 0.11 are obtained.
The resulting integral kernels n(7) and m,,(7) required for the residual generator
are depicted in Figure 2.8.

At first, the result in Theorem 2.1, i.e., the fault detection for the case d(t) = 0, is
verified by a simulation. The input signal u(t) is a continuous signal taking randomly



54 Parabolic and biharmonic ODE-PDE systems

B
— [\ w >~
| |

— a=1.600 — a = 1.733 —— a = 1.866 a = 1.999

Figure 2.7: Fault detection threshold 75 (see (2.60)) and normalized detec-
tion delay A for different moving horizon lengths 7" and Gevrey
orders a.

n1(7)

10~1 na(7) 10—2 mu,1(7)
I

O =N W

(a) Components n;(7), i = 1,2,3, of the (b) Components my,1(7) and myz2(7) of
integral kernel n(r). the integral kernel m,, (7).

Figure 2.8: Integral kernels n(7) and m,,(7) of the input and output filters
of the residual generator (2.50) computed with moving horizon
length T' = 1.40, Gevrey order o = 1.999 and n, = 5 basis
functions for the parametrization of p*(7).
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0 2 8 - ds(2)
t t

(a) Input u(t) and disturbance d(t) used in  (b) Short extract on 0 <t <9 of the

the simulation. bounded disturbance d(¢) in the simu-
lation.

Figure 2.9: Excitation signals for the simulation of the cantilever beam.
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Figure 2.10: Fault scenarios for the fault detection with successively occur-
ring multiplicative actuator fault A f;(¢) leading to the additive
fault signal f(t), the time-varying additive process fault fa(t),
the constant additive actuator fault f5(¢), the multiplicative
sensor fault Af4(t) leading to the additive fault signal f4(t),
the time-varying additive sensor fault f5(¢) and the constant
additive sensor fault fs(t).
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values between +100 and the disturbance component d(t) is the solution of the signal
model (2.131) with the IC v = col (20, 0). Both are depicted in Figure 2.9a. In
the simulation, a fault f;(t), ¢ = 1,...,6, is only present for ¢ € Izc = [t;,t; + 6],
where t; = 6, t; =t,_1 + 12,7 =2,...,6. At this, Af;(t),t € I}, i = 1,4, and fi(t),
te I;}, i = 3,6, are constant values, whereas f;(t), t € I;}, 1 = 2,5, are signals taking
values randomly from a uniform distribution in the intervals [0, 30] respectively [0, 20]
yielding the fault signals shown in Figure 2.10.

For the simulation of the faulty beam in MATLAB, a finite-dimensional state-space
system of order 56 is derived by the Galerkin approximation of the beam with tip
load described in [79]. The simulation of the obtained finite-dimensional model
of the beam is performed by the 1sim function of MATLAB with zero ICs and a
sampled time with the step size 5 x 1073, The numerical evaluation of the residual
generator (2.50) requires a discrete-time approximation of the containing integral
expressions. Under the assumption that the input signal u(t) and measurement y(t)
are available at equally spaced discrete-time samples, the integral expressions in
the residual generator (2.50) can be represented as FIR filters in discrete-time. A
detailed discussion about the representation of the integral expressions as FIR filters
can be found in [48], where similar expressions are used for the algebraic derivative
estimation. Based on the results in [48], the compound midpoint rule (see, e.g.,
[51]) is used to approximate the integral expressions and to derive the FIR filters.
In terms of a quasi-continuous implementation, the step size 5 x 1073 used in the
simulation was also used for the approximation of the integral expressions. Thus,
FIR filters of order 281 result, which are evaluated using the MATLAB function
filter and assuming u(¢) = 0 and y(¢) = 0 for ¢ < 0. For 0 < ¢ < T, the residual
signal in Figure 2.11 has an initialization interval due to the unknown ICs of the
beam and the ODE signal model of the disturbance d(t). At the occurrence of a
fault f;(t) at ¢;, the residual is excited and indicates the presence of a fault. Because
of the particular choice of p*(7), the residual signal is balanced although the faults
have different amplitudes and effects on the system. Note that since the residual
generator considers the signals on the moving horizon I; = [t — T, t], it requires the
time T = 1.40 after a fault has disappeared until the residual returns to zero.

In a second simulation, the disturbances Ji(t), 1 =1,...,5, are chosen as the signals
shown in Figure 2.9b. The signals are changing their values at random time instants
from one bound to the other. It is explicitly chosen so that it has a high influence on
the residual signal. The second simulation, performed with the input and disturbance
signals shown in Figure 2.9 and the faults shown in Figure 2.10, yields the residual
signal in Figure 2.12. After the initialization interval 0 < ¢ < T, the residual signal
is bounded by £rp until the occurrence of f;(¢). The occurrence of the fault f;(¢),
1=1,...,6, excites the residual generator, so that the threshold value is exceeded by
the residual signal shortly after the occurrence of the fault. However, the detection
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Figure 2.11: Residual signal r(¢) (—) for the detection of the faults f;(t),
i=1,...,6, () from Figure 2.10 with the initialization interval

t < T (O) assuming d(t) = 0.

Figure 2.12: Residual signal r(¢) (—) and the threshold value £rg (-
for the detection of the faults f;(t), i = 1,...,6, from Figure
2.10, the presence of the faults indicated by (), the fault
detection (x) at #; and the initialization interval t < T' (OJ) in

the presence of a disturbance d(t).

delay AZ =t; — t; shown in Table 2.2 is dependent on the magnitude and the signal
form of the faults. Thus, an increasing fault as, e.g., f2(t) or a certain signal form

as of f5(t) can lead to a longer detection delay, but the faults f;(¢), i = 1,3,5,

are

detected very fast. This demonstrates that the proposed approach for the fault
detection is applicable for a complex system setup and a broad class of fault types

as well as signals. It allows the detection despite the excitation of the beam by

input, the disturbance J(t) modeled by an ODE as well as the bounded disturbances

di(t),i=1,...,5.

the
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Table 2.2: Detection delays of the fault detection for the cantilever beam

subject to the bounded disturbance d(t).
1 1 2 3 4 5 6

A; 021 110 025 013 287 0.14

2.3.6 Concluding remarks

This section presented the fault detection for a DPS with parabolic or biharmonic
PDE and general ODE-PDE couplings. A residual generator with simple to im-
plement integral expressions is derived. The fault detection is decoupled from
disturbances with known signal form that can be described by the solution of an
ODE. If the system is subject to a disturbance that is only bounded with a known
bound, a threshold was introduced to achieve secured fault detection without false
alarms. The required integral kernels for the residual generator were derived by a
trajectory planning for an ODE-PDE system, which was solved by employing results
from the flatness-based trajectory planning. Based on the differential expressions for
the trajectory planning, a simple to evaluate fault detectability condition is derived,
that can be verified using only system parameters. With the example of a cantilever
beam with a load at the free end, the influence of the remaining degrees of freedom
is shown and the theoretical results are verified by simulations.

2.4 Fault diagnosis

In many applications, not only the detection of faults but their diagnosis, i.e., the
fault detection, isolation and identification, is relevant. To solve this challenging
problem, the fault f(¢) is reconstructed by an input-output expression depending
solely on known signals u(t) and y(t). It allows a strong fault detection in sense of
Definition 2 and the fault isolation as well as the fault identification in finite time.
The fault diagnosis can be decoupled from disturbances described by the solution of
a signal model (see (2.15)). However, if also bounded disturbances d(t) are present,
then a threshold must be introduced to ensure the fault detection and isolation.
Moreover, the fault can be estimated with bounded estimation error. For the case
d(t) = 0, an explicit expression is derived for each component f;(t), i = 1,... T,
of f(t) based on the input-output equation (2.48), which is shown in the following
section. Subsequently, the fault diagnosis kernel equations are established in Section
2.4.3, which are solved by a trajectory planning to derive the required integral kernels
for the fault diagnosis. The theoretical results are demonstrated in a simulation for
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an Euler-Bernoulli beam in Section 2.4.4.

2.4.1 Problem formulation

Whereas the focus of the residual generator introduced in the previous section is the
detection of faults under less restrictive assumptions, the focus of the fault diagnosis
approach described in this section is on the identification, respectively estimation of
the fault. In order to solve this more challenging task, it is assumed that the fault
f(t) is described by a solution of the ODE signal model

i)f(t) = vaf(t), t>0 (2143&)
F(t) = Rpvp(t), t>0 (2.143b)

with the state vs(t) € R™/, the known matrices Sy € R"*/*"/ R; € R" X"/ and
unknown ICs v (t;) = v} € R™7, i € Nt ty = 0. The matrix S is not required to be
diagonalizable and it is assumed that the spectrum of Sy satisfies o(Sy) C jR as well
as that the pair (R, Sy) is observable (see, e.g., [16, Definition 6.01]). Furthermore,
the spectra of Sy and S; must not be disjoint, i.e., o(Sy) N o(Sq) = @ must not
hold. The modeling of faults by (2.143) provides a systematic approach for a large
signal class, including frequently occurring fault signals described by polynomials
and trigonometric functions or combinations thereof. However, this restricts the fault
diagnosis to additive faults, since most multiplicative faults cannot be rewritten into
the additive form and satisfy (2.143). Nevertheless, (2.143) is a common assumption
in the fault diagnosis literature for LPS (see, e.g., [28, Section 14.4]) and covers
many relevant fault scenarios.

The occurrence of a fault is modeled by a change of the unknown IC vs(t;) = v at
unknown time ¢;. This gives rise to piecewise defined signals for f(t), t € (t;,ti11),
given by piecewise solutions of (2.143) that are uniquely determined by v}. The time
intervals between changes of the faults are assumed to be uniformly lower bounded,
ie., tiy1 —t; > At > T must hold. For an illustration, the modeling of a drifting
fault is described in the following example.

Ezample 2.3 (ODE signal model for o drifting fault).
Consider a drifting fault described by the piecewise function

0 0<t<t
f(t):{ stsh (2.144)
a0+a1t Itztl,

which occurs at t; > At and is specified by the coefficients ag,a; € R. The
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corresponding signal model reads as

0 1
Sy = {0 0] and Ry=[1 0], (2.145a)
from which f(t) = [1 t—1t] v} follows. To model (2.144), the ICs are v = 0 at
to =0 and v} = col (ag + ait1,aq). 4

The following fault diagnosis problems are solved for (2.1), (2.15), d(t) = 0 and
(2.143):

1. fault detection: detection of the occurrence of a fault f(¢),
2. fault isolation: independent detection of each fault f;(¢),i=1,...,nf, and
3. fault identification: determination of f(t).

If a disturbance d(t) # 0 is present, a threshold is introduced to achieve the fault
detection and isolation. Since fault identification is not possible any more in this
case, fault estimation, i.e, the estimation of the fault f(¢) with bounded estimation
error is investigated.

2.4.2 Fault diagnosis equation

The derivation of the input-output expression, on which the fault diagnosis is based
on, is similar to the derivation of the input-output equation (2.48) used for the
residual generator in Section 2.3.2. In contrast to the pure fault detection discussed in
Section 2.3, the fault isolation and identification require an input-output expression
for each fault f;(t), ¢ = 1,...,ny. These are established by the application of
the transformations (2.18) using ny different kernels m;(z,7) € R™*, ¢;(17) € R™
and n;(7) € R™, i =1,...,ny. According to the derivation for (2.48), n; input-
output expressions are established by the substitutions m(z,7) — m;(z,7), p(1) —
pi(1) € R™, qu(T) = qu,i(7) € R™, q4(7) — ¢q,i(7) € R™4¢ and n(r) — n;(7),
i =1,...,ny, which requires that m;(z,7), ¢;(7) = col (qw,:(7), ga (7)) and n;(7)
satisfy (2.72) and (2.73). The resulting input-output expressions become

(mpi, fO)1 = (i, y(0)1 + (mui, ()1 + (mg g, dt)), =T (2.146)

for ¢ = 1,...,ny, where the substitutions m¢(7) — my;(1) € R™, my(1) —
Ma,i(T) € R™, mg(7) = mg (1) € R" are used in view of (2.92).
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2.4.2.1 Fault identification

At first, the fault identification problem is solved for the case d(t) = 0. Under latter
assumption an identification equation for each fault f;(t), i = 1,...,ny, can be
derived from (2.146). By inserting (2.143) in (2.146) and assuming d(¢) = 0,

(Rimys,vp(t)r = (g, y(t)1 + (mui, u(t))1 (2.147)

is obtained. In order to derive an expression for the fault f;(¢) from (2.147), a
transformation for the signal model of the fault (2.143)

Qy.ilvsl () = (ar.i, vr ()1, (2.148)

with the integral kernel g7 ,(7) € R™7 is introduced. The application of (2.148) to
(2.143a) leads to

(ar,i 0 ()1 = (gr,i, Spve(t))r- (2.149)

Let the fault f(t) occur at t;, j € Ny, ie., the fault signal f(¢), t € (¢;,t;41),
is a solution of (2.143) on ¢ € (t;,t;41) uniquely determined by the unknown IC
ve(ty) = v; € R™f. Thus, for t € I; = [t; + T, t;41), the substitution 0(t — 7) by
—0;vf(t — 7) and application of integration by parts to (2.149) results in

(i = S aravsO) = afi(Tyos(t = T) = qf ;(O)vs(t), teL; (2.150)
Given (2.143b), (2.150) can be solved for f;(t) = eanRfvf(t) using

¢/4(0) = —el,, Ry and qf,(T)=0. (2.151)

inf
With (2.151) and (2.143b) in (2.150)
F@) ={dri — Sfapivet)h, tel (2.152)
is obtained. Imposing
Gri(T) — Squf’i(T) = R;mf’i(T), Tel (2.153)
allows to insert (2.152) in (2.147). This leads to
fit) = (i, y(O)1 + (M, u(t)), tel;. (2.154)

Since (2.154) depends only on u(t) and y(t), the fault f;(¢) can be determined by
an input-output expression depending only on known signals. The identification
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equation (2.154) can be summarized for i = 1,...,ny, to
f(#) = (Noy(®) + (My,u(t)), tel; (2.155)
by introducing

N(7) = [m(r) - nn,(7)] € RM7 (2.156a)
Mu(T) = [mu,l(T) T mu,nf (T)] S RﬂuX”f. (2156b)

Since the fault identification equation (2.155) only holds on ¢t € I; = [t; + T, ¢t;41),
but ¢; is not known, the fault diagnosis residual generator candidate

PN

f) = (Ny(@)r + (M, u(t))y, =T (2.157)

for the fault diagnosis residual signal f(t) € R is introduced. For f(t) =0, f(t) =0
holds on t > T and f(t) = f(t), t € I;, implies f(t) # 0 on t > T for f(t) # 0. This
holds for d(t) given by (2.15), any IC of the system and any input u(t). Thus, (2.157)
is a residual generator and f(¢) is a residual signal. To be precise, f(t) = f(t), t € I},
implies strong fault detectability in sense of Definition 2. However, f (t) = f(v),
t € I;, implies also that the fault f(¢) can be identified by this residual signal. Thus,
(2.157) is not only a residual generator but also suitable for the fault identification.
To represent this fact in contrast to the residual signal r(t) (see (2.50)), which allows
exclusively a detection of the fault, the new symbol f(t) is introduced. This fault
identification result is summarized in the following theorem.

Theorem 2.5 (Fault identification)

Let d = 0 hold, d(t) be described by a solution of the signal model (2.15) and
f(t) be described by a piecewise defined solution of the signal model (2.143).
Let the integral kernels m;(z,7), ¢(7), ni(7) and qf.(7), ¢ = 1,...,ny,
satisfy the kernel equations (2.72), (2.73), (2.151) and (2.153). Then, the
fault f(t) occurring at t;, j € Ny, is identified by f(t) given in (2.157) for
te I]' ES [tj + T‘7 thrl)‘

The proof of Theorem 2.5 follows from the derivation of (2.157) and that f(t) = f(t)
holds for t € I;, j € Np.

Note that the fault occurring at t;, j € Ny is identified at ¢ = ¢; + T" in finite time.
Moreover, the identified fault signals already allow the fault isolation.
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2.4.2.2 Fault detection, isolation and estimation

In the presence of an unknown but bounded disturbance d(t) # 0, a threshold is
introduced to ensure the fault detection and fault isolation as well as to derive
an upper bound for the fault estimation error. Following the previously described

approach to obtain (2.154) while additionally taking d(t) into account, yields

fi(t) = (i, y(t)1 + <mu,ia u(t))r + <mJ,iv dit), te L;. (2.158)
This can be separated into the known part
fi(#) = (i, y(®))1 + (my s u(t)r, tel; (2.159)

and the unknown part

fi(t) = (mg g d(t)1. (2.160)

Thus, the absolute value of the estimation error for each fault f;(t) caused by d(t) is
given by

fit) = Fi® = fi0)], i=1,....np, tel, (2.161)
and
fi(t) = (mg,;,d(t)r. (2.162)

Similar to the derivation of the threshold rg; (see (2.57)—(2.61)), an upper bound

T
B :/|TrLC;J(T)|TdT57 i=1,...,ny, (2.163)
0

satisfying
[fi(t)] < fr.i (2.164)

results as the upper bound for the fault estimation error. In order to achieve fault
diagnosis without knowing the fault occurrence time ¢;, the fault diagnosis residual

(2.157) is used. In view of (2.161) and (2.164) the components f;(¢) of the fault
diagnosis residual f(t) are bounded by |fi(t)| < fp,i for f(t) = 0,¢t>T,i=1,...,ny.
As a conclusion, |fi(t)| > fB,i for t > T necessarily indicates the presence of a fault.
This is summarized in the following theorem.
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Theorem 2.6 (Strong fault detection)

Let the integral kernels m;(z, 7), ¢;(7), n;(7) and gy (1), i = 1,...,ny, satisfy
(2.72), (2.73), (2.151) and (2.153). Assume that d(t) is described by a solution
of the signal model (2.15) and d(t) is bounded according to (2.14). Then, a
fault f(t) is detected for the system (2.1) if a threshold fg,, i =1,...,ny,
given in (2.163) is exceeded by some component f;(t) of f(t) in (2.157), i.e.,

Jie {1,...,ns} sothat |fi(t)| > fpi, t>T. (2.165)

For a fault that occurs at ¢;, fi(t) = f;(t) holds for ¢ € I;, thus the strong fault
detection in sense of Definition 2 is achieved. The fault detection time fj, Jj € Np, is
the first time instance a threshold value fp; is exceeded by f;(t) (see (2.165)).

After the transient interval, i.e., t > t;+T, only the residual signal f;(t) corresponding
to the present fault f;(¢), but no other residual signal fr (t), k # 1 exceeds its threshold
value fp, ie., |fk(t)| < fBr, k#i,ontel; =[t; +T,tj41). Thus, the exceeding
of the corresponding threshold |f;(t)| > fp.; for t € 1, indicates that the ith fault is
present, i.e., fault isolation i§ achieved. However, since only t; > ¢; is known, the
fault can be isolated for ¢t > ¢; + T, which is the result of the next theorem.

Theorem 2.7 (Fault isolation)

Let the integral kernels m;(z, 7), ¢:(7), n;(7) and gy (1), i = 1,...,ny, satisfy
(2.72), (2.73), (2.151) and (2.153). Assume that d(t) is described by a solution
of the signal model (2.15), d(t) is bounded according to (2.14) and f(t) is
piecewise described by solutions of the signal model (2.143). Then, the fault
fi(t), i€ {1,...,ns}, occurring at t;, j € Ny, is detected for the system (2.1)
if the threshold fp; given in (2.163) is exceeded by the ith component ﬁ(t)
of f(t) in (2.157) for t > &; + T, i.e.,

i) > fpi t>E+T (2.166)
Moreover, for t € 1, fi(t) = f;(t) holds. Thus it follows from (2.161), that a fault
fi(t) is bounded by

Fit) = foi < i) < fi(t) + fpan teL. (2.167)

Consequently, the isolated faults can be estimated, which is the result of the next
theorem.
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Theorem 2.8 (Fault estimation)

Let the integral kernels m;(z, 7), ¢;(7), ni(7) and gy (1), i = 1,...,ny, satisfy
(2.72), (2.73), (2.151) and (2.153). Assume that d(t) is described by a solution
of the signal model (2.15), d(t) is bounded according to (2.14) and f(t) is
piecewise described by solutions of the signal model (2.143). Then, for the
system (2.1) the estimate fi(t) of a fault f;(t), i =1,...,ny, occurring at t;,
j € Ny, is bounded by

filt) = fBi < fi(t) < filt) + fBi, tE[f;+T,tj11) (2.168)

with f;(t) as ith component of f() obtained from the residual generator
(2.157) and fp; given by (2.163).

The proofs of the Theorems 2.6, 2.7 and 2.8 follow from (2.161) and the estimate
(2.164), since f(t) = f(t) holds for ¢ € I;.

2.4.3 Solution of the fault diagnosis kernel equations

In order to use the residual generator (2.157) for the fault diagnosis, the integral
kernels m;(z,7), ¢;(7) and n;(7), i = 1,...,ny, must satisfy (2.72) and (2.73) as well
as ¢y,;(7) must satisfy (2.151) and (2.153). In the following the design of these kernels
is traced back to the trajectory planning problem for the ODE-PDE system given by
(2.72) and (2.153) with the initial and end points given by (2.73) and (2.151), which
can be solved using results from the flatness-based trajectory planning.

In contrast to the fault detection kernel equations, the newly introduced transforma-
tion (2.148) leads to an additional ODE subsystem with nonhomogeneous ICs (see
(2.151)). Since the latter generally do not correspond to setpoints, it can no longer
be traced back to a setpoint change. Thus, the solution of the kernel equations
becomes more challenging.

2.4.3.1 Fault identification kernel equations

Use the substitutions m(z,7) — m;(z,7), ¢(7) = ¢:(7) and n(r) — n;(7) in (2.72)
respectively (2.73), then the ny fault diagnosis kernel equations are obtained, which
are summarized in the following lemma.
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Lemma 2.5 (Fault diagnosis kernel equations). Let d(t) be described by
(2.15), the fault f(¢) be described by (2.143) and the integral kernels m;(z, ),
¢i(7), qf,:(7) and n;(7) be a solution of the fault diagnosis kernel equations,
which are given by the PDE

.mi(z,7) = —A*[my(2)](1) + L1(2)gs () + CT (2)ni(7) (2.169a)
defined on (z,7) € (0,1) x (0,T), the BCs
Komi(O,T)+K1mi(1,T)+i2qi(7) = ani(T), T E (O,T)7 (2.169b)

the ODEs

Gi(7) = Feqi(7) + /Hl(z)mi(z,T)dz + Hom; (0, 7)+Hszm;(1,7)
0

+ C3n(7) 7€ (0,T) (2.169c)
dri(r) = S} a5,i(1) + Rfmyi(7), 7€ (0,T) (2.169d)

and the initial-end conditions

I mi(2,7)|r=0 = 0, dmi(z,7)|r=r =0 (2.170a)
2i(0) =0, (T)=0 (2.170b)
q7,i(0) = —Rj €in;, qri(T) =0 (2.170¢)

for i =1,...,ns, where (2.170a) is defined on z € [0,1] for j =0,...,n4 — 1.
Then, the fault diagnosis residual generator (2.157) holds.

Each system (2.169) is a cascade of an ODE-PDE subsystem and an ODE subsystem,
as depicted in Figure 2.13, which are subject to the initial and end conditions (2.170).
Note that the ny kernel equations that must be solved for the fault diagnosis differ
only in the distinct ICs given in (2.170c). Moreover, each system (2.169) has the
input n;(7) as a degree of freedom. Similar to the fault detection kernel equations
in Lemma 2.1, the fault diagnosis kernel equations described in Lemma 2.5 are a
two-point initial-boundary-value problem that can be solved by the determination
of an input n;(7) that realizes the specified transition for m;(z,7), ¢:(7) and gy :(7).
In contrast to the fault detection kernel equations, no additional algebraic constraint
must be considered, but the IC (2.170c) for the ODE (2.169d) is in general not a
setpoint. In particular for sinusoidal faults, the IC corresponds to a nonequilibrium
point, as shown in the following example.



2.4 Fault diagnosis 67
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Figure 2.13: Structure of the fault diagnosis kernel equations, composed of
the ODE-PDE subsystem including the PDE (X57.) described
by (2.169a), (2.169b) and the ODE (34;) described by (2.169c)
as well as the ODE subsystem (Xq;7) described by (2.169d).

Ezample 2.4 (Nonequilibrium ICs of the kernel equations ODE).
Assume a sinusoidal fault, i.e., f(t) = f2sin(3t + ¢¢), with unknown parameters
/Y € R and ¢; € R. This signal form can be described a signal model (2.143) with

Sp= {g _ﬂ and Ry=[0 1], (2.171)

and the unknown IC v(])c € R2. Because Sy has full rank, the evaluation of the
setpoint requirement ¢y;(7)|,=-, = 0 yields solely the homogeneous setpoint g3, =0
for (2.170c) with my ;(79) = 0. Thus, the IC gf;(0) = —col (0, 1) is not a setpoint
of (2.170c). N

Consequently, the solution of the fault diagnosis kernel equations cannot be traced
back to a setpoint change for the ODE-PDE system (2.169), which requires the
solution of a more sophisticated feedforward control problem. In the sense of the
flatness-based trajectory planning, similar to Section 2.3.4, a differential expression
in terms of a parametrizing variable for the kernel equations system (2.169) is
determined in the following section. Based on this parametrization a solution for the
fault diagnosis kernel equations can be computed by a reformulation of the transition
problem into an interpolation problem for the parametrizing variable. Note that
also for this transition problem it is not necessary to verify that the parametrizing
variable is indeed a flat output, since it is sufficient if the specific transition from
the ICs to the end values specified in (2.170) can be parametrized. Whether this
parametrization is possible is checked in Section 2.4.3.3.
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2.4.3.2 Determination of the differential expression for the
ODE-PDE-ODE cascade system

Since the ODE-PDE subsystem for each integral kernel m;(z, 7) and g;(7) of the kernel
equations (2.169a)—(2.169c¢) is equal to the kernel equation of the fault detection
problem (2.72), the differential expressions (2.91) can be used. Introducing the
substitution p(7) — p;(7), the differential expressions for the ODE-PDE subsystem
read as

mi(z,7) = 3 Vy(2)dipi(r) (2.1720)
j=0
i(r) =Y U;ddpi(r) (2.172b)
j=0
ni(t) =Y widlp(r) (2.172¢)
j=0
with ¢ = 1,...,ny. Thus, it remains to determine a differential expression for gy ;(7)

and a common parametrizing variable. For this, the formal Laplace transform
qri(T)o—egri(s) and ¢y ,(T)o—esdy.i(s) is used. Note that the latter transform
must be regarded formally since the nonhomogeneous ICs ¢ ;(0) = —R}Fei,n‘f (see
(2.170c)) are not considered explicitly in the following derivation of the differential
expressions. However, this simplification is justified by a time reversal shown in the
Appendix A.2. As a result of the formal Laplace transform of (2.169d),

(sI =S} )dri(s) = Rjmg(s) (2.173)

follows. In order to express (2.173) in terms of ji;(s), apply the substitution p(7) —
pi(7) as well as mg(z,7) = my,(z,7) and a formal Laplace transform in (2.93a) to
obtain

hga(s) = X (s)fu(s) (2.174)

where X (s) = Yo X;s?. With (2.174) in (2.173), the latter is expressed in terms
of fi;(s), which reads as

(sI =S} ) dr.i(s) =R} X(s)it(s). (2.175)
By introducing the common parametrizing variable ¢;(s) € C™, i =1,...,ny, with

fi;(s) = det (sI — SfT) Pi(s), (2.176)
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(2.175) can be solved for
dri(s) =adj (sl — S;) R;)V((s)gbi(s), (2.177)

when using adj(sI — S} )(sI — S} ) = Idet(s] — S[). In order to derive a simple
time correspondence for ¢y ;(s), utilize

Nyf—1

adj (sI — S}) = Z S;s’ (2.178)

with S; € R™#*"f and the Cauchy product to rewrite the operator (2.177) as the
formal power series

adj (s — Sf Rf Z W;s? (2.179)

with W; € R™/*" j € Ny. Then, insert (2.179) in (2.177) to obtain
r.a( ZWS @i(s), i=1,...,n;. (2.180)

To parametrize [i;(s) with the new parametrizing variable ¢;(s), use

Ny f

det (sI — Sf Za]sj (2.181)

where a; € R and a,,, = 1. Hence, (2.176) reads as

Ny f

s) = Zajsjgbi(s), i=1,...,ns. (2.182)

Also the integral kernels (2, s), ¢;(s) and 7;(s) can be expressed in terms of (1),
by inserting (2.182) in (2.172), which yields

mi(z,s) = Z Vi(2)s? gi(s) (2.183a)

Gi(s) = Z Ujsi(s) (2.183b)



70 Parabolic and biharmonic ODE-PDE systems

=> @5/ Gi(s) (2.183c¢)
7=0

where the coefficients Vj(z) € R *™, U; € R™<*™ and @; € R can be computed
with the Cauchy product. Using the formal correspondence s/;(s)e—od?p;(7)
n (2.180) and (2.183), the differential expressions for the system variables of the
fault diagnosis kernel equations are obtained, which are summarized in the following
lemma.

Lemma 2.6 (Formal differential expressions for the fault diagnosis integral
kernels). Let W, V;(2), U; and @, j € Ny, be given by the formal power
series (2.180) and (2 183). Then7 the system variables gy ;(7), mi(z,7), ¢;(7)
and n;(7) can be parametrized by the formal differential expressions

ar,i( Z Wdpi(r (2.184a)
m;(z,7) = iww)dﬂm(r) (2.184b)
¢i(1) = _OCO U;dpi(T) (2.184c)
ni(T) = i@jdwi(r) (2.1844)

=0

in terms of the parametrizing variable ¢;(7) and its derivatives.

Note that for the design of the residual generator and the computation of the
threshold, also the integral kernels m,, ;(7), my,i(7) and mg,(7) are required. These
can be computed by inserting the time domain correspondence of (2.182)

Ny f

=Y a;dipi(r), (2.185)
§=0

in (2.93) after the substitution pu(7) — (1), My (7) = Myi(7), mp(T) = myi(7)
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and mg(7) — mg,;(7) to obtain

Mui(r) =Y X jdei(r) (2.186a)
7=0

myi(r) =Y Xy dlepi(r) (2.186h)
=0

mg (1) =Y Xg;dl0i(7) (2.186¢)
7=0

with X, ; € R™*™, X, € R"*™ and Xg; € R"a*",

2.4.3.3 Reference trajectory planning

With the differential expressions (2.184) the system variables m;(z,7), ¢:(7), qr,:(7)
and n;(7) of the kernel equations (2.169) can be parameterized by ¢;(7) and its
derivatives. Thus, the fault diagnosis kernel equations (2.169) subject to (2.170) can
be solved by the planning of a suitable reference trajectory ¢} (7) € R™ assigned to
©i(7). In contrast to the planning of a reference trajectory for the fault detection case,
the planning of the reference trajectory is more involved because of the nonvanishing
IC (2.170c). However, exploiting the cascade structure of (2.169) (see Figure 2.13),
the ODE-PDE subsystem (2.169a)—(2.169¢) and the ODE subsystem (2.169d) can be
taken into account sequentially. To be specific, trajectory planning for the ODE-PDE
subsystem (2.169a)—(2.169c) can be embedded into a setpoint change by imposing
the additional requirement

OrAmi(z,7)|reqory = 0,2 € [0,1] (2.187a)
d-qi(7)|req0,m} = 0. (2.187h)

Thus, the solution for this subsystem can be traced backed to a simple algebraic
interpolation problem for the reference trajectory u}(7) assigned to p;(7). Taking
the resulting requirements on p*(7) into account, the planning of the reference
trajectory ¢r(7) can be traced back to the solution of a feedforward control problem
of an ODE with additional constraints.

In a first step, the ODE-PDE subsystem (2.169a)—(2.169c) subject to (2.170a)—
(2.170b) and (2.187) is regarded. The differential expressions for this subsystem are
given by (2.172), in terms of the parametrizing variable p;(7). For each i =1,...,ny,
it is equal to (2.72) subject to (2.73) and (2.74). Hence, the results from Section
2.3.4.3 apply to derive requirements on a reference trajectory p(7) assigned to p;(7),
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where the usual substitutions u(7) — p;(7), m(z,7) = m;(z,7), ¢(t) = qi(7) and
n(1) — n;(7) are used. To be specific, if uf € (G*(I))", 1 < a < 1/, holds with
o as order of the formal power series (2.172), which can be determined by results
of Lemma 2.4, then the locally uniform absolute convergence of the series (2.172)
is ensured in view of Theorem 2.3. Moreover, it can be verified by (2.172) that
the initial-end conditions (2.170a) and (2.170b) of this ODE-PDE subsystem are
satisfied if

diu;(T)‘TE{O,T} =0, i=1,... 7nf7j €N (2188)

holds. The parametrizing variable u;(7) of the ODE-PDE subsystem (2.169a)—
(2.169¢) and the parametrizing variable ¢(7) for the fault diagnosis kernel equations
(see Lemma 2.6), are related by (2.185). Thus, in view of the cascade structure
(see Figure 2.13), ¢r(7) must be planned so that the resulting p(7) from (2.185)
satisfies the stated requirements. Additionally, ¢ (7) must be planned so that the
resulting gy ;(7) from (2.184a) realizes the transition described by (2.170c). For the
latter, insert (2.184a) in (2.170¢) to obtain

Z W;dL o () |r=0 = —Rj €in,; (2.189a)
Z W;dl @7 (7)lr=1 = 0 (2.189b)
for i =1,...,ns. Because of the nonvanishing right-hand side in (2.189a), a trivial

choice d2p*(7)|,=0 = 0, j € Ny, is not possible. A systematic approach for the
planning of ¢ (7) results from regarding (2.185) as the ODE

Nyp—1

Ayt ox( Z a;dLof(T) + pi(r), T€(0,7T) (2.190)

where p7(7) is considered as the fictional input to be determined. Thus, ¢} (7) can be
computed as a solution of a feedforward control problem for the ODE (2.190) subject
to the additional constraints that p}(7) must satisfy (2.188) and pr € (G*(I))"v,
1 < a < 1/ must hold. For a systematic solution, rewrite (2.190) in the form of a
state-space system

&(T) = Ap&i(r) + Byl (7), 7€ (0,T) (2.191a)
@i (1) = Cp&i(T), rel (2.191b)
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with the state

§ia(T) @i (1)
&i2(7) dﬂPf(T) ‘
Gi(r) = . = : eER™, i=1,...,np, (2.192)
ins(n)] L2 r(0)
where & (1) = A2 pr (1) € R™, j =1,...,nyf, and ng = nyn, . The matrices in

(2.191) are A, = A‘ ® I, with 1dent1ty matrix I,, € R™*" and

0 1 ... 0
A= | ¢ , (2.193)
0 0o ... 1
—Qy —aq e 7anvf_1

B, = €ny;mu; ®In, as well as Cy, = ef ; ®1In,. Hence, 7(7) results from the
planning of pr(7) realizing a suitable transmon for (2.191). For this finite-time
transition, the initial and end conditions &;(0) = £? € R™¢ and &(T) = ¢ € R«
of (2.191) must be compatible with the initial and end conditions dZ¢} (7)o, T},
j=0,...,nyr — 1, (see (2.192)), i.e., (2.189) must be expressed in terms of &)

rospcctlvcly €I, To this end, the tlmc derlvatlvcs of (2.191b) are taken into account
in view of (2.191a), yielding

j—1
AL} (1) = CLALE(T) + Cp > AR Bodbps(r), i=1,...,np,j € Ny, (2.194)
k=0

which is proven in Appendix A.3 by induction. Evaluating (2.194) at 7 € {0,T}
leads to

AL} (7)]r=0 = CLALE} (2.195a)
@5 (T)|r=r = CLALET (2.195b)

in view of (2.188). As a result, the required initial and end conditions (2.189) can
be expressed in terms of £) and ¢! by inserting (2.195) in (2.189), which yields

Y& = —Rjein, (2.196a)
T¢d =0, (2.196b)
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with

oo
T=> W,C,AL (2.197)
j=0

In the Corollary A.1 in Appendix A.4, it is shown that the series in (2.197) is
absolutely convergent so that T € R™»f*"¢ exists. Consequently, imposing
& =0 (2.198)
satisfies (2.196b). If
rank T = rank [T —R}el"nf] (2.199)
holds, the linear system of equations (2.196a) has a solution

&= -Y'Re;,, — (I-TT)¢r, (2.200)

where YT is the Moore-Penrose generalized inverse of Y (for details see, e.g., [11,
Prop. 6.1.7]) and & € R™ is a degree of freedom that will be considered later.
According to (2.200) and (2.198), the reference trajectory ¢} (7) results from the
planning of a p(7) realizing the transition

&(0)=¢ — &i(T) =0 (2.201)

for the ODE system (2.191) under the additional constraints (2.188) and uf €
(G*(I))", 1 < a < 1fo. In general, the transition problem (2.201) for the system
(2.191) can be solved by the approach described in [16, Chapter 6.2, Eq. (6.7)],
which is based on the Controllability Gramian. However, to consider the additional
constraints on u}(7), a modification of this approach is required. To this end,
introduce the weighted Controllability Gramian

T
Wy = / O, (T, 7)ByB @ (T, 7)9(7)dr (2.202)
0
where @, (71, 79) = e (11=72) (71 75) € 12 is the state transition matrix for (2.191a)
(see, e.g., [16, Section 4.1]) and ¥(7) € R is a degree of freedom used to satisfy the

additional constraints. With (2.202), a reference trajectory u?(7), which leads to a
&;(7) satistying (2.201) results from

(i (r) = —BlOL (T, 7)Wy ' (T, 0)&0(r). (2.203)

The existence of the inverse of Wy is shown in the following lemma.
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Lemma 2.7. Let 9(7) > 0 hold for 7 € (0,T). Then, W, ' exists.

Proof. Tt follows from the differential parametrizations (2.185) and (2.192) for pr(7)
and &;(7) as well as the output equation (2.191b) and dim p(7) = dim 7 (7), that
@1 (7) is a flat output for (2.191a), which implies controllability of (A,, B,) (see,
e.g., [82, Sec. 3.2.2]). Thus, the Controllability Gramian

T
W, = / @, (T, 7)B,B® (T, 7)dr, (2.204)
0

is positive definite (see [11, Theorem 12.6.18]), i.e
c"Wee = /||BT<1>T T,7)c|3dT > 0 (2.205)

holds for ¢ € R"¢, ¢ # 0, since || B ® ] (T, 7)c|3 is nonnegative and not identical to
zero on 7 € (0,T), where ||-||2 represents the Euclidean norm. Consequently, for
Hr)>0,7€(0,7T),

T We = /||BT<1>T (T, 7)e|29(r)dr > 0, ¢ € R, ¢ 0, (2.206)

holds, since ||[B] ® /] (T, 7)c||39(r) is nonnegative and not identical to zero on 7 €
(0,T). As a result, Wy is positive definite if ¥(7) > 0, 7 € (0,T"), which proves
Lemma 2.7. |

In order to show that (2.203) leads to a solution of (2.191a) satisfying the initial
and end condition (2.201), consider the general solution

T

£(7) = By (r, 000 + / By (7, ) Bop? (C)C (2.207)

0
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of the LTT system (2.191a) (see, e.g., [16]). Inserting (2.203) in (2.207) yields

T

&i(T) = @y (1,0)E] — / Dy, (7,0) BB, @ (T, C)9(C)dCW, 1 @, (T,0)€0.  (2.208)
0

Thus, the IC &;(0) = ¢! is verified by evaluation of (2.208) at 7 = 0, since ®,(0,0) = I.
Use (2.202) in (2.208) to verify also the end condition &(T) = &I = 0 (see (2.201)).

The remaining requirement (2.188) on X (7) is satisfied by imposing
dZ9(T)reqory =0, j € No. (2.209)

With (2.209), the feedforward control problem for the ODE (2.190) subject to (2.201)
so that p(7) satisfies (2.188) and uf € (G*(I))™, 1 < o < /o holds has been solved.
Consequently, a solution for the fault diagnosis kernel equations (2.169) and (2.170)
has been derived, which is summarized in the following Lemma.

Lemma 2.8 (Solution for the fault diagnosis kernel equations). Let ¥ € G*(I)
satisfy (2.209) and 1 < o < 1/p with g given by (2.102) in Lemma 2.4 hold. If
(2.199) holds, then there exists a C'*°-solution for the fault diagnosis kernel
equations (2.169) and (2.170).

Proof. To make use of the differential expressions (2.184) for the computation of the
integral kernels m;(z,7), ¢;(7) and g7 (), the reference trajectory ¢7(7) must be
chosen so that the series in (2.184) are absolute convergent. The latter is achieved
in view of [93, Satz 5.4], if o} € (G*(I))™, 1 < a < 1/p with 0 < ¢ < 1 holds,
where ¢ is the order of the power series in (2.183) (see Lemma 2.4). To verify
or € (G*(I))™, at first the corresponding u} (1) given by (2.203) is regarded, since
@7 () depends on p}(7) (see (2.194)). In (2.203), the time dependent term (T, 7)
is an analytic function in I, i.e., @;(T, ) € (G(I))"e*me holds (see [72, Section
1.4.]). Moreover, 9(7) satisfies 9 € (G*(I))"¢ by definition. Since G'(I) C G*(I)
and G*(I) is a vector space and a ring with respect to the arithmetic product of
functions (see [72, Proposition 1.4.5]), ur € (G*(I))"v follows. Then, in view of
(2.207), it follows from [72, Proposition 1.4.5], that & (7) is also a Gevrey function of
order a and thus ¢* € (G*(I))™ holds in the light of (2.191b). Hence, the series
in (2.184) are absolutely convergent for 1 < a < 1/o, where p can be determined
by results of Lemma 2.4. To be specific, by using ¢} (7) resulting from (2.191b) as
parametrizing variable in the differential expressions in (2.184), the resulting integral
kernels m;(z,7), ¢; (1) and gj ,(7) are a solution of the ODE-PDE system (2.169). If
J(7) satisfies (2.209), then the initial and end conditions (2.170a) as well as (2.170b)
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hold in view of (2.172) and (2.203). Moreover, if (2.199) holds, then & can be
determined by (2.200), so that the initial and end condition given in (2.170c) hold
in view of (2.189) and (2.195)—(2.197). Thus, a C*°-solution for the fault diagnosis
kernel equations has been constructed. |

A suitable choice for ¥(7) is, e.g., the Gevrey function given in (2.97), since it satisfies
the initial and end conditions (2.209) as well as ¥(7) > 0, 7 € (0,T). The existence
of a solution for the fault diagnosis kernel equations implies the identifiability of the
fault, which is summarized in the following theorem.

Theorem 2.9 (Identifiability condition) B
Assume that the disturbance d(t) is described by (2.15), d(¢) = 0 holds and
the fault f(¢) is described by (2.143). If

rank T = rank [T —R}reiynf] (2.210)

(see (2.199)) with T given in (2.197) is satisfied for ¢ € {1,...,n¢}, then for
the system (2.1) the fault f;(t) is identifiable by (2.154) (see Theorem 2.5).

Proof. The proof of this theorem is based on the solvability of the fault diagnosis
kernel equations. According to Lemma 2.8, the kernel equations (2.169) and (2.170)
have a C'*°-solution if (2.199) holds and ¥(7) is chosen so that it satisfies © € G*(I),
1 < a <1/, as well as (2.209). Hence, the required kernels N(7) and M, (7) for the
fault diagnosis residual generator (2.157) can be computed and thus the fault f(¢)
can be identified in view of Theorem 2.5. ]

For the case d(t) # 0, also fault detection, isolation and estimation (see Theorems
2.6, 2.7 and 2.8) are ensured if (2.199) holds.

The condition (2.199) depends on R; and Y. Since, Ry is a property of the signal
model of the fault (see (2.143b)) and the matrices defining T are only dependent on
system parameters (see (2.197) and preceding definitions of the matrices), (2.199)
is only dependent on parameters of the system (2.1) and the signal models (2.15)
as well as (2.143). Hence, (2.199) is a system property and can be checked a priori.
However, since (2.199) is dependent on the proposed approach for the computation
of a suitable reference trajectory o7 (7), it is a sufficient condition.

The degree of freedom & introduced in (2.200) can be used to make the resulting
residual generator less sensitive to d(t). As a measure for the sensitivity of the
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residual signal with respect to d(t), the threshold fp; given in (2.163) is used. In
order to express fp; in terms of £7, at first m; ( ) is regarded. Use the substitution

mg(r) — m?% (1) as well as pu(7) — p(7) in (2 93c) and insert (2.203) with (2.200)
to obtain

my (1) = 0o,i(7) + 01(7)& (2.211)

where
G ZdeBTdJ (@L(T,7)9(7)) Wy ' @ (T,0) YT Rpein, (2.212a)
Z Xg,;BLAL (@L(T,7)0(7)) Wy '@, (T,0) (I —YTY).  (2.212b)

Thus, fp,; can be expressed in terms of £, by inserting (2.211) in (2.163), which
leads to

s = [Ib0str) + 03(g; | s (2:213)
0

Hence, & should be chosen so that

B = min /|90 (1) 4 01(7)EF| Tdro (2.214)
EreR™e

results. In general, (2.214) must be solved numerically. However, since fault identi-
fiability is ensured for any & € R™¢ if the requirements in Theorem 2.9 hold, also
suboptimal results for (2.214) might be sufficient for the sensitivity of the residual
generator with respect to the bounded disturbances.

2.4.4 Fault diagnosis for an Euler-Bernoulli beam

The fault diagnosis results are demonstrated with a simulation example for a can-
tilever beam with a tip load. The simulation and fault diagnosis is implemented in
MATLAB utilizing the toolbox [109], which simplifies the implementation of the
time and space dependent matrices and operators. The source code is available
under [108].

To allow a comparison of the fault detection and fault diagnosis results, this example
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system for the fault diagnosis is similar to the fault detection example system
introduced in Section 2.3.5. However, the fault signals for the fault diagnosis must
be solutions of the signal models (2.143). Thus, the fault scenarios were adapted
accordingly. Apart from that, the example systems are consistent. The system
description of the beam for the demonstration of the fault diagnosis reads as

1(2)070(2,) + p(2)d¢v(2, 1) + 02 (Ao (2) 07 (2, 1))
= bi(2)ur(t) + g1 (di(t) + di (1) + ea(2) f1(t),  (2,1) € (0,1) x R, (2.215a)

subject to the BCs

v(0,t) = 8,v(0,t) = 0, t>0 (2.215b)
0*v(1,t) = —Jp0?0,v(1,t) + gada(t), t>0 (2.215c¢)
PBv(1,t) = mpofv(1,t) + ba(ua(t) + fa(t)), t>0 (2.215d)

and the available measurements are

Cl’U(l,t) j* J3(t)
y(t) = cQaZu(l t) + da(t) + f3(t) € R3, t>0. (2.215¢)
fO 03 Z t)dZ+d5( )+f4(t)

The system parameters are described in Section 2.3.5 and the corresponding numerical
values are specified in Table 2.1. In order to bring the system (2.215) in the required

form (2.1) for the fault diagnosis, z(z,t) as in (2.132) is introduced. Except the fault

input matrices E1(z), F3, Ey4, which are F1(z) = §2E26174€1T74, Es = —b—"’eg 4 e2T4

and
0 0 0 O
E,=10 0 1 0], (2.216)
0 0 0 1

the same system matrices as described in Section 2.3.5 result. The disturbances are
the same as in Section 2.3.5, i.c., d;(t) has a sinusoidal signal form described by the
signal model (2.15) with the matrices (2.131) and d;(t), i = 1,...,5, are bounded
disturbances with the same bounds as specified in Section 2.3.5.

The faults f;(t) occur successively at unknown time instants ¢; > T, which implies
fi(t) =0 for t < t;. The fault fi(t) is assumed to be piecewise constant, i.e., it is a
solution of the signal model given by Sy =0, ry = 1, with the state vy 1(t) € R
and the IC v}, = 0 for 0 < ¢ < t; as well as the unknown IC vy (t1) = v}, for
t > t1. The faults fo(t) and f4(¢) have sinusoidal forms f;(t) = f2sin(w;it + ¢¢.),
i = 2,4, with the unknown parameters f°, ¢ ts € R and known parameter wy; = 8
as well as wy = 1. These fault signals are modeled by the solution of a state space
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system described by

0 —W; T .
Spi= [wi 0 } , rra=10 1], i=2/4, (2.217)
with the state vy ;(t) € R? and IC vy;(0) = 0 for 0 < ¢ < t; as well as the unknown
IC vy i(t;) = v;}’i for t > t;, i =2,4. The fault f3(¢) is ramplike, i.e., f3(t) = f9 + fat
for ¢ > t3 with unknown coefficients f3, f+ € R. Thus, f3(t) is described by a signal
model specified by

Sis= {8 (1)] , rig=1[1 0] (2.218)
with the state vy 3(t) € R?, the IC vs3(0) =0 for 0 < ¢ < t3 and the unknown IC
vf73(t3) = v?’g for t > t3. The matrices of the common signal model for all faults
are given by Sy = diag(Sy1,...,S574) and Ry = diag(r},,...,7},). Note that this
setup requires the identification of four faults that are decoupled from d(t) using
only three measurements

For the implementation of the residual generator (2.157), the coefficient matrices of
the differential expressions (2.186) and (2.184d) must be computed, which requires the
matrices ®,(z,(), ¥ ;(z) and ¥ ;(2). The latter are determined by the algorithm
proposed in Appendix A.5, where the needed transition matrix ®(z,¢) (see (A.31))
is derived from the numerical solution of its defining ODE (A.27) and the integrals
in (A.31) are evaluated by means of a compound trapezoidal rule. Subsequently,
the identifiability condition (2.199) can be verified by computing the singular values
a(T) of Y given in (2.197), which are

a(Y) € {22.1,21.9,13.7,13.7,1.54,1.04,0.123} x 10"%. (2.219)

According to [11, Theorem 5.6.3.], (2.219) shows that T has full row rank, i.e.,
rank T = 7 and thus (2.199) holds for all i = 1,...,ns. Consequently, the approach
described in Section 2.4.3.3 can be used for the planning of ¢¥(7). According to
A*(z,s) given in (2.141) and Lemma 2.4, ®(z,¢, s), U1 (2, s) and U (z, s) are formal
power series of order ¢ = /2. Thus, by choosing ¥(7) (see (2.203)) as the Gevrey
function (2.97) with 1 < « < 2 ensures a solution of the fault diagnosis kernel
equations according to Lemma 2.8, since it satisfies ¥(7) > 0, 7 € (0,7) and (2.188).

To make the residual generator less sensitive with respect to the influence of d(t), the
available degree of freedom &; (see (2.200)) has to be determined as the argument
solving (2.214). The latter is solved numerically with the fminsearch function from
MATLAB, which uses the Nelder—-Mead method to find at least a local minimum.
For this example, it appeared convenient to choose the initial point of the numerical
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optimization so that Sy = |[Wgmg,|If, is minimized, where ||-[|12 denotes the Lo-
norm on the domain I and W; = diag (1, ..., dn,) is used. Since ming- cgre Sg yields
an unconstrained quadratic program in terms of £ (see (2.211)), it can be solved, e.g,
by the result [11, Fact 8.14.15]. With & determined, £2 can be computed by (2.200)
and thus pX(7) by (2.203). To obtain ¢ (7) and its derivatives, (2.194) can be used
which depends on dZ () and thus on df (®] (T, 7)9(7)), j € No. The latter can be
computed using the product rule and symbolic computations of 81@2 (T, 1) as well
as dZ9(7). With this, the reference trajectory (¥ () results from evaluating (2.194).
The required integral kernels n;(7) and m,, ;(7) as components of the fault diagnosis
residual generator (2.155) can be computed with the differential expressions (2.184d)
and (2.186a). For their evaluation, the series in (2.184d) and (2.186a) are truncated
when the relative increment of the last term is less than 10~7, which is achieved
after n, = 12 terms.

Suitable oo and T' must be determined to obtain acceptable thresholds fp; and
detection delays for the fault estimation. As a measure for the detection delays
of the residual generator, the normalized detection delay Ay ; is utilized. The
latter is the first time instant where a threshold fp;, ¢ =1,...,ny, is exceeded by
|<Mf,hf’i(t)>1|, hf’i(t) € R™f, ¢t > 0. At this, Mf(T) = [mf’i(T) mf,nf(T)] is
used, where my;(7) is given by (2.186b) and the test signal hy ;(t) is chosen as

eT hf’l(t):{fj(t) =] i,j=1,...,nf, (2220)

D 0 : otherwise,

with f;(t) = T}'jjvf,j(t), j=1,...,ns, as the solution of the corresponding signal
model given by S ; and rf ; subject to the ICs

v7.1(0) = 10, vf,z(O)[lgo], vfyg(())m, W(O)FOO} (2.221)

The results for fp; and Ay; computed for several o and 1" are shown in Figure
2.14. According to these results, o should be close to the upper bound 2, since this
reduces the threshold values as well as the detection delays. A small threshold value
offers both, the detection of faults with small magnitude (see results of Theorem
2.6) and the fault estimation with small estimation errors (see results of Theorem
2.8). For the choice of T, a compromise has to be made. The fault detection delay
shown in Figure 2.14b indicates that a small 7" leads to an earlier detection. Another
reason for a small T, is that the fault isolation and identification are only possible
after t; + T, ¢ € Ny, (see results of Theorem 2.5). Nevertheless, according to the
results in Figure 2.14a, this would increase the thresholds. Consequently, T must be
chosen in dependence on the magnitudes of faults that are required to be detected
and permissible fault detection, isolation and identification delays. In the following,
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Figure 2.14: Parameter study results to investigate the influence of the
Gevrey order o and the moving horizon length 7" on the thresh-
old fp,i,i=1,...,4, (see (2.163)) and the normalized detection
delay Ay ; of the fault diagnosis residual generator.
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a =1.9999 and T' = 1.75 is chosen, yielding the thresholds fp 1 = 3.40, fp o = 7.27,
fB.3 =1.69 and fp 4 = 0.88 as well as integral kernels N(7) and M, (7) shown in
Figure 2.15, which are used for the following fault diagnosis.

The simulation of the faulty beam is performed in MATLAB using a finite-dimensional
model determined by the Galerkin approximation described in [79] resulting in a
finite-dimensional state space system of order 56, which is simulated with the
MATLAB 1sim command using a step size of 5 x 1073, The fault diagnosis residual
generator (2.157) is implemented as FIR filters using the compound midpoint rule for
the time-discretization of the integral expressions. In the sense of a quasi-continuous
implementation, the same step size is used for the discretization of the integral
expressions as is used for the simulation. This leads to FIR filters of order 351. At
first, the fault identification case, i.e., d(t) = 0 is regarded. For this the input signals,
shown in Figure 2.9 and the fault signals shown in Figure 2.16, which result from
the ICs

) , (14 5 0 . _ [L10
via =10, vpp = {0 YT 0500 AT (040 (2222)

are used for the simulation of the beam. The simulation results in Figure 2.16
show that the residual signal is excited by the unknown ICs of the system and the
signal model of the disturbance d(t) in the initialization interval 0 < t < T only.
Subsequently, all residual signals ﬁ(t) are zero until the first fault fi(¢) occurs at ;.
At ¢y, the changing IC of the signal model of the fault fi(¢) leads to an excitation of
all residual signals in t € (¢t1,¢; +7). The same applies to the occurrence of the other
faults, which shows the coupling of the residual signals in the intervals (¢;,¢; + 7)),
i =1,...,4. Nevertheless, without an explicit consideration in the residual generator
design, the coupling of the residual signals is not very strong and even negligible for
fi(t) with respect to f;(t), i = 3,4, since the occurrence of fs(t) and f4(t) does not
or only very little excite the residual signal f;(t). However, for t L =[t;+T,tj4+1),
f(t) = f(t) can be verified.

In a second simulation, fault diagnosis is investigated subject to the influence of the
bounded disturbance d(t). This includes the fault detection, isolation and estimation.
Thereby, the bounded disturbance d(t) is chosen as the signal shown in Figure 2.9b.
Otherwise, the same input u(t), disturbance d(t) as well as fault f(t) are taken as the
signals shown in Figure 2.9a. Using the same integral kernels as computed for the
fault identification case, the results in Figure 2.17 are obtained. Until the occurrence
of f1(t) at t; = 6, all residual signals are bounded by the threshold values. The fault
f1(t) is detected at #; = 6.34 because the residual signal f)(t) exceeds the threshold
value fp1 (see Theorem 2.6). In accordance with the result of Theorem 2.7, for
t € (t1 + T,ta), only fi(t) exceeds the threshold value fg; and fi(t), i = 2,3,4,
remain bounded by fp,;. Thus, fi(¢) is isolated at t; = 8.09 and estimated for
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puted with moving horizon length 7' = 1.75 and ¥(7) as Gevrey
function (2.97) of order o = 1.9999.
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fault.
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Figure 2.17: Fault diagnosis residual signal f;(t), i =1,...,4, (—) in the

presence of the bounded disturbance d(t) depicted in Figure
2.9b for the fault f;(t) (---), the thresholds +fg; (), the
bounds of the fault estimation error f(t) £ fg; (-----), the
initialization interval 0 < ¢t < T (), the detection (x) of a fault
fi(t) at time #;, the isolation delay interval £; <t < #; + T ()
and the isolation (O) at time ¢9, which is also the beginning of
the fault estimation.
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t € (i1 4+ T,ty) by fi(t) (see Theorem 2.8). A second fault is detected by the exceed
of fpo at fo = 12.98. Since for t§ = &y + T, f;(t3) > fp., i = 1,2, holds, fi(t),
i = 3,4, are bounded by fp,; and fi(t) has been isolated before, the second fault
must be fo(t). Similarly, f3(t), is detected at f3 = 21.13 and isolated at ¢5 = 22.88.
Aty = 24.45, a fourth fault is detected. However, the fault f4(t) can be isolated and
thus also estimated not before ¢t = 27.91, because of the signal form of f4(¢), the
residual signal f,(¢) at first remains within the bounds + fB,a until 3. The results
show, that the signals of all faults can be estimated with known estimation error.

2.4.5 Concluding remarks

In this section, the fault diagnosis for parabolic and biharmonic ODE-PDE systems
subject to disturbances is presented for additive actuator, process and sensor faults.
If the fault and the disturbance have a signal form that can be described by a finite-
dimensional signal model, fault detection, isolation and identification is achieved.
When an additional unknown but bounded disturbance is present, fault detection,
isolation and estimation with bounded estimation error is possible. The fault
diagnosis residual generator is derived by the application of integral transforms,
whereas the integral kernels must be a solution of an initial-end value problem for
an ODE-PDE system. The latter is solved using flatness-based trajectory planning
methods, whereas a new approach for the reference trajectory planning is introduced
utilizing the cascade structure of the system. This yields a fault identifiability
condition that depends solely on system properties and can be checked a priori.
Within the simulation example, the remaining degrees of freedom in the residual
generator design are discussed and the theoretical results are demonstrated.

The simulation results show that some residual signals have no coupling in the
transient interval. Since this has the advantage, that an earlier fault isolation and
a more precise estimation is possible as well if further faults occur, the design of
residual generators that are explicitly decoupled in the transient interval should be
investigated in future work. Moreover, the dependence of the threshold values on T'
shown in Figure 2.14a indicates that the fault diagnosis could be further improved
by not selecting the same detection window length 7" for all residual generators, but
rather by adjusting it to the associated fault.
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Chapter 3

Heterodirectional hyperbolic
ODE-PDE systems

When the dynamics of a technical system is based on wave propagation, transport
processes or time-delays, it can be modeled by a hyperbolic PDE. If such a technical
system has dynamic boundary conditions or is otherwise coupled to a process that
can be modeled with lumped parameters, then a hyperbolic ODE-PDE system is
obtained. Many of these models can be represented by heterodirectional hyperbolic
ODE-PDE systems, which consist of ODEs coupled with transport PDEs. The latter
propagate in both the negative and positive direction of the spatial coordinate. This
system class includes, e.g., models for coupled string networks (see [59, Section 6.2]),
networks of open channels and transmission lines (see [10, Section 1]). Since more
and more advanced control methods become available for this system class (see, e.g.,
[10]), systematic fault diagnosis methods are necessary for a safe operation of the
resulting control systems.
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3.1 System description

Consider the faulty general linear heterodirectional hyperbolic ODE-PDE system

Doz, 1) = T(2)0y(z.1) + A(2)a(z,1) + Ag(2)z~(0,1) + / D(z O)(C, 1)
0

+ Hyi(2)w(t) + B1(2)u(t) + E1(2) f(t) + G1(2)d(t) (3.1a)
x7(0,t) = Koz~ (0,t) + Haw(t) + Bou(t) + Eof(t) + God(t), t>0 (3.1b)
7 (1,t) = K127 (1,t) + Bau(t) + Esf(t) + Gad(t), t>0 (3.1c)

W(t) = Fuw(t) + Loz~ (0,t) + Bau(t) + Eof(t) + Gad(t),  t>0 (3.1d)
y(t) = Cox™(0,) + Crw(t) + Es f(t) + G5d(t), t>0  (3.1e)

with (3.1a) defined on (z,t) € (0,1) x RT, the distributed system variable z(z,t) =
col (z7 (2,t), 7 (z,t)) € R", the lumped state w(t) € R™, the input u(t) € R,
the output y(t) € R"—, the fault f(t) € R"f and the disturbance d(t) € R™. From
these signals, only the input u(t) and the measurement y(t) are assumed to be known.
The system consists of n, coupled transport PDEs (3.1a) and an ODE (3.1d). The
transport behavior of the distributed system variable x(z,t) in (3.1a) is specified by
I(z) = diag(71(2), - -, 7. (2)) € R"™*™ where v; € C'[0,1], 7i(2) # 0, 2 € [0,1],
1=1,...,n,, is assumed. Different from the usual representation for general linear
heterodirectional hyperbolic ODE-PDE systems (see, e.g., [40]), the PDE (3.1a) is
solved for 0,z (z,t). Consequently, the distributed nonvanishing transport velocities
are given by \;(z) = ﬁ, 1=1,...,n,. Without loss of generality, it is assumed
that z(z,t) is ordered, so that the transport velocities A;(z) are sorted in descending
order, i.e.,

A(z) > Xa(z) > > A_(2) 2 A >0 (3.2a)
> Mq1(2) > A q2(2) > - > A (2) 2 AL (3.2b)

x

A >
0>\
with positive and negative constants A_,A_ € R* and X+,A+ € R™. Thus, z(z,t)
has n_ components

x” (z,t) = J_x(z,t) € R"- (3.3a)

propagating in negative direction of the spatial coordinate and ny = n, — n_
components

vt (z,t) = Jix(z,t) € R™ (3.3b)
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propagating in positive direction of the spatial coordinate, with

J_=[I 0] eR**" (3.3¢)
Jp=1[0 1] e Rmxm, (3.3d)

Note that (3.3) implies
w(z,t) = JlaT(2,t) + T a7 (2,0). (3.4)

Consequently, the PDE subsystem (3.1a)—-(3.1c) is a system of n_ and ny transport
PDEs propagating in opposite directions and is thus according to, e.g., [40], a
heterodirectional hyperbolic system. Furthermore, the entries of A(z) = [a;5(2)] €
R™=*"e gatisfy a;; € C10,1], i,j = 1,...,ny, and a;(z) = 0, z € [0,1], Vi =
1,...,n;. The latter means no loss of generality, as this form can always be achieved
by a change of coordinates (see, e.g., [41, Section 3] and the example in Section
3.2.4). The remaining matrices for the local and the integral term in (3.1a) are Ay €
(C1[0,1])"=*"+ as well as D € (C1([0,1]%))"=*"=. In (3.1b) and (3.1c), the coupling
is specified by Ky € R"*"= and K; € R"*"+. The dynamics of the ODE (3.1d)
is characterized by F' € R™»*"w the coupling of the ODE subsystem (3.1d) with the
PDE subsystem (3.1a)—(3.1c) is described via Ly € R™ "= Hy € (L3(0,1))"=*"w
as well as Hy € R™+*™ and the effect of w(t) on the output y(t) via C; € R~ *"w,
The influence of the input u(t), the fault f(¢) and the disturbance d(t) on (3.1) are
defined by B € (LQ(O7 1))n°”><n“, FE € (LQ(O, 1))’ﬂw><’ﬂf’ G € (LQ(O7 1))n°”><nd and
the real valued matrices B;, ¢ = 2,3,4, E; as well as G, j = 2,3,4,5, of appropriate
dimensions. The output matrix Cy € R™-*"~ gatisfies

rank Cop = n_. (3.5)

All system matrices are assumed to be known. The ICs z(z,0) € R™=, z € [0,1] of
(3.1a) and w(0) € R™ of (3.1d) are unknown but assumed to be compatible with
the BCs (3.1b) and (3.1c), so that (3.1) is well-posed (see, e.g., [10]).

Note that many physical systems of interest can be described by (3.1) (see, e.g., [10,
19, 59]). In particular, coupled wave equations, which occur in many applications
(see, e.g., [47, 68, 76, 87-89]), can be mapped into the form (3.1) by introducing
Riemann coordinates as it is shown in the following example.
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Ezxample 3.1.
Consider the faulty wave equation
2u(z,t) = 0%v(z,t) + g (2)d(t), (2,t) € (0,1) x RT (3.6a)
po@v(,t):6 v(0,) + go d(1), t>0 (3.6b)
2v(1,t) = u(t) + f1(D), t>0 (3.6¢)
y(t) = 9:v(0,1) + fa(t), t>0 (3.6d)

with the distributed variable v(z,t) € R, the IC v(z,0) = vg € R, the input u(t) € R,
the measurement y(t) € R, the disturbance d(t) € R? and the faults fi(t), f2(t) € R
The parameters ¢, pg € R* and g1 € (C[0,1])?, go € R? are known. To bring (3.6)
into the required form (3.1), introduce the Riemann coordinates
x” (z,t) = Ow(z,t) + c0,v(z, 1) (3.7a)
2 (2,t) = 0y (z,t) — c,v(2,t) (3.7b)

(see, e.g., [19, Section 7.3]). The inverse of this transformation is given by

o(z,t) = = (27 (2,t) + 2 (2,1)) (3.8a)

(27 (2,t) — 2T (2,1)). (3.8b)

N |

d,v(z,t) =

&=

By taking the derivative of (3.7) with respect to time, i.e.,

Orx™ (z,t) = 02v(z,t) + ¢, 0.v(2, t) (3.9a)
Ot (z,t) = 02v(z,t) — c0:0,v(z, 1), (3.9b)

and the derivative with respect to space, i.e.,

D27 (2,t) = 0.0,v(2,t) + cd?v(z,t) (3.10a)
0,27 (2,t) = 0.0:v(z,t) — cdv(z, 1), (3.10b)

the wave equation (3.6a) can be mapped into the form

(2, 1) = {8 _Oc} 0.2(2, ) + [gi Ezﬂ di (1) (3.11a)

by inserting (3.6a) in (3.9) and replacing the terms 0,0:v(z,t) with the expressions
given in (3.10). Finally, solve (3.11a) with respect to 0,x(z,t), which yields the het-

erodirectional PDE in the form of (3.1a) specified by the matrices I' = diag (7 —l)
and G1(z) = col (g{ (), g{ (z)). To map (3.6b) into the required form (3.1b),
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introduce the ODE state w(t) = 9;v(0,t), which yields the ODE
_ 1 1 4
w(t) = —0,v(0,t) + —gy d(t). (3.12)
Po Po

Insert (3.8a) in w(t) = 0yw(0,t) to obtain
x7(0,t) = =27 (0,t) + 2w(?) (3.13)

and thus the nonzero matrices in (3.1b) read as Ko = —1 as well as Hy = 2. For the
BC at z =1, insert (3.8b) in (3.6¢), which yields

1 1
“(L,t)=a2"(1 — —f(t). 14
2(L1) = 2 (L) + eu(®) + o () (3.14)
By introducing f(t) = col (f1(t), f2(t)), the nonzero matrices in (3.1c) read as Ky = 1,
B3 = i and F3 = [% 0]. To map the ODE (3.12) into the required form, insert
(3.14) solved for T (1,t) in (3.8b) and the result in (3.12), which leads to

1 1 1
w(t) = ——w(t) + —az(0,t) + —g, d(t 3.15
(0=~ w(®)+ o 0.0+ gl dlo) (3.1
in the required form of (3.1d). Finally, (3.6d) is mapped into the form (3.1e) by
evaluating (3.8b) at z = 0 and inserting (3.13), which yields

y(0) = 227(0,0) = () + B (1) (3.16)
with E5:[0 62]. <

More details about this transformation can be found in [19, Section 7.3] or, e.g.,
[24], in which the introduction of Riemann coordinates is shown for a more complex
wave-ode equation or in the example in Section 3.2.4. The local term Ag(z)z~(0,1)
is, e.g., considered in the backstepping controller design literature for first-order
hyperbolic PDEs (see, e.g., [52, Section 9.1] or [14]) occurs also in a linearized model
of a plug flow reactor described in [96]. Moreover, this term also occurs, if the
non-actuated BC of a wave equation is not of Dirichlet type and a backstepping
transformation is used before mapping the wave equation into a system of first order
hyperbolic PDEs. Note that the restriction of the output y(¢) to the form (3.1e) and
the restricted coupling of the distributed system variable z(z,t) into the ODE (see
(3.1d)) are not a general limitation of the proposed fault diagnosis method. Both
restrictions are only made to facilitate the solution of the kernel equations by a
backstepping transformation, which yields explicit expressions to compute a solution
of the kernel equations. Despite these limitations, as mentioned before, models of
relevant applications can be represented by (3.1). Moreover, note that in dependence
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of the input matrices By and Bj, for systems with a non-dynamic BC at z = 1,
collocated system setups can already be considered. If more general measurements
and ODE-PDE couplings have to be taken into account, then a fault diagnosis or
detection residual generator can still be derived by a similar derivation as shown in
the following. However, the solution of the kernel equations may require to use, e.g.,
the trajectory planning method described in [93, Section 7]. The abstract system
description in the form (3.1) yields a systematic approach to fault detection for
a large class of systems. For a simpler introduction to the proposed method, the
interested reader is referred to [103]. In this paper, a comparable approach for a
vibrating string is derived directly from the wave equation.

As shown in the following, the special form of (3.1a) solved for 0,z(z,t) is well suited
to solve the considered fault detection and diagnosis problems. With the setup (3.1)
additive actuator, process and sensor faults as described in Section 2.2 can be taken
into account. For the fault detection, also multiplicative faults can be considered
by rewriting them as additive faults, as shown in Section 2.2. According to (2.13),
the disturbance d(t) is assumed to be composed of the absolutely bounded part
d(t), which satisfies (2.14) and the component d(t) is assumed to be described by a
solution of the signal model (2.15).

3.2 Fault detection

For systems of the form (3.1), the fault detection problem is solved by using a
residual generator as described in Section 2.3.1. Similar to Section 2.3.2 and Section
2.3.3, the residual generator is derived by the application of integral transformations.
These are used to determine an input-output expression in Section 3.2.1 from which
the fault detection residual generator for heterodirectional hyperbolic ODE-PDE
systems (3.1) is derived in Section 3.2.2. After solving the resulting kernel equations
in Section 3.2.3, the theoretical results are applied to a simulation of a real-world
motivated application example in Section 3.2.4.

3.2.1 Determination of the input-output expression

Consider the integral transformation for the PDE (3.1a)

M[R](t) = (m, h(t))a1, h(z,t) € R, (3.17a)
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for the ODE (3.1d)
Qulh](t) = (qu, h(t))1,  h(t) € R™, (3.17h)
for the signal model (2.15)
Qa[h](t) = (qa, h(t))1,  h(t) € R™ (3.17¢)
and for the output equation (3.1e)
NTR)(t) = (n, h(t))1, h(t) € R"- (3.17d)

with the integral kernels m(z,7) € R™, q,(7) € R™, q4(7) € R™¢ and n(r) € R"-
onz €N =][0,1] and 7 € I = [0,T]. In contrast to the integral transformations
(2.18) used for parabolic and biharmonic PDE systems, the length of the moving
horizon T has to satisfy 0 < Ty < T. The lower bound Ty results from the transport
behavior of the heterodirectional hyperbolic PDE system (3.1a) and it depends on
the longest transportation time in the positive and negative spatial direction

7T = 7~—n, (318&)
= |70, (3.18Db)
where
1
0

is used. To be specific, Ty is given by Ty = 77 + 7.

The integral kernels m(z,7), ¢ (7), ga(7) and n(7) of the transformations (3.17) are
determined similarly to the approach shown in Section 2.3.2 so that the input-output
expression

(my, f(O)1 = (ny(t)1 + (ma, u(t))1 + (mg, d(t))r (3.20)

depending only on f(t), y(t), u(t) and d(t) results. The integral kernels m(7),
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my,(7) and mg(7) used in (3.20) are defined by

my(1) = —(E1,m(7))q — E;m+(0,7) + E3Tm_(1,7')

— E{ qu(r) + B3 n(7) (3.21a)
mau (1) = (B1,m(1))q + By m*(0,7) — B m™(1,7) + B qu(7) (3.21b)
mg(T) = GT ((Gl,m(T)>Q +Gym™(0,7) — G;mf(l,T)

+GJ qu(1) — G3in(7)), (3.21c)

where m*(z,7) = Jym(z,7), m™(z,7) = J_m(z,7) and (-,m(7))q denotes the
integration with respect to z on . For (3.20) and (3.21) to hold, the integral
kernels m(z,7), qu(7) and gq4(7) must satisfy the fault detection kernel equations
for heterodirectional hyperbolic ODE-PDE systems, which are summarized in the
following lemma.
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Lemma 3.1 (Fault detection kernel equations for heterodirectional hyperbolic
ODE-PDE systems). Let d(t) be described by (2.15) and the integral kernels
m(z,7), qu(7T) and qq(7) satisfy the fault detection kernel equations

m(z,7) = =T(2)0;m(z,7) — AT (2)m(z,7) — D*[m(7)](2) (3.22a)
m~(0,7) = —Kq m*(0,7) = (Ao, m(7))a — L3 qu(r) + Cy n(7) (3.22b)

mt(1,7) = -K/m (1,7) (3.22¢)
Gw(T) = F T qu(7) + (Hy,m(t))q + Hy m*(0,7) — Cn(r)  (3.22d)
4a(1) = S qa(1) + Ry G ((G1,m(1))a + G3 m™(0,7)

—G3m™(1,7) + G4 qu(1) — Gi n(1)), (3.22¢)

subject to the initial and end conditions

m(ZaT)|Te{07T} =0, z2€8Q (323&)
qw(T)|er0ry =0 (3.23b)
94(7)|;ego.ry = 0, (3.23¢)

with (3.22a) defined on (z,7) € (0,1) x (0,7, (3.22b)—(3.22¢) defined on
€ (0,7) and D*[m(7)](2) in (3.22a) is specified by

1
- /DT(C,z)m(C,T)dC, (5,7) € (0,1) x (0,T).  (3.24)

Then, the input-output expression (3.20) holds.

The derivation of (3.20) and (3.21) in view of (3.22) and (3.23) is shown in Appendix
A.7 and follows the same reasoning as in the case of parabolic and biharmonic ODE-

PDE systems (see Section 2.3.2). At first, the integral transformations (3.17) are

applied to the corresponding system equation in (3.1). Subsequently, the operators
and matrices are shifted to the integral kernels. By eliminating all terms that contain

unknown system variables except the disturbance d(t), the kernel equations (3.22)

subject to (3.23) are derived and (3.20) is established.
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3.2.2 Residual generator

At first, consider the case d(t) = 0. With the same argument as for the derivation of
Theorem 2.1, the fault detection residual generator for heterodirectional hyperbolic
ODE-PDE systems is introduced in the following theorem.

Theorem 3.1 (Residual generator)

Assume that d(t) is described by a solution of (2.15), d(t) = 0 holds and
let f(t) satisty f(t) =0, t < T, as well as (my, f(¢))1 # 0 for f(t) # 0. If
the integral kernels m(z, 7), ¢ (7), ¢a(7) and n(7) are solutions of the kernel
equations (3.22) and (3.23) as well as my(7) given in (3.21a) satisfies (2.54),
then

r(t) = (n,y())1 + (my, u(t)), t>T (3.25)

is a residual generator for the system (3.1). A fault is detected if r(t) # 0,
t > T, occurs.

The proof of this theorem follows the reasoning in the proof of Theorem 2.1.

For the case d(t) # 0, the influence of d(t) on the residual (t) can be estimated
after inserting (3.25) in (3.20). Then, the fault detection threshold rp is given by
(2.60) as the upper bound for the absolute value of the residual error in (2.56). By
the same reasoning as for Theorem 2.2, the fault detection for heterodirectional
hyperbolic ODE-PDE systems subject to a bounded disturbance d(t) is obtained
and summarized in the following theorem.

Theorem 3.2 (Fault detection)

Assume that d(t) is described by a solution of (2.15) and let f(t) satisfy
f(t) =0,t < T, as well as (my, f(t))1 # 0 for f(t) # 0. Let the integral
kernels m(z,7), quw(7), qa(7) and n(7) satisfy (3.22) subject to (3.23) and
my¢(7) given by (3.21a) satisfy (2.54). Then, for the system (3.1) a fault is
detected if the threshold rp is exceeded by the residual signal r(t) for ¢t > T,
ie.,

Ir(t)| >rp, t>T, (3.26)

with rp and 7(¢) given in (2.60) respectively (3.25).
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The proof of this theorem is similar to the proof of Theorem 2.2.

3.2.3 Solution of the fault detection kernel equations

With (3.22) and (3.23), the fault detection kernel equation consists of a heterodi-
rectional hyperbolic ODE-PDE system subject to initial and end conditions. In
(3.22), n(7) is freely assignable and is thus interpreted as an input. Consequently,
the solution of the fault detection kernel equations amounts to solve a feedforward
control problem. To be specific, the input n(7) must be determined such that
it drives the integral kernels m(z, ), ¢, (7) and gq(7) from the initial to the end
point given in (3.23) in finite time. Similar to the solution of the kernel equations
corresponding to the parabolic or biharmonic ODE-PDE systems (see Section 2.3.4),
this trajectory planning problem can be solved by using results from the flatness-
based trajectory planning. With the introduction of a parametrizing variable ¢(7),
the integral kernels m(z,7), ¢ (7), ga(7) and n(7) can be expressed in terms of a
differential expression. Thus, the kernel equations two-point initial-boundary-value
problem can be also traced back to an algebraic interpolation problem for a reference
trajectory of the parametrizing variable. In contrast to the case with parabolic
or biharmonic PDEs in Section 2.3.4.2, the differential expressions for hyperbolic
ODE-PDE systems involve derivatives of the parametrizing variable ¢(7) only up
to a finite order but distributed delays and predictions of the latter. Note that for
the solution of the kernel equations specified in Lemma 3.1, it is not required to
verify that the parametrizing variable is indeed a flat output. However, it must
be shown that a solution for the specific transition (3.23) could be parametrized
in terms of ¢(7), which is considered in Section 3.2.3.4. In general, results from
[93, Section 7] can be used to introduce such a parametrizing variable and compute
the differential expressions by the method of characteristics and a fixpoint iteration.
However, for systems of the form (3.22), the derivation of the differential expressions
can be significantly facilitated by making use of a backstepping transformation which
is, e.g., described in [41]. This transformation is used to map the ODE-PDE system
of the integral kernel equations (3.22) into a target system with PDE-ODE cascade
structure for which the differential expressions can be explicitly specified. Based
on these expressions, an easily evaluable fault detectability condition is derived.
Moreover, because of the target systems cascade structure, a subsequent trajectory
planning for the PDE and the ODE subsystem becomes possible. Hence, the transi-
tion problem for the PDE subsystem is significantly facilitated, since the initial and
end conditions for the PDE subsystem can be embedded into a setpoint. Thus, the
solution of the kernel equations (3.22) and (3.23) can be traced back to a nontrivial
setpoint change for the PDE subsystem in combination with a transition problem for
an ODE subsystem. Therefore, the derivation of the differential expressions using a
backstepping transformation is described below.
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3.2.3.1 Backstepping transformation

The following backstepping transformation is based on a result from [41], where
heterodirectional ODE-PDE systems of the form (3.1) are considered. However,
because of the use of the formal adjoint in the derivation of the residual generator,
a kernel equation with transport PDEs that propagate in reversed direction of the
spatial coordinate compared to [41] and an input n(7) on the opposite BC is obtained.
Thus, a spatial reversal Z = 1 — z is applied to (3.22), which restores the propagation
direction of the transport processes and the position of the boundary input so that
the assumed form in [41] is derived. The resulting system variables defined for z are
denoted by adding an overline, e.g., T'(Z) = I'(1 — 2) with the diagonal components
7i(z2) =v(1—-2),i=1,...,n,. Furthermore, use fOZDT(C75)T7L(<7T)dC for the term
D*[m(7)](z). With this spatial reversal,

z

d.m(z,7) = T(2)0.m(z,7) + AT (2)m(z,7) + /BT(C,Z)m(C,T)dC (3.27a)
0
m*(0,7) = —K,'m ™ (0,7) (3.27b)
= (1,7) = —K e (17) — [ A6 r)d¢ — L Jug(r) + i n(r) - (327)
0

1

i(r) = Fq(r) + / Bi(Om(¢, 7)AC + Bam (0,7) + Bym*(1,7)
0
+ Byn(T) (3.27d)

is obtained, where (3.27a) is defined on (z,7
are defined on 7 € (0,7T), q(7) = col (gu(T),
Jw = 1[I 0] € R™*" g0 that ¢, (1) = Juwq(T).

aggregating (3.22d) and (3.22¢) and read as

= FT 0 - [ H(2 = 0
F= [R;(;TGI sg]’ Bz = [R;(;Téy(z)  B2= | graTer )

Ao | Hy = _ | —Cr

) € (0,1) x (0,T), (3.27b)—(3.27d)
qa(7)) € R™, ng = ny, + nyg and
The matrices in (3.27d) result from

The initial and end conditions following from (3.23) are

m(Z,7)|reqo,ry =0, Z2€Q (3.29a)
q(7)|reqo,ry = 0. (3.29b)
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For notational convenience, the substitution z — z is used in the following.

With the spatial reversal, results from [41] can be used to map (3.27) into a system
of cascade structure. To this end, the invertible backstepping transformation

m(z,7) = m(z,7) /K (z,Q)m(¢, 7)d¢ = Tm(1)](2) (3.30)

with the backstepping kernel I_((z, ¢) € R"=*"= ig utilized. The corresponding inverse
backstepping transformation

(2, 7) = (2, 7) /KI )¢ = T m(n)](2) (3.31)

with Kj(z,{) € R™*" (see [41, Section 2.3]) can be computed based on the
reciprocity relation as shown in [25]. For a general introduction to the backstepping
transformation see the textbook [52]. The backstepping kernel K (z,(¢) in (3.30) is
determined to map (3.27) into the target system

D.1(2,7) = T(2)0:10(2,7) + Po(2)m=(0,7), (2,7) € (0,1) x (0,T) (3.32a)
m*(0,7) = —K{ m (0,7), 7€ (0,7) (3.32b)
m~(1,7) = a(r), 7€ (0,7) (3.32¢)

() = Fq(r) + /Bl(é)m(Q 7)d¢ + By~ (0,7) + Bsm(1,7) (3.32d)
0

with (3.32d) defined on 7 € (0,7T). The matrices in (3.32d) result from utilizing
the inverse backstepping transformation (3.31). To be specific, (3.27¢) is solved for
n(7) and the result is inserted in (3.27d). Note that the required matrix (Cy )~}
exists because of (3.5). After inserting (3.31) in (3.27d) and changing the order of
integration, (3.32d) follows with the matrices

F=F+By(C)) L], (3.33a)
1
Bi(z) = Bi(z) + /31(0—7_{1((,2)(1( + BsJy Ko (1, 2)

z
1

+ B0 (C]) 7 (AT (2) + J- + KJ T (1,2) + / AJ(QK1(¢2)dC)  (3.33b)

z
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BQ = Bg (333(3)
By = BsJy + By (CJ) ' (J_ + KJ Jy). (3.33d)

To preserve an input for the target system (3.32), the new boundary input 72(7) € R"~
in (3.32¢) is introduced instead of choosing a homogeneous BC as in [41]. To this
end, insert (3.30) in (3.32¢) and utilize (3.27c) to obtain

i(r) = Cg n(r) — Kg m*(1,7) — Ly Juq(7)

- / (Ag () + J-K(1,¢)) m(¢, m)d¢. (3.34)
0

The matrices Py(z) € R™ *™~ in (3.32a) will be specified in detail below (see (3.35b)).

To map (3.27) into the target system (3.32), solve (3.32a) for 0,7 (z, 7). The latter is
set equal to the derivative of (3.30) with respect to 7 in which the resulting 9,m(z, 7)
in the integral term is replaced by the PDE (3.27a) solved for 0,m(z, 7). After the
application of integration by parts, a change of the order of integration, the usage of
m(0,7) = JIm*(0,7)+ JTm™(0,7) and (3.27b), the backstepping kernel equations

A(2)0.K (2,¢) + 0c (K (2,O)A(C)) = —K(2,¢)A(2) AT (2) + A(2) D (¢, 2)
/ (O)DT (¢, ¢)d¢ (3.35a)
¢

K(z,0)A0)(J] — J[K) = —A(2)Py(2) (3.35b)

A(2)K(2,2) — K(2,2)A(2) = A(2) AT (2), (3.35¢)

)
are derived by a comparison of coefficients (see, e.g., [41]). The PDE (3.35a) is
defined on 0 < ¢ < z < 1 and A(z) = I'"(2) exists due to (3.2). The matrix Py(2)
n (3.35b) has the form

Py(z) = L}%Ei;] ; (3.36a)

and is composed of Py(z) € R™+*"~ as well as the strictly lower triangular matriz
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Pi(z) e R*>"- fe.,

0 0
Pi(z) = ]3172.1(z) . (3.36b)

Pin_1(2) - Pra_n_—1(2) O

The zero entries of the upper triangular part in (3.36b), are BCs for the PDE (3.35a)
of the backstepping kernel equations in view of (3.35b). Moreover, the resulting
form of ]50(2) yields a cascade structure of the transport processes in the target
system (3.32), which was used in [41] to achieve the stability of the target system.
Although this is not necessary for the derivation of the differential expressions, it is
retained for consistency with [41]. Note that in order to ensure the well-posedness of
(3.35), artificial BCs must be added, which is described in detail in [41, Section 2.2].
Then, both the components of P,(z) and the strictly lower triangular part of P (z)
result from the solution of the backstepping kernel equations (3.35) and are thus
given by (3.35b). The backstepping kernel equations (3.35) have been investigated
in [41, Section 2.2] without the integral term. Since, the latter term does not change
the result in [41], it can be shown by [41, Theorem A.1.] that (3.35) has a piecewise
C'-solution.

Since the ODE-PDE system (3.32) is a cascade of the PDE subsystem (3.32a)—(3.32c)
and the ODE subsystem (3.32d), the differential expression for the PDE subsystem
can be determined independently of the ODE subsystem. Moreover, the in-domain
couplings AT (2)m(z) and DT (¢, z)m(¢) appearing in (3.27a) are removed by the
backstepping transformation. Thus, the resulting PDE subsystem is a cascade of
the transport processes in negative and positive direction of the spatial coordinate,
as depicted in Figure 3.1. This inherent cascade structure significantly simplifies
the determination of a differential expression in terms of the parametrizing variable
m~(0,7) for the PDE subsystem (3.32a)—(3.32c). Note that because of the strictly
lower triangular form of the coupling matrix P;(z) (see (3.36a)) of the boundary
value m~ (0, 7) into the distributed variable m~(z, 7), also the transport process in
negative transport direction exhibits a cascade structure.

3.2.3.2 Differential expression for the PDE subsystem

To derive the corresponding differential expressions for the PDE subsystem, it is conve-
nient to use the formal Laplace transform, i.e., the correspondence h(z,7)o—eh(z, s) €
CY for h(z,7) € R” is used. For a rigorous mathematical justification of the following
see, e.g., [75, 95].
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Figure 3.1: Cascade structure of the target system (3.32) with the PDE sub-
system (3.32a)—(3.32c) and the ODE subsystem (3.32d), whereas
also the inherent cascade structure of the transport processes in

negative and positive spatial direction of the PDE subsystem is
illustrated.
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Apply the Laplace transform to (3.32a) and (3.32b) to obtain the initial value
problem

2)m(z,s) + Py(z)m~(0,s), z€(0,1),se€C (3.37a)
(0, s), s e C, (3.37b)
where V = (J — JIK") in view of m(0,s) = J m~(0,s) + J m*(0,s) is used.
By regarding (3.37a) as an ODE with respect to z, its general solution is given by

z

Tﬁ(z,s)zé(z,O,s)Vﬁl_(O, s) + / (2, ¢, ) 0($)d¢m ™ (0, s) (3.38)

0
with the state transition matrix & : Q2 x C — C"=*"= satisfying
0.0(z,¢,8) = sD(2)®(2,¢,5), (¢, C8) =1, (2(8) e’ xC  (3.39)

(see [75, Assumption 1]). Due to the diagonal form of T'(z), the latter can be explicitly
determined as

B(2.C,5) = ding (exp (571 (2:0)) . exp (57 (2,0)) (3400
with
ﬂ(z,C):/%(U)da, (50) €02 i=1,.. . ny (3.40D)
¢

where 7;(z) are the diagonal components of I'(z). Thus, in view of (3.32c) and
(3.38), the kernels m(z, s) and n(s) can be represented by

m(z,s) = U(z,8)m=(0,s), z€Q (3.41a)
n(s) = J_U(1,s)m=(0,s) (3.41D)
with
W(z,) = B(2,0.5)V + [ 8,651 P(C)dC. (3.42)
0

To make use of the previous formal computations, (3.41) must be mapped into the
time domain. Consider (3.42) rowwise, i.e., ¥, (z,s) = eznz\ll(z, s),i=1,...,ng,
n (3.42). Due to the diagonal form of ®7(z ¢, s) (see (3.40a)), its ith row is
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eznzi)(z, ¢,s) = eInI exp (s7i(z,()), which yields

W (z5) = el Ve (s7i(20) + [l BOexp (72,00 (343

0
By utilizing the correspondences h(s)e—oh(r) € R"~ and h(s)exp (s7(z
h(t +7i(2,()) for h(s) € C"~, the time domain representation of ¥ (2, s)h(s) reads
as
U] h)(z,7) = el V(T +7i(2,0) + / Cin, Po(OR(T +7i(2,0)AC (344
0

in view of (3.43). Thus, the time domain correspondence for W(z, s)h(s) is given by

Ulh)(z,7) = col (\I/I[h](z, T)yevns \I'L [h](z, 7')) (3.45)

and finally
m(z,7) = [m(0)] (z,7) (3.46a)
i(r) = J_ [m~(0)] (1,7) (3.46b)

result as the time domain correspondence of (3.41). In the light of (3.46), m(z, T)
and 7i(7) can be parameterized in terms of m~(0,7), which is the parametrizing
variable for the PDE subsystem. In contrast to the formal differential expressions
in the form of series that result for parabolic or biharmonic systems (see Section
2.3.4.2), distributed delays and predictions (see (3.44)) have to be evaluated. Based
on (3.46), the differential expression for the cascade system (3.32) can readily be
constructed.

3.2.3.3 Differential expression for the cascade system

Applying the formal Laplace transform h(r)o—eh(s) and d, h(r)o—esh(s) to
(3.32d) yields

(s = F)i(s) = [ Bu(OrG,5)dc + Bar™(0,5) + Buiin(L, ). (3.47)
0
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where (3.41a) can be inserted to obtain
1
(sI —F)g / 1( $)d¢ 4 By + BsW(1,s) | m (0, s). (3.48)
0

In view of adj(sI — F)(sI — F) = det(sI — F)I, both ¢(s) and m (0, s) can be
expressed by

q(s) = adj (sI — F) (/Bl(g)\i/(g, 5)d¢ 4 By + B3W(1, 5)) @(s) (3.49a)
0

= (0,8) = det (sI — F)@(s) (3.49b)
in terms of the parametrizing variable ¢(s) € C"-. To determine the time domain
correspondences for ¢(s), use
adj(sI — F) = Y Fs' (3.50)
with F; € R"*" and sW(z, s)h(s) e—oW[d.h](z,7), which yields the differential
expression
anl 1
q(T) (/ 1( #] (¢, 7)d¢ + Badip(r) + B3V [dr o] (LT)) (3.51)
=0 0

in terms of derivatives as well as distributed delays and predictions of the parametriz-
ing variable (7). It remains to parametrize m(z,7) and 72(7) in terms of (1), its
derivatives and distributed time-shifts thereof. Use

det (sI — F Zaz (3.52)

with a; € R and a,, = 1 in (3.49b) to obtain the differential parametrization

= i:aidigo(r). (3.53)
i=0

Consequently, the differential expressions for m(z,7) and n(7) follow from inserting
(3.53) in (3.46). Thus, the differential expressions for the fault detection kernel
equation are summarized in the following lemma.



108 Heterodirectional hyperbolic ODE-PDE systems

Lemma 3.2 (Differential expressions for the fault detection kernel equations).
Let ¥[-](z,7) be given by (3.45) and a; be defined by (3.52). Then, the
integral kernels ¢(7), m(z, 7) and 7(7) can be parametrized by the differential

expressions
or)= > F ( / B1(Q)¥ [dig] (¢, 7)d¢ + Badiy(r) + Bs¥ [diy) (LT))
=0
’ (3.54a)
m(z,7) = anilll [die] (2,7) (3.54b)
i=0
a(r) =J_ Y a;¥ [dig] (1,7) (3.54c)
i=0

in terms of the parametrizing variable (7).

With (3.54), m(z,7) 7(7) and ¢(7) can be expressed by distributed delays and
predictions as well as derivatives up to the order ng of (7). Therefore, (3.54) can
be used as a differential expression for the ODE-PDE system of the fault detection
kernel equations (3.32) in backstepping coordinates. In contrast to the formal
differential parametrizations for parabolic or biharmonic systems (see Lemma 2.3),
only a finite number of derivatives of the parametrizing variable ¢(7) is required
and no convergence conditions need to be considered in the planning of a reference
trajectory ¢* (7). Conversely, the distributed delays and predictions result in a lower
bound for the transition time.

Note that for a solution of the kernel equations, the flatness of the target system
(3.32) is not necessarily required, since only the specific transition (3.29) must be
parametrized. In contrast, however, to derive the integral kernels for a residual
generator (see Theorem 3.25), it must be ensured that the additional constraint
(2.54) can be satisfied. Thus, a condition is introduced in the following to ensure
that a solution of the kernel equations given in Lemma 3.1 can be parameterized in
terms of ¢(7) by the differential expressions specified in Lemma 3.2.

3.2.3.4 Fault detectability condition

Based on the differential expressions (3.54) a solution of (3.32) can be determined
by the planning of a reference trajectory ¢*(7) assigned to (7). The reference
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trajectories m*(z,7) and ¢*(7) assigned to the integral kernels m(z, 7) and ¢(7) must
satisfy the initial and end condition (3.29b) as well as

m(z,7)|refo,ry =0, 2€Q. (3.55)

The latter results from mapping (3.29a) into backstepping coordinates via (3.30)
and is the initial and end condition for the distributed system variable m(z,7) of
the ODE-PDE system (3.32) in backstepping coordinates. Additionally, ¢*(7) must
be determined so that the resulting reference trajectory m’(7) assigned to my(7)
given by (3.21a) satisfies the general detectability condition (2.54). To verify if such
a reference trajectory ¢*(7) exists, the requirements for the integral kernels, i.e., the
initial and end conditions (3.55) and (3.29b) as well as the additional constraint (2.54)
are reformulated into requirements on the reference trajectory ¢*(7) by utilizing the
differential expressions (3.54). To this end, the initial and end conditions (3.55) are
embedded into setpoints, so that a nontrivial setpoint change for the PDE subsystem
can be planned and a general transition of the ODE subsystem.

To take (3.55) into account, consider (3.54b) rowwise, which yields

eznzrh*(z, T) = Z aieznx (Vdigo*(T +7(2,0)) + /po(C)digo*(T +7;(z, C))d{)
i=0
’ (3.56)

forj =1,...,n,, in view of (3.44) and the substitutions ¢(7) — ¢*(7) and m(z,7) —
m*(z, 7). Consequently, (3.55) holds if ¢*(7) satisfies p* € (C™a~[—7=,T + 7F])"~
with d7?¢p* (), 7 € [-F7,T + 71] existing and

e (1 +7(2,0))lreory =0, 0<(<2<1j=1,...,n,. (3.57)

The latter embeds (3.55) into setpoints and can be achieved by imposing
0 Tely = [—7~' s
(1) =X @(r) :1ely=GF"T—-7) (3.58)

0 crely=[T—-7",T+77],

where ¥+ and 7~ are the largest prediction and delay times resulting from the
longest transportation time 7,_ in the negative spatial direction and the longest
transportation time |7,,_ 11| in the positive spatial direction (see (3.2), (3.18) and

(3.19)). In (3.58), ¢(7) € R"= is a degree of freedom that must satisfy ¢ €
(CMa=Y(7+,T — #7))"~ with d7?@(7) existing and

E@(T) et r—7-3 =0, i=0,...,ng—1, (3.59)
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to ensure p* € (C™a~1(I))"~ with d7?¢*(7) existing and fulfilling (3.57). To achieve
©*(7) # 0, the condition T'— 7~ > 71 can be inferred directly from (3.58), i.e., the
length of the moving horizon T is lower bounded by T > Ty with

To=7"+7". (3.60)

Under the condition (3.58), it follows from (3.54a), that also ¢*(7) satisfies the
required initial and end conditions (3.29b). Thus, @(7), respectively ¢*(7) in the
light of (3.58), can be determined by an algebraic interpolation problem without
the recourse of solving a differential equation, which presented in detail in Section
3.2.3.5.

Nevertheless, the existence of reference trajectories that satisfy the detectability
condition (2.54) remains to be verified. To this end, express my(7) given in (3.21a)
in terms of ¢(7), which can be achieved by representing (3.21a) in backstepping
coordinates m(z,7) and ¢(7). Use the spatial reversal Z =1 — z in (3.21a) to obtain

my (1) = ~(Br,m(r))a — By m* (1,7) + E5 m™ (0,7) = B[ qu(7) + Eg n(7). (3.61)

Subsequently, solve (3.27c) for n(r), insert the result in (3.61) and substitute m(z, )
in the derived expression by the inverse backstepping transformation (3.31) to obtain

m(r) = / Br(2)m(z, 7)dz + ETm=(0,7) + Bym(1,7) + Bag(r),  (3.62)
with the matrices

Ev(z) = B] (C7) " AJ (=) - BT (2) + (BT (¢d) ™ (/7 + J] ko)

1

B ) K1)+ / ) AT (O - ENO)EI(G2)d¢ (3.63a)
Ey=—-E, Jy+E5 (Cg) Y+ K] J4) (3.63b)
By =—E] Ju+EJ (CJ) " L] Ju. (3.63¢)

Then, m(z,7) and ¢(7) can be replaced by (3.54b) and (3.54a), so that (3.63) reads
as

/X dig)(z,7)dz + XJ ,dio(r) + X{, W[dig](1,7) | (3.64)
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with
X{,(2) = Er(2)a; + E4F, By (2) (3.65a)
X{, = Ejai+ EsF,B, (3.65b)
X{, = Esa; + E4F;Bs (3.65¢)

where an = 0 is used (see (3.50)). Because of the distributed delays and pre-
dictions in ¥[-](z,7), the consideration of the fault detectability condition (2.54)
is involved in the time domain. However, by using the Laplace correspondence
W[dLh)(z, 7) o—es'W(z, s)h(s), (2.54) can be investigated independently of a specific
reference trajectory ¢*(7) for p(7). Hence, apply the formal Laplace transform to
(3.64) to obtain

hy(s) = X(s)3(s) (3.66)

X(s) = /X{,i(z)\f/(z,s)derX{i+X§;i\il(1,s) st e Crrte (3.67)

in view of the W[d%h](z,7)o—e s (z, s)h(s). Based on (3.66), the fault detectability
condition for heterodirectional hyperbolic ODE-PDE systems can be stated in the
following theorem.

Theorem 3.3 (Fault detectability)
If

el X(s)£07, ie{l,...,ns} (3.68)

holds with X (s) given in (3.67), then the fault f;(t) = eznff(t) is detectable
in the sense of Definition 1 for the system (3.1).

Proof. The prove of the fault detectability is based on the existence of a residual
generator specified in Theorem 3.1, which requires that the integral kernels m(z, 7),
qw(7), q4(7) and n(7) are solutions of the kernel equations (3.22) and (3.23) as well
as mys(7) given in (3.21a) satisfies (2.54). Because of the bounded invertibility of the
backstepping transformation (3.30) (see, e.g., [41]), the imposed requirements on the
integral kernels m(z,T), ¢u(7), qa(7) and n(7) are satisfied if the integral kernels in
backstepping coordinates m(7), ¢(7) and 71(7) are solutions of the ODE-PDE system
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(3.32) subject to the initial and end conditions (3.29b) and (3.55) as well as m (7).

If the reference trajectory ¢*(7) takes into account the initial and end values (3.57)
as well as ¢* € (C™a~1[—7=, T + 7+])"~ with d7?¢*(7) existing, then the reference
trajectories m*(z,7), ¢*(7) and 7*(7) derived from the differential expressions (3.54)
are piecewise C-solutions of the fault detection kernel equations in backstepping
coordinates (3.32) subject to (3.29b) and (3.55). Moreover, for T' > Ty, with Tj
given in (3.60), (3.58) implies that there exists a ¢*(7) # 0 so that the resulting
integral kernels are solutions of the kernel equations. It follows from the uniqueness
of the Laplace transform (see, e.g., [92, Theorem 6.3]), that ©*(7) #Z 0 implies
@*(s) # 0. Since $*(s) and X(s) are analytic functions (see, e.g., [92, Theorem
5a]) and (3.68) ensures eIan(s) # 07, there exists a eznfm;(s) #0" in view of
(3.66) and the substitutions ¢(s) — ¢*(s) as well as my(s) — m}(s). According to
the uniqueness of the Laplace transform, e;':nfrh}(s) # 07 implies e;’—nf m} (r)#£0T,
i.e., the detectability condition (2.54) can be satisfied. Thus, for the faults f;(¢),
i=1,...,nyg, for which (3.68) holds, a residual generator exists in accordance with

Theorem 3.3. In view of Definition 1, this implies the detectability of the faults. W

Note that Theorem 3.3 implies also that if the system is subject to d(t) # 0 satisfying
(2.14), then the fault f;(¢) is detectable by results of Theorem 3.2.

The condition (3.68) depends on X (s) given in (3.67) and is dependent on the terms
Xjf’i, j=1,2,3,and i =0,...,n,, described in (3.65). According to the derivation
of the matrices in the terms in (3.65), X (s) only depends on system parameters.
Hence, (3.68) is a property of the system that can be checked a priori. Moreover,
in view of (3.62), my(7) can be regarded as an output of the target system (3.32).
Thus, the fault detectability condition (2.54) can be satisfied if there is an input
n(7) of (3.32) which affects my(7).

3.2.3.5 Systematic approach for the planning of the reference trajectory

The results of Section 3.2.3.4 show that if (3.68) holds, the reference trajectory
©*(7) can be determined by a simple solution of an algebraic interpolation problem.
However, for a successful fault detection, it is also necessary that the residual
generator has a balanced response to the excitation of faults of different magnitudes
and is insensitive to disturbances. In the following, these objectives are used to
compute the reference trajectory ¢*(7).
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For the reference trajectory planning of ¢*(7) in view of (3.58), impose
p(r) =Y 6:i(r)m, TEI (3.69)
i=1

with known linear independent functions §; € C"«~1(Iy) and d7?0;() existing as
well as the coefficients 1; € R™ to be determined. From (3.69),

@ (1) =0(r)n, TeE[-T,T+7"] (3.70)
with
0 :rel=[-7,7
O(r) =4 0(r) :7ely=(GF"T-7) (3.71)
0 rely=[T—#,T+7#,
follows, where 6() = [6;(7) - 0, (7)) ® I, and n = col (n1, ..., M, ) are intro-

duced. To ensure (3.59) impose that 7 is a solution of
On =0, (3.72)

with © = col ((:)1, 62) € R2nynaXnyne gnd

eznq(:)l = di_19~(7')|T:H , eian(:)g = di—_lé(T)‘T:T,;—— , (3.73)
for i = 1,...,n,. However, a nontrivial reference trajectory ¢*(7) # 0 for (3.72)

must be determined, which is possible only if the null space of © denoted by K(©) is
nonempty, i.e., dim K(0) > 0 holds. This requirement can be achieved by choosing
a sufficient number n,, of linear independent functions 6;(7). To make this more

specific, an example for polynomial 5(7’) is given in the following.

Ezample 3.2 (Polynomial basis functions for 6(t)).
i1
Impose the monomials 6;(7) = % for 6;(7) in (3.69). Then, the computation

of © shows that rank © = 2n,n, holds for n, > 2n, and thus dim K(©) = n,n, —
rank © = ny(n, — 2ng) > 0 is ensured. N

If dim (©) = 2@ > 0 holds, then a right annihilator ©+ € R+ " exists, which
satisfies ©01 = 0. It can be computed by selecting the linear independent rows of
I —©70, where O is the Moore-Penrose generalized inverse of ©. Thus, a nontrivial
solution, i.e., n # 0, can be computed by

n=0n* (3.74)
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with n* € R™ and n* ¢ K(©1). Because of (3.72), any coefficient vector n
determined by (3.74) ensures (3.59) and thus the resulting reference trajectory ¢*(7)
determined by (3.70) ensures (3.57) and satisfies ¢* € (C™~1[—7~, T+ 7F])"~ with
d7?¢*(7) existing. Moreover, the degrees of freedom 7* can be used to ensure the
detectability condition (2.54) and to make the residual generator less sensitive with
respect to the bounded disturbance d(t).

In Section 2.3.4.4 it was shown how to derive a residual generator with a prescribed
stationary gain. For the case that the required condition (2.113) is not satisfied,
an extension of the approach in Section 2.3.4.4 is proposed. Instead of prescribing
the response to constant faults as shown in Section 2.3.4.4, the response of the
residual generator to specific time-varying fault signals will be regarded in the sequel.
Consider the design form of the residual generator (3.25)

T
r(t) = /m}r (M) f(t —7)dr (3.75)
0

(see (2.51)) in terms of the fault f(t). Let f*(t) € R™, ¢t € [0,T] be an expected
signal for the fault f(¢). Then, the response of (3.75) at time ¢t = T to the ith
component f7(t) of f*(t), i.e.,

T
;= /m}(T)emff;(T —n)dr, i=1,...,np (3.76)
0
serves as a measure for the influence of the expected fault signal f7(¢) on the residual

signal r(t). To be specific, the detectability condition (2.54) can be satisfied if the
expected fault signals f7(t) are such that

r#0, i=1,...,ny, (3.77)
can be achieved. Summarizing (3.76) for i = 1,...,ny,
T
T = /F*(T)mf(T)dT (3.78)
0

with 7 = col (71,...,7n,) and F*(r) = diag(f{(T — 7),... s fo, (T — 7)) results. To
determine n* so that 7 given by (3.78) satisfies (3.77), insert (3.70) in (3.64) after
substituting ¢(7) — ¢*(7) and my (1) — m}(7) to obtain

my(7) = O5(r)n* (3.79)
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with
Ng 1
05 =Y | X vidseliz,mdz + X{ die(r) + X/ widseln) | 64
i=0 \}
(3.80)
in view of (3.74). By using (3.79) in (3.78), the linear system of equations
7 =0, (3.81)
with
T
O = /F*(T)@f(T)dT, (3.82)
0

is derived for the determination of n*. For 7 € R(éf), where R(éf) is the range of
Oy, (3.81) has the solution

nt =0+ (I - 616, (3.83)

Consequently, choosing 7 € R(©;) which satisfies also (3.77), it is ensured that
the resulting m’%(7) from (3.79) with n* given by (3.83) satisfies the detectability
condition (2.54). A suitable 7 exists, if F*() is such that the resulting ©; from
(3.82) holds

€, 05 #0. (3.84)

Moreover, if rank (I — C:)}(:) £) > 0 holds, then the degrees of freedom 7 € R™® can
be used to make the residual generator less sensitive with respect to the unknown
but bounded disturbance d(t). Consider the threshold value rp as a measure for the
influence of d(t) on r(t). To express rp in dependence of 7*, at first express m’5(r)
in terms of ¢*(7) (see (2.60)). As shown in Appendix A.8,

m(1) = O4()n" (3.85)
can be derived by a similar derivation as used for (3.79). Then, insert (3.83) in
(3.85) to obtain

mj(r) = Oo(T) + O1(7)7" (3.86)
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with

Oo(7) = O4(7)0}F (3.87a)
©1(7) = O4(7)(I — 616;). (3.87b)

Thus, the threshold value can be computed by
vy = / 100(7) + 01 ()| dro, (3.88)
whereas 7* should be determined by

= min /90 —|—91 |Td7'(5. (3.89)
F*EK(Of)

With 7#* resulting from (3.89) and a suitable 7 that satisfies (3.77), a reference
trajectory ¢*(7) can be computed with (3.70) such that the integral kernels following
from (3.54) satisfy the requirements for a residual generator given in Theorem 3.1. In
addition, the residual signal r(¢) is made less sensitive to the unknown but bounded
disturbances d(t) and can be balanced with respect to the expected fault signals

fx ().

3.2.4 Fault detection for a cable with a payload immersed in
water

To demonstrate the previously presented fault detection approach, it is applied to
a model of a cable with an attached payload immersed in water of constant flow.
This real-world motivated example system is illustrated in Figure 3.2. Such models
are used, e.g., to describe the positioning of a payload at the seabed with deep-sea
construction vessels (see, e.g., [13, 87]). The upper end of the cable is attached to
a crane on the deep-sea construction vessel and at the lower end the equipment to
be positioned is attached. The mathematical modeling of the cable with payload
using the extended Hamilton’s principle and a linearization of the nonlinear model
leads to two coupled wave equations describing the motion of the deflection of the
cable and an ODE for the dynamics of the payload. For details see [13, 87] and the
references therein. In contrast to the scenario regarded in [87], the length of the
cable is considered to be constant, but faults and further disturbances have been
added. The following simulations are implemented for MATLAB 2020a and are
available in [108].
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Figure 3.2: Schematic of the cable with an attached payload immersed
in water of constant flow Fj, with actuators at z = 1 and
measurement at z = 0 subject to multiple disturbances d(t), d(t)
and faults f(t) as described by (3.90).

Before the proposed fault detection approach can be applied to the considered model,
it must be at first rewritten into the form (3.1). After a normalization of the spatial
domain to length 1, the cable deflection in lateral and longitudinal direction vy (z,t)
and va(z,t) (see Figure 3.2) is described by

02v1(2,t) = K1 (2)0%01 (2, ) + Ko (2)0.v1 (2, 1) + K3(2)0,v2(2, 1)

+ ka(2)0pv1 (2,t) + di (t) + e1(2) f1(t) (3.90a)
D2 (2,t) = K5(2)0%va(2, ) + Kg(2)0.v1 (2, 1) + K7 (2)0pva(2,t)

+dy(t) +d(t) (3.90b)

defined on (z,t) € (0,1) x R*. The consideration of the attached payload leads to
the dynamic BC at z =0

U1 (0, t) = kgl (O, t) + K90, V1 (0, t) + mo@zvg(o, t), t>0 (390C)
ﬁg(o,t) = I<6111')2(0, t) + 51282’1)2(0, t) + k130,01 (0, t), t> 0. (390d)

At the upper boundary, i.e., z = 1, the cable is actuated by the forces u;(t) € R,
i =1,2, so that the corresponding BC becomes

82’01(1, t) = b1(1 + 62Af2(t))1t1 (t), t>0 (3906)
aZ’U2<1, t) = bQUg(t) + 63f3(t), t> 0. (390f)

As measurement y(t) = col (y1(t), y2(t)) € R? the strain 9,v2(0,t) and the pivot
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angle 0,v1(0,t) at the lower end of the cable z = 0 are available, which are given by

y1(t) = (1 + Afa(t)-v1(0,1) + da(t), t>0 (3.90g)
ya(t) = 0.v2(0,t) + f5(t) + ds(t), t>0. (3.90h)

Note that the outputs (3.90g) and (3.90h) differ from those in [87] to simplify
the following transformations of the coupled wave equation system (3.90) into a
heterodirectional hyperbolic ODE-PDE system of the form (3.1).

Other differences to [87] are the added faults f;(¢), ¢ = 1,...,5, and disturbances
d(t) as well as d;(t), j = 1,2,3. The disturbance d(t) € R is acting in-domain with
the signal form d(t) = dY sin(5t + ¢4), whereas the particular signal is specified by
the unknown parameters d?, ¢4 € R. Hence, d(t) can be described by the signal
model (2.15) with the known matrices

Sq = {g 05} , Ry=1[0 1], (3.91)
the state vg(t) € R? and the unknown IC v4(0) = v3 € R2. The further disturbances
di(t) € R, i = 1,2,3, are absolutely bounded by |d;(t)] < §; with known upper
bound § = col (0.03,0.01,0.02). A fault f1(t) € R is affecting the deflection of the
cable in lateral direction via the spatial characteristic e;(z) = 1, which is thus an
additive process fault. Additionally, both actuators u;(t), i = 1,2, can be faulty.
The actuator related to uq(t) is subject to a multiplicative actuator fault described
by ez = 10.00 x 10 and Afy(t) € R, which is rewritten as the additive fault
fa(t) = u1(£) A f2(¢) so that (3.90e) becomes

az’Ul(l, t) =biu (t) + blegfg(t), t> 0. (392)

The actuator related to uz(t) is affected by the additive actuator fault f3(¢) € R with
es = 0.37. Also the measurements are assumed to be potentially faulty, where y; (¢) is
subject to the multiplicative sensor fault described by A f4(¢) € R. This multiplicative
fault is rewritten in the form of an additive sensor fault f4(t) = Af4(t)0,v1(0,1), so
that (3.90g) can also be described by

y1(t) = 0,01(0,8) + fa(t) + da(t), t>0. (3.93)

The measurement y»(t) is subject to the additive sensor fault f5(¢t) € R. According
to the modeling in [87], the system parameters x;(z), ¢ = 1,...,18, and b;, i = 1,2,
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Table 3.1: Normalized model parameters for the cable with a payload taken

from [87].
Parameter Value Parameter Value
L. 121x103 A, 470 x 1076
E, 70.30 x 10° me  8.95
M;  8.00x 103 Vo 5
ga  9.80 Ve 2
pw  1.02 x10° cu 500 x 1073
¢y 300 x 1073 ¢, 500 x 1073
cw 300 x 1073 0. 1.40
M, 2.88x103 pe 847

are specified in dependence of physical parameters and are given by

_ §EAG) + Tl2) FEAEE + pg.

k1(2) mo L2 , ka(z) = o (3.94a)
E.A.d ¢.(2) Cy
ky(z) = ——oezfeld) Ky = L (3.94b)
m.L2 Me
E.A. B Acd.¢.(2)
Ky = meL2’ Ke(2) = Tz (3.94¢)
Ky = —;—“, Ky = —]\07“’ (3.94d)
c L
E A.02(0) E.Acp(0)
Kg = ———— %, K= ——""7"7"" (3.94e)
oML ML
E.A
Ky = _A‘%, Ko = MCLLC (3.94f)
E.Acb.(0) L
Ky = ——ocrel by = 3.94
13 ML ' BAl(eo(1) + 202(1) 1 T.(1) (3.94¢)
L F,
b2 = ﬂ’ ¢C(Z) = arctan M) — Hc (3941’1)
To(2) = pegaLz + Mg,, Fy= %Vf. (3.94i)

The values of the physical parameters in (3.94) are assembled in Table 3.1.

To rewrite the system (3.90) into a first order system of PDEs, the Riemann
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coordinates
01(z,t) = Q1 (2, t) + \V/K1(2)0.v1(2, 1) (3.95a)
Va(z,t) = Opva(z,t) + \/ks(2)0,v2(2, 1) (3.95b)
U3(2,t) = Qpwa(2,t) — \/k5(2)0,v2(2, t) (3.95¢)
04(z,t) = Qpv1(2,t) — \/K1(2)0.01(2, 1) (3.95d)

are introduced (see, e.g., [19, Section 7.3]). By following the calculations in [87], the
wave equations (3.90a) and (3.90b) are mapped into

By b(z,t) = M (2)0,5(2,t) + A(2)0(2) + By (2) f(£) + Ger(2)d(t) (3.96)
with A(z) = diag (\/nl /K5, —v/F5, —\/K1(2 ) and

eI4A(z):el4A(z):[sl(z)+% ralz) _ralz) %fsl(z)] (3.97a)

2Ks5 2\/ks5
el () = el A(z) = | reld) sz o) ] (3.97b)
2,4 - 34 T 24/k1(2) 2 2 2v/k1(2) :
51(2) = 22 3d:m(2) (3.97¢)
2¢/k1(2)

e 4E1(z)=ef,Er=[1 0 0 0 0 (3.97d)
e;4E1 (2) = e;4E1(z) =0 (3.97¢)
6I4éc,1(z) = 61:4@5’1(2) =0 1 0 0 (3.97f)
€3 4Ge1(2) =3 ,Gea(z)=[1 1 0 0]. (3.97g)

In (3.96), the faults are summarized to f(t) = col (fi(t), ..., f5(t)) and the distur-
bances to d(t) = col (ci(t), di(t), da(t), ds(t )). Note that with min\/k1(z) = 2.58
and /ks = 1.59, the transport velocities \;(2), i = 1,...,4, as the diagonal entries
of A(z) are already sorted in descending order according to (3.2) because of the
matched choice of the Riemann coordinates (3.95) in contrast to [87]. Because of
k1(z) > k5 > 0, J_ = [ 0] and J; = [0 I1] follow with the identity matrix
I, € R?*2 according to (3.2) and (3.3). Regarding the dynamic BCs at z = 0, the
ODE state

w(t) = col (v1(0,t), v2(0,¢)) (3.98)
is introduced so that the boundary dynamics are governed by

w(t) = Fw(t) + Lyv~(0,1) (3.99)
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with
Kg — ko _% K9 %
K K5 S \/K K5
F = _ 5121(0) K11 — K13 9 L2 - 5112(0) K13 . (3100)
V51 (0) Vs NETORRG

In contrast to [87], the ODE state (3.98) shows that a second order ODE system is
sufficient to describe the boundary dynamics for the considered setup. In view of
(3.99), the BCs at z = 0 can be expressed by

7(0,) = Qo (0, 1) + How(t) (3.101)

and the corresponding matrices in (3.101) are

< 0 -1 0 2

Qo = {1 0] and Hy = [2 0} . (3.102)
At z =1, the BC is

7(1,t) = Q1o (1, ) + Bsu(t) + Esf(t), (3.103)

with u(t) = col (uy(t), uz(t)) and the matrices in (3.103) are

w= 5 [2v/m ()b 0

o= {1 0}’ 33[ 0 2 /rap,| (3104)
5o |0 2\/@@ 0 0 0

b= {0 0 2/Fses 0 0] (3.104b)

Finally, also the output equations (3.90g) and (3.90h) can be expressed in Riemann
coordinates by

9

y(t) = Cov™ (0, 1) + Cruw(t) + Fs f(t) + Gad(t) (3.105)
. . S T T 1 1 _ X
with the matrices Cy = diag (2\/?(0), 2\/%), Cy = —CY,
000 1O 0 010

To rewrite (3.96) in the required form (3.1), solve (3.96) for 0,9(z,t) by multiplying
(3.96) with T'(z) = A=1(2). The inverse of A(z) exists because \;(z) #0,i=1,...,4,
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holds. However, in the resulting PDE

0.(z,t) = T(2)0y0(2,t) + T(2)A(2)8(2) + T(2) E1(2) £ ()

+ T(2)Ge,1(2)d(2), (z,t) € (0,1) x RT, (3.107)

v

the main diagonal entries of the matrix I'(z)A(z) in (3.107) are not zero as it is
required for (3.1) (see (3.97a) and (3.97b)). To obtain a PDE (3.1a) with the matrix
A(z) satisfying eI4A(z)ei74 =a;(2) =0,i=1,...,4, the transform

z(z,t) = W(2)d(z,t), (3.108)

with W (z) = diag (w01 (2), ..., w4(z)) and

2 ;)
wi(z) =€ Jo S

2e0,1,i=1,...,4, (3.109)
proposed, e.g., in [41, Section 3], is used. In (3.109), d;(z) € R, i =1,...,4, are
the main diagonal entries of A(z). Since W (z) is diagonal and w;(z) > 0, z € [0, 1],
i = 1,...,4, holds, W~1(2) exists and thus (3.108) is invertible for z € [0,1].
With (3.108) applied to (3.107), (3.99), (3.101), (3.103) and (3.105), the governing
equations for the model of the cable with a payload immersed in water are finally
obtained in the required form (3.1). The matrices of the system (3.1), that have not
been introduced before, read as

Az) = <8ZW(Z) + W(z)r(z)ﬁ(z)) Wl(z) (3.110a)
Ei(2) = W(2)T(2)Er(2), Gi(z) = W(2)[(2)G1(z)  (3.110b)
Qo = W, (0)QuW=1(0), Hy = W, (0)H, (3.110c)
Q1 =W_(1)Q W (1), Bs = W_(1)B3 (3.110d)
Es =W_(1)E;, Co = CoW=10) (3.110¢)

wherein W, (z) = J+W(Z)JI and W_(z) = J_W(z)JT are used.

To design the fault detection residual generator for the model of the cable with a
payload, the fault detection kernel equations (3.22) subject to (3.23) must be solved.
For the proposed approach in Section 3.2.3, at first the backstepping kernel equations
(3.35) must be solved to compute the backstepping kernel K (z,¢). To this end, the
boundary value problem (3.35) is converted into integral equations with the method
of characteristics, which can be solved with the method of successive approximation
(see, e.g., [40, Section VL.B.]). To be specific, the integral equations are solved along
301 characteristic lines on a discrete grid of 301 points. The successive approximation
is stopped when the maximum pointwise difference between two iterations is less than
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1 x 1079, which requires 7 steps. With the resulting backstepping kernel K (z,¢) on
an equidistant spaced grid for z and ¢ with 3012 points, the matrices for the fault
detection kernel equations in backstepping coordinates (3.32) and also the coefficient
matrices X;-ii, j=1,...,3,and i = 1,...,ng, for the differential parametrization of

my(7) (see (3.64) and (3.65)) can be computed. Since the resulting X (s) given in
(3.67) and shown in Figure 3.3 satisfies (3.68), the detectability of the faults f;(¢),
i=1,...,5, in view of Theorem 3.3 is verified.

To determine a suitable reference trajectory ¢*(7) in view of (3.70) for the parametriza-
tion of the integral kernels m*(z,7), ¢*(v) and n*(7), the monomials ;(7) =

~ 1—1 —
%, i = 1,...,ng, are convenient. As shown in Example 3.2, rank© =

2nyng = 16 results, so that for n, > 8, a nontrivial reference trajectory ¢*(7) can
be determined. Thus, n, = 10 is chosen. However, suitable f7(t) for (3.78) must be
chosen to derive a O given in (3.82) so that (3.84) holds. Numerical evaluations of
(3.82) have shown that f7(t) = $t%, i =1,...,5, leads to suitable results so that a
7=1[0.389 1.04 —0.371 257 —1.54] € R(Oy) satisfying (3.77) can be chosen.
Thus, the coefficients 1 in (3.70) can be determined by (3.74), where n* follows from
(3.83) with 7 as a solution of (3.89). The latter is solved numerically with the

fminsearch function from MATLAB and zero as initial point.

The threshold value rp and the normalized detection delay A are computed for a
polynomial basis function 6(r) of order n, = 10 and several values of the remaining
design parameter T > Tp. The normalized detection delay Ay denotes the first
time instant where the threshold rp is exceeded by |(my, hf(T))1], hf(t) = col(%,

L) with 7; = eiTnf r. For the lower bound of T', Ty = 1.26 is obtained, which

o
is computed with the longest transportation time in positive and negative spatial
direction 7= = 7+ = 0.63 given by (3.18) and (3.19). The result in Figure 3.4
shows that a compromise is required for the moving horizon length 7', since the
threshold 5 decreases and the detection delay Ay increases with increasing 7T'. Thus,
T = 6 and n, = 10 is chosen, yielding the threshold rp = 55.10 x 1073 as well as
the integral kernels n(7) and m,,(7) shown in Figure 3.5, which are computed on
a grid with the step size 0.02. Note that a higher order for the polynomial 6(7),
i.e., ny, > 10 has only minor effects on the threshold value rp and the normalized
detection delay Ay but increases the numerical errors significantly.

The simulation of the faulty cable is performed in MATLAB using a finite-dimensional
model for (3.90) determined by the spectral method. To be specific, the spatial
derivatives in (3.90a) and (3.90b) are approximated by Chebyshev differentiation
matrices of order 51 (see, e.g, in [86, Section 6]). Based on the resulting finite-
dimensional model, (3.90) can be rewritten into a state space system of order 202,
which is simulated in MATLAB using the 1sim function. Since the input signal u(t)
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Figure 3.3: The magnitudes of the absolute values of the components Xkl(s),

k

o =1,...,5,and | = 1,2, of X(s) for s = jw in dB, except
ng(jw) =0 and X31 (Jw) =0.
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Figure 3.4: Fault detection threshold rp (see 2.60) and normalized detection
delay Ay for a polynomial basis function (1) of order n, = 10
and different moving horizon lengths 7T'.
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(a) Components n1(7) and na(7) of the in- (b) Components my,1(7) and muy2(7) of
tegral kernel n(7). the integral kernel m., (7).

Figure 3.5: Integral kernels n(7) and m, (7) of the input and output filters of
the residual generator (2.50) computed with the moving horizon
length T'= 6 and polynomial () of order n, = 10.
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uq(t)
e ua(t)

di (t)
0
—— Jg (t)

(b) Extract of the disturbance sig- (c) Extract of the unknown but bounded

nal d(t) on 0 < t < 10. disturbance signal d(t) on 0 < ¢ < 10.

Figure 3.6: Excitation signals u(t), d(t) and d(t) used for the simulation of
the faulty cable with a payload immersed in water.

and output signal y(¢) from such a simulation are only available at equally spaced
discrete-time samples, the integral expressions of the residual generator (3.25) are
approximated by FIR filters to be applicable in discrete-time. Using the compound
midpoint rule and a step size of 0.02, FIR filters of order 301 are obtained, which
are evaluated in MATLAB by using the filter function.

In a first simulation, the results for the fault detection residual generator in Theorem
3.2.2 are verified, i.e., the case d(t) = 0 is regarded. For a suitable excitation
of the cable, the input signal u(t) is described by bump functions occurring at
random time instants with an amplitude randomly taking values between +10 000
as shown in Figure 3.6a. The sinusoidal disturbance d(t) is the solution of the signal
model (3.91) with the IC v = col (5,0) and is depicted in Figure 3.6b. The faults
fi(t), i = 1,...,5, occur successively and are only present in the time intervals
t €I = [t t; + 20], where t; = 15, t; = t;_1 +40, i = 2,...,5. At this, Af;(¢),
t €l i =24, and f5(t) are constant values, whereas f;(t), t € Ij}, 1 =1,3, are
continuous signals taking values randomly from a uniform distribution between
£0.70 respectively +2. The resulting fault signals used for the simulation are shown
in Figure 3.7. The simulation is preformed with zero ICs and the step size 1 x 1073
in time. Imposing u(t) = 0 and y(¢) = 0 for ¢t < 0 and sampling the input signal
u(t) and output signal y(t) with the same step size as it is used for the FIR filters,
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fi(t)

0 20 40 60 80 100 120 140 160 180

Figure 3.7: Fault scenarios for the fault detection with successively occurring
additive process fault f;(¢), the additive fault signal fa(¢) result-
ing from the multiplicative actuator fault A f2(t), the additive
actuator fault f3(t), the additive fault signal fy(¢) resulting from
the multiplicative sensor fault Afy(¢) and the constant additive
sensor fault f5(t).
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Figure 3.8: Residual signal r(t) (—) for the detection of the faults f;(t),
i=1,...,5, from Figure 3.7 present in (O) and the initialization
interval ¢t < T () assuming d(t) = 0.

the residual signal r(t) shown in Figure 3.8 is obtained from the evaluation of the
FIR filter representation of the residual generator (3.25). After the initialization
interval 0 < ¢ < T and T after a fault was present, the residual signal r(t) in Figure
3.8 remains zero as required. When a fault occurs at ¢;, ¢ = 1,...,5, the residual
signal r(t) is excited, i.e., 7(t) # 0 holds for t € T}, which indicates the presence of
a fault f;(t) and verifies the results of Theorem 3.1. Note that the response of the
residual signal to the occurrence of f5(t) at t5 shows that this fault is only weakly
detectable since the residual signal r(t) is affected by the occurrence of the fault but
returns to zero although the fault f5(t) is sill present (see Figure 3.7).

To demonstrate the fault detection influenced by a bounded disturbance d(t), the
signals d;(t) shown in Figure 3.6¢ are chosen such that the residual signal r(t) will be
close to the threshold value rp at some time instants. With these disturbances d(¢)
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160

Figure 3.9: Residual signal r(t) (—) and the threshold value +rpg (=)
for the detection of the faults f;(¢), ¢ =1,...,5, from Figure 3.7,
the presence of the faults indicated by (OJ), the fault detection
(x) at #; and the initialization interval ¢t < T' (CJ) in the presence

of a disturbance d(t) shown in Figure 3.6c¢.

Table 3.2: Detection delays of the fault detection for the cable immersed in
water with a payload subject to the bounded disturbance d(t).
il 1 2 3 4 5

Ai 1.26 518 4.02 126 0.84

and the input signal u(t), disturbance d(t) as well as the faults f;(t), i =1,...,5,
shown in Figure 3.6a, 3.6b respectively Figure 3.7, a second simulation for the faulty
cable is performed. Evaluating the FIR filter representation of the residual generator
3.1 with the input u(t) and output signal y(¢) derived from this simulation, the
residual signal r(t) shown in Figure 3.9 is obtained. It shows that the residual signal
r(t) is bounded by the threshold valued +rp according to Theorem 3.2 after the
initialization interval until the first fault occurs, i.e., T' < t < t;, and in the intervals
between the occurrence of two faults, i.e., t; + 20+ T < t < t;41. If a fault occurs,
the residual signal r(t) is excited and exceeds the threshold value shortly after the
occurrence of the fault. The first time instant when the threshold is exceeded is
denoted by t; and the detection delays Al =i —t given in Table 3.2 indicate that
the detection delay depends on the fault input location, since both faults f2(t) and
f3(t) that act on the opposite boundary than the measurement have the longest
detection delays. The specially chosen signal of the disturbance ci(t) shows that the
threshold value 75 is not conservative but can be reached by the residual signal r(t)
if no fault is present for such disturbance signals. Similar to the previous simulation
results (see Figure 3.8), r(¢) shown in Figure 3.9 is only affected by the occurrence
of the constant fault f5(¢) and then returns below the threshold. Thus, the weak
detectability is also relevant for the case d(t) # 0. However, the time-varying faults
fi(t), i =1,...,4, affect the residual signal as long as they are present. Thus, the
detection of the occurrence of all faults f;(¢), ¢ = 1,...,5, is possible despite the
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cable is additionally excited by the control input (), the modeled disturbance d(t)
as well as the unknown but bounded disturbance d(t).

3.3 Fault diagnosis

To solve the fault diagnosis problem, the approach presented in Section 2.4 is trans-
ferred to the heterodirectional hyperbolic ODE-PDE systems. For the considered
fault diagnosis problem the same assumptions given in Section 2.4.1 on the distur-
bances d(t) and d(t) as well as on the fault f(¢) are imposed. To be specific, the
fault signal f(¢) and the disturbance d(t) are assumed to be described by a solution
of the signal model (2.143) respectively (2.15). Hence, additive actuator, sensor and
process faults can be taken into account for a large class of fault signals and the
fault diagnosis can be decoupled from frequently occurring disturbance signals. The
disturbance d(t) is assumed to be bounded according to (2.14). For the case d(t) = 0,
the fault diagnosis problem considers the fault detection, isolation and identification.
If a bounded but unknown disturbance d(t) is present, i.e., d(t) # 0, then the fault
detection, isolation and estimation are achieved.

3.3.1 Fault diagnosis equation

For the fault diagnosis of a heterodirectional hyperbolic ODE-PDE system (3.1)
that is subject to a fault f(t) € R™, a residual generator is introduced that
provides a residual signal f(t) € R™ with the components f;(t) € R for each
fault f;(t) = e/, f(t). The residual generator is designed so that the residual

iny
signal ﬁ(t) reconstructs the fault signal f;(¢) in finite time. Based on the input-
output expression (3.20) a residual generator is derived for each fault f;(¢), i.e.,
ny integral kernels are introduced by the substitutions m(z,7) — m;(z,7) € R",
n(1) = ni(1) € R™, qu(T) = qu,i(T) € R™, qq(T) = qai(7) € R™4, i =1,...,ny.
The index ¢ indicates that the integral kernels m;(z, ), n;(7), qu,i(7) and gq4:(7)
correspond to the residual signal fi(t). In addition, by using the substitutions
mp(r) = mpi(1) € R™, my (1) = my (1) € R™ and mg(7) — mg,(7) € R" in
(3.21), the input-output expression (3.20) becomes

(miga, f)1 = (i, y(E)1 + (mai, u(t))r + (mg,, d(t))1 (3.111)

if the integral kernels m;(z,7), n;(7), quw,:(7) and g4 ,(7) are solutions of the kernel
equations (3.22) subject to (3.23) for i =1,...,ny.
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For the case d(t) = 0, the application of the transformation (2.148) and derivation
as shown in (2.149)—(2.154) leads to the fault diagnosis residual generator candidate
(2.157). In view of (3.22) and (3.23) as well as because of (2.151) and (2.153), the
integral kernels must be solutions of the fault diagnosis kernel equations, which are
summarized in the following lemma.

Lemma 3.3 (Fault diagnosis kernel equations). Let d(t) be described by
(2.15), the fault f(t) be described by (2.143) and the integral kernels m;(z, 7),
Qw,i(T), 44,:(T), qr,:(7) and n;(7) be a solution of the fault diagnosis kernel

equations
d.mi(z,7) = —T(2)8:mi(z,7) — AT (2)mi(z, 7) — D*[ms(7)](2) (3.112a)
my (0,7) = —Kq mf (0,7) — (Ao, mi(7))a — L3 u,i(7)+Cq ni() (3.112b)
mf(1,7) = —K{m; (1,7) (3.112¢)
Gu,i(T) = F T qui(7) + (H1,mi())o + Hy mf (0,7)—C{ ni(r)  (3.112d)
4a,i(T) = S84 qai(1) + R GT ((G1,mi(7))a + G mF (0, 7)
ngm (1»7')+G4 T 7)) = G;—nz(T)) (3.112e)
dri(1) = 8} a5,i(1) + R} (—(B1,mi(1))a — E; m}(0,7)
+E3 mi (1,7) = B{ qui(7) + Eg ni(7)) (3.112f)

subject to the initial and end conditions

m;(z,0) =0, m;(z,T) =0, z€Q (3.113a)
Qw,i(0) =0, Qu,i(T) =0 (3.113b)
44,:(0) = 0, q4,/(T) =0 (3.113c)
45,i(0) = —Rjf €in,, a7,4(T) =0 (3.113d)

for i = 1,...,ny, where (3.112a) is defined on (z,7) € (0,1) x (0,7) and
(3.112b)—(3.112f) are defined on 7 € (0,7'). Then, (2.157) is a residual
generator for the heterodirectional hyperbolic ODE-PDE system.

By the same reasoning as for Theorem 2.5, the fault diagnosis for the case (j(t) =0
can be established in the following theorem.
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Theorem 3.4 (Fault diagnosis residual generator)

Assume that d(t) = 0 holds, d(t) is described by a solution of the signal
model (2.15) and f(¢) is described by a piecewise defined solution of the
signal model (2.143). If the integral kernels m;(z,7), quw,i(7), ¢4,:(T), qz,:(T)
and n;(7), 7 =1,...,ny, satisfy (3.112) and (3.113), then (2.157) is a residual
generator for the heterodirectional hyperbolic ODE-PDE system (3.1) with
the residual signal f;(¢) given in (2.157). A fault f(¢) is detected by f(t) # 0,
t > T. Moreover, the fault f(¢) occurring at ¢;, j € Ny, is identified by f@
fOI‘ t S Ij = [tj +T, tj+1).

A

Because of f(t) = f(t), t € I;, the strong fault detectability in the sense of Definition
2 is achieved by the fault diagnosis residual generator (2.157). For t = t; + T,
the fault occurring at ¢; is identified in finite time, which also includes the fault
isolation. Thus, f (t) provides not only strong fault detection, but also fault isolation
and identification. Nevertheless, (2.157) is called a residual generator, but the
corresponding residual signal is distinguished from the fault detection residual r(t)
by the new symbol f(t)

If an unknown but bounded disturbance is present, i.e., a?(t) # 0, then a threshold
must be introduced to ensure the fault detection and isolation. As shown in (2.158)—
(2.164), the fault estimation error f;(t) caused by the disturbance d(t) is bounded
by |fi(t)] < fB.: (see (2.164)) with the threshold value fp; given in (2.163). Thus,
using the same reasoning as for Theorem 2.6, the strong fault detection can be
derived for the heterodirectional hyperbolic ODE-PDE system (3.1), which is stated
in the following theorem.

Theorem 3.5 (Strong fault detection)

Assume that d(t) is described by a solution of the signal model (2.15), d(t)
satisfies (2.14) and f(¢) is described by a piecewise defined solution of the
signal model (2.143). Let the integral kernels m; (2, 7), qu,i(7), qa,:(7), qr,i(T)
and n;(7), i = 1,...,ny, satisfy (3.112) and (3.113). If a threshold fp;,
i=1,...,n5, given in (2.163) is exceeded by some component fi(t) of f(t)
in (2.157), i.e.,

Ji e {1,...,n5} sothat |f;(t)| > fzi, t>T, (3.114)

then a fault f(¢) is detected for the system (3.1).

Since fi(t) = f;(t) holds for t € I;, with the fault estimate f(t) given in (2.159), the
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strong fault detection in sense of Definition 2 is achieved. The first time instance fj,

j € No, a threshold value fp ; is exceeded by fi(t) (see (2.165)), is called the fault
detection time.

After the transient interval, i.e., t > t; + T, where ¢; is the occurrence time of the
fault f;(t), the residual signals fr (t), k # i, return to zero or the estimations of
their corresponding faults. Thus, the exceed of a threshold |f2 > feai t>t;+T,
indicates that the ith fault is present, i.e., fault isolation is achieved. However, since
only fj > t; is known, the fault can be isolated for ¢t > fj + T, which is the result of
the next theorem.

Theorem 3.6 (Fault isolation)

Assume that d(t) is described by a solution of the signal model (2.15), d(t)
satisfies (2.14) and f(t) is described by a piecewise defined solution of the
signal model (2.143). Let the integral kernels m;(z,7), ¢i(7), n;(7) and
qri(7), i =1,...,ny, satisfy the kernel equations (3.112) and (3.113). If the
threshold fz; given in (2.163), is exceeded by the ith component f;(t) of f(t)
in (2.157), i.e.,

\fi®) > fpa, t>8+T, (3.115)
then the fault f;(t), 7 € {1,...,ns}, occurring at ¢;, j € Ny, is detected for
the system (3.1).

Moreover, for ¢ € 1, f;(t) = fi(t) holds. Thus, it follows from (2.161), that the fault
signal f;(t) is bounded by

fit) = frs < [i(8) < fi(t) + fay tEL (3.116)

Consequently, the faults can be estimated, which is stated in the next theorem.
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Theorem 3.7 (Fault estimation)

Assume that d(t) is described by a solution of the signal model (2.15), d(t)
satisfies (2.14) and f(t) is described by a piecewise defined solution of the
signal model (2.143). Let the integral kernels m;(z,7), ¢:(7), n;(7) and
qri(1),i=1,...,ny, satisfy the kernel equations (3.112) and (3.113). Then,
for system (3.1) the estimate of a fault f;(¢), i € {1,...,ns}, occurring at t;,
J € Ny, is bounded by

fit) = i < fit) < fi(®) + fpar t€[E+Totjsn) (3.117)

with f;(¢) as ith component of f(¢) in (2.157) and fB,i given by (2.163).

The proofs of the Theorems 2.6, 2.7 and 2.8 follow from (2.161) and the estimate
(2.164), since f(t) = f(t), t € 1,.

3.3.2 Solution of the fault diagnosis kernel equations

The kernel equations for the fault diagnosis (see Lemma 3.3) are a heterodirectional
hyperbolic ODE-PDE system (3.112) with ny distinct initial and end conditions
(3.113) as well as a freely assignable input n;(7). Thus, the computation of the
ith integral kernels m;(2,7T), Guw,i(7), ga:(7) and gy ;(7) amounts to determine a
suitable control input n;(7), i = 1,...,ny, that drives the ODE-PDE system in
(3.112) in finite time from the ith IC to the end point, both given in (3.113). This
two-point initial-boundary-value problem can be solved by using results from the
flatness-based trajectory planning. To be specific, a parametrizing variable ¢;(7)
is introduce so that the system variables m;(2,T), quw,i(7), ¢4,:(7), ¢r,:(7) and n;(7)
can be expressed by differential expressions. The latter allows the reformulation of
the two-point initial-boundary-value problem into an interpolation problem for a
reference trajectory ¢*(7) assigned to this parametrizing variable. With the resulting
reference trajectory ¢*(7) from the solution of this interpolation problem, the required
integral kernels m;(z,7), Guw,i(7), 44,:(7), qr,:(7) and n;(7) can be computed by the
evaluation of the differential expressions. As already introduced in Section 3.2.3,
the determination of the required differential expressions is significantly facilitated
by utilizing a backstepping transformation to map the ODE-PDE system in (3.112)
into an ODE-PDE cascade system. For the latter, the differential expressions can be
explicitly specified.
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3.3.2.1 Backstepping transformation

In order to reformulate the ODE-PDE system (3.112) so that the transport directions
correspond to the system description in [41], use the spatial reversal Z = 1 — z, where
the resulting quantities in the new coordinate z are denoted by an overline similar
to Section 3.2.3.1. The resulting system reads as

d.mi(Z,7) = T(2)0.mi(Z,7) + AT (Z)mi(Z,7) + /DT(C,E)ﬁ’Li(C,T)dC (3.118a)
0

m (0,7) = —K{ m; (0,7) (3.118b)
1
m; (1,7) = —Kq m (1,7) _/AJ(C)mi(C,T)dC — L] Jwai(r) + CJ ni(7) (3.118¢)

0
1

4i(7) = Fai(r) + / By (Oma(¢,7)dC + By (0,7) + By (1,7)
0
+ Byni(T) (3.118d)

where (3.118a) is defined on (z,7) € (0,1) x (0,T) and (3.27b)—(3.27d) on 7 € (0,T).
In contrast to (3.27d), the ODE state is ¢;(7) = col (¢uwi(T), qa.:(T), q5.:(T)) € R"q,
Ng = Ny + Mg + Nyp and Jy, = [1 0] € R™*™ so that ¢, (1) = Jwg(7) holds.
The matrices in (3.118d) result from aggregating (3.112d)—(3.112f) to

[ FT 0 0 [ _H(2) 0
F=|R]G'G] S] 0|, Bi(2)=|R]G'G{(2)|, Ba=|-RJG'G] |,
| —RfE{ 0 Sf | —R{E/ R;E
[ Hy -
By= |R]G'G] |, By=|-R]GTG] | . (3.119)
| —RjE; | RJE]

In accordance with (3.113), the initial and end conditions for (3.118) are

mi(%,0) = 0, mi(5,T) =0, z€Q (3.120a)
4:(0) = 4, ¢:(T) =0 (3.120b)
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with the inhomogeneous IC

0
@ = 0 . (3.121)
n
_Rf 67;’nf

For convenience of notation, the substitution z — z is used.

By utilizing the invertible backstepping transformation m;(z,7) = T [m;(7)](2) (see
(3.30)), the PDE subsystem (3.118a)—(3.118c) is mapped into the target system

d.mi(z,7) = T(2)0;mi(z,7) + Po(2)m; (0,7), (2,7) € (0,1) x (0,T) (3.122a)
i (0,7) = =K, m; (0,7), 7€(0,T) (3.122b)
g (1,7) = iy (1), 7€ (0,7T) (3.122¢)

4i(r) = Pas(r) + / By (Q)ri(¢, m)AC + By (0,7) + Byma(L,7)  (3.1224)
0
where (3.122d) is defined on 7 € (0,T). The backstepping kernel K(z,() is the
solution of (3.35) and the new input 72;(7) is given by
(1) = CTni(1) — Ko mj (1,7) — Ly Juqi(T)
1

- [T+ 9 K00 mat M, 3123

0

The matrices F' and B;, i = 1,2,3, in (3.122d) result from the application of the
inverse backstepping transformation m;(z,7) = T ~1[m;(7)](2) (see (3.31)) and are
specified in (3.33). Note that for F and B;, i = 1,...,4, the matrices defined in
(3.119) are used.

3.3.2.2 Differential expression for the target system

Since the fault diagnosis target system (3.122) has the same structure as the fault
detection target system (3.32), the differential expressions

mi(z,7) = [m; (0)] (z,7) (3.124a)
i (1) = J_W [m; (0)] (1,7) (3.124b)

?
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in terms of m; (0, 7) are derived from the same derivation as described in Section
3.2.3.2, whereas ¥[-|(z,7) in (3.124) is specified by (3.44). Following the derivation
in Section 3.2.3.3 a common parametrizing variable ¢;(7) € R"~, i =1,...,ny, for
the PDE and the ODE subsystems can be introduced by

T)zZajdiwi(T), i=1,...,ns. (3.125)

Thus, the differential expressions for the ODE-PDE system (3.122) are derived and
stated in the following lemma.

Lemma 3.4 (Differential expressions for the fault diagnosis kernel equations).
Let U[-](z, T) be given by (3.45) and a; be defined by (3.52). Then, the integral
kernels m;(z,7), ¢;(7) and 7;(7) can be parametrized by the differential
expressions

Z a; ¥ [dlp;] (2, 7) (3.126a)

() = z ( [EB© (a0 € ¢

+Fjégdz_<,0i(7') +FjB3\If [dz_(pl] (1,7’)) (3126b)

ng

=J_ Z a; ¥ [dlg;] (1,7) (3.126¢)

in terms of the parametrizing variable ¢; (7).

In (3.126), the coefficients a;j, j = 0,...,n4, and the coefficient matrices F’j, j=
0,...,nq — 1, are defined in (3.52) respectively (3.50), when F' given in (3.122d) is
used.

It must be remarked, that the formal Laplace transform d,q(7)o—esq(s) is used in
the derivation of (3.126¢), despite the nonhomogeneous ICs ¢(0) # 0. However the
resulting differential expressions (3.126) can be justified by a similar verification as
shown in Appendix A.2.
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3.3.2.3 Reference trajectory planning

To express also the initial and end points of the fault diagnosis kernel equations in
the backstepping coordinates, (3.120a) is mapped into

mi(2,7)lreory =0, 2 €Q (3.127)

using (3.30). Then, the kernels m;(z,7) and ¢;(7) have to be a solution of the
two-point initial-boundary-value problem (3.122) subject to (3.120b) and (3.127).
In view of the differential expressions (3.126), the initial and end conditions (3.120Db)
and (3.127) lead to requirements for the parametrizing variable o;(7). Thus, by
the planning of a suitable reference trajectory (1) € R"~ for ¢;(7) that satisfies
these requirements, the kernel equations can be solved. In the light of (3.126),
the reference trajectory must satisfy o € (C™a~ 17~ T + #+])"~ with d7?¢? (1)
existing.

For a systematic realization of the finite-time transition, the initial and end conditions
for the PDE and the ODE states are successively taken into account. At first (3.124a)
is used to formulate the conditions on a reference trajectory m; *(0,7) for m; (0,7)
so that m;(z,7) satisfies (3.127). To this end, consider (3.124a) rowwise, which
yields

e/, i (z,7) =ej, Vi *(0,7+7(z,0)) + /e;nxé)(g)mg*(o, T+ 75(2,¢)d¢
’ (3.128)

in view of (3.44). Consequently, (3.127) holds if m; *(0,7), ¢ = 1,...,ny, satisfies
m; (0,7 + 7i(2,O))lrefory =0 (3.129)
for j =1,...,ns, 0on 0 < ¢ < z < 1. In view of the largest predicition time 7+
and delay time 7~ (see (3.18) and (3.19)), it follows from (3.129) that the initial

and end conditions (3.127) are embedded into setpoints for the PDE subsystem
corresponding to m;(z,7), i.e., m; *(0,7) is piecewise defined by

0 crely = [-F7,71]
m; *(0,7) =4 wi(r) :7e€ly=F"T-7) (3.130)
0 rel=[T—7,T+7,

where p;(7) € R~ is a degree of freedom that is considered later. From Figure 3.10,
the condition 7' — 7~ > 7T is directly inferred, i.e., the length of the moving horizon
is lower bounded by (3.60).
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T?LZ(Z,O)ZO N ﬁll(ZT):O
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Figure 3.10: Visualization of the reference trajectory planning for u;(7) and
&;(7) on the three time periods Iy, Iy and I3.

However, since the IC ¢ is inhomogeneous, the trivial condition (3.57) used in
Section 3.2.3.4 cannot be used anymore. Thus, to determine ¢} (1), regard (3.125)
as an ODE for ¢} (7) with m; *(0,7) as input. In view of (3.130), ¢} (7) is piecewise
defined and must be a solution of a homogeneous ODE on I; and I3, which is
illustrated in Figure 3.10. On I, ¢} (7) is governed by the ODE (3.125) with
input p;(7) (see (3.130)). Hence, ¢f(7) on I; is uniquely determined by the ICs
dLi(T)r=—5-, 7 =0,...,ny — 1. On Ip, ¥(7) is given by the ICs d2@} (7)],=7+,
j=0,...,ny — 1, and the input u;(r). For 7 € I3, (1) results from the ICs
AL ¥ (T)|r=r—5-, j = 0,...,my — 1. Thus, the ICs for dip}(r) at 7 = —F~ and
7 =T —7~ have to be determined so that ¢} (7) ensures the initial and end condition
(3.120b) for g;(7) by evaluating (3.126b) at 7 = 0 and 7 = T. Then, the input
i (T) must be determined so that the resulting ¢¥(7) connects the derived ¢} (71)
and (T — 77) as well as satisfies ¢f € (C"a~1[—F~,T + 7H])"= with d7?¢7(7)
existing in view of (3.125). To be specific, the derivatives of the reference trajectory
dip¥(1), 5 = 0,...,n, — 1, must be consistent at the interfaces 7= and T — 7~
of the piecewise defined time domain. This planning of a suitable ¢} (7) can be
systematically achieved by introducing the state

&in(7) @7 (1)
&i2(T) d, 7 (1)

&i(r) = eR™, i=1,...,ny, (3.131)

Cim,p (T) 7l r(r)
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with ng = n_n, for (3.125), where & ;(7) = di ' () € R"-, j =1,...,n,. This
yields

&i(r) = Ap&i(T) + By *(0,7), e (=7, T+ (3.132a)
©; (1) = Cp&i(7), re[-7,T+ 71 (3.132b)

for i =1,...,ny, with the matrices A, = A, ® I,,_,

0o 1 0
A= | , (3.133)
0o 0 .. 1
—ap —air ... —Canffl

By, =eén,;n, @In and Cp = eInv‘f ® I,_. Then, in view of (3.131), use
dli (1) = Uj&i(T) (3.134)

with U; = ejT+1,nq @1, fori=1,...,nf,and j =0,...,n, — 1, to express the
reference trajectory ¢f(7) for ¢(7) given in (3.126b) by

nq—l

1

4 (r (/ U [U;&] (¢, 7)AC + FyBaU;&i(7) + F; B3V (U] (1>T)>-
Jj=0 \7j

(3.135)

According to (3.130) three cases have to be considered to determine 7; *(0, 7), which
are illustrated in Figure 3.10. On the first interval, i.e., 7 € Iy, (3.132) is autonomous.
Thus, &(7) is uniquely defined on 7 € I; by the IC &(—77) = £). The latter must
be determined so that g;(7) resulting from (3.135) satisfies the IC in (3.120b). To
this end, use

Gi(T) =@, (r,—77)E), Tel, (3.136)

with @, (7,79) = exp (A, (7 — 70)) in (3.135) and evaluate the result at 7 = 0, which
yields

1
[ BB [0, -7 )€]] (€. 00¢
0

+ FjBoU;@,(0, —77)&) + Fy By [U; @y (-, —77)€0] (1, 0)> . (3.137)
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Utilzing W [U;®,,(-, —77)€Y] (¢,0) = W [U;®4(-, —77)] (¢, 0)€2 in (3.137), the result

¢ = el (3.138)
follows with
ng—1 1
j=0 0
+ F;BoU; @, (0, —77) + F; B30 [U; @, (-, —7 )] (1,0)). (3.139)
If
rank T = rank [T q?] , i=1,...,ny, (3.140)
holds, then (3.138) has a solution
& ="1lg) + (I =TT (3.141)

where YT is the Moore-Penrose generalized inverse of Y (for details see, e.g., [11,
Prop. 6.1.7]) and & € R"¢ is a degree of freedom that will be considered later.

On the third interval, i.e., 7 € I3, (3.132) is also autonomous due to p;(7) =0, 7 € I3
and thus & (7), 7 € I3 is specified by & (T — 77) = £} € R". Obviously, the end
condition in (3.120b) is satisfied for the IC &} = 0, which implies

LGi(r)=0, 7€l (3.142)
in the light of (3.130) and (3.135).

On the remaining interval I, &;(7) has to satisfy the imposed initial and end
conditions

E(FT) = @, (7T, —77)E) (3.143a)
&GT—77) =0, (3.143b)

which are implied by (3.136) and (3.142). Provided (A,, B,) is controllable, there
exists an input p;(7) on 7 € I for (3.132) such that (3.143) holds. This input takes
the form

pi(r) = —BJ®J(F, )W 'G(FT), T e, (3.144)
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(see [16, Section 6.2]) in which

T—7~
W, = /%(%+,T)B¢ng>g(%+,r)dr (3.145)

F+

is the Controllability Gramian (see, e.g., [16, Theorem 6.1]). The required inverse
of W, for (3.144) exists if (A,, B,) is controllable. In view of (3.125), (3.131),
dim 7 (7) = dim p}(7) and (3.132b), @7 (7) in (3.132b) is a flat output for (3.132a).
This flatness property implies the controllability of (A,, B,) (see, e.g., [82, Sec.
3.2.2]). Thus, by inserting (3.144) in the solution

T

&i(r) = Ou(7,77) [ G(FT) + / D, (71, O)Bopi(Q)AC |, T € T, (3.146)

7+

of (3.132a) on I, the result

&i(T) = D, (7,7T) (I — /%(#, Q)B,B. @) (F7, QAW (7F,T - T—)> &(FH)

(3.147)

for 7 € I is obtained. With (3.147) the initial and end conditions (3.143) can be
verified in view of (3.145).

Consequently, a constructive approach for the solution of the fault diagnosis kernel
equations (3.112) subject to (3.113) has been found. Furthermore, it leads to the
easy verifiable condition (3.140). The results of this section are summarized in the
following theorem.

Theorem 3.8 (Identifiability condition)
Let (3.140) hold and assume 7' > Ty. Then, the fault f;(¢),i=1,...,ny,is
identifiable by (2.157).

Proof. The proof of this theorem is based on the solvability of the kernel equations.
If T'> Ty and (3.140) hold for @ = 1,...,ny, then the fault diagnosis kernels in
backstepping coordinates (3.122) have a piecewise C-solution satisfying the initial
and end conditions (3.120b) and (3.127). It can be concluded from the invertible
backstepping transformation and invertible spatial reversal, that this solution satisfies
also the fault diagnosis kernel equations (3.112) and (3.113). Hence, the required
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kernels n;(7) and m, ;(7), ¢ = 1,...,ny, for the fault identification equation (2.157)
and the integral kernel mg () reqmred for the computation of the threshold fp ;
(see (2.163)) for the fault detection, isolation and estimation can be computed. Thus,
the residual generator (2.157) exists in accordance with Theorem 3.4 and the fault
fi(t) can be diagnosed. [ |

The condition (3.140) depends on ¢ and Y. In view of (3.120b), ¢? depends only on
Ry, which is a property of the fault signal model. The matrix T is given in (3.139)
from which it can be seen, that it only depends on system parameters and the signal
models for the fault and the disturbance. Hence, (3.140) is a property of the system
(3.1), the disturbance signal model (2.15) and the signal model (2.143) of the fault
to be identified. Note that if (3.140) holds, then also fault detection, isolation and
estimation are ensured (see Theorems 3.5, 3.6 and 3.7).

Finally, the remaining degrees of freedom & in (3.141) can be used to make the
residual generator less sensitive to the bounded disturbance d(t). Consider fz ; given
in (2.163) as a measure for the sensitivity of the residual generator with respect to
d(t). In view of (2.163), mg;(7) is expressed in terms of &/, for which the result
(A.63) is used. With the substitutions m’(r) — m}yi(T) and ¢*(7) — ¢ (1) in
(A.63),

mi (1) = Vgl&] (7) (3.148)

is obtained where

Wl (r Z/XU U560z T)dz + X4,0,6(r) + X5, 0[U,6)(17) (3.149)

JOO

results from inserting (3.134) in (A.63). To obtain m’ .

(7) in terms of £, introduce
&i() = O¢(1)&} (3.150)
with

<I>(7'—7' € irel
Oc(1) = q Pe(1)€) Tely (3.151)
0 :Tels
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in the light of (3.136), (3.142) and

T

B () = Dy (7, 71) (1 - /%(#7 Q)ByB, @) (71, Q)dCW (74, T - T—))

F+

O, (FT, -7, Tel. (3.152)
The latter results from inserting (3.143a) in (3.147). Thus,

(1) = W [0c] ()€} (3.153)

?

m

B

follows from (3.150) and (3.151). Finally, (3.153) can be rewritten in the form (2.211)
by utilizing (3.141) in (3.153), which yields

00,i(1) = ¥ 10¢] (1) YTq} (3.154a)
01(1) = W z[0¢] (r) (I - YTY). (3.154b)

With (3.154), the threshold fz ; can be computed by (2.213) and &} should be chosen
as the solution of the minimization problem (2.214).

3.3.3 Fault diagnosis for the cable immersed in water

In the following, the described fault diagnosis approach for heterodirectional hyper-
bolic ODE-PDE systems is demonstrated with a simulation of a real-world motivated
application example. The simulations are performed in MATLAB 2020a and the
code is available at [108]. The example system is a cable with a payload immersed
in water with constant flow and is motivated by a real-world system (see [87]). A
similar model has already been used for the fault detection in Section 3.2.4. However,
to make the fault diagnosis method applicable, the fault setup is adapted so that
only additive faults are considered, which are described by the signal model (2.143).
The equations of motion for the deflection of the cable in transversal and longitudinal
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direction read as

02v1(2,t) = k1(2)0%01(2, ) + Ko (2)0.v1 (2, 1) + K3(2)D,v2(2,t)
+ ka(2)0pv1(2,t) + di(t) + er(2) f1(2) (3.155a)

D2 (2,t) = K5(2)0va(2, ) + r6(2)0,v1 (2, 1) + K7 (2)0sva(2,t)
+dy(t) +d(t) (3.155b)
91(0,t) = kgt1(0,t) + koD, v1(0,t) + K100,v2(0,t), t>0 (3.155¢)
02(0,t) = K£1102(0,t) + K120,v2(0,t) + K130,v1(0,¢), t>0 (3.155d)
d,01(1,) = brus (1), £>0 (3.155€)
0,v2(1,t) = bous(t) + e3fo(t), t>0 (3.155f)
y1(t) = 0,v1(0,t) + da(t), t>0 (3.155g)
Yo (t) = 0.v2(0,8) + f3(t) + ds(2), t>0 (3.155h)

with (3.155a) and (3.155b) defined on (z,7) € (0,1) x R*. In (3.155), v;(z,t) € R,
i = 1,2, are the lateral and longitudinal deflection of the cable (see Figure 3.2),
the dynamics of the attached payload is described with the dynamic BCs (3.155¢)
and (3.155d) at z = 0, the actuated BCs are (3.155¢) as well as (3.155f) and the
components y;(t), ¢ = 1,2, of the measurement y(t) are given by (3.155g) and
(3.155h). The disturbance d(t) is assumed to be a solution of the finite-dimensional
signal model (2.15) specified by the matrices (3.91) and the unknown but bounded
disturbances d;(t), i = 1,2,3, are absolutely bounded by |d;(t)| < §; with known
upper bound ¢ = col (0.03,0.01,0.02). The considered faults f;(t), i = 1,2, 3, are
a process fault fi(t), an actuator fault fo(¢) and a sensor fault f3(¢). All faults
are assumed to be of sinusoidal form f;(¢t) = f?sin(w;t + ¢5,), i = 1,2, 3, with the
unknown parameters f2, ¢ t: € R and known parameter wy = 2, wp = 0.5 as well as
ws = 1. The signal models for the sinusoidal fault signals f;(¢) are

y,i(t) = Sravp,i(t), t>0 (3.156a)
filt) =105 t>0 (3.156b)

with the states vy ;(t) € R?, i =1,2,3, and the matrices

Spi= L?i _5"1} , rii=1[0 1], i=1,2,3. (3.156¢)
It is assumed that the fault f;(¢) is zero until it occurs at ¢; > 0, i.e., for ¢ < ¢;,
fi(t) = 0 holds. Thus, the fault signal f;(¢) is piecewise described by the solution
of the signal model (3.156) and the ICs vy ;(0) = 0 on the domain 0 < ¢t < ¢;. For
t > t;, the fault signal f;(t) is specified by the unknown ICs vy ,(t;) = U}Z € R?,
v}l # 0. The matrices (3.156¢) for i = 1,2, 3, can be aggregated to the common
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signal model (2.143) with Sy = diag (Sf,1,S7.2,5f,3) and Ry = diag(r}l,r}}w 7’;3).
Consequently, the fault diagnosis problem amounts to the identification of three
faults f1(t), f2(t) and f3(t) in the presence of the disturbance d(t), while only two
measurements y; () and ya(¢) are available.

According to Section 3.2.4, system (3.155) can be rewritten as a heterodirectional
hyperbolic ODE-PDE system (3.1) by introducing the Riemann coordinates (3.95)
and applying the Hopf-Cole-type transformation (3.108). Except the fault input
matrices E‘l = 64’16;—’14-64’46;—’1, E’g = 2\/%6362726;—’2 and E5 = 62,36113, the required
matrices for the system in the form (3.1) are already specified in Section 3.2.4.

To compute a solution for the fault diagnosis kernel equations (3.112) subject to
(3.113), at first the backstepping kernel K (z,¢) must be determined as the solution of
the backstepping kernel equations (3.35). To this end, the boundary-value problem
(3.35) is solved as described in Section 3.2.4. With the resulting ODE-PDE system of
the fault diagnosis kernel equations in backstepping coordinates (3.32), all matrices
for the evaluation of the fault identifiability condition (3.140) can be computed. The
singular values

() € {864,814,107,67.3,32.5,19.7,3.11,1.79,0.151,0.0313} (3.157)

of T € R19%20 show that rank T = 10 holds and thus that the identifiability of all
three faults is verified in view of Theorem 3.8. Hence, the required IC &Y can be
computed with (3.141). By solving (2.214) with the MATLAB function fminsearch,
where the initial point for the numerical optimization is zero, the reference trajectory
(1) can be determined as the solution of the auxiliary ODE system (3.132). With
7 (7), the integral kernel ¢*(7) results from the parametrizing expressions (3.126b).
Note that for the integral kernels m(z,7) and 7(7), it is convenient to use the
differential expressions (3.124) in dependence of /m; *(0,7), which can be computed
by (3.144) in view of (3.130). The required kernels n;(7) and m,, ;(7) for the residual
generator (2.157) can be derived from solving (3.123) for n;(7) respectively by (3.21b)
and the usual substitutions.

From the evaluation of (3.19), the longest transportation time in positive and
negative spatial direction ¥~ = 71 = 0.63 follow, which yields Ty = 1.26 as lower
bound for T. To chose a suitable moving horizon length T' > Tj, the threshold
values fp,; and normalized detection delays Ay; are taken into account. The
latter is the first time instant where a threshold fp;, ¢ = 1,2,3, is exceeded by
KMy, hyi(E)1], hyi(t) € R™, ¢ > 0. For the integral kernel M(7) in this expression,
My(1) =[mys1(1) mya(r) mys(T)] is used with my,(7) given by (3.21a) and the
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substitution my(7) — my (7). The test signal hy;(t) is

i(t) i=7
efn hralt) = {gﬂ( ) :Othe]rwiw ij=1,...,ny, (3.158)
with f;(t) = r;jvﬁj (t), 7 =1,2,3, as the solution of the corresponding signal model
given by Sy ; and rs; subject to the ICs vy 1(0) = col (5, 2), vs2(0) = col (5, 2)
and vy 3(0) = col (1, 1). According to the results shown in Figure 3.11 for different
T, a trade-off is required since an increase in 7" reduces the threshold values fg;
but increases the normalized detection delay A¢;. For the following simulation
results 7' = 8.14 is chosen yielding the threshold values fp 1 = 0.32, fp o = 0.29 and
fB.2 = 0.29 as well as the integral kernels N(7) and M, () depicted in Figure 3.12.
To motivate the use of (2.214) for the reference trajectory planning, the threshold
values are computed with £ = 0 for a comparison, i.e., without the use of the
remaining degrees of freedom. The resulting thresholds fz = col (26.56, 8.10, 1.57)
with &5 = 0 demonstrate the effect of the available degrees of freedom to design a
residual generator that is less sensitive with respect to the unknown but bounded

disturbance d(t).

For the simulation of the faulty cable with a payload immersed in water with constant
flow, a finite-dimensional state-space model of order 202 is derived for (3.155) by
using the spectral method with Chebyshev differentiation matrices of order 51 as
described in [86]. Since the control input signal u(¢) and the measurement signal
y(t) for the following simulation are only available at equally spaced discrete-time
samples, the integral expressions in the residual generator (2.157) are approximated
by FIR filters. By using the step size 0.01 for the discrete-time sampling, FIR filters
of order 815 result.

To verify the fault diagnosis results in Theorem 3.4 for the case d(t) = 0, a simulation
of the faulty cable with a payload immersed in water is performed in MATLAB. For
this simulation an equally spaced discrete-time grid with step size 1 x 1073, zero
ICs, the input signal u(t) shown in Figure 3.6a, the disturbance d(t) shown in Figure
3.6b, d(t) = 0 and the fault signals shown in Figure 3.13, which result from the ICs

0'50} , (3.159)

va(t) = [ : 0.50] ,

vpalts) = { : 0.15}

vf3(ts) = { 0

and t; = 20, to = 50, t3 = 80, are used. By evaluating the FIR filter representation
of the residual generator (2.157) in discrete-time, imposing u(t) = 0 and y(t) =0
for t < 0 as well as sampling the input «(t) and the output from the simulation
y(t) on a time grid with step size 0.01, the residual signal f(t) shown Figure 3.13 is
derived. After the initialization interval 0 <t < T all residual signals ﬁ(t) are zero
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Figure 3.11: Fault detection threshold fg;, ¢ = 1,2,3, and normalized
detection delay Ay ; for different moving horizon lengths 7.
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(b) The components m. ;(7), it = 1,2, j = 1,2, 3, of the integral kernel M, (7).

Figure 3.12: The components of the integral kernels N(7) and M, (7) of the
residual generator (2.157) computed with T' = 8.14.
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Figure 3.13: Fault isolation and identification results f;(t), i = 1,2,3, (—)
for the fault f;(¢) (---) without bounded disturbance, i.e.,
d(t) = 0, the initialization interval 0 < t < T () and the
transient intervals ¢; <t < ¢; + T (CJ) after the occurrence of a
fault.
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di(t)
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| ] —— (1)
-

Figure 3.14: Extract of the components di(t), i = 1,2,3, of the bounded
disturbance d(t) on 0 <t < 24.42 used for the fault estimation
simulation.

until the first fault f1(¢) occurs at ¢; = 20, which excites all three residual signals
fi(t), 1=1,2,3. For t; + T < t < tg, the fault fi(t) is identified in finite time by
the residual signal fl(t) and both fi(t), i = 2,3, are again zero. Similar results are
obtained for the identification of fault fo(t) and f5(¢).

The fault diagnosis subject to the bounded disturbance d(t) is verified by a second
simulation, whereas the disturbance d(t) shown in Figure 3.14 is explicitly chosen
so that the residual signals fi (t) will be close to the threshold values at some time
instants. With this disturbance d(t), the input signal u(t) shown in Figure 3.6a, the
disturbance d(t) shown in Figure 3.6b and the same faults as used for the previous
simulation, a simulation for (3.155) is performed. By using the integral kernels
shown in Figure 3.12 and the corresponding FIR filters, the residual signals ﬁ(t)
presented in Figure 3.15 result. According to Theorem 3.5, the fault f;(¢) is detected
at £, = 23.55, since the threshold fp 2 is exceeded by the corresponding residual
signal fp 2(t). The determination of which fault occurred is possible at 0 = 31.70. Tt
follows from Theorem 3.6 that the previously detected fault has to be fi(t), since the
residual signals fi(t), 1 = 2,3, remain below their threshold values for t; + 7T < t < t».
At ty = 53.77, the threshold value fB,2 is exceeded by fg (t), which indicates the
occurrence of a second fault. By fa(t) > fB,2 at t5 = 63.81, the second fault must
be fo(t). Finally, f3(t) is detected at f3 = 84.27 and verified by the isolation at
t3 = 93.20. After the isolation of a fault, the residual signal f;(¢) is an estimate for
the corresponding fault f;(¢), since the estimation error is upper bounded by (3.117)
as stated in Theorem 3.7.
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Figure 3.15: Fault diagnosis residual signal fi(t), i=1,2,3, (—) in the

presence of the bounded disturbance d(t) depicted in Figure
3.14 for the fault f;(¢) (---), the thresholds £fg5 ; (-), the
bounds of the fault estimation error f(¢) £ fp; (---), the
initialization interval 0 < ¢ < T (O), the detection (x) of a fault
fi(t) at time #;, the isolation delay interval {; < ¢ < #; + T ()
and the isolation (O) at time ¢9, which is also the beginning of
the fault estimation.
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3.4 Concluding remarks

In this section, it was shown that the fault detection and diagnosis approach de-
veloped for parabolic and biharmonic systems in Section 2 can also be applied to
heterodirectional hyperbolic ODE-PDE systems. Whereas the derivation of the
residual generators for the fault detection and diagnosis follows the same reasoning
as for the parabolic and biharmonic ODE-PDE systems, the solution of the kernel
equations requires a different approach because of the coupled ODE-PDE system and
the distributed delays and predictions of the hyperbolic PDE subsystem. By utilizing
a backstepping transformation to map the kernel equations into a target system
of cascade structure, a systematic solution for the kernel equations was presented.
Note that the use of the backstepping transformation introduces limitations in the
possible measurements in the considered system class, since it requires an output
equation of the form (3.1e). However, the latter was chosen to simplify the solution
of the kernel equations and to derive simple conditions to verify the detectability
(see Theorem 3.3) and the identifiability (see Theorem 3.8). By the application of
the proposed fault detection and diagnosis approach to a simulation of a cable with
payload immersed in water, the effectiveness of the fault detection and diagnosis
scheme is demonstrated.
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Chapter 4

Concluding remarks and outlook

In the previous Chapters 2 and 3 a fault detection and diagnosis approach was
presented, which is based on integral transformations and does not require a system
approximation. The separate derivation of the solutions of the fault detection and
diagnosis problems for parabolic and biharmonic ODE-PDE systems in Chapter 2
and heterodirectional hyperbolic ODE-PDE systems in Chapter 3 is only due to
different system representations, but the general approach is the same. Therefore,
this thesis introduces a unified framework for the fault detection and diagnosis for a
large system class.

Note that the solution of the kernel equations with flatness-based methods provides
an interesting link between the fault diagnosis and flatness-based trajectory planning.
Moreover, it is promising for future works to extend the approach also to further sys-
tem classes, e.g., lumped-parameter and distributed-parameter time-variant systems
or also DPS with higher-dimensional spatial domain. To solve the corresponding
kernel equations, the flatness-based trajectory planning approaches presented in [62]
should be applicable.

Although the consideration of disturbances with known signal form and unknown
but bounded disturbances is a first step towards the application of the proposed
approach to real-world fault diagnosis problems, further investigations are required.
In particular, the influence of model uncertainties should be considered to quantify
their effect on the fault diagnosis in order to incorporate them in the threshold
value of the residual signal. Moreover, also the consideration of different types of
disturbances, e.g., stochastic disturbances or La-bounded disturbances in future work
will increase the flexibility of the proposed fault detection and diagnosis approaches.
According to the assumptions on the disturbances, the sensitivity optimization of
the residual generator has to be adapted. A further interesting point for future work
is the systematic investigation of the time discretization of the integral expressions
in the residual generators. The quasi-continuous implementation of the residual
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generator integral expressions in the presented simulation examples leads to FIR
filters of high order. However, the results in [48], where similar integral expressions
are used for the derivative estimation, suggest that the order of the FIR filters
can be considerably reduced. This order reduction can be achieved by a more
sophisticated approximation scheme of the integral expression but preserves the
simplicity of the FIR filters. For low order approximations of the integral expressions,
the approximation error of the time discretization should be considered explicitly
in form of a threshold value to make the fault detection and diagnosis results even
more reliable.

The simulation results for the fault detection in Section 2.3.5 and Section 3.2.4
show that the fault detection is possible by using only one residual signal. This
scalar residual signal is obtained from a residual generator with low computational
complexity, but it does not allow fault isolation. Thus, an interesting extension of
the proposed fault detection residual generator would be the introduction of a vector
valued residual signal, which allows the fault isolation without assumptions on the
signal form of the faults.



A Proofs, definitions and derivations 155

Appendix A
Proofs, definitions and derivations

A.1 Properties of formal power series
The following definition of formal power series of order p is from [75, Definition 1].

Definition 4 (Formal power series of order g [75, Definition 1]). A
formal power series Y .~/ ¢;ist, ¢;,s € C is of order p > 0 if for all § > p and

all Z € RT the sequence (chl(z')%) is absolutely bounded.

From this, it follows that for each ¢ > ¢ and Z € R* an upper bound

Co.z = SUple;| ZP(il)7 (A.1)
€N

with ¢, 7 € RT exists, so that

=

les] < cpz(it) 527 (A.2)

holds.

The following lemma is taken from [93, 5.3 Hilfssatz], where the proof can be found.
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Lemma A.1 ([93, 5.3 Hilfssatz]). A formal power series of order ¢ with term
wise sum

&(s) =a(s) +b(s) = > cis’, ¢ =a;+b; (A.3)
1=0

and the Cauchy product for multiplication

J(S) = d(S)E(S) = Zdlsz, di = Zajbj,i (A4)
=0 j=0

form a commutative ring.

It follows from Lemma A.1, that if a(s) and b(s) are formal power series of order g,
also é(s) and d(s) are formal power series of order o.

A.2 Confirmation of formal Laplace transform in
(2.173)

In Section 2.4.3.2 the formal Laplace transform ¢y ;(7)o—esgs;(s) is used. Since
the IC of g5,(0) = —R}—ei’nf is not zero (see (2.170c)) and is not a steady state of
the corresponding system (2.169d), it should be considered in the Laplace transform.
However, this makes the calculations far more cumbersome and it is shown in the
sequel that the differential expressions derived in Section 2.4.3.2 do not depend on
the neglected ICs.

Insert (2.93a) in (2.169d), consider the time reversal 7 = T — 7 and introduce
q7.i(7) = q7.i(7) and [1;(7) = pi(7), so that

~47.4(7) = S} 4ra(7 +RfZX Vdiu(F), 7€(0,T)  (A5)

results with the IC g;;(0) = 0 following from (2.170c). Applying the Laplace
transform ¢y ;(7) o—egy,i(s) and using X (s) = Yoo Xj(—=1)s7, yields

(s — 57 dra(s) = R} X(s)jia(s). (A.6)
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Introduce the parametrizing variable ¢;(s), by establishing the expressions

With the substitution s = —35,

’IL,Uf

det(sI — S’f Zal (A.8)
follows in view of (2.181) and a re-substitution s = —3, yields
Ny f
det (—sI — S}r) = Z(fl)’ais’. (A.9)
i=0

Insert (A.9) in (A.7b) and apply the Laplace correspondence ©;(s)e—o@;(7), to
obtain

Ny f

fi(7) =Y (—1)'a;dip; (7). (A.10)

§=0
The time reversal 7 = T — 7, shows that (A.10) is equivalent to (2.185) as it is
derived in Section 2.4.3.2. To verify the differential expression for ¢y ;(7), consider
5= —sin adj(—sI — S}'—) and express X (s) in (A.7a) with X(5) = Yo Xis'. By
inserting the result in (A.7a)

qri(3) =Y W;575i(5) (A.11)

I

Il
<

J

is obtained in view of (2.179). After the re-substitution s = —5 in (A.11), the time
domain correspondences

Qri(7) = D_W;(=1)d1i(7) (A.12)

follows. Finally, the time reversal 7 = T'—7 yields (2.184a). Thus, the computation in
reverse time with homogeneous ICs leads to the same result as the formal calculation,
which verifies that the expressions (2.180) and (2.182) are independent of the ICs.
Consequently, the formal application of the Laplace transform can be used to compute
the differential expressions.
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A.3 Derivation of (2.194)

In the following, the expression (2.194) is proven with induction. The initial case
is given directly by (2.191b). The induction step is obtained by taking the time
derivatives of (2.191b) and inserting of (2.191a) for the time derivative of &;(7). This
yields the induction step (2.194). Computing this for j + 1,

j—1
diJrlSD:(T) = CapAidTg(T) + C<P Z AzﬂikilB@derl/j':(T)a i=1,... yIf (A'13)
k=0

results. Inserting (2.191a) yields

j—1
AL} (1) = CLALTYE(T) + CuALBupi (1) + Cp ) ALF I Bodi M pf (). (A.14)
k=0

Then, summarizing the terms dependent on p}(7) leads to
A0} (1) = CLALTNALE(T) + Cp D AL Bodlpi (7). (A.15)
k=0

which is equal to dZF1p*(7) obtained from (2.194) and completes the inductive step.
A.4 Convergence of the series (2.197)

Corollary A.1. Let the coefficients w;"l, E=1,...,n,, 1 =1,...,my of
W; e R™7*"  j e Ny be a formal power series of order p. Then, the series
defining Y in (2.197) is absolutely convergent.

Proof. To use the direct comparison test to show the absolute convergence of the
series in (2.197), the upper bound

IWiCo AL lloe < IC I 11Willoe 144113 (A.16)

for the summands in (2.197) is derived, where ||H ||oc = maxX;cf1, . n} je{1,....m} |l
for the components h;; € R of H € R™*™ and [|[H|ly = 322, 370 [hij|. At this,
(A.16) results from utilizing that | H||» and ||H||; are compatible norms and that



A.5 Recursive algorithm for the computation of the coefficient matrices in (2.8959

||H |1 is submultiplicative (for both see [11, Proposition 9.3.5]). Since the coefficients
wfl, kE=1,...,ny5, 1 =1,...,n, of W, are formal power series of order g, (A.2)
gives

[Willoo < coz(i) 5274, i€Ny (A.17)

where ¢,z and Z are real valued constants and ¢ > p > 0. With (A.17) and
a= HA%”l, (2.197) is dominated by the formal power series

v > =21 4
T =|Cpllicoz > (i) 7a’. (A.18)
i=0
The Cauchy-Hadamard theorem states that (A.18) is absolutely convergent, since

Tim | (i)~ %
71— 00

=0 (A.19)

holds, where lim is the limit superior. This can be shown utilizing the estimate
71— 00

il > ()% with the Euler’s number e. The absolute convergence of (A.18) verifies
that (2.197) is absolutely convergent. [ |

A.5 Recursive algorithm for the computation of
the coefficient matrices in (2.89)

In the following, the presented approach in [75] for the determination of ®;(z,() in
(2.89a) is used to derive explicit expressions for the computation of ®;(z,¢), ¥ (2)
and \IILJ(Z) in (289)

Since the operator é@, ¢, s) defined as state transition matrix satisfying (2.76) as
well as U (z,s) and ¥ (z,s) given in (2.78) must be independent of (0, s) and
G(s) as well as 71(s), they can be determined by

d.m(z,8) = —A*(z,8)m(z, ) + L1(2)§ + Cf (2)n (A.20)

with the IC m(0,s) = w) € R™ and ¢ = const. € R™ as well as 1 = const. € R™
independent of s. As shown in [75], the solution of (A.20) can be described by

m(z,s) = z:wl(z)sZ (A.21)
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By inserting (A.21) in (A.20) and taking A*(z,s) = 3.4 A (z)s’ into account,

(oo} na o0
D 0wwi(z)s' = =YY Al (2)wi(2)s’F + Li(2) + CF (2)7n (A.22)
i=0 j=0 k=0

follows. With a change of the order of the summation, the substitution k — ¢ — j
and convention w;(z) =0, 7 < 0, (A.22) can be rewritten into

i O,wi(z)s" i i Al (2)wi—j(2)s' + L1(2)q + C} (2)it (A.23)
i=0 i=0 j=0
(see [75]). A coefficient comparison with respect to s, yields
B.wo(2) = —AJ (2)wo(2) + L1(2)d + CF (2)i (A.24a)
d,wilz ZAT 2)wi_i( i >0, (A.24b)

with the corresponding ICs wp(0) = w) and w;(0) = 0, @ > 0, resulting from
m(0, s) = w). Consequently, (A.24a) has the general solution

wo(2) = ®o(2)w) + W1 0(2)d + Yo o(2)in (A.25)
with
Do(z) = @(2,0) (A.26a)
Vra(z) =~ 2= 0OLIO (A 26b)
0
Veo() = - [ 82 00T () (A.260)
0
and ®(z, ) as state transition matrix of 9,wo(z) = —A] (2)wo(2) given by the unique
solution of
0.9(2,0) = A ®(2,(), ®(z,2) =1, (2 €(0,1)° (A.27)

(see, e.g., [16, Definition 4.2]). Rewriting (A.24b) into the form

D.wi(2) = Ag (2)wi(z) — Z Al (D)wi—j(2), i>0 (A.28)
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and taking w;(0) = 0, 4 > 0 into account, the solution of (A.24b) reads as

wi(z) = / z,¢) ZA ¢wi—;(¢)d¢. (A.29)

0

With induction, it can be shown that (A.29) can be rewritten into the form
wi(2) = @i(2)wd + Vi (2)§ + Ve i(2)h, >0 (A.30)

where the introduced matrices are

Bi(2) = - [8(:.0 3 AT ()50 (A.31a)
0 j=1
Uri(2) = / z,¢) ZAT JWri;(¢)d¢ (A.31Db)
0
Uoi(z) = / 2,¢) ZA 2)Wei;(¢)d¢ (A.31c)
0

for 4 > 0 with the convention ®;(¢) =0, ¥ ;(¢) =0 and ¥¢ ;({) =0 for j < 0. The
initial case ¢ = 1 of the induction follows directly from inserting (A.25) in (A.29) for
i = 1 yielding

z

wi(z) = — / B2, AT (O@o(Qe + Upo(O)i + Teo(OR)dC,  (A32)

0

which proves (A.31) for ¢ = 1. To show the induction step, insert (A.30) in (A.29)
to obtain

Witl = — /i)(z, ¢) ZAJ‘T(C) (®i1-5(Qwd + Vi iv1—5(Od + Yeip1—;(C)n) d¢,
j=1
’ (A.33)

so that (A.31) is verified for i+1, after sorting the terms for wg), ¢ and 7. Consequently,
the required coefficient matrices can be computed with (A.26) for ¢ = 0 and the
recursion (A.31) for ¢ > 0.
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A.6 Approximation of the integral expressions as
FIR filters using the compound midpoint rule

As described in Section 2.3.3, the integral expressions of the residual generator can
be interpreted as a convolution of a system variable and an integral kernel. Therefore,
it is reasonable that a discrete-time realization of these integral expressions with
sampled data leads to a convolution sum. An interesting investigation of different
numerical quadrature rules for the determination of the convolution sum can be
found in [50]. Based on these results, the compound midpoint rule is chosen for the
discrete-time realization of the integral expressions in the input and output filters
of the residual generators (2.50) respectively (2.157). Below, this approximation is
shown for a simple integral expression of the form

(n, y(#)1 = / D)yt — 1)dr, t>T (A.34)

0

with n(r) € R and y(t) € R. The compound midpoint rule (see, e.g., [51]) is a
simple but efficient numerical quadrature, which leads to a good approximation of
the integral expression for a sufficient number of sampling points in the moving
horizon I; = [t — T, t]. Assume an equidistant sampling of y(¢) at the sampling points
ty = kT,, k € N, with the sampling period T, € R*, which satisfies N, = T//Ts so
that Ny € N holds. Thus, (A.34) can be represented as a sum of integrals

N.—1 (i+1)Ts
oy =3 / n(F)y(t — r)dr, ¢>T. (A.35)
=0 7,

Assume that Ty is sufficiently small so that the integrand of (A.35) can be assumed
to be constant on a period 7 € (iTs, (i + 1)Ty), i.e.,

n(Hyt—71)=n((i+12)T)y(t—(i+12)Ts), 7€ (iTs,(i+1)Ts) (A.36)

holds. Hence, the integrals in (A.35) can be computed as the area of the resulting
rectangle, which is given by
(i+1)Ts
n(1)y(t —r)dr = Tin ((i +1/2) Ts) y (t = (i + 1/2) T) (A.37)

T
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for i =0,. — 1. Thus, (A.35) can be approximated by
N.—1
(n,y(t))1 = Ts Z n((i+12)T)yt—(G+1Y2)T,), t>T. (A.38)
i=0

To take into account that y(¢) is only known at the time steps y(kTs), k € N, (A.38)
must be evaluated at ¢t = (k + 1/2) Ts, which yields

(n,y ((k +1Y/2) To)r = T, Z Rifr—i» k> Ny (A.39)

with n; = n ((i + 1/2) Ts) and gg—; = y ((k — i)Ts). Thus, the compound midpoint
rule approximates the time-continuous integral expression (A.34) by a linear difference
equation with constant coefficients and compensates a half sampling period. In
view of, e.g, [64, Section 2.4.2], the right-hand side in (A.39) exhibits the form of a
FIR filter. The implementation of matrix valued integral kernels and vector valued
signals can be achieved component-wise using the above described approach.

A.7 Derivation of the input-output expression
(3.20)

Apply (3.17a) to (3.1a) resulting in

(m,0,x(t))o1 = (m,T0w(t)) a1 + (m, Az(t))o1 + (m, Aoz~ (0,t))a1
+ (m, Dl (t)))a1 + (m, Hyw(t))ox + (m, Biu(t))a
+(m, E1f () a1 + (m, Gid(t))o (A.40)
with D[z fo 2(¢,t)d¢. In order to eliminate the terms in (A.40)

dependmg on :v(z t), at ﬁrst apply integration by parts with respect to z for the
left-hand-side in (A.40), yielding

(m, 0,x(t))a1 = (m(1),z(1,t))1 — (m(0),z(0,t))1 — (0.m, x(t))a,1- (A.41)

)

Similarly, for an integration by parts with respect to 7 for the first term in the
right-hand-side of (A.40), use 0yz(z,t — 1) = —0;x(z,t — 7). This leads to

(m, ot = (LT m(T), 2(t — T — (T m(0), 2(t))e
— (T oym, z(t))ar. (A.42)
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Consequently, the unknown states x(z,t) and x(z,t — T) in the initial and end value
terms in (A.42) vanish due to (3.23a). For the integral term in (A.40), changing the
order of integration, i.e.,

folfOZmT(z,T)D(z, ¢)x(¢,7)d¢dz = fol (leDT(C, z)m((n’)dC)T xz(z,7)dz (A.43)
leads to
(m, Dlz])a1 = (D*[m],x)a.1, (A.44)

where D* (see (3.24)) is the formal adjoint of D. Then, using (A.41), (A.42) with
(3.23a), (A.44) in (A.40) and straightforward manipulations to shift the remaining
matrices to the other arguments yields
(~0.m — T,m — ATm = D*[m], 2(t)) s = (m(0),2(0, ) — (m(1),2(1, )
+ ((Ao,m)a, 2™ (0, )1 + ((H1,m)a, w(t))a1 + ((Bi,m)a, u(t))a1
+ ((E1,m)a, f(t))a1 + ((G1,m)a,d(t))a,1 (A.45)
Hence, (A.45) becomes independent of x(z,t) if (3.22a) holds. The BCs (3.1b) and
(3.1c) can be utilized to simplify «(0,t) and x(1,¢) in (A.45). In view of (3.4) and
the BCs (3.1b) as well as (3.1c) the result
z(0,t) = J| (Koz™(0,t) + Haw(t) + Bou(t)
+ Eof(t) + Gad(t)) + J 27 (0,1) (A.46a)
z(1,t) = J ot (L,t) + JL (Kot (1,8) + Bau(t) + Esf(t) + Gad(t))  (A.46b)

is obtained. Consequently, the terms with x(0,¢) and x(1,¢) in (A.45) become
(m(0), (0, ) = (K T + ) m(0), &~ (0,0))1 + (HJ Ty m(0), w(t))x
(B Jom(0), ult))s + (B Jym(0), £ + (GI Jym(0), d(t)r (A47a)
as well as

(m(1), (1, 6))r = ((K{ J- + J) m(1L), 2™ (1L, 6)1 + (By J-m(1), u(t)):
+ (BT J_m(1), (O + (GF J-m(1), d(t))r. (A.47b)
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Using m™(z,7) = J_m(z,7) and m™(z,7) = Jym(z,7) as well as inserting (3.22a)
and (A.47) in (A.45),

= ({Ao, m)q + Kg m*(0) +m™(0),2 (0, 8))r — (K m™ (1) +m* (1), 2" (L))
o+ Hym +(0)7w()>

+ ((Hy,m)

+ ((By,m)q + By m*(0) — “(1),u(t))h

+ ((Ex, >Q+E (0) —E?,Tm*(l),f(t)h

+ ((G1.m)o m*(0) = G3m™ (1), d(t))r (A.48)
results.

The result (A.48) still depends on the lumped state w(t). In order to eliminate it,
apply the transformation (3.17b) to (3.1d) and use the substitution dyw(t — 7) =
—0;w(t — 7). This yields

_<Qw7a7'w(t)>1 = <Fqu7w(t)>I + <LS—wax_ (07t)>1 + <B:1|—Qw7u(t)>1
+ (B quw, f ()1 + (G g, (1)1 (A.49)
For the left-hand side in (A.49), integration by parts leads to
(qu, Orw(t))1 = —(Gu,w(t))1 (A.50)

with G (7) = 0-qu (7) if qu(7) satisfies (3.23b). Then, taking (A.50) in (A.49) into
account,

<(1w - FTC]w7w(t)>I = (L;—qw,x_ (07t)>1 + <B;quw,u(t)>1
+ (B qu, f ()1 + (G4 qu, d(t))1 (A.51)

results. In view of (3.22b), the first term on the right-hand side in (A.48) becomes

((Ag,m)q + KOTer(O) +m~(0),27(0,¢))r
= f(L;—qw,x*(O,t)h + <Cg—n, x~(0,8))1. (A.52)

To incorporate the output equation (3.1e) in (A.52), apply (3.17d) to (3.1e) to obtain
(Cg nya™(0,8))1 = (n,y(t)1 — (B3 n, f()1 — (G5 n,d(t))r — (C n,w(t))r (A.53)

after shifting the matrices to the integral kernels and solving for the term dependent
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on x~(0,¢). By inserting (A.51) and (A.53) in (A.52),

(Ao, m)a + Kg m*(0) +m™(0),7 (0, 1)1
= (F " qu — qus w(t))1 + (BJ qu, u(t))1 + (B qu, [ (1)1 + (G g, d(t))r
+ (n,y ()1 — (E5 n, f(£)1 — (G5 n,d(t))1 — (Cf n,w(t))r (A.54)

With (A.54), (A.48) reads as

0= (n,y(t))1 — (K m™ (1) + m* (1), 27 (1, )1

+ ((H1,m)q + Hy m +( )+ F T quw — du — C n,w(t))r

+ ((B1,m)a + By m*(0) = By m™ (1) + B qu, u(t))1

+ ((By,m)a + E4m (0) Efm~ (1) + E{ qu — B3 n, f(t)1

+ ((G1,mYyq + Gym™T(0) = G3m™ (1) + G4 qu — G2 n,d(t))1, (A.55)

after sorting the terms according to the system variables w(t), u(t), f(¢) and d(t).
Hence, (A.55) becomes independent of w(t) if (3.22d) holds (see second line in (A.55))
and independent of x7(1,t) if (3.22¢) holds. Subsequently and by consideration of
(3.21a) and (3.21b) in (A.55),

0= (n,y(t)1 + (mu, u(t))r — (myg, f(£))1 + (ma, d(t))x (A.56)
follows, in which mg(7) is
ma(t) = (G1,m(1))q + GgmT(0,7) — Ggm™(1,7) + G qu(7) — Ga n(r). (A.57)
In light of (2.13) and (3.21c),
0= (n,y(6))1 + (mu, u(®))1 + (my, f(E)1 + (mg, d(t))1 + (G ma,d(t)r  (A.58)

is obtained. This can be decoupled from the term dependent on d(t) by inserting
(2.15b), yielding

(GTmg,d(t))1 = (R] GTmg,va(t))1. (A.59)

Applying (3.17¢) to (2.15a), the substitution v4(t—7) = —d,vq(t—7) and integration
by parts lead to

(4a — S4 qa,va(7))1 =0 (A.60)

with G4(7) = drqa(7) in view of (3.23¢). Thus, (G mg,d(t))1 = 0 results from
(3.22¢) in view of (A.57). Finally (3.20) is obtained.
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A.8 Derivation for (3.85)

To derive ©;(7) in (3.85), the spatial reversal Z = 1 — z is applied to (3.21c) and
n(7) following from solving (3.27c) for n(r) is inserted. Then, by replacing m(7) by
the inverse backstepping transformation (3.31), m;(7) can be expressed by

T
ma(r) = / G (22, 7)dz + Gom=(0,7) + Cari(1,7) + Gag(r)  (A61)

with
Gi(z) = -GT (GJ (Co) " AJ(2) = GL () + (6T (€)™ (I + T K)

1

— GF ) K(1,2) + / (@3 (C3) " A (© - GI(O)RI(c,z)M) (A-62a)

z

Go=-GTGJ (A.62D)
Gy =GT (617, —GL (C]) ™ (J- + KJ 7)) (A.62)
Gi=GT (6] - 6T (c]) " L) Ju. (A.62d)

By replacing m(z,7), m~(0,7) and ¢(7) in (A.61) with (3.54b), (3.53) and (3.54a),

mg(r) = Zq / XT,(2)U[dig)(2, 7)dz + X§,dip(r) + XS, U[diy)(1L,7)  (A.63)
1=0 0

is obtained, where the matrices are given by
szz(z) = él(z)ai + C:731}71‘]?31(2) (A.64a)
Xg,,: = Gha; + GuFiBy (A.64Db)
Xéi,i = éSGi + é4FiBS (A.64c)
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and an = 0 is used. Finally, insert (3.70) in (A.63) and subsequently (3.74), which
yields

Ng 1
0,1 =Y | [ idel e+ X die() + X vlaie)r) | 6t
=0\

(A.65)



Bibliography 169

Bibliography

[10]

O. M. Aamo. “Leak detection, size estimation and localization in pipe flows”.
In: IEEE Transactions on Automatic Control 61 (2015), pp. 246-251 (cit. on
p. 3).

A. Aldoghaither, D.-Y. Liu, and T.-M. Laleg-Kirati. “Modulating functions
based algorithm for the estimation of the coefficients and differentiation order

for a space-fractional advection-dispersion equation”. In: SIAM Journal on
Scientific Computing 37 (2015), A2813-A2839 (cit. on p. 7).

Y. Aoustin, M. Fliess, H. Mounier, P. Rouchon, and J. Rudolph. “Theory
and practice in the motion planning and control of a flexible robot arm using
Mikusinski operators”. In: Proc. of the Fifth IFAC Symposium on Robot
Control. Vol. 2. 1997, pp. 287-293 (cit. on pp. 2, 5, 11).

A. Armaou and M. A. Demetriou. “Robust detection and accommodation of
incipient component and actuator faults in nonlinear distributed processes”.
In: American Institute of Chemical Engineers Journal 54 (2008), pp. 2651—
2662 (cit. on p. 3).

S. Asiri and T.-M. Laleg-Kirati. “Modulating functions-based method for
parameters and source estimation in one-dimensional partial differential

equations”. In: Inverse Problems in Science and Engineering 25 (2017),
pp. 1191-1215 (cit. on p. 8).

B. Atkinson. Biochemical Reactors. London: Pion Limited, 1974 (cit. on pp. 2,
11).

M. J. Balas. “Active control of flexible systems”. In: Journal of Optimization
Theory and Applications 25 (1978), pp. 415-436 (cit. on pp. 2, 11).

H. T. Banks, R. C. Smith, and Y. Wang. Smart Material Structures: Modeling,
Estimation and Control. Chichester: John Wiley & Sons/Masson, 1996 (cit. on
pp. 2, 11).

H. Baruh. “Actuator failure detection in the control of distributed systems”.
In: Journal of Guidance, Control, and Dynamics 9 (1986), pp. 181-189 (cit. on
p. 2).

G. Bastin and J.-M. Coron. Stability and Boundary Stabilization of 1-d
Hyperbolic Systems. Basel: Birkhduser, 2016 (cit. on pp. 2, 89, 91).


http://dx.doi.org/10.1137/15m1008993
http://dx.doi.org/10.1137/15m1008993
http://dx.doi.org/10.1137/15m1008993
http://anas.m.free.fr/tipe/Quanta/syrocco.pdf
http://anas.m.free.fr/tipe/Quanta/syrocco.pdf
http://anas.m.free.fr/tipe/Quanta/syrocco.pdf
http://dx.doi.org/10.1002/aic.11539
http://dx.doi.org/10.1002/aic.11539
http://dx.doi.org/10.1080/17415977.2016.1240793
http://dx.doi.org/10.1080/17415977.2016.1240793
http://dx.doi.org/10.1080/17415977.2016.1240793

170

Bibliography

[11]

[12]

[13]

[21]

[22]

[23]

D. S. Bernstein. Matriz Mathematics: Theory, Facts, and Formulas with
Application to Linear Systems Theory. New Jersey: Princeton University
Press, 2009 (cit. on pp. 9, 30, 46, 52, 74, 75, 80, 81, 140, 159).

M. Blanke, M. Kinnaert, J. Lunze, and M. Staroswiecki. Diagnosis and
Fault-Tolerant Control. Berlin: Springer, 2016 (cit. on pp. 2, 18, 19).

M. Béhm, M. Krstic, S. Kiichler, and O. Sawodny. “Modeling and boundary
control of a hanging cable immersed in water”. In: Journal of Dynamic
Systems, Measurement, and Control 136 (2014). Article 011006 (cit. on
p. 116).

F. Bribiesca-Argomedo and M. Krstic. “Backstepping-forwarding control
and observation for hyperbolic PDEs with fredholm integrals”. In: IFEE
Transactions on Automatic Control 60 (2015), pp. 2145-2160 (cit. on p. 93).

J. Cai, H. Ferdowsi, and J. Sarangapani. “Model-based fault detection, esti-
mation, and prediction for a class of linear distributed parameter systems”.
In: Automatica 66 (2016), pp. 122-131 (cit. on p. 3).

C.-T. Chen. Linear System Theory and Design. New York: Oxford University
Press, Inc., 1999 (cit. on pp. 2, 34, 59, 74, 76, 141, 160).

O. B. Cieza, J. C. Tafur, and J. Reger. “Frequency domain modulating
functions for continuous-time identification of linear and nonlinear systems”.
In: 16th Latinamerican Control Conference. Quintana Roo, Mexico, 2014,
pp. 690-695 (cit. on p. 7).

R. F. Curtain and H. Zwart. An Introduction to Infinite-dimensional Linear
Systems Theory. New York: Springer-Verlag, 2012 (cit. on p. 13).

C. M. Dafermos. Hyperbolic Conservation Laws in Continuum Physics. Berlin:
Springer-Verlag, 2010 (cit. on pp. 91-93, 120).

M. A. Demetriou. “A model-based fault detection and diagnosis scheme for
distributed parameter systems: A learning systems approach”. In: ESAIM:
Control, Optimisation and Calculus of Variations 7 (2002), pp. 43-67 (cit. on
p. 3).

M. A. Demetriou and A. Armaou. “Dynamic online nonlinear robust detection
and accommodation of incipient component faults for nonlinear dissipative
distributed processes”. In: International Journal of Robust and Nonlinear
Control 22 (2012), pp. 3-23 (cit. on p. 3).

M. A. Demetriou, K. Ito, and R. C. Smith. “Adaptive monitoring and ac-
commodation of nonlinear actuator faults in positive real infinite dimensional
systems”. In: IEEE Transactions on Automatic Control 52 (2007), pp. 2332—
2338 (cit. on p. 3).

J. Deutscher. “Fault detection for linear distributed-parameter systems using

finite-dimensional functional observers”. In: International Journal of Control
89 (2016), pp. 550-563 (cit. on p. 3).


https://worldcat.org/isbn/9780691140391
https://worldcat.org/isbn/9780691140391
http://dx.doi.org/10.1007/978-3-662-47943-8
http://dx.doi.org/10.1007/978-3-662-47943-8
http://dx.doi.org/10.1115/1.4024604
http://dx.doi.org/10.1115/1.4024604
http://dx.doi.org/10.1109/tac.2015.2398882
http://dx.doi.org/10.1109/tac.2015.2398882
http://dx.doi.org/10.1016/j.automatica.2015.12.028
http://dx.doi.org/10.1016/j.automatica.2015.12.028
https://worldcat.org/isbn/0195117778
http://dx.doi.org/10.1007/978-3-642-04048-1

Bibliography 171

[24]

J. Deutscher and J. Gabriel. “A backstepping approach to output regulation
for coupled linear wave-ODE systems”. In: Automatica 123 (2021). Article
109338 (cit. on p. 93).

J. Deutscher, N. Gehring, and R. Kern. “Output feedback control of general
linear heterodirectional hyperbolic PDE-ODE systems with spatially-varying
coefficients”. In: International Journal of Control 92 (2018), pp. 2274-2290
(cit. on p. 101).

S. Dey and S. J. Moura. “Robust fault diagnosis of uncertain one-dimensional
wave equations”. In: 57th IEEE Conference on Decision and Control. Miami
Beach, Florida, USA, 2018, pp. 2902-2907 (cit. on p. 3).

S. Dey, H. E. Perez, and S. J. Moura. “Robust fault detection of a class of
uncertain linear parabolic PDEs”. In: Automatica 107 (2019), pp. 502-510
(cit. on p. 3).

S. X. Ding. Model-based Fault Diagnosis Techniques: Design Schemes, Al-
gorithms, and Tools. Berlin: Springer-Verlag, 2008 (cit. on pp. 2, 15, 16,
59).

V. Duindam, A. Macchelli, S. Stramigioli, and H. Bruyninckx. Modeling
and Control of Complex Physical Systems: The Port-Hamiltonian Approach.
Berlin: Springer-Verlag, 2009 (cit. on p. 2).

S. K. Dwivedy and P. Eberhard. “Dynamic analysis of flexible manipulators, a
literature review”. In: Mechanism and Machine Theory 41 (2006), pp. 749-777
(cit. on p. 2).

M. Eckert, M. Kupper, and S. Hohmann. “Functional fractional calculus
for system identification of battery cells”. In: at-Automatisierungstechnik 62
(2014), pp. 272281 (cit. on p. 7).

N. H. El-Farra. “Integrated fault detection and fault-tolerant control archi-
tectures for distributed processes”. In: Industrial & Engineering Chemistry
Research 45 (2006), pp. 8338-8351 (cit. on p. 2).

Y. Feng, Y. Wang, B.-C. Wang, and H.-X. Li. “Spatial decomposition-based
fault detection framework for parabolic-distributed parameter processes”. In:
IEEFE Transactions on Cybernetics (2021), pp. 1-9 (cit. on p. 3).

Y. Feng, Y. Wang, J.-W. Wang, H.-X. Li, and S. X. Ding. “Spatio-temporal
fault localization for nonlinear spatially distributed processes: a spatial map-
ping filter-based framework”. In: International Journal of Robust and Non-
linear Control 31 (2021), pp. 6953-6971 (cit. on p. 3).

N. Gehring, C. Stauch, and J. Rudolph. “Parameter identification, fault
detection and localization for an electrical transmission line”. In: Furopean

Control Conference. Alborg, Denmark, 2016, pp. 2090-2095 (cit. on p. 3).


http://dx.doi.org/10.1016/j.automatica.2020.109338
http://dx.doi.org/10.1016/j.automatica.2020.109338
http://dx.doi.org/10.1080/00207179.2018.1436770
http://dx.doi.org/10.1080/00207179.2018.1436770
http://dx.doi.org/10.1080/00207179.2018.1436770
http://dx.doi.org/10.1016/j.automatica.2019.06.014
http://dx.doi.org/10.1016/j.automatica.2019.06.014
http://dx.doi.org/10.1007/978-1-4471-4799-2
http://dx.doi.org/10.1007/978-1-4471-4799-2
http://dx.doi.org/10.1016/j.mechmachtheory.2006.01.014
http://dx.doi.org/10.1016/j.mechmachtheory.2006.01.014
http://dx.doi.org/10.1109/tcyb.2021.3049453
http://dx.doi.org/10.1109/tcyb.2021.3049453
http://dx.doi.org/10.1002/rnc.5650
http://dx.doi.org/10.1002/rnc.5650
http://dx.doi.org/10.1002/rnc.5650

172

Bibliography

[36]

[37]

[38]

L. Ghaffour, M. Noack, J. Reger, and T.-M. Laleg-Kirati. “Non-asymptotic
state estimation of linear reaction diffusion equation using modulating func-
tions”. In: 21th World Congress of the International Federation of Automatic
Control. Berlin, Germany, 2020, pp. 4196-4201 (cit. on p. 8).

S. Ghantasala and N. H. El-Farra. “Robust actuator fault isolation and
management in constrained uncertain parabolic PDE systems”. In: Automatica
45 (2009), pp. 2368-2373 (cit. on pp. 2, 3).

W. B. Gu and C. Y. Wang. “Thermal-electrochemical modeling of battery
systems”. In: Journal of The Electrochemical Society 147 (2000), pp. 2910—
2922 (cit. on p. 11).

H. Hao, S. X. Ding, A. Haghani, and S. Yin. “An observer-based fault
detection scheme for distributed parameter systems of hyperbolic type and its
application in paper production process”. In: 8th IFAC Symposium on Fault
Detection, Supervision and Safety for Technical Processes, SAFEPROCESS.
Mexico City, Mexico, 2012, pp. 1047-1052 (cit. on p. 2).

L. Hu, F. Di Meglio, R. Vazquez, and M. Krstic. “Control of homodirectional
and general heterodirectional linear coupled hyperbolic PDEs”. In: I[EEE
Transactions on Automatic Control 61 (2016), pp. 3301-3314 (cit. on pp. 90,
91, 122).

L. Hu, R. Vazquez, F. Di Meglio, and M. Krstic. “Boundary exponential
stabilization of 1-dimensional inhomogeneous quasi-linear hyperbolic systems”.
In: SIAM Journal on Control and Optimization 57 (2019), pp. 963-998 (cit. on
pp. 7, 91, 99-103, 111, 122, 134).

R. Isermann. Fault-Diagnosis Systems: An Introduction from Fault Detection
to Fault Tolerance. Berlin: Springer—Verlag, 2006 (cit. on p. 2).

R. Isermann and P. Ballé. “Trends in the application of model-based fault
detection and diagnosis of technical processes”. In: Control Engineering
Practice 5 (1997), pp. 709-719 (cit. on p. 1).

H. A. Jakobsen. Chemical Reactor Modeling. Cham: Springer International
Publishing, 2014 (cit. on pp. 2, 11).

K. F. Jensen and W. H. Ray. “The bifurcation behavior of tubular reactors”.
In: Chemical Engineering Science 37 (1982), pp. 199-222 (cit. on pp. 2, 11).

J. Jouffroy and J. Reger. “Finite-time simultaneous parameter and state
estimation using modulating functions”. In: IEEE Conference on Control
Applications. Sydney, Australia, 2015, pp. 394-399 (cit. on pp. 8, 20).

R. M. Kern. “Design and Experimental Validation of Output Feedback Track-
ing Controllers for a Pneumatic System with Distributed Parameters”. PhD
thesis. Minchen: Technische Universitdt Minchen, 2019 (cit. on pp. 2, 91).


http://dx.doi.org/10.1016/j.ifacol.2020.12.2570
http://dx.doi.org/10.1016/j.ifacol.2020.12.2570
http://dx.doi.org/10.1016/j.ifacol.2020.12.2570
http://dx.doi.org/10.1149/1.1393625
http://dx.doi.org/10.1149/1.1393625
http://dx.doi.org/10.3182/20120829-3-mx-2028.00124
http://dx.doi.org/10.3182/20120829-3-mx-2028.00124
http://dx.doi.org/10.3182/20120829-3-mx-2028.00124
http://dx.doi.org/10.1109/tac.2015.2512847
http://dx.doi.org/10.1109/tac.2015.2512847
http://dx.doi.org/10.1137/15m1012712
http://dx.doi.org/10.1137/15m1012712
http://dx.doi.org/10.1007/3-540-30368-5
http://dx.doi.org/10.1007/3-540-30368-5
http://dx.doi.org/10.1016/s0967-0661(97)00053-1
http://dx.doi.org/10.1016/s0967-0661(97)00053-1
http://dx.doi.org/10.1007/978-3-319-05092-8
http://dx.doi.org/10.1016/0009-2509(82)80155-3

Bibliography 173

[48]

L. Kiltz. “Algebraische Ableitungsschétzer in Theorie und Anwendung”. PhD
thesis. Saarbriicken: Naturwissenschaftlich-Technische Fakultat der Univer-
sitdt des Saarlandes, 2018 (cit. on pp. 56, 154).

L. Kiltz, C. Join, M. Mboup, and J. Rudolph. “Fault-tolerant control based
on algebraic derivative estimation applied on a magnetically supported plate”.
In: Control Engineering Practice 26 (2014), pp. 107115 (cit. on pp. 8, 20).

L. Kiltz, M. Mboup, and J. Rudolph. “Fault diagnosis on a magnetically
supported plate”. In: 2012 1st International Conference on Systems and
Computer Science (ICSCS). IEEE. 2012, pp. 1-6 (cit. on p. 162).

A. R. Krommer and C. W. Ueberhuber. Computational Integration. Philadel-
phia: STAM, 1998 (cit. on pp. 56, 162).

M. Krstic and A. Smyshlyaev. Boundary Control of PDEs: A Course on
Backstepping Designs. Philadelphia: STAM, 2008 (cit. on pp. 2, 7, 93, 101).

B. Laroche, P. Martin, and P. Rouchon. “Motion planning for the heat
equation”. In: International Journal of Robust and Nonlinear Control 10
(2000), pp. 629-643 (cit. on p. 6).

J. Levine. Analysis and Control of Nonlinear Systems: A Flatness-Based
Approach. Berlin: Springer, 2009 (cit. on p. 6).

D.-Y. Liu, O. Gibaru, and W. Perruquetti. “Error analysis of Jacobi derivative
estimators for noisy signals”. In: Numerical Algorithms 58 (2011), pp. 53-83
(cit. on p. 8).

J. Loeb and G. Cahen. “More about process identification”. In: IEEE Trans-
actions on Automatic Control 10 (1965), pp. 359-361 (cit. on p. 7).

A. Lomakin and J. Deutscher. “Algebraic fault detection and identification
for rigid robots”. In: 2020 IEEE International Conference on Robotics and
Automation. Paris, France, 2020, pp. 9352-9358 (cit. on p. 8).

A. Lomakin and J. Deutscher. “Fault detection and identification for nonlinear
MIMO systems using derivative estimation”. In: IFAC-PapersOnLine 53
(2020), pp. 658-663 (cit. on p. 8).

Z.-H. Luo, B.-Z. Guo, and O. Morgiil. Stability and Stabilization of Infinite
Dimensional Systems with Applications. London: Springer-Verlag, 1999 (cit.
on pp. 2, 89, 91).

A. F. Lynch and J. Rudolph. “Flatness-based boundary control of a class

of quasilinear parabolic distributed parameter systems”. In: International
Journal of Control 75 (2002), pp. 1219-1230 (cit. on p. 39).

M. Mboup, C. Join, and M. Fliess. “Numerical differentiation with annihilators
in noisy environment”. In: Numerical Algorithms 50 (2008), pp. 439-467 (cit.
on p. 8).


http://dx.doi.org/10.1016/j.conengprac.2014.01.009
http://dx.doi.org/10.1016/j.conengprac.2014.01.009
http://dx.doi.org/10.1007/s11075-011-9447-8
http://dx.doi.org/10.1007/s11075-011-9447-8
http://dx.doi.org/10.1109/icra40945.2020.9197561
http://dx.doi.org/10.1109/icra40945.2020.9197561
http://dx.doi.org/10.1016/j.ifacol.2020.12.811
http://dx.doi.org/10.1016/j.ifacol.2020.12.811
http://dx.doi.org/https://doi.org/10.1080/00207170210163640
http://dx.doi.org/https://doi.org/10.1080/00207170210163640
http://dx.doi.org/10.1007/s11075-008-9236-1
http://dx.doi.org/10.1007/s11075-008-9236-1

174

Bibliography

[66]

[67]

[68]

[69]

[70]

T. Meurer. Control of Higher-dimensional PDEs: Flatness and Backstepping
Designs. Berlin: Springer-Verlag, 2012 (cit. on pp. 2, 6, 33, 153).

J. Mikusinski. Operational Calculus, Vol. 1. Oxford: Pergamon Press Ltd.,
1983 (cit. on p. 33).

A. V. Oppenheim, A. S. Willsky, and S. H. Nawab. Signals € Systems. London:
Prentice-Hall, 1997 (cit. on p. 163).

A. Othmane, H. Mounier, and J. Rudolph. “Parametrization of algebraic differ-
entiators for disturbance annihilation with an application to the differentiation
of quantized signals”. In: 24th International Symposium on Mathematical
Theory of Networks and Systems. Cambridge, United Kingdom, 2021, pp. 335—
340 (cit. on p. 8).

A. Othmane and J. Rudolph. “Data and computation efficient model-based
fault detection for rolling element bearings using numerical differentiation”.

In: 5th International Conference on Control and Fault-Tolerant Systems.
Saint-Raphaél, France, 2021 (cit. on p. 8).

F. J. Perdreauville and R. E. Goodson. “Identification of systems described
by partial differential equations”. In: Journal of Basic Engineering 88 (1966),
pp. 463-468 (cit. on p. 7).

N. Petit and P. Rouchon. “Flatness of heavy chain systems”. In: SIAM Journal
on Control and Optimization 40 (2001), pp. 475-495 (cit. on pp. 2, 91).

G. Pin, B. Chen, and T. Parisini. “Robust deadbeat continuous-time observer
design based on modulation integrals”. In: Automatica 107 (2019), pp. 95-102
(cit. on p. 8).

H. A. Preisig and D. W. T. Rippin. “Theory and application of the modulating
function method-I. Review and theory of the method and theory of the spline-
type modulating functions”. In: Computers & Chemical Engineering 17 (1993),
pp. 1-16 (cit. on pp. 7, 20).

W. Ray. Advanced Process Control. New York, USA: McGraw-Hill, 1981
(cit. on p. 11).

L. Rodino. Linear Partial Differential Operators in Gevrey Spaces. Singapore:
World Scientific Publishing, 1993 (cit. on pp. 39, 76).

J. Rudolph. Beitrige zur flachheitsbasierten Folgeregelung linearer und nicht-
linearer Systeme endlicher und unendlicher Dimension. Aachen: Shaker Verlag,
2003 (cit. on pp. 6, 33).

J. Rudolph. Flatness-Based Control: An Introduction. Diiren: Shaker Verlag,
2021 (cit. on p. 6).


http://dx.doi.org/10.1007/978-3-642-30015-8
http://dx.doi.org/10.1007/978-3-642-30015-8
https://worldcat.org/isbn/9781483278933
http://dx.doi.org/10.1016/j.ifacol.2021.06.091
http://dx.doi.org/10.1016/j.ifacol.2021.06.091
http://dx.doi.org/10.1016/j.ifacol.2021.06.091
http://dx.doi.org/doi:10.1115/1.3645880
http://dx.doi.org/doi:10.1115/1.3645880
http://dx.doi.org/10.1137/s0363012900368636
http://dx.doi.org/10.1016/j.automatica.2019.04.048
http://dx.doi.org/10.1016/j.automatica.2019.04.048
https://books.google.de/books?id=02bcuV7ObvYC&pg=PR6&hl=de&source=gbs_selected_pages&cad=2#v=onepage&q&f=false
http://dx.doi.org/http://dx.doi.org/10.22028/D291-34336

Bibliography 175

[75]

J. Rudolph and F. Woittennek. “Motion planning and open loop control
design for linear distributed parameter systems with lumped controls”. In:
International Journal of Control 81 (2008), pp. 457-474 (cit. on pp. 6, 7, 13,
33, 34, 36, 40, 103, 105, 155, 159, 160).

C. Sagert, F. Di Meglio, M. Krstic, and P. Rouchon. “Backstepping and
flatness approaches for stabilization of the stick-slip phenomenon for drilling”.
In: 5th IFAC Symposium on System Structure and Control. Vol. 46. Grenoble,
France, Elsevier BV, 2013, pp. 779-784 (cit. on p. 91).

C. Schmid. Parameteridentifikation fir zeitkontinuierliche Systeme mittels
signalmodellgenerierter Modulationsfunktionen. Berichte aus der Steuerungs-
und Regelungstechnik. Aachen: Shaker Verlag, 2011 (cit. on p. 8).

C. Schmid and G. Roppenecker. “Parameteridentifikation fiir LTI-
Systeme mit Hilfe signalmodellgenerierter Modulationsfunktionen”. In: at-
Automatisierungstechnik 59 (2011), pp. 521-528 (cit. on pp. 8, 20).

J. Schrock, T. Meurer, and A. Kugi. “Control of a flexible beam actuated
by macro-fiber composite patches: I. Modeling and feedforward trajectory
control”. In: Smart Materials and Structures 20 (2010), pp. 1-7 (cit. on pp. 47,
48, 56, 83).

J. Schrock, T. Meurer, and A. Kugi. “Motion planning for piezo-actuated
flexible structures: Modeling, design, and experiment”. In: IEEE Transactions
on Control Systems Technology 21 (2013), pp. 807-819 (cit. on p. 11).

M. Shinbrot. “On the analysis of linear and nonlinear dynamical systems from
transient-response data”. In: National Advisory Commitee for Aeronautics
Technical Note 3288 (1954) (cit. on p. 7).

H. Sira-Ramirez and S. K. Agrawal. Differentially Flat Systems. New York:
Dekker, 2004 (cit. on pp. 6, 75, 141).

T. Meurer and A. Kugi. “Tracking control for boundary controlled parabolic
PDEs with varying parameters: combining backstepping and differential
flatness”. In: Automatica 45 (2009), pp. 1182-1194 (cit. on p. 7).

S.-X. Tang, L. Camacho-Solorio, Y. Wang, and M. Krstic. “State-of-charge
estimation from a thermal-electrochemical model of lithium-ion batteries”.
In: Automatica 83 (2017), pp. 206-219 (cit. on p. 11).

E.C. Titchmarsh. “The zeros of certain integral functions”. In: Proceedings of
the London Mathematical Society 25 (1926), pp. 283-302 (cit. on p. 27).

L. N. Trefethen. Spectral Methods in MATLAB. Oxford: STAM, 2000 (cit. on
pp. 123, 146).

J. Wang and M. Krstic. “Vibration suppression for coupled wave PDEs in
deep-sea construction”. In: IEEFE Transactions on Control Systems Technology
29 (2020), pp. 1-17 (cit. on pp. 91, 116, 118-121, 143).


http://dx.doi.org/10.1080/00207170701561435
http://dx.doi.org/10.1080/00207170701561435
http://dx.doi.org/10.3182/20130204-3-fr-2033.00126
http://dx.doi.org/10.3182/20130204-3-fr-2033.00126
https://www.shaker.de/de/content/catalogue/index.asp?lang=de&ID=8&ISBN=978-3-8440-0587-5
https://www.shaker.de/de/content/catalogue/index.asp?lang=de&ID=8&ISBN=978-3-8440-0587-5
http://dx.doi.org/10.1088/0964-1726/20/1/015015
http://dx.doi.org/10.1088/0964-1726/20/1/015015
http://dx.doi.org/10.1088/0964-1726/20/1/015015
http://dx.doi.org/10.1109/tcst.2012.2196043
http://dx.doi.org/10.1109/tcst.2012.2196043
https://worldcat.org/isbn/9780824754709
http://dx.doi.org/10.1016/j.automatica.2009.01.006
http://dx.doi.org/10.1016/j.automatica.2009.01.006
http://dx.doi.org/10.1016/j.automatica.2009.01.006
http://dx.doi.org/10.1016/j.automatica.2017.06.030
http://dx.doi.org/10.1016/j.automatica.2017.06.030
http://dx.doi.org/10.1112/plms/s2-25.1.283
http://dx.doi.org/10.1109/tcst.2020.3009660
http://dx.doi.org/10.1109/tcst.2020.3009660

176

Bibliography

[83]

J. Wang, Y. Pi, and M. Krstic. “Balancing and suppression of oscillations of
tension and cage in dual-cable mining elevators”. In: Automatica 98 (2018),
pp. 223-238 (cit. on pp. 2, 91).

Ji Wang, Shu-Xia Tang, and Miroslav Krstic. “Adaptive output-feedback
control of torsional vibration in off-shore rotary oil drilling systems”. In:
Automatica 111 (2020). Article 108640 (cit. on p. 91).

X. Wei, D.-Y. Liu, and D. Boutat. “Non-asymptotic pseudo-state estimation
for a class of fractional order linear systems”. In: IEEE Transactions on
Automatic Control (2016) (cit. on p. 8).

Y.-Q. Wei, D.-Y. Liu, and D. Boutat. “Innovative fractional derivative esti-
mation of the pseudo-state for a class of fractional order linear systems”. In:
Automatica 99 (2019), pp. 157-166 (cit. on p. 8).

D. V. Widder. The Laplace Transform. Princeton: Princeton University Press,
1946 (cit. on p. 112).

F. Woittennek. Beitrige zum Steuerungsentwurf fir lineare, ortlich verteilte
Systeme mit konzentrierten Stelleingriffen. Berichte aus der Steuerungs- und
Regelungstechnik. Aachen: Shaker Verlag, 2007 (cit. on pp. 6, 7, 13, 33, 36,
40, 41, 76, 94, 99, 155, 156).

F. Woittennek and H. Mounier. “Controllability of networks of spatially one-
dimensional second order PDEs — an algebraic approach”. In: STAM Journal
on Control and Optimization 48 (2010), pp. 3882-3902 (cit. on p. 7).

F. Woittennek and J. Rudolph. “Motion planning for a class of boundary
controlled linear hyperbolic PDE’s involving finite distributed delays”. In:
ESAIM: Control, Optimisation and Calculus of Variations 9 (2003), pp. 419-
435 (cit. on p. 103).

X. Xu and S. Dubljevic. “Optimal tracking control for a class of boundary
controlled linear coupled hyperbolic PDE systems: Application to plug flow
reactor with temperature output feedback”. In: Furopean Journal of Control
39 (2018), pp. 21-34 (cit. on p. 93).

X. Xu, Y. Yuan, M. Wang, M. Fu, and S. Dubljevic. “Fault detection and
estimation for a class of PIDE systems based on boundary observers”. In:
International Journal of Robust and Nonlinear Control 29 (2019), pp. 5867—
5885 (cit. on p. 3).


http://dx.doi.org/10.1016/j.automatica.2018.09.027
http://dx.doi.org/10.1016/j.automatica.2018.09.027
http://dx.doi.org/https://doi.org/10.1016/j.automatica.2019.108640
http://dx.doi.org/https://doi.org/10.1016/j.automatica.2019.108640
http://dx.doi.org/10.1016/j.automatica.2018.10.028
http://dx.doi.org/10.1016/j.automatica.2018.10.028
https://www.shaker.de/de/content/catalogue/index.asp?lang=de&ID=8&ISBN=978-3-8322-6138-2
https://www.shaker.de/de/content/catalogue/index.asp?lang=de&ID=8&ISBN=978-3-8322-6138-2
http://dx.doi.org/10.1051/cocv:2003020
http://dx.doi.org/10.1051/cocv:2003020
http://dx.doi.org/10.1016/j.ejcon.2017.11.004
http://dx.doi.org/10.1016/j.ejcon.2017.11.004
http://dx.doi.org/10.1016/j.ejcon.2017.11.004
http://dx.doi.org/10.1002/rnc.4700
http://dx.doi.org/10.1002/rnc.4700

Publications of the author 177

Publications of the author

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

F. Fischer and J. Deutscher. “Algebraic fault detection and isolation for
parabolic distributed-parameter systems using modulation functions”. In:
2nd IFAC Workshop on Control of Systems Governed by Partial Differential
Equations. Bertinoro, Italy, 2016, pp. 164-169 (cit. on pp. 4, 8, 13).

F. Fischer and J. Deutscher. “Fault detection for parabolic systems with
distributed inputs and outputs using the modulation function approach”. In:
20th World Congress of the International Federation of Automatic Control.
Toulouse, France, 2017, pp. 6968-6973 (cit. on pp. 13, 42).

F. Fischer and J. Deutscher. “Modulating function based fault detection for
parabolic systems with polynomial faults”. In: 10th IFAC Symposium on Fault
Detection, Supervision and Safety for Technical Processes, SAFEPROCESS.
Warsaw, Poland, 2018, pp. 359-366 (cit. on p. 15).

F. Fischer and J. Deutscher. “Flachheitsbasierte algebraische Fehlerdiagnose
fir einen Euler-Bernoulli-Balken mittels Modulationsfunktionen”. In: at-
Automatisierungstechnik 67 (2019), pp. 622-636 (cit. on p. 47).

F. Fischer and J. Deutscher. “Flatness-based algebraic fault diagnosis for
distributed-parameter systems”. In: Automatica 117 (2020). Article 108987
(cit. on pp. 4, 5, 13, 33, 42).

F. Fischer and J. Deutscher. “Flatness-based algebraic fault identification for
a wave equation with dynamic boundary conditions”. In: 21th World Congress
of the International Federation of Automatic Control. Berlin, Germany, 2020,
pp. 77377742 (cit. on pp. 4, 94).

F. Fischer and J. Deutscher. “Fault diagnosis for linear heterodirectional
hyperbolic ODE-PDE systems using backstepping-based trajectory planning”.
In: Automatica 135 (2022), p. 109952 (cit. on pp. 4, 5, 7).

F. Fischer, J. Deutscher, and T.-M. Laleg-Kirati. “Source estimation for first
order time-varying hyperbolic systems”. In: 23rd International Symposium
on Mathematical Theory of Networks and Systems. Hong Kong, China, 2018,
pp. 78-84 (cit. on p. 8).


http://dx.doi.org/10.1016/j.ifacol.2016.07.441
http://dx.doi.org/10.1016/j.ifacol.2016.07.441
http://dx.doi.org/10.1016/j.ifacol.2017.08.1195
http://dx.doi.org/10.1016/j.ifacol.2017.08.1195
http://dx.doi.org/https://doi.org/10.1016/j.ifacol.2018.09.602
http://dx.doi.org/https://doi.org/10.1016/j.ifacol.2018.09.602
http://dx.doi.org/10.1515/auto-2019-0035
http://dx.doi.org/10.1515/auto-2019-0035
http://dx.doi.org/10.1016/j.automatica.2020.108987
http://dx.doi.org/10.1016/j.automatica.2020.108987
http://dx.doi.org/10.1016/j.automatica.2021.109952
http://dx.doi.org/10.1016/j.automatica.2021.109952
http://mtns2018.ust.hk/media/files/0178.pdf
http://mtns2018.ust.hk/media/files/0178.pdf

178

Publications of the author

[106]

[107]

F. Fischer, V. Todorovski, and J. Deutscher. “Fault detection for lumped-
parameter LTT systems using integral transformations and trajectory planning
methods”. In: 5th International Conference on Control and Fault-Tolerant
Systems. Saint-Raphaél, France, 2021, pp. 79-84 (cit. on p. 4).

K. Lohe, G. Roppenecker, and F. Fischer. “Modellbasierter Steuerungsentwurf
fir die Vertikaldynamik eines Fahrzeugs mit aktiver Federung —”. In: VDI-
Berichte Nr. 2196 (VDI-Tagung Steuerung und Regelung von Fahrzeugen und
Motoren - AUTOREG 2013). Diisseldorf: VDI-Verlag, 2013, pp. 445-450.

Software libraries

[108]

[109]

F. Fischer and J. Gabriel. A Matlab toolbox for the fault diagnosis for
distributed-parameter systems. Zenodo. Version v1.0. 2021 (cit. on pp. 47, 78,
116, 143).

F. Fischer, J. Gabriel, and S. Kerschbaum. coni - a Matlab toolbox facilitating

the solution of control problems. Zenodo. Version v1.1. 2021 (cit. on pp. 51,
78).

Advised student works

[110]

[111]

[112]

[113]

[114]

S. Bockler. “k-Summationsmethode fiir die Trajektorienplanung”. Bache-
lor thesis. Lehrstuhl fiir Regelungstechnik, Friedrich-Alexander-Universitat
Erlangen-Niirnberg, 2017.

D. Burk. “Fehlerdiagnose fiir hyperbolische Systeme mittels Modulationsfunk-
tionen”. Master thesis. Lehrstuhl fiir Regelungstechnik, Friedrich-Alexander-
Universitdt Erlangen-Niirnberg, 2019.

J. Dahlmann. “Flachheitsbasierte Trajektorienplanung fiir ein verteilt-para-
metrisches System mit zweidimensionalem Ortsbereich”. Research internship.
Lehrstuhl fiir Regelungstechnik, Friedrich-Alexander-Universitdt Erlangen-
Niirnberg, 2019.

J. Li. “Parameteridentifikation fiir einen zweidimensionale Wéarmeleiter”.
Research internship. Lehrstuhl fiir Regelungstechnik, Friedrich-Alexander-
Universitdt Erlangen-Niirnberg, 2020.

M. Mosé. “Fehlerdetektion und -isolation fiir einen Wérmeleiter”. Master the-
sis. Lehrstuhl fir Regelungstechnik, Friedrich- Alexander-Universitat Erlangen-
Niirnberg, 2018.


http://dx.doi.org/10.5281/zenodo.4555225
http://dx.doi.org/10.5281/zenodo.4555225

Advised student works 179

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

S. Ostertag. “Trajektorienplanung fiir gewisse lineare verteilt-parametrische
Systeme”. Bachelor thesis. Lehrstuhl fiir Regelungstechnik, Friedrich-
Alexander-Universitat Erlangen-Nirnberg, 2017.

F. Probst. “Algebraische Detektion zeitverdnderlicher Fehler bei verteilt-
parametrischen Systemen”. Bachelor thesis. Lehrstuhl fiir Regelungstechnik,
Friedrich-Alexander-Universitit Erlangen-Nirnberg, 2016.

N. Riedel. “Entwurf und Aufbau eines Versuchsstandes fiir einen Warmeleiter”.
Bachelor thesis. Lehrstuhl fiir Regelungstechnik, Friedrich-Alexander-
Universitiat Erlangen-Niirnberg, 2016.

F. Stephan. “Simulation fraktionaler Diffusions-Reaktionssysteme”. Research
internship. Lehrstuhl fiir Regelungstechnik, Friedrich-Alexander-Universitét
Erlangen-Niirnberg, 2019.

M. Thurner. “Parameteridentifikation bei Werkzeugmaschinen mittels Modu-
lationsfunktionen”. Master thesis. Lehrstuhl fiir Regelungstechnik, Friedrich-
Alexander-Universitat Erlangen-Nirnberg, 2017.

O. Umbeer. “Finite-Elemente-Methode fiir einen Euler-Bernoulli-Balken”.
Bachelor thesis. Lehrstuhl fiir Regelungstechnik, Friedrich-Alexander-
Universitdt Erlangen-Niirnberg, 2017.

M. Zheng. “Simulation of a heat conductor with FEniCS”. Research internship.
Lehrstuhl fiir Regelungstechnik, Friedrich-Alexander-Universitdt Erlangen-
Niirnberg, 2019.

S. Zimmermann. “Algebraische Fehlerdiagnose fiir verteilt-parametrische
Systeme mit zeitlich verdnderlichen Fehlern”. Bachelor thesis. Lehrstuhl fiir
Regelungstechnik, Friedrich-Alexander-Universitdt Erlangen-Nirnberg, 2019.






Index

analytic functions, 39
annihilator, 30, 113
auxiliary ODE system, 72, 139

backstepping kernel, 101

backstepping transformation, 101
inverse, 101

boundary condition (BC), 12, 30, 91

Cauchy product, 36, 156

Chebyshev differentiation matrices,
123, 146

coefficient matrices, 36

Controllability Gramian, 74, 141

detection delay, 57, 128
differential expression
fault detection kernel, 37, 107
fault diagnosis kernel, 68, 70,
135, 136
input-output kernels, 38, 71
differential operator, 12, 14
adjoint, 22, 42
disturbance
bounded, 17

fault detectability, 27, 42, 111
strong, 19, 131
weak, 18, 28
fault detection, 60, 98
strong, 131
fault detection time, 29, 64, 132
fault diagnosis, 60, 130
fault estimation, 60, 64, 133

fault estimation error, 63
fault identifiability, 77, 141
fault identification, 60, 62
fault isolation, 60, 62, 64, 131, 132
fault occurrence time, 16, 29, 59, 64
finite-impulse response (FIR) filter,
56, 83, 126, 146
formal power series, 155
fault detection kernel, 36
fault diagnosis kernel, 69

generalized inverse, 30, 46, 74, 113,
140
Gevrey function, 39

Hopf-Cole-type transformation, 122,
145

initial and end conditions

fault detection, 32, 97, 109

fault diagnosis, 66, 130, 134, 137
initial condition (IC), 12, 17, 59, 91
initialization interval, 56, 83, 127, 146
input-output expression

fault detection, 25, 95

fault diagnosis, 60, 129
integral kernel, 20, 61, 95

input-output kernels, 24, 95
integral transformation, 19, 61, 94
integral transformation time domain,

20, 95

kernel equations
backstepping transformation, 102



182

INDEX

fault detection, 25, 31, 96, 97,
100
fault diagnosis, 65, 130, 134, 135
Kronecker product, 9, 46, 113, 139

Laplace transform, 33, 68, 103, 106,
111, 136, 156

moving horizon length, 20
lower bound, 95

normalized detection delay, 53, 81,
123, 145
null space of a matrix, 113

parametrizing variable
fault detection kernel, 35, 106,
107
fault diagnosis kernel, 68, 136

range of a matrix, 46, 115
reference trajectory
degree of freedom, 45, 74, 142
fault detection kernel, 38, 108,
113
fault diagnosis kernel, 71, 137
relative increment, 53, 81

residual generator, 18

fault detection, 26, 27, 98

fault diagnosis, 62, 131
residual signal, 18

fault diagnosis, 62, 129
Riemann coordinates, 91, 120, 145

sensitivity optimization, 47, 78, 116,
143
signal model
disturbance, 17
fault, 59
spatial reversal, 100, 110, 134
state transition matrix, 34, 74, 105,
160
strictly lower triangular matrix, 102

threshold, 19

fault detection, 28, 47

fault diagnosis, 63, 131
Titchmarsh convolution theorem, 27
transient interval, 64, 132
transport velocity, 90
transportation time, 95

vector of absolute values, 10, 28, 63



	Introduction
	Fault diagnosis for distributed-parameter systems
	Contribution
	Relation to other integral transformation based methods
	Outline of the thesis
	Remarks on the notation

	Parabolic and biharmonic ODE-PDE systems
	System description
	Faults and disturbances
	Fault detection
	Problem formulation
	Determination of the input-output expression
	Residual generator
	Solution of the fault detection kernel equations
	Fault detection kernel equations
	Determination of the differential expressions
	Fault detectability condition
	Systematic approach for the planning of the reference trajectory

	Fault detection for an Euler-Bernoulli beam
	Concluding remarks

	Fault diagnosis
	Problem formulation
	Fault diagnosis equation
	Fault identification
	Fault detection, isolation and estimation

	Solution of the fault diagnosis kernel equations
	Fault identification kernel equations
	Determination of the differential expression for the ODE-PDE-ODE cascade system
	Reference trajectory planning

	Fault diagnosis for an Euler-Bernoulli beam
	Concluding remarks


	Heterodirectional hyperbolic ODE-PDE systems
	System description
	Fault detection
	Determination of the input-output expression
	Residual generator
	Solution of the fault detection kernel equations
	Backstepping transformation
	Differential expression for the PDE subsystem
	Differential expression for the cascade system
	Fault detectability condition
	Systematic approach for the planning of the reference trajectory

	Fault detection for a cable with a payload immersed in water

	Fault diagnosis
	Fault diagnosis equation
	Solution of the fault diagnosis kernel equations
	Backstepping transformation
	Differential expression for the target system
	Reference trajectory planning

	Fault diagnosis for the cable immersed in water

	Concluding remarks

	Concluding remarks and outlook
	Proofs, definitions and derivations
	Properties of formal power series
	Confirmation of formal Laplace transform in (2.173)
	Derivation of (2.194)
	Convergence of the series (2.197)
	Recursive algorithm for the computation of the coefficient matrices in (2.89)
	Approximation of the integral expressions as FIR filters using the compound midpoint rule
	Derivation of the input-output expression (3.20)
	Derivation for (3.85)

	Bibliography
	Publications of the author
	Index

