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Preface

A permanent increase in the complexity, efficiency and reliability of modern
industrial systems necessitates a continuous development in control and fault
diagnosis. A moderate combination of these two paradigms is intensively studied
under the name of fault-tolerant control. This real world’s development pressure
has transformed fault diagnosis and fault-tolerant control, initially perceived as the
art of designing a satisfactorily safe system, into the modern science that it is
today.

Indeed, the classic way of fault diagnosis boils down to controlling the limits of
single variables and then using the resulting knowledge for fault alarm purposes.
Apart from the simplicity of such an approach, the observed increasing complexity
of modern systems necessitates the development of new fault diagnosis techniques.
On the other hand, the resulting fault diagnosis system should be suitably inte-
grated with the existing control system in order to prevent the development of
faults into failures, perceived as a complete breakdown of the system being con-
trolled and diagnosed.

Such a development can only be realised by taking into account the information
hidden in all measurements. One way to tackle such a challenging problem is to
use the so-called model-based approach. Indeed, the application of an adequate
model of the system being supervised is very profitable with respect to gaining the
knowledge regarding its behaviour. A further and deeper understanding of the
current system behaviour can be achieved by implementing parameter and state
estimation strategies. The obtained estimates can then be used for supporting
diagnostic decisions and increasing the control quality, while the resulting models
(along with the knowledge about their uncertainty) can be used for designing
suitable control strategies.

Although the majority of industrial systems are nonlinear in their nature, the
most common approach to settle fault diagnosis and fault-tolerant control prob-
lems is to use well-known tools for linear systems, which are widely described and
well documented in many excellent monographs and books. On the other hand,
publications on integrated fault diagnosis and fault-tolerant control for nonlinear
systems are scattered over many papers and a number of book chapters.

Taking into account the above-mentioned conditions, this book presents
selected Fault Diagnosis and Fault-Tolerant Control Strategies for Non-Linear
Systems in a unified framework. In particular, starting from advanced state

vii



viii Preface

estimation strategies up to modern soft computing, the discrete-time description of
the system is employed. Such a choice is dictated by the fact that the discrete-time
description is easier and more natural to implement on modern computers than its
continuous-time counterpart. This is especially important for practicing engineers,
who are hardly ever fluent in complex mathematical descriptions.

The book results from my research in the area of fault diagnosis and fault-
tolerant control for nonlinear systems that has been conducted since 1998. It is
organised as follows. Part I presents original research results regarding state
estimation and neural networks for Robust Fault Diagnosis. Part 11 is devoted to
the presentation of integrated fault diagnosis and fault-tolerant systems. It starts
with a general fault-tolerant control framework, which is then extended by
introducing robustness with respect to various uncertainties. Finally, it is shown
how to implement the proposed framework for fuzzy systems described by the
well-known Takagi—Sugeno models.

This book is primarily a research monograph which presents, in a unified
framework, some recent results on fault diagnosis and fault-tolerant control of
nonlinear systems. It is intended for researchers, engineers and advanced post-
graduate students in control and electrical engineering, computer science, as well
as mechanical and chemical engineering.

Some of the research results presented in this book were developed with
the kind support of the National Science Centre in Poland under the grant
No. NN514678440 on Predictive fault-tolerant control for nonlinear systems.

I would like to express my sincere gratitude to my family for their support and
patience. I am also grateful to Prof. J6zef Korbicz for suggesting the problem, and
for his continuous help and support. I would like to express my thanks to my friends
Prof. Vicen¢ Puig (Universidad Politécnica de Catalufia) and Prof. Christophe
Aubrun (Université de Lorraine) for the long lasting and successful cooperation.
I also would like to express my special thanks to Dr. Lukasz Dziekan for his help in
preparing some of the computer programmes, laboratory experiments and
simulations of Chap. 6

Zielona Goéra, August 2013 Marcin Witczak
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Chapter 1
Introduction

A permanent increase in the complexity, efficiency, and reliability of modern
industrial systems necessitates a continuous development in control and Fault Diag-
nosis (FD) [1-6] theory and practice. A moderate combination of these two paradigms
is intensively studied under the name Fault-Tolerant Control (FTC) [7-10]. FTC [1]
is one of the most important research directions underlying contemporary automatic
control. It can also be perceived as an optimised integration of advanced fault diagno-
sis [5, 6, 11] and control [1] techniques. Engineers have investigated the occurrence
and impact of faults for a long time, due to their potential to cause substantial damage
to machinery and risk for human health or life. Nowadays, the research and appli-
cations of FD and FTC extend beyond the normally accepted safety-critical systems
of nuclear reactors, chemical plants or aircrafts, to new systems such as autonomous
vehicles or fast rail systems. Early detection and maintenance of faults can help avoid
system shutdown, breakdowns and even catastrophes involving human fatalities and
material damage. A rough scheme of the modern control system that is able to tackle
such a challenging problem is presented in Fig. 1.1 [6, 12].

As can be observed, the controlled system is the main part of the scheme, and
it is composed of actuators, process dynamics and sensors. Each of these parts is
affected by the so-called unknown inputs, which can be perceived as process and
measurement noise as well as external disturbances acting on the system. When
model-based control and analytical redundancy-based fault diagnosis are utilised
[1, 2, 5-10], then the unknown input can also be extended by model uncertainty,
i.e., the mismatch between the model and the system being considered.

The system may also be affected by faults. A fault can generally be defined as
an unpermitted deviation of at least one characteristic property or parameter of the
system from the normal condition, e.g., a sensor malfunction. All the unexpected
variations that tend to degrade the overall performance of a system can also be inter-
preted as faults. Contrary to the term failure, which suggests a complete breakdown
of the system, the term fault is used to denote a malfunction rather than a catastrophe.
Indeed, failure can be defined as a permanent interruption in the system ability to
perform a required function under specified operating conditions. This distinction is

M. Witczak, Fault Diagnosis and Fault-Tolerant Control Strategies for Non-Linear Systems, 1
Lecture Notes in Electrical Engineering 266, DOI: 10.1007/978-3-319-03014-2_1,
© Springer International Publishing Switzerland 2014
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clearly illustrated in Fig. 1.2. Since a system can be split into three parts (Fig.1.1),
i.e., actuators, the process, and sensors, such a decomposition leads directly to three
classes of faults:

e Actuator faults, which can be viewed as any malfunction of the equipment that
actuates the system, e.g., a malfunction of the electro-mechanical actuator for
a diesel engine [13]. This kind of faults can be divided into three categories:

Lock-in-place: the actuator is locked in a certain position at an unknown time
tr and does not respond to subsequent commands:

Ui k = Ui 1, = const, Vk > ty. (1.1)

Outage: the actuator produces zero force and moment, i.e., it becomes ineffec-

tive:
ui k=0, Vk>ty. (1.2)
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Loss of effectiveness: a decrease in the actuator gain that results in a deflection
that is smaller than the commanded position:

uj = kiuf’k, 0<ki<1 Vk>ty, (1.3)

where uj , stands for the required actuation.

e Process faults (or component faults), which occur when some changes in the
system make the dynamic relation invalid, e.g., a leak in a tank in a two-tank
system.

e Sensor faults, which can be viewed as serious measurements variations. Similarly
to actuator faults, two sensor fault scenarios can be considered:

Lock-in-place: the sensor is locked in a certain position at an unknown time 7
and does not provide the current value of the measured variable:

ik = Yi,t; = const, Vk > 1p. (1.4)

Loss of measurement accuracy: a degradation of the measurement accuracy of
the sensor:
Vi,k = kiyf;k, Vk > ty, (1.5)

while y;; stands for the true value of the measured variable and k; is significantly
different from O.

The role of the fault diagnosis part is to monitor the behaviour of the system and
to provide all possible information regarding the abnormal functioning of its com-
ponents. As a result, the overall task of fault diagnosis consists of three subtasks [2]
(Fig. 1.3):

Fault detection: to make a decision regarding the system stage—either that some-
thing is wrong or that everything works under the normal conditions;

Fault isolation: to determine the location of the fault, e.g., which sensor or actuator
is faulty;

Fault identification: to determine the size and type or nature of the fault.

However, from the practical viewpoint, to pursue a complete fault diagnosis the
following three steps have to be realised [14]:

Residual generation: generation of the signals that reflect the fault. Typically, the
residual is defined as a difference between the outputs of the
system and its estimate obtained with the mathematical model;

Residual evaluation: logical decision making on the time of occurrence and the
location of faults;

Fault identification: determination of the type of fault, its size and cause.

The knowledge resulting from these steps is then provided to the controller re-design
part, which is responsible for changing the control law in such a way as to maintain
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Fig. 1.3 Three-stage process
of fault diagnosis Detection
Isolation
Identification

the required system performance. Thus, the scheme presented in Fig.1.1 can be
perceived as a fault-tolerant one.

Finally, it is worth nothing that the term symptom denotes a deviation of an observ-
able quantity from normal behaviour.

Varying nomenclature has been established throughout the years of FD and FTC
development, which can be summarised as follows [1]:

e Safety depicts the absence of danger. A safety system is a part of the control equip-
ment with the sole purpose to protecting a technological system from a permanent
damage (or preventing human casualties). It enables a controlled shutdown, which
halts the technological process into a safe state. It is capable of evaluating the infor-
mation about critical signals and enables dedicated actuators to stop the process
under special conditions. Hence, the overall system is called a fail-safe system.

e Reliability is the probability that a system performs its intended function for
a specified time period under normal conditions. Reliability studies the frequency
with which the system is faulty, but it is not able to provide information about the
current fault status. FTC cannot change the reliability of the plant components,
but it can improve the overall reliability because it allows the overall system to
remain functional even after the occurrence of faults.

e Availability is the probability that a system stays operational when needed. As
opposed to reliability, it is also dependent on the maintenance policies, which are
applied to the system components.

e Dependability accumulates together the three properties of safety, reliability and
availability. A dependable system is a fail-safe system with high availability and
reliability.

A fault-tolerant system has the appealing property that faults do not develop into
failures. In the strict form, the system is said to be fail-operational, because the
performance remains the same, whereas in a reduced form, the system is operational
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after fault occurrence, but with possibly degraded performance. Such a system is
then called fail-graceful.

The relation between safety and fault tolerance will be elaborated in greater
detail because of its importance. Let us assume that the system performance can
be described by different regions, as shown in Fig. 1.2.

The system should remain in the region of the required performance during the
period of being operational. The controller’s aim is to hold the nominal system in
this region, in spite of uncertainties and disturbances. It may even hold it during
small faults; however, this is not its primary aim. Indeed, the effect of faults is being
masked, therefore the fault diagnosis system may not work as required.

On the other hand, the region of degraded performance is the one where the faulty
system is allowed to remain. However, the performance of such a system is (in some
way) degraded and does not satisfy the nominal performance levels. The system
goes from the region of required performance to the degraded one due to faults. The
FTC controller should have the capability to perform recovery actions that prevent
further degradation of the performance. It is obvious that the optimal strategy is that
the system returns to the region of the required performance. At the borderline of
these two regions, a supervision system is involved, which diagnoses the faults and
reconfigures the controller into the new circumstances.

The region of unacceptable performance should be avoided at all costs, by means
of FTC. This region lies between the one of degraded performance and that of danger,
which could lead to a disaster. The system goes to this region by either a sudden fail-
ure, or due to an uneffective FTC system, i.e., not preventing faults from developing
into failures.

To avoid danger for the system and its environment, the safety system stops
the operation of the overall system. If the border of the region of unacceptable
performance is crossed, the safety system should be immediately involved. This
clearly shows that the FTC controller and the safety system work in separate regions
of the system performance and fulfil a complementary role. For example, in industrial
standards, safety systems and supervision systems are executed as separate units.

1.1 Introductory Background

If residuals are properly generated, then fault detection becomes a relatively easy
task. Since without fault detection it is impossible to perform fault isolation and,
consequently, fault identification, all efforts regarding the improvement of resid-
ual generation seem to be justified. This quality influences also FTC, and hence it
deserves a special attention.

There have been many developments in model-based fault detection since the
beginning of the 1970s, regarding both the theoretical context and the applicability
to real systems (see [2, 5, 15] for a survey). Generally, the most popular approaches
can be split into three categories, i.e.,
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Fig. 1.4 Simple residual
generation scheme

SYSTEM
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Model

e parameter estimation,
e parity relation,
e observer-based.

All of them, in one way or another, employ a mathematical system description to
generate the residual signal. Except for parameter estimation-based FDI, the residual
signal is obtained as a difference between the system output and its estimate obtained
with its model, i.e.,

k= Vi — k- (1.6)

The simplest model-based residual generation scheme can be realised in a way sim-
ilar to that shown in Fig. 1.4. In this case, the design procedure reduces to system
identification, and fault detection boils down to checking the norm of the residual
signal ||zx||. In such a simple residual generation scheme, neural networks seem to
be especially popular [5, 6].

Irrespective of the identification metod used, there is always the problem of model
uncertainty, i.e., the model-reality mismatch. Thus, the better the model used to
represent the system behaviour, the better the chance of improving the reliability and
performance in diagnosing faults. This is the main reason why the fault detection
scheme shown in Fig. 1.4 is rarely used for maintaining fault diagnosis of high-
safety systems. Indeed, disturbances as well as model uncertainty are inevitable in
industrial systems, and hence there exists a pressure creating the need for robustness
in fault diagnosis systems. This robustness requirement is usually achieved at the
fault detection stage, i.e., the problem is to develop residual generators which should
be insensitive (as far as possible) to model uncertainty and real disturbances acting
on a system while remaining sensitive to faults. In one way or another, all the above-
mentioned approaches can realise this requirement for linear systems.

Other problems arise in fault detection of non-linear systems. Indeed, the available
non-linear system identification techniques limit the application of fault detection.
For example, in the case of observer-based FDI, non-linear state-space models can-
not be usually obtained using physical considerations (physical laws governing the
system being studied). Such a situation is usually caused by the high complexity of
the system being examined. This means that a model which merely approximates
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system-input behaviour (no physical interpretation of the state vector or parameters)
should be employed.

The process of fault isolation requires usually more complex schemes than the
one of fault detection. Indeed, this very important task of FDI is typically realised by
either the so-called dedicated or generalised schemes [2, 3]. In the case of a dedicated
scheme, residual generators are designed in such a way that each residual z;, i =
1,..., s, is sensitive to one fault only while remaining insensitive to others. Apart
from a very simple fault isolation logic, which is given by

lzikl >Ti = fix #0, i=1,...,s, (1.7)

where 7; is a predefined threshold, this fault isolation design procedure is usually
very restrictive and does not allow achieving additional design objectives such as
robustness to model uncertainty. Irrespective of the above difficulties, the dedicated
fault isolation strategy is frequently used in neural network-based FDI schemes [5].

On the contrary, residual generators of a generalised scheme are designed in such
a way that each residual z;, i = 1,...,s, is sensitive to all but one faults. In this
case, the fault detection logic is slightly more complicated, i.e.,

lzi, k] <= T; : S
ikl > T j=1,....i—1Li+1,..5s = fik# 0 i =1

(1.8)

but it requires a less restrictive design procedure than a dedicated scheme, and hence
the remaining design objectives can usually be accomplished.

The existing Fault Detection and Diagnosis (FDD) techniques can be, in a general
manner, classified into two categories: data-based (model-free) and model-based
techniques; each of these methods can additionally be classified as qualitative and
quantitative approaches [16].

In essence, a quantitative model-based FDD approach employs a mathematical
model (sometimes called analytical redundancy, in contrast to hardware redundancy)
to perform FDD tasks in real-time. The most commonly used techniques are based on
state estimation, parameter estimation, parity space and some combination of these
methods. Due to the fact that most control schemes are model-based, the majority
of fault tolerant controllers are designed based on the mathematical model of the
system being analysed.

FDD suitable for FTC can be selected based on the following criteria: its capacity
to deal with different types of faults (actuator, process and sensor faults), and to supply
quick detection, its isolability and identifiability, ease of integrating it with an FTC
scheme, its ability to identify multiple faults, robustness to uncertainties and noise,
and computational complexity. The comparison of the existing quantitative model-
based approaches can be found in [16]. It should be noted that no single method is
capable of satisfying all these goals. Though it can be concluded that multiple-model-
based, parameter estimation, simultaneous state and parameter estimation techniques
are more appropriate for the framework of active FTC [16].
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Fig. 1.5 Passive fault-tolerant controller

In general, FTC systems are classified into two distinct classes [16]: passive and
active ones. In passive FTC [17-20], controllers are designed to be robust against a set
of predefined faults, therefore there is no need for fault detection, but such a design
usually degrades the overall performance. Hence, passive FTC sets the control aim in
a context where the ability of the system to achieve its given objective is preserved,
using the identical control law, irrespective of the system situation (faulty or healthy).
Indeed, the control law is not changed when faults occur, so the system is able to
achieve its control goal, in general, only for objectives associated with a very low
level of performance (sometimes called the conservative approach). Further, such
a controller works sub-optimally for the nominal plant because its parameters are
prearranged so as to get a trade-off between the performance and fault tolerance. It
should be noted that a passive fault-tolerant controller is similar to the robust approach
when uncertain systems are considered. Although the difference lies not only in the
size and interpretation of faults versus uncertainties but also in the structure of the
constraints resulting from the faults [1]. An overall structure of passive FTC can be
seen in Fig. 1.5. In the literature, passive FTC systems are also known as reliable
control systems or control systems with integrity. However, further discussion of
passive FTC is beyond the scope of this book and interested readers are referred to
the previously mentioned papers and references therein.

In contrast to passive ones, active FTC schemes react to the system component
faults actively by reconfiguring control actions, and by doing so the system stability
and acceptable performance is maintained. In certain situations, degraded perfor-
mance must be accepted. An active FTC (referred from here on simply as FTC,
unless some reference to passive FTC must be made) in the literature is sometimes
also referred to as self-repairing, reconfigurable, restructurable, or self-designing
control systems. To achieve fault tolerance, the control system relies heavily on fault
detection and diagnosis to provide the most up-to-date information about the real
status of the system [5, 6, 21]. Hence, the main goal of an FTC system is to design
the controller with an appropriate architecture, which enables stability and satisfac-
tory performance, not only when all control components are healthy, but also in cases
when there are faults in sensors, actuators, or other system components.
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Fig. 1.6 Reconfigurable fault-tolerant controller

The design objectives of the active FTC must include not only transient and
tsteady-state performance for the nominal (healthy) system, but additionally for
a faulty system. However, the emphasis with respect to system behaviour in both
cases is quite different. In healthy conditions, the emphasis is on the performance
and overall quality of the system, whereas in the presence of a fault the primary
objective is to keep the system from further degradation, even when the nominal
performance cannot be achieved (though it should be regained as much as possible).

Usually, as depicted in Fig. 1.6, the FTC system can be divided into four sub-
systems [16]:

e areconfigurable controller,

e an FDD scheme,

e a controller reconfiguration scheme,
e a command/reference governor.

It should be noted that the inclusion of both FDD and a reconfigurable controller
within the system structure is the main difference between the active and the pas-
sive FTC system. Hence, the key issue of a successful FTC scheme is to design
a controller which can be easily reconfigured and an FDD scheme that is able to
detect faults quickly (being robust to model uncertainties, external disturbances and
changing operating conditions). Lastly, a reconfiguration mechanism must be able to
recover as much as possible the pre-fault system performance, while working under
uncertainties and time-delays intrinsic in FDD as well as the control input and the
system state constraints. The key issue in every FTC system is the limited time frame
allotted for FDD and reconfiguration of the system controller. Moreover, efficient
employment and supervision of available redundancy (in software, hardware and



10 1 Introduction

communication networks), while at the same time stabilizing the faulty plant with
some performance goals, are some of the main issues to take into account in FTC.

As shown in Fig. 1.6, FDD must provide information about all detected faults
in real time. Based on this information, the reconfiguration block must take into
consideration the current system state and the outputs, as well as to construct an
appropriate post-fault system model. Afterwards, the reconfiguration data for the
controller should be designed, in such a way that a currently faulty system is sta-
bilised and fault propagation is stopped. The second objective is to recover as much
of the nominal performance as possible. Moreover, there is often a need for synthesiz-
ing a feed-forward controller in order to guarantee that the closed-loop system tracks
a future trajectory during its faulty state. At the same time, the actuator saturation and
other system constraints should be taken into consideration and the system trajecto-
ries adjusted if necessary. Such an FTC system is often classified as a reconfigurable
one, though some authors call it an accommodation scheme [1].

However, in some cases reconfiguration of the controller is not enough to stabilize
the faulty system. In such cases, the structure of the new controller must be changed.
This restructuring also uses an alternative input and output signals in the new con-
troller configuration. Afterwards, a new control law has to be designed on-line. Such
an FTC controller is called a restructurable fault-tolerant controller, and can be seen
in Fig. 1.7. This type of FTC is also sometimes called reconfiguration [1], but to avoid
confusion the former terms will be used, i.e., reconfigurable versus restructurable.
Restructuring of the controller is necessary after occurrence of severe faults that lead
to serious changes of the plant behaviour:

e Actuator failures interrupt the normal means of controlling the plant and could
make the plant partially uncontrollable. Alternative (or redundant) actuators have
to be used.

e Sensor failures disrupt the information flow between the controller and the plant.
They may make the plant partially unobservable. Alternative measurements have
to be chosen and used in such a way that the control task is still possible.

e Plant faults alter the dynamical behaviour of the overall system. If these alterations
cannot be tolerated by any existing control law, then the overall control loop has
to be redesigned and a new control law computed.

The necessity of control restructuring is apparent if actuator or sensor failures
are contemplated. The total failure of these components leads to a breakdown of
the control loop. Hence, a simple adaptation of the controller parameters to a new
situation is no longer possible and those having alternative sensors or actuators have
to be taken into account, preferably the ones that have similar interactions with the
plant and not being under the influence of a fault. Therefore, it is possible to design
a controller that satisfies the performance specification of the nominal system [1].

Currently, the existing reconfigurable fault-tolerant control design methods can
be classified into one of the following approaches [16, 17]:

e Linear quadratic [22],
e Pseudo-inverse/control mixer [23],
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Fig. 1.7 Restructurable fault-tolerant controller

e Intelligent control using expert systems [24], neural networks [25], fuzzy logic
[26] and learning methodologies [27],

Gain scheduling/linear parameter varying [28],
Adaptive control (model reference) [29],

Model following [30],

Multiple-model [31],

Integrated diagnostics and control [32],
Eigenstructure assignment [33],

Feedback linearisation or dynamic inversion [34],
Hyo and other robust controls [35],

Model predictive control [36],

Linear matrix inequality [37],

Variable structure and sliding mode control [38],
Generalised internal model control [39].

FTC methods, as shown in Fig. 1.8, can be also classified in accordance with the
following criteria: mathematical design tools, design approaches, reconfiguration
mechanisms and the type of systems to be dealt with. The methods (Fig. 1.8) were
listed approximately in chronological order to emphasize the historical evolution of
FTC design techniques.

In most cases and practical applications, FTC systems rarely use only one of these
methods, and to obtain the best possible results a combination of several methods is
usually more appropriate. Hence, Fig. 1.8 shows combinations of different control
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Fig. 1.8 Classification of active FTC systems [16]
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structures and control design algorithms frequently used in successful FTC control
schemes.

Additionally, many of the currently used FTC design methods rely on ideas origi-
nally developed for other control objectives. However, using those well-known con-
trol techniques does not mean that new problems and challenges will not appear
besides the standard problems found in the conventional controller synthesis.

Finally, in order to judge the adequateness of a control method for FTC, its ability
to be implemented in an on-line real-time setting and yet at the same time to be
able to maintain acceptable (nominal or degraded) performance is one of the most
important criteria. Hence, the following requirements for any technique used in FTC
systems can be proposed [16]:

e control reconfiguration must be computed reliably under real-time constraints;

e the reconfigurable controller should be synthesised automatically with as little as
possible of trail-and-error and human interactions;

e the selected methods must always provide a solution even if the obtained solution
is suboptimal.

As has already been mentioned, a number of books have been published in the
last decade on the emerging problem of fault-tolerant control. In particular, the book
of [7], which is mainly devoted to fault diagnosis and its applications, provides some
general rules for hardware-redundancy based FTC. On the other hand, [8] introduce
the concepts of active and passive FTC. The authors also investigate the problem
of performance and stability of FTC under imperfect fault diagnosis. In particular,
they consider (under a chain of some, not necessarily easy to satisfy, assumptions)
the effect of delayed fault detection and imperfect fault identification, but the fault
diagnosis scheme is treated separately during the design and no real integration
of fault diagnosis and FTC is proposed. FTC is also treated in the very interest-
ing work [9], where a number of practical case studies of FTC are presented, i.e.,
a winding machine, a three-tank system, and an active suspension system. Unfortu-
nately, in spite of the incontestable appeal of the proposed approaches, neither FTC
integrated with fault diagnosis nor a systematic approach to non-linear systems is
studied. A particular case of a non-linear aircraft model is studied in [10], but the
above-mentioned integration problem is also neglected.

Thus, the main objective of this book is to provide reliable tools for both FD
and FTC for non-linear systems along with a suitable integration procedure that will
take into account the imprecision of the FD, which impairs the overall performance
of FTC.

1.2 Content

The reminder part of this book is divided into two main parts:
Robust fault diagnosis: This part is composed of three chapters. Chapter 2 presents
a number of original design strategies for the so-called unknown input observer for
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both deterministic and stochastic non-linear discrete-time systems. The general
idea of unknown input decoupling is shown. As has already been mentioned, the
unknown input may represent noise, disturbances as well as model uncertainty. This
means that one way to achieve robustness is to decouple the unknown input from
the residual. This can be realised with the unknown input observer or filter. Sub-
sequently, careful discussion on unwanted effects of a fault decoupling is given.
Indeed, decoupling of the unknown input may result in fault decoupling. This unap-
pealing phenomenon may lead to the so-called effect of undetected faults, which
may have serious consequences. Thus, careful analysis regarding such an issue is
provided. The rest of the chapter is devoted to different design strategies, which can
be applied in various situations. Moreover, a computational framework for deriv-
ing the so-called unknown input distribution matrix (shaping the influence of the
unknown input on the system) is provided. The remaining chapter is focused on
the so-called soft computing techniques [5, 40-44]. Soft computing is an evolving
collection of methodologies, which aims to exploit tolerance for imprecision, uncer-
tainty, and partial truth to achieve robustness, tractability, and low cost. It provides
an attractive opportunity to represent ambiguity in human thinking with real life
uncertainty.

In particular, Chap. 3 is devoted to neural networks, which are one of the main
paradigms of soft computing. It also presents original developments regarding neural
network-based robust fault diagnosis [6, 12, 45—47]. One objective of this chapter is
to show how to describe modelling uncertainty of neural networks. Another objective
is to show how to use the resulting knowledge about model uncertainty for robust
fault detection. It is also worth noting that this chapter presents experimental design
strategies that can be used for decreasing model uncertainty of neural networks
[6, 45, 47].

Integrated fault diagnosis and control: This part is composed of three chapters.
Chapter4 introduces the idea of combining fault diagnosis and control schemes
within an integrated FTC framework for non-linear systems. In particular, the main
idea is to estimate the fault with the unknown input observer by treating the former as
an unknown input acting on the system. Subsequently, the information about the fault
and an associated fault estimation error is fed into the suitable controller, which aims
at compensating the effect of the fault. The originality of the approach follows from
the fact that the fault estimation error is taken into account while this unappealing
phenomenon is neglected in the approaches presented in the literature [7—10]. The
approach presented in Chap. 5 extends the general framework presented in Chap. 4 by
relaxing the constraints imposed on system nonlinearities. Moreover, by exploiting
the Hoo approach, the robustness with respect to the noise/disturbances is achieved.
Finally, Chap. 6 shows how to implement the general integrated fault diagnosis and
control scheme within the fault-tolerant control framework for non-linear systems
described by Takagi—Sugeno models. In particular, the chapter contains a short intro-
duction into fuzzy logic while its remaining part is focused on the so-called Takagi—
Sugeno models [5]. A large number of publications both in the control and fault
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diagnosis frameworks focuses particular attention on this appealing methodology.
The chapter contains a short introduction to this computational intelligence method
and shows its application to fault diagnosis and fault-tolerant control.
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Robust Fault Diagnosis



Chapter 2
Unknown Input Observers and Filters

As can be observed in the literature, observers (or filters in a stochastic framework)
are commonly used in both control and fault diagnosis schemes of non-linear sys-
tems (see, e.g., [1-6] and the references therein). Undoubtedly, the most common
approach is to use robust observers, such as the Unknown Input Observer (UIO) [2, 7],
which can tolerate a degree of model uncertainty and hence increase the reliability
of fault diagnosis. Although the origins of UIOs can be traced back to the early 1970s
(cf. the seminal work of Ref. [8]), the problem of designing such observers is still of
paramount importance both from the theoretical and practical viewpoints. A large
amount of knowledge on using these techniques for model-based fault diagnosis has
been accumulated through the literature for the last three decades (see Ref. [2] and
the references therein). A large number of approaches to non-linear fault diagnosis
and fault-tolerant control was published during the last two decades. For example,
in Ref. [9] the high gain observer for Lipschitz systems was applied for the purpose
of fault diagnosis. One of the standard methods of observer design consists in using
a non-linear change of coordinates to turn the original system into a linear one (or
a pseudo linear one). As indicated in the literature, such approaches can be applied
for fault diagnosis and FTC [10, 11]. It should also be noted that when the feasi-
bility condition regarding the non-linear change of coordinates is not matched, then
the celebrated Extended Kalman Filter (EKF) can be applied in both stochastic and
deterministic context (see, e.g., [2]).

Generally, design problems regarding the UIOs for non-linear systems can be
divided into three distinct categories:

e Non-linear state transformation-based techniques: Apart from a relatively large
class of systems for which they can be applied, even if the non-linear transformation
is possible it leads to another non-linear system and hence the observer design
problem remains open (see Ref. [7] and the references therein).

e Linearisation-based techniques: Such approaches are based on a similar strategy
like that for the EKF [1]. In Ref. [2] the author proposed an extended unknown
input observer for non-linear systems. He also proved that the proposed observer
is convergent under certain conditions.

M. Witczak, Fault Diagnosis and Fault-Tolerant Control Strategies for Non-Linear Systems, 19
Lecture Notes in Electrical Engineering 266, DOI: 10.1007/978-3-319-03014-2_2,
© Springer International Publishing Switzerland 2014
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e Observers for particular classes of non-linear systems: For example UIOs for
polynomial and bilinear systems or for Lipschitz systems [2, 12—14].

In the light of the above discussion, it is clear that accurate state estimation is
extremely important for fault detection and control applications. However, estimation
under noise and unknown inputs is very difficult.

In order to face the above-mentioned challenges, the design problems regarding
UIOs (undertaken within the framework of this chapter) are divided into three distinct
categories:

1. How to determine the unknown input distribution matrix, which will not decouple
the effect of faults from the residual?

2. How to develop a possibly simple and reliable design procedure of UIO for both
non-linear stochastic and deterministic systems?

3. How to extend the approach developed for the constant unknown input distribution
matrix into a set of predefined unknown input distribution matrices?

Concerning the first question, a partial answer can be found in Ref. [15]. Indeed, the
authors concentrate on the determination of the unknown input distribution matrix
for linear systems but they do not answer the question when this matrix will cause the
fault decoupling effect. Apart from the fact that there are approaches that can be used
for designing UIOs for non-linear systems (listed above), the problem of determining
the unknown input distribution matrix for this class of systems remains untouched. In
other words, the authors assume that this matrix is known, which apart from relatively
simple cases is never the truth. It should also be mentioned that it is usually assumed
that disturbance decoupling will not cause a decrease in fault diagnosis sensitivity or
fault decoupling in the worst scenario. To tackle this problem within the framework
of this chapter, a numerical optimisation-based approach is proposed that can be
used to estimate the unknown input distribution matrix which does not cause the
fault decoupling effect. As an answer to the second question, this work presents an
alternative Unknown Input Filter (UIF) for non-linear systems, which is based on the
general idea of the Unscented Kalman Filter (UKF) [16, 17]. This approach is based
on an idea similar to that proposed in Refs. [2, 18], but the structure of the scheme is
different and instead of the EKF the UKF is employed. To tackle the third problem,
it is shown that the Interacting Multiple Model (IMM) algorithm can be employed
for selecting an appropriate unknown input distribution matrix from a predefined set.
The proposed solutions can be perceived as an alternative to the Takagi—Sugeno-
based approach presented, e.g., in Ref. [19], which will be the subject of Chap. 6.
Finally, it should be mentioned that some of the results portrayed in this chapter were
originally presented in Refs. [18, 20, 21].
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2.1 Unknown Input Decoupling

Let us consider a non-linear stochastic system given by the following equations:

Xip1 = g () +h(ug) + Edy + Lf | + wy, 2.1)
Yir1 = Cxpq1 + vpq1. (2.2)

Note that the unknown input and fault distribution matrices, denoted by E and L,
are assumed (for the sake of simplicity) constant in this section. Such an assumption
will be relaxed in Sect. 2.6, where a set of predefined matrices will be used instead.
Moreover, it should be mentioned that this chapter focuses on faults that can influence
the state equation (2.1), such as actuator faults. The case of sensor faults is beyond
the scope of this section and will be investigated in the subsequent part of the book.

The main problem is to design a filter which is insensitive to the influence of the
unknown input (external disturbances and modeling errors) while being sensitive to
faults. The necessary condition for the existence of a solution to the unknown input
decoupling problem is as follows:

rank(CE) = rank(E) = ¢ (2.3)
(see Ref. [2] for a comprehensive explanation). If the condition (2.3) is satisfied, then

it is possible to calculate H = (CE)* = [(CE)TCE]_1 (CE)T. Thus, by inserting
(2.1) into (2.2) and then multiplying (2.2) by H it is straightforward to show that

d; = H|:J’k+1 —Clg () + h(u) + Lf +wi] — vk+li|- (2.4)

Substituting (2.4) into (2.1) for dy, gives

X1 = § (p) + h(u) + Eyy + Lfy + W, (2.5)
where
g()=Gg(). h()=Gh(),
E =EH, w;=Gw; —EHuv,
and

G=1-EHC.
Consequently, the general observer structure is

Tir1 =g (B) +h(C) + Eyyy +K(), (2.6)
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where K (-) is the state correction term. In order to make further deliberations more
general, no particular form of K(-) is assumed in the present and subsequent section.

Let us define a residual as a difference between the output of the system and its
estimate:

Zk+1 = Yig1 — CXpq1
=C(G () — g &) —KC) +Fr+ Cwge + visr, 2.7)

where »
fo=CLf, =C [In —E [(CE)TCE] (CE)TC] Lf,. 2.8)

A natural question arises: Is it possible that the fault will be decoupled from the
residual? If so the proposed strategy seems to be useless as it will lead to undetected
faults, which may have serious consequences regarding the performance of the system
being diagnosed. An answer is provided in the subsequent section.

2.2 Preventing Fault Decoupling

It is usually assumed that a disturbance decoupling will not cause a decrease in
fault diagnosis sensitivity or a fault decoupling in the worst scenario. But such an
assumption is a rather unpractical tool in serious applications. Thus, to overcome such
a challenging problem, the following theorem provides a simple rule for checking
if the proposed unknown input observer will not decouple the effect of a fault from
the residual. It relates the fault and unknown input distribution matrices denoted by
L and E, respectively. Moreover, let us assume that the following rank condition is
satisfied:

rank(CL) = rank(L) = s. (2.9)

Theorem 2.1 The fault f;, will not be decoupled from the residual (2.7) if and only
if the matrix

[CE CL] (2.10)

is a full-rank one.

Proof Let us suppose (theoretically) that rank(CL) = s. Then it can be shown that
fr=(CLY"f,, (2.11)

which means that there exists a unique relationship between f, and f « and hence the
fault will not be decoupled from the residual. Unfortunately, the subsequent part of
the proof shows that this is not always possible to attain. Indeed, (2.8) can be written
into an equivalent form
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7 T -1 T
fi= [Im —CE [(CE) CE] (CE) ]CLfk. (2.12)
Moreover, it can be observed that
» 2
[1,,, _CE [(CE)TCE] (CE)T}
—1
—1, - CE [(CE)TCE] (CE)T, (2.13)

which means that I,,, — CE [(CE)TCE]_1 (CE)T is an idempotent matrix. One of
the fundamental properties of an idempotent matrix is that its rank is equal to the
trace, i.€.,

rank (Im —CE [(CE)TCE]_1 (CE)T)

— trace (Im _CE [(CE)TCE]_l (CE)T)

— trace (I,,) — trace (CE [(CE)TCE]_l (CE)T)

— m — trace ([(CE)TCE]I (CE)TCE) =m—q. (2.14)
Thus, from (2.9) it is clear that

rank ([1,, —CE [(CE)TCE]_1 (CE)T:| CL)

< min(m — ¢, $). (2.15)

On the other hand,

rank ([1 —CE [(CE)TCE]A (CE)T} CL)

> rank (Im —CE [(CE)TCE]_1 (CE)T) + rank (CL) — m

— (2.16)
Finally,

~1
max(s — ¢, 0) < rank ([Im _CE [(CE)TCE] (CE)T} CL)

< min(m — ¢, 5). 2.17)
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Thus, it is necessary to find an alternative condition under which
fi =CLf, — CE [(CE)TCE]_l (CE)TCLf,
=CLf, —CLf, =0. (2.18)
Indeed, any vector CLf € col(CE), where
col(CE) = {a e R" : o= CE@ forsome 3 € R}, (2.19)

can be written as _
CLf, = CEf,, (2.20)

for some non-zero vector f;. As a consequence,

CE [(CE)TCE]_I (CE) CLf,
— CE [(CE)TCE]_l (CE) CEf, = CEf, = CLf,. 2.21)

From the above discussion, it is clear that the proposed unknown input observer
will not decouple the fault effect from the residual iff CLf;, ¢ col(CE), which is
equivalent to

rank ([CE CLf;]) = g+ 1 (2.22)

forall fix #0,i=1,...,s. Itis clear that (2.22) is equivalent to the fact that the
only solution to (forall fjx #0, i=1,...,5)

a1(CE); + a2(CE) + - - - + a4(CE); + a1 CLf;, =0, (2.23)
isfora; =0, i=1,...,q+ 1. By further expansion of (2.23) to
a1(CE); + - - + ay(CE) 4 + agr1f1.x(CL)1 + - - - + agr1fsk (CL)s = 0, (2.24)

it can be seen that the zero-valued solution to (2.24) is equivalent to the existence of
a full-rank matrix (2.10), which completes the proof.

Since the fault decoupling prevention problem is solved, then it is possible to provide
a set of approaches for designing unknown input observers and filters.
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2.3 First- and Second-order Extended Unknown
Input Observers

The approach presented in this section is dedicated for deterministic systems. The
proposed strategy is based on the general framework of the second-order EKF. In
particular, the section will show the design of both first- and second-order EUIO.
Moreover, to make the presentation more general, the unknown input distribution
matrix is assumed to be a time-varying one. Let us consider a non-linear discrete-
time system described by (the fault free-case will be considered for the convergence
analysis purposes)

Xi+1 = g () +h(ui) + Eidy., (2.25)

Vi1 = Crp1Xpy1. (2.26)
The problem is to design an observer that is insensitive to the influence of an unknown
input. The necessary condition for the existence of a solution to the unknown input
decoupling problem is

rank(Cy+1Ey) = rank(Ey) = g 2.27)
(see [15, p. 72, Lemma 3.1] for a comprehensive explanation). If the condition (2.27)
is satisfied, then it is possible to calculate Hy | = (Cy1E)™, where (-)T stands for

the pseudo-inverse of its argument. Thus, by multiplying (2.26) by Hy; and then
inserting (2.25), it is straightforward to show that

di =Hpyi [y — Crr1 [9 0) + h@p)]]. (2.28)
Substituting (2.28) into (2.25) gives
Xir1 = § e0) +h @) + By (2.29)
where

G()=Grg (), h()=Gh()
Gy =1—EH1Cri1, Ep=EHy. (2.30)

Thus, the unknown input observer for (2.25) and (2.26) is given as follows:

i1 = Xer1/k + Kir1 Op1 — Crg1Xi1/0)

where B B
Eir1/k = g (Xk) +h () + Exyiy .- (2.31)



26 2 Unknown Input Observers and Filters

As a consequence, the second-order extended Kalman filter algorithm used for the
state estimation of (2.25) and (2.26) can be given as follows:

Rerik =g (%) +h @) + Eyggy + Sk (2.32)
co - T
Piik =APAr + 0y, (2.33)
Kyt = Pk+1/kC1{+1
-1
. (Ck+1Pk+l/kC1{+1 +Rk+l) ; (2.34)
i1 = Xer 1k + Kig1 Op1 — Crp1Xi1/0) (2.35)
Piy1 = [I — K1 Crp1 | Prsigi. (2.36)
where
_ 0g -0
A = g (xk) — G, g (xi)
8Xk kaJACk 8Xk xk:-’ACk
= GiAy, (2.37)
and

9g; (xx)?

5 , i=1,...,n. (2.38)
Oxy,

1
Sik = Etrace Py

The algorithm (2.32)—(2.36) can be perceived as the second-order EKF for non-linear
systems with an unknown input. It should also be pointed out that when s; = 0 then
the algorithm (2.32)—(2.36) reduces to the first-order EUIO.

2.3.1 Convergence Analysis

An important property is the fact that the proposed algorithm is used for the deter-
ministic systems (2.25) and (2.26), and hence there exists a design freedom regarding
matrices Q; and Ry that can be exploited for increasing the convergence rate of the
EUIO. To tackle this challenging problem, the convergence conditions of the EUIO
related to the matrices O and Ry are developed and carefully analysed.

Using (2.35), the state estimation error can be given as:

i1 =Xyt — Xip1 = [I — K1 Crpt | €1k (2.39)
where

Ckt1/k = Xit1 — Xpr1/k A Agey — sy. (2.40)
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Assuming that e; # 0 and defining an unknown diagonal matrix:

Bi = diag(Bi ks - - - » Buk) (2.41)

such that

—Brex = Sk, (2.42)

it is possible to write

ekt 1/k =Xkl — Xip1/k

= ay [Ax + Bi] ek = axZey, (2.43)

where o = diag(a g, . . ., @ k) 1S an unknown diagonal matrix. Thus, using (2.43),
the Eq. (2.39) becomes:

i1 = [I — Kiy1Crp1 | uZrey. (2.44)

It is clear from (2.43) that oy represents the lineariztion error. This means that the
convergence of the proposed observer is strongly related to the admissible bounds of
the diagonal elements of a. Thus, the main objective of further deliberations is to
show that these bounds can be controlled with the use of the instrumental matrices
0, and Ry.

First let us start with the convergence conditions, which require the following
assumptions:
Assumption 1 Following Ref. [22], it is assumed that the system given by (2.26) and
(2.29) is locally uniformly rank observable. This guaranties that (see Ref. [22] and
the references therein) that the matrix Py, is bounded, i.e., there exist positive scalars
6 > 0 and § > 0 such that

or < P! <0I. (2.45)

Assumption 2 The matrix Ay is uniformly bounded and there exists Ak_l.
Moreover, let us define

ap = _nllax lojkl, qp = min |oj il (2.46)
j= =1,...n

yeesit. o J=1 0

where ¢ (-) and & (-) denote the minimum and the maximum singular value of their
arguments, respectively.

Theorem 2.2 [f

- [azg(zkﬁg(ckm%(szkzz +01)
k< | ap——
& (Crs1Prs1jkChy | + Risr)
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(1= Qo (ZPiZ] + Q) } : (247)

5 (Z1)* 5 (Py)

where 0 < ( < 1, then the proposed extended unknown input observer is locally
asymptotically convergent.

Proof The main objective of further deliberations is to determine conditions for
which the sequence {Vy}72 |, defined by the Lyapunov candidate function

Vil = ef (Pl jecsi, (2.48)
is a decreasing one. Substituting (2.44) into (2.48) gives

Vir1 =€, Zj o [I - C1{+1K£+1]P/:+11

X [I — Kk+1Ck+1] aiZiey. (2.49)
Using (2.36), it can be shown that
[I - C/Z+1K1Z+1] = Pk_—&l/kpk'*‘l' (2.50)
Inserting (2.34) into [I —Ki+1C k+1] yields
[ = Kit Coot] =Pisiu [Pl — €L
X (Ck+1Pk+l/kC]{+1 +Rk+l)_] Ck+1] . (2.51)
Substituting (2.50) and (2.51) into (2.49) gives

_ T,T -1 T
Vi1 = ey Zj o [Pk+]/k — G

1
X (Ck+1Pk+1/kC1{+1 +Rk+1) Ck+li| aiZiey. (2.52)

The sequence {Vk},‘zil is decreasing when there exists a scalar (, 0 < ¢ < 1, such
that
Vier = (1 = QVi 0. (2.53)
Using (2.48) and (2.52), the inequality (2.53) can be written as
T[T -1 T
e [Zk o [Pk—H/k —Cin

-1
. (Ck+1Pk+1/kC/{+1 +Rk+1) Ck+1] aZi
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~(1= 0P |ex <o0. 2.54)

Using the bounds of the Rayleigh quotient for X > 0, i.e., o (X) < < g (X),

e,{Xek
eT
the inequality (2.54) can be transformed into the following form:
= (T —1
g (Zk akPk—H/kaka)
—1
-a (ZkTOékC;{H (Ck+1Pk+l/kC1{+1 + Rk+])
xCiprouzy) = (1= Qc (PF') <. (2.55)
It is straightforward to show that
= (7T —1
g (Zk akPk+l/kaka)
=6 (a5 @5 (P ). (2.56)

and

Q(Z;{akcgﬂ (Ck+1Pk+1/kC1{+1 +Rk+1) X Ck+1aka)
-2
> o (o) 0 (Zi)* o (Cry1)
—1
X a ((Ck+1Pk+1/kC;{+1 +Rk+1) )

o ()0 (Zi) o (Cip)

5 (Ck+1Pk+1/kC]{+1 + Rit1) '

(2.57)

Applying (2.56) and (2.57) to (2.55) and then using (2.33), one can obtain (2.47).

Thus, if the condition (2.47) is satisfied, then {Vk}]fil is a decreasing sequence
and hence, under the local uniform rank observability condition [22], the proposed
observer is locally asymptotically convergent.

2.3.2 Design Principles

First-order Case

When first-order expansion is employed, then s in (2.32) should be sy = 0. This
means that 3, = 0 and hence Z; = Ay.



30 2 Unknown Input Observers and Filters

Remark 1 As can be observed by a straightforward comparison of (2.47) and (2.58),
the convergence condition (2.47) is less restrictive than the solution obtained with
the approach proposed in Ref. [22], which can be written as

(=00 (APd + )
ap < —)
7 (A1) 5 (P

(2.58)

However, (2.47) and (2.58) become equivalent when E; # 0, i.e., in all_cases when
unknown input is considered. This is because of the fact that the matrix Ay is singular
when Ej, # 0, which implies that o (Ak) = 0. Indeed, from (2.37),

_ _ —1
Ay =GAy = [1 —E; [(Ck+1Ek)TCk+lEk]

(Cit B0 Cip | A, (2.59)
and under Assumption 2, it is evident that A_k is singular when

T ! T
Ei[(CertBOTClnBr | (€1 B0T Cu

is singular. The singularity of the above matrix can be easily shown with the use of
(2.27), i.e.,

-1
rank (Ek [(Ck+1Ek)TCk+1Ek] (Ck-HEk)TCk-H)

< min [rank(Ek), rank(CH])] =gq. (2.60)

Taking into account the fact that ¢ < n, the singularity of A; becomes evident.
Remark 2 It is clear from (2.47) that the bound of &y, can be maximised by suitable
settings of the instrumental matrices Q; and Rj. Indeed, O, should be selected in
such a way as to maximise

Joa (A_kPkA_kT + Qk) . 2.61)

To tackle this problem, let us start with a similar solution to the one proposed in
Ref. [23],i.e.,

Q) = VAPLAL + 61l (2.62)

whe_re v > 0and §; > 0. Substituting, (2.62) into (2.61) and taking into account that
o (Ax) = 0, it can be shown that,
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(U +7)a (APidi") + 011 = 1. (2.63)

Indeed, singularity of Ay, causes o (A_kPkA_kT) = 0, which implies the final result
of (2.63). Thus, this solution boils down to the classical approach with constant
0, = 611. It is, of course, possible to set Q; = 011 with J; large enough. As has
been mentioned, the more accurate (near “true” values) the covariance matrices, the
better the convergence rate. This means that, in the deterministic case, both matrices
should be zero ones. On the other hand, such a solution may lead to the divergence
of the observer. To tackle this problem, a compromise between the convergence and
the convergence rate should be established. This can be easily done by setting O, as

Oy = (veler + DI, e =y, — Cidy, (2.64)

with v > 0 and §; > 0 large and small enough, respectively. Since the form of Q) is
established, then it is possible to obtain R}, in such a way as to minimise

& (Cus 1 Prsi jCLyy + Ry (2.65)
To tackle this problem, let us start with the solution proposed in Refs. [22, 23]:
Rit1 = BiCrs1 Pk Chy | + 0o, (2.66)

with B; > 0 and J, > 0. Substituting (2.66) into (2.65) gives

1+ B (Ck+1Pk+1/kC]{+1) + 6l (2.67)
Thus, S in (2.66) should be set so as to minimise (2.67), which implies (3; = 0)
Riy1 =021, (2.68)

with §, small enough.

Second-order Case

From Remark 2 it is clear that the matrix Ry should be set according to (2.68) both
in the first- and the second-order case. Indeed, it can be easily observed that its
derivation does not depend on the form of Z;. A significantly different situation
takes place in the case of Q,. Indeed, when (2.64) is employed to set Q;, then from
(2.33) and (2.36) it is evident that Py is large in the sense of its singular values as
well as in the trace. Thus, from (2.38) and (2.42) it is clear that the diagonal entries
of B3 should be relatively large. On the other hand, by observing (2.47) it can be
concluded that the upper bound of c strongly depends on Z; while
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=7 (Ax) + _max |B; k] (2.69)

,,,,,

The above-described situation results in the fact that the upper bound of oy can be
very small (while using (2.64)), which may lead to the divergence of the observer.
Thus, the only solution is to set O, in a conventional way, i.e.,

Qi1 = 03, (2.70)

with 43 > 0 small enough.

2.4 Unscented Kalman Filter

The main objective of this section is to provide a general framework for designing
the UIF for non-linear stochastic systems, which is based on the UKF.

As has already been mentioned, state estimation for non-linear stochastic systems
is a difficult and important problem for modern fault diagnosis and control systems
(see the recent books in the subject area for a complete survey and explanations
[2, 3, 24-27]). As can be observed in the literature, the most frequently used approach
to state estimation of non-linear stochastic systems is to use the celebrated EKF.
However, the linearised non-linear transformations of the state and/or output are
reliable only if there is no excessive difference between the local behaviour compared
to the original non-linear transformation. If this is not the case, then the EKF will
suffer from divergence. However, in the preceding part of this chapter the process and
measurement noise matrices are used as instrumental matrices that can significantly
improve the convergence performance (see Refs. [2, 18] for acomprehensive survey).
Unfortunately, in the stochastic case, Q and R have to play their primary role as
covariance matrices.

As indicated in Ref. [16], it is easier to approximate a probability distribution
than it is to approximate an arbitrary non-linear function or transformation.

Bearing in mind this sentence, the idea of an Unscented Transform (UT) was
applied along with the celebrated Kalman filter in order to form the UKF. To make the
chapter self-contained, the subsequent points will describe the UT and the algorithm
of the UKF.

Finally, it should be underlined that the reader is referred to Ref. [16] (and the
references therein) for a large number of practical examples showing the superiority
of the UKF over the conventional EKF. Thus, the subsequent part of the chapter is
focused on developing a new UKF-based scheme rather than showing its superiority
over the EKF.
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2.4.1 Unscented Transform

The unscented transform boils down to approximating the mean and covariance of
the so-called sigma points after the non-linear transformation A(-). The mean and
covariance of sigma points are given as X and P, while the UT procedure is Ref. [16]

1. Generate k sigma points,
X, i=1,...,k (2.71)

with the mean X and covariance P.
2. Obtain a non-linear transformation of each sigma point (cf. Fig. 2.1),

3. Calculate the weighted mean of the transformed points,
k .
¥ = Z wixt. (2.73)
i=1
4. Calculate the covariance of the transformed points,
k
P=>wixi-&] [x-&]. 2.74)
i=1

Note that the sigma points can be generated with various scenarios [16, 17], and one
of them will be described in the subsequent point. It should also be mentioned that,
in order to provide an unbiased estimate [16], the weights should satisfy

MNon-linear

\v/

Transformation

Fig. 2.1 Unscented transform
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k
> wi=1. (2.75)
i=1

2.4.2 Principle of the UKF-based UIF

Let us consider a non-linear, discrete-time fault-free system, i.e., (2.1) and (2.2) for
fr="0:

Xip1 =g () +h(uy) + Edy + wy, (2.76)
Yir1 = Cxpq1 + vpq1. (2.77)

The UKF [17] can be perceived a derivative-free alternative to the extended Kalman
filter in the framework of state estimation. The UKF calculates the mean and co-
variance of a random variable, which undergoes a non-linear transformation by
utilising a deterministic “sampling” approach. Generally, 2n + 1, sigma points are
chosen based on a square-root decomposition of the prior covariance. These sigma
points are propagated through true nonlinearity, without any approximation, and then
a weighted mean and covariance are taken, as described in Sect. 2.4.1.

The presented form of the UKF is based on the general structure of the unknown
input observer (2.6) and by taking into account the fact that the output equation (2.77)
is linear.

The UKF involves a recursive application of these sigma points to state-space
equations. The standard UKF implementation for state estimation uses the following
variable definitions:

o \=2n(?—-1),

_ A
.W(l)ﬂ_n;-_)\’
] W6=’1+/\+1—1a2+ﬁ,
OW{"ZWIFZW,
e n=4+n+A

where W" is a set of scalar weights, and A and 7 are scaling parameters. The con-
stant « determines the spread of the sigma points around X and is usually set to
10~* < a < 1. The constant 3 is used to incorporate prior knowledge of the distrib-
ution (for the Gaussian distribution, § = 2 is an optimal choice). The UKF algorithm
is as follows:

Initialise with
%0 = Elxol, Po = El(xo — %o)(xo — %0)71, (2.78)

Fork e {1, ..., 00}
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Calculate 2n + 1 sigma points:

Xiy = [Fro1 Zx—1 +0S), ..., Kx—1 +1S(n),
Zio1 —nS(1), ... Er_1 — nSm)], (2.79)

where S = /Pj_1 and S(j) stands for the jth column of S.
Time update equations:

Xi,klkfl =g (Xi,kfl) + h(uy) +Eyk+1, i=0,...,2n, (2.80)
2n

Xih-1 = Z Wi(m)Xi,mk—l, (2.81)
i=0
2n

P11 = Z WX s

i=0

— Rk Xt — Zk11" + Q. (2.82)

Measurement update equations:

P)’k)’k = CPkﬁk_1CT +R,

Ky =P CTP (2.83)
Vik—1 = Cxp k-1, (2.84)
e =X k-1 + K Op = Vpp—1)- (2.85)
Py =, - K ClPj . (2.86)

2.5 Determination of an Unknown Input
Distribution Matrix

As a result of the deliberations presented in the preceding sections, the matrix E
should satisfy the following conditions:

rank(CE) = rank(E) = ¢, (2.87)

where
[CE CL] (2.88)

should be a full rank one, which means that

rank ([CE CL]) = min(m, s + q). (2.89)
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Thus, the set of matrices E satisfying (2.87) and (2.89) is given by

E = {E € R"™4 : rank(CE) = g A rank(E) = g A rank ([CE CL])
=min(m, s + q)} . (2.90)

It should be strongly underlined that E is not convex, which significantly complicates
the problem and limits the spectrum of possible approaches that can be used for
settling the determination of the unknown input distribution matrix.

The subsequent part of this section presents a numerical algorithm that can be used
for estimating the unknown input distribution matrix E based on a set of input—output
measurements {(zuy, yk)}Z’: I

To settle the problem of numerical estimation of E, the following optimisation
criterion is selected:

A

E = arglrzpeiﬁJ(E) 2.91)
with
1 < 7
J(E) = - ;zk %, (2.92)

where z; stands for the residual defined by (2.7) and E is an estimate of E.

It is important to underline that the computation of (2.92) requires the run of
the proposed UIF for a given instance of the unknown input distribution matrix E.
The computation of the cost function (2.92) is definitely the most time-consuming
part of the proposed algorithm. On the other hand, the computation time and the
resulting computational burden are not of paramount importance since the proposed
algorithm performs off-line. Indeed, only the result of the proposed algorithm, being
an estimate of the unknown input distribution matrix E, is utilised on-line for the
unknown input decoupling.

The outline of the proposed algorithm is as follows:

Step 1:  Obtain the fault-free input—output data set from the system
(e yOY -

Step 2:  Initialise the algorithm with some initial value of E satisfying (2.87) and
(2.88).

Step 3:  Use an optimisation strategy to find an estimate of E for which (2.92)
reaches its minimum and conditions (2.87) and (2.90) are satisfied.

Similarly as in the case of (2.8), i.e., by following with dy in a similar way as with
[ in (2.8), it can be shown that the fault-free residual is

Zh+1 = Y1 — Cxiq
=C(§0p) — g (7)) — K(O) +di + C + viq1, (2.93)
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where
- N I e R
dy =C |:In —E [(CE) CE] (CE) C] dx. (2.94)
Alternatively, assuming dy = Ed, it can be expressed by
- . S T I
d.=C [In —E [(CE) CE] (CE) C} Ed,. (2.95)

Following the same line of reasoning as in the proof of Theorem 2.1, it can be shown
that for any vector CEdy € col(gii'), the effect of an unknown input d; will be
decoupled from the residual, i.e., d; = 0.

Based on the above deliberations, it seems that an alternative approach is:

Step 0:  Obtain the fault-free input—output data set from the system
(e yl,

Step 1:  Estimate dy for k_ =1,. sy with, e.g., an augmented UKF.

Step 2:  Find a basis of [d1, ..., d,,] (e.g. an orthonormal basis), which will con-
stitute an estimate of E.

Apart from the unquestionable appeal of the above algorithm, it does not take into
account that the conditions (2.87) and (2.90) must be satisfied. On the other hand,
it was empirically proven that, due to the process and measurement noise, accurate
estimation of dy (for k = 1, ..., n,) is impossible, and hence Step 2 of the above
algorithm cannot be realised with expected results.

Thus, the only fruitful conclusion is that an optimal estimate of E is not unique,
which will undoubtedly facilitate the performance of the optimisation-based ap-
proach presented in the subsequent part of this section.

Taking into account all the above-mentioned difficulties, it is proposed to use the
adaptive random search algorithm [2, 28] to solve (2.91). The algorithm has proven
to be very reliable in various global optimisation problems, which also justifies its
application for this particular task.

The search process of the ARS can be split into two phases. The first phase
(variance-selection phase) consists in selecting an element from the sequence

(DY, i=1,..., imax (2.96)

where o1 stands for an initial standard deviation selected by the designer (forming
the covariance matrix ¥ = ol,x4, where n x g is the number of elements of E), and

o = 100D M (2.97)

In this way, the range of o ensures both proper exploration properties over the search
space and sufficient accuracy of optimum localisation. Larger values of o decrease
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the possibility of getting stuck in a local minimum. The second phase (variance-
exploration phase) is dedicated to exploring the search space with the use of o
obtained from the first phase and consists in repetitive random perturbation of the
best point obtained in the first phase. The scheme of the ARS algorithm is as follows:
0. Input data

o o(1: The initial standard deviation,

e jmax: The number of iterations in each phase,

e imax: The number of standard deviations (o?) changes,

e kmax: The global number of algorithm runs,

e E©: The initial value of the unknown input distribution matrix.

1. Initialise
(1.1) Generate Epeqy — EY, satisfying (2.87) and (2.90), k — 1,i — 1.
2. Variance-selection phase

21) j— 1,EY - EO and 0@ — 104D 5D,
2.2) Perturb}E 0 to get a new trial point ES]r') satisfying (2.87) and (2.90).
(2.3) Ifq(Eﬁ)) < J(ED) then EUFD — EY
else EVTD — EO),
24) THJEY) < J(Epes) then
Evest — ES/L), Ibest —> L.
(2.5) If j <Jjmax/i) thenj — j+ 1 and go to (2.2).
(2.6) If (i < imax) thenseti — i+ 1 and go to (2.1).

3. Variance-exploration phase

B j—> LEY - Epeg, i — ivest
and 0@ — 10-H+D g0,
(3.2) Perturb E? to get a new trial point EY satisfying (2.87) and (2.90).
(3.3) HJEY) < JED) then EV+D — EV
else EV*D — EO). A
(B4) I JEY) < J(Epes) then Epesy — EY.
(3.5) If j < jmax) thenj — j+ 1 and go to Step 3.2.
(3.6) If (k — kmax) then STOP.
37) k— k+1,E® - Ep. and resume from (2.1).

The perturbation phase (the points (2.2) and (3.2) of the algorithm) is realised ac-
cording to

EV =EY +7, (2.98)

where each element of Z is generated according to N(0, o'T). When a newly gen-
erated EV) does not satisfy (2.87) and (2.90), then the perturbation phase (2.98) is
repeated.



2.5 Determination of an Unknown Input Distribution Matrix 39

It should also be noted that for some E¥) the proposed UIF may diverge, e.g.,
due to the loss of observability or a large mismatch with the real system. A simple
remedy is to impose a bound (possibly large) ¢ on J(E?), which means that when
this bound is exceeded then the UIF is terminated and J(EY)) = (.

2.6 Design of the UIF with Varying Unknown Input
Distribution Matrices

The UIF proposed in this section is designed in such a way that it will be able to tackle
the problem of automatically changing (or mixing) the influence of unknown input
distribution matrices according to system behaviour. In other words, the user can
design a number of such matrices in order to cover different operating conditions.
Thus, having such a set of matrices, it is possible to design a bank of UIFs and
the algorithm should use them to obtain the best unknown input decoupling and
state estimation. In order to realise this task, the Interacting Multiple-Model (IMM)
approach [29] is used. The subsequent part of this section shows a comprehensive
description of the UIF and the IMM.

The IMM solution consists of a filter for each disturbance matrix (corresponding
to a particular model of the system), an estimate mixer at the input of the filters,
and an estimate combiner at the output of the filters. The IMM works as a recursive
estimator. In each recursion it has four steps:

1. Interacting or mixing of model-conditional estimates, in which the input to the
filter matched to a certain mode is obtained by mixing the estimates of all filters
from the previous time instant under the assumption that this particular mode is
in effect at the present time;

2. Model-conditional filtering, performed in parallel for each mode;

3. Model probability update, based on model-conditional innovations and likelihood
functions;

4. Estimate combination, which yields the overall state estimate according to the
probabilistically weighted sum of updated state estimates of all the filters.

The probability of a mode plays a crucial role in determining the weights in the
combination of the state estimates and covariances for the overall state estimate.
Figure 2.2 shows the block diagram of the classic IMM algorithm [29], where

o Xiit1jk+1 is the state estimate for time & using measurements through time (k +
l|_k + 1) based on N models;

° 322 k] is the state estimate for time k using measurements through time (k +
11k 4 1) based on model j;

° AJ]; is the model likelihood at time k based on model j;

e (1 is the vector of model probabilities at time k when all the likelihoods A’,; have
been considered during model probability update.
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2[k+1]
Mixing Filter based an my
. .
7 4 o[k [k+1]
X[k|K] X% [klK] _ Pk lk+1]
PiLklk] PO;[klK] Z[k+1]k+1]
Xaolk+1|k+1]
Xolk|K] X[klK] P kk+1[k+1]
PlklK] POlkIK] <
N
\\
_ Filter based on my
Zok+1]k+1]
Filter based on m
/, ’
- /,/
Xnlklk] X°uklK] 1 xnlk+1]k+1]
Prlklk] POk Lo Pulk+1]k+1]
Zlk+1]k+1] "
- X[k+1]k+1]
Model probabilieties update Estin binati
M=y My M= My My Plk+1]k+1]

Fig. 2.2 IMM algorithm

With the assumption that model switching is governed by an underlying Markov [29]
chain, an interacting mixer at the input of the N filters uses the model probabilities
1y and the rnodel switching probabilities p;; to compute a mixed (initial or a priori)

estimate X/ x|k for N filters. The interacting mixer blends the previous state estimates
based on N models to obtain new state estimates. The mixing gains /‘kv—u (] are
computed from the preceding model probabilities ,uf{_ | and the model switching
probabilities p;; in the model probability update.

At the beginning of a filtering cycle, all filters use an a priori mixed estimate
X k—1jk—1 and the current measurement y; to compute a new estimate X ki and the

likelihood A]k for the jth model filter. The likelihoods, prior model probabilities,
and model switching probabilities are then used by the model probability update to
compute the new model probabilities. The overall state estimate X k|k 1s then computed
by an estimate combiner with the new state estimates and their probabilities.

The algorithm presented below is a combination of the UIF and the IMM and
constitutes a solution to the challenging problem of designing the UIF for a set of
predefined unknown input distribution matrices {E; };V: |

Step 1:  Mixing state estimates
The filtering process starts with “a priori” state estimates )}2_” k—1» State error

covariances Pi_1x—1 and the associated probabilities ,u?(_ , for each jth filter
model corresponding to the jth unknown input distribution matrix. The initial or
mixed state estimate and covariance for the jth model at time & is computed as
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N
- _ . l
G=> pitth_.
i=1

ilj _ 1 i
Pr—1jk—1 = T_pll'uk—l’

/\0]

Xi—1jk— 1—ZXk k= N k-1
N

0j _ i

P 1 = [Piius
i=1
o <0

+ Xio et — Xi— 1)

~ 0f

'(f(;c—l\k 1~ X1 1)T]M;;U—1|k—1'
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(2.99)

(2.100)

(2.101)

(2.102)

pij is the assumed transition probability for switching from model i to model j,

- o . i ci
and ¢; is a normalisation constant. For every state estimate X, and X _j;_,

there is a corresponding covariance P}'d , and P;'(_ 1k—1-
Step 2:  Model-conditioned update
Calculate sigma points (for each jth model):

& S0 5 0j 0j
Xio1 = [Xesiper Xeiper 0y Py
~0f 0j
Xi—tjk—1 — LAY, Pk71|k71]'

Time update (for each jth model):

A

2n
A _ (m) 5/
Bepo1 =2 WX s
i=0
2n .
j _ ©rv/
Pi,k_l = Z W; [Xi,k|k—1
i=0

- JA‘ff(,;(_]][j‘]i,k\k—l - fi,k_1]T +0.

Measurement update equations:

T
\Ayk_cpi’k € +R,
Jj _ pl Tp—1
Kk _P;c,k IC PVk)’k(])’

-%c,k—l = C’A‘;c,k—l’

X =§ (f({-,k_l) R + Eygyy. i=0,....2n,

(2.103)

(2.104)

(2.105)

(2.106)

(2.107)
(2.108)
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2=~ Vs (2.109)
’A‘;qk = “%;c,k—l ‘*‘Kjkz;( (2.110)
Pl =, — K. CIP}, ;. @2.111)

Step 3:  Model likelihood computations '
The likelihood of the jth model is computed with the filter residuals z/, the co-

variance of the filter residuals ngyk and the assumption of the Gaussian statistics.
The likelihood of the jth model and model probabilities update are as follows:

. 1 ) . X
N, = —————exp[ - 0.5 P, ,)'4],

- YikYk
V |27rP]ykyk|
N
Cc = Z A;{CT,',
i=1

A

Step 4:  Combination of state estimates
The state estimate Xx and the covariance Py; for the IMM filter are obtained from
a probabilistic sum of the individual filter outputs,

N
X = Z%kﬂiv

i=1

N . . .
Py = ZML[PZM + (32';(|k —f’fk\k) (’A‘;qk —f‘k\k) ]

i=1

2.7 Illustrative Examples

The objective of the subsequent part of this section is to examine the proposed
approaches with two sample systems, i.e., an induction motor and a two-tank system.
In particular, the way of determining unknown input distribution matrix and the
“switching” of these matrices will be illustrated with an induction motor. The two-
tank system will be employed to show the performance of the proposed approach
with respect to fault detection and isolation. The final part of this section shows
acomparison between the first- and the second-order EUIO. An empirical comparison
is realised with the model of an induction motor.
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2.7.1 Estimation of E for an Induction Motor

The purpose of this section is to show the reliability and effectiveness of the proposed
EUIO. The numerical example considered here is a fifth-order two-phase non-linear
model of an induction motor, which has already been the subject of a large number
of various control design applications (see Ref. [22] and the references therein).The
complete discrete-time model in a stator-fixed (a, b) reference frame is

K 1
X1 k+1 = X1,k + A | =yX1k + X3 + Kpxspxar + uig ) (2.112)
T, oLy
K 1
X2, k41 = X2k + I\ —yx2r — Kpxspxar + —Xar + uy ) (2.113)
T, oLg
M 1
X3kl = X3k + | X1k — X3k — PXsixak ) (2.114)
T, T,
M 1
X4 k41 = X4k + I\ X0k + PXspx3x — —Xak ) » (2.115)
T, T,
pM T
X =x5%+h | — (3108 — X1 x1%) — — |, 2.116
S.k+1 = X5k (JL,( 3%X2k — X4kX1k) J) ( )
V1,k+1 = X1,k+1s Y2, k+1 = X2 k+1, 2.117)
where x¢ = [X14, -, Xnx]] = [isaks isbks Yrak, Urbk, wik]? represents the cur-
rents, the rotor fluxes, and the angular speed, respectively, while uy = [ugk,

ugpk]? is the stator voltage control vector, p is the number of the pairs of poles,
and 77, is the load torque. The rotor time constant 7, and the remaining parameters
are defined as

L, MM _ R R.M?
R, LL' =~ = oLL, |~ oL ' oLL?

(2.118)

where R;, R, and Lg, L, are stator and rotor per-phase resistances and inductances,
respectively, and J is the rotor moment inertia.

The numerical values of the above parameters are as follows: Ry = 0.18 @, R, =
0.159Q, M =0.068 H, Ly = 0.0699 H, L, = 0.0699 H, J = 0.0586 kgmz, T, =
10 Nm, p = 1, and & = 0.1 ms. The input signals are

uy x = 350c0s(0.03k), wup; = 300sin(0.03k). (2.119)

Let us assume that the unknown input and its distribution matrix have the following
form:

E=10[12,02,241,1.6], (2.120)
d; = 0.3sin(0.57k) cos(0.037k), (2.121)
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Fig. 2.3 Residuals for a randomly selected E

while the noise covariance matrices are @ = 1071 and R = 107°I. Note that the
small values of the process and measurement noise are selected in order to clearly
portray the effect of an unknown input. Figure 2.3 shows the residual z; for randomly
selected E. From these results, it is evident that the estimation quality is very low and
hence the residual is significantly different from zero, which may lead to a decrease
in the fault detection abilities.

In order to prevent such a situation, the algorithm presented in Sect. 2.5 was
utilised with the following settings:

e o1: The initial standard deviation,

® jmax = 20: The number of iterations in each phase,

® imax = 5: The number of standard deviations (%) changes,
® kmax = 50,

e E©: Randomly selected.

The performance of the algorithm was tested for a set of oW je., {1,2,3,4,5}. Note
that kpmax = 50, which means that each run of the algorithm was performed 50 times.
As aresult, the mean and the standard deviation of the resulting J(E) (cf. (2.92)) for
each setting of (1) was calculated. The mean of J(E) is presented in Fig. 2.4, while
its standard deviation is portrayed in Fig. 2.5.

From these results, it is evident that the smallest mean and standard deviation are
obtained for o) = 3. This, of course, does not mean that this is a particular value
oM = 3, which should be the best one for each example. However, it can be easily
observed that, for other (¥, i.e., {1, 2, 4,5}, the mean and standard deviation are
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Fig. 2.4 Mean of J(E) for
o =1,...,5

Mean J

Fig. 2.5 Standard deviation
of J(E) forc® =1,...,5

Standard deviation of J

also very small. Numerous numerical experiments confirm this property, i.e., this
means that the proposed algorithm is not extremely sensitive to the initial value of
o,

As mentioned in the preceding part of the chapter, the matrix E, which is able
to decouple the unknown input, is not unique. Indeed, the estimate of E, for which
J(E) reaches its minimum, is

E =[0.3651,0.0609, 0.7303, 0.3043, 0.4869]" . (2.122)
Figure 2.6 presents the residual for the obtained estimate. A direct comparison of

Figs. 2.3 and 2.6 clearly shows the profits that can be gained while using the proposed
algorithm.
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Fig. 2.6 Residuals for the estimated E

2.7.2 Varying E Case

Let us reconsider an example presented in the previous section. The unknown input
is defined, as previously, by (2.121), but three different settings of the unknown input
distribution matrix E/ were employed during system simulation (the simulation time
was 10,000 samples):

E' =[1.2,0.2,2.4,1,1.6]" for 0 < k < 2, 500,

E?=[0.2,1.2,2.4,1,1.6]" for2,500 < k < 5, 000
and 7, 500 < k < 10, 000,

E?=[2.1,2.1,2.1,2.1,2.1]" for 5,000 < k < 7, 500.

Contrary to the above-described simulation scenario, it was assumed that the set of
unknown input distribution matrices for the UIF is composed of

E'=102,12,2.4,1,1.6]",
E?=10,0.2,2.4,1,01",
E*=1[2.1,2.1,2.1,2.1,2.11",
E*=11,2,3,1,0],
E’=1[12,02,24,1,1.6]".
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Fig. 2.7 Model probabilities

This means that E and E* should not be used by the UIF, while E 1, E3 and E°
should be appropriately switched.

Figure 2.7 shows model probabilities corresponding to the five unknown input
distribution matrices. From these results, it is evident that the instrumental matrices
E', E? and E’ were switched correctly. Moreover, probabilities corresponding to
E? and E* are very low.

2.7.3 Fault Detection and Isolation of a Two-Tank System

The main objective of this section is to show that the UIF can also be effectively
applied for fault detection and isolation. In this case, the unknown input is suitably
used for designing the required fault isolation performance. The system considered
consists of two cylindrical tanks of the same diameter. They are linked to each
other through a connecting cylindrical pipe (Fig. 2.8). The two-tank system can be
perceived as a Single-Input Multi-Output (SIMO) system, where the input u is the
water flow through the pump, while the outputs y; and y, are water levels in the first
and the second tank, respectively.

It is assumed that the system considered can be affected by the following set of
faults:

actuator fault:  f; pump lost-of-effectiveness or leakage from the pump pipe,

process faults:  f> clogged connecting cylindrical pipe,

sensor faults:  f3 water level sensor fault of the first tank, f; water level sensor fault
of the second tank.



48 2 Unknown Input Observers and Filters

Fig. 2.8 Schematic diagram
of a two-tank system

[ v X >
+E I

Once the fault description is provided, then a complete system description can be
given as follows:

Xp1 = g () +h(ug) + Lif o + Wi, (2.123)
Yir1 = Cxpq1 + Lof g jyq + Vit (2.124)
where <
—h3 X1k — X2k + X1k
g =1, k" X : (2.125)
VXL — X2k — hEs Tk + Xk
1 T
h(uy) = |:h_uk, 0} , (2.126)
Ay
_h h
L = [0 A g} (2.127)
Az
10
Lz—[m] c=1, (2.128)

Sar = fie Vxik —X2,kf2,k]T, fox = [fs,k,f4,k]T,

where x1 ; and x; ; are water levels in the first and the second tank, respectively,
Ay, Aj stand for the cross-sections of the tanks, K| denotes the cross-section of the
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connecting pipe, K3 is the cross-section of the outflow pipe from the second tank,
and £ is the sampling time.

The objective of the subsequent part of this section is to design UIF-based diag-
nostic filter which will make it possible to detect and isolate the above mentioned
faults.

Filter 1:  In order to make the residual insensitive to fi, it is proposed to use the
developed UIF with the following settings:

E=L|, di=fis. L=L}, fy=fus Cc=I1 0] (2.129)

where L"1 stands for the ith column of L. It is straightforward to examine that the
conditions (2.87) and (2.90) are satisfied, which means that the observer while
remaining insensitive to f x while it will remain sensitive to f2 .

Filter 2:  Similarly as in the Filter I case, the residual generated by the Filter 2
should be insensitive to f> f,

E=L;, di=fy L=L{, fr=fix. Ck=IL 0L (2.130)

It is straightforward to examine that conditions (2.87) and (2.90) are satisfied,
which means that the observer will be insensitive to f> y while while remaining
sensitive to f] k.

Filter 3:  The filter should be insensitive to f3 x while sensitive to f4 . This can be
realised using the conventional UKF with

C =10, 1]. (2.131)

Filter 4:  The filter should be insensitive to f4 ; while it should be sensitive to f3 k.
This can be realised using the conventional UKF with

Cc=1[1,0], (2.132)

The main objective of this section is to show the testing results obtained with the
proposed approach. To tackle this problem, a Matlab-based simulator of a two-tank
system was implemented. The simulator is able to generate the data for normal as
well as for all faulty conditions (f1, .. ., f4) being considered. The filter-based fault
diagnosis scheme was also implemented using Matlab. As aresult, acomplete scheme
that is able to validate the performance of the proposed fault diagnosis strategy was
developed. It should be also pointed out that the simulations were carried out using
the following numerical parameters: uy = 2.56, h = 0.1, Ay = 4.2929, A, =
4.2929, K| = 0.3646, K, = 0.2524.

All fault scenarios where generated according to the following rule:

#0k =300,...,400

Jike= [0 otherwise i=L....4



50 2 Unknown Input Observers and Filters

0.1 Observer 1 0.1 Observer I

0.05 0.05
© ©
3 0 -'5 0
8 8
-0.05 -0.05

0.1 -0.1

0 500 1000 0 500 1000

Discrete time Discrete time

0.04 Observer 1 0.04 Observer Iv
0.02 _ 002
T G
8 8
-0.02 -0.02
-0.04 -0.04
0 500 1000 0 500 1000
Discrete time Discrete time

Fig. 2.9 Residuals for the fault-free case

Moreover, y; and y, were corrupted by measurement noise generated according to
the normal distribution, i.e., A/(0, diag(0.01, 0.01)). Thus, the following settings of
the instrumental matrices were employed: R = 0.1 and Q = 0.11.

Figure 2.9 portrays the residual obtained with the four filters for the fault-free
case. As can be observed, all of them are very close to zero.

Figures 2.10,2.11,2.12 and 2.13 present the residuals for the faults f] to f4 obtained
with the four filters.

The results are summarised in the form of a diagnostic table presented as Table 2.1.

It should be noticed that the residuals generated by Filter 3 and Filter 4 are
insensitive to f; and f>. Such a situation is caused by the fact that observers use
feedback from the system output and hence some damping effects may arise. This is
the case in the presented situation. On the other hand, it was observed that the results
of experiments can be consistent with the theoretical expectations when there is no
measurement noise, but this is a rather unreal situation. Irrespective of the presented
results, the faults can still be isolated because they have unique signatures.
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Table 2.1 Diagnostic table Filer fi /> f3 f1

Filter 1 0 1 1 1
Filter2 1 0 1 1
Filter 3 0 0 0 1
Filter4 0 0 1 O

2.7.4 First- Versus Second-order EUIO

The main objective of this section is to perform a comprehensive study regarding the
first- and the second-order EUIO.

Let us reconsider the induction motor described by (2.112)—(2.117). Let X be a
bounded set denoting the space of the possible variations of the initial condition xq:

X = {[—276,279] x [—243,369] x 52 (0)
x [—11,56]} C R?, 2.133)

where Sﬁ") (c) ={x eR": ||x —cl|lp <r}, r =15. Let us assume that each initial
condition of the system xy is equally probable, i.e.

1
o) = o for xo e X,
0 otherwise,

where m(A) is the Lebesgue measure of the set A. Moreover, the following three
observer configurations were considered:

Case 1:  First-order EUIO with:

R, =0.11,,
0, =0.11s.
Case 2: First-order EUIO with:
R, = 0.115,

0y = 10°c] &5 + 0.00175.

Case 3:  Second-order EUIO with:
R; =0.11,,
Q k — O 11 5.
In order to validate the performance of the observers, each of them was run for

N = 1000 randomly selected initial conditions x¢ € X and then the following quality
index was calculated:
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where n, = 1000. This quality index describes an average ration between the norm
of the initial state estimation error eo and the norm of the state estimation estimation
error achieved after n; iterations. The following results were obtained:

Case 1: Q =0.0023,
Case2: Q=9.6935-10"17,
Case 3: Q = 0.0385.

It is clear that the observer of Case 2 provides the best results. This can also be
observed in Fig. 2.14, which presents the evolution of an average norm of the state
estimation error. The main reason why the second-order EUIO does not provide good
results is that it is very sensitive to the initial state estimation error and to the initial
value of Py. This follows from the fact that sy is calculated using the approximation
(2.38) instead of an exact form:

r 0g; (xp)?
Sik=7 | ——5—

e e |,
2k ax,% .
X=X

2.8 Concluding Remarks

The main objective of this chapter was to present three different approaches that can
be used for designing unknown input observers and filters for non-linear discrete-
time systems. In particular, a system description was provided, which covers a large
class of non-linear systems, and a general rule for decoupling the unknown input
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was portrayed. The chapter provides a rule for checking if the observer/filter will not
decouple the effect of a fault. This unappealing phenomenon may lead to undetected
faults, which may have a serious impact on the performance of the system being
controlled and diagnosed. Subsequently, an approach for designing the so-called
first- and second-order extended unknown input observer was provided. The pro-
posed approach is based on a general extended Kalman filter framework and can be
applied for non-linear deterministic systems. It was shown, with the help of the Lya-
punov method, that such a linearisation-based technique is convergent under certain
conditions. To tackle this task, a novel structure and design procedure of the EUIO
were proposed. Another approach was proposed for non-linear stochastic framework,
bearing in mind that Ref. [16] it is easier to approximate a probability distribution
than it is to approximate an arbitrary non-linear function or transformation. The
unscented Kalman filter formed a base for the development of an unknown input fil-
ter. Based on the UIF, an algorithm for estimating unknown input distribution matrix
was proposed. Another important contribution of this chapter was the development
of the UIF that is able to switch the unknown input distribution matrices accord-
ing to the working conditions. This task was realised with the interacting multiple
model algorithm. The final part of the chapter presented comprehensive case studies
regarding practical application of the proposed approaches. These examples are an
induction motor and a two-tank systems. In particular, based on the example with the
induction motor, the strategies for determining the unknown input distribution ma-
trix and the case with a set of predefined unknown input distribution matrices were
examined. The same example (within a deterministic framework) was utilised to
perform a comparison between the first- and second-order extended unknown input
observer. The abilities regarding fault detection and isolation were illustrated with
the two-tank system. In all the cases, the proposed approaches exhibit their practical
usefulness.
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Chapter 3
Neural Network-based Approaches
to Fault Diagnosis

Apart from the unquestionable effectiveness of the approaches presented in the
preceding chapter, there are examples for which fault directions are very similar
to that of an unknown input. This may lead to a situation in which the effect of some
faults is minimised and hence they may be impossible to detect. Other approaches
that make use of the idea of an unknown input also inherit these drawbacks, e.g.,
robust parity relations approaches [1]. An obvious way to tackle such a challenging
problem is to use different description of model uncertainty. It is important to note
that the parameters of the model underlying such a fault detection scheme do not
necessarily have to have physical meaning. This considerably extends the spectrum
of candidate models that can be used for design purposes. The main objective of
this chapter is to show how to use artificial neural networks in such a robust fault
detection scheme. Contrary to the industrial applications of neural networks that
are presented in the literature (see, e.g, [2] and the references therein), the task of
designing a neural network is defined in this chapter in such a way as to obtain a
model with a possibly small uncertainty. Indeed, the approaches presented in the
literature try to obtain a model that is best suited to a particular data set. This may
result in a model with a relatively large uncertainty. Degraded performance of fault
diagnosis constitutes a direct consequence of using such models.

Taking into account the above discussion, the chapter is organised as follows.
Section 3.1 extends the general ideas of experimental design to neural networks. In
particular, one objective of this section is to show how to describe model uncertainty
of a neural network using the statistical framework. Another objective is to propose
algorithms that can be used for developing an optimal experimental design which
makes it possible to obtain a neural network with a possibly small uncertainty. The
final objective is to show how to use the obtained knowledge about model uncertainty
for robust fault diagnosis. The approach presented in this section is based on a static
neural network, i.e., the multi-layer perceptron. It should also be pointed out that the
results described in this section are based on [3-5].

An approach that can utilise either a static or a dynamic model structure is
described in Sect.3.2. This strategy is based on a similar idea as that of Sect.3.1,
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but instead of using a statistical description of model uncertainty a deterministic
bounded-error [6, 7] approach is employed. In particular, one objective is to show
how to describe model uncertainty of the so-called Group Method of Data Handling
(GMDH) neural network. Another objective is to show how to use the obtained
knowledge about model uncertainty for robust fault diagnosis. Finally, it should be
pointed out that the presented results are based on [5, 8, 9].

3.1 Robust Fault Detection with the Multi-Layer Perceptron
Let us consider a feed-forward neural network given by the following equation:
i =PVg (P7uy), G.1)

while g(-) = [g1(), ..., gn, (), 117, while gi (-) = g(-) is anon-linear differentiable
activation function,

p (7 ™M
PO = : , P = : , (3.2)

PP’ P )"
are matrices representing the parameters (weights) of the model, and nj, is the number
of neurons in the hidden layer. Moreover, uy € Rr=nrtl gy = [ty kyoonstin ks 17,

where u; x, i = 1, ..., n, are system inputs. For notational simplicity, let us define
the following parameter vector:

T
p=[p"W7 s PO p P

where n, = m(n, + 1) + n,(n, + 1). Consequently, Eq.(3.1) can be written in a
more compact form:
Ymr=h(p, ui), (3.3)

where & (-) is a non-linear function representing the structure of a neural-network.
Let us assume that the system output satisfies the following equality:

Y =Yyi TV =h(p, up)+ v, 3.4
where the noise v is zero-mean, Gaussian and uncorrelated in k, i.e., its statistics are

Ewp) =0, Ewiv]) =d:C, (3.5)
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where C € R™*™ is a known positive-definite matrix of the form C = ¢*1,,, while
o2 and 0; x stand for the variance and Kronecker’s delta symbol, respectively. Under
such an assumption, the theory of experimental design [7, 10, 11] can be exploited
to develop a suitable training data set that allows obtaining a neural network with a
considerably smaller uncertainty than those designed without it. First, let us define
the so-called Fisher information matrix that constitutes a measure of parametric
uncertainty of (3.1):

ny
P~ =3 RiR[, (3.6)
k=1
oh (p, r
R = (#) , (3.7)
P p=p
and
T
g (P™u)" 06, 1y, 41) PIDG (i p" (D) uf ...
Oh (p,uy) ) : .
op T ' (.) T / T T
06— 1)ny+1) 9 (P 8 ”k) py(m)g (“k Pn(l)) u ...
oo Poy, (D (] p"n)) u]
: : : (3.8)
o ph (m)g' (] p"(np)) ul
/ dg(r) . . . .
where ¢'(t) = 4 p is a least-square estimate of p. It is easy to observe that
the FIM (3.6) depends on the experimental conditions £ = [u, ..., u,,]. Thus,
optimal experimental conditions can be found by choosing uy, k =1, ..., ny, so as

to minimise some scalar function of (3.6). Such a function can be defined in several
different ways [12, 13]:

e D-optimality criterion:
@ (&) =det P, (3.9)

e E-optimality criterion (Amax(-) stands for the maximum eigenvalue of its argu-
ment):

P (&) = Amax (P); (3.10)
e A-optimality criterion:

@ (&) = trace P; 3.1
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e G-optimality criterion:

P () = max ¢(&, u), (3.12)
ukGU

where U stands for a set of admissible u; that can be used for a system being
considered (the design space), and

m
O(E, uy) = trace (R,{PRk) = rixPrly, (3.13)
i=l1

while r; ; stands for the ith row of RkT;
e Q-optimality criterion:

®(¢) = trace (P;P) , (3.14)

-1 T oh(p.uw)\ "
where P! = [ R)R(w)"dQ(u), R(u) = (T) ,and Q stands for the
pP=p

so-called environmental probability, which gives independent input vectors in the
actual environment where a trained network is to be exploited [12].

As has already been mentioned, a valuable property of the FIM is that its inverse
constitutes an approximation of the covariance matrix for p [14], i.e., it is a lower
bound of this covariance matrix that is established by the so-called Cramér—Rao
inequality [14]:

cov(p) = P. (3.13)

Thus, a D-optimum design minimises the volume of the confidence ellipsoid approx-
imating the feasible parameter set of (3.1) (see, e.g., [10] for further explanations).
An E-optimum design minimises the length of the largest axis of the same ellipsoid.
An A-optimum design suppresses the average variance of parameter estimates. A G-
optimum design minimises the variance of the estimated response of (3.1). Finally,
a Q-optimum design minimises the expectation of the generalisation error £ (ggen)
defined by [12]:

Egen =/|Ih(17,u) — h(p, w)|*dQ ). (3.16)

Among the above-listed optimality criteria, the D-optimality criterion, due to its sim-
ple updating formula, has been employed by many authors in the development of
computer algorithms for calculating optimal experimental design. Another important
property is that D-optimum design is invariant to non-degenerate linear transforma-
tion of the model. This property is to be exploited and suitably discussed in Sect. 3.1.2.
It is also important to underline that, from the practical point of view, D-optimum
designs often perform well according to other criteria (see [10] and the references
therein for more details). For further explanations regarding D-optimality criteria, the
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Fig. 3.1 ith output of the sys- A Yi M

tem and its bounds obtained Yi
with a neural network

Yi

yi

\ 4

Discrete time

reader is referred to the excellent textbooks [7, 10, 13, 15]. Since the research results
presented in this section are motivated by fault diagnosis applications of neural net-
works, the main objective is to use such a design criterion which makes it possible to
obtain accurate bounds of the system output (cf. Fig. 3.1). Indeed, it is rather vain to
assume that it is possible to develop a neural network with an arbitrarily small uncer-
tainty, i.e., to obtain a perfect model of the system. A more realistic task is to design
amodel that will provide a reliable knowledge about the bounds of the system output
that reflect the expected behaviour of the system. This is especially important from
the point of view of robust fault diagnosis. The design methodology of such robust
techniques relies on the idea that fault diagnosis and control schemes should perform
reliably for any system behaviour that is consistent with output bounds. This is in
contradiction with the conventional approaches, where fault diagnosis and control
schemes are designed to be optimal for one single model. The bounds presented in
Fig.3.1 can be described as follows:

e S vk syM, i=1...m. (3.17)

In [16], the authors developed an approach that can be used for determining (3.17)
(that forms the 100(1 — «) confidence interval of y; ) for single output (m = 1)
neural networks. In [3], the approach of [16] was extended to multi-output models.
If the neural model gives a good prediction of the actual system behaviour, then p is
close to the optimal parameter vector and the following first-order Taylor expansion
of (3.4) can be exploited:

VX Fe+RUp =B o Fe=h(pour). (3.18)
Thus, assuming that £(p) = p, we get
Ek =31 = R{ (p = E(p) + E(wi) ~ 0. (3.19)

Using a similar approach, the covariance matrix is given by
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cov(yy —yi) =& ((J’k — Yo — j’k)T)

~R(E((p =P — D7) R+, (3.20)
Using the classic results regarding £ ((p - D) (p— i))T) [7, 10, 13], i.e.,
~ AT 2
5((p—p)(p—p) )—a P, (3:21)
Equation (3.20) can be expressed as
cov(yy — §p) ~ o (R,{PRk + Im) . (3.22)
Subsequently, using (3.22), the standard deviation of y; x — ¥; x is given by
r\1/2
yis =0 (LHrPrl) " i=1m (3.23)

Using (3.23) and the result of [16], it can be shown that yl{\;{ and y% (that form the
100(1 — «) confidence interval of y; x) can be approximated as follows:

1/2
A /2 A .
v = S — 1, 8 (1 + ri,kPer) L i=1,...,m, (324
1/2
A 2 A .
y[’f’]’( :yi’k—i-t,i/_npa(l —|—r,-,kPrl.T’k) , i=1,...,m, (3.25)
where t,z /_2 np is the t-Student distribution quantile, and & is the standard deviation

estimate. Bearing in mind the fact that the primary purpose is to develop reliable
bounds of the system output, it is clear from (3.17), (3.24), and (3.25) that the G-
optimality criterion should be selected.

When some experiments are repeated, then the number 7, of distinct uys is smaller
than the total number of observations ;. The design resulting from this approach is
called continuous experimental design and it can be described as follows:

uiuy...u,
= e, 3.26
¢ HMIM2-~NH¢] (5:20)
where uys are said to be the support points, and 1, ..., pa,, i € [0, 1] are called

their weights, which satisfy ZZ"’:] wr = 1. Thus, when the design (3.26) is optimal
(with respect to one of the above-defined criteria), then the support points can also
be called optimal inputs. Thus, the Fisher information matrix can now be defined as
follows:
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Ne

Pl = Z xRy R . (3.27)
k=1

The fundamental property of continuous experimental design is the fact that the opti-
mum designs resulting from the D-optimality and G-optimality criteria are the same
(the Kiefer—Wolfowitz equivalence theorem [7, 10, 13]). Another reason for using D-
optimum design is the fact that it is probably the most popular criterion. Indeed, most
of the algorithms presented in the literature are developed for D-optimum design.
Bearing in mind all of the above-mentioned circumstances, the subsequent part of
this section is devoted to D-optimum experimental design. The next section shows
an illustrative example whose results clearly show profits that can be gained while
applying D-OED to neural networks.

3.1.1 Illustrative Example

Let us consider a neuron model with the logistic activation function [3]:

P1

T (3.28)

YM k=

It is obvious that the continuous experimental design for the model (3.28) should
have at least three different support points (n, = 3 for (3.28)). For a three-point
design, the determinant of the FIM (3.27) is

4
det P! =%p1u2u3e2x'e2x2ezx3
2

(e — e")x3 + (¢ — e™)x1 + (¢" — ¢)x2)?
(€1 + DH(e® + DHen + D

, (3.29)

where x; = pou; + p3. Bearing in mind the fact that the minimisation of (3.9)
is equivalent to the maximisation of (3.29), a numerical solution regarding the D-
optimum continuous experimental design can be written as

¢ = [mimus
T ope 3

(1.04l—p3 1) (—1.04l—p3 1) (x3—p3 1)
= 1’21 ’ 1721 ’ 1721’ , (3.30)

whereas x3 is an arbitrary constant satisfying x3 > ¢, ( & 12. In order to check if
the design (3.30) is really D-optimum, the Kiefer—Wolfowitz equivalence theorem
[7, 10] can be employed. In the light of this theorem, the design (3.30) is D-optimum
when
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Fig. 3.2 Variance function 35 T T T T T ——
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&(€, uy) = trace (R,{PRk) <n,. (3.31)

where the equality holds for measurements described by (3.30). It can be seen from
Fig. 3.2 that the design (3.30) satisfies (3.31). This figure also justifies the role of the
constant ¢, which is a lower bound of x3 in the third support point of (3.30). Indeed,
it can be observed that the design (3.30) is D-optimum (the variance function is
np, = 3) when the third support point is larger than some constant value, which is
equivalent to x3 > (.

In order to justify the effectiveness of (3.30), let us assume that the nominal
parameter vector is p = [2, 0.5, 0.6]7. It is also assumed that n, = 9. This means
that each of the measurements consistent with (3.30) should be repeated 3 times.
For the purpose of comparison, a set of n; points was generated according to the
uniform distribution U/ (—4, 40). It should also be pointed out that v was generated
according to N'(0, 0.12). Figure 3.3 presents feasible parameter sets obtained with
the strategies considered. These sets are defined according to the following formula

[7]:

P= {p R[> (e — f(p.w))* < azxﬁ,n,] : (3.32)

k=1

where Xi,n, is the Chi-square distribution quantile. From Fig. 3.3, it is clear that the
application of D-OED results in a model with a considerably smaller uncertainty
than the one designed without it. These results also imply that the system bounds
(3.17) will be more accurate.
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Fig. 3.3 Feasible parame-
ter set obtained for (3.30)
(smaller) and for a set of ran-
domly generated points

3.1.2 Algorithms and Properties of D-OED for Neural Networks

Regularity of the FIM

The Fisher information matrix P~! of (3.1) may be singular for some parameter
configurations, and in such cases it is impossible to obtain its inverse P necessary to
calculate (3.17), as well as to utilise specialised algorithms for obtaining D-optimum
experimental design [7, 10]. In [17] the author established the conditions under which
P~ is singular. These conditions can be formulated as follows

Theorem 3.1 [17] The Fisher information matrix P~" of (3.1) is singular iff at least
one of the following conditions holds true:

1. There exists j such that [pﬁ-f’l), ey P;’Z,]T =0.
2. There exists j such that [pi{)j., e pffl?j]T =0.

3. There exist different ji and j» such that p™ (j1) = £p™ (jr).

A direct consequence of the above theorem is that a network with singular P~
can be reduced to one with positive definite P~! by removing redundant hidden
neurons. Based on this property, it is possible to develop a procedure that can be
used for removing the redundant neurons without performing the retraining of a
network [18].

If the conditions of Theorem 3.1 indicate that P~ is not singular, then the strategy
of collecting measurements according to the theory of D-optimum experimental
design (the maximisation of the determinant of P~') guarantees that the Fisher
information matrix is positive definite. This permits approximating an exact feasible
parameter set (3.32) with an ellipsoid (cf. Fig. 3.3 to see the similarity to an ellipsoid).
Unfortunately, the conditions of Theorem 3.1 have strictly theoretical meaning as
in most practical situations the FIM would be close to singular but not singular in
an exact sense. This makes the process of eliminating redundant hidden neurons far
more difficult, and there is no really efficient algorithm that could be employed to
settle this problem. Indeed, the approach presented in [12] is merely sub-optimal.
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On the other hand, if such an algorithm does not give satisfactory results, i.e., the
FIM is still close to the singular matrix, then the FIM should be regularised in the
following way [10, p. 110]:

Pl=P ' 1&lI, (3.33)

for k > 0 small but large enough to permit the inversion of P;l.

Relation Between Non-Linear Parameters and D-OED

Dependence on parameters that enter non-linearly ((3.30) depends on p; and p3 but
does not depend on p1) into the model is an unappealing characteristic of non-linear
optimum experimental design. As has already been mentioned, there is a number
of works dealing with D-OED for neural networks but none of them has exploited
this important property. In [3], it was shown that experimental design for a general
structure (3.1) is independent of parameters that enter linearly into (3.1). Indeed, it
can be shown that (3.8) can be transformed into an equivalent form:

Oh (p,
orh(pu) _ (P<">, uk) z (P<’>) , (3.34)
op
and
L (P<">, uk)
T T
g (P™ur)” Op-nymrn (9" (P™ur) @ uy)
- : : ; L 33)
T T
On—1o+1) 9 (PPur)” (9" (P ur) ® uy)
Ly,+1 ceoe X (=D +1)
D+l - llm,+1
7 (P(l)) _| PO, o PP, , (3.36)

o .
P L om0

where ® denotes the Kronecker product, x; stands for an arbitrary ¢-dimensional
vector, and
gO =1, ....q w1 (3.37)

Thus, Ry can be written in the following form:

Ry, = PRy, (3.38)
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where r
P, = (z (P(l)))p:i] (3.39)
and
Rix= (L (P<">, uk));i). (3.40)

The Fisher information matrix is now given by

ny ny
p-l— ZRkR,{ = P, [Z Rl,kkfk} pT. (3.41)
k=1 k=1

Thus, the determinant of P! is given by

ny
det (P—l) :det(Pl)zdet(z Rl,kR]T’k). (3.42)

k=1

From (3.42) it is clear that the process of minimising the determinant of P~! with
respect to us is independent of the linear parameters p’. This means that at least a
rough estimate of P is required to solve the experimental design problem. Such
estimates can be obtained with any training method for feed-forward neural networks
[19]. A particularly interesting approach was recently developed in [20]. The authors
proposed a novel method of backpropagating the desired response through the layers
of the MLP in such a way as to minimise the mean-square error. Thus, the obtained
solution may constitute a good starting point for experimental design.

Indeed, it is rather vain to expect that it is possible to obtain a design that is
to be appropriate for all networks of a given structure. It is very easy to imagine
two neural networks of the same structure that may represent two completely dif-
ferent systems. If some rough estimates are given, then specialised algorithms for
D-optimum experimental design can be applied [7, 10].

o-Equivalence Theorem for D-OED

Undoubtedly, the most popular activation functions g(-) that are commonly employed
for designing neural networks are g,(¢) = 1++13(—I) and g () = tanh(z). It is well
known that these functions are very similar, and this similarity is expressed by the
following relationship:

= ! ! ! 3.43
9o (1) = 5 + Egtg (zt) . (3.43)
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Thus, the problem is to show how to use a D-optimum design obtained for a
network with the activation functions g,(-) to obtain a D-optimum design for a

network with the activation functions g (-). In this work, the above problem is
solved as follows

Theorem 3.2 Let

u...u,
. = e 3.44
¢ [m---une] G4

denote a D-optimum design for the network
yux = POgy, (P(”)uk) : (3.45)
Then the design (3.44) is D-optimum for the following network:
Yux =PV, (P(”)u,i’) : (3.46)

where uj = 2uy and Pg) is an arbitrary (non-zero) matrix.

Proof Tt is straightforward to observe that

PPg, (2P"u) = Pgy (PWur), (3.47)
where | |
Pt? = EPE,” + [Omxnh, EP‘(’[)I’”’“} . (3.48)

Thus, using (3.42), the determinant of the FIM for (3.45) is

det (P71) = det ((z (PU)));_‘&)2 det (Z Rl,kR{,k)’ (3.49)
B k=1

while using (3.42), (3.47), and (3.48), the determinant of the Fisher information
matrix for (3.46) is

T 2 ng
O ) T
det (P") = det ((z <Pt‘°’>)p:i:) det(z Rl,kRLk), (3.50)
k=1

and R ; in (3.49) and (3.50) is calculated by substituting
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L (P<”), uk)

), \T /' (p) T
G (P™ur)” Ogn—1yimy1) (gtg (P™Mu) ® uk)
— : : : (3.51)

)\ (o (p® ’
On—1yim+1) Grg (P k) (gtg(P uk)®uk)

and
/ / / r
90 = [ge1). - Glgltny) | (3.52)

into (3.40).
From (3.49) and (3.50), it is clear that the D-optimum design obtained with either
(3.49) or (3.50) is identical, which completes the proof.

Based on the above results, the following remark can be formulated:

Remark 3.3 Theorem 3.2 and the Kiefer—Wolfowitz theorem [7, 10] imply that the
D-optimum design (3.44) for (3.45) is also G-optimum for this model structure and,
hence, it is G-optimum for (3.46).

Ilustrative Example

Let us reconsider the example presented in Sect.3.1.1. The purpose of this example
was to obtain a D-optimum experimental design for the model (3.28). As a result,
the design (3.30) was determined. The purpose of further deliberations is to apply
the design (3.30) to the following model:

yum k = p1tanh2(paug + p3)). (3.53)

and to check if it is D-optimum for (3.53). Figure 3.4 presents the variance function
(3.12) for the model (3.53). From this figure it is clear that the variance function
satisfies the D-optimality condition (3.31).

Wynn-Fedorov Algorithm for the MLP

The preceding part of Sect. 3.1.2 presents important properties of D-OED for neural
networks. In this section, these properties are exploited to develop an effective
algorithm for calculating D-OED for neural networks. In a numerical example of
Sect.3.1.1, it is shown how to calculate D-OED for a neural network composed
of one neuron only. In particular, the algorithm was reduced to direct optimisa-
tion of the determinant of the FIM with respect to experimental conditions. This
means that non-linear programming techniques have to be employed to settle this
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problem. Unfortunately, it should be strongly underlined that such an approach is
impractical when larger neural networks are investigated. Fortunately, the Kiefer—
Wolfowitz equivalence theorem [7, 10, 13] (see also (3.31)) provides some guidance
useful in construction of a suitable numerical algorithm. The underlying reasoning
boils down to correcting a non-optimum design &, (obtained after k iterations) by a
convex combination with another design [15, p. 27], which hopefully improves the
current solution, i.e.,

&1 = (I — ap)ép + o (uy) (3.54)

for some convenient 0 < oy < 1, where

fk:[ZiZjZ] 5(“k>=[uf], (3.55)

while the convex combination (3.54) is realised as follows:
fupy A#u;,i=1,...,n,,then

ui up .. Uy Uy
= € , 3.56
Skt [(1 —apm (= ap .. (1 — o), ak] (3.56)
else
Cort = u| u u; u,
* (I—app W —apz ... A=) + ok ... (1= o, |-

In this way, the experimental effort related to & is reduced and measurements cor-
responding to &(uy) are favored instead. Hence, the problem is to select &(uy) so
as to get a better value of the optimality criterion. A solution to this problem can
be found with the help of the Kiefer—Wolfowitz equivalence theorem [7, 10, 13].
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Indeed, the support points of optimum design £* coincide with the maxima of the
variance function ¢(£*, uy) (see Sect. 3.1.1 for an illustrative example). Thus, by the
addition of & (uy) for which the maximum of ¢(&x, uy) is attained, an improvement
in the current design can be expected (see [7, 13] for more details).

The above-outlined approach forms the base of the celebrated Wynn—Fedorov
algorithm [7, 10]. In this section, the results developed in Sect. (3.1.2) and the one of
Theorem 3.1 are utilised to adapt the Wynn—Fedorov algorithm in order to develop
D-OED for neural networks.

First, let us start with a slight modification of the Wynn—Fedorov algorithm that
boils down to reducing the necessity of using the linear parameters of (3.1) in the
computational procedure.

Since, according to (3.38),

Ry = PR, (3.57)

then (3.12) can be written as follows:

®(¢) = max trace (R{kPITPPIRLk) . (3.58)

ukGU

Using (3.41) and the notation of continuous experimental design, the matrix P can
be expressed as follows:

_ e -1
P= (P{) : [ZMRL,(RIT,,(} Pl (3.59)

k=1

It is easy to observe that if Condition 2 of Theorem 3.1 is not satisfied, then it is
possible to compute the inverse of P (cf. (3.39)). Similarly, if both Conditions 1
and 3 are not satisfied, then the matrix

e -1
P, = [Z ukRI,kR{,k} (3.60)
k=1

in (3.59) can be calculated. Now, (3.58) can be expressed in the following form:

@ (&) = max ¢(&, uy), (3.61)
u,cU

where
O(E, uy) = trace (R{kszl,k) . (3.62)

Note that the computation of (3.61) does not require any knowledge about the para-
meter matrix P©), which enters linearly into (3.1). Another advantage is that it is not
necessary to form the matrix P; € R"»*"», which then has to be multiplied by R
to form (3.57). This implies a reduction in the computational burden.
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Equation (3.61) can be perceived as the main step of the Wynn—Fedorov algorithm,
which can now be described as follows:

Step 0: Obtain an initial estimate of P, i.e., the parameter matrix that enters non-
linearly into (3.1), with any method for training the MLP [19]. Set k = 1, choose
a non-degenerate (det(P~") # 0, it is satisfied when no conditions of Theorem 3.1
are fulfilled) design &, set the maximum number of iterations 7max.

Step 1: Calculate

up = arg ma%trace (R{szRl,k) . (3.63)

upe

Step 2: If ¢p(&k, ur)/np < 1+ ¢, where € > 0, is sufficiently small, then STOP, else
go to Step 3.
Step 3: Calculate a weight associated with a new support point u; according to

ag = arg max_det ((1 —a)Py + aRLleTk) , (3.64)
O<a<l1 ’

which for single-output systems (m = 1) is given by

oy = Ok, ux) —np (3.65)

(&, up) — Dy’

and go to Step 4.
Step 4: Obtain a new design &1, which is a convex combination [15, p. 27] of the
form

k1 = (1 — ap)é + ar&(up). (3.66)

If K = nmax, then STOP, else set k = k + 1 and go to Step 1.

Step 1 is crucial in the presented algorithm. Indeed, the first problem is the fact that the
calculation of (3.60) involves matrix inversions. Since the dimension of this matrix
equals n, then, even for simple networks, the number of parameters is a dozen or
so. Subsequently, it is shown that effective recursive formulae can be established
for calculating P’g, i.e., the matrix P in the kth iteration of the Wynn—Fedorov
algorithm. It can be seen from the inverse of (3.60) and (3.56) that

(P§+1)*‘ = -0 (1»’5)7l + xRy RY . (3.67)

Using the matrix inversion lemma and (3.67), the following recursive relation can
be established:
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1
k+1 _
P2 _l—ak

1 — o -1
.[p’;—PéRl,k[ - I,n+R{kP§R1,k} R{kpg}. (3.68)

Note that the calculation of (3.68) requires inversion of an m-dimensional matrix
instead of an n ,-dimensional one.

The second problem concerning Step 1 is the fact that the variance function (3.63)
is multi-modal and hence conventional optimisation routines cannot be applied to
settle (3.61). For further explanations concerning the problem (3.61), the reader is
referred to [21]. Based on numerous computer experiments, it has been found that
the extremely simple Adaptive Random Search (ARS) algorithm [7] is especially
well suited for the purpose of optimising (3.61), although other techniques such as
evolutionary algorithms [22] can successfully be applied as well.

It is important to note that the above algorithm makes use of information about
the gradient of the performance index only, and the rule (3.64) results in the steepest-
descent algorithm. As a result, the convergence rate of the algorithm is compa-
rable with its gradient counterparts from mathematical non-linear programming.
This implies a significant decrease in the performance index in the first few itera-
tions, but then serious moderation of the convergence rate occurs as the optimum is
approached. There are some second-order counterparts of the algorithm considered,
but they require significantly higher implementation complexity. However, it should
be pointed out that they may improve the design weight rather than the support points,
and in this context the features of the presented algorithm are satisfactory. Indeed,
many computer experiments show that the most significant support points are found
in just several iterations.

Numerical Example

The problem is to approximate the function

Yk = exp(— sin(ug)) + vy,

where v ~ N (0, 0.022), ux € [0.1, 10], with a neural network containing ny = 4
hidden neurons with hyperbolic tangent activation functions. Thus, the number of
parameters to be estimated is n, = 13. In the preliminary experiment u;, k =
1,...,n; = 15 were obtained in such a way as to equally divide the design space
U € [0.1, 10]. Then the Levenberg—Marquardt algorithm [7] was employed for
parameter estimation. Based on the obtained parameter estimates, the Wynn—Fedorov
algorithm was utilised to obtain D-OED, and then the parameter estimation process
was repeated once again. Figure 3.5 shows the variance function and D-optimum
inputs (support points). Note that the number of support points is 1, while i =
1/13, k = 1,...,13. Based on the obtained design, n; = 13 measurements were
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ul

Fig. 3.5 Variance function and the corresponding support points

taken, each corresponding to the subsequent support points. Figure 3.6 presents the
output bounds (3.17) for the network obtained with the application of OED (the 2nd
net) and the one obtained without it (the 1st net), while the true output represents the
shape of the approximated function. It can be observed that the use of OED results
in a network with a significantly smaller uncertainty than the one designed without
1t.

— true output

- = bounds for 1-st net
— bounds for 2-nd net
3ty @ support points H

ul

Fig. 3.6 Output and its bounds
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Special Case

A special case that deserves particular attention is when the design consists of
ne = np/m support points, i.e., the number of distinct support points equals that of
parameters to be estimated. An example of such a design is presented in Sect.3.1.2.
The analysis of this example indicates that the weights associated with the support
points are the same and equal 1/n,. This can be easily explained by transforming
(3.41) into the following form:

P~' = RTWR, (3.69)
where ’
Rl

R=| : (3.70)
R!

and W = diag(p11,, ..., tin,1m)-
It can be observed from (3.70) that R is a square matrix when n, = mn,. To
achieve this, the number of support points should be

M_ (3.71)
m

n
ne=—t=(my+1)+
m

As can be seen from (3.71), the number of hidden neurons should be suitably selected
to guarantee that n, is a positive integer number. Thus, the determinant of (3.69) is

det (P—l) - (ﬁ uk) det (R)2. (3.72)
k=1

From (3.72), it is clear that py, k = 1,...,n,/m, maximising det (P’l) are the
same and equal m/n .

Unfortunately, it is impossible to expect a priori how many support points should
be used to form a D-optimum design for a given neural model. Indeed, the equation
(3.71) indicates the minimum number of support points, while the maximum number
can be determined with the help of Caratheodory’s theorem [7, 10, 13] and is equal
ton, =np(n, +1)/2+ 1.

Now let us consider a single output neural model for which n, = n,. The para-
meter vector of (3.1) is estimated with the least-square method as follows:

ny
p = arg min — h(p, wp))>. 3.73
b gpeRnpk;(yk (p. ) (3.73)
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Another appealing characteristic of the design considered can be expressed by the
following theorem, which is based on the results presented in [23].

up...uy
=11 1"t
Lok

and the number of observations for different uys is n, = ";—’ (it is assumed that it is
P

Theorem 3.4 Assume that

a positive integer number). Assume also that for all 3 € R"», there exists p € R"»
such that B = [h(p, uy), ..., h(p, unp)]T and p does not satisfy the conditions of
Theorem 3.1. Then the cost function of (3.73) has a unique global minimiser p and
no other global minimisers.

Proof See the proof of Theorem 1 in [23].

Since the weights associated with support points are the same, then it is natural to
assume that the number of observations for different uys is the same. Theorem 3.4
can be relatively easily interpreted because the optimisation problem (3.73) can be
expressed (under the assumptions of Theorem 3.4) as

np

i v — h(p,up))? =0, 3.74
i, 3Gk = hp. e (3.74)

and

o
e=— D ¥ (3.75)
e —
where y,i stands for the ith observation under u;. Thus, the solution p of (3.74)
should satisty

Vi —h(pu) =0, k=1,...,n,. (3.76)

Indeed, the fact that p does not satisfy the conditions of Theorem 3.1 implies that (3.1)
is uniquely determined by its input-output map, up to a finite group of symmetries
(permutations of hidden neurons and changing the sign of all weights associated with
a particular hidden neuron) [24]. This means that p is a unique solution of (3.76).

Towards Robustness: Sequential Design

As was shown in Sect.3.1.2, the unappealing characteristic of experimental design
for the MLP is the fact that the FIM depends on the non-linear parameters P only.
It is obvious that the true value of P is unknown and hence its estimate should be
utilised instead. As was mentioned in Sect. 3.1.2, if some rough estimates are given,
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i.e., they can be obtained with any training method for feed-forward neural networks
[19], then the so-called sequential design [7, 13] can be applied. Such a strategy is
usually applied off-line, i.e., the first step is parameter estimation while the second
one is to use some specialised algorithms, e.g., the Wynn—Federov algorithm detailed
in Sect.3.1.2, to obtain a design of the form (3.26). In spite of the simplicity of such
a sequential approach, some non-trivial problems arise which can be described as
follows:

e Determination of the number of stages of experimentation-estimation required to
attain the prescribed accuracy;

e Dependence of the final design upon the initial parameter estimates;

e Unique parametrisation of (3.1). This is the necessary condition to ensure the
convergence of the sequential algorithm;

e Management of data collected in the consecutive experiments in order to guarantee
the convergence of p to the true value of parameters p.

Some existing results being partial solutions to the first two questions can be found
in [7, 25, 26]. Sussman [24] proved that, under some conditions, a network of the
structure (3.1) with the hyperbolic tangent activation function is uniquely determined
by its input-output map, up to a finite group of symmetries (permutations of hidden
neurons and changing the sign of all weights associated with a particular hidden
neuron). In [17] the author extended the results of [24] to the structure (3.1) with the
logistic activation function. The solution to the last problem seems to be well devel-
oped and can be formulated as follows [7]: in order to guarantee the convergence of
P to p, the estimation of i)k (the estimate of p in the kth iteration of the sequential
algorithm) should make use of all previous observations collected during the pre-
ceding iterations of the sequential algorithm. Fukumizu [12] employed this strategy
for OED for the MLP. The routine employed in [12] adds one single measurement
to the measurement set collected in the preceding iterations of the algorithm. This
new support point is obtained in such a way as to obtain an optimum design for the
new parameter estimate. This idea is to be exploited in designing a new sequential
algorithm that can be used for both training and data development for the MLP.
Another approach [7] is to obtain a design for a new parameter estimate in a clas-
sic way, e.g., with the Wynn—Fedorov algorithm, while parameter estimation should
make use of all the previous observations that where collected during the preceding
iterations of the sequential algorithm. This strategy is employed in the numerical
example presented in the subsequent section.

Numerical Example

Let us reconsider the example presented in Sect.3.1.1. It is assumed that an initial
parameter estimate is p = [1.8, 0.45, 0.54]7 . The sequential algorithm utilises (3.30)
to obtain OED in the consecutive iterations of the algorithm. The measurements y
were generated by disturbing the data obtained with (3.28) by the normally distributed
random noise (0, 0.1%). The Levenberg-Marquardt algorithm [7] was employed
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for parameter estimation. In order to show the reliability of the sequential algorithm,
consisting of 250 cycles of estimation and experimentation, it was repeated 100
times. This means that in each cycle 9 x 250 measurements were collected, i.e., in
each iteration the measurements were repeated three times for each support point of
(3.30).

Figure 3.7 shows an average norm of the parameter estimation error ||p — p||2 in
the consecutive iterations of the sequential algorithm. From this result it can be seen
that the parameter estimate converges (on average) to the true parameter vector p.
This implies that the designed experiment tends to the optimal experiment for p.

3.1.3 Industrial Application

This section presents an industrial application study regarding the proposed approach.
In particular, the presented example concerns experimental design, neural model
development and fault detection of a valve actuator. The problem regarding FDI
of this actuator was attacked from different angles in the EU DAMADICS project.
Development and Application of Methods for Actuator Diagnosis in Industrial Con-
trol Systems (DAMADICS) was a research project focused on drawing together
wide-ranging techniques and fault diagnosis within the framework of real appli-
cation to on-line diagnosis of a 5-stage evaporisation plant of the sugar factory in
Lublin, Poland. The project was focused on the diagnosis of valve (cf. Fig. 3.8) plant
actuators and looked towards real implementation methods for new actuator systems.
The sugar factory was a subcontractor (under the Warsaw University of Technology)
providing real process data and the evaluation of trials of fault diagnosis methods.
The control valve is a mean used to prevent, permit and/or limit the flow of sugar
juice through the control system (a detailed description of this actuator can be found
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Fig. 3.8 Actuator and its scheme

in [27]). As can be seen in Fig. 3.8, the following process variables can be measured:
CYV is the control signal, P1 is the pressure at the inlet of the valve, P2 is the pressure
at the outlet of the valve, T'1 is the juice temperature at the inlet of the valve, X is
servomotor rod displacement, F is the juice flow at the outlet of the valve. Thus,
the output is y = (F, X), while the input is given by u = (CV, P1, P2, T). In
Fig. 3.8, three additional bypass valves (denoted by z1, z2, and z3) can be seen. The
state of these valves can be controlled manually by the operator. They are introduced
for manual process operation, actuator maintenance and safety purposes. The data
gathered from the real plant can be found on the DAMADICS website [27]. Although
a large amount of real data is available, they do not cover all faulty situations, while
the simulator is able to generate a set of 19 faults (see Table3.1) Moreover, due
to a strict production regime, operators do not allow changing plant inputs, i.e.,
they are set up by control systems. Thus, an actuator simulator was developed with
MATLAB Simulink (available at [27]). Apart from experimental design purposes,
the main reason for using the data from the simulator is the fact that the achieved
results can be easily compared with those obtained with different approaches, e.g.,
[28-30]. The main objective of the subsequent part of this section is to develop a
neural network that can be used for fault detection of the industrial valve actuator.
The above task can be divided into the following steps:

Step 1: Training of a network based on the nominal data set;

Step 2: Design of the experiment with the Wynn—Fedorov algorithm described in
Sect.3.1.2 based on the network obtained in Step I;

Step 3: Training of a network based on the data obtained with experimental design.
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Table 3.1 Set of faults considered for the benchmark

Fault Description S M B I
fi Valve clogging X X X

f Valve plug or valve seat sedimentation X X
NE) Valve plug or valve seat erosion X
fa Increased valve or busing friction X
/s External leakage X
fe Internal leakage (valve tightness) X
fi Medium evaporation or critical flow X
f3 Twisted servomotor’s piston rod

fo Servomotor housing or terminal tightness X
fio Servomotor’s diaphragm perforation X X X

Jfu Servomotor’s spring fault X
fi2 Electro-pneumatic transducer fault X

f13 Rod displacement sensor fault X X
fla Pressure sensor fault X

fis Positioner feedback fault X

fi6 Positioner supply pressure drop X X X

Sfi7 Unexpected pressure change across the valve X X
fi8 Fully or partly opened bypass valves X X
fio0 Flow rate sensor fault X

Abrupt faults: S small, M medium, B big, I incipient faults

Based on the experience with the industrial valve actuator, it was observed that the
following subset of the measured variables is sufficient for fault detection purposes:
u=(CV,P1,1), y=F.

In Step 1, a number of experiments (the training of a neural network with the
Levenberg—Marquardt algorithm [7]) were performed in order to find a suitable
number of hidden neurons ny, (cf. (3.1)). For that purpose, n, = 100 data points were
generated for which inputs were uniformly spread within the design region U, where
0.25 < u; < 0.75and 0.6625 < uy < 0.8375. As aresult, a neural model consisting
of n, = 5 hidden neurons was obtained. The main objective of Step 2 was to utilise
the above model and the Wynn—Fedorov algorithm in order to obtain D-optimum
experimental conditions. First, an initial experiment was generated in such a way as
to equally divide the design space of u. Finally, the Wynn—Fedorov algorithm was
applied. Figure 3.9 shows the support points (n, = 45) and the variance function
for the obtained D-optimum design. Based on the derived continuous design, a set
consisting of n; = 100 points was found and used for data generation. The number
of repetitions of each optimal input u; was calculated by suitably rounding the
numbers pxng, k = 1,...,n, [7, 10]. It should be strongly stressed that the data
were collected in the steady-state of the valve because the utilised model (3.1) was
static. Finally, the new data set was used for training the network with the Levenberg—
Marquardt algorithm. As was mentioned at the beginning of this section, the research
directions of the DAMADICS project were oriented towards fault diagnosis and, in
particular, fault detection of the valve actuator. Under the assumption of a perfect
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Fig. 3.9 Variance function and the corresponding support points

mathematical description of the systems considered, a perfect residual generation
should provide a residual that is zero during the normal operation of the system
and considerably different than zero otherwise. This means that the residual should
ideally carry information regarding a fault only. Under such assumptions, faults
can be easily detected. Unfortunately, this is impossible to attain in practice since
residuals are normally uncertain, corrupted by noise, disturbances and modelling
uncertainty. That is why, in order to avoid false alarms, it is necessary to assign a
threshold to the residual that is significantly larger than zero. The most common
approach is to use a fixed threshold [22, 31]. The main difficulty with this kind of
thresholds is the fact that they may cause many serious problems regarding false
alarms as well as undetected faults. In other words, it is very difficult to fix such a
threshold and there is no optimal solution that can be applied to settle such a task.
Fortunately, using (3.17), (3.24) and (3.25), it is possible to develop an adaptive
threshold that can be described as follows:

R 2
lzinl <1972, & (1 n ri,kPr{k) L i=1,...,m. (3.77)

Consequently, the decision logic can be realised as follows:

If the residual zy satisfies (3.77), then there is no fault symptom, else (3.77)
indicates that a fault symptom has occurred.

The objective of the subsequent part of this section is to use the obtained network
for fault detection, as well as to compare its performance with that of a network
obtained for a nominal data set. Table 3.2 shows the results of fault detection for a set
of faults being specified for the benchmark (the symbols S—Small, M—Medium, and
B—Big denote the magnitude of the faults). All faults were generated with the same
scenario, i.e., the first 200 samples correspond to the normal operating mode of the
system while the remaining ones were generated under faulty conditions. Figure 3.10
presents the residual signal obtained with a network trained with the D-optimum data
set as well as an adaptive threshold provided by this network (the 2nd network). This
figure also presents an adaptive threshold provided by a network (the 1st network)
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Table 3.2 Results of fault detection

Fault Description S M B
fi Valve clogging D D D
f Valve plug or valve seat sedimentation X X D
fr Medium evaporation or critical flow D D D
I3 Twisted servomotor’s piston rod N N N
fio Servomotor’s diaphragm perforation D D D
fi2 Electro-pneumatic transducer fault X X D
f13 Rod displacement sensor fault D D D
fis Positioner feedback fault X X D
fie Positioner supply pressure drop N N D
f17 Unexpected pressure change across valve X X D
f18 Fully or partly opened bypass valves D D D
S1o Flow rate sensor fault D D D
D detected, N not detected, X not specified for the benchmark
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Fig. 3.10 Residual and adaptive thresholds for the fault fj—small (a) and its selected part (b)

trained with the data set generated by equally dividing the design space. It can be
observed that the neural network obtained with the use of D-optimum experimental
design makes it possible to obtain more accurate bounds than those obtained with
a neural network trained otherwise. Indeed, as can be seen in Fig.3.10b, the fault
Jf1—small (which in the light of its nature is hard to detect) can be detected with
the help of the 2nd network while it is impossible to detect it with the use of the 1st
one. It should be strongly underlined that the situation is even worse when the 1st
network is used for residual generation, i.e., in the presented example it was used
for adaptive threshold generation only. As can be observed in Table 3.2, almost all
the faults specified for the benchmark can be detected. The main reason why the
faults f3 and fi¢ (small and medium) cannot be detected is because their effect is
exactly at the same level as that of noise. However, it should be pointed out that this
was the case for other techniques [29, 30] tested with the DAMADICS benchmark.
Finally, Fig.3.11 presents sample residuals for the faults fig—small and fj9—small,
respectively.
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Fig. 3.11 Residual and adaptive thresholds for the fault fjs—small (a) and fjo—small (b),
respectively

3.2 GMDH Neural Networks

The synthesis process of the GMDH neural network [8] is based on the iterative
processing of a sequence of operations. This process leads to the evolution of the
resulting model structure in such a way as to obtain the best quality approximation
of the real system. The quality of the model can be measured with the application
of various criteria [32]. The resulting GMDH neural network is constructed through
the connection of a given number of neurons, as shown in Fig. 3.12. The neuron has

the following structure:
T
l [
Mk =¢& ((r,i?k) p,i”) : (3.78)
O}

where y, ;. stands for the neuron output (/ is the layer number, n is the neuron
number in the /th layer), whilst £(-) denotes a non-linear invertible activation function,

T
i.e., there exists f‘l(~). Moreover, rg’)k =g ([ul(l,)(, uy)k] ), i,j=1,...,r,and

pf,l) € R are the regressor and the parameter vectors, respectively, and g(-) is

an arbitrary bivariate vector function, e.g., g(x) = [x12, x%, x1x2, x1, x2, 117 that
corresponding to the bivariate polynomial of the second degree.
An outline of the GMDH algorithm can be as follows [8, 33]:

Step 1: Determine all neurons (estimate their parameter vectors pf,[) with the training
data set 7)) whose inputs consist of all possible couples of input variables, i.e.,
(r — 1)r/2 couples (neurons).

Step 2: Using a validation data set V, not employed during the parameter estimation
phase, select several neurons which are best fitted in terms of the chosen criterion.
Step 3: If the termination condition is fulfilled (either the network fits the data with
desired accuracy, or the introduction of new neurons did not induce a significant
increase in the approximation abilities of the neural network), then STOP, otherwise



84 3 Neural Network-based Approaches to Fault Diagnosis

L
— Q"

ZomCcmz

L
Yot

ZoO~HAamrmn
€.
sk

[ZO'—“—!OH]I—‘D’JU} zOoO®mCmZ

Fig. 3.12 Principle of the GMDH algorithm

Ur

,
€>yi 2

Fig. 3.13 Final structure of the GMDH neural network

use the outputs of the best-fitted neurons (selected in Step 2) to form the input vector
for the next layer (see Fig.3.12), and then go to Step 1.

To obtain the final structure of the network (Fig.3.13), all unnecessary neurons are
removed, leaving only those which are relevant to the computation of the model
output. The procedure of removing the unnecessary neurons is the last stage of the
synthesis of the GMDH neural network. The feature of the above algorithm is that
the techniques for parameter estimation of linear-in-parameter models can be used
during the realisation of Step 1. Indeed, since £(-) is invertible, the neuron (3.78) can
relatively easily be transformed into a linear-in-parameter one.

3.2.1 Model Uncertainty in the GMDH Neural Network

The objective of system identification is to obtain a mathematical description of a
real system based on input-output measurements. Irrespective of the identification
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method used, there is always the problem of model uncertainty, i.e., the model-reality
mismatch. Even though the application of the GMDH approach to model structure
selection can improve the quality of the model, the resulting structure is not the same
as that of the system. It can be shown [34] that the application of the classic evaluation
criteria like the Akaike Information Criterion (AIC) and the Final Prediction Error
(FPE) [32, 35] can lead to the selection of inappropriate neurons and, consequently,
to unnecessary structural errors.

Apart from the model structure selection stage, inaccuracy in parameter estimates
also contributes to modelling uncertainty. Indeed, while applying the least-square
method to parameter estimation of neurons (3.78), a set of restrictive assumptions
has to be satisfied. The first (and the most controversial) assumption is that the
structure of the neuron is the same as that of the system (no structural errors). In the
case of the GMDH neural network, this condition is extremely difficult to satisfy.
Indeed, neurons are created based on two input variables selected from U and hence
it is impossible to eliminate the structural error. Another assumption concerns the
transformation with €1 (-). Let us consider the following system output signal:

n\’ !
ye=¢ ((r,ﬁ,)k) p) + 0l (3.79)

The use of linear-in-parameter estimation methods for the model (3.78), e.g., the
Least-Square Method (LSM) [36] requires transforming the output of the system
(3.79) as follows:

T
l — l
(m) PP =" o0 =il (3.80)
Unfortunately, the transformation of (3.79) with £ ~!(-) results in

T
(’le,)k) O — ¢! (yk _ vflbk) ) (3.81)

Thus, good results can only be expected when the noise v,(ll)k magnitude is relatively

small. The other assumptions are directly connected with the properties of the LSM,
i.e., in order to attain an estimator i)fll)k of pfll)k for (3.78) which is unbiased and
minimum variance [10], it is assumed that

£ [ufﬁ] —0, (3.82)
cov [v,g”] = (01(11))2 I. (3.83)

The assumption (3.82) means that there are no structural errors (deterministic distur-
bances) and model uncertainty is described in a purely stochastic way (uncorrelated
noise, cf. (3.83)). It must be pointed out that this is rather difficult to satisfy this
condition in practice.
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Let us suppose that, in some case, the conditions (3.82) and (3.83) are satisfied.
Then it can be shown that i)ﬁllz (the parameter estimate vector for a neuron of the
first layer) is unbiased and minimum variance [10]. Consequently, the neuron output
in the first layer becomes the input to other neurons in the second layer. The system
output estimate can be described by

T -1 T
R
! 1 1 5 5 5U
where R,g) = [”;(1,)1’ ...,rfz,)nt]T, Y =1[y,..., yn,]T, and y,(f) = y,ifl, .--,yyg,)n,]T

represent the system output vector and its estimate. Apart from the situation in the
first layer (I = 1), where the matrix Rfll) depends on U, in the subsequent layers
R,(11+1) depends on (3.84) and hence

£ |:|:(R£Zl+]))T R511+1)i|1 (RS;HI))T vg+l):| £0. (3.85)

That is why the parameter estimator in the next layers is biased and no minimum
variance, i.e.,

T -1 T
£ I:ﬁ;l-i-l)] .y |:|:(R§ll+1)) R’(11+1)i| (R§f+l)) y:|
0\ e | (RN (Ul (41 o (4D
= 8 [(Rn ) Rn } (Rn ) (Rn pn + vn )
I+1) a+0\T pan] " (pn\T - asn
— pih 1 g |:(R” ) R } (RID) w0 | (356)

To settle this problem, the instrumental variable method or other methods listed
in [7] can be employed. On the other hand, these methods provide only asymptotic
convergence, and hence a large data set is usually required to obtain an unbiased
parameter estimate.

3.2.2 Bounded-Error Approach

The problems detailed in the previous section clearly show that there is a need for the
application of a parameter estimation method different than the LSM. Such a method
should also be easily adaptable to the case of an uncertain regressor and should
overcome all of the remaining difficulties mentioned in Sect.3.2.1. The subsequent
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part of this section gives an outline of such a method called the Bounded-Error
Approach (BEA).

Bounded Noise/Disturbances

The usual statistical parameter estimation framework assumes that data are corrupted
by errors which can be modelled as realisations of independent random variables,
with a known or parameterised distribution. A more realistic approach is to assume
that the errors lie between given prior bounds. This is the case, for example, for data
collected with an analogue-to-digital converter or for measurements performed with
a sensor of a given type. Such reasoning leads directly to the bounded-error approach
[6, 7]. Let us consider the following system:

T
l l
w=(rl) 0+l (3.87)

The problem is to obtain the parameter estimate iJS) as well as an associated

parameter uncertainty required to design a robust fault detection system. In order to
simplify the notation, the index 5,1) is omitted. The knowledge regarding the set of
admissible parameter values allows obtaining the confidence interval of the model
output which satisfies

o<y <M, (3.88)

where y,ﬁv and y,i” are respectively the minimum and maximum admissible values
of the model output that are consistent with the input-output measurements of the
system. Under the assumptions detailed in Sect.3.2.1, the uncertainty of the neural
network can be obtained according to [37].

In this work, it is assumed that vy is bounded as follows:

v <y <M, (3.89)

while the bounds v,iv and v,f” (v,ﬁv # v,f’[ ) are known a priori. The idea underlying the
bounded-error approach is to obtain a feasible parameter set [6]. It can be defined as

]P’:{peR”Hyk—v,[ygr,Zp §yk—v,iv,k:1,...,n,}. (3.90)

This set can be perceived as a region of the parameter space that is determined by 7,
pairs of hyperplanes:

P = (") Sk. (3.91)
k

where each pair defines the parameter strip
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Fig. 3.14 Feasible parameter A D2 P
set
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Any parameter vector contained in [P is a valid estimate of p. In practice, the centre
(in some geometrical sense) of P (cf. Fig. 3.14 for n,, = 2) is chosen as the parameter
estimate p, e.g., '

. plgnln + pmax

; T =L, (3.93)
with ‘
piM =argminp;, i=1,...,np, (3.94)
peP
pit =argmax p;, i=1,...,np. (3.95)
peP

This is, of course, important when the task is to develop a neural network for which the
knowledge regarding parameter uncertainty is not useful. In the presented approach,
the nominal model is obtained in such a way that the knowledge regarding parameter
uncertainty is used for fault detection purposes.

The problems (3.94) and (3.95) can be solved with the well-known linear pro-
gramming techniques [6, 38], but when n, and/or n, are large, the computational
cost may be significant. This constitutes the main drawback of the approach. One
way out of this problem is to apply a technique where constraints are executed sep-
arately one after another [39], although this approach does not constitute a perfect
remedy for the computational problem considered. This means that the described
BEA can be employed for tasks with a relatively small dimension, as is the case for
GMDH neurons. In spite of the above-mentioned computational problems, the tech-
nique described in [39] was implemented and used in this work. The main difficulty
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associated with the BEA concerns a priori knowledge regarding the error bounds
v,ﬁv and v,i” . However, these bounds can also be estimated [6] by assuming that
v,ﬁv =, v,’c” = vM, and then suitably extending the unknown parameter vector p

by vV and v™. Determining the bounds can now be formulated as

(vN, vM) =arg min oM — vN, (3.96)
vM >0, vN <0

with respect to the following constraints:
yk—var,Zpsyk—vN, k=1,...,n;. (3.97)

In this section, the well-known simplex method was utilised to solve the problem
(3.96). Then, knowing v and v¥, the strategy described in [39] was employed.

Model Output Uncertainty

The methodology described in Sect. 3.2.2 makes it possible to obtain the parameter
estimate p and the associated feasible parameter set P. However, from a practical
point of view, it is more convenient to obtain the system output confidence interval,
i.e., the interval in which the “true” model output y(k) can be found. This kind
of knowledge makes it possible to obtain an adaptive threshold [40], and hence to
develop a fault diagnosis scheme that is robust to model uncertainty.

Let V be the set of all vertices pi , 1 =1,...,ny,describing the feasible parameter
set P (cf. (3.91)). If there is no error in the regressor, then the problem of determining
the model output confidence interval can be solved as follows:

Ywmx=ripy <rip<ripl =i (3.98)
where
p,]{V = arg min r,{p, (3.99)
pev
pi = argmaxr{ p. (3.100)
peV

The computation of (3.99) and (3.100) is realised by multiplying the parameter
vectors corresponding to all vertices belonging to V by r,{.

Since (3.98) describes a neuron output confidence interval, the system output will
satisfy

rfpl + o <y <rlp¥ +o}. (3.101)

A more general case of (3.101) for neurons with a non-linear activation function will
be considered in Sect. 3.2.3. The neuron output confidence interval defined by (3.98)
and the corresponding system output confidence interval (3.101) are presented in
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Fig. 3.15 Model output A
confidence interval for the

M
error-free regressor Tk Pk

T N
Tk Pk

Model output confidence interval
g LoEN
3
bk
=

\/

Discrete time

Fig. 3.16 System output
confidence interval for the
error-free regressor

T, M M
TPy T Uk

T N, N
TPk T Uk

System output confidence interval

\{

Discrete time

Figs.3.15 and 3.16, respectively. As has already been mentioned, the neurons in the
Ith (I > 1) layer are fed with the outputs of the neurons from the (I — 1)th layer.
Since (3.98) describes the model output confidence interval, the parameters of the
neurons in the layers have to be obtained with an approach that solves the problem
of an uncertain regressor [6].

In order to modify the approach presented in Sect. 3.2.2, let us denote an unknown
“true” value of the regressor r, x by a difference between a known (measured) value
of the regressor r; and the error in the regressor ey :

nk =rg — €, (3.102)

where it is assumed that the error e; is bounded as follows:

e <en e i=1...n,. (3.103)
Using (3.87) and substituting (3.102) into (3.103), one can define the region contain-
ing parameter estimates:

v —elp<w—rip=<vl—elp. (3.104)
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Unfortunately, for the purpose of parameter estimation it is not enough to introduce
(3.102) into (3.103). Indeed, the bounds of (3.104) depend also on the sign of each
pi. It is possible to directly obtain these signs only for models whose parameters
have physical meaning [41]. For models such as GMDH neural networks this is
rather impossible. In [6, Chapters 17 and 18], the authors proposed some heuristic
techniques, but these drastically complicate the problem (3.104) and do not seem to
guarantee that these signs will be obtained properly. Bearing in mind the fact that
the neuron (3.78) contains only a few parameters, it is possible to replace them by

pi=pi—pl, pipl=0 i=1,...,np. (3.105)

Although the above solution is very simple, it doubles the number of parameters,
i.e., instead of estimating n,, parameters it is necessary to do so for 2n,, parameters.
In spite of that, this technique is very popular and widely used in the literature
[6, 42]. Due to the above solution, (3.104) can be modified as follows:

T T
v — (e,i”) p+ (e,?’) p”
<w-ri(p—p"

T T
<M - (e,l{v) p+ (e,i”) p. (3.106)

This transformation makes it possible to employ, with a minor modification, the
approach described in Sect. 3.2.2. The difference is that the algorithm processes each
constraint (associated with a pair of hyperplanes defined with (3.106)) separately.
The reason for such a modification is that the hyperplanes are not parallel [43].

The proposed modification of the BEA makes it possible to estimate the parameter
vectors of the neurons from the /th, [ > 1, layer. In the case of an error in the
regressor, using (3.106) it can be shown that the model output confidence interval
has the following form:

ik (PECN’ PZN) <rip <Y (pLM, pZM) : (3.107)
where
N IN 1IN M r IN N r 1IN
Yk (pk . P} ): (rk—ek) P +(ek —rk) PN, (3.108)
M MM T m M T M
YM k (Pk > Di )= ("k—ek) Py +(ek —rk) Py, (3.109)
and
(P2N7PZN) =arg min_yy  (pr. PY), (3.110)

(P pEV
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(P pi™) =are _max it (pp. PY)- G111
(p).p})EV

Using (3.107), it is possible to obtain the system output confidence interval:

i (p}f", pZN) +ol <y <y, (pLM, p;gM) +oM. (3.112)

3.2.3 Synthesis of the GMDH Neural Network Via the BEA

In order to adapt the approach of Sect.3.2.2 to parameter estimation of (3.78), it is
necessary to transform the relation

T
o <w—¢ ((Rﬁffk) p,(f)) <ol (3.113)

in such a way as to avoid the problems detailed in Sect.3.2.1. In this case, it is
necessary to assume that

1. &(-) is continuous and bounded, i.e.,
VxeR :1a<&x) <b; (3.114)

2. £(-) is monotonically increasing, i.e.,
Vx,yeR :x <yiff &(x) < &(y). (3.115)

Now it is easy to show that

T
- <¢ ((R,i’,)k) pf,”) <y — v, (3.116)

and then ;
¢! (yk - v;i”) < (Rf,’fk) p <! (Yk - v,ﬁv) . (.117)

As was pointed out in Sect. 3.2.2, an error in the regressor must be taken into account
during the design procedure of the neurons from the second and subsequent layers.
Indeed, by using (3.98) in the first layer and (3.107) in the subsequent ones it is
possible to obtain the bounds of the output (3.78) and the bounds of the regressor
error (3.89), whilst the known value of the regressor should be computed by using
the parameter estimates i)f,l) . Note that the processing errors of the neurons, which
are described by the model output confidence interval (3.107), can be propagated and
accumulated during the introduction of new layers (Fig. 3.17).This unfavourable phe-
nomenon can be reduced by the application of an appropriate selection method [44].
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Fig. 3.17 Propagation of model uncertainty (dotted lines), model response (continuous line)

Selection methods in GMDH neural networks play the role of a mechanism of struc-
tural optimisation at the stage of constructing a new layer of neurons. Only well-
performing neurons are preserved to build a new layer. During the selection, neurons
which have too large a value of the defined evaluation criteria [32, 35, 44] are rejected
based on chosen selection methods. Unfortunately, as was mentioned in Sect.3.2.1,
the application of the classic evaluation criteria like the Akaike Information Crite-
rion (AIC) and the Final Prediction Error (FPE) [32, 35] during network synthesis
may lead to the selection of an inappropriate structure of the GMDH neural network.
This follows from the fact that the above criteria do not take into account modelling
uncertainty. In this way, neurons with small values of the classic quality indexes
Qy but with large uncertainty (Fig. 3.18) can be obtained. In order to overcome this
difficulty, a new evaluation criterion of the neurons has been introduced in [8], i.e.,

Qv=izv:

Wi

(bt + ) = (b + ) | (3.118)

where ny, is the number of input-output measurements for the validation data set,
while y,?” and y,ﬁv are calculated with (3.98) for the first layer or with (3.108)—(3.109)
for the subsequent ones. Finally, the neuron in the last layer that gives the smallest
processing error (3.118) constitutes the output of the GMDH neural network, while
model uncertainty of this neuron is used for the calculation of the system output
confidence interval. It is therefore possible to design the so-called adaptive threshold
[40], which can be employed for robust fault detection.

3.2.4 Robust Fault Detection with the GMDH Model

The purpose of this section is to show how to develop an adaptive threshold with the
GMDH model and some knowledge regarding its uncertainty. Since the residual is

%k = Yk — Yk (3.119)
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Fig. 3.19 Fault detection with an adaptive threshold developed with the proposed approach

then, as a result of substituting (3.119) into (3.112), the adaptive threshold can be
written as

ik (piN, pZN) — e+ <z <y s (p;M, pZM) — e+, (3.120)

The principle of fault detection with the developed adaptive threshold is shown in
Fig.3.19.
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3.2.5 Alternative Robust Fault Detection Procedure:
A Backward Detection Test

As can be found in the literature, the procedure proposed in the preceding part of
this section (cf. Sect.3.2.4) is called the forward test. Now, an alternative passive
robust fault detection test, inspired by the inverse image of an interval function, is
introduced. This is why this test is named the backward detection test (see [45], where
this name is used for describing a very similar approach to the one presented here
but in the context of set-membership state estimation). The backward detection test
applied to the GMDH neural net consists in checking if there exists p € P (cf. (3.90))
such that

w—v <rlp<y—v. 3.121)
If there is no p € P satisfying (3.121), then a discrepancy between the measured
output and the model output is detected and a fault should be indicated. In fact, this

test can be perceived as a kind of parameter identification, since the set of parameters
that are consistent with the actual set of N; test measurements is

Py, = {peR”P lye—vM <rTp <ye—o k= 1,...,Nt}. (3.122)

Then, equivalently, the backward fault detection test consists in checking if
PNPy, =9. (3.123)
The computation of the parameter set consistent with a given set of N, measurements
T =yl x--x[yn] (3.124)

with

il = [k — ol e = of' ] (3.125)
can be realised with the same bounded-error parameter estimation algorithms as

those used for calculating the feasible parameter set or by computing the inverse
image of the function g(-) describing the GMDH neural network:

1 L
=g (PP D) (3.126)

where L is the number of layers of the GMDH model and #; is the number of neurons
in the /th neuron. Such an inverse can be described as follows

Py, =g (7). (3.127)
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In [45], the authors proposed proposed an alternative approach called SIVIA (Set
Inversion Via Interval Analysis) that computes the inverse image of an interval func-
tion using subpavings. This algorithm makes use of the point test

t(x) = (x c f*‘(r)), (3.128)

associated to the inverse image, which can be easily evaluated by computing f(x)
and checking if it belongs to 7. However, when the dimension of the set to be char-
acterised is high, the computational complexity explodes since SIVIA uses bisection
in all directions [45].

Moreover, after computing (3.127), either using bounded-error parameter esti-
mation algorithms or the inverse image of an interval function using SIVIA, the
intersection presented in (3.123) should be computed, which is not an easy task in
general. When the dimension of the set whose inverse is calculated increases, the
calculation time can increase quickly as these algorithms rely on bisections in all
directions. Then, by using contractors in combination with bisections the compu-
tational burden can be reduced significantly, see [45] for more details. Then, the
presented backward test will be implemented using (3.121) with constraint satisfac-
tion algorithms that are polynomial in time. This can be justified by the fact that the
use of contractors is computationally less demanding because bisections are only
used when required.

Constraint Satisfaction Problem

An Interval Constraint Satisfaction Problem (ICSP) can be formulated as a
3-tuple H = (V,D,C), where V. = {v,...,v,} is a finite set of variables,

D = {v1, ..., v} is the set of their domains represented by the closed real intervals,
and C = {cy, ..., ¢y} is a finite set of constraints relating variables of V. A point
solution of Hl is a n-tuple (71, ..., 7,) € V such that all constraints C are satisfied.

The set of all point solutions of H is denoted by S(H). This set is called the global
solution set. The variable v; € V; is consistent with H iff

Vv, eV, (v elvl, ..., €lvnl) |(171, ..y Uy) € S(H). (3.129)

The principle of algorithms for solving ICSP using local consistency techniques
consists essentially in iterating two main operations, domain contraction and prop-
agation, until reaching a stable state. Roughly speaking, if the domain of a variable
v; is locally contracted with respect to a constraint ¢ ;, then this domain modification
is propagated to all the constraints in which v; occurs leading to the contraction of
other variable domains, and so on. Then, the final goal of such a strategy is to contract
as much as possible the domains of the variables without loosing any solution by
removing inconsistent values through the projection of all constraints. Projecting a
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constraint with respect to some of its variables consists in computing the smallest
interval that contains only consistent values applying a contraction operator.

Backward Test as an ICSP

The fault detection test in (3.121) can be formulated as an ICSP H = (V, D, C) with

V: {yly--wykvp}’
D={yl..., ] P},

C={n=r{p.....y=riph (3.130)

This problem can be solved by using an ICSP solver as, for example, Interval Peeler
developed by the group of Jaulin that employs the principles described in [45] (http://
www.ensta-bretagne.fr/jaulin/demo.html). In the case when no solution is found, a
fault should be indicated since there is no parameter p € P such that (3.121) is
satisfied.

In the case of the GMDH neural network, the feasible parameter set P is not
described by an interval parameter vector but by a polygon with vertices p' € V(P),
i =1,...,n, (cf. Fig. 3.14) instead, a slight modification is required in order to get
a problem that is compatible with the above-mentioned Interval Peeler. This can be
achieved by introducing additional restrictions into (3.130). Each pair of adjacent
vertices p', p'*! introduces a linear restriction of the form

f(p P pi—H)
=a (pl" pi+l) P1 + ... +an], (pl" pi+1) pn], _b (pl" pi+l) S 0, (3131)

with p € hull(P) = [p, E]’ i.e., the minimum interval box containing the feasible
parameter set IP. Thus, hull(IP) can be easily computed as follows:

ﬁi:pg%}?p)p“ i=1,...,np, (3.132)
Bi:pren\%?)pi, i=1,...,np. (3.133)

Numerical Example

A simple example in the noise-free context is considered. The main objective is
to show how the backward test works and how it outperforms the forward test.
Numerous experiments show that this appealing phenomenon appears also when an
additive noise is introduced. The example is based on a static interval model defined
as follows:


http://www.ensta-bretagne.fr/jaulin/demo.html
http://www.ensta-bretagne.fr/jaulin/demo.html
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Y = auy + buy, (3.134)

wherea € [0.6190, 0.7626 and b € [0.3966, 0.5402] represent the fault-free system
behaviour. Let us consider an abrupt fault scenario related to the changes of a and b
from their nominal values to a = 0.5829 and b = 0.4766, at time k = 1.

The results of the forward detection test are presented in Fig.3.20. It can be
easily observed that the fault is not detected. As can be seen in Fig.3.21, the feasible
parameter set (consistent with the data for k = 1, ..., 5) outerbounds the fault-free
parameter set (represented by the rectangle). The faulty parameter (represented by
the cross) is inside IP but outside the fault-free parameter set. This is the reason why
the forward test does not detect the fault. However, it can be observed in Fig.3.22
that the fault can be detected for k = 12. It can be also seen in Fig. 3.23 that the faulty
parameter (represented by the cross) is outside P, which clearly confirms the result of
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Fig. 3.22 Forward fault 0.6
detection test (k =1, ...,5)

Fig. 3.23 Parameter region 0.7
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test(k =6,...,13)
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fault detection. On the other hand, using the backward test (3.121) (implemented by
3.130), the set of parameters consistent with the measured dataat k = 1 is represented
by the line presented in Fig. 3.24. Since the line intersects a fault-free parameter set,
the fault cannot be detected. Processing the measured data at time instant k = 2,
one can obtain the second line (Fig.3.25). It is straightforward to observe that the
intersection of the lines corresponding to k = 1 and k = 2 (cf. (3.130)), results in
a point that is outside the fault-free parameter set. Thus, this inconsistency makes it
possible to detected the fault being considered (Fig. 3.25).

This simple example clearly shows that the forward test cannot detect some faults
even if the faulty parameters are outside the fault-free parameter set. Only after a
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Fig. 3.24 Backward fault detection test at time k = 1 (fault not detected)
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Fig. 3.25 Backward fault detection test at time k = 2 (fault detected)

longer time horizon will the output measurement go out of the envelope. On the other
hand, the backward test detects the fault much faster, e.g., after two samples in the
simple example being considered. Taking into account the above discussion, it can
be noticed that the backward test is usually superior over the forward one. Such a
superiority results in a significantly shorter fault detection time. This is especially
important for industrial applications when a fast fault detection is of a paramount
importance, i.e., if the fault is not detected fast enough, then it may cause a sequence
of other faults.
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3.2.6 Industrial Application

The purpose of the present section is to show the effectiveness of the proposed
approach in the context of system identification and fault detection with the
DAMADICS benchmark. Based on the actuator benchmark definition [27, 46], two
GMDH models were designed. These models describe the behaviour of the valve
actuator and can be labelled as the juice flow model F = rr (X, P1, P>, T1) and the
servomotor rod displacement model X = rx(Cy, Py, P2, T1), where rr and rx stand
for the modelled relation between the inputs F, X and the outputs Cy, X, Py, P>, T1.

The real data used for system identification and the fault detection procedure were
collected on 17th November 2001. A detailed description regarding the data and the
artificially introduced faults can be found in Table 3.3.

Unfortunately, the data turned out to be sampled too fast. Thus, every 10th value
was picked, resulting in the n; = 1,000 training and ny, = 1,000 validation data sets.
Moreover, the output data should be transformed taking into account the response
range of the neuron output. In this section, hyperbolic tangent activation functions
were employed and hence this range is [—1, 1]. To avoid the saturation of the activa-
tion function, the range was further decreased to [—0.8, 0.8]. In order to perform data
transformation, linear scaling was used. The choice of the neuron structure and the
selection method of the neurons in the GMDH network are other important problems
of the proposed technique. For that purpose, dynamic neurons [47] and the so-called
soft selection method [44] were employed. The dynamics in this neuron are realised
by the introduction of a linear dynamic system—an Infinite Impulse Response (IIR)
filter. As has previously been mentioned, the quality index of a neuron for the vali-
dation data set was defined as

Qv=li

Ly

(vt +0l) = (e + )| (3.135)

where y % ¢ and yz’ « are calculated with (3.98) for the first layer or with (3.108)—
(3.109) for the subsequent ones. Table 3.4 presents the evolution of (3.135) for the
subsequent layers, i.e., these values are obtained for the best performing neurons in
a particular layer. Additionally, for the sake of comparison, the results based on the

Table 3.3 List of data sets

Fault Range (samples) Fault/data description

No fault 1-10,000 Training data set

No fault 10,001-20,000 Validation data set

fie 57,475-57,530 Positioner supply pressure drop

fi7 53,780-53,794 Unexpected pressure drop across valve
fis 54,600-54,700 Fully or partly opened bypass valves

fi9 55,977-56,015 Flow rate sensor fault
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Table 3.4 Evolution of Oy and By, for the subsequent layers

Layer re() rr(e) rx (- rx ()
Oy By Oy By

1 1.5549 0.3925 0.5198 0.0768

2 1.5277 0.3681 0.4914 0.0757

3 1.5047 0.3514 0.4904 0.0762

4 1.4544 0.3334 0.4898 0.0750

5 1.4599 0.3587 0.4909 0.0748

classic quality index [32],

1 & .
By=—2 |y -3 (3.136)
Vk=1

are presented as well.

The results presented in Table3.4 clearly show that the gradual decrease Qy
occurs when a new layer is introduced. This follows from the fact that the introduction
of a new neuron increases the complexity of the model as well as its modelling
abilities. On the other hand, if the model is too complex, then the quality index
Qy increases. This situation occurs, for both F = rp(-) and X = rx(-), when the
5th layer is introduced. This means that GMDH neural networks corresponding to
F =rp(-)and X = rx(-) should have four layers. From Table 3.4, it can be also seen
that the application of the quality index By, gives similar results for F = rr (), i.e.,
the same number of layers was selected, whilst for X = rx(-) it leads to the selection
of too simple a structure, i.e., a neural network with only two layers is selected. This
implies that the quality index Qy) makes it possible to obtain a model with a smaller
uncertainty. In order to achieve the final structure of F = rp(-) and X = rx(-),
all unnecessary neurons were removed, leaving only those that are relevant for the
computation of the model output. The final structures of GMDH neural networks
are presented in Figs.3.26 and 3.27. From Fig.3.27, it can be seen that the input
variable P,, was removed during the model development procedure. Nevertheless,
the quality index Qy achieved arelatively low level. It can be concluded that P> has a
relatively small influence on the servomotor rod displacement X. This is an example
of structural errors that may occur during the selection of neurons in the layer of the
GMDH network. On the other hand, the proposed fault detection scheme is robust
to such errors. This is because they are taken into account during the calculation of
a model output confidence interval.

Figures 3.28 and 3.29 present the modelling abilities of the obtained models F' =
rr(-)and X = rx(-), as well as the corresponding system output confidence interval
obtained with the proposed approach for the validation data set.

For the reader’s convenience, Fig.3.30 presents a selected part of Fig.3.28 for
k =400-500 samples. The thick solid line represents the real system output, the thin
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Fig. 3.26 Final structure of
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X
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Fig. 3.27 Final structure of
X =rx()
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solid lines correspond to the system output confidence interval, and the dashed line is
the model output. From Figs. 3.28 and 3.29, it is clear that the system response is con-
tained within system output bounds generated according to the proposed approach.
It should be pointed out that these system bounds are designed with the estimated
output error bounds. The above estimates were vy = —0.8631 and v} = 0.5843
for F = rp(-), while vfl\: = —0.2523 and v,jxl = 0.2331 for X = rx(-).

As has already been mentioned, the quality of the GMDH model can be further
improved with the application of the optimisation technique described in [5]. This
technique can be perceived as the retraining method for the network. For the valve
actuator considered, it was profitable to utilise the retraining technique for the model
F = rp(-). As a result, the quality index (3.136) was decreased from 0.3334 to
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0.2160 (cf. Table 3.4). These results as well as the comparison of Figs.3.30 and 3.31
justify the need for the retraining technique proposed in [5].

The main objective of this application study was to develop a fault detection
scheme for the valve actuator considered. Since both F = rg(-) and X = rx(-) were
designed with the approach proposed in Sect. 3.2.3, it is possible to employ them for
robust fault detection. This task can be realised according to the rules described in
Sect.3.2.4. Figures 3.32, 3.33, 3.34, and 3.35 present the residuals and their bounds
for the faulty data.

From these results it can be seen that it is possible to detect all four faults, although
the fault fi1g was detected 18 s after its occurrence. This is caused by the relative
insensitivity of the obtained model to this particular fault. The results presented so
far were obtained with data from a real system. It should also be pointed out that,
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within the framework of the actuator benchmark [46], data for only four general
faults fie—f19 were available.

In order to provide a more comprehensive and detailed application study of
the proposed fault diagnosis scheme, a MATLAB SIMULINK actuator model was
employed. This tool makes it possible to generate data for 19 different faults. Table 3.5
shows the results of fault detection. It should be pointed out that both abrupt and incip-
ient faults were considered. As can be seen, the abrupt faults presented in Table 3.5
can be regarded as small, medium and big according to the benchmark description
[46]. The notation given in Table 3.5 can be explained as follows: N D means that it
is impossible to detect a given fault, D means that it is possible to detect a fault. From
the results presented in Table 3.5, it can be seen that it is impossible to detect the
faults f5, fo9 and f14. Moreover, some small and medium faults cannot be detected,
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Fig. 3.33 Residual for the
fault fi7

Fig. 3.34 Residual for the
fault fi8
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i.e., fs and fi2. This situation can be explained by the fact that the effect of these
faults is at the same level as that of noise.

Forward Versus Backward Test

The purpose of the subsequent part of this chapter is to perform a comparative case
study regarding the forward and backward fault detection tests. It should be pointed
out that the main objective is to use two fault scenarios clearly indicating the draw-
backs and advantages of the approaches considered. In other words, a comprehensive
study regarding the DAMADICS benchmark is beyond the scope of this section.
The first fault scenario considered, named as f17 in the DAMADICS benchmark,
consists of an unexpected pressure drop across the valve, which starts at sample
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Fig. 3.35 Residual for the fault fi9

Table 3.5 Results of fault detection

F S M B I

fi D D D

f2 D D
5 D
Sa D
S5 ND
f6 D
f D D D

fs ND ND D

fo ND
fio D D D

S D D
fia ND ND Dy

f13 D D D D
fia ND ND ND

fis D

fi6 D D D

7 D D
fis D D D D
f19 D D D

S small, M medium, B big, I incipient

k = 36 and ends at sample k = 52. This real fault scenario was registered at the
valve of a servo-actuator. Using the forward test, the fault is detected at sample k = 38
(cf. Fig.3.36) since at this time the measured output leaves the confidence interval
(system output uncertainty) provided by the GMDH neural net portrayed in Fig. 3.26,
while Fig.3.37 presents a fault-free part of Fig. 3.36, which clearly exhibits that the
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Fig. 3.36 Forward fault
detection test for fi7 (k =
1,...,70)

Fig. 3.37 Forward fault
detection test for f17 (k =
16, ...,20)
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measured output is within the confidence interval. On the other hand, Figs.3.40
and 3.41 show the results of the backward test. In this case, the fault is detected
at the same sample k = 38 (Fig.3.40) as that for the forward one. Indeed, it can
be shown that the line does not intersect the feasible parameter set obtained in the
training phase (vertices shown with crosses). The set of parameters consistent with
the output envelopes (in a dotted line) also do not contain the parameters consistent
with the measurements. This explains why measurements go outside the envelope.
In Figs.3.38 and 3.39, the result provided by the backward test is presented when
k = 37. In this case, the parameter strip consistent with the measurements intersects
the feasible parameter set, determined in the training phase, and hence the fault is
not detected. The set of parameters consistent with the envelope intersects with the
feasible parameter set. This explains why at that time the envelope is not violated.
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Fig. 3.38 Backward fault 35
detection test for fi7 (k = 37)

Fig. 3.39 Backward fault
detection test for fi7 (k = 15k i
37)—zoomed
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The conclusion is that both forward and backward tests provided the same results.
The fault is detected at the same time. This means that it is impossible to show, which
of the tests is superior. However, the positive observation is that all of them perform
reliably for a given fault, which was obtained with the real valve actuator. The second
fault scenario considered, named fj9 in the DAMADICS benchmark, deals with a
flow rate sensor fault. As previously, this is a real fault collected with the valve
actuator.

In the case of the forward test, the fault is detected at k = 32 (cf. Figs.3.42 and
3.43). Similarly as for the fault fj7, the measured output is inside the confidence
interval. This confirms the quality of the obtained neural network and its description
of uncertainty. Indeed, this proves that the network possesses good generalisation
abilities. On the other hand, Figs.3.44 and 3.45 present the fault detection result
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Fig. 3.40 Backward fault 35
detection test for fi7 (k = 38)

3
25
2
1.5
1

Po

0.5
0
-0.5

-1

-1.5
-2

Fig. 3.41 Backward fault

detection test for fi7 (k = 1.5 [

38)—zoomed S~
1.4+ S i

. e ,
\
12+ T4 =

1.1

P,
/

0.8 1 ]

0.7 t . . . . . . . a
-035 -03 -025 -02 -0.15 -0.1 -0.05 O
P,

when the backward test is applied. In this case, a measurement at time k = 28
enables fault detection. This means that the backward test is superior over the for-
ward one. Note that this superiority may have serious practical consequences. Indeed,
the control action can be performed faster, which decreases the possibility of fail-
ure. Finally, it should be noted that both techniques are based on the same feasible
parameter set obtained during the training of the network. The presented results as
well as many experiments with different systems clearly indicate that the backward
test is an attractive alternative to the forward one. As can be observed in the liter-
ature, the forward fault detection test based on propagating parameter uncertainty
to the residual or predicted output is predominant. This is, of course, related with
the historical reasons that are strongly settled in statistical theory regarding parame-
ter estimation-based techniques. It should be pointed out that such approaches have
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Fig. 3.42 Forward fault
detection test for fi9

Fig. 3.43 Forward fault
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mainly been employed for linear systems. There are, of course, some linearisation-
based techniques that extend this technique for non-linear systems. However, their
performance is usually very limited. This restricts their practical application. The
proposed GMDH-based scheme avoids linearisation while dealing with non-linear
systems, which is its unquestionable appeal.

3.3 Concluding Remarks

The portrayed chapter presents two complete design procedures concerning the appli-
cation of neural networks to robust fault detection. Section 3.1 showed how to settle
such a challenging task with a multi-layer perceptron. In particular, it was pictured
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how to describe model uncertainty of the MLP with statistical techniques. Sub-
sequently, an algorithm that can be used for decreasing such a model uncertainty
with the use of experimental design theory was presented and described in detail.
It was also shown how to use the resulting knowledge about model uncertainty for
robust fault detection with the so-called adaptive threshold. The chapter presented
numerical examples that show all profits that can be gained while using the pro-
posed algorithms. An industrial application case study concerning the DAMADICS
benchmark was also presented. In particular, it was presented how to design an exper-
iment for the MLP being the model of the valve actuator. It was also shown how to
use the resulting model and the knowledge about its uncertainty for a robust fault
detection study based on a set of selected faults.
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A similar task was realised in Sect. 3.2. Starting from a set of input—output mea-
surements of the system, it was shown how to estimate the parameters and the cor-
responding uncertainty of a neuron via the BEA. The methodology developed for
parameter and uncertainty estimation of a neuron makes it possible to formulate an
algorithm that allows obtaining a neural network with a relatively small modelling
uncertainty. Subsequently, a complete design procedure of a neural network was pro-
posed and carefully described. All the hard computations regarding the design of the
GMDH neural network are performed off-line and hence the problem regarding the
time-consuming calculations is not of paramount importance. Based on the GMDH
neural network, a novel robust fault detection scheme was proposed which supports
diagnostic decisions. The scheme is called the forward fault detection test. Moreover,
an alternative backward fault detection test was proposed.

Similarly as in Sect. 3.1, the presented approach was tested with the DAMADICS
benchmark using both forward and backward approaches.

The experimental results presented in this chapter clearly show all profits that can
be gained while using the proposed neural network-based fault detection schemes.
It is worth noting that they can be successfully employed instead of the classic
techniques, e.g., the described unknown input observers. Indeed, the robustness of
the presented fault detection tools makes them useful for solving challenging design
problems that arise in engineering practice.

Finally, it should be pointed out that the techniques presented in this chapter
are continuously developing towards new and more challenging tasks [48, 49]. The
reader is also referred to the alternative approach for designing robust multi-layer
perceptron-based fault detection with the bounded error approach [50].
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Part 11
Integrated Fault Diagnosis and Control



Chapter 4
Integrated Fault Diagnosis and Control:
Principles and Design Strategies

As has already been mentioned, FTC systems are classified into two distinct
classes [1]: passive and active. In passive FTC [2—4], controllers are designed to
be robust against a set of predefined faults, therefore there is no need for fault diag-
nosis, but such a design usually degrades the overall performance. In contrast, active
FTC schemes react to faults actively by reconfiguring control actions, and so the sys-
tem stability and acceptable performance are maintained. To achieve that, the control
system relies on FDI [5-8] as well as an accommodation technique [9]. Most of the
existing works treat FDI and FTC problems separately. Unfortunately, perfect FDI
and fault identification are impossible and hence there always is some inaccuracy
related to this process. Thus, there is a need for integrated FDI and FTC schemes for
both linear and non-linear systems.

As indicated in the preceding chapters, a number of books have been published in
the last decade on the emerging problem of FTC. In particular, the book [10], which
is mainly devoted to fault diagnosis and its applications, provides some general rules
for hardware redundancy-based FTC. On the contrary, the work [11] introduces the
concepts of active and passive FTC. It also investigates the problem of performance
and stability of FTC under imperfect fault diagnosis. In particular, the authors con-
sider (under a chain of some, not necessarily easy to satisfy, assumptions) the effect
of delayed fault detection and imperfect fault identification but the fault diagnosis
scheme is treated separately during the design and no real integration of fault diag-
nosis and FTC is proposed. FTC is also treated in a very interesting work [12], where
the number of practical case studies of FTC is presented, i.e., a winding machine,
a three-tank system, and an active suspension system. Unfortunately, in spite of the
incontestable appeal of the proposed approaches, neither FTC integrated with fault
diagnosis nor a systematic approach to non-linear systems are studied. A particu-
lar case of a non-linear aircraft model is studied in [13], but the above-mentioned
integration problem is also neglected.

One of the approaches to active FTC is control reconfiguration that creates depend-
able systems by means of appropriate restructuring of feedback control. It responds
to severe component faults that open the control loop by on-line redesigning of the
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controller [9]. Itis possible to solve the reconfiguration problem by redesigning a new
controller for the faulty system for every isolated fault. An optimal controller can
be redesigned with the same optimisation problem as in the nominal case [14, 15],
but the redesign step can become too complex for large-scale systems. Also if the
controller is a human being, the replacement of the controller for reconfiguration
implies the need for strong training efforts.

The approaches presented in this chapter rely on the idea of keeping the nominal
controller in the loop and avoiding the complete controller redesign by placing a block
between the controller output # and the input of all available actuators uy. The goal
of this block is to provide a signal which has the same effect as the broken actuator
would have in the nominal system, therefore masking the fault. This approach can
be perceived as a kind of virtual actuator. The concept of a virtual actuator has
already been introduced in [9, 16—18], where it was demonstrated that it can be
applied automatically after the actuator fault has been detected, preventing from
serious system failures. It is worth mentioning that the approach presented in this
chapter could be extended to sensor faults leading to a kind of virtual sensor thanks
to the duality principle (see, e.g., [9] for more details).

Focusing on the previous aim, an integrated design procedure of fault identification
and fault-tolerant control schemes is introduced. In particular, the general idea of
integrating fault identification and control schemes, which takes into account the
fault estimation error, is first presented in a linear context. As a result, the so-called
separation principle for the controller and the fault identification scheme is developed.
Subsequently, the proposed approach is extended to a class of non-linear system.
Similarly to the linear case, it is proven that using a suitable control strategy and
afault identification scheme it is possible to obtain an integrated fault-tolerant control
framework, which takes into account the fault identification error. The final part of
the chapter presents an illustrative example regarding FTC of a twin-rotor system.
Finally, it should be pointed out that the results presented in this chapter are based
on [19-23].

4.1 FTC Strategy

The general FTC idea presented in this section was originally developed in [24]
for both linear and Takagi—Sugeno fuzzy systems. In order to make the chapter self
contained and easy to understand, the main FTC idea is firstly described for linear
systems and then suitably extended to non-linear systems in the subsequent part of
the chapter.

Let us consider the following reference model:

Xiy1 = Axy + Buy, 4.1)
Yir1 = Cxpy1, 4.2)
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where x; € R” stands for the reference state, y, € R™ is the reference output, and
u; € R" denotes the nominal control input.

Letus also consider a possibly faulty system described by the following equations:

xf k+1 = Axy i + Buy i + Lf, (4.3)

Yrk+1 = fo,k+1, 4.4

wherexy ;. € R" stands for the system state, y; , € R™ is the system output, uy x € R”
denotes the system input, f; € R, (s < m) is the fault vector, and L stands for its
distribution matrix which is assumed to be known.

The main objective of this chapter is to propose a novel FTC strategy, which can
be used for determining the system input uy ; such that

e the control loop for the system (4.3)—(4.4) is stable;
e Xy ; converges asymptotically to x; irrespective of the presence of the fault f';.

The subsequent part of this section shows development details of the scheme that is
able to address such a problem.
The crucial idea is to use the following control strategy:

up = —Sfy + Ki(ep — %p.0) + g, (4.5)

where f « 18 the fault estimate. Note that it is not assumed that xy ; is available, but
an estimate X7 ; can be used instead. Thus, the following problems arise:

e to determine f &
e to design K in such a way that the control loop is stable, i.e., the stabilisation
problem.

4.1.1 Fault Identification
Let us assume that the following rank condition is satisfied [8]:
rank(CL) = rank(L) = s. (4.6)
This implies that it is possible to calculate
H=(CL)" = [(CL)TCL]_1 L)’ 4.7
By multiplying (4.4) by H and then substituting (4.3), it can be shown that

fk = H()’f,k—H — CAxf’k — CBuf,k). (4.8)
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Thus, if fo,k is used instead of xy ¢, then the fault estimate is given as follows:

f'k = H(yf,k+1 — CA.f?f,k — CBuy ), 4.9)

and the associated fault estimation error is
fi—Fr=—HCA(Gxs i — %7.0). (4.10)

Unfortunately, the problem with practical implementation of (4.9) is that it requires
Yrk+1 and uy i to calculate f - Thus, (4.9) cannot be directly used to obtain (4.5).
Most of the existing approaches suffer from this problem (see, e.g., [25]), although the
authors ignore this difficulty. To solve this issue within the framework of the proposed
FTC approach, a one step prediction of the form f = a;f «—1 1s employed, where
oy is a diagonal matrix being a design parameter (further remedy to this problem is
to be provided in the subsequent chapter). Hence, the practical form of (4.5) boils
down to

up = —Sfi + Ki(xp — X ) + ug. (4.11)
In most cases, the matrix ay is taken as the identity matrix, i.e., the one that corre-
sponds to a one time-step prediction. In the cases where the fault behaves in a linear
way, it is possible to design the matrix o based on the previous fault changes. In cases
where faults change in a non-linear fashion, it is also possible to predict the nature

of the faults by using, for example, neural networks (see [19] for a comprehensive
study).

4.1.2 Stabilisation Problem

By substituting (4.5) into (4.3), it can be shown that

X g1 = Axp ) — BSf, + BK (e + er i) + Buy + Lf, 4.12)
where e; = x; — Xy ; stands for the tracking error while ef x = x  — X« is the state

estimation error. Let us assume that S satisfies the equality BS = L, e.g., S = I, for
the actuator faults. Thus, BS = L and hence

Xf i1 = Axs i+ L(fy —fi) + BK1 (e + ef.1) + Buy. (4.13)

Finally, substituting (4.10) into (4.13) and then applying the result into ex4+; =
X1 — X kg1 yield

err1 = (A — BK))e; + (LHCA — BK))ey ;. (4.14)
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4.1.3 Observer Design

As has already been mentioned, the fault estimate (4.9) is obtained based on the
state estimate Xy ;. This raises the necessity for observer design. Consequently, by
substituting (4.8) into (4.3) it is possible to show that

Xfir1 = Axp + Bus i+ Lys i1, (4.15)

where B B B
A=I-LHC)A, B=(U—-LHC)B, L=1LH.

Thus, the observer structure, which can be perceived as an unknown input observer
(see, e.g. [8, 26]), is given by

Rf et = ARy g + Bug g + Ly iy + Koy i — Cip p). (4.16)
Finally, the state estimation error can be written as follows:

erir1 = (A — KyO)ey . 4.17)

4.1.4 Integrated Design Procedure

The main objective of this section is to sumarise the presented results within an inte-
grated framework for fault identification and fault-tolerant control scheme develop-
ment. First, let us start with two crucial assumptions:

e the pair (/_1, () is detectable;
e the pair (A, B) is stabilisable.

Under these assumptions, it is possible to design the matrices K| and K» in such

a way that the extended error
ék=[e"] (4.18)

Ef,k
described by

_ [A-BK, LHCA - BK,
fr1 =1 A—K,C

} e, = Aoey, (4.19)
converges asymptotically to zero.

Theorem 4.1 The extended error ey converges asymptotically to zero iff there exist
matrices W = 0, L| and P, > 0, L, such that
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[ W AW - BL‘} =0, (4.20)

wAT —LTBT W
P P>A — L,C
2 2 2 } =0 4.21)

|:[1TP2 -’ P

Proof Tt can be observed from the structure of Ay in (4.19) that the eigenvalues
of the matrix Ay are the union of those of A — BK{ and A— K,C. This clearly
indicates that the design of the state feedback and the observer can be carried out
independently (separation principle). Thus, it is clear from the Lyapunov theorem
that ey converges asymptotically to zero iff there exist matrices P; > 0 and P > 0
such that following inequalities are satisfied:

(A—BK)"P,(A—BK,)— P, <0, (4.22)
(A —K>C)'Py(A — K>C) — P, < 0. (4.23)

By applying the Schur complements, it is possible to show that (4.22)—(4.23) are
equivalent to

P! A-BK,
424
[AT —KTBT P, } >0, (4-24)
Py A-K,C
7 2 =0 (4.25)
A" —C'KT P,

By substituting W = Pl_1 and then multiplying (4.24) from left and right by
diag(I, W) and (4.25) from left and right by diag(P>, I), it can be shown that

w AW — BK\W
P P,A — P,K,C
r 7 2. 4.27)
AP, - C'KIP, P,

Subsequently, by substituting L1 = K1 W and L, = P, K>, it is possible to transform
(4.26) and (4.27) into (4.20)—(4.21), which completes the proof.

Finally, the design procedure boils down to solving the LMIs (4.20) and (4.21), and
then determining K| = Liw—landK, = P2_1L2.
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4.2 Extension to Non-linear Systems

This section shows that the approach presented in Sect.4.1 can be extended to
non-linear systems with the reference model given by

Xit+1 = Axy + Buy + g(xp) , (4.28)
Yir1 = Cxpy1, (4.29)

where g(x) is a non-linear function satisfying

(gx1) — g2’ (gx1) — g(x2))
<~2 @ —x)" (x] —x2), Vx1,x2 € X C R, (4.30)

where v > 0 stands for the Lipschitz constant.
Assuming now that the possibly faulty non-linear system is described by

Xf i1 = Axp i + Bus i + g(xp i) + Ly, 4.31)
Yrar1 = Cxp k1, (4.32)
let us define
Sk = g(xfyk) — g()z‘f’k) s (4.33)
wi = gxx) — g(xrx) (4.34)
and
Y =90 — g(%r) - (4.35)

Following the same line of reasoning as in Sect. 4.1, it can be shown that the fault
estimate is given by

fr=H (v 441 — CAZyy — CBuyy — Cg(iyr ). (4.36)
and the associated fault estimation error is
fi—fi=—HCA(x;; — %) — HCsy. (4.37)
In contrast to the linear case, the control strategy is given

g = —Sfy + Ki(ep — %p.0) + Koy + g (4.38)
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Similarly, the observer structure is

.ftf,k+1 = Aff)k + Buf,k + l_lyf,k+1 +g (.f?f,k) + K3(yf,k — CJACf,k), (4.39)

with
g()=WU—-LHC)g() =Gg("). (4.40)

Assuming that § = I (actuator faults) and then substituting L = B, it can be shown
that the ey is given as follows:

ert1 =Arer +[A — Ayles ;. + wi +BHCs; — BKyy,, (4.41)

where A| = A — BK.
Finally, setting K» = HC yields

el =Arer +[A —Ajles s + Guy. (4.42)
Similarly, the state estimation error is given by
er i1 = Aser i + Gsy, (4.43)

where A = A — K3C.

It can be easily observed that the system described by (4.42)—(4.43) is a cas-
caded non-linear discrete-time system [27, 28]. Observing that es ; enters linearly
into (4.42) and using the results presented in the work [28], the system (4.42)—(4.43)
is asymptotically stable only if (4.43) is asymptotically stable and the system

er+1 =Arex + Guwy, (4.44)

is asymptotically stable as well. It can be concluded that this property can be perceived
as a separation principle for the proposed control and fault estimation scheme.

Theorem 4.2 The tracking error ey converges asymptotically to zero if there exist
matrices X > 0, U > 0, N and scalars > 0, a > 0 such that

wz"
[ 7 Y} <0, (4.45)
with 7
-X 0 0 1A
0 —U 0nXG"
W = i 4.46
0 0 U 0 (4.46)

nA nGX 0 —nX

Z = [diag(vX, X, X, ), 03,xn], (4.47)
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Y = diag(BI, —31I, —al) (4.48)
and
-X X
[ ¥ —@1} <0, (4.49)

withn =14 ~% and A = AX — BN.

Proof The results presented below are in some part inspired by the paper [29]. Let
us define the Lyapunov function of the form

Vi = e} Pey + wi Quy, (4.50)
with P > 0 and Q > 0. Thus, AV = Vj| — Vi can be written as follows:
AV = e\ Peyy1 + wiQwii1 — e} Pey — w] Quy. (4.51)
By substituting (4.44) into (4.51) it can be shown that
AV =e! [AITPAl - P] er +w! | Qwis1 +w! GTPA ey
+ el ATPGw; + W[ [GTPG — @]y, (4.52)
which can be rewritten as

ATPA, —P ATPG 0
AV=vl| G'PA, G'PG-Q 0 v, (4.53)
0 0 0

. _ T T ,,T 1T
Wlthvk—[ek,wk,wkH] .

Additionally, from (4.30)
By’eler — pwlwr >0, (>0, (4.54)

which can be rewritten as follows:

BYL 0 0
vi| 0 —pBI0]|v >0. (4.55)
0 00

Similarly, from (4.30) and by assuming that P > ol, o > 0, it can be shown that
vze,{HPekH — aw,{HwkH > cwze,zrlekH — aw,{HwkH >0, (4.56)

which can be rewritten as follows:
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7?ATPA, 1?ATPG 0
v/ | 2G"PA, v2G"PG 0 | v >0, (4.57)
0 0 —al

Consequently, from (4.53)—(4.57) it can be shown that

AV < vl M, (4.58)
where
nATPA| — P + By1 nATPG 0
M= nG' PA, nG'PG —Q—p3I 0 : (4.59)
0 0 Q—al

Thus, if M < 0,then AV < 0and e converges asymptotically to zero. Subsequently,
using the Schur complements, it is possible to show that M < 0 is equivalent to

—P+By1 nATP 0 pAlP

PA, -Q-p31 0 nG'P
s Q06Q—aln0 <0 (4.60)
nPA1 nPG 0 —nP
Multiplying (4.60) from left and right by
diagP~', P~ P~ P71 4.61)

and then substituting X = P!, U = XQX, and again using the Schur complements
(with 3 = B! and @ = o), it is possible to show that M < 0 is equivalent to
(4.45). It should also be noted that P > ol is equivalent to (4.49).

Finally, the design procedure boils down to solving (4.45)—(4.49) and then calcu-
lating K; = NX~!.

Theorem 4.3 The state estimation error ey converges asymptotically to zero if
there exist scalars o > 0, § > 0 and matrices P > oI, Q = 0 such that

—P + 6y n;\T 0 nAT

Y T
776“ Qo pI 0 fal GOP <0, (4.62)
77;1 PG 0 —nP

withn =1+ ~> and A = PA — N»C.

Proof The proof is inspired by [29]. The state estimation error (4.43) for f, = 0
can be written as
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er1 = (A — K3C)ex + G (g(xx) — g(%)) = Arex + Gsy. (4.63)
Let us define the Lyapunov function of the form
Vi = ej Pey + s} Oy, (4.64)
with P > 0 and Q > 0. Thus, AV = Vi1 — V) can be written as follows:
AV = e \Pegi1 + 5 1Qsk+1 — e, Per —s] Osy., (4.65)
which can be rewritten as

ATPA, —P AlPG 0
AV=v,| G'PA, G'PG-Q0 |v, (4.66)
0 0 0

with v, = [e,{,s,{,s,{H]T
Additionally, from (4.30),
By’eiex — Bsfsk =0, >0, (4.67)

which can be rewritten as

By 0 0
vy | 0 —BI0|v>0. (4.68)
0 0 0

Similarly, from (4.30) and by assuming that P > od, o > 0, it can be shown that
’728£+1Pek+1 — as,{+1sk+1 > a’yzezﬂekﬂ — OASZ+1S](+1 >0, (4.69)
which can be rewritten as

v?ATPA| ?ATPG 0
v/ [ 2GTPA v2GTPG 0 | v > 0. (4.70)
0 0 —al
Consequently, from (4.66)—(4.70) it can be shown that

AV < vl My, 4.71)
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where

nATPA| — P + 31 nAT PG 0
M= nG'PA; nG'PG —Q—pj3I 0 : (4.72)
0 0 Q—al

Thus, if M < 0,then AV < 0and e converges asymptotically to zero. Subsequently,
using the Schur complements, it is possible to show that M < 0 is equivalent to

—P + By nATP 0 nAlP
nPA; —-Q—-pI 0 nG'P

0 0 Q—-o 0
nPA nPG 0 —nP

<0. 4.73)

Substituting A = PA| = PA — PK3C = PA — N,C into (4.73) gives (4.62), which
completes the proof.

Finally, the design procedure boils down to solving (4.62) and then calculating
K3 =P'N,.

4.3 Constrained State Estimation

This section presents a straightforward approach that can be used when the state is
described by the following bounded state set:

X:{x:Dxfb,xeR"}, 4.74)

with D € R“*", ¢ < n being a full-rank matrix. Let us define the following:

X;: an unconstrained state estimate obtained with (4.39),
Xj: aconstrained state estimate obtained by projecting x; onto X.

Projection onto X boils down to solving the following constrained quadratic pro-
gramming problem:

X =arg min (x — %07 (o — &),
xR
subject to Dx; < b. 4.75)

There is a number of algorithms that can be applied to solve (4.75), and most of them
can be classified as the so-called active set methods.

Let us assume that i of ¢ constraints are active for X, and let us denote by D and
b the i rows of D and i elements of b corresponding to the active constraints. Thus,
the problem (4.75) can be reformulated as
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- . AT A
X; =arg min (x; — Xy) (X; — Xx),
xR

subject to Dx; = b, 4.76)

and its solution is given by

=% -D [i)i)r]_l (D%, —b). 4.77)

The appealing property of the constrained state estimate is given by the following
theorem.

Theorem 4.4 Simon and Chia [30] The constrained unknown input observer esti-
mate Xy given by (4.77) satisfies the inequality

lxr —Xill2 < llxx — Xkll2, (4.78)

where Xy is the unconstrained state estimate obtained with the unknown input
observer (4.39).

4.3.1 Complete Design Procedure

The proposed FTC approach is illustrated in Fig.4.1. The scheme is composed of
four parts:

e Possibly faulty system described by (4.31) and (4.32);

e Reference model described by (4.28) and (4.29);

e State estimation and fault identification described by (4.36) and (4.39), where K3
is designed by solving (4.62) and then calculating K3 = P~'Ny;

e Fault-tolerant controller described by (4.38) where K is designed by solving
(4.45)—(4.49) and then calculating K1 = NX —1 while K, =HC.

Fig. 4.1 Complete FTC
scheme

Reference model Fault-tolerant controller

Us

—

X

State estimation

Possibly faulty system Yi and fault identification
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As can be noticed, the complete design procedure involves the solution of a set of
linear matrix inequalities. It is also necessary to underline that there is no switching
mechanism that changes the control law when a fault is detected and isolated. On the
contrary, an integrated scheme is proposed and its convergence is proven within the
framework of theorems stated in the preceding part of this chapter. Thus, fault detec-
tion and isolation are not necessary in the proposed approach, although it is possible
to be done by using the fault estimate (obtained by the module State estimation and
fault identification in Fig.4.1). Indeed, the fault can be detected when at least one fl
exceeds a predefined threshold &;,

il > 6, i=1,...,r. (4.79)

Similarly, the ith actuator fault can be isolated when [fi| > §;, where ¢; stands for
a predefined threshold.

4.4 Application Example

4.4.1 Description of the Twin-Rotor MIMO System

The TRMS is a laboratory setup developed by Feedback Instruments Limited for
control experiments.! The system is perceived as a challenging engineering problem
due to its high non-linearity, cross-coupling between its two axes, and inaccessibility
of some of its states through the measurements. The TRMS mechanical unit has two
rotors placed on a beam together with a counterbalance whose arm, with a weight at
its end, is fixed to the beam at the pivot and determines a stable equilibrium position
(Fig.4.2). The TRMS can rotate freely both in the horizontal and vertical planes by
changing the input voltage of the DC motors that drive the rotational speed of the
(tail and main) rotors.

The system input vector is uy = [Up x, Uv,k]T, where U, and U, are the input
voltages of the tail and main motor, respectively. The system states are xy = [igp k.,
Whis Lnks> Onks lavk, Woks ks Gv,k]T, where i4;/qv is the armature current of
tail/main rotor, wy/, is the rotational velocity of the tail/main rotor, £/, is the
angular velocity around the horizontal/vertical axis, and 0y, is the azimuth/pitch
angle of beam.

! http://www.feedback- group.com/product/twin-rotor-mimo-6056
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Fig. 4.2 Components of the Tail rotor
twin-rotor MIMO system

Pivot

%

hFree-free beam

Main rotor

4.4.2 Non-linear Reference Model of Twin-Rotor MIMO System

The non-linear dynamic model of the TRMS supplied by the manufacturer does not
represent accurately the system dynamics because some of the effective forces were
not taken into account. Alternatively, an accurate non-linear model proposed in [31],
including all acting forces, is used instead. This improved non-linear model of the
TRMS can be expressed as follows:

digp Ran . kanpn ki
=— - —Up, 4.80
dt L tah Lo wh + Lon h ( )
dwp  kanepn By filwpw?
— _ 2, = 4.81
dt Jir fah Jir “h Jir ( )
s, Lfi (wi)w? cos? 0, — kon$2, — f3(0n)0h
dt Dcos? 0, + Esin 0, + F

kwy sin 0,82, ((D — 2E) cos* 0, — E sin 0, — F)
(Dcos? 0, + Esin® 0, + F)2

i ki cos 6, (kavSOuiav — Burwy _f4(wv)wg)

, 4.82
(Dcos? 0, + E sin? 6, + F) Iy ( )

doy,

— =0 4.83
. (4.83)
digy Ray . kav‘ﬂv ko

=Y - = 4.84

di Low Lay Low wy + Low Uy, ( 8 )
d k B 2

Wy KavPo iy — mr ) — f4(Wv)wy ’ (485)

at Jnr Jnr
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ds2, _ lme(Wv)Ws + kg'thS (WU)W% cos 0y — kop 2y

dr Ty

L9 ((A — B) cos 0, — Csin ) — 0.552,2H sin (260,)

Jy
N ki (Kahonian — Birwn — fi (Wh)wi)’ (4.86)
Jodir
do,
= 2y, 4.87

7 v (4.87)

where the values of the parameters in (4.80)—(4.87) can be found in [31].

The non-linear model (4.80)—(4.87) was discretised using the zero-order hold and
sampling time 7y = 0.005s, such that it can be expressed as (4.28)—(4.29) around
an equilibrium point x4 as follows:

X1 = A(Xeg)Xr + B(Xeg)uy + g (Xeq, Xi) , (4.88)
Vi1 = Cxy, (4.89)

where A(x.,) and B(x,.,) are the frozen system matrices at the equilibrium point.
The non-linear function g(x.q, xx) is defined as

g (¥x, Xeq) = (A(xr) — Axeq))x, (4.90)

where Xeg = [iah,eq, Wh,eq> -Qh,eqv eh,eqa iav,eq, Wy, eq>» -Qv,eq, eu,eq]T are the state
variables at the equilibrium point, u; = [Up«, Uv,k]T are the system inputs, and
Yi = liahks Onks av.ks Gv,k]T are the system outputs. The non-linear equation (4.90)

satisfies (4.30) with v = 10.
By solving (4.45)—(4.49), it is possible to find the gain Ki:

K — [ —0.0208 02308  1.13-107® 0 —1.11-107° 0  1.17-107* 0
"= 168107 —1.27-107% 131-1073 0 —0.2215 0.3663 2.02-1075 0|’
4.91)

On the other hand, according to the above-described procedure, it is possible to
obtain the gain Kj:

12404 0 00 0 0 0 0
K= [ 0 00 0 09422 0 0 0} ‘ (4.92)
Finally, the gain K3 is obtained by solving (4.62)
r 3.01E—9 —1.95E—8 0 ~3.83E — 67

0 —1.01E—~7 2.03E—-4 —1.15E—3

—438E—4 256E—2  —0.0285  1.49E —4

3.16E — 6 1.0001  —143E—4 285E—7
K= 0 ~3.95E—6 5.64E—10 —2.69E 8 |- (4.93)

823E -4 —3.60E -5 —8.0892 4.03E -7
—0.1516 6.06E -5 —236E—-4 150E-3
L —=7.60E —4 1.69E —7 2.84E -7 1.0001
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As can be observed, the TRMS has two inputs, which are two voltages, i.e., the main
rotor and tail rotor ones. Unfortunately, the TRMS platform has no possibility to
introduce some actuator faults related to the main and tail DC motors. Thus, the only
way tosimulating the faults is to increase (decrease) the voltages feeding the motors.
This means that the voltages coming from the controller will be reduced before they
reach the DC motors. In this way a drop in DC motor performance will be simulated.

After the application of the design procedure introduced in Sect.4.2, the FTC
scheme is implemented according to Fig. 4.1 and tested within several fault scenarios.

4.4.3 Fault Scenario 1

In the first fault scenario, a fault in the TRMS tail rotor is applied as follows:

ov, for t < 20s
Fn=1202V, for 1 > 20s (4.94)
at the equilibrium point 6, s = 0.4 rad and 8, s = 0.1 rad. Figure4.3a presents the
response of the azimuth angle of the beam while Fig. 4.3b shows the pitch angle of the
beam with (solid line) and without (dashed line) the proposed FTC scheme (4.38).
Notice that the TRMS is stabilised in spite of the actuator fault (4.94). However, it
can be noticed that without the proposed FTC scheme the TRMS cannot follow the

(a) Azimuth angle of the beam 6,
0.4 —
5 * T e,
8 P LT e
—_ 0391 —0,_ with FTC
o . h
. .eh without FTC
0385 20 30 40 50 60 70
Time (s)
(b) Pitch angle of the beam 6
0.101 ‘
—6, with FTC
T 0.1005 - .--0_ without FTC{]
E \
v>
D
0.0995,4 20 30 40 50 60 70
Time (s)

Fig. 4.3 Fault scenario 1: a azimuth angle of the beam (horizontal position), b pitch angle of the
beam (vertical position)
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(a) Voltage of the tail rotor U,
06 -
2
=5 05 [ |
0.4 ‘ ‘ ‘ ‘
10 20 30 40 50 60 70
Time (s)
(b) Fault of the voltage of the tail rotor f
0 T
= -0.1 e
=
‘_3
-0.2 [ I I I I
10 20 30 40 50 60 70
Time (s)

Fig. 4.4 Fault scenario 1: a voltage of the tail rotor Uj, b estimated fault of the voltage of the tail
rotor Uy,

reference. This is not the case when the FTC scheme is used. Figure 4.4a shows the
control action Up, x provided by the FTC scheme (4.38). It can be seen that the control
action changes to compensate the actuator fault (4.94) masking the fault effect to the
TRMS. Finally, Fig. 4.4b presents the estimated fault provided by (4.36). Notice that
the actuator fault is estimated with very high accuracy (see the fault definition (4.94)).

4.4.4 Fault Scenario 2

In this fault scenario the following fault is applied to the main rotor:
0V, for t < 20s
fo= [ —0.3V, for t > 20s (4.95)

at the equilibrium point 0, ,.r = 0.4 rad and 6, ,,r = 0.1 rad.

Figures4.5a and 4.5b present the response of the azimuth and pitch angle of the
beam, respectively. Both angles are obtained with the proposed FTC scheme (4.38)
(solid line) and without it (dashed line). The angles are estimated correctly by the
observer (4.39). When the actuator fault (4.95) is applied to the TRMS without
the proposed FTC scheme, the pitch angle diverges from the desired reference and
presents a higher oscillation compared to the case when the FTC scheme is used.
On the other hand, although the azimuth angle tracks the reference, an oscillation
appears when the FTC scheme is not used. Figure 4.6a shows how the control action
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Fig. 4.5 Fault scenario 2: a azimuth angle of the beam (horizontal position), b pitch angle of the

beam (vertical position)
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Fig. 4.6 Fault scenario 2: a voltage of the main rotor U,, b estimated fault of the voltage of the

main rotor U,

U, « changes to compensate the actuator fault (4.95). Thus, when the FTC scheme
is used, the control action Uj, i is not affected by the fault. Figure 4.6b presents the
estimated fault provided by (4.36) that corresponds with the fault size introduced in

(4.95).
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4.4.5 Fault Scenario 3

In this last fault scenario, two faults affecting to the main and tail rotors are applied
at the same time:

0V, for t < 20s,

Fn= [—0.3\/, for ¢ > 20, (4.96)
oV, for t < 20s,

fo= [ —0.4V, for t > 20s, (4.97)

at the equilibrium point 0, ,.r = 0.4 rad and 6, ,,r = 0.1 rad.

Figure 4.7a presents the response of the azimuth angle of the beam while Fig.4.7b
shows the pitch angle of the beam that are obtained with the proposed FTC scheme
(4.38) (solid line) and without it (dashed line). Notice that the TRMS is stabilized in
spite of the actuator faults (4.96) and (4.97). However, when the actuator faults are
applied to the TRMS without the proposed FTC scheme, the TRMS cannot follow the
reference for the azimuth and pitch angles. Figure 4.8 shows the control action uy i
provided by the FTC scheme (4.38). It can be seen that the control action changes to
compensate the actuator faults. Finally, Fig. 4.9 presents the estimated faults provided
by (4.36). Notice that both actuator faults were estimated with very high accuracy
according to the fault definitions (4.96) and (4.97).

(a) Azimuth angle of the beam 6,
0.4 —
:a “‘ ',. ’\ . e emmmmeaa.
© . K N L e
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@ h
=6, without FTC
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0.1 \ )
) : R N
© ' SEAr ha vy
=~ 0.095 VoA —0_with FTC
fan) ' v
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0'091 0 20 30 40 50 60 70

Time (s)

Fig. 4.7 Fault scenario 3: a azimuth angle of the beam (horizontal position), b pitch angle of the
beam (vertical position)



4.4 Application Example 139
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Fig. 4.8 Fault scenario 3: a voltage of the tail rotor Uy, b voltage of the main rotor U,
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Fig. 4.9 Fault scenario 3: a Estimated fault of the voltage of the tail rotor Uy, b estimated fault of
the voltage of the main rotor U,
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4.5 Concluding Remarks

This chapter proposed a novel FTC scheme that behaves as a virtual actuator, as well
as a design procedure that integrates fault identification and fault-tolerant control
strategies for a class of non-linear discrete-time systems. In the introductory part
of the paper, the proposed fault identification and control strategies were presented
for linear systems. Then, these two strategies were extended to the class of non-
linear discrete-time systems considered. As a result, non-linear observer-based fault
identification and FTC strategies were proposed. It was also shown that for the class
of non-linear systems considered the design of the observer and FTC scheme can
be done separately. This is a very important contribution of the chapter towards the
state-of-the-art in FTC. It is well known that the separation principle may not hold for
non-linear systems. Indeed, it is shown that for the proposed scheme the separation
principle is valid. Moreover, as was mentioned in the preceding part of the book, in
contrast to the approaches presented in the literature the proposed approach takes
into account the fault identification error.

Another important contribution of the chapter is that the problems of designing
anon-linear observer and FTC scheme can be effectively solved with the use of linear
matrix inequalities. This allows using efficient and widely accessible tools. There is
no doubt that this result increases the spectrum of possible practical applications of
the proposed approach.

The last part of the chapter shows a comprehensive case study regarding the appli-
cation of the proposed approach to the twin-rotor system manufactured by Feedback
Instruments Limited. The presented results show a comparative study of fault-tolerant
control and control without fault tolerance. From the presented results, it is evident
that the proposed FTC approach is superior over the control strategy without fault
tolerance. Indeed, this case study clearly shows the technological applicability of the
proposed approach.

The subsequent three chapters extended the proposed approach to the uncertain
case where the process and measurement noise/disturbances (including model uncer-
tainty) play a significant role. To tackle such a challenging problem the H, approach
is applied (see, e.g., [32] for a general idea). Moreover, a constraint regarding the
Lipschitz condition is relaxed by introducing the class of non-linear systems proposed
in [33].
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Chapter 5
Robust H ..-Based Approaches

5.1 Towards Robust Fault-Tolerant Control

The main objective of the present section is to extend the FTC scheme presented in
the preceding chapter by introducing the following improvements:

e the class of non-linear system is extended towards the one presented in [1];

e the Ho approach is applied to achieve robustness with respect to the exogenous
disturbance present in the state equation;

e the effect of the one-step fault prediction error discussed in the previous chapter
is minimised with the H, approach.

The proposed approach can be perceived as a combination of linear-system strate-
gies [2] and [3] for a class of non-linear systems [1, 4]. It is designed in such a way
that the prescribed disturbance attenuation level is achieved with respect to the fault
estimation error while guaranteeing the convergence of the observer. The same goal
is attained in the control framework where a prescribed disturbance attenuation level
is achieved with respect to the tracking error. The resulting design procedure boils
down to solving a set of linear matrix inequalities, which can be easily realised with
modern computational packages.

The section starts with the introduction of a new class of non-linear systems.
Subsequently, the robust fault estimation approach is proposed. Based on the achieved
results, robust FTC is proposed.

5.1.1 Preliminaries

Let us consider a non-linear discrete-time system (possibly faulty):

Xfpk1 =Axpx +Bugp+gxpr) +Lfi + Wwy, (5.1
Y ke = CXpiqr, (5.2)

M. Witczak, Fault Diagnosis and Fault-Tolerant Control Strategies for Non-Linear Systems, 143
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where x s € X C R" is the state, u 7 € R" stands for the input, y fk € R™ denotes
the output, f, € R* stands for the fault, w; € [} is a an exogenous disturbance
vector and W € R"*" stands for its distribution matrix, while:

L ={weR"|wl, <+oc}, (5.3)

1
(Z ||wk||2) : (5.4)
k=0

Moreover, g(x) is a non-linear function satisfying [1, 4]

Wi,

(g(x1) — gx2)” (g(x1) — g(x2))
<(x1—x)"MT"M (x| —x2), Vx1,x2 € X, (5.5)

where M € R™"*". In the subsequent part of this section it will be shown how to deal
with such a system representation.
Using the Differential Mean Value Theorem (DMVT) [5], it can be shown that

g(a) —gb) =M.(a —b), (5.6)
with 9
g1
o (e1)
M, = : , 5.7
Gn
Ox (cn)
where ¢y, ...,¢, € Co(a,b),c; #a,c; #b,i =1,...,n. Assuming that
- Jgi . .
ai,ngg;Zc_z,»yj, i=1,....n, j=1,...,n, (5.8)

it is clear that there exists a matrix M € M:

M = {MERnanli’j = mj j Zgi,j’ i,j = 1,...,71,}, (5.9)

for which MT M, < M M. In order to find the upper bound M T M, the following
evident inequality is used: M7 M < Apax(MT M)1,,. Thus, the problem is

M* = arg max Amax (M7 M). (5.10)
MeM

Taking into account the fact that Amax(MTM) = |MT"M|, = |M ||%, the optimisa-
tion problem (5.10) can be replaced by
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M* = arg max |M||, (5.11)
MeM

which can be perceived as a worst case norm analysis task. This can be easily solved,
e.g., with MATLAB (cf. the wenoxrm function).

5.1.2 Fault Estimation Approach

Following [2, 6], let us assume that the system is observable and the following rank
condition is satisfied:
rank(CL) = rank(L) = s. (5.12)

-1
Under the assumption (5.12), it is possible to calculate H = (CL)T = [(CL)TCL]
(cL)T. By multiplying (5.2) by H and then substituting (5.1), it can be shown that

Jx=Hypip1 —CAxpp — CBuysp — Cg(xpr) — CWwy). (5.13)
Finally, by substituting (5.13) into (5.1) it can be shown that

Xfit1 = Axfpp+ Busp+ Gg(x i) + I:yf’kﬂ + Wwy, (5.14)

where G = (I, — LHC), A = GA, B =GB, L = LH, W = GW. In order to

estimate (5.13), i.e., to obtain f, it is necessary to estimate the state of the system,
i.e., to obtain X ;. Consequently, the fault estimate is given as follows:

Fi=H(ypae — CARpx — CBugi — Cg(i 1) (5.15)
The corresponding observer structure is
Xppr1=ARfx+Bugi + GgGy) + Lyspyr + Ka(ypp — CEpp),  (5.16)
while the state estimation error is given by

erit1 = (A—K3C)esi + Gsi + Wy
= Ajesi + Gsp + Wuy, (5.17)

where
Sk=9gxsr) —g&rp). (5.18)

Similarly, the fault estimation error € 7,; can be defined as

erx=fr— fr=—HC (Aesi+sp+ Wuwy). (5.19)
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The objective of further deliberations is to design the observer (5.16) in such a way
that the state estimation error e is asymptotically convergent and the following
upper bound is guaranteed:

leplln, < mlwi,. (5.20)

where 1+ > 0 is a prescribed disturbance attenuation level. Thus, contrary to the
approaches presented in the literature, 1 should be achieved with respect to the fault
estimation error but not the state estimation error.

The following theorem constitutes the main result of this section.

Theorem 5.1 For a prescribed disturbance attenuation level p > 0 for the fault
estimation error (5.19), the Hoo observer design problem for the system (5.1) and
(5.2) and the observer (5.16) is solvable if there exist &« > 0, 3 > 0, P = 0, Q > 0,
N such that the following LMI is satisfied:

—PrATHA+pM™  ATH ATHW 0 A'p_CTNT
HA H-Q-p1I HW 0 G'p
wT A wii  wraw—.21 o wigTp | <0, (5.21)
0 0 0 0-al 0
PA—NC PG PGW 0 -ip
along with (5.35).

proof The problem of Hs, observer design [4, 7] is to determine the gain matrix
K 3 such that

lim er; =0 for wy =0, (5.22)
k—o00
lesll, < pllwll, for wi #0, efo=0. (5.23)

In order to settle the above problem it is sufficient to find a Lyapunov function Vj
such that
AVi + el e px — pPwiwp <0, k=0, ... 00, (5.24)
where AVy = Vi1 — V. Indeed, if w; = 0 then (5.24) boils down to
AVi+efepn <0, k=0,... 00, (5.25)
and hence AVy < 0, which leads to (5.22). If wy # 0, then (5.24) yields
o0
J = Z (AVk + €§,k€f,k — uzwkka) <0, (5.26)
k=0

which can be written as
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_—V0+Zs,ksfk—zu Fwe < 0. (5.27)

Knowing that Vo = 0 for ey = 0, (5.27) leads to (5.23).
Since the general framework for designing the robust observer is given, the fol-
lowing form of the Lyapunov function is proposed [5]:

Vi = el Peji+s] Osi, (5.28)
where P > 0 and Q > 0. Consequently,
AV + e?keﬁk — /ﬂwkka
—el, (AITPAl —P- ATHA) eri
+efy (AT PG+ ATH) s
+ el (ATPGW + ATHW) w
+st (GTPAI— HA) e
+s7 (G PG+ H — Q)sk
+sT ( TPGW + HW) wy
wl (W'GTPAI+ W HA) e
+w! (W GTPG + WTFI) Sk
+wf (WGTPGW + WTHW — 121, wy
+ sk+1 Osiy1 <0, (5.29)
with H = CT HT HC. By defining
v = [e;k, s;, w], sZH]T, (5.30)
the inequality (5.29) becomes
AV + efr’ke]gk — uszwk = v,{Mvvk <0, (5.31)

where My is given by (5.32):



148 5 Robust H.-Based Approaches

ATPA —P+ATHA ATPG+ATH ATPGW + ATHW 0
My = GTPA +HA G'PG+H-Q GTPGW + HW 0 (5.32)
v wIiGTPA +WTHA WIGTPG+WTH WIGTPGW + W HW — )21 0 |° :
0 0 0 4
Additionally, from (5.5),
Bel M " Mesy — fBsi sk =0, >0, (5.33)
which is equivalent to
BM™™ 0 00
T 0 —6I100
v 0 0 00 v, > 0. (5.34)
0 0 00
Similarly, from (5.5) and by assuming that
P>=aM™M, a>0, (5.35)
it can be shown that
ae;kHMTMef,kH - as,{+1sk+1
< e;k+1P8f’k+1 — OéSZJrlsk_;,_] >0, (5.36)
which is equivalent to
v Myv, >0, (5.37)
with
ATra,  ATpc  AlPgw 0
T T T
My = G PA, G PG G ' PGW 0 (5.38)

wIiGTPA, WIGTPG WIGTPGW 0
0 0 0 —al

Finally, using (5.31) along with (5.34) and (5.37), the convergence condition of the
observer becomes
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2ATPA, —P+ATHA+M™  24TPG+ATH

2GTPA, + HA 2G"PG+H - Q —p5I
2WIGTPA +WTHA 2WIGTPG+WTH
0 0 (5.39)
2ATPGW + ATHW 0
2GTPGW + HW 0 0
2WTGTPGW + WTHW — 121 0 e
0 0—al

Moreover, by applying the Schur complements, (5.39) can be transformed into

—P+ATHA+pM™  ATH ATaW 0 AT
HA H-Q-p3I HW 0 G%
wTlHA wla wlaw-—, 21 o  wlgT | <o. (5.40)
0 0 0 Q-ol 0
A G GW 0o —ip!
Multiplying (5.40) from both sites by
diag(I1, 1,1, P) (5.41)
and then substituting
PA, = PA— PK;C=PA—-NC (5.42)

yield (5.21), which completes the proof.

Note that (5.21) is a usual LMI, which can be easily solved, e.g., with MATLAB.
Thus, the final design procedure is as follows: given a prescribed disturbance atten-
uation level y, obtaina > 0, 5 > 0, P > 0, Q > 0, N by solving (5.35) and (5.21).
Finally, the gain matrix of (5.16) is

K3;=P7'N. (5.43)
It can be also observed that the observer design problem can be treated as an min-

imisation task, i.e.,

* mi , 5.44
" ,u>0,oz>0,ﬂ>()l,ll}">0,Q>0,N’u ( )

under (5.35) and (5.21).

5.1.3 Integrated FTC Design

Similarly as in Chap.4, let us consider a reference model given by


http://dx.doi.org/10.1007/978-3-319-03014-2_4
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Xi41 = Axg + Buy + g(xp), (5.45)
Yir1 = Cxpy1, (5.46)

and L = B in (5.1) and (5.2).
The objective is to design the control strategy u fx for (5.1) and (5.2) such that
the tracking error
e =Xi —Xf, 5.47)

will be asymptotically convergent, guaranteeing the prescribed disturbance attenua-
tion level. To achieve this goal, the following control strategy is proposed:

wpe=—frot + Ki(e — % 10 + Koy + u. (5.48)

Taking into account the problems with one-step fault prediction (cf. Chap.4), the
following assumption is imposed:

fo=Fioi+o reb. (5.49)

Bearing in mind that all faults present in real systems have a finite value, such an
assumption is fully justified. Thus, for convergence analysis, the following form of
the FTC control is used:

wpp=—fro+ 0k + Ki(xp — % p0) + Koy + ug, (5.50)

Using a similar approach as in Chap.4 and setting K» = HC, the tracking error
becomes y
e1 =Are, +(BHCA — BKy) esi + Gwi + Wwy, (5.51)

with K = HC,A| = A — BK| and H = (CB)*, where

W =[B, [BHC — I1W], ;= [;’)’;] . (5.52)

Using the same arguments as in Sect. 4.2, the convergence analysis can be relaxed to
the following form of the tracking error:

err1 = Are + Gwy + Winy. (5.53)

The following theorem constitutes the main result of the present section.

Theorem 5.2 For a prescribed disturbance attenuation level i > 0 for the tracking
error (5.53), the Ho controller design problem (5.50) for the system (5.1) and (5.2)
is solvable if there exist o > 0, 3 > 0, P > 0, Q > 0, N such that the following
LMI is satisfied:


http://dx.doi.org/10.1007/978-3-319-03014-2_4
http://dx.doi.org/10.1007/978-3-319-03014-2_4
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I-P+M™M 0 0 0 AP
0 —-Q—-p31 0 0 GP
0 0 - 0 WP| <o,
0 0 0 Q—al 0
PAT pGT PW' 0 -lp

along with (5.35), where
AP =AP - BK|P=AP — BN.
proof By defining the Lyapunov function
Vi = eZPek + w[ Quwy

and
AV + ekTek — ,u2ﬁ),§ﬁ)k <0,
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(5.54)

(5.55)

(5.56)

(5.57)

as well as using the same line of reasoning as in Theorem 5.1, it is possible

derive (5.54), which completes the proof.

Thus, the final design procedure is as follows: given a prescribed disturbance
attenuation level u, obtain« > 0, 5 > 0, P > 0, Q > 0, N by solving (5.35) and

(5.54). Finally, the gain matrix of the FTC controller is

K, =NP~ !

5.1.4 Illustrative Example: Fault Estimation

Let us consider a non-linear system

Xyl =Axpi+ Bup +9(xpi) + L + Wwg,
Yrkr1 = Cxpry1,

with
0.137 0.199 0.284 0.25
A=1001180299 047 |, B=| 0.6 |,
0.894 0.661 0.065 0.1

0 050 0
C=|:(1)(1)8], L=|1(, W=| 0040 |,
0 0 003

(5.58)

(5.59)
(5.60)
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and
0.6 cos(12xy x)

T
, 0, —0.33sin(x . 5.61
x%’k 10 ( 3,k):| (5.61)

gxyrr) = |:

Since the system is given, it is straightforward to calculate

2
—7.2sin(12 1.2cos(12
MT M, = diag (0,( in(2x2.6) _ ( xz*")xz"‘) ,0.1089COS(X3’1()2).

x3 410 (x3 ) +10)2
(5.62)
Finally, the application of the proposed procedure leads to
0 0 0
M™™M =1{00517 0 |. (5.63)
0 0 0.1089

As a result of solving the problem (5.44), the following couple was obtained:

0.4885 2.0619
=049, Kz=| 0 0 |. (5.64)
0.9724 1.0753

Let the initial condition for the system and the observer be
xr0=10321", %0=0, (5.65)
while the input and the exogenous disturbance are
u sy = sin(0.0027k), wi ~ N(0,0.1%1). (5.66)
Moreover, let us consider the following fault scenario:

1, for 300 > k& > 200,

0, otherwise. (5.67)

-

First, let us consider the case when X 0 = xf0 (ef0 = 0). Figure5.1 clearly
indicates that the condition (5.23) is satisfied, which means that an attenuation level
w* = 0.499 is achieved.

Now let us assume that w; = 0 and X 0 # x 7,0. Figure 5.2 clearly shows that
(5.22) is satisfied as well.

Finally, Fig. 5.3 shows the fault and its estimate for the nominal case (¥ £,0 X f0
and wy # 0).
From these results, it can be observed that the proposed tool can be efficiently applied
for solving robust H.-based fault identification of non-linear discrete time systems.
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Fig. 5.1 Evolution of AV 0
+ 5‘;,(5‘/{/( - /sz/fwk
o -0.005
=
_x
NB
S -0.01
"
x
Wy
"vla“ -0.015}
>_z
<
-0.02
-0.025
0 100 200 300 400 500
Discrete time
Fig. 5.2 Evolution of |le |l 5
(fork =0,...,20)
4
3 L
=¥
[0}
2 L
1t
0 ‘ ‘
0 5 10 15 20

Discrete time

5.2 Complete Robust Design of Fault-Tolerant Control

The present section extends the proposed results into the case when uncertainties are
present both in the state and the output equation. The structure of the section is similar
to that of the preceding one. It starts with the problem of fault estimation, and then
an integrated FTC control strategy is proposed. The final part of the section contains
an illustrative example, which shows the performance of the selected methods.
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Fig.5.3 Faultand its estimate 15
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5.2.1 Preliminaries

Let us consider a non-linear discrete-time system:

Xfkr1 =Axpx +Bupp +g(xpp) +Lf + Wiwg, (5.68)
Yk = Cxpir1 + Wowgyy, (5.69)
where x 7 € X C R" is the state, u 7, € R stands for the input, y 1k € R™ denotes

the output, f, € R® stands for the fault, w; € /> is a an exogenous disturbance
vector and Wi € R™" W, € R™*" stand for its distribution matrices, while

1
e e} 2
L ={weR"|[wl; <400}, [wl;, = (Z ||wk||2) : (5.70)
k=0

5.2.2 Fault Estimation Strategy

Following [2, 6], let us assume that the system is observable and the following rank
condition is satisfied:
rank(CL) = rank(L) = s. 5.71)

-1
Under the assumption (5.71), itis possible to calculate H = (CL)* = [(CL)TCL]
(cL)T. By multiplying (5.69) by H and then substituting (5.68) it can be shown that:
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Sr=H(yp1 —CAxpr — CBuyy — Cg(x rr)
—CWiwi — Wowgq). (5.72)

Finally, by substituting (5.72) into (5.68) it can be shown that:

X ki1 = Ax pp+ Bugip + Gg(x i) + Ly +GWiw
— LWowiy 1, (5.73)

where G = (I,, — LfIC), A = GA, B =GB, L = LH. In order to estimate

(5.72), i.e., to obtain f, it is necessary to estimate the state of the system, i.e., to
obtain ¥ 7 x. Consequently, the fault estimate is given as follows:

Jfe=H(yspq — CAZ g — CBuysy — CgEpp)) . (5.74)
The corresponding observer structure is
%pur1 = AR g+ Bugp+ GgEpi) + Ly prgy + K3y i — Cipa), (575)
while the state estimation error is given by

eri+1 = (A — K3C)esy+ Gsp + (GWy — K3Wo)wi — LWowy
= Aresi + Gsi + Wiwg + Wowgy, (5.76)

where
Sk=9gx i) —g&rp). (5.77)

Similarly, the fault estimation error € 7,; can be defined as
erp=fr— fr=—HC (Aesi+si + Wiwg) — HWowii 1. (5.78)

The objective of further deliberations is to design the observer (5.75) in such a way
that the state estimation error e is asymptotically convergent and the following
upper bound is guaranteed:

le gl < Elwl, (5.79)

where £ > 0 is a prescribed disturbance attenuation level. Thus, contrary to the
approaches presented in the literature, ; should be achieved with respect to the fault
estimation error but not the state estimation error.

The following theorem constitutes the main result of this section.

Theorem 5.3 For a prescribed disturbance attenuation level p > 0 for the fault
estimation error (5.78), the Hso observer design problem for the system (5.68) and
(5.69) and the observer (5.75) is solvable if there exista > 0, 3 > 0, P = 0, Q@ > 0,
N such that the following LMI is satisfied:
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~-P+ATHA+pM™TM  ATH, ATH\w,
H A H|-Q-p1 Hi W,
WITAT!IIA WszTYl WITH1¥V1 — I
HYA H} Hiw,
0 0 0
PA-NC PG PGW,| —NW; (5.80)
ATH, 0 ATp—cTNT
H, 0 G'p
T TaT T T
wiH, o wlc f’T—sz <0,
wWliaTaw, — 21 0 W; P
0 0 —al 0
PW; 0 3P

along with (5.96).

proof The problem of H, observer design [4, 7] is to determine the gain matrix
K 3 such that

lim ey =0 for wy =0, (5.81)
k— 00
lerll, <&llwll, for wi #0, efo=0. (5.82)

In order to settle the above problem it is sufficient to find a Lyapunov function Vj
such that

AVi + ef e pn — prwi wi — pPwl wiy <0, k=0, ... 00, (5.83)
where AVy = Vg1 — Vi, o> 0. Indeed, if wy = 0, (k =0, ..., 00), then (5.83)

boils down to r
AVk+€f’k€f,k <0,k=0,...00, (5.84)

and hence AV}, < 0, which leads to (5.81). If wy 20 (k =0, ..., 00), then (5.83)
yields

oo
J = z (AVk + e?ksf,k — uzwkka — uzwkTHwkH) <0, (5.85)
k=0
which can be written as
(0.¢] o0 o
J==-V+ ZEJTC’ksf,k — 2 Zwkka — i’ Z w,{+1wk+1 < 0. (5.86)
k=0 k=0 k=0
Bearing in mind that
o0 (0.¢]
P2 wlwe = p? > wlwg — pPwd wo, (5.87)
k=0 k=0

the inequality (5.86) can be written as
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o o
J = —Vo—i—Zs;ksf,k —ZMQZw,Zwk—i—uzwgwo < 0. (5.88)
k=0 k=0
Knowing that Vy = 0 for ey = 0, (5.88) leads to (5.82) with { = ﬁu.
Since the general framework for designing the robust observer is given, the fol-
lowing form of the Lyapunov function is proposed [5]:

Vi = el Peysi + 5] Qsi. (5.89)

where P > 0 and Q > 0.
Consequently,

AV + s?ksf,k — /ﬂw,{wk — uzw,{HwkH
=el, (ATPA +ATH A - P) ey

+ely (ATPG+ATH) ) sy
+ely (AITPV_Vl +ATH1W1) wy
+eh, (ATPV_VZ + ATHz) Wil
+sf (GTPAI+HiA) e
+s7 (G PG+ H, - Q)sk

H(

(6

+wk Wl PA; + WlTHlA) €rk

+s] (GTPW + HW,)w

+sk PW2+H2) Wit1

+w/ (WITPAl —i—WlTH) Sk

+w! (WlPV_Vl +WIH W, —;ﬂl) wi

+wf (W] PWa+ W] Hz) wi

+wk+1( W, P A1+H2TA)ef,k

+w,c+ ( 2PG+H2T)s1<

+wk+1( wlipw, +H§W1) wy

+wl,, (W2 PW,+WIHTHW, — ;ﬂl) Wil

+ 5041 0sk41 <0, (5.90)
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with Hy =CTHT"HC and H, = CTHTHW,.
By defining

v = e slowl wly st
the inequality (5.90) becomes
AV + E]Tc’kEf,k — uszwk — uzw,a]wk_H = vaMvvk <0,
where My is given by (5.93):
AlTPA%fPJrATHlA AZJTPGJrAlTHl A;PV_VI
+GTPA +H\A GIPG+H|-Q GLPW,

My = +WlPA +WIH\A W] PG+W H, W] PW,
+WiPA +HIA  WIPG+H] WPW,

+0 0 0

+ATHW, ATPw,+ATH, 0
+H W, GT'PWy+ H, 0
+WIH Wy — 21 Wi PW,+ Wl H, 0
+HIW, WIHT HWY + W] PW, — 21 0

0 0

Additionally, from (5.5),
ﬂef,kMTMef_,k — ﬁskTsk >0, 0>0,
which is equivalent to

BM™™ 0 000

0 —3I000
! 0 0 000|v; >0.
0 0 000
0 0 000

Similarly, from (5.5) and by assuming that
P>aM™M , a>0,
it can be shown that

T T T
aep M Mejgii1 — asi St

T T
< ef;k+1pef,k+l — OSpy1Sk+1 = 0,

which is equivalent to
v/ Myv, >0,

(5.91)

(5.92)

(5.93)

(5.94)

(5.95)

(5.96)

(5.97)

(5.98)
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with _

[ AlrA,  ATPG  Alprw,

G'rA, G'PG G'PW,

wWiGTPA, WIGTPG WI'GT PGW

Wi PA, W PG W, PW,

W.PA,  W.LPG W.PW,

L0 _ 0 0 (5.99)
ATPw,
GTPV_VZ

0
V_V1PV_V2
WIHTHWY

0 —al

oo o

Finally, using (5.92) along with (5.95) and (5.98), the convergence condition of the
observer becomes (5.100):

24TPA; - P+ ATH A+ M™M 24T PG+ ATH,

2GTPA| +2H A G'PG+H| - Q-p1
2w PA + W H A 2W] PG+ Wl H,
2W) PA; + HY A 2W) PG+ HY
0 0 (5.100)
24T PWy + AT HW, 24T PW, + AT H, 0
26T PW | +H W, 26T PW, + Hy 0
oW PWy + W H W — 21 2W PWy+ W H, 0 <0.
2WS PWy + HI W, QW HTHWY + W] PWo — 21 0
0 0 Q—al

Moreover, by applying the Schur complements, (5.100) can be transformed
into (5.101):

—P+ATHA+pMTM  ATH, ATH, W,
HA Hy-Q-p3I H{W,
wlH, A win,  wlimaw, - 21
T T T
HTA HY HIW,
0 0 0
A G Wi (5.101)
ATH, 0 A;
H, 0 G
T =T
Wi, U
WIHTHW, — 21 0 W5
0 Q—al 0
W 0o -lp-!

Multiplying (5.101) from both sites by

diag(1,1,1,1, P) (5.102)
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and then substituting

PA, = PA— PK;C =PA— NC,
PW,=PGW, — PK;W,=PGW; —NW, (5.103)

yield (5.80), which completes the proof.

Note that (5.80) is a usual LMI, which can be easily solved, e.g., with MATLAB.
Thus, the final design procedure is as follows. Given a prescribed disturbance atten-
uation level u, obtaina > 0,3 > 0, P > 0, @ > 0, N by solving (5.96) and (5.80).
Finally, the gain matrix of (5.75) is

K;=P'N. (5.104)

It can be also observed that the observer design problem can be treated as an min-
imisation task, i.e.,

* = min 5.105
H [L>0,04>0,[3>0,P>0,Q>0,N’u ( )

under (5.96) and (5.80).

5.2.3 Guaranteed Decay Rate

The objective of the preceding sections was to show that it is possible to design a
fault identification scheme in such a way that a prescribed disturbance attenuation
level is achieved with respect to the fault estimation error while guaranteeing the
convergence of the observer. In this section it will be pointed out how to attain the
additional objective, i.e., a guaranteed decay rate of the state estimation error.

Following [8], for w;y =0 (k =0, ..., 00) and § > 0, the decay rate of the state
estimation error is defined as

lim e%|le ;x| = 0. (5.106)
k—o00
Suppose that
AVk = Vipr — Vi = =1 — eV, (5.107)
which is equivalent to
Vi < e 20k, (5.108)

Using (5.6), it can be shown that there exists M,  such that

Sk = Mx’kef,k. (5.109)
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With (5.109), the Lyapunov function (5.83) can be expressed as
Vi = e?kPef,k + e?,kM;k QMX,kEf’k = e?k [P + M;k QMX’k] erk
= el Prefi. (5.110)

Since, for e s # 0, e?kPef,k > 0 and e?kM){yk OM, e sy > 0, itis evident that
Py > 0. Bearing in mind that ‘

Amin(Pr)eliesi < €fy Prepr < Amax(Pr)el e s, (5.111)

Amax (P0) —0k
llerill < vy p € lleroll, (5.112)
/ Amin (Pk) 4

which is equivalent to (5.106).
Thus, using (5.107), to attain a guaranteed decay rate 6 it is needed that

it can be shown that

AV < —(1—e )V, = —(1 — e 20) (e?kPef,k +s7 st) , (5.113)

which is equivalent to replacing — P and — @Q in (5.80) by —7 P and —7 Q, respec-

tively (7 = 6_29’ 7 > (), which gives
—rP+ATH A+pMTM ATH, ATH W,
H| A H|—-70-p1 H W,
WiH A wliH, wiH,wy - 21
T T T
HIA HJ HI W,
0 0 0
PA-NC PG PGW| —NW, (5.114)
ATH, 0 Alp—cTNT
H, 0 G'p
T T T TNT
wiH, o wlic {’T—WZN 0.
WIHTHW, — 21 0 W, P
0 Q—al 0
PW, 0 -1p

Note that 6 = — % In(7).
Thus, given a prescribed disturbance attenuation level p, the following optimisa-
tion problem can be formulated:

™ =

min T (5.115)
7>0,a>0,5>0,P>0,0>~0,N

under (5.96) and (5.114).
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An alternative solution is to minimise x4 and 7 simultaneously, i.e., given a scalar
0 < X < 1, the optimisation problem is (cf. [8])

o) = i A 1—A 5.116
(T H ) T>O,u>0,a>0,l}5n>r%),P>O,Q>0,N T+ ( )/J' ( )

under (5.96) and (5.114).

5.2.4 Integrated FTC Design

Similarly as in Sect. 5.1, let us consider a reference model given by

Xi+1 = Axg + Buy + g(xy), (5.117)
Yierr = CXp1, (5.118)
and L = B in (5.68) and (5.69).
The objective is to design the control strategy u x for (5.68) and (5.69) such that
the tracking error

e =Xp —Xfk (5.119)

will be asymptotically convergent with guarantying the prescribed disturbance atten-
uation level. To achieve this goal, the following control strategy is proposed:

wpp=—fr1 + Ki(xx — &) + Koyg + uy. (5.120)

Taking into account the problems with one-step fault prediction (cf. Sect.5.1), the
following assumption is imposed:

Ji=Fii+o vreh. (5.121)

Bearing in mind that all faults present in real systems have a finite value, such an

assumption is fully justified. Thus, for convergence analysis, the following form of
FTC is used

wpp=—fr+ 0%+ Ki(ex — & 20 + Koyg + g, (5.122)

Using a similar approach as in Sect.5.1 and setting K» = HC, the tracking error
becomes

err1 = Ajex + (BHCA — BKy) esy + Guwy + Wiy + Waibgy,  (5.123)

with K = HC,A; = A — BK; and H = (CB)™", where
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W, =[B, [BHC —I|W,], w;= [;’)’;] (5.124)
W, =[B, BHW,]. (5.125)

Using the same arguments as in Sect. 4.2, the convergence analysis can be relaxed to
the following form of the tracking error:

err1 = Arex + Gwi + W[ﬁ)k + Wzﬁ)k_H. (5.126)

The following theorem constitutes the main result of the present section.

Theorem 5.4 For a prescribed disturbance attenuation level i > 0 for the tracking
error (5.126), the Hoo controller design problem (5.122) for the system (5.68) and
(5.69) is solvable if there exist « > 0, 3 > 0, P = 0, @ > 0, N such that the
following LMI is satisfied:

[(1—-P+pM™™M 0 0 0 0 AP
0 —Q-8I 0 0 0 GP
0 0 —2I 0 0 Ww.pP 0 -
0 0 0 —21 o Ww,p|=% GI12D
0 0 0 0 Q—al 0
Y PGT PW| PW, 0 —ip
along with (5.96), where
AP =AP —BK P =AP — BN. (5.128)
proof By defining the Lyapunov function
Vi = e} Pey +w] Quy (5.129)
and
AV + ef e — (2w} Wy — pP Wi, Wi <0, (5.130)

as well as using the same line of reasoning as in Theorem5.3, it is possible
derive (5.127), which completes the proof.

Thus, the final design procedure is as follows: Given a prescribed disturbance
attenuation level u, obtain @ > 0, 5 > 0, P > 0, @ > 0, N by solving (5.96) and
(5.127). Finally, the gain matrix of the FTC controller is

Ki=NP (5.131)
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5.2.5 Illustrative Example: Fault Estimation

Let us consider a non-linear system

Xiir1 =Axgpr+Bugr+gxrr) + Lf+ Wiwg, (5.132)
Yike1 = Cxpip1 + Wowgqy, (5.133)
with
0.9944 —0.1203 —0.4302 0.4252
A =1{0.0017 0.9902 —0.0747|, B = |—0.0082 |,
0 0.8187 0 0.1813
100 0.1 00
C:[Olo}, L=B, W, =0.051n,W2=[0 0'10}
and

(5.134)

T
0.6 cos(12x2 1) 0
ge+10 7

g(xrk) = [«/5 sin(xyx),

Since the system is given, it is straightforward to calculate (5.7), and then

2
~7.25in(12 1.2 cos(12
MT M, = diag 2sin2(x1,k),( sin12x;) _ 1.2 c08( xz”‘)xz”‘) :

x5, +10 (x5, +10)?
(5.135)
Finally, the application of the proposed procedure cf. (5.11) leads to
2 0 0
M™TM =1{00.5170]. (5.136)
0 0 0

As a result of solving the problem (5.105), the following couple was obtained:
—0.1505 0.0519
wt=0.769, K= 0.0123 0.9629 |. (5.137)
—0.7057 0.9540
Let the initial condition for the system and the observer be

xr0=10321", %7p0=0, (5.138)

while the input and the exogenous disturbance are
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Fig. 5.4 Evolution of AV} + e;keﬁk - uzw[wk - ILZWZ+IWk+1

upe =10, wi ~ N(0,0.12D). (5.139)
Moreover, let us consider the following fault scenario:

1, for 300 > k > 200,

0, otherwise. (5.140)

-

First, let us consider the case when X .o = x 1,0 (eo = 0). Figure 5.4 clearly indicates
that the condition (5.82) is satisfied, which means that an attenuation level ;1* = 0.769
is achieved. Now let us assume that wy = Qand ¥ 1,0 # x f,0. Figure 5.5 clearly shows
that (5.81) is satisfied as well. Finally, Fig.5.6 shows the fault and its estimate for
the nominal case (X s0 # X y,0 and wi # 0). Let us also consider an incipient fault

scenario:
0.05(k — 200), for 400 > k > 200,

0, otherwise. (5.141)

-

Figure 5.7 presents the attained results, which indicate that also in this case the
proposed approach performs well. Now let us assume again that wy = 0 and ¥ 7o #
X f,0. Moreover, it is assumed that 4 = 0.99. As a result of solving the problem
(5.115), the following gain matrix was obtained:

—0.0744 0.0337
K = | 0.0064 0.9800 |, (5.142)
—0.5519 0.9255

for which 7 = 0.9. Figure (5.8) shows the obtained results. By observing Figs. 5.8 and
5.5, it can be seen that the proposed approach provides an efficient way for increasing
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the decay rate of the state estimation error. From these results, it can be observed
that the proposed tool can be efficiently applied for solving robust H,-based fault
identification of non-linear discrete time systems.

5.2.6 Illustrative Examples: Fault-Tolerant Control

Let us consider the reference model (5.117) and (5.118) with

0.1365 0.1991 0.2844 12
A=(0.01170.29870.4692 |, B=|34], (5.143)
0.8939 0.6614 0.0649 56
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€= [(1) (1) 8} » 9(xk) =10,0,-0.7sin(x; )" (5.144)

The possibly faulty system (5.68) and (5.69) is described in the same way, and
additionally, L = B:

fo o = [ O1sin@017k) = 0.Du 1, 50 < k < 150
k1= 0, otherwise ’

frn= (0.1sin(0.017k) — 0.Du 7, 2, 200 < k < 250
k2= 0, otheriwse ’
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and

0100

Wi =0.0113, W, = |: 0 010

} . wp ~N(0,0.1%1).

Figures 5.9-5.14 present the experimental results for the above-presented fault sce-
narios. From these results it is clear that in the case of the proposed FTC the state
of the possibly faulty system x 7,; converges to the reference state xy irrespective
of the faults. It can be also observed that this is not the case for the control strategy
without the ability of fault tolerance. Indeed, it can be easily seen that the state x
diverges from the reference state when faults occur. This fact clearly indicates high
performance of the proposed FTC.

5.3 Robust Design for Quasi-LPV Systems

The present section portrays an alternative approach to the one presented in Sect. 5.2.
Its main appealing property is that the non-linear system is suitably described in
a quasi-LPV form. Subsequently, a robust approach for the estimation of both sensor
and actuator faults is presented. It also contains integrated FTC for the actuator faults.
The section ends with an example regarding fault estimation of a multi-tank system.
Both sensors and actuator faults are considered during the case study.

5.3.1 Actuator Fault Estimation

The main objective of this section is to provide a detailed design procedure for the
robust observer, which can be used for actuator fault diagnosis. In other words, the
main role of this observer is to provide information about the actuator fault. Indeed,
apart from serving as a usual residual generator (see, e.g., [6]), the observer should
be designed in such a way that a prescribed disturbance attenuation level is achieved
with respect to the actuator fault estimation error while guaranteeing the convergence
of the observer.
Let us reconsider a non-linear system

Xpkt1 = AX i+ Buygp +g(x 1) + Laf o + Wiwg, (5.145)
Yikd1 = Cx g1+ Ls fy o+ Wowgqr, (5.146)

with the actuator f, ; and sensor f ; faults, respectively. Following [2, 6], let us
assume that the system is observable and the following rank condition is satisfied:

rank(CL,) = rank(L,) = s. (5.147)
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Under the assumption (5.147), it is possible to calculate
+ T -1 T
H=(CLy)" = [(CLa) CLa] (CL,)". (5.148)

Substituting f ; = 0 into (5.146) as well as multiplying it by H, and then substi-
tuting (5.145), it can be shown that

fa,k =H(yf,k+l — CAXf’k — CBuf,k — Cg(xf,k) — CWwy
— Wowpy1). (5.149)

Finally, by substituting (5.149) into (5.145) it can be shown that



170 5 Robust H.-Based Approaches

Fig. 5.11 State III for fault 6
Sfia: x3, x73, and xy 3— - - =Xy
without FTC X
51 1,3
""" *N3
=47
o
IS
U) 3 A AN A
M e S
\/
\,
21 ‘/\/
~,
1r \\.
\'~’A

50 100 150 200
Discrete time

Fig. 5.12 State I for fault

fk.zi X1, Xf,15 and XN, 1—
without FTC 16} — %1 |

State |
'

L '~ 4
1 A Amag W WMW
By W

0.8
0.6
0.4

150 200 250 300
Discrete time

X fi+1 =Axf,k + Buf,k + Gg(xf,k) + I:yf,kH + GWiwy
— LWowy, 1, (5.150)

where G = (I, — LL,IAJC), A=GA,B=GB,L = L,H. In order to estimate
(5.149), i.e., to obtain f, it is necessary to estimate the state of the system, i.e., to
obtain x¢. Consequently, the fault estimate is given as follows:

Jax=H i — CAR s — CBuyy — Cg(& 1)) (5.151)

The corresponding observer structure is

Xpir1 =ARfp + Busp + GgEy) + Lyppyr + Ky — CEpp). (5.152)
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efiyl = (A — K3C) eri+ Gsy + (GW| — KaWo)wy — LWowgy
(5.153)
Sk =9gxsr) —g&rp). (5.154)

Similarly, the fault estimation error € 7, ;. can be defined as

€k = Farx— Fax =—HC (Aepi+si+Wiwe) — HWowgyr.  (5.155)
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Noth thatboth e f,x and € y, ; are non-linear with respect to e s ;. To settle this problem
within the framework of this paper, the following solution is proposed.
Using the DMTYV [5], it can be shown that

g(a) —gb) = M,(a —b), (5.156)
with 5
g1
o (c1)
M, = : , (5.157)
OGn
Ox (cn)
where ¢y, ...,¢, € Co(a,b),c; #a,c; #b,i =1, ..., n. Assuming that
_ 0g; ) )
ai,jZaTg;EC_li,ja i=1,....n, j=1,...,n, (5.158)
it is clear that
Moo= {M e R™"a;; = meij =z a5 ij=1,....n}. (5.159)

Thus, using (5.156), the term A e s + Gsy in (5.153) can be written as
Alef,k—i-sk = (A+GMx,k—K3C)ef,k, (5.160)
where M ; € M.

From (5.160), it can be deduced that the state estimation error can be converted
into an equivalent form,

erir1 = As(a)e sk + Wiwg + Wowgy g, (5.161)
Ax(@) = A(a) — K;C,

which defines an LPV polytopic system [9] with
y } y N N
A:[A(a): A(oz):Za,-Ai, Zai =1, o 30], (5.162)
i=1 i=1

where N = 2"°. Note that this is a general description, which does not take into
account that some elements of M ;y may be constant. In such cases, N is given by
N =20 _“’)2, where c stands for the number of constant elements of M x.

In a similar fashion, (5.155) can be converted into
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erk=—HC (A3(Oz)ef,k + W]wk) — HWhwj1, (5.163)

with
N N
Ay = iA3(a) D Az(0) =D Az, D=1, q > 0] . (5.164)
i=1 i=1

The objective of further deliberations is to design the observer (5.152) in such a way
that the state estimation error e is asymptotically convergent and the following
upper bound is guaranteed:

el < €Wl (5.165)

where ¢ > 0 is a prescribed disturbance attenuation level. Thus, contrary to the
approaches presented in the literature, i should be achieved with respect to the fault
estimation error but not the state estimation error.

Thus, the problem of H, observer design [4, 7] is to determine the gain matrix
K 3 such that

lim e =0 for wy =0, (5.166)
k—o0
lerll, <&lwll, for wi #0, efo=0. (5.167)

In order to settle the above problem, it is sufficient to find a Lyapunov function Vj
such that

AVi + el i gk — pPwl wp — pPwwey <0, k=0,...00,  (5.168)

where AV = Vi1 — Vi, p > 0. Indeed, if wy =0, (k =0, ..., 00) then (5.168)
boils down to
AVi+ el iepk <0, k=0,...00, (5.169)

and hence AVy < 0, which leads to (5.166). If wy Z0(k =0, ..., 00), then (5.168)
yields

o
J = Z (AVk + €§a,k€fa,k — uzw,{wk — MZWZ+IWk+]) <0, (5.170)
k=0
which can be written as
o0 o o0
T==Vo+ > el ern— 12D wlw — i D wijwey <0 (5.171)
k=0 k=0 k=0

Bearing in mind that
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o o
MzzwkTHwkH = Mzzw[wk — Pwl wo, (5.172)
k=0 k=0
the inequality (5.171) can be written as
o o0
J=-Vo+ Zez,kefa,k — 2,u2 Z wkka + uzwgwo < 0. (5.173)
k=0 k=0
Knowing that Vy = 0 for e o = 0, (5.173) leads to (5.167) with { = ﬁu.

Since the general framework for designing the robust observer is given, then the
following form of the Lyapunov function is proposed [5]:

Vi = e P(w)e i, (5.174)

where P(a) > 0. Contrary to the design approach presented in the literature (see,
e.g. [4] and the references therein), it is not assumed that P(a) = P is constant.
Indeed, P («) can be perceived as a parameter-depended matrix of the form (cf. [9])

N
P(a) =) a;P;. (5.175)

Asa consequence,
AVi + e, g gn — rwf wp — P wl wis
= el (4207 P()A2(0) + A3(@)T H1 A3(0) — P(@)) €1k
+ el (A @ P@W) + As@) H\ W) ) w
+ el (Az(a) P@Ws + A3(@) Hy) wiry

+w! (W P()As () + WTHlAg(a)) ers

F(w
(W P@Wi+ WIH W, — 12T wy
+ul (W] P@Ws+ W H) wie
+rwiy, (Wz P(a)Az + HzTAg(a)) erk

+ wl?—H (

T
T Wy (

T
"P(W, + H! W1) we
Wl PW,+WIHTHW, — ) w1 <0, (5.176)

with Hy = CTHTHC and H, = CTHTHW .
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By defining
Vg = I:e?k’ wkTv “’/{H]T’
the inequality (5.176) becomes
AV + EJTC(L’kEfa,k — u2w,{wk - uzw,{Hwk_H = v/ Myv, <0,
where My is given by (5.179):

AT P(@)Az(a) + A3(@)T H1A3(0) — P(a) Ax(@)T P()W + A3()T H1 W,
W1 P(@As(0) + WT H Az (@) Wi P@W, + Wl H W, — 21
W3 P(a)Az() + H] A3(a) Wl P@w, + I W,

My

Az(a);P(a)Wz + A3 H,
Wi PW,+ Wl H,
W3 P()Wa+ WEHTHW, — 21

The following theorem constitutes the main result of this section.
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(5.177)

(5.178)

(5.179)

Theorem 5.5 For a prescribed disturbance attenuation level 1 > 0 for the fault
estimation error (5.155), the Hoo observer design problem for the system (5.145)
and (5.146) and the observer (5.152) is solvable if there exist matrices P; > 0

(i=1,...,N) U and N such that the following LMIsare satisfied:

Al HA3; —P; AL H\W, Al H; Ay UT

WIH Az,  WTH W, — 21 WTH, wiuto|
HTA;; HIW,  WYHTHW, -1  WyUT ’

UA,, Uw, Uw, P, —-U-UT
i=1,...,N, (5.180)

where (cf. (5.161) and (5.153))

UAy; =U(A; — K;C) =UA; — NC, (5.181)
UW,=UGW, —K3W) =UGW| — NW,. (5.182)

proof The following two lemmas can be perceived as the generalisation of those

presented in [9].

Lemma 5.6 The following statements are equivalent:

1. There exists X > 0 such that
vIiXv —-w <o.

2. There exists X > 0 such that

(5.183)
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-w vIyT
[UVX—U—UT]<0' (5.184)

proof Applying the Schur complement to (1) gives
vivTw" +uv-x)"'uv -w <o. (5.185)
Substituting U = UT = X yields
vixv -w <o. (5.186)
Thus, (1) implies (2).

Multiplying (5.184) by T = [I V'] on the leftand by T'” on the left of (5.184)
gives (5.183), which means that (2) implies (1) and hence the proof is completed.

Lemma 5.7 The following statements are equivalent:

1. There exists X (a) > 0 such that
V()T X(@V(w) — W(a) < 0. (5.187)

2. There exists X (o) > 0 such that

W) V@TuT
|:UV(a) X(a)— U — UT1| <0. (5.188)

proof The proof can be realised by following the same line of reasoning as the one
of Lemma 5.6.

It is easy to show that (5.188) is satisfied if there exist matrices X; > 0 such that

—W; TyT
[UV‘? X.Y’UU_ UT] <0, i=1...,N. (5.189)
1 l

Subsequently, observing that the matrix (5.179) must be negative definite and
writing it as

Ax(a)T
- T - -
W, P(o)[Ax() Wi W3] (5.190)
=T
W,
A3(0)"H A3() — P(0) Asz(a)"H W, A3z(0)"H3
+ WTH, As(a) WIH W — 121 wiH, <0,

HT Az() HIw, WIHTHW, — 121
(5.191)
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and then applying Lemma 5.7 and (5.189) lead to (5.180), which completes the proof.
Finally, the design procedure boils down to solving the LMIs (5.180) and then
(cf. (5.181) and (5.182) K3 = U"'N.
It can be also observed that the observer design problem can be treated as a min-
imisation task, i.e.,

* = i 5.192
# u>0,Ir’r1n>I}],U,NM ( )

under (5.180).

5.3.2 Sensor Fault Estimation

The main objective of this section is to provide a detailed design procedure of the
robust observer, which can be used for sensor fault diagnosis. In other words, the
main role of this observer is to provide information about the sensor fault. Indeed,
apart from serving as a usual residual generator (see, e.g. [6]), the observer should
be designed in such a way that a prescribed disturbance attenuation level is achieved
with respect to the sensor fault estimation error while guaranteeing the convergence
of the observer.
Let us define the matrix X, to be partitioned in such a way that

X = o, (5.193)

where x ; stands for the jth row of X. Let us also denote X J as the matrix X without
the jth row and y/ as a vector y without the jth element.
Sensor fault diagnosis will be realised by a set of m observers of the form

Fror = AR+ 9@ + Ko (Y —Clin), j=1.m  (5194)
while the jth output (for L, ; = I') is described by

Yk =Clxpk+wy wi+ f g (5.195)

Thus
Lo =Ygk — €% f — w3 Wi, (5.196)

and the jth fault estimate is

Foik=Yrjs— i (5.197)
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The fault estimation error € ¢, , of the jth sensor is
% T T T T T
efin = Fsju—Fsjk = —Ci X fkHC Xp—Wy ;Wi = —Cjef—w, W, (5.198)
while the state estimation error (for f, ; = 0) is

€fk+1 = AEfﬁk + Sk — K3’jCjef,k — K3,J~W2wk + Wiwg, (5.199)
epirt = (A= KiCT) epx+si — W (5.200)

Using a similar approach as that is Sect. 5.3.1, the state estimation error (5.200) can
be described as

erktl = As (@) e — Wwy, (5.201)
As(e) = A() — K4 CY, (5.202)
where
N N
A= {A(a) © Aa) = ZaiAi, Zai =1, 0 > o} ) (5.203)
i=1 i=l1

Similarly as in Sect.5.3.1, the general framework for designing the robust observer
is
AVi+ el &g — prwlwp <0, k=0,...00, (5.204)

with
Vi = el P()e s (5.205)

Consequently, it can be shown that:
AVk+E§'k€fik - uzwkka
el (AT P(@)As(@) e
+ely (A4(a)TP(a)W) wy
+wf (W P@As(@) es
+w! ( TP(a)VV) w; < 0. (5.206)

By defining ,
v = [e;k, w,{] , (5.207)
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the inequality (5.206) becomes

AVi+ el iepn — rwiwe = v My <0, (5.208)
where

J
Wi P@Auo) +waje] W P@W +wo ] —
(5.209)

W [A4<a>TP<a)A4(a>—P<a>+c,cT Ay(@)T P(@W +cjw]
V:

Theorem 5.6 For a prescribed disturbance attenuation level v > 0 for the fault
estimation error (5.198), the Hoo observer design problem for the system (5.145)
and (5.146) and the observer (5.194) is solvable if there exist matrices P; > 0
(i=1,...,N), Uand N such that the following LMIs are satisfied:

—P; +cjc]T cngj ALUT
wy el wywl — 21 W UT <0, (5.210)
UAs, Uw P,-U-UT
where R R
UAy; =U(A; — K3C)=UA; — NC. (5.211)

proof Observing that the matrix (5.209) must be negative definite and writing it as

. —P@)+eje]  cjul
[A‘;‘(,ar) :|P(a)[A4(a)T wi |+ { ! ! <0, (5.212)
wl

T T 2
w21jcj wz./-wzij -

and then applying Lemma 5.7 and (5.189) lead to (5.210), which completes the proof.

5.3.3 Integrated FTC Design

Using the same arguments as in Sect. 5.2, the convergence analysis can be relaxed to
the following form of the tracking error:

err1 = Arey + Gwi + W[ﬁ)k + Wzﬁ)k_H. (5.213)
Similarly as in Sect.5.3.1, (5.213) can be expressed as

ert1 = Ax(a)ex + Wiy + Woibiy i, (5.214)
A>(a) = A(o) — BK .

The following theorem constitutes the main result of the present section.
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Theorem 5.7 For a prescribed disturbance attenuation level p > 0 for the tracking
error (5.213), the Hoo controller design problem (5.122) for the system (5.68) and
(5.69) is solvable if there exist P > 0, U, V such that the following LMIs are
satisfied:

I-P; 0 0 AU
0 -1 0 WUt

’ <0, i=1,....N, (5.215)
0o o0 21 WwiUT
UTA], UW, UW, P —U-U"
with
AU = (Ai — BKl) U=A;U—BV. (5.216)

proof The proof is similar to that of Theorem5.5.

Thus, the final design procedure is as follows: Given a prescribed disturbance
attenuation level u, obtain P > 0, U, V by solving (5.215). Finally, the gain matrix
of the FTC controller is

K, =vU'. (5.217)

5.3.4 Illustrative Example: Fault Estimation of a Multi-Tank
System

The multi-tank system considered (Fig.5.15) is designed for simulating real indus-
trial multi-tank system in laboratory conditions [10]. The multi-tank system can be
efficiently used to practically verify both linear and non-linear control, identifica-
tion and diagnostics methods. The multi-tank system consists of three separate tanks
placed one above the other and equipped with drain valves and level sensors based
on hydraulic pressure measurement. Each of them has a different cross-section in
order to reflect system nonlinearities. The lower bottom tank is a water reservoir for
the system. A variable speed water pump is used to fill the upper tank. The water out-
flows the tanks due to gravity. The multi-tank system considered has been designed
to operate with an external, PC-based digital controller. The control computer com-
municates with the level sensors, valves and a pump by a dedicated I/O board and
the power interface. The I/O board is controlled by real-time software, which oper-
ates in a Matlab/Simulink environment. The non-linear discrete-time model of the
multi-tank system is given as follows (cf. Fig.5.16):
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Fig. 5.15 Multi-tank system

e =t (G s ant). 219
X2 k41 =X2k +h (;Clxllylk — ;szgi) R (5.219)
B2(x2.1) o Balxzk) ’
X3k+1 = X3k + 1 (;Cngzk — ;C3x§é3k) s (5.220)
B3(x3 k) T B3(x3k) ’
where x; x, i € 1,...,3,is water level in the ith tank, (; (x; x) stands for the cross

section area of the ith tank at the level x; x and is, respectively, defined as
0B1(x1.5) = aw: constant cross-sectional area of the top tank;

Ga(x2.4) = cw + x;cz”‘ bw: variable cross-sectional area of the middle tank;
max

B3(x3%) = wy/R?— (R — x3,)?: variable cross-sectional area of the bottom
tank.

The numerical values of the above parameters are as follows: C; = 1.0057-1074,
Cy =1.1963-107%,C3 = 9.8008-1075,b = 0.34,c = 0.1, w = 0.035, R = 0.364,
Xomax = 0.35, a1 = 0.29, ap = 0.2256, a3 = 0.2487, and h = 0.01s.

In order to unify further deliberations, the multi-tank system can be described in
a state-space form as:

Xfpr1 = Ax g+ Bupp +g(xpi) + Lo f o + Wiwg, (5.221)
Ykt = Cx pppr + Ly f o + Wawgyr, (5.222)

where x rx € X C R" is the state vector describing the liquid level in the tanks
(n = 3), uyr € R stands for the input (r = 1), y4; € R™ denotes the output
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Fig. 5.16 Geometrical
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(m = 3),and f ak € RS, (s=r), f sk € R™ stand for the actuator and sensor fault,
respectively, while w; € R” is a an exogenous disturbance vector with W € R"*",
W, € R™*" being its distribution matrices.

The system matrices and non-linearities are

B (X1 k)Clx
1 [e%)
9&x 16 = | B C1¥ e — ﬁz(m)czx . (5.223)
1 [e%) a3
53(X3,k)C2x2,k d%(Xs k)C3x3 k

As has already been mentioned, the robustness problem will be tackled within the
‘H~o framework, which yields the following assumption:

1
e} 2
web, h={weR"|wl, <+oo}, W, = (Z ||wk||2) L (5.224)
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Fig. 5.17 Distribution of the 350
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The distribution matrices W1 and W should express the influence and magnitude
of wy onto the state and output Egs. (5.145) and (5.146), respectively. To obtain an
appropriate proportion between the elements of W1 and W, a series of constant
liquid level measurements was performed for the top tank. Subsequently, the mean
was removed, which represents the constant liquid level, and then the disturbances
were analysed. Figure 5.17 depicts the histogram of the estimated disturbances. The
standard deviation of the disturbance is equal to 1.75 - 10~* (obtained for 1000
measurements). Almost identical results were obtained for the sensors in the middle
and bottom tanks. This is not surprising since all sensors are identical.

The term W wy (cf. 5.145) will represent the inaccuracy of the pump with respect
to a desired control action. After similar experiments like those for the sensors, it was
derived that the maximum magnitude of Wwy is approximately 10 times smaller
than that of Wowy. As a result, the following settings of the distribution matrices
were established:

W1 = diag(0.001,0,0), Wy =0.011,,. (5.225)
The analysis was started with the estimation of the actuator fault. To make the exper-

iment more difficult, it was assumed that the measurement of the liquid level of the
last tank is not available, which means that

100
c=[10.

Let the initial condition for the system and the observer be

x0=1[0.1,0.2,0317, %o=1-10"*[1,1,1]7, (5.226)
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while the input is
As a result of solving the problem (5.180), the following couple was obtained:
0.1089 0
=045 K =|0.0004 1.7107 | . (5.228)
0 0.9473

Let us consider the following actuator fault scenario:

0.1, for 300 > k > 200,
] —0.2uy for 1500 > k > 500,
fax= 0.0005(k — 1800) for 2100 > k£ > 1800, (5.229)
0, otherwise.

Figure 5.18 clearly indicates that the condition (5.167) is satisfied, which means that
an attenuation level ;o = 0.45 is achieved. Finally, Figs.5.19-5.21 show the faults
and their estimates. Moreover, Fig. 5.22 shows the system state x3 ; and its estimate
X3.. The obtained results clearly indicate that the proposed approach works with
desired performance.

The objective of the subsequent example is to show the performance of the pro-
posed sensor fault estimation scheme. The example concerns the second sensor’s
faults. Thus, the following fault scenarios were considered:
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Fig. 5.19 Constant bias 0.15
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1. Incipient fault:
f | —=0.005(k — 1000), for 1500 > k& > 1000,
s2.k 7 1, otherwise,

2. 20% decrease in the accuracy:

f | =02y, for 1500 > k£ > 1000,
s2.k 7 1 0, otherwise.

The results of fault identification are shown in Fig. 5.23. From these it is clear that the
proposed approach provides satisfactory outcome. This means that the estimation of
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a given sensor measurements can be used in the case when the sensor is faulty. Such
an approach will be employed in the subsequent chapter.

5.4 Concluding Remarks

The main objective of this chapter was to propose a novel structure and design
procedure of an integrated fault identification and fault-tolerant control scheme for
aclass of non-linear discrete-time systems. In particular, the chapter was divided into
three parts. The first one introduced the concept of integrated fault identification and
fault-tolerant control along with robustness with respect to the uncertainties acting
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Fig. 5.23 Fault identification for the incipient and the 20 % decrease fault in the second sensor

on the state equation of the system as well as the unappealing effect of one-time step
prediction of the fault. The second part enhanced robustness even further. Indeed,
additionally, the uncertainties present in the output equation were considered. The
last part showed how to implement the proposed FTC framework for LPV systems.
It is worth mentioning that fault estimation and control robustness were attained
with the H, approach. In the usual Hy, framework, the prescribed disturbance
attenuation level is achieved with respect to the state estimation error. The proposed
approach is designed in such a way that a prescribed disturbance attenuation level is
achieved with respect to the fault estimation error while guaranteeing the convergence
of the observer with a possibly large decay rate of the state estimation error. The
same property is achieved with respect to the control tracking error. Each part of
the chapter had a similar structure, i.e., fault estimation and integrated FTC were
carefully analysed. Each was also finalised with the illustrative examples, which
showed the performance of the selected solutions.
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Chapter 6
Fuzzy Multiple-Model Approach
to Fault-Tolerant Control

6.1 Essentials of Fuzzy Logic

Fuzzy logic is a superset of the conventional (Boolean) logic that was extended
to handle the concept of partial truth—truth values between “completely true” and
“completely false”. It was introduced by Dr. Lotfi Zadeh [1] as a means of the
vagueness of a natural language modelling. Initially, it encountered scepticism, and
it took a long time until it was finally accepted. Nowadays, fuzzy logic systems are
widespread and has found numerous applications, especially in the domain of control
engineering, identification, as well as modern computer science.

As there is a strong relationship between Boolean logic and the concept of a subset,
there is a similar strong relationship between fuzzy logic and a fuzzy subset theory.

Definition 6.1 A Classical set F is a set of ordered pairs
F ={(w, Ir(w)) |Yw € W} (6.1)

defined by an indicator function I (w) € {0, 1}.

The value zero of the indicator function is used to represent non-membership, while
the value one is used to represent membership.

For example, if the set of young people F is described as a crisp interval of people
younger than, say 20 years, i.e., F' = [0, 20]. Then the question arises: Why is
somebody on his 20th birthday young and right the next day not young? Obviously,
this is a structural problem, if the upper bound of the range is moved from 20 to an
arbitrary point, the same question can be imposed.

A more natural way to construct the set F' would be to relax the strict separation
between young and not young. This can be accomplished by allowing not only the
crisp decision YES he/she is in the set of young people or NO he/she is not in the
set of young people but more flexible phrases like: Well, he/she belongs a little bit
more to the set of young people or NO, he/she belongs nearly not to the set of young
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people. Thus, the concept of a fuzzy set is introduced, and young is described as
a linguistic variable," which represents humans’ cognitive category of “age”.

Definition 6.2 A fuzzy set F is a set of ordered pairs
F={(w, pr(w))|Vw € W} (6.2)

defined by a membership function 0 < pp(x) < 1.

A membership function provides a measure of the degree of similarity of an element
in W to the fuzzy subset. In practice, the terms ‘membership function’ and ‘fuzzy
subset’ are used interchangeably.

Now, the idea of fuzzy sets and basic operations on them can be introduced. In the
fuzzy logic, union, intersection and complement are defined in terms of membership
functions and are motivated by their crisp counterparts. Let fuzzy sets F; and F
be described by their membership functions pr, (w) and pg, (w). The definition of
a fuzzy intersection leads to the membership function

pEnE W) = min[pp (W), pp(w)], Yw € W, (6.3)

and the definition of a fuzzy union leads to the membership function
pruR () = max[up (), g )] Y € W. (6.4)
Additionally, the membership function for a fuzzy complement is
ufl(w) =1—-pp(w) YweW. (6.5)

The ‘max’ and ‘min’ operators are not the only ones that could be chosen to model
the fuzzy union and fuzzy intersection. Other operators which have an axiomatic
basis can be used, e.g., a f-conorm operator for the fuzzy union (also known as an
s-norm, and denoted by &). Similarly, the bounded sum, drastic sum, and 7-norm
operators can be used for the fuzzy intersection (denoted 7°) [4].

Since the essential definitions are given, it is possible to proceed to the core
structure used within the framework of this chapter, i.e., a Takagi—Sugeno model. It
should also be noted that the results presented in this chapter are based on [5].

6.2 Fuzzy Multiple-Model Representation

A non-linear dynamic system can be described in a simple way by a Takagi—Sugeno
fuzzy model, being a branch of a general fuzzy framework, which uses series of
locally linearised models from the non-linear system, parameter identification of an

! However, [2] demonstrated that to use a (type 1) fuzzy set to model a word is scientifically
incorrect, because word is uncertain whereas a fuzzy set is certain. To do so a type 2 fuzzy set is
required, for an example the reader is referred to [3].
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a priori given structure or a transformation of a non-linear model using the non-linear
sector approach (see, e.g., [6-9]). According to this model, a non-linear dynamic
system can be linearised around a number of operating points. Each of these linear
models represents the local system behaviour around the operating point. Thus, fuzzy
fusion of all linear model states describes global system behaviour.

Let us consider a non-linear model affine in control:

Xir1 = 918Xk + g2(sK)uy, 6.6)
Y = 931X, ’

with g;(-), i = 1, 2, 3, being non-linear functions and sy is a vector assumed to be
measurable. A methodical way to deal with (6.6) is Takagi—Sugeno modelling [6].
Depending on the ‘point of view’, two approaches are available leading to a unique
framework [10]. From the historical viewpoint, the first approach stems from the
fuzzy rule-based control area and its property of being a universal approximator [11].
In this class of fuzzy modelling, the TS fuzzy model acts as an approximation of (6.6),
thus allowing description of a non-linear dynamic system by a set of Linear Time
Invariant (LTI) models interconnected with non-linear functions. Each of the LTI
models is then associated by a rule at the consequent part of a weighting function
established based on the premise variable sy. It has a base of M rules, each having
p antecedents, where the ith rule is expressed as (in a state-space representation)

i el i P i
R' :IF s is Fyand...ands; is F),,
x}(H = A'x;, + B'uy,

; 6.7

THEN [

in which x;'{ € R” stands for the state, yf{ € R™ is the output (note that each model
had an individual state and output), and u; € R" denotes the nominal control input,
alsoi =1, ..., M, F} (j =1, ..., p)are fuzzy sets and s; = [s},s7, ..., s/
is a known vector of premise variables [6]. In a general manner, these models are
obtained via an identification procedure, according to the universal approximation
property [12, 13]. Another approach uses directly the non-linear expression of the
model and can be expressed in a rule-based form, although not strictly equivalent
to (6.7), where the ith rule is described as

R':IFslis Fland... ands/ is F',
Xi41 :Aixk+Biuk,

L iy, (6.8)

THEN [

Given a pair of (sg, ux) and a product inference engine, the final output of the
normalised TS fuzzy model can be expressed as
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[xk+1 =>M hiGs)[Alxy + Bluyl, 6.9)

yie =2 hi(si)Clxy,

where h; (sx) are normalised rule firing strengths (non-linear functions of s ) defined
as

» )
Tj:l#F;ﬁ (si)

ST )

and 7 denotes a t-norm (e.g., a product). The term (s,'(/ ) is the grade of a mem-
J

bership of the premise variable s,{ . Moreover, the rule firing strengths /;(sg)

@i =1, ..., M) satisfy the following constraints (the convex sum property):
M
2izihits =1, (6.11)
0<hi(sp) <1, Vi=1,...,M.

Hence, (6.9) also corresponds to a quasi-LPV form [14].

6.3 Development of the Takagi-Sugeno Fuzzy Model

Figure 6.1 illustrates the model-based fuzzy control design approach. In order to
design a fuzzy controller, a Takagi—Sugeno fuzzy model for a non-linear system is
needed. Hence, the construction of a fuzzy model is of a paramount importance and

Fig. 6.1 Model-based fuzzy
control design Nonlinear system
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e

Takagi-Sugeno
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Identification using
input-output data

/|

Parallel distributed
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itis an essential step in the approach being considered. As has been mentioned, there
are two approaches for constructing fuzzy models:

e identification (fuzzy modelling) using input-output data,
e derivation from given non-linear system equations.

Following the excellent work [15], there is a large set of literature on fuzzy mod-
elling using the input-output data. The procedure essentially consists of two parts:
structure identification and parameter identification. The identification approach to
fuzzy modelling is suitable for plants for which it is impossible or too difficult to
derive an analytical model [7]. A very interesting approach concerning experimental
design for the identification of such models is described in [16].

In reality, input-output identification methods allow finding a model in the
form (6.7) or an equivalent one using linear/non-linear estimation [12, 13] or clus-
tering methods [17, 18]. The identification problem also demands the selection of
premise variables, which govern the changes of a dynamical regime. Practically
speaking, to guarantee smooth behaviour of the model, the premise variables are
selected to be slowly varying. The combination of local models requires a consis-
tency among them. However, one way to guarantee the consistency of the rules using
state-space models is to identify all local models with the same order and convert
all of them into the so-called observer canonical form. In this way all the states
of the local models will be consistent and in the form of (6.7), whereas their evo-
lution will be perfectly synchronised [17]. On the other hand, non-linear dynamic
models for physical systems can be readily obtained by, for example, the Newton—
Euler method and the Lagrange method [7]. In such cases, the latter approach, which
derives a fuzzy model in the form (6.9) from given non-linear dynamical models,
is more appropriate. It utilises the concept of ‘sector non-linearity’, ‘local approxi-
mation’ or a combination of those to construct fuzzy models. The latter is based on
the linearisation around several set points of the non-linear system. In this case, the
resulting model is only an approximation and the membership functions p Fi (s,i ) are

chosen as triangular or sigmoid functions [7], whereas the former technique repre-
sents exactly the analysed non-linear model in a compact set of the state variables.
In other words, they are composed of linear models blended together with non-linear
functions.

6.4 Virtual Fuzzy Actuators

Let us consider the following TS reference model:

Xp+1 = Apxy + Brug, (6.12)
Yir1 = Cry1Xky1, (6.13)
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with Ay = > hi(s)A, By = XM hi(s) B, Crr = 307, hi(sg1)C' for
i =1,..., M. Let us also consider a possibly faulty TS system described by the
following equations:

Xpkl = ApX gk + Brugg + L fy (6.14)
Y k1 = Cer1X fit1, (6.15)

with Ly = 3 M hi(sp) L.
The main objective of this section is to propose a control strategy which can be
used for determining the system input u y; such that

e the control loop for the system (6.14)—(6.15) is stable;
® X i4+1 converges asymptotically to x4 irrespective of the presence of the
fault f,.

The subsequent part of this section shows development details of the scheme that is
able to settle such a challenging problem. The crucial idea is to use the following
control strategy:

Uy =—SkJA"k+K1,k(xk—J?f,k)+uk. (6.16)

Thus, the following problems arise:

e to determine jA"k;

e to design K ; in such a way that the control loop is stable, i.e., the stabilisation
problem. The control law in such a form is called the PDC, [19],

e to estimate X fx.

Let us assume that the following rank condition is satisfied:
rank(Cy4+1Ly) = rank(Ly) = s. (6.17)
This implies that it is possible to calculate
i = (€L = [(ConLo" Cile] ©iLo”.  618)
By multiplying (6.15) by H1 and then substituting (6.14), it can be shown that
Je=Hiw1(¥ i1 — Cor1 Arx pk — Crp1 Brug). (6.19)
Thus, if ¥ 7 is used instead of x rx, then the fault estimate is given as follows

Fr=Hi1(ypapn — Crrt Ak pi — Cra Brugp) (6.20)

and the associated fault estimation error is
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fe— }.k =—H 1 Crp1Ar(X i — X 1 10). (6.21)

Unfortunately, the crucial problem with practical implementation of (6.20) is that
it requires y ¢, 1 and u s to calculate f, and hence it cannot be directly used to
obtain (6.16). To settle this problem it is assumed that there exists a diagonal matrix

~

oy such that f P = f P = O f «—1- and hence the practical form of (6.16) boils
down to

ufj = —Sk}k+K1,k(xk—fo,k)+uk. (6.22)
In most cases the matrix oy should be equivalent to an identity one, i.e., it would
simply mean a one step delay, which should have a negligible effect on the perfor-
mance of FTC. In Chap.5, it was shown how to settle this problem with the H

approach.
Subsequently, by substituting (6.16) into (6.14), it can be shown that

Xfpr1 = ApXpp — BiSifi + BiKy x(ex + err) + Brug + L fr,  (6.23)
where e = x; — X s stands for the tracking error while e s = x rx — X r stands

for the state estimation error.
Let us assume that Sy, satisfies By Sy = Ly, e.g., for actuator faults Sy = I. Thus

X k1 = ApX pr + L (fy — o+ BiK ey + BiK refi + Bruy. (6.24)

Finally, substituting (6.21) into (6.24) and then applying the result into ey =
Xit1 — X fie1 yield

ey = (Ay — By Ky pex + (LiHy 1 Cr1 A — Bi Ky pe k. (6.25)
As has already been mentioned, the fault estimate (6.20) is obtained based on the

state estimate X 7. This raises the necessity for observer design. Consequently, by
substituting (6.19) into (6.14), it is possible to show that

X fk+1 = Akxf,k + Bkuf,k + l_dkyf,k_t,-la (6.26)
where

Ay = (I — LyHy 1 Cry) Ay,
= (I — LiH41Cry1)Bk, Ly = LiHyq,.

Thus, the observer structure, which can be perceived as an UIO (see, e.g., [20, 21]),
is given by
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Xprrik = AR+ Brupp + Ley g
Xrr1 =X fri/k + Kok 1 (Y part — Cop1® fiat1/6)- (6.27)

Finally, the state estimation error can be written as follows:

erk+1 = (Ax — K21 Crs1Ap)e . (6.28)

The main objective is to summarise the presented results within an integrated frame-
work for the development of the fault identification and fault-tolerant control scheme.
First, let us start with two crucial assumptions:

e the pair (Ak, C41) is detectable
e the pair (Ag, By) is stabilisable.

Under these assumptions, it is possible to design the matrices K x and K2 j in such
a way that the extended error

_ e

e = [ k ] , (6.29)

ef’k
described by

_ Ar — Bi Ky g LiHi+1Cr 1Ak — BrKkep | - _

e = R - tolE e = Ag ey,  (6.30
ko [0 Ap — K2 j+1Cr1 Ak b= Acir, (630)
converges asymptotically to zero.

It can be observed from the structure of (6.30) that the eigenvalues of the matrix
A, i are the union of those of Ay — By Ky and Ay — K2 k+1Cr+1Ar. This clearly
indicates that the design of the state feedback and the observer can be carried out
independently (the separation principle).

Let us start with controller design with the corresponding tracking error defined
by

epr1 = [Ar — Bi K rlex = Ao(h(sp))ex, (6.31)

where K1y = Zlﬁil hi (sk)K’A1 and the matrix Ag(h(sx)) belongs to a convex poly-
topic set defined as
M
Ay = [Aoaz(sk)) > hilsi) =1, 0 < hi(sp) < 1

i=1

M M
Ao(h(si) = D D" hi(si)hj(s0) Ao, j»

i=1 j=1

1 . L . o
Ao :E(Al — B'K{+ A/ — B/ ’1)]. (6.32)

By adapting the general results of the work [22], the following definition is introduced
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Definition 6.3 The tracking error described by (6.31) is robustly convergent to zero
in the uncertainty domain (6.32) iff all eigenvalues of Ao(h(sy)) have magnitude
less than one for all values of h(sy) such that Ag(h(sg)) € Ay.

Theorem 6.4 The tracking error described by (6.31) is robustly convergent to zero
in the uncertainty domain (6.32) if there exist matrices Q; ; = 0, G1, W j such that

T —_— o .
[Gl +G6) —0;; } -0, (6.33)
NOij Qm,n
foralli,m =1, ..., Mand j > i,n > m, where No;; = %[(Ai +Aj)Gl —

B'W; — B/W,].
Proof See [22].

Finally, the design procedure boils down to solving the set of [%M (1 + M))?
LMIs (6.33) and then determining K’i = W,-Gl_l.

Since the controller design procedure is provided, then the observer synthesis
framework can be described. To tackle this problem, it is proposed to use a modified
version of the celebrated Kalman filter, which can be described as follows:

Xprrik = ARk + Brupr 4+ Ly i
- =T
Pipi = ArPrAr + Uy,

~1
K jy1 = Pk+1/kC/{+1 (Ck+1Pk+1/kC1{+1 + Vk+1) ,

Xfkt1 =X frr1/k + Kokr1 (¥ prg1 — Crr1 X fik1/k),
Piy1 =[I — K2 511Ciq1] Prg1/ks (6.34)

where Uy = 611 and V. = 1, with §; and &, sufficiently small positive numbers.

It is important to note that the Kalman filter is applied here for state estimation
of a deterministic system (6.14)—(6.15), and hence U and V play the role of the
instrumental matrices only (see Sect.2.3 for more details).

When the initial tracking error is known (i.e., the deviation of a faulty system
state from a nominal system state), an upper bound on the norm of the control input
s = Kix(xr — X rx) can be found as follows [23]: Let us assume that the initial
tracking error eq lies in an ellipsoid of the diameter v, i.e., |legl| < 7, then the

constraint on a control input described as follows ||# 7 x ||max = max; ulf | < Ads
enforced at all times if the following LMIs hold:

X *
[O.S(Wf +W) G +67 - Qi’j:l = 0,
Q;; =71, diag(X) < NI, (6.35)
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where W;, W ;, Q,-)j and G satisfy conditions given by (6.33) foralli =1, ..., M
and j > i.

In order to solve the regulator problem it is necessary to find a state feedback
controller such that the following objective function is minimised:

o0
Joo = Z (j’?kﬂ' ORrY i + &;k+iRRi‘f,k+i) ; (6.36)
i—0

where § ¢1i = ¥ pkti — Yiris Qr = 0and Rg > 0 are suitable weight matrices.

However, the system being considered is uncertain, and hence, only the upper
bound of the objective function can be minimised. Therefore the following theorem
gives only a sub-optimal solution for the regulator problem [22].

Theorem 6.5 The upper bound for the objective function (6.36) for the initial track-
ing error eq lying in an ellipsoid of the diameter v can be obtained by solving the
following LMI optimization problem:

min ,
Qi.j’GbWin
subject to
Gl + G{ - Qi,j * ko sk
No.ij Qun * * 5
i+ ’ 0. Q; ;=71 6.37
050Y2Ci v chG, 0 gr o« |7 Q=T (6.37)
O.5RY> W, +W,) 0 0l
foralliim =1, ..., Mand j > i,n > m, where NO,i,j — %[(At +A/)G1 .
i

Bin — B/W;] and the local feedback gains are K’i =W;G,".
Proof See [22].

6.4.1 Implementation Details

This section provides a clear design procedure regarding the proposed approach.
The initial stage is to compute virtual actuator gains K ’i foralli =1, ..., M, by
solving LMIs described by (6.33) or (6.37) (if a regulator is needed); the specific
input constraints (6.35) can be considered if required. Finally, a virtual actuator is
developed, which is shown in Fig. 6.2.

The first step is to compute the virtual actuator output described by (6.22). To
do so, there is a need for using the current control input, the difference between
a previously estimated state of a possibly faulty system and a state of a nominal
system. Because the current fault estimate is not available, there is a need for using
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Fig. 6.2 Virtual actuator for Takagi—-Sugeno fuzzy systems

} K= ak‘;‘kfk Finally, it is feasible to find an output of a possibly faulty system
achieved by using the new control input (from the virtual actuator) and also to find
the reference system state using the nominal input (6.12). Indeed, it is possible to
compute an estimate of the state of a possibly faulty system by using (6.27), and
hence to compute compute the fault estimate by using (6.19).

6.5 Virtual Fuzzy Sensor

One observer is sufficient to detect faults, i.e., it can indicate an alarm if a fault
occurs in the system. To isolate faults, a number of observers should be designed
based on the idea of generalised observer scheme [24, 25] and has already been
successfully used in FTC systems [26, 27]. The generalised observer scheme used as
a virtual sensor is depicted in Fig. 6.3. The upper block in a fuzzy virtual sensor is the
observer (integrated with the model) of the overall system. By means of its output
it checks the consistency of each of the input-output pairs. If € (k) exceeds some
predetermined threshold 7’5 (determined by the noise and modelling inaccuracy of
the original system), which may not be constant (the adaptive threshold is favoured,
i.e., a threshold which is changing according to the perceived accuracy or robustness
of the model at any given time point), then the outputs of other m observers must
be checked. The fault detection and isolation task can be efficiently solved with the
concept of a TS virtual sensor. Each of the m blocks is fed by all but one output signal
and tests the consistency of the estimated ith output and its sensor readings. If the
resulting residual z; x does not exceed a predefined threshold Tis, then this means
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that the ith sensor performs correctly. After a sensor fault is detected and isolated,
the FTC system is reconfigured to use all but the ith corrupted sensor readings, while
the output of the ith virtual sensor replaces the output of the faulty sensor. After the
sensor is repaired (or replaced), the use of all sensors can be safely resumed. Finally,
it should be pointed out that the approach presented in this section is very similar to
that of Sect.5.3.2.

6.6 Illustrative Examples

The main objective of the subsequent part of this section is to provide illustrative
examples that will exhibit the performance of the approaches described in the present
chapter. In particular, the systems being considered include: a tunnel furnace, a three-
tank system and a twin-rotor system. All examples present a comprehensive case
study regarding the selected approaches.
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6.6.1 TS Model Design for a Tunnel Furnace

The tunnel furnace is a laboratory counterpart of real industrial tunnel furnaces,
which can be applied in the food industry or production of ceramics (among others).
The furnace is equipped with three electric heaters and four temperature sensors. The
maximum power outputs of the heaters were measured to be approximately 686 W,
693 W and 756 W £ 20 W, respectively. The required temperature of the furnace can
be kept by controlling the work of the heaters. This task can be achieved by group
regulation of the voltage with the application of the controller PACSystems RX3i
(with the firmware version 6.0) manufactured by GE Fanuc Intelligent Platforms [28]
and the semiconductor relays RP6 produced by LUMEL [29], providing an impulse
control with a variable impulse frequency fmax = 1Hz. The temperature of the
furnace is measured via IC695ALG600 module [30] from Pt100 Resistive Thermal
Devices (RTDs) with the accuracy of 0.7 °C. The visualisation of the work of the
tunnel furnace is realised with the Quickpanel View device from GE Fanuc Intelligent
Platforms [31]. Its hardware setup can be seen in Figs. 6.4 and 6.5. It is worth noting
that the system considered is a distributed—parameter one (i.e., a system whose state
space is infinite-dimensional), thus any resulting model from input-output data will
be at best an approximation. Hence, to achieve a good approximation, the optimal
experimental design is of paramount importance and is often an iterative process. An
interesting paper dealing specifically with the identification of the TS fuzzy models
is [16], and its recommendations are partially repeated in a book dealing with fuzzy
systems [17].

In non-linear system identification, both the amplitude and frequency contents of
the input signals are of major importance. Thus, for identifying TS fuzzy models con-
taining both equilibrium and off-equilibrium local affine models, it is recommended
that input signals should be designed according to the following guidelines [16]:

e The system being considered should be brought through a sequence of equilibria
that includes the equilibria of the local models. At each equilibrium the system
should be excited by super-positioned PRBS, i.e., a pseudo—random, usually binary
signal added to the original input signal. The PRBS signals should have the fre-
quency content that covers an interval from the inverse rise time to above the
bandwidth of the closed-loop system.

e For each off-equilibrium local model, several transient trajectories should be
generated. The corresponding input signals should contain both large amplitude
steps and perturbations, so both the trend and perturbation dynamics of the off-
equilibrium local models could be determined. Also the frequency contents should
typically be higher compared to the frequency content of the equilibrium data to
prevent the system from settling at some equilibrium.

Of course, these are general guidelines, so in practical applications there will be
some constraints that will often limit the number of transitions, frequency content,
amplitudes, and the length of the experiment. Also depending strongly on the appli-
cation, the requirements in terms of the accuracy of off-equilibrium local models
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Fig. 6.4 Laboratory model of a tunnel furnace—hardware setup

Fig. 6.5 Interior of a tunnel
furnace

should be considered. Sometimes, equilibrium local models can be extrapolated into
transient operating regions without significant loss of accuracy.

Other excitation signals are multisine signals with variable frequency and the
swept sinus with random frequencies. These signals are frequently used in the iden-
tification of mechanical systems [17].

Thus in order to identify a model for the tunnel furnace, the input signals were
defined as follows:

e Five operating points were considered, at 20, 40, 60, 80 and 100 % of the maximum
power of heaters, respectively.

e Heating phase: at each operating point for the first 1,800, the constant input signal
values were used (to heat the furnace to a desired temperature).

e Perturbation phase: after the heating phase, for the next 1,620s (for each of the
input signal individually and independently)a perturbation signal was applied as
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follows: the perturbation was a uniformly distributed pseudo-random signal in the
range of [—10, 10 %] of the maximum power, super-positioned on the signal gen-
erated in the heating phase (for 100 % operating point the range was [—10, 0 %]),
whereas each signal duration was chosen at random in a range of [5,15] seconds.
Finally, a new value and duration were generated.

e Short cooling phase: after the perturbation phase, for a short time period of 1205,
the heaters were disabled.

e Short heating phase: after the cooling phase, for 60s, a maximum power for all
the heaters was applied.

e Thus, a cycle for each operating point lasted 3,600s, and after five full cycles, for
the remaining time of simulation, a uniformly distributed pseudo-random signal
in the range of [0, 100 %] of maximum power and duration in the range of [5,15]
seconds were applied for each heater individually, thus, giving a total duration of
the experiment equal to 19,000s.

Afterwards, the resulting experimental data were cut into appropriate segments for
each of the operating points. From each input-output data of the operating point,
a local system-state model was built, using subspace methods. Subspace methods
originate in a mix between system theory, geometry and numerical linear algebra.
These subspace methods are successfully used for model identification for indus-
trial processes [32]. The N4SID [33] algorithm was selected for the task of model
identification, with the order of the models equal to four, as greater values did not
introduce a significant increase in the modelling accuracy. Subsequently, to guaran-
tee the consistency of fuzzy rules, all of the resulting local models were converted
into the observer canonical form [33]. The resulting matrices for each local model
are

1.0021 —0.0040 —0.0230 0.0259
0.0023 0.9960 —0.0083 0.0099
0.0024 —0.0028 0.9907 0.0099 |’
0.0009 —0.0005 —0.0059 1.0051

[10.9995 —0.0048 0.0010 0.0038
5 0.0003 0.9956 0.0008 0.0028
A7 =10.0001 —0.0014 0.9994 0.0011 | -
0.0002 —0.0023 0.0005 1.0011

[1.0013 —0.0034 0.0024 —0.0009
0.0021 0.9970 0.0002 0.0004
0.0011 —0.0002 0.9976 0.0013 |°
| 0.0006 0.0001 —0.0006 0.9993
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[ 0.9993 —0.0022 0  0.0029]

0.0002 0.9967 —0.0005 0.0034
—0.0003 0.0001 0.9987 0.0006
| 0.0004 —0.0018 0.0016 0.9939 |

[ 0.9977 —0.0054 0.0065 0.0002 |
0.0003  0.9925 0.0063 0
—0.0030 —0.0025 1.0071 —0.0035

=,
[

=
S
Il

| —0.0046 —0.0011 0.0093 0.9944 |

[ 0.4565 0.7132 —0.3372]
0.2529 0.5025 —0.1768
—0.0991 0.2829 0.2101

| 0.0196 0.1951 0.1526 |

[ 0.0590 —0.0169 0.5376 ]
0.1541 0.1590 0.2107
0.0760 0.0264 0.3059

| —0.1752 0.1992 0.3504 |

[[0.1647 0.1054 —0.0362]
0.0853 0.1502 —0.0291
0.0295 0.1020 0.0665

| 0.0184 0.0513 0.1089 |

10.0090 0.3650 —0.0617]
0.2099 0.4394 —0.2910
0.2848 0.3058 —0.2542

| 0.2192 0.2708 —0.2352 |

0.0383 —0.0081 0.3631
0.3795 —0.2730 0.2910
0.4411 —0.4493 0.3601
0.7984 —0.4391 —0.1311

Finally, as the premise variable, the second temperature output was chosen with
triangular membership functions. To improve the approximation results, the para-
meters of the membership functions were optimised. The algorithm used for this task
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Fig. 6.6 Response of the Takagi—Sugeno model and the tunnel furnace

was a non-linear least-squares solver implemented in MATLAB environment, which
utilised the trust-region-reflective algorithm. This algorithm is a subspace trust-region
method and is based on the interior-reflective Newton method described in [34]. The
modelling results can be seen in Fig. 6.6, whilst the control trajectories and fuzzy
sets are shown in Fig. 6.7. Each figure presents the response of the tunnel furnace
and the TS model with the fuzzy membership functions shown in Fig. 6.7. As can
be observed, the resulting model is quite good and follows the original trajectories
with only a slight error, which can be observed mostly for the first TS model.

6.6.2 Virtual Sensor for a Tunnel Furnace

The definition of reference inputs is exactly the same as that in the preceding section,
the only difference is that the first hour of the experiment is considered (for the
clarity of presentation). The four sensors are available and normally provide real
experimental data with an additional assumption that initially all sensors are healthy
(any discrepancy at this point would be clearly visible to anyone). The following
sensor fault scenario is considered here:
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Fig. 6.7 Selected input trajectories and fuzzy sets used in the Takagi—Sugeno model

e The first sensor’s total failure, i.e., it is switching to constant reading of 20°C or
can be considered disconnected. The fault is assumed to start at the 2,000th s and
lasts till 2,500th s, when it is assumed to be repaired (replaced).

e The third sensor being stuck, i.e., it is switching to reading its last healthy mea-
surement. The fault is assumed to start at the 500th s and lasts till 1,500th when it
is assumed to be repaired (replaced or restarted).

e The rest of the sensors are assumed to be healthy.

The results of experiment can be seen in Figs. 6.8 and 6.9. In Fig. 6.8, residuals
provided by four virtual sensors are provided. Figure 6.8 portrays the performance
of the virtual sensors. It can be easily seen that the residuals indicate the occurrence
of faults. It can also be observed that the estimates of the signals measured by the
faulty sensors are correct. Let us start the analysis with the first sensor fault. This
kind of abrupt fault, being the total failure (or disconnection, etc.) of the sensor,
is the most common one. In fact, the hardware driving the tunnel furnace is capa-
ble of detecting such errors by itself and allowing the repairs to be made on-line.
But assuming that the fault was not detected by the hardware, for example due to
some kind of short-circuit (but with the magnitude of several Ohms) in the wiring of
the sensor, it would still be detected by the use of the virtual sensors. By observing



6.6 Illustrative Examples 207

Residual
o
Residual
I
w
o

1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500
Time [s] Time [s]

10 10 —
o e i P 0 s TResare
-10
-20 -20
T s
3 -30 3 -30
3 3
o -40 o -40
-50 -50
N

0 500 1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500

Time [s] Time [s]

Fig. 6.8 Residuals obtained with the virtual sensors

residuals between the 2,000th and the 2,500th s, it can be seen that all but first sensor
residuals show an abrupt change, whereas the first virtual sensor residuals show only
the standard low level variations in the residuals. Thus, this fault can be easily iso-
lated and its effect can be neglected by substituting the faulty reading with the output
of the corresponding virtual sensor. After the sensor is repaired, residual drops in all
virtual sensors and readings from all the outputs can be safely resumed.

The next fault being considered concerns the third sensor. Such a fault would be
very uncommon in the hardware configuration of the tunnel furnace, considering that
a temperature sensor is an electrical one, but can be a common one in mechanical
sensors. Indeed, most critical safety industrial applications (power plants, central
heating, etc.) would require the use of mechanical indicators and the electrical sensors
in a tandem, providing redundancy and supervision by a human operator, who would
make a similar comparison of readings as the one considered here.

6.6.3 FTC of a Three-Tank System

The selected non-linear system results from a celebrated benchmark [35] and is
shown in Fig. 6.11. It portrays a hydraulic process consisting of three identical tanks
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Fig. 6.9 Performance of virtual sensors

T, T», Tz with a cross section A. These tanks are connected to each other by cylin-
drical pipes with identical cross sections S,. The nominal outflow valve is located
at the outlet of the tank 7>. The out-flowing liquid is collected in a reservoir (of
a greater volume than all tanks combined), which supplies the pumps 1 and 2.
Q1 and Q; are the flow rates of the pumps 1 and 2, respectively. The water lev-
els x1 and x, are measured via piezoresistive pressure sensors. The connecting pipes
between the tanks are equipped with manually adjustable ball valves, which allow
the corresponding pipes to be opened or closed in order to simulate clogging or
operating errors.

By taking into account the fundamental laws of conservation of fluid, a detailed
mathematical model describing dynamic behaviour of this multi-input/multi-output
system can be developed. The water levels x1, x> and x3 are governed by the con-
straint x; > x3 > x3, and a non-linear system model is expressed by the following
state equations [35]:
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(48D _ () — S, g () — x3))2
+0f1@),
AT2D — 0,0) 4 038, 29(x30) — 120 638
— 8, 2gx2(t)'? + Qf2(1),
4 dxjt( D 018,291 (1) — x3 ()2
—a38,(2g(x3(t) — x2())'? + Qf3(1),

where o;,i = 1,2, 3, are constants. Qf;(¢),i = 1,2, 3, denote an additional mass
flow caused by leaks or actuator faults and g is the gravity constant.

A normalised TS model, with s(#) = u(¢), which approximates the non-linear
system (6.38), is described in [36]:

4
(1) =D hi@®)Ax(t) + Bu(t) + Lf(t)+d'], (6.39)
i=1

y() =Cx (). (6.40)

The matrices A’, B and d (trend) are acquired by linearising the initial system (6.38)
around four points chosen in the operating range of the system considered and the
membership functions are shown in Fig. 6.10. Four local models (in this case) guar-
antee a good approximation of the non-linear state space model of the real system
by the TS model. The following numerical values were used:

[—0.0109 0 0.0109 ] [—2.86]
Al = 0 —0.0206 0.0106 |,d' =10"3|—-038 ],
| 0.0109 0.0106 —0.0215 | | 0.11 |
[—0.0110 0 0.0110 ] [—2.86]
A2 = 0  —0.0205 0.01044 |, d*=10"3|-034 |,
| 0.0110 0.01044 —0.0215 | | 0.038 |
[—0.0084 0 0.0084 7 [—3.70]
A3 = 0 —0.0206 0.0095 |,d>=10"3|-0.14],
| 0.0084 0.0095 —0.0180 | | 0.69 |
[—0.0085 0 0.0085 ] [—3.67]
At = 0  —0.0205 0.0095 |,d*=10"3|-0.18 |,
| 0.0085 0.0095 —0.0180 | | 0.62 |
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Fig. 6.10 Fuzzy sets used in Takagi—Sugeno model of a three-tank system
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while the numerical evaluation of (6.38) was performed with

ap =0.78, az =0.78, a3 = 0.75,
g=98, S, =5x 107 and A = 0.0154.
Subsequently, the continuous time model (6.39) was transformed into the discrete-

time one using the Euler method with the sampling time 100 ms. The reference input
is defined by

ey = 2.5 107[sin(k/320) + 0.5 sin(k/160)
+ 0.5 sin(k/640) + 0.3 sin(k/60)] + 1074,
w2 = 3.75 - 10"%[cos(k/320) + 0.5 sin(k/160)
+0.5 cos(k/640) + 0.3 sin(k/60)] + 1.75 - 1075,

The fault scenario is described as follows:

0
fe= |:rk’l ]uk,

0 ro2

where

[ 0, k<1500,
"e1=10.4, k > 1500,
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Fig. 6.11 Three-tank system

0, k < 1000,

T2 = [ 0.5 + 0.3 sin(7k/90), k > 1000.
Figure 6.12 presents the achieved results for the proposed FTC strategy (with
ay = I). As aresult, Fig. 6.12 clearly shows that the faults can be estimated with
very high accuracy. The initial discrepancies are caused by the differences between
the initial state of the system and the FTC observer as well as by some model errors.
From Fig. 6.13, it can be observed that u 1 is equal to uy 1 until the occurrence
of the fault f ;. After that time the control strategy u r,x,1 was changed. It was also
changed when f, occurred, but due to reasons stated above the FTC system at the
beginning tried to achieve an equilibrium (u f,x > converged to uj 7). The final con-
clusion is that the residual (Fig. 6.14) is very close to zero in the presence of faults.

6x1o‘5 x10~°

Fault and its estimate
w

0 0
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Discrete time Discrete time

Fig. 6.12 Faults and their estimates
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Fig. 6.14 Residual z;

This is because of the proposed control strategy, for which x 7 converges to x; and
consequently z; converges to zero. On the other hand, the presence of faults can be
easily determined using the fault estimate.

6.6.4 FTC of a Twin-Rotor System

The selected non-linear system is based on the TRMS, a laboratory set-up devel-
oped by Feedback Instruments Limited [37] for control experiments. Due to its high
non-linearity, cross coupling between its two axes and inaccessibility of some its
outputs and states for measurements, the system is often perceived as a challenging
engineering problem. Extensive research on the modelling of such a system can be
found in [38] and the references therein. The TRMS as shown in Fig.4.2 is driven
by two DC motors. It has two propellers perpendicular to each other and joined by
a beam pivoted on its base, so that it can rotate in such a way that its ends move
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on spherical surfaces. The joined beam can be moved by changing the input volt-
age of its motor, which controls the rotational speed of the propellers. The system is
equipped with a pendulum counterweight fixed to the beam and it determines a stable
equilibrium position. Additionally, the system is balanced in such a way that when
the motors are switched off, the main rotor end of the beam is lowered. In certain
aspects the behaviour of the TRMS system resembles that of a helicopter [38]. For
example, there is a strong cross-coupling between the main rotor (collective) and
the tail rotor. However, the system is different from a helicopter in many ways, the
main differences being the: location of the pivot point (midway between two rotors
in TRMS versus main rotor head in the helicopter), vertical control (speed control
of main rotor versus collective pitch control), yaw control (tail rotor speed versus
pitch angle of tail rotor blades) and lastly, cyclical control (none versus directional
control).

The mathematical model of the TRMS can be described by a set of four non-
linear differential equations with two linear differential equations and four non-linear
functions [37]. Some of the parameters can be obtained from [37], whereas others
should be obtained by experimentations, e.g., inertia, magnitudes of the physical
propeller, coefficients of friction and impulse force. The inputs of the system are
defined by the input vector u = [uy,, u,]7, where uy, is the input voltage of the tail
motor and u, is the input voltage of the main motor. The state vector is defined as
x = [Qn, an, wr, Ly, Ay, w17, where Qy, is the angular velocity around the vertical
axis, ay, is the azimuth angle of the beam, wy is the rotational velocity of the tail rotor,
2, is the angular velocity around the horizontal axis, ay, is the pitch angle of the
beam, wy, is the rotational velocity of the main rotor. The output vector is defined
as y = [wm, ay, a]T. For the complete physical model of such a system refer to
[37, 38].

A normalised TS model, which approximates the non-linear TRMS system, is
obtained by linearising a system around five operating points [39]. The system can
be described in the following way:

5
Xepr= D hi(ap O[Ax; + B (e —u') + L f], (6.41)
i=1
yi=Clxp+d". (6.42)

The matrices A’, B', C*, u' and d (trend) are acquired by linearising the initial
system around five points chosen in the operating range of the system considered,
with the premise variable sy = o x and membership functions as shown in Fig. 6.18.
Five local models guarantee a good approximation of the state of the real system by
the TS model within the operating range. The following numerical values, with the
sampling time 50 ms, were used:
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0, k <4000

u, =ui2 =1 0.05, 4000 < k < 7000.
0.10, £ > 7000

The actuator fault scenarios, i.e., a decrease in the performance of the two rotors, are
described as follows:

Foi= 0, k < 7000,
k171 0.007 sin(0.005k), k > 7000,

Foo= 0, k < 5400,
k271 0.035 4+ 0.025 sin(0.01k), k > 5400.

The regulator for the FTC system was designed with the following parameters v =
0.05 and the weighting matrices, based on Bryson’s rule [40]:

110 I |10
20 =33 [01] ®e =55 o]

Due to the high transients of the systems in the initial phase, the FTC system was
not enabled until the 4,000th iteration, but the control input was also in the neutral
state (i.e., u = [0, O]T) during that time period.

Figures 6.17 and 6.18 present the results achieved for the proposed FTC strategy
(with o = I). As aresult, Fig.6.15 clearly shows that the faults can be estimated
with a very high accuracy (especially the second fault estimator). The estimator for
the first fault presents some deviations from the nominal value due to the abrupt
changes in the reference input and modelling errors as a consequence of the high
non-linearity of the system (its high cross-coupling between the main rotor and the
tail rotor). But after about 250 samples, in both the faultless and the faulty state,
estimation achieves very high accuracy, even though the fault is time-varying.

From Fig. 6.16, it can be observed that u s is close to u until the occurrence
of the fault f,. After that time, the control strategy u s is changed. The only



6.6 Illustrative Examples 217

1
]

v

Control signal
o
Control signal
o
o
=

)
)
\
[}
[}
1
t
[}
1
T
[
1
[}
i
\
\
[}

. 1
i A (A
-2 I Vol 'I " |I '
0.02 RS,
[ T B
4 L T
', () K]
6 0 'y v

] [}
(W . 1
» 3 \

-8
3500 4000 4500 5000 5500 6000 6500 7000 7500 8000

' 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000
Discrete time

Discrete time
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deviations from the expected behaviour can be seen in the cases where the faults
were overestimated, due to the reasons stated above.

The final conclusion is that FTC stabilises the system with high performance
(Figs. 6.17 and 6.18). Indeed, even in the presence of the faults the original trajectories
are unchanged. This is because of the proposed control strategy, for which x s
converges to x; and consequently zx =y f.k — Y converges to zero, whereas the
system without the FTC control significantly deviates from the original trajectories.
Especially interesting is the fact that sometimes even a small uncompensated fault,

as the one of the tail motor, can lead to catastrophic failure, which can be seen by
the trajectories of the pitch angle of the beam «y,.
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6.7 Concluding Remarks

In this chapter, an active FTC strategy was proposed, which enables on-line recon-
figuration of control after the occurrence of sensor and actuator faults. The approach
was developed in the context of Takagi—Sugeno fuzzy systems. The key contribution
of the proposed approach is an integrated FTC design procedure of fault identification
and fault-tolerant control schemes. The procedure also allows including input con-
straints into the FTC system. The FTC controller is implemented as a state feedback
controller. This controller is designed in such a way that it can stabilize the faulty
plant using the Lyapunov theory and LMIs. The designed controller is called a virtual
actuator, because it feeds the faulty actuator and produces the intended effects on the
output of the plant by using an appropriate compensation. Also a design procedure
for the regulator for TS fuzzy systems was shown, which enables minimising the
objective cost function. The chapter presented also a number of illustrative exam-
ples, which exhibit the performance of the proposed approaches. In particular, it is
shown how to design the TS model of a tunnel furnace. The procedure starts with an
appropriate selection of experimental design, i.e., the shape and frequency of the sys-
tem input. Subsequently, the data-driven strategy is used to derive the TS model. The
obtained model is then used to design the virtual sensor, which makes it possible to
implement the FTC strategy with respect to sensor faults. Another example concerns
the celebrated benchmark, i.e., a three-tank system. In this case, the virtual fuzzy
actuator is examined. The same approach is tested on a twin-rotor system, which
mimics the helicopter. The systems being considered possesses completely different
properties but in both cases the proposed FTC strategy proved to be an efficient tool.
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Chapter 7
Conclusions and Future Research Directions

From the point of view of engineering, it is clear that providing a reliable control
strategy that is able to tolerate potential faults is an essential issue in modern control
design, particularly as far as the control of complex industrial systems is considered.

There is no doubt that such a challenging task can only be realised with suitably
integrated fault diagnosis and control schemes. The only way to realise efficient
integration is to obtain as much information about the faults as possible while taking
into account any potential imprecision of the implemented fault diagnosis.

Unfortunately, most systems present in our reality exhibit non-linear behaviour,
which makes it impossible to use the well-developed techniques for linear systems.
If it is assumed that the system is linear, which is not true in general, and even if
robust techniques for linear systems are used (e.g., unknown input observers, linear
state-feedback controllers, etc.), it is clear that such an approximation may lead to
unreliable performance of fault diagnosis and fault-tolerant control. Indeed, due to the
imprecision of the system description, early indication of faults which are developing
is rather impossible. Such a situation increases the probability of the occurrence of
failures, which can be extremely serious in terms of economic losses, environmental
impact, or even human mortality.

Indeed, robust techniques are able to tolerate a certain degree of model uncertainty.
In other words, they are not robust to everything, i.e., are robust to an arbitrary
degree of model uncertainty. This real world development pressure creates the need
for new techniques which are able to tackle integrated fault diagnosis and fault-
tolerant control for non-linear systems. As discussed in introduction, in spite of the
fact that the problem has been attacked from various angles by many authors and a
number of relevant results have already been reported in the literature, there is no
general framework which can be simply and conveniently applied to maintain such
an integration.

As was underlined in Chap. 2, observers are immensely popular as residual gen-
erators for fault detection (and, consequently, for fault isolation) of both linear and
non-linear dynamic systems. Their popularity lies in the fact that they can also be
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employed for control purposes. This natural property makes them a perfect candidate
for realising the required integration procedure.

There are, of course, many different observers (or filters in the stochastic case)
which can be applied to non-linear, and especially non-linear deterministic systems.
Logically, the number of “real world” applications (not only simulated examples)
should proliferate, yet this is not the case. The main reason is that the design com-
plexity of most observers for non-linear systems does not encourage engineers to
apply them in practice. Moreover, their design procedures are usually presented with
academic artificial examples, which are useless for engineers. Another reason is that
the applicability of robust observers, such as the celebrated unknown input observer,
is limited due to the lack of an appropriate description of model uncertainty.

The above discussion clearly justifies the need for simpler observer structures,
which can be obtained by solving the following problems:

Problem 1 Improvement of convergence of linearisation-based observers.

Problem 2 Design of data-driven methods for determining the model uncertainty,
i.e., derivation of an unknown input distribution matrix.

Problem 3 Design of filters that are able to switch (or mix) unknown input distrib-
ution matrices according to the operating conditions.

As was mentioned in Chaps. 3 and 6, challenging design problems arise regularly in
modern fault diagnosis systems and fault-tolerant control. Unfortunately, the classic
analytical techniques often cannot provide acceptable solutions to such difficult tasks.
If this is the case, one possible approach is to use soft computing-based fault diagnosis
approaches, which can be divided into three categories:

e neural networks,
e fuzzy logic-based techniques,
e evolutionary algorithms.

Apart from the unquestionable appeal of soft computing approaches, there is a num-
ber of design issues that can be described by

Problem 4 Development of robust neural network-based fault diagnosis.
Problem 5 Integration of analytical and soft computing fault-tolerant control.

The issue of integrated fault diagnosis and fault-tolerant control raises other prob-
lems:

Problem 6 Design of a general framework for integrated fault diagnosis and fault-
tolerant control.

Problem 7 Extension of the developed framework for non-linear systems
described by analytical models.

Problem 8 Minimisation of the uncertainty effect (modelling uncertainty, distur-
bances, noise) on the performance of integrated fault diagnosis and fault-tolerant
control.

Problem 9 Extension of the developed framework for non-linear systems
described by soft computing-based models.
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Although partial solutions to Problems 1-9 are scattered over many papers and a
number of book chapters, there is no work that summarises all of these results in a
unified framework.

Thus, one original objective of this book was to present selected approaches for
solving the challenging Problems 1-9 in a unified framework.

Other objectives, perceived as solutions to Problems 1-9, are presented in the form
of a concise summary of the contributions provided by this book to the state-of-the-art
of modern model-based fault diagnosis for non-linear systems:

Solutions to Problem 1

e A general scheme of the EUIO is proposed that is based on the second-order
extended Kalman filter (cf. Sect.2.3). The convergence condition is also provided
and employed to improve the convergence of the described approach.

e It was also empirically verified that the performance of the EUIO can be suitably
extended, which recommends its practical application.

Solution to Problem 2

e A design strategy for developing the unknown input distribution matrix is proposed
(cf. Sect. 2.5). This data-driven optimisation approach is based on the approach that
prevents the unappealing effect of fault decoupling (cf. Sect.2.2). This means that
the determined unknown input distribution matrix will not cause this unappealing
phenomenon.

Solutions to Problem 3

e The unknown input filter, which is based on the unscented Kalman filter, is pro-
posed in Sect. 2.4. The approach can be applied for non-linear stochastic systems.

e The interactive multiple model approach along with the proposed unknown input
filter is employed for settling the problem of switching (or mixing) unknown input
distribution matrices according to the operating conditions.

Solutions to Problem 4

e Robust neural network-based fault diagnosis strategies are revisited in Chap. 3. The
general framework presented in [ 1] is suitably extended by providing an alternative
fault detection approach, which is called the backward test (cf. Sect.3.2.5).

e Itwas empirically proven that the backward test constitutes an appealing alternative
to the well-known forward one.

Solution to Problem 5

e Chapter 6 provides an integrated fault-tolerant control scheme for the non-linear
systems that can be described with Takagi—Sugeno models. The proposed approach
is based on analytical techniques and is carefully described in Chap. 4.

Solutions to Problem 6

e A general framework for integrated fault diagnosis and fault-tolerant control is
proposed in Chap. 4.
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e The proposed approach is based on the observer-based fault identification scheme
that is suitably integrated with state-feedback control. It is worth underlining that
the appealing property of the proposed framework is that it takes into account the
imprecision related to the fault diagnosis procedure.

Solution to Problem 7

e The general fault-tolerant control framework proposed in Sect.4.1.4, is extended
to Lipschitz non-linear discrete-time systems and carefully described in Chap. 4.

Solutions to Problem 8

e The general fault-tolerant control framework proposed in Chap.4 is extended in
Chap. 5 to handle the robustness issue.

e Using the H, approach, the uncertainties present in the state equation are tackled
in Sect.5.1.

e Applying the H, strategy, the uncertainties present in both the state and output
equations are tackled in Sect.5.2.

e Using the H, approach, non-linear systems described by quasi-LPV models with
the uncertainties in the state and output equations are tackled in Sect.5.3.

Solutions to Problem 9

e The framework proposed in Sect.4.1.4 was suitably extended to the systems that
can be described with the Takagi—Sugeno fuzzy models (cf. Chap. 6).

e The fault-tolerant control scheme was also extended to the case of the sensor faults
(cf. Chap. 6).

The book also presents a number of practical implementations of the proposed
approaches, which can be summarised as follows:

e State estimation and sensor, actuator fault diagnosis of a two-phase induction
motor;

State estimation and sensor, actuator fault diagnosis of a two-tank system;
Experimental design for a neural model of a valve actuator;

MLP-model design of a valve actuator;

MLP-based robust fault detection of a valve actuator;

GMDH neural network-based model design of a valve actuator;

GMDH neural network-based robust fault detection of a valve actuator with for-
ward and backward tests;

e Fault-tolerant control of a twin-rotor system using analytical techniques;

e Fault-tolerant control of a twin-rotor system using fuzzy logic;

e Fuzzy model design of a tunnel furnace;
[ ]
[ ]

Fault-tolerant control of a tunel furnace;
Fault-tolerant control of a three-tank system.

The advantage of the general framework presented in this monograph is the fact that
itis independent of a particular form of the system being diagnosed. Indeed, when the
non-linear state-space model is available, then effective observer-based approaches
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can be employed. If this is not the case, then one can design such models with the
proposed Takagi—Sugeno approach. An alternative solution is to use the proposed
robust neural network-based techniques.

Irrespective of the above advantage, there still remain open problems regarding
some important design issues. What follows is a discussion of the areas proposed for
further investigations.

Handling constraints in the fault-tolerant control There is no doubt that all systems
have physical constraints which limit their performance. These constraints may
change during fault occurrence. For example, when an actuator fault appears in
systems, then the control limits must be suitably modified.

Development of integrated fault-tolerant control with neural networks It was pro-
ven that neural networks can be efficiently used for robust faul diagnosis. Thus,
a natural task seems to employ them for fault-tolerant control within a unified
framework described in Chap. 4.

Relaxing the existence conditions of observer-based fault-tolerant control As has
been mentioned, many non-linear systems satisfy Lipschitz conditions. On the
other hand, the Lipschitz constant for such systems may have relatively large
values. This can make the usage of the observer design procedures described in
Chap. 5 impossible. Thus, the development of less conservative transformation
techniques constitutes one of the future research directions.
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