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Abstract

Model based fault diagnosis is to perform fault diagnosis by means of models.
An important question is how to use the models to construct a diagnosis system.
To develop a general theory for this, useful in real applications, is the topic of
the first part of this thesis. The second part deals with design of linear residual
generators and fault detectability analysis.

A general framework, for describing and analyzing diagnosis problems, is
proposed. Within this framework a diagnosis method structured hypothesis tests
is developed. It is based on general hypothesis testing and the task of diagnosis
is transferred to the task of validating a set of different models with respect to
the measured data. The procedure of deriving the diagnosis statement, i.e. the
output from the diagnosis system, is in this method formalized and described
by logic.

Arbitrary types of faults, including multiple faults, can be handled, both in
the general framework and also in the method structured hypothesis tests. It
is shown how well known methods for fault diagnosis fit into the general frame-
work. Common methods such as residual generation, parameter estimation, and
statistically based methods can be seen as different methods to generate test
quantities within the method structured hypothesis tests.

Based on the general framework, a method for evaluating and comparing
diagnosis systems is developed. Concepts from decision theory and statistics
are used to define a performance measure, which reflects the probability of e.g.
false alarm and missed detection. Based on the evaluation method, a procedure
for automatic design of diagnosis systems is developed.

Within the framework, diagnosis systems for the air-intake system of auto-
motive engines are designed. In one case, the procedure for automatic design
is used. Also the methods for evaluation of diagnosis systems are applied. The
whole design chain is described, including the modeling of the engine. All diag-
nosis systems are validated in experiments using data from a real engine. This
application highlights the strengths of the method structured hypothesis tests,
since a large variety of different faults need to be diagnosed. To the authors
knowledge, the same problem can not be solved using previous methods.

In the second part of the thesis, linear residual generation is investigated by
using a notion of polynomial bases for residual generators. It is shown that the
order of such a basis doesn’t need to be larger than the system order. Fault
detectability, seen as a system property, is investigated. New criterions for fault
detectability, and especially strong fault detectability, are given.

A new design method, the minimal polynomial basis approach, is presented.
This method is capable of generating all residual generators, explicitly those of
minimal order. Since the method is based on established theory for polynomial
matrices, standard numerically efficient design tools are available. Also, the link
to the well known Chow-Willsky scheme is investigated. It is concluded that
in its original version, it has not the nice properties of the minimal polynomial
basis approach.
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Notations xi

Some Notations Used

S} set of all fault states
o, fault state space for fault mode
0 fault state
Dt fault state space of component i
be fault state space of component ¢ and component fault-mode v
0; fault state of component ¢
free fault state parameter for fault mode ~
) complete system model
~(0) = M, (6,) system model for fault mode 7
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Chapter 1

Introduction and Overview
of Thesis

Model based fault diagnosis is to perform fault diagnosis by means of models. An
important question is how to use the models to construct a diagnosis system. To
develop a theory for this, useful for real applications, is the topic of the first part
of this thesis. The second part deals with design of linear residual generators
and fault detectability analysis.

This chapter starts by, in Section 1.1, giving an introductory background
and a general motivation to the field of fault diagnosis. In Section 1.2, some
fundamental definitions are reviewed. Then Section 1.3 contains an overview
and some criticism to some present approaches to fault diagnosis. Finally, Sec-
tion 1.4 summarizes the thesis and gives the main contributions.

1.1 Introductory Background

From a general perspective, including for example medical and technical ap-
plications, fault diagnosis can be explained as follows. For a process there are
observed variables or behavior for which there are knowledge of what is ex-
pected or normal. The task of fault diagnosis is to, from the observations and
the knowledge, generate a diagnosis statement, i.e. to decide whether there is a
fault or not and also to identify the fault. Thus the basic problems in the area
of fault diagnosis is how the procedure for generating the diagnosis statement
should look like, what parameters or behavior that are relevant to study, and
how to derive and represent the knowledge of what is expected or normal.
This thesis focuses on diagnosis of technical systems, and typical faults con-
sidered are for example sensor faults and actuator faults. The observations are
mainly output signals obtained from the sensors, but can also be observations
made by a human, such as level of noise and vibrations. The knowledge of what
is expected or normal, is derived from commanded inputs together with models
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of the system. The term model based fault diagnosis refers to the fact that the
knowledge of what is expected or normal, is represented in an explicit model of
the system. The type of models considered is mainly differential equations.

Model based diagnosis of technical systems has gained much industrial in-
terest lately. The reason is that it has possibilities to improve for example
safety, environment protection, machine protection, availability, and repairabil-
ity. Some important applications that have been discussed in the literature
are:

e Nearly all subsystems of aircrafts, e.g. aircraft control system, navigation
system, and engines

e Emission control systems in automotive vehicles
e Nuclear power plants

e Chemical plants

e Gas turbines

e Industrial robots

e Electrical motors

Manual diagnosis of technical systems has been performed as long as techni-
cal systems have existed, but automatic diagnosis started to appear first when
computers became available. In the beginning of the 70’s, the first research
reports on model based diagnosis were published. Some of the earliest areas,
that were investigated, were chemical plants and aerospace applications. The
research on model based diagnosis has since then been intensified during both
the 80’s and the 90’s. Today, this is still an expansive research area with many
unsolved questions. Some references to books in the area are (Patton, Frank
and Clark, 1989; Basseville and Nikiforov, 1993; Gertler, 1998; Chen and Pat-
ton, 1999).

Up to now, numerous methods for doing diagnosis have been published, but
many approaches are more ad hoc than systematic. It is fair to say that few
general theories exist, and a complete understanding of the relations between
different methods has been missing. This is reflected in that few books exists
and the fact that no general terminology has yet been widely accepted. However
the importance of diagnosis is unquestioned. This can be exemplified by the
computerized management systems for automotive engines. For these system,
as much as 50% of the software is dedicated to diagnosis. The other 50% is for
example for control.

1.1.1 Traditional vs Model Based Diagnosis

Traditionally diagnosis has been performed by mainly limit checking. When for
example a sensor signal level leaves its normal range, an alarm is generated. The
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normal range is predefined by using thresholds. This normal range can be de-
pendent on the operating conditions. In for example an aircraft, the thresholds,
for different operating points defined by altitude and speed, can be stored in a
table. This use of thresholds as functions of some other variables, can actually
be viewed as a kind of model based diagnosis.

Another traditional approach is duplication (or triplication or more) of hard-
ware. This is usually called hardware redundancy and the typical example is to
use redundant sensors. There are at least three problems associated with the
use of hardware redundancy: hardware is expensive, it requires space, and adds
weight to the system. In addition, extra components increase the complexity of
the system which in turn may introduce extra diagnostic requirements.

Model Based Fault Diagnosis

Increased usage of explicit models in fault diagnosis has a large potential to
have the following advantages:

e Higher diagnosis performance can be obtained, for example smaller and
also more types faults can be detected and the detection time is shorter.

e Diagnosis can be performed over a larger operating range.

e Diagnosis can be performed passively without disturbing the operation of
the process.

e Increased possibilities to perform isolation.

e Disturbances can be compensated for, which implies that high diagnosis
performance can be obtained in spite of the presence of disturbances.

e Reliance on hardware redundancy can be reduced, which means that cost
and weight can be reduced.

The model can be of any type, from logic based models to differential equa-
tions. Depending on the type of model, different approaches to model based
diagnosis can be used, for example statistical approaches, Al-based approaches,
or approaches within the framework of control theory. It is sometimes believed
that model based diagnosis is very complex. This is not true since for example
traditional limit checking is also a kind of model based diagnosis.

The disadvantage of model based diagnosis is quite naturally the need for
a reliable model and possibly a more complex design procedure. In the actual
design of a model based diagnosis system, it is likely that the major part of the
work is spent on building the model. This model can however be reused, e.g. in
control design. Someone may argue that an disadvantage of increasing the usage
of models is that more computing power is needed to perform the diagnosis.
However, this conclusion is not fair. Actually, for the same level of performance
it can be the case that an increased used models is less computationally intensive
than traditional approaches.
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The accuracy of the model is usually the major limiting factor of the per-
formance of a model based diagnosis system. Compared to the area of model
based control, the quality of the model is much more important in diagnosis.
The reason for is that the feedback, used in closed-loop control, tends to be for-
giving against model errors. Diagnosis should be compared to open-loop control
since no feedback is involved. All model errors propagates through the diagnosis
system and degrades the diagnosis performance.

_ thomg™ )
/ \cmf

air mass-flow P

manifold pressure

engine speed
Figure 1.1: A principle illustration of an SI-engine.

Following is an example of a successful industrial application of model based
diagnosis.

Example 1.1

Consider Figure 1.1, containing a principle illustration of a spark-ignited com-
bustion engine. The air enters at the left side, passes the throttle and the
manifold, and finally enters the cylinders. The engine in the figure have three
sensors measuring the physical variables air mass-flow, manifold pressure, and
engine speed.

The air flow 7 into the cylinders can be modeled as a function of manifold
pressure p and engine speed n, i.e. m = g(p,n). The physics behind the function
g is involved and it is therefore usually modeled by a black-box model. In engine
management systems, one common solution is to represent the function g as a
lookup-table. So by using this lookup-table an estimation of the air mass-flow
can be obtained. When the measured air mass-flow significantly differs from the
estimation, it can be concluded that a fault must be present somewhere in the
engine. The fault can for example be that one of the three sensors are faulty or
that a leakage have occured somewhere between the air mass-flow sensor and
the cylinder. This is an example of model based diagnosis that is commonly
used in production cars today. n
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1.2 Present Definitions

As a step towards a unified terminology, the IFAC Technical Committee SAFE-
PROCESS has suggested preliminary definitions of some terms in the field of
fault diagnosis. Some of these definitions are given here as a way to introduce
the field. Another reason is that most of these terms will be given a more formal
definition later in this theses.

The following list of definitions is a subset of their list:

e Fault
Unpermitted deviation of at least one characteristic property or variable
of the system from acceptable/usual/standard behavior.

e Failure
Permanent interruption of a systems ability to perform a required function
under specified operating conditions.

e Fault Detection
Determination of faults present in a system and time of detection.

e Fault Isolation
Determination of kind, location, and time of detection of a fault. Follows
fault detection.

o Fault Identification
Determination of the size and time-variant behavior of a fault. Follows
fault isolation.

e Fault Diagnosis
Determination of kind, size, location, and time of detection of a fault.
Follows fault detection. Includes fault isolation and identification.

For the definition of the term fault diagnosis, one slightly different definition also
exists in the literature. This definition can be found in for example (Gertler,
1991) and says that fault diagnosis also includes fault detection. This is also the
view taken in this thesis.

If fault detection is excluded from the term diagnosis, as in the SAFEPRO-
CESS, one gets a problem of finding a word describing the whole area. This has
partly been solved by introducing the abbreviation FDI (Fault Detection and
Isolation), which is common in many papers.

In this context, it is also interesting to see how a general dictionary defines
the word diagnosis. The following information can be found in the Webster
Dictionary:

diagnosis

Etymology: New Latin, from Greek diagnOsis, from diagignOskein
to distinguish, from dia- + gignOskein to know

Date: circa 1681

1 a : the art or act of identifying a disease from its signs and
symptoms b : the decision reached by diagnosis
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2 a : investigation or analysis of the cause or nature of a
condition, situation, or problem <diagnosis of engine trouble>
b : a statement or conclusion from such an analysis

1.3 Present Approaches to Model Based Fault
Diagnosis

This section is included because of two reasons. The first is to point out some
problems with present approaches to fault diagnosis. The first part of the thesis
is then devoted to present a new approach in which these problems are avoided.
The second reason is to give newcomers to the field of fault diagnosis a short
background to some of the approaches present in literature.

By reading recent books (Gertler, 1998; Chen and Patton, 1999) about fault
diagnosis of technical processes, or survey papers (Patton, 1994; Gertler, 1991;
Frank, 1993; Isermann, 1993), one can come to the conclusion that the two most
common systematic approaches to fault diagnosis is to use a “residual view” or
parameter estimation. Below these two approaches are presented shortly.

f(t)

d(t)—»

u()

Process

> y(t)

\

Residual| (D)
Generatof >

Yy

Residual| ")
Generatof >

Yy

Residual
Evaluation

Diagnosis
Statement

- »/Residual| "t
»| Generator

Diagnosis Syste

Figure 1.2: A diagnosis system based on the “residual view”.
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1.3.1 The “Residual View”

With this approach, faults are modeled by signals f(t). Central is the residual
r(t) which is a scalar or vector signal that is 0 or small in the fault free case, i.e.
f(t) =0, and is # 0 when a fault occurs, i.e. f(t) # 0. The diagnosis system is
then separated into two parts: residual generation and residual evaluation.

This view of how to design diagnosis system is well established among fault
diagnosis researchers. This is emphasized by the following quotation from the
most recent book (Chen and Patton, 1999) in the field:

?Chow and Willsky (1984) first defined the model-based FDI as a
two-stages process: (1) residual generation, (2) decision making (in-
cluding residual evaluation). This two-stages process is accepted as
a standard procedure for model-based FDI nowadays.”

Almost equally well established is the following way of constructing the resid-
ual evaluation (also called decision logic) procedure. The method is often called
structured residuals and is primarily an isolation method. A diagnosis system
using structured residuals can be illustrated as in Figure 1.2. In this method,
the first step of the residual evaluation is essentially to check if each residual
is responding to the fault or not, often achieved via simple thresholding. By
using residuals that are sensitive to different subsets of faults, isolation can be
achieved. What residuals that are sensitive to what faults is often illustrated
with a residual structure. An example of a residual structure is

| A o 3
71 0 1 0
T2 0 1 1
T3 1 0 1

The 1:s indicates which residuals that are sensitive to each fault. For this
residual structure, assume for example that residuals 7o and r3 are responding,
and rq is not. Then the conclusion is that fault f3 has occured.

A large part of all fault-diagnosis research has been to find methods to design
residual generators. Of this large part, most results are concerned with linear
systems.

A limitation with this approach to fault diagnosis is that faults are modeled
as signals. This is very general and might therefore seem to be a good solution.
However, the generality of this fault model is actually its drawback. Many faults
can be modeled by less general models, and we will see in this thesis that to
facilitate isolation this is necessary in many situations.

Another limitation is that the residual structure, with its 0:s and 1:s, places
quite strong requirements on the residual generators. A 1 more or less means
that the corresponding residual must respond to the fault. It can be understood
that for small faults in real systems, with noise and model uncertainties present,
this requirement is often violated.

A third limitation, related to the the previous limitation, is that the deci-
sion procedure, of how the diagnosis statement is formed from the real-valued
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residuals, does not have a solid theoretical motivation. For example, in the
context of deciding the diagnosis statement, what are the meanings of the 0:s
and the 1:s, and what does it mean that a residual is above the threshold? It
would be desirable to use a decision procedure for which we can find an intuitive
formalism based on existing well-established theory, preferably mathematics if
possible.

1.3.2 Parameter Estimation

The other main approach to model-based fault-diagnosis is to model faults as
deviations in constant parameters. To illustrate the concept, consider a system
with a model M(0), where 6 is a parameter having the nominal (i.e. fault-free)
value 6y. By using general parameter estimation techniques, an estimate 0 can
be formed and then compared to 6. If 6 deviates to much from 0p, then the
conclusion is that a fault has occured.

The most severe limitation with this approach is its quite restricted way of
modeling faults. To model many realistic faults, more general fault models must
be used.

Another limitation is that when the number of diagnosed faults grow, the
parameter vector 6 grows in dimension. This is a serious problem because the
computations needed to calculate 6 can become quite difficult.

1.3.3 This Thesis

The first part of this thesis, i.e. Chapter 2 to 4, suggests a new approach to fault
diagnosis. This approach does not have the limitations indicated above. Also,
it includes both structured residuals and the parameter estimation approach as
special cases.

1.4 Summary and Contributions of the Thesis

The summaries of the different chapters, given below, indicate the scope of the
thesis and also give an idea of the contributions. In addition, a summary of the
main contributions is included in the end of this section.

Chapter 2: A General Framework for Fault Diagnosis

In this chapter a new framework for describing and analyzing diagnosis problem
is presented. The presentation is formal, and often used terms like “fault”,
“isolation”, and “detectability” are defined. A connection to diagnosis based on
logic (AI), is indicated.

In contrast to previous existing frameworks, e.g. the residual view, arbitrary
fault models can be handled. Also multiple faults are naturally integrated so
that no special treatment is needed. A diagnosis-system architecture, based
on basic ideas from decision theory and propositional logic, is presented. We
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introduce the idea that the output from a diagnosis system can be several pos-
sible faults. Finally, results that relates fault modeling with detectability and
isolability properties, are developed.

Chapter 3: Structured Hypothesis Tests

The general diagnosis-system architecture presented in the previous chapter is
refined to the isolation method structured hypothesis tests. It is based on general
hypothesis testing and uses the general framework developed in Chapter 2. The
task of diagnosis is transferred to the task of validating a set of different models
with respect to the measured data. A main advantage with this method is that
it can handle arbitrary types of faults. As a way to describe the structure of the
diagnosis system we use an incidence structure and a decision structure. Also
the relation to the method structured residuals is investigated.

Chapter 4: Design and Evaluation of Hypothesis Tests for Fault Di-
agnosis

This chapter discusses how to design hypothesis tests to be used with the method
structured hypothesis tests. Three principles are described: the prediction, the
likelihood, and the estimate principle. These three principles should be sufficient
to solve most diagnosis problems.

In this chapter we see how well known methods for fault diagnosis fit in
the general framework from Chapter 2 and structured hypothesis tests. This
also clarifies conceptual links between different approaches to fault diagnosis,
e.g. the connection between residual generation, parameter estimation, and a
statistically based method for detection of abrupt changes. The importance of
normalization is emphasized. Two special cases of this is adaptive thresholds
and the likelihood ratio test.

Also discussed is how to evaluate hypothesis tests and for this, tools from
statistics and decision theory are used. The evaluation scheme developed is
applied to compare the estimate principle and the prediction principle, and it
is concluded that the former has some optimality properties.

Chapter 5: Applications to an Automotive Engine

The methods and the theory developed in the previous chapters are applied
to an automotive engine. Test quantities and diagnosis systems are designed
and analyzed. The whole design chain is covered including the modeling of the
engine. The results are validated in experiments using data from a real engine.
The diagnosis system constructed highlights the strengths of the method struc-
tured hypothesis tests, since a large variety of different faults can be handled.
To the authors knowledge, the same problem can not be solved using previous
methods.
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Chapter 6: Evaluation and Automatic Design of Diagnosis Systems

Based on decision theory, a method for evaluating and comparing diagnosis
system is developed. Probability measures, such as probabilities of false alarm
and missed detection, are used. One key result is the method to evaluate the
performance of a complete diagnosis system by using probability measures of
individual hypothesis tests.

Based on the evaluation method developed, a procedure for automatic design
of diagnosis systems is proposed. The procedure is applied to a real automotive
engine. The diagnosis system obtained is validated using experimental data
from the engine and the results show both that the procedure is working and
also that the evaluation method is sound.

Chapter 7: Linear Residual Generation

Design of linear residual generators, which is a special case of the prediction
principle, is considered. A new method, the minimal polynomial basis approach
has been developed in a joint work with Erik Frisk. This method is capable
of generating all residual generators, explicitly those of minimal McMillan or-
der. Since the method is based on established theory for polynomial matrices,
standard numerically efficient design tools are available.

Also the well known Chow-Willsky scheme is investigated and it is concluded
that in its original version, it has not the nice properties of the minimal poly-
nomial basis approach. However, the Chow-Willsky scheme is modified so that
it algebraically, although not numerically, becomes equivalent to the minimal
polynomial basis approach.

The order of linear residual generators is investigated and it is concluded that
to generate a basis, for all residual generators, it is sufficient to consider orders
up to the system order. This result is new since previous related results only
deal with the existence of residual generators and also only for some restricted
cases.

Chapter 8: Criterions for Fault Detectability in Linear Systems

This chapter refines the general concepts of fault detectability from Chapter 2
to linear systems. The notion of bases, from the previous chapter, is used to
investigate fault detectability seen as a system property, i.e. if there exists
any residual generator in which a fault is detectable. New criterions for fault
detectability and especially strong fault detectability are developed.

1.4.1 Main Contributions

e The general framework, for describing arbitrary faults, and describing and
analyzing diagnosis problems, presented in Chapter 2.

e The diagnosis method structured hypothesis tests presented in Chapter 3.
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1.5

The methods to evaluate and compare diagnosis systems, presented in
Chapter 4 and 6.

Demonstration of the feasibility of the evaluation and design methods in
real applications, presented in Chapter 5.

The method to design linear residual generators, the minimal polynomial
basis approach, presented in Chapter 7.

The criterions for fault detectability and strong fault detectability in linear
systems, presented in Chapter 8.
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Chapter 2

A General Framework for
Fault Diagnosis

The author’s experience and also other people’s experience, e.g. Bggh (1997),
is that ad-hoc approaches to fault diagnosis give equally good or even better
performance than present systematic approaches. One reason is that present
approaches are too limited to special cases. For example, there is a large amount
of systematic methods that are designed for linear systems. The problem is that
almost no real systems are linear enough so that these methods often result in
bad performance.

Previous attempts to introduce systematics have very much focused on sys-
tematic methods to design residual generators'. However, of all parts in a design
chain, it is not sure that residual generation is the right thing to systematize.
The reason is that systematic methods for residual generation tend to be either
not general enough, so that they are not applicable to the specific application
at hand, or too general, so that they can not utilize the special structure of each
application. One further reason is that for many cases, residual generator de-
sign is actually not very difficult, and engineering intuition can often take us far.
Instead of focusing on systemization of the residual generation, the approach
in the following three chapters is to systematize other parts of the design, e.g.
the architecture of the diagnosis system, and leaves the details of the residual
generator design to the engineer. However, we will give some general principles
also for the residual generation part.

The underlying philosophy of all this is that the engineer should do what
he or she makes best, which is probably the residual generation, and the rest
should be left to the design method. The goal has been to find a systematic
approach that can utilize ad-hoc design of residual generators at the maximum.
In this way, design solutions that have been previously considered to be ad-

1We use the term residual generator here in a quite broad meaning. This is because many
readers have a quite good understanding of this term. However after this introductory section,
we will switch to a more general terminology and residual generator will only be used for some
specific cases.

13
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hoc becomes part of a systematic method. Also previous methods that have
been considered to be systematic, e.g. structured residuals, statistical methods,
parameter estimation, are naturally included.

Although systematic, many previous diagnosis approaches are not based on
any theoretical framework, as was exemplified in Section 1.3. On the contrary
the approach suggested here is theoretically grounded in hypothesis testing (seen
from either a statistical or decision theoretic standpoint) and to some extent also
in propositional logic. Since many previous diagnosis methods are part of this
framework, it also serves as a theoretical motivation to the methods that were
previously not theoretically grounded. The approach presented is also strongly
connected to how human beings would reason when performing diagnosis.

As said above, the description of this approach is distributed in the following
three chapters. We start in this chapter by giving a general framework in which
diagnosis problems can be described in a formalized and abstract manner. We
will throughout this chapter, and also the following, not be restricted to any
special types of faults and also, no restriction will be made regarding the mul-
tiplicity of faults. This is in contrast to almost all other works in which it is
common that only one specific type of fault is considered and also only single
faults. In fact the presented framework is valid for any arbitrary faults in any
multiplicity.

Why is there a need for a general framework for fault diagnosis? One moti-
vation is that in many situations we need to design diagnosis systems capable
of diagnosing several different types of faults at the same time. One example
of this is the automotive engine application investigated in Chapter 5. Another
motivation is that, if we find design or analysis methods that can be described in
terms of a general framework, then they are automatically valid for a large class
of diagnosis problems. An example of such a design method is the structured
hypothesis tests given in Chapter 3, and an example of such an analysis method
is the method for diagnosis-system evaluation given in Chapter 6.

The first part of this chapter, i.e. Section 2.1, discusses fault modeling and
then, in Section 2.2, the notion of fault modes will be introduced. Then a general
architecture for a diagnosis system is given in Section 2.3. Section 2.4 defines
a submode relation between fault modes and Section 2.5 contains definitions
of isolability and detectability. Finally, Section 2.6 discusses what implications
the submode relation has on isolability and detectability. All the formalism
introduced in this chapter will be used in the next two chapters to describe
more precise methods that can be used to perform diagnosis. Note that all
notations introduced are summarized in the beginning of this thesis (and also
in Appendix 2.A).

2.1 Fault Modeling

For constructing a model-based diagnosis system, a model of the system is
needed. This model is the formal representation of the knowledge of possible
faults and how they influence the process. In general, better models implies
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better diagnosis performance, e.g. smaller faults can be detected and more
different types of faults can be isolated. We will in this section describe a general
framework for fault modeling. In this framework, practically all existing fault
modeling techniques fit in naturally.

G(0c, pa) —y(t)

Z(t7 eza ¢z)—’

Figure 2.1: A general system model, linear or non-linear.

2.1.1 Fault State

The system model considered is illustrated in Figure 2.1. The model consists of
a plant G(fg, ¢¢) and the vector valued signal z(t, 6, ¢.). The parameters 0
and 0, describe faults and the parameters ¢ and ¢, describe disturbances.

The plant is modeled as an arbitrary system G(fq, ¢c) described by differ-
ential equations. It has known inputs u(t), e.g. control signals, and measurable
outputs y(¢). In addition, the plant can be affected by other signals, which are
collected in z(t, 6., ¢.). These additional signals are assumed to be unknown or
at least partially unknown. Some of the signals z(t,6,, ¢.) may be modeled as
stochastic processes. Note that the plant G(0g, ¢¢) is considered to be com-
pletely deterministic, and thus all stochastic parts of a model are collected in
the signal z(t, 0., ¢,). Except for this, there are cases in which a part of a model
can be included in either G(0¢g, ¢¢) or z(t, 0., ¢.). In such cases it is up to the
user to decide what is most natural for the given application.

The constant parameter vector g represents the true but unknown fault
situation of the plant G(fg, ¢c). The constant parameter vector . represents
the true but unknown fault situation of the signal z(¢,0,,¢.). The parameter
vector 6 = [fg 0] is called the fault state and represents the fault situation of
the complete system. One or possibly several fault states always corresponds to
the fault-free case. The fault state space, i.e. the parameter space of 6, will be
denoted ©. Note that we have chosen the convention that € is not dependent
on time which corresponds to an assumption that the fault state of the system
never changes. Even though this may seem to be a limitation, this is not the
case as we will see later. We will be quite liberal regarding the definition of the
parameter vector 6, e.g. we will allow elements that are functions.

Corresponding to 6 there is the constant parameter vector ¢ = [dg ¢.],
which represents disturbances affecting the system. However, this thesis will
mostly not be focused on handling of disturbances. Therefore, the parameter
¢ will often be neglected and the system model then consists of G(6g) and
2(t,0q).
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Example 2.1

Consider a model of an amplifier:
y(t) = gu(t) + v(t) v(t) ~ N(0,0)

where u(t) is the input, y(¢) the output, g the amplifying gain, and v(t) is a
noise signal with variance o2. This means that the signal z(¢,6,) in the general
model here corresponds to v(t) and the parameters 6 and 6, are:

0c =g

0, =o

Then the fault-free case can for example be assumed to correspond to the fault
state

0 =[g o] = [10 0.01]

and any deviation of 8 from this fault state may be considered to be a fault. m

2.1.2 Component Fault States

Besides to separate a system model into a plant G(fg) and a signal z(¢,6.), it
is natural to also separate a system into a number of components. For each of
these components, a number of faults may occur. Parts of the system that are
not directly affected by any fault are not considered to be components.

Each component ¢ has a, possibly vector-valued, parameter 6; which deter-
mines the exact fault state (which can be no fault) of the component. Assume
that there is a total number of p components. Then the fault state 8 of the
whole system can be written

0 =1[01,...6p]
The parameter space of ; is denoted D?. Then parameter space © becomes

©=D!x ... xDP

2.1.3 Models

(with ¢¢ and ¢,

As was said above, the model consists of G(f¢) and z(t,6,)
() and thus

neglected). The whole system model will be denoted M
M(0) = (G(0c), 2(t,0.))

The model M(0) with a fixed value of 8 then exactly specifies the system when
a specific fault (or no fault) is present.
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Example 2.2

Consider a system described by the following equations:
T =f(x,u) (2.1a)
y1 =h1(z) + by (2.1b)
Yo =ha(x) + bo (2.1c)
b1 >0 (2.1d)
by >0 (2.1e)

The constants b; and by represents sensor bias faults and it is assumed that only
positive biases can occur.

The system can be considered to have two components: sensor 1 and sensor 2.
Then #; = b, and 6, = by. The corresponding fault-state spaces D' and D? are
D! = [0, 00] and D? = [0, oo[ respectively. This means that § = [0 03] = [by bo]
and the fault-state space © becomes

© = D' x D? = {[by by]; by > 0,by > 0}

2.1.4 Examples of Fault Models

We will in this section give some examples of common fault modeling principles,
and see how they fit into the framework of this thesis. However, in a real
application one should not be limited to the examples given here, but instead
always choose the fault model that is “best suited” for the particular application,
e.g. in terms of performance and computing power available. In practice only
the fantasy sets the limit of what fault models that can be considered.

Fault Signals

Commonly faults are modeled as unrestricted arbitrary fault signals, e.g. (Gertler,
1998)(Chen and Patton, 1999). When fault signals are used, a specific fault is
usually modeled as a scalar fault signal. Fault modeling by signals is very general
and can describe all types of faults. However, as we will see later in this thesis,
to use fault models that are too general may imply that it becomes impossible
to isolate different faults.

Faults that are traditionally modeled as signals, are possible to describe also
in the framework described above, where faults are described by the fault state
parameter. To illustrate this, consider a general nonlinear system modeled as

#(t) = g(z(®),ult), (1))
y(®) h(x(t), u(t), f(£))
The signal f(t) here represents an arbitrary fault that can for example be an

actuator fault or a sensor fault. There are several possibilities to include the
fault signal f(¢) in the general framework:
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1. The fault signal is seen as a parameter of the plant, i.e. 0g = f(¢).
Note that 6¢ is still constant and its value is the whole signal f(¢). If
discrete time and finite data is considered, then 65 becomes a vector

Oc = [f(t2) ... f(tn)].
2. The fault signal is seen as an unknown input and z(¢,0,) is chosen as
z(t) = f(t).

3. The fault signal is seen as an unknown input z(¢,6,) where 6, = f(t) and
then z(t,0,) = 0,. Note again that 6, is constant.

4. The fault signal is seen as an unknown input and z(¢,0,) is chosen as
z(t) = 0,f(t). The parameter 6, can be binary (0 or 1), indicating only
the presence of the fault, or real-valued, indicating the amplitude of the
fault.

Remember that we want to describe the fault situation of the system with the
fault state 6 and that each possible fault corresponds to a point in the fault
state space ©. These desires can be met by using the first, third, or fourth
alternative above, but the not the second.

It is also possible to include some more restrictions on the fault state param-
eter 6. An example of a natural restriction is that the value of a fault signal f(t)
is limited in range. Another example is that the bandwidth of f(t) is limited to
some value. In general it is advantageous to include restrictions into the fault
models. The reason is that the isolation task get easier the more restrictive fault
models we have.

Constant Plant Parameters

Another very common fault model is to model faults as deviations of constant
plant parameters from their nominal value, e.g. (Isermann, 1993). It is obvious
that such faults can in the general framework be modeled by the parameter 6.
Faults that are typically modeled in this way are “gain-errors” and “off-sets”
(“biases”).

Fault modeling by constant plant parameters is exemplified in Example 2.1
where the parameter g is 10 in the nominal case and a fault is represented as a
deviation from this nominal value. Another example is the parameters b; and
by in Example 2.2.

Also for this fault modeling principle, it is possible to include some restric-
tions on the fault state parameter 6. For example the size of a bias or a gain-error
is usually limited by the system.

Constant Signal Parameters

In some cases, it is appropriate to model a fault as a deviation of a constant
signal parameter from its nominal value. A typical example is a signal whose
variance is constant and low in the fault-free case, and when a fault is present the
variance is also constant but higher. These faults can in the general framework
be modeled by the parameter 6,.
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Figure 2.2: Some different types of time-variant behavior of faults.

Abrupt Changes

A quite common fault model is to consider abrupt changes of variables, e.g. see
(Basseville and Nikiforov, 1993). This is illustrated in Figure 2.2 as the solid line.
It is assumed that a variable or signal has a constant value 6y before an unknown
change-time t.;, and then jumps to a new constant value 6. The parameters 6y
and #; can be unknown or known. The abrupt change model fit into the general
framework by letting either g or 6, contain the three parameters 6y, 6;, and
teh-

Example 2.3

Consider an electrical connector. One possible fault is a sudden “connection
cut-off” at time t.,. A model for this fault mode is

ys(t) = (L —c(t)2(t)

where

Oy = t te
oty = {0 =0t <ten
01=1 t>tg

That is, the fault model is based on an abrupt change in the signal ¢(t). Since
the levels 0y and 61 are known at beforehand, this fault can be described by the
single parameter t.p, i.e. O = tep.

]
Note that the abrupt change model can also be used to model any abrupt

change, and not only changes of the level of an signal. For example, we can
assume that the derivative or the variance of a signal changes abruptly.
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Incipient Faults

In some sense, the opposite of abrupt changes is incipient faults. Incipient faults
are faults that gradually develops from no fault to a larger and larger fault. This
is illustrated in Figure 2.2 as the dash-dotted line. An incipient fault could for
example be a slow degradation of a component or developing calibration errors
of a sensor. Modeling of incipient faults are exemplified in the two following
examples:

Example 2.4
Let c(t) represent the “size” of the fault. If the fault is incipient, then c(t)

becomes
0 t<t
C(t) _ ch
g(t*tch) tztch

Then the fault state could be 6 = [t.;, g]. This fault model can in fact be seen
as special case of the abrupt change model. n

Example 2.5

Consider a limited time window and assume that during this time window,
either the no fault case is present or that an incipient fault has already started
to develop, i.e. the starting-point is actually outside the range of the window.
Then an appropriate fault model would be

c(t) = co + gt

where ¢ is the time within the window. Thus 6 = [¢y g] and the fault free case
would correspond to 6 = [0 0]. n

Intermittent Fault

An intermittent fault is a fault that occurs and disappears repeatedly. This is
shown in Figure 2.2 as the dashed line. A typical example of an intermittent
fault is a loose connector.

Example 2.6

Consider a sensor measuring a state z. The model of this (sub-) system can be
written

ys(t) = cr(t)z(?)

where y, is the sensor output and z is the state. The function ¢ (¢) is our model
of the loose contact. For some ¢, there is no contact and therefore ¢4 (t) = 0. For
other ¢, the contact is perfect and ¢;(¢t) = 1. That is, ¢1(¢) is a function that
switches between 0 and 1 at unknown time instances. In terms of the general
model description, z(t,6,) can be chosen as z(t,6,) = ¢(t) where the unknown
time instances are collected in the vector 6,. ™
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2.2 Fault Modes

Different faults can be classified into different fault modes. For example, consider
a system containing a water tank and leakages in the bottom of this tank. All
such leakages, regardless of their area, belong to the same fault mode “water
tank bottom leakage”.

The classification of different faults into fault modes corresponds to a parti-
tion of the fault-state space ©. This means that each fault mode ~y is associated
with a subset ©, of ©. One of the fault modes corresponds to the fault-free
case and this fault mode will be denoted “no fault” or NF. Further, all sets ©,
are pairwise disjoint and

o= Je,

YEQ

where () is used to denote the set of all fault modes.

If fault mode ~ is present in the system, then we know that # € ©,. The
fact that all sets ©, are pairwise disjoint means that only one fault mode can
be present at the same time. We will use the convention that one of the fault
modes always corresponds to the no fault case.

4 N

- /

Figure 2.3: The fault state space divided into subsets corresponding to different
fault modes.

For notational convenience we will to each fault mode associate an abbrevi-
ation, e.g. “no fault” was abbreviated NF. All this is illustrated in Figure 2.3
which shows how the whole set © has been divided into five subsets correspond-
ing to fault modes NF, F1, F2, F3, and F4. It is now possible to formally
define fault:

Definition 2.1 (Fault) A fault state 0 is a fault if 0 ¢ ONF.
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We have already used the term fault in a non strict sense and will also continue
to do so in many not-so-formal parts of the thesis.

Example 2.7

Consider again Example 2.2. Four fault modes are considered:

NF no fault
B1 bias in sensor 1
B2 bias in sensor 2

B1&B2 bias both sensor 1 and sensor 2

The sets O, ONF, OB1, OB2, and Og1gB2 become

© ={[b1 ba]; b1 > 0,b2 > 0} (2.2a)

Onr ={[0 0]} (2.2b)
©p1 ={[b1 0; b1 > 0} (2.2¢)
©B2 ={[0 b2]; b2 > 0} (2.2d)
OB1gB2 ={[b1 b2]; b1 > 0,02 > 0} (2.2¢)
]

The fault mode present in the system will frequently be denoted Fp. Thus
when the present fault mode is F1, we write this as Fp = F1. This further
means for the present fault state 6 it holds that 6 € Opy.

2.2.1 Component Fault-Modes

Besides defining fault modes for the whole system, it is natural to also consider
component fault-modes. To emphasize the difference between component fault-
modes and fault modes for the whole system, the latter will sometimes be called
system fault-modes.

As was said in Section 2.1.2; a system can usually be separated into a number
of components. The characteristic property of a component is that only one type
of fault can be present at a time. The classification into different types of faults is
made by introducing component fault-modes. Consider for example a valve with
fault modes “no fault”, “stuck open”, and “stuck closed”. Obviously no two of
these fault modes can be present at the same time. In analogy with the system
fault-modes, we use the convention that one of the component fault-modes is
the no fault case.

Each component fault-mode 1 is associated with a subset Df/) of D*. That
is, if fault mode %) is present in component 4, then 6; € be. In analogy with the
system fault-modes, the sets be form a partition of the component fault-state
space D?. This means that the sets be are pairwise disjoint and

b Yo
PEQ;

where €; is the set of all component fault-modes for component i.
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Relation to System Fault-Modes

Let F; denote the j:th component fault-mode of the ¢:th component. We will
reserve the fault-mode F¢ to be the “no fault” case of the i:th component. The
fault-mode F¢ will also be denoted NF*. Let p be the number of components
and n; the number of different component fault-modes for the i:th component.
All component fault-modes can then be collected in a table:

component | component
number ¢ fault-modes
1 FOIENFl,Fll,... Fél
2 FOQENF2,F12,... FEL2
p Fé’ENF”,Ff,...Fﬁp

A system fault-mode can then be composed by a vector of component fault-
modes. Thus the length of this vector is p and the total number of possible
system fault-modes is

p

JIEZ (2.3)

i=1

To distinguish between system fault-modes and component fault-modes, we
have here used bold-face letters to denote system fault-modes. However, when
it is clear from the context, we will later in the thesis often skip the bold-face
notation. Some examples of system fault-modes are

NF =[NF! NF? .. NF? (2.4a)

F1 =[F!,NF? . .. NF? (2.4b)

F? =[NF',F2,NF3 .. NF?] (2.4c)
Fi&F2 =[Fy,F2, NF3 ... NF?] (2.4d)

The first of these examples is the no-fault case of the whole system. For the
other examples, we have used the convention that components, that have none
of its component fault-modes included in the notation for the system fault-mode,
are assumed to have component fault-mode NF?. This means that from only
the notation of the system fault-modes and the sets Dib, we are able to uniquely
infer the sets ©,. For the examples (2.4) we have

NF 0 € Onr = {0 € O\, 0; € D}y i} ,
Fi 0 e GF% ={0€0|6;, D}:ll /\i;ﬂ 0i € Dy pi}
F? 6 € Opz = {0 € O € D3y N\ 0 € Diy i}

F3&F7 60 € Opyepz = {0 € 0|61 € Dll%l RS D%“f Niz1 0 € Dy i}

To clarify the relation between system fault-modes and component fault-
modes, it may be useful to study a Venn diagram over the different fault modes
of a system. This is illustrated in the following example.
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Example 2.8

Consider again Example 2.7. Four component fault-modes are considered, i.e.
NF1, NF2, Bl, and B2, and they are defined by the sets be as follows:

Dzlvm ={0}
DL, ={z >0}

D?Vm ={0}
Dy, ={z > 0}

The sets €2; of component fault-modes implies that there are four possible system
fault-modes:

NF =[NF1, NF?2]

B1 =[B1, NF2]

B2 =[NF1, B2
B1&B2 =[B1, B2

The fault-state space and the different fault modes are shown in a Venn diagram
in Figure 2.4. The whole area corresponds to the set ©. The left circle represents
all fault-states for which component fault-mode B1 is present, i.e. the set

{0161 € Dpy}

Similarly the right circle represents all fault-states for which component fault-
mode B2 is present. These two circles together divides the fault-state space into
the four sets Onr, OB1, OB2, and Op1gB2, Which are shown in the figure. m

ONF

OB1

Figure 2.4: A Venn diagram showing the relation between the component and
system fault-modes.
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2.2.2 Single- and Multiple Fault-Modes

The system fault-modes in which only one of the component fault-modes is not
NF? are said to be single fault-modes. For example, B1 and B2 in the example
above, are both single fault-modes. Usually also the no-fault system fault-mode,
i.e. NF, is said to be a single fault-mode. The opposite are multiple fault-modes
where more than one of the component fault-modes are not N F*.

The terminology single faults and multiple faults are frequently used in the
diagnosis literature. In the framework presented here, a fault 0 is a single fault
if it belongs to a single fault-mode, i.e. § € ©, and + is a single fault mode.
Similarly a fault 6 is a multiple fault if it belongs to a multiple fault-mode. Note
that with the formalism described here, multiple fault-modes comes in naturally
and requires no special treatment.

A problem with considering multiple fault-modes is that the complexity of
the diagnosis problem increases. When the number of components gets larger,
the number of different system fault-modes grows exponentially, see (2.3). This
further implies that a more complex and more expensive diagnosis system is
needed. A solution is to consider only single fault-modes. This corresponds
to an assumption that only one fault can be present at the same time. In
that case, the number of system fault-modes grows linearly with the number of
components, i.e. the number of possible system fault-modes becomes

P

14 (ni—1) (2.5)

i=1

The assumption to only consider single fault-modes may seem to be unreal-
istic at first, but at least three practical considerations support this assumption.

e If a sufficiently small time scale is chosen it is probably the case that one
fault has occured first even though several faults are present.

e In a system in which one fault is highly improbable (as it usually is), it is
even more improbable that two or more faults occur.

e The specifications of a diagnosis system only require diagnosis of single
faults. The reason can be that diagnosis systems capable of handling mul-
tiple fault modes would become to expensive because of increased sensor
and hardware costs. In fact, the current diagnosis legislative regulations
for automotive engines only require single fault diagnosis.

An alternative to only consider single fault-modes, but still not all multiple
fault-modes, is to consider a subset of the multiple fault-modes. For example,
one could choose to consider all system fault-modes where at maximum two
component faults are present.

2.2.3 Models

Remember the system model M(6) that is capable of describing the system for
all possible fault states § € ©. By restricting 6 to a subset ©,,, corresponding
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to a fault mode 7y, we get a “smaller” model. For especially single fault-modes,
the models can get much smaller. To each fault mode v, we can then associate
a model M., (0) which we formally define as

M(0) = M(0)loco,, (2.6)

Thus the model M, (9) is capable of describing the system as long as fault mode
7 is present.

For a specific fault mode -y, the constraint § € ©, usually fix a part of the
vector # to some constants. Then, as an alternative to the notation M. (6),
we will use M, (6,), where 6., is the part of the #-vector that is not fixed. If
the f-vector is completely fixed by the fault mode ~, the #-argument becomes
unnecessary and the corresponding fault model can be denoted M.,.

Example 2.9

The models corresponding to each fault mode are given by (2.1) and some
additional constraints on by and by defined by (2.2). The models associated
with the different fault modes are

NF: Mnr(0) = MNF
B]_Z MBl(Q) == MBl(bl)
B2: MB2(9) = MB2(b2)

B1&B2: Mgpigp2(0) = Mpigs2([b1 ba))

Note: As a reference, this sensor-bias example, that has been step-wise
expanded in this and the previous section, is summarized in Appendix 2.A.

2.3 Diagnosis Systems

To perform fault diagnosis, a diagnosis system is needed. The general structure
of an application including a diagnosis system is shown in Figure 2.5. Inputs
to the diagnosis system are the signals u(¢) and y(t), which are equal to, or a
superset of, the control system signals. Except for control signals, the plant is
also affected by faults and disturbances and these are not known to the diagnosis
system. The task of the diagnosis system is to generate a diagnosis statement
S, which contains information about which fault modes that can explain the
behavior of the process. Note that it is assumed that the diagnosis system is
passive, i.e. it can by no means affect the plant.

In terms of decision theory (e.g. see (Berger, 1985)), the diagnosis system is
a decision rule §(x), where x = [u y|, and S is the action. That is, the diagnosis
system is a function of u and y and S = §(x) = §(Ju y]). Note that = can also
contain several samples of u and y from different times.

One way of structuring a diagnosis system is shown in Figure 2.6. The
whole diagnosis system ¢(x) can be divided into smaller parts §;(z), which we
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Control
System

Faults

Plant

Disturbances

Diagnosis
System

Diagnosis Statement

Figure 2.5: General structure of a diagnosis application.

will call fests. These tests are also decision rules. Assume that each of the
tests d;(x) generates the diagnosis statement S;, i.e. S; = d;(x). The purpose
of the decision logic is then to combine this information to form the diagnosis
statement S.

The diagnosis statement S and the individual diagnosis statements S; do
all contain information about which system fault-modes that can explain the
behavior of the system. We can represent and reason about this information
in at least two ways. The first is to use a representation where the diagnosis
statements S and S; are sets of system fault modes. The second is to let the
diagnosis statements be expressed as propositional logic formulas where the
propositional symbols are component fault-modes. In the next two sections,
these two alternatives will be investigated.

2.3.1 Forming the Diagnosis Statement by Using a Set
Representation

An example of a diagnosis statement, represented by a set of system fault-modes,
is

S ={B1,B2}

The interpretation here is that each of the fault modes B1 and B2, can alone
explain the behavior of the system. This can also be expressed as that each of
the models Mp1(0) and Mp2(6) can explain the measured data x.
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Figure 2.6: A general diagnosis system.

All individual diagnosis statements S; contain information of which system
fault-modes that can explain the data. To derive the diagnosis statement S, we
want to summarize the information from all the individual diagnosis statements
S;. By using the set representation, this is done via an intersection operation,
i.e. the diagnosis statement S is formed as

S=[)S: (2.7)

Thus the decision logic of the diagnosis system can be seen as a simple inter-
section operation.
The following example illustrates this principle.

Example 2.10

Consider the system fault-modes NF, B1, B2, and B1&B2. Assume that
the diagnosis system contains three individual tests. Assume further that the
diagnosis system has collected and processed the input data, and the individual
diagnosis statements S; are

S, ={NF,B1}
S, ={B1,B1&B2}
S5 ={B1,B2}

Then the diagnosis statement S becomes

S = {NF,B1} N {B1,B1&B2} n {B1,B2} = {B1}
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The result should be interpreted as B1 is the only system fault-mode that can
explain the behavior of the system. n

In the example above, it happened that S only contained one system fault-
mode. It can also happen that S contains several system fault-modes. If for
example the individual diagnosis statements S; are

S, ={NF,B1,B1&B2}
Sy ={B1,B1&B2}
Sy ={B1,B2,B1&B2}

Then the diagnosis statement S becomes

S ={NF, B1, B1&B2} N {B1,B1&B2} n {B1,B2, B1&B2} =
—={B1,B1&B2}

This diagnosis statement should be interpreted as both the system fault-modes
B1 and B1&B2 can explain the behavior of the system.

One special case is when the fault mode NF (no fault) is contained in the
diagnosis statement. For example

S = {NF, B1, B2, B1&B2}

This means that the system fault-mode NF (and also some other system fault-
modes) can explain the behavior of the system. Further this corresponds to that
the fault free model MnF can explain the behavior of the system. In this case
there is no reason to generate an alarm. On the other hand if the fault mode
NF is not contained in the diagnosis statement S, some faults are probably
present and an alarm should be generated.

The set representation of diagnosis statements will be used a lot in this thesis.
One reason is that it is easy and intuitive to express that a system fault-mode
v is part of the diagnosis statement S. This is written v € S. For example the
principle of when to generate an alarm can be expressed as

NF e S NOT generate an alarm
NF ¢ S generate an alarm

The diagnosis-system architecture presented here is based on the same prin-
ciple as human beings are using when performing diagnosis. That is, a human
being breaks down a complex diagnosis problem into smaller tasks (the tests).
These smaller tasks are performed (can be to observe a special characteristic)
and the outcome from all of them are combined to form the total diagnosis
statement. This connection to human reasoning will be even more detailed in
the next chapter in which the individual tests are seen as hypothesis tests.

Below follows a larger example, similar to one given in (Sandewall, 1991), of
a diagnosis problem and a diagnosis system. In addition to illustrating general
principles, also the connection to human reasoning will hopefully be realized.
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Remember the symbol €2 which denotes the set of all system fault-modes. If a
diagnosis statement is 2, then this means that any fault mode can explain the
system behavior.

Example 2.11
Assume that we want to diagnose a car. The following system fault-modes are

considered:

NF no fault

BD battery discharged
SB  start motor broken
NG no gasoline

Remember that only one of these fault modes can occur at the same time. An
automated diagnosis system or a human being can perform the following tests:

01: When the ignition key is turned on, observe if the start motor starts.
The different conclusions are then

test is not performed S1=0Q
start motor starts S; = {NF,NG}
start motor do not start S; = {BD,SB}

The conclusion “test is not performed” means that the ignition key has not been
turned on.

d2: When the ignition key is turned on, observe if the engine starts. The
different conclusions are then

test is not performed Ss =2
engine starts Sy = {NF}
engine do not start Sy = {BD,SB,NG}

03: When the head-light switch is turned on, observe if the head-lights are
turned on. The different conclusions are then

test is not performed S3=0Q
head-lights are turned on S3 = {NF,SB, NG}
head-lights are not turned on  S3 = {BD}

Now assume that both the ignition key and the head-light switch are turned
on and the following observations are made:

estart motor do not start
eengine do not start
ehead-lights are turned on
This means that the diagnosis statement S becomes
S=5nN5nNnS;={BD,SB}N{BD,SB,NG} N {NF,SB,NG} = {SB}

That is, the conclusion is that the only fault mode that can explain the behavior
of the system is SB, i.e. start motor broken. n
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2.3.2 Forming the Diagnosis Statement by Using a Propo-
sitional Logic Representation

We will now investigate the case where the diagnosis statements S; and S are
expressed as propositional logic formulas, and the propositional symbols are
component fault-modes. Note first that this representation is equivalent to
using sets of system fault-modes. The diagnosis statement S is with this repre-
sentation formed as
S=NA\S:
3

Thus the decision logic can be seen as a simple conjunction operation.

As noted in Section 2.2.2, a representation based on system fault-modes can
be problematic since the number of system fault-modes grows exponentially
with the number of components. The reasoning based on propositional logic and
component fault-modes, does not have this problem. An additional advantage
with this representation is that we obtain a closer connection to other diagnosis
methods based on logic, e.g. (Reiter, 1987). It can also be argued that a
representation based on component fault-modes is more natural.

The next example will illustrate reasoning based on propositional logic and
component fault-modes. Also shown is the link to the equivalent representation
based on sets of system fault-modes. In the example, we have assumed that
each component has only two possible component fault-modes. In this case,
standard “two-valued” propositional logic can be used. If some components
have more than two possible component fault-modes, than some “multi-valued”
propositional logic? must be used, e.g. see (Larsson, 1997).

Example 2.12

Assume that we want to diagnose the same car as in the previous example. Now
we will consider multiple faults and it is natural to start defining the component
fault-modes:

component  component
name fault-modes
battery NFB BD
start motor NF¥, SB
gasoline NF% NG

The abbreviations have the same meaning as in the previous example. This
means that the set of all system fault-modes become:

Q = {NF, BD, SB, NG, BD&SB, BD&NG, SB&NG, BD&SB&NG}

We can now proceed as we did in Example 2.11, but instead we will choose to use
a reasoning based on propositional logic and component fault-modes. Instead

2If such a multi-valued logic is adopted, we could in principle also use propositional logic
to reason about system fault-modes, i.e. as an alternative to the set representation.
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of for example NFP we will write ~BD. The symbol L will be used to denote
falsity. Then the three tests can be formulated as follows:

01: When the ignition key is turned on, observe if the start motor starts.
The different conclusions are then

test is not performed Si1=-1
start motor starts S1=-BDA-SB
start motor do not start S; =BDV SB

Note that S; is now expressed with component fault-modes which is significantly
different compared to the previous example where system fault-modes were used.
For example, the last alternative conclusion of test d;, expressed by system fault-
modes and the set representation, is

S, = {BD, SB, BD&SB, BD&NG, SB&NG, BD&SB&NG

d2: When the ignition key is turned on, observe if the engine starts. The
different conclusions are then

test is not performed S, = - L
engine starts Sy =—-BDA-SBA-NG
engine do not start Se=BDV SBV NG

03: When the head-light switch is turned on, observe if the head-lights are
turned on. The different conclusions are then

test is not performed S3=-_1
head-lights are turned on S3 =-BD
head-lights are not turned on S3 = BD

Now assume that both the ignition key and the head-light switch are turned
on and the following observations are made:

estart motor do not start

eengine do not start

ehead-lights are turned on
This means that the diagnosis statement S becomes

S =S5S1 NSy AS3= (BD\/SB)/\(BD\/SB\/NG)/\ﬂBD:
=-BDASB
That is, the conclusion is that the behavior of the system corresponds to that
the component fault-modes —BD and SB are present. That is, the battery is

not discharged and the start motor is broken. If we instead had used reasoning
about the system fault-modes, the diagnosis statement would become

S = {SB,SB&NG}
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Remark: In the above example, we considered multiple fault modes, in con-
trast to Example 2.10, in which only single fault-modes were used. If we want
consider only single fault-modes, also when using reasoning based on compo-
nents and propositional logic, we have to add a set of premises saying that no
two component faults can be present at the same time, e.g. =(BD A SB). Such
premises are not needed when the reasoning is based on system-fault modes and
the set representation. That is, multiple fault-modes could have been introduced
in Example 2.10, without any special considerations.

2.3.3 Speculative and Conclusive Diagnosis-Systems

As have been said above, a diagnosis statement S can in general contain more
than one system fault-mode. This is in contrast to most fault diagnosis litera-
ture, in which the diagnosis statement can only contain one system fault-mode.
The difference is fundamental and to distinguish between the two types of diag-
nosis system, we will use the terms conclusive diagnosis-system and speculative
diagnosis-system.

A speculative diagnosis-system corresponds well to a desired functionality
since in cases where it is difficult or even impossible to decide which fault mode
that is present, it is very useful for a service technician to get to know that there
are more than one fault mode that can explain the behavior of the process. If
the diagnosis system was forced to pick out one fault mode in cases like this, it
is highly probable that a mistake is made and wrong fault mode is picked out.

The diagnosis task of a conclusive diagnosis-system is to infer which one,
of several fault scenarios (fault modes), that is present. On the other hand,
the diagnosis task of a speculating diagnosis-system is to speculate which fault
scenarios (possibly several) that can be present such that the collected data can
explain the behavior of the system.

Formally, the conclusive diagnosis-system is a special case of a speculative
diagnosis-system with the additional restriction that no matter the outcome of
the different tests d;, the diagnosis statement S does always contain maximally
one system fault-mode.

2.3.4 Formal Definitions

Now when faults, fault modes, and diagnosis systems have been formally defined,

we are ready to introduce more formal definitions to the conceptually important
terms in the SAFEPROCESS list from Section 1.2. These definitions are valid
for the speculative as well as the conclusive diagnosis system.

Definition 2.2 (Fault Detection) Fault Detection is the task to determine
if the system fault-mode NF can explain the behavior of the system or not.

Definition 2.3 (Fault Isolation) Fault isolation is the task to determine which
system fault-mode that can best explain the behavior of the system.
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Definition 2.4 (Generalized Fault Isolation) Fault isolation is the task to
determine which system fault-modes that can explain the behavior of the system.

Definition 2.5 (Fault Identification) Fault identification is the task to es-
timate the fault state 6 that can best explain the behavior of the system.

Now we define fault diagnosis as equivalent to the generalized fault isolation:

Definition 2.6 (Fault Diagnosis) Fault diagnosis is the task to determine
which fault modes that can explain the behavior of the system.

Note that this definition of fault diagnosis is not in agreement with many other
sources which define diagnosis as the combined task fault detection, fault isola-
tion, and fault identification, e.g. compare with the definitions in Section 1.2.
However, as we will see in Chapter 4, it can happen that fault identification
must be implicitly performed when doing fault isolation.

Note also the difference between fault diagnosis and general system identi-
fication in which the single 6, that best explains the data, is sought. To use
system identification directly to perform both fault detection, isolation, and
identification, would in some cases theoretically be possible. However, for most
cases the problem is that the vector 6 is usually quite large and the identification
therefore becomes difficult. In addition, it can very well be the case that the
model is not identifiable with respect to 6. However, if one fault mode is as-
sumed, the fault identification becomes much simpler and this is the motivation
why we need to perform fault isolation before fault identification.

2.4 Relations Between Fault Modes

Because of for instance “over parameterization”, it can happen that two different
fault modes can describe the system behavior equally well. Consider for example
a system modeled as

y = abu

where one fault mode F, corresponds to that a # 1 and fault mode F} cor-
responds to that b # 1. It is obvious that both F, and Fy, can equally well
describe the system.

These kinds of relations between F, and Fy, are further investigated in this
section. We will see later that for both analysis and design of a diagnosis
system, these relations play a fundamental role. There is also a close relation
to identifiability in system identification, e.g. (Ljung, 1987).

First a notion of equivalent models is established:

Definition 2.7 (Equivalent Models) Two models M1(01) and M (62), with
fixed parameters 01 and 0y are equivalent, i.e.

Mi(61) = M2(62)
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if for each initial state 1 of M1(01), there is an initial state x2 of Ma(62) such
that for all signals u(t) and z(t), the outputs y1(t) and y2(t) are equal, and vice
versa.

Definition 2.8 (Submode) We say that a fault mode 1 is a submode of
another fault mode 73, i.e.

= Y2

if for each fized value 0, € ©,,, there is a fized value 8y € ©O., such that
M, (61) = M., (62).

Definition 2.9 (Submode in the Limit) We say that a fault mode v is a
submode in the limit of another fault mode 2, i.e.

7 <72
if for each fized value 61 € ©,,, there is a fived value 8 such that

le (91) = 932%* Mvz (92)

02€0,,

These relations are transitive which means that if v < v and 72 < 3, then
7 < 3. Further if 4 <* 72 and 72 <* 73, then 11 <* 3 (at least under
regularity conditions). Further we have that if v1 < 72 then also y1 <* 7s.

The submode relation between fault modes can quite easily arise when mod-
eling systems and faults. Unfortunately they are undesirable since they, as we
will see in the Section 2.5, imply that it becomes difficult or impossible to isolate
different faults. Examples of how the submode relation can arise is given in the

following example.

Water Level Sensor

AN

Possible Leak

Figure 2.7: A water tank.

Example 2.13

Consider the water tank illustrated in Figure 2.7. Two types of faults can occur:
there may be a leakage and the water-level sensor may fail. The diameter of
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the leakage hole is assumed to be unknown but constant. For some reason,
it is interesting to distinguish between three types of sensor faults: a simple
calibration fault (i.e. a gain fault), a combination of a bias and a calibration
fault, and an arbitrary fault. The component fault-modes can therefore be
summarized as

component | component component

number % name ‘ fault-modes

1 Level Sensor | NF1, SCF, LSF, ASF
2 ‘ Tank NF2, L

where L is “Leakage”, SCF is “Sensor Calibration Fault”, LSF is “Linear
Sensor Fault”, and ASF is “Arbitrary Sensor Fault”. Thus the possible system
fault-modes are

NF =[NF1, NF?2|
L =[L, NF2]
SCF =[NF1,SCF]
LSF =[NF1, LSF)
ASF =[NF1, ASF]
L&SCF =[L, SCF]
L&LSF =[L, LSF]
L&ASF =[L, ASF]

The fault-complete model Mq(6) of the tank is

(t) =u(t) — Ah(x(t))
y(t) =ga(t) +m+ f(t)

where the state x(t) is the water level, and u(t) is the flow into the tank. The
leakage flow is determined by the leakage area A times the nonlinear function
h(z(t)). The sensor signal y(t) is affected by different faults via the constants k
and m, and the signal f(¢). The parameter vector 6 becomes 6 = [A, g, m, f(t)],
and 61 = A and 02 = [g,m, f(t)].

The single fault-modes are defined by the following models:

MNr ={MO) | A=0Ag=1Am=0AVtf(1)
Mp(A) ={M@O) | A>0Ag=1Am=0AVtf(t)
Mscr(g) ={MO) | A=0Ag#1Am=0AVLf()

Muysr(lg m]) ={M(0) | A=0A (g #0Vm#0)AVL.f(t) =0}
Masr(f(t)) ={M@O) | A=0Ag=1Am=0A f(t) #0}

0}
0}
0}

Ei

From these models it is easy to also derive the models for the multiple fault-
modes.
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When we have the models for all system fault-modes, we can identify the
following relations:

Z Z Z

F
F x* SCF < LSF < ASF
F <" L&SCF < L&LSF < L&ASF

Even though most of these relations can be avoided, it is usually very difficult
to avoid that NF is a submode of most other fault modes. ™

2.5 Isolability and Detectability

In this section we define and discuss isolability and detectability. The diagnosis
statement is assumed to be expressed using the set representation. From now
on, we skip the bold-face notation for system fault-modes. We start by defining
what is meant by detecting and isolating a fault.

Definition 2.10 (Detected Fault) Assume a fault 0 € ©p, is present. Then
the fault 6 is detected using a diagnosis system §(x), if NF ¢ S.

Definition 2.11 (Isolated Fault) Assume a fault 0 € O, is present. Then
the fault 6 is isolated using a diagnosis system 6(x), if S = {F1}.

Note that Definition 2.11 means that fault isolation implies fault detection.
Related to the above definitions, we also define the terms false alarm, missed
detection, missed isolation:

Definition 2.12 (False Alarm) Assume that no faults are present, i.e. 0 €
Onp. Then the diagnosis statement S represents a false alarm if NF ¢ S.

Definition 2.13 (Missed Detection) Assume that a fault 0 € Op, is present.
Then the diagnosis statement S represents a missed detection if NF € S.

Definition 2.14 (Missed Isolation) Assume that a fault 6 € O, is present.
Then the diagnosis statement S represents a missed isolation if S # {F}.

Next we define isolability and detectability for a given diagnosis system. We
restrict the definitions to deterministic systems. This means that the system
output y is completely determined by initial conditions zg, the input u, faults 6,
and disturbances ¢. This further means that S = §([y, u]) = §([y(xo, u, ¢, 0), u]),
i.e. also the diagnosis statement is deterministically determined by [z¢, u, ¢] and
f. However, it is possible to generalize the definitions to the stochastic case.

The goal is to define what we mean when saying “the fault mode F} is
isolable from the fault mode F5” but we start with a simpler problem, namely
what we mean by “the fault-state 0 is isolable from the fault-state 65”:
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Definition 2.15

(Fault-State Isolability Under [z¢,u,¢] in a Diagnosis System)

Given a fized [xo,u,d] and a diagnosis system &, we say that the fault state
01 € Op, is isolable from 62 € O, under [zg,u, @] if

Fre S =0(y(zo,u,¢.01),u) N & S = (y(xo,u,¢,01),u)
and
Fy e S =6(y(xo,u,¢,02),u)

Note that the definition is not symmetric, i.e. a fault 6; can be isolable from
02, without that 6, is isolable from 6.

Next, when defining what we mean by “F} is isolable from F5”, we have
several choices. We can consider a single pair of fault states or all fault states
in the fault modes. We can consider a single [xo, u, ¢], given or not given, or all
possible [z, u, ¢]. All together, we end up with no less than six different defini-
tions of fault isolability for a given diagnosis system. These six are illustrated
in Table 2.1.

Complete Isolability Partial Isolability
Vo 360
Uniform Isolability F} is uniformly and F is uniformly and
V[zo, u, ¢ completely isolable partially isolable from
[} from Fy Fy
Und F} is completely F1 is partially isolable
naer Efo’ u, ] isolable from F5 under from F5 under
[l‘(),u, ¢] [Z(),U,¢]
S0, u, d] F1 is completely F1 is partially isolable
0 isolable from Fjy from Iy

Table 2.1: Definitions of fault-mode isolability.

If written out, the definitions from Table 2.1 become:

Definition 2.16

(Uniform (Complete) Fault-Mode Isolability in a Diagnosis System)
Given a diagnosis system §, we say that Fy is uniformly and completely isolable

from Fy if

V[mo,u,qb] Vo, € ®F1 Vo, € ®F2 .

Definition 2.17

((Complete) Fault-Mode Isolability in a Diagnosis System Under [z, u, ¢])
Given a fized [xo,u, @] and a diagnosis system 0, we say that Fy is completely

isolable from F» under [z, u, @] if

V0, € OF, V03 € OF, .

01 is isolable from 0y under [xg,u, @]

01 is isolable from 0o under [xo,u, @]
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Definition 2.18
((Complete) Fault-Mode Isolability in a Diagnosis System)
Given a diagnosis system §, we say that Fy is completely isolable from Fy if

Fxo, u,d| V01 € Op, Vs € Op, . 07 is isolable from 0o under [xg,u, ¢]

Definition 2.19
(Uniform Partial Fault-Mode Isolability in a Diagnosis System)

Given a diagnosis system §, we say that Fy is uniformly and partially isolable
from Fy if

V|zo,u, ] 301 € Op, 02 € Op, . 61 is isolable from by under [zg,u, ]

Definition 2.20

(Partial Fault-Mode Isolability in a Diagnosis System Under [z, u, ¢])
Given a fized [xo,u, @] and a diagnosis system &, we say that F is partially
isolable from Fy under [z, u, @] if

30, € O, 302 € OF, . 0 is isolable from 0 under [xg,u, @]

Definition 2.21 [Partial Fault-Mode Isolability in a Diagnosis System] Given
a diagnosis system &, we say that I is partially isolable from F5 if

Axo,u, @] 01 € O, 03 € O, . 01 is isolable from 02 under [xg, u, P

Note the implications between the different isolability properties. These are
indicated by arrows in Table 2.1.

The most weak property is partial fault-mode isolability. However not partial
fault-mode isolability is quite strong; if we find that Fj is not partially isolable
from Fy, then F} is not isolable from F5 in any other sense.

Next we define isolability also as a property of the system:

Definition 2.22 [[Uniform] Complete/Partial Fault Mode Isolability] A fault
mode Fy is [uniformly] and completely/partially isolable from fault mode Fy if
there exists a diagnosis system § in which fault mode Fy is [uniformly] com-
pletely/partially isolable from fault mode F.

We have here skipped the case isolability under [xq, u, ¢].
A special case of isolability is detectability. As with isolability, we can define
detectability as a system property or not.

Definition 2.23 [Fault Mode Detectability [in o Diagnosis System]] A fault
mode Fy is [uniformly] completely/partially detectable [in a diagnosis system 6]
if Fy is isolable from NF [in the diagnosis system 0.

The isolability and detectability properties of a set of fault modes can be
quite difficult to analyze by only using the definitions 2.16 to 2.23. However,
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these properties are still important so therefore, we need some tools (i.e. the-
orems) by which isolability and detectability can be analyzed from more easily
identified properties of the diagnosis system and the fault modes. Some tools,
applicable in the general case, are presented in the next section, and some tools,
applicable for linear systems, are presented in Chapter 8.

2.6 Submode Relations between Fault Modes and
Isolability

Submode relations between fault modes, as defined in Section 2.4, can severely
limit the possibility to perform fault isolation. This is formally explained by the
following theorem:

Theorem 2.1 Assume it holds that Fy <* F5, then
a) F1 is not completely isolable from Fj
b) Fy is not completely isolable from Fy
c¢) if 6(x) is an ideal diagnosis system, i.e.
v €S < M,(0) can explain data x

and M(0) is a correct model, then Fy is not partially or completely isolable
from Fy in 0(x).

Proof: For the (a)-part, assume that Fj is completely isolable from F». Then
from Definition 2.18 and 2.22 we know that there exists a diagnosis system and
a [z, u, @] such that for all 61 € O, and all s € Op,, it holds that

01 present = Fi€SANF ¢S (2.8a)
0 present =— Fr, €S (2.8b)

Assume that 0 is present. Since Fy <* Fy, we know that there is a 85 € Op, (or
possibly in the limit) such that M2 (63) = M;(01). This means that the output
y from the plant when 6 is present equals the output when 6 is present. That
is, the diagnosis statement when 63 is present, equals the diagnosis statement
when 6 is present. Therefore, when 65 is present, we have, according to (2.8a),
that F» ¢ S. However, from (2.8b) we have that 5 present implies Fy € S.
This contradiction proves the (a)-part of the theorem.

For the (b)-part, assume that F» is completely isolable from Fj. Then we
know that there exists a diagnosis system and a [zg, u, ¢| such that for all 85 €
Op, and all §; € O, it holds that

Oy present — F,eSAF ¢S (2.9)
01 present — F €S8 (2.10)
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The relation Fy <* F, implies that there exists 0] € O, and 65 € Op, (or
possibly in the limit) such that M2(63) = M1(61). These two 0} give the same
diagnosis statement S. From (2.9) we have that F} ¢ S and from (2.9), F; € S.
This contradiction proves the (b)-part of the theorem.

For the (c)-part, assume that Fy is partially isolable from Fb in an ideal
diagnosis system §. Then from Definition 2.21 we know that there exist [z, u, ¢],
01 € OF, and 02 € O, such that (2.8) holds.

Assume that 6; is present. With the same reasoning as for the (a)-part,
we can then conclude that there is a 05 € ©p, which gives exactly the same
diagnosis statement as 601, i.e. F» ¢ S. Therefore, when 65 is present, we have
that F» ¢ S. However, from the assumption of ideal diagnosis system and
correct model, we know that 65 present implies F» € S. This contradiction
proves the (c)-part of the theorem.

Note that since not isolability implies not uniform isolability, this theorem also
proves that F; <* Fy implies that F; is not uniformly completely/partially
isolable from F5.

The next theorem shows that when a fault mode is not related by the
submode-relation to another fault mode, then we are able to prove at least
partial isolability.

Theorem 2.2 If it holds that Fy £* F» and the model M(0) is correct, then
Fy is partially isolable from Fy in an ideal diagnosis system.

Proof:  The relation F; £* F, means that there is a 1 € ©, such that for
all 62 € O©F, it holds that

M2(92) 75./\/11(91) (2.11)

Assume that 6; is present. Then the assumption of correct model and ideal
diagnosis system implies that F; € S. The relation (2.11) means that there
must exist a [xo,u, P| such that Ms(f2) can not explain the data for any 6s.
This further means that F» ¢ S. Thus, we have shown that there exists a
[0, u, ] and a 01 such that F; € S A Fy ¢ S. From the assumption of correct
model and ideal diagnosis system it also holds that for all 65 € Of,, Fy, € S.
This proves that F} is partially isolable from F5. n

The following example illustrates some of the isolability properties and also
how Theorem 2.1 and 2.2 can be used.

Example 2.14

Consider a valve whose position x(t) is controlled by the signal u(¢) and mea-
sured with a sensor with output y,(t). Three system fault-modes are considered:
NF (no fault), AF (actuator fault), and SF (sensor fault). The fault modes
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are described by the following models:

MnF: Mar(f(t)) : Msp :
(t) = u(t) z(t) =u(t) + f(t) z(t) =u(t)
ys(t) = z(1) ys(t) =z(t) ys(t) =0

We also know that the input signal is limited as 1 < u < 2.

By studying the models representing the different fault modes, we realize
that the following relations hold:

NF <* AF
NF #4* SF
AF £* NF
AF £* SF
SF £* NF
SF x* AF

Now we will use these relations together with Theorem 2.1 and 2.2, and assuming
an ideal diagnosis system. Doing so we obtain the following facts:

NF not isol. from AF (Th. 2.1), AF not compl. isol. from NF' (Th. 2.2)
NF part. isol. from SF (Th. 2.1)
AF part. isol. from NF (Th. 2.1)
AF part. isol. from SF (Th. 2.1)
SF part. isol. from NF (Th. 2.1)
SF not isol. from AF (Th. 2.1), AF not compl. isol. from SF' (Th. 2.2)

By some more studying the models representing the different fault modes, it
can be realized that some isolability properties are actually stronger than this.
All isolability properties have been collected in the following table:

NF AF SF
NF - not uniformly completely
AF uniformly partially - uniformly partially
SF | uniformly completely not, -

The entries in the table shows the isolability of the fault mode of the row from
the fault mode of the column. For example, the first row says that NF is not
isolable from AF and NF is uniformly and completely isolable from SF'. n

Note that the isolability is not a symmetric property. For instance, in the
example above, N F' is not isolable from AF but AF is uniformly and partially
isolable from NF.

From Theorem 2.1 and 2.2 it is clear that to facilitate isolation, we want to
avoid that the fault modes are related with the submode-relation. One reason for
the presence of submode-relations between the fault modes, is that faults have
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been modeled by too general fault models. That is, too general fault models
implies that it becomes difficult (or impossible) to isolate between different
faults. When designing a model-based diagnosis-system, this fact implies that
the following advice is of high importance:

To facilitate fault isolation, fault models should be made as specific
as possible.

In practice this means for example that when a fault can be modeled as a
deviation in a constant parameter, then the fault should not be modeled with
an arbitrary fault signal. Also, when parameters 6; are known to be limited in
range, this information should be incorporated into the fault model.

2.6.1 Refining the Diagnosis Statement

When fault modes are related by the submode relation, they are in accordance
with Theorem 2.1 not isolable from each other. This means that if A <* B
and the fault mode present in the system is A, then if the diagnosis statement
contains A, it is very likely to also contain B, i.e. S ={A,B,...}.

Now from another point of view, assume that we encounter a diagnosis state-
ment S = {A, B}. This in principle means that both A and B can explain the
data. However, since A <* B, i.e. A is more restricted than B, it is much more
likely that the data has been generated by a system with fault mode A present.
It is possible to extend the diagnosis system with this kind of reasoning, and in
that case the fault statement would become the single fault mode A. In general,
all fault modes in the diagnosis statements which are “supermodes” of other
fault modes in the diagnosis statement, should be neglected. In this way we can
produce a refined diagnosis statement S which becomes

S={FeS|VFaeS Fy# F — F, £ F} (2.12)

For example, N F is likely to be related to all other fault modes F; as NF <* F;.
Because of this, even though NF' is the present fault mode, it will never be
the only fault mode in S. From a slightly different viewpoint, this was also
discovered in Section 2.3.1. However, if the refined diagnosis statement (2.12)
is used, it becomes S = {NF'}.

2.7 Conclusions

This chapter has introduced a general theoretical framework for describing and
analyzing diagnosis problems. In contrast to other existing frameworks, e.g.
the residual view, this framework is not limited to any special type of faults.
We have shown how common types of fault modeling techniques fits into the
framework, e.g. faults modeled as arbitrary signals, deviations in constants,
and abrupt changes of variables. Also multiple faults are naturally integrated
so that no special treatment is needed. The important term fault mode has been
defined and it will be frequently used in all the following chapters of the thesis.
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A general architecture for a diagnosis system has been introduced and a re-
lation to methods based on propositional logic is indicated. We have introduced
the idea that the output from a diagnosis system can be several possible faults.

Using the framework, many conceptually important terms have been de-
fined, e.g. fault, fault diagnosis, fault isolation, detected fault, isolated fault,
fault isolability, fault detectability, etc. The meanings of the terms isolability
and detectability have been shown to have quite many nuances. A submode
relation between fault modes have been defined. It has been shown that this
relation has important consequences for isolability and detectability. An impor-
tant conclusion is that fault models should not be made too general since then,
it becomes difficult to isolate faults from each other.



Section 2.A. Summary of Example 45

Appendix

2.A Summary of Example

This section contains a summary of the sensor-bias example given in Sections 2.1
and 2.2.

Notation Summary

S} set of all fault states
o, fault state space for fault mode
0 fault state
D fault state space of component i
Dy, fault state space of component ¢ and component fault-mode v
0; fault state of component ¢
free fault state parameter for fault mode ~
) complete system model
~(0) = M, (6,) system model for fault mode 7

Sensor-Bias Example

The system is described by the following equations:

z=f(z,u) (2.13a)
y1 =hi(z) + by (2.13b)
y2 =ha(x) + by (2.13¢)
by >0 (2.13d)
by >0 (2.13e)

The constants b and by represents sensor bias faults and it is assumed that only
positive biases can occur.

The system contains two components: sensor 1 and sensor 2. The component
fault-modes are summarized in the following table:

component component component component

number ¢ name fault-modes fault-state
1 Sensor 1 NF1, Bl by
2 Sensor 2 NF2, B2 by

The fault mode Bl is a positive bias in sensor 1 and B2 is positive bias in
sensor 2. The set of component fault-modes implies that there are four possible
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system fault-modes:

NF =[NF1, NF?2]

B1 =[B1, NF2]

B2 =[NF1, B2
B1&B2 =[B1, B2

The fault state of the system is described by the vector § = [by ba]. The
parameter spaces for b; and by are defined by

by €D' = Dy UDE,
by €D? = D%, UD%,

DJIVFl ={0}

D]2VF2 ={0}
Dy, ={z > 0}
D%, ={z > 0}

The parameter spaces for 0 are defined by

00 =D xD?=ONrUOp; UOps UOp1eB2
ONF ={0|b1 € Dy gy Aby € D3 pn} = {0]b1 = 0 A by = 0}
Op1 ={0|b1 € DLy Aby € DXy} = {0]b1 > 0N by =0}
Oz ={0|b1 € DNy A2 € D%y} = {0]b1 = 0A by > 0}
Op1eB2 ={0|b1 € DEy Aby € D3y} = {0]by > 0A by > 0}

The model M(6) = M([by bs]) is defined by (2.13).
The models associated with the four fault modes are

M(0)lpcony = MNF

M(0)]pcon, = MB1(b1)
M(0)ocon, = Mp2(b2)
M(0)locopiin = MB1es2([b1 b2])



Chapter 3

Structured Hypothesis
Tests

In this chapter, we will see how classical hypothesis testing can be utilized for
model based diagnosis and especially fault isolation. The literature is quite
sparse on this subject but some related contributions can be found in (Riggins
and Rizzoni, 1990; Grainger, Holst, Isaksson and Ninnes, 1995; Bagh, 1995;
Basseville, 1997).

The formalism from the previous chapter will be used to define a new general
approach called structured hypothesis tests. As its name indicates, the approach
uses a structure of several hypothesis tests. Structured hypothesis tests may be
seen as a generalization of the well known method structured residuals (Gertler,
1991), but have the additional advantage that it is theoretically grounded in
classical hypothesis testing and also propositional logic.

As a result of this, the model of the system can be fully utilized in a system-
atic way. This implies that it is possible to diagnose a large variety of different
types of faults within the same framework and same diagnosis system. For exam-
ple both faults modeled as changes in parameters and faults modeled as additive
signals are easily handled. Further, the approach is quite intuitive and very sim-
ilar to the reasoning involved when humans are doing diagnosis. Several other
principles for diagnosis can be seen as special cases, e.g. parameter estimation
(Isermann, 1993), observer schemes (Patton et al., 1989), structured residuals
(Gertler, 1991), and statistical methods (Basseville and Nikiforov, 1993).

The basics of structured hypothesis tests is given in Sections 3.1 and 3.2,
and exemplified in Section 3.3. Design and analysis of the hypothesis tests
is shortly mentioned, but the most of this discussion is left to Chapter 4. Sec-
tion 3.4 discusses incidence structures and decision structures, which are related
to the residual structure. This relation is then investigated in Section 3.5, which
discusses the relation between structured hypothesis tests and the method struc-
tured residuals.

47
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3.1 Fault Diagnosis Using Structured Hypothe-
sis Tests

Using the principle of structured hypothesis tests, each of the individual tests
0r are assumed to be hypothesis tests. Then the diagnosis system consists of a
set of hypothesis tests, §; to d,, and the decision logic. Except for this general
connection to hypothesis testing, structured hypothesis tests has also a closer
connection to the method intersection-union test, that can be found in statistical
literature, e.g. (Casella and Berger, 1990).

The classical, statistical or decision theoretic, definition of hypothesis test
is adopted, e.g. see (Berger, 1985; Lehmann, 1986; Casella and Berger, 1990).
This means that a hypothesis test is a procedure to, based on sample data, se-
lect between exactly two hypotheses characterized by § € ©g and 0 € ©F. This
is in contrast to “multiple hypothesis testing” that is often found in literature,
e.g. (Basseville and Nikiforov, 1993). Note that when using hypothesis testing,
we can have a probabilistic (statistical) or a deterministic view. Therefore, the
method structured hypothesis tests is valid either we have probabilistic knowl-
edge, in terms of probability density functions of e.g. the signal z (described in
Section 2.1.1) or measurement noise, or not.

As before, the test §x(x), now a hypothesis test, is a function of v and y and
Sk = 0x(z) = dk([u y]). The null hypothesis for the k:th hypothesis test, i.e.
HY?, is that the fault mode, present in the process, belongs to a specific set M},
of fault modes. The alternative hypothesis H} is that the present fault mode
does not belong to M. This means that if hypothesis H,g is rejected, and thus
H,i is accepted, the present fault mode can not belong to My, i.e. it must belong
to M ,? . In this way, each individual hypothesis test contributes with a piece
of informations about which fault modes that can be present. As before, the
decision logic then combines this information to form the diagnosis statement.

Let F, again denote the present system fault-mode. Then for the k:th hy-
pothesis test, the null hypothesis and the alternative hypothesis can be written

H,g : F, € My, 7some fault mode in M}, can explain the measured data”

H.:F,eM ©  7no fault mode in M}, can explain the measured data”

An alternative is to use the definition of the sets ©, to describe the hypotheses.
This is done via the sets ©) which are defined as

o= J o, (3.1)

YEM,

The hypotheses can now be expressed as

HY:0€0) "some value of § € O can explain the measured data”

H.:0¢ 6} 7"novalue of § € ©) can explain the measured data”
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The convention used here and also commonly used in hypothesis testing liter-
ature, is that when H ,8 is rejected, we assume that H} is true. Further, when
Hg is not rejected, we will for the present not assume anything. This latter
fact will be slightly modified in Section 3.2, where we discuss how we also can
assume something when Hp is not rejected.

How the hypothesis tests are used to diagnose and isolate faults is illustrated
by the following example.

Example 3.1

Assume that the diagnosis system contains the following set of three hypothesis
tests:

HY:F,e M, ={NF,F\} H{:F,cM{ ={F,, F;}
HY:F,€ My={NF,F,} H;:F,cM§ ={F,F;}
HY:F,c My={NF,F3} Hj:F,c M ={F,F}

Then if only HY is rejected, we can draw the conclusion that F, € M =
{Fy, F3}, i.e. the present system fault-mode is either Fy or F3. If both HY
and HY are rejected, we can draw the conclusion that F, € M{ N MY =
{F3, Fs} N {F1, F3} = {F3}, i.e. the present system fault-mode is F3. m

We see that in this context, it is natural to let the diagnosis statement be
represented by sets as was introduced in Section 2.3.1.

For the two possible decisions of a hypothesis test ., we use the notation
SY and Si. This means that

g — St=MS if H? is rejected (H} accepted) (3.2)
F S =0 if HY is not rejected ’
where €2 denotes the set of all fault modes. We will in Section 3.2 below, relax
the definition of S,g such that it may be a subset of €2, i.e. S,g C ). Depending on
how S) and S} are defined, a diagnosis system based on structured hypothesis
tests can be either speculative or conclusive.

All together, the diagnosis-system architecture presented in Section 2.3, and
the use of hypothesis tests, is closely related to human reasoning about diagnosis.
A human being naturally speculates around a set of different hypotheses and
then his/her diagnosis statement is composed of individual conclusions of how
well his/her observations match the different hypotheses. An example of such
reasoning is: “if it is the fuse that is broken, then no lamps in this room would
be lighted”. Then he/she may observe that there are lighted lamps and thus
the hypothesis “the fuse that is broken” must be rejected.

Much of the engineering work involved in constructing a diagnosis system is
to use the model M(6) to construct the individual hypothesis tests. The design
of the hypothesis tests will be discussed in more detail in the next section and
also in Chapter 4.
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3.2 Hypothesis Tests

For each hypothesis test 0, we need to find a test quantity and a rejection
region. The sample data x for each hypothesis is plant inputs v and outputs y.
The sample data can further be all such data up to present time or a subset of
this data. The test quantity is a function Ty (z) from the sample data x, to a
scalar value which is to be thresholded by a threshold Jx. Thus d; will have a
structure according to Figure 3.1.

r—-———>">"""""""">">">">”"”"”“"“"~>"”/"”/"”/"”/7= |
| O (@) |
| |
“ 1 7| Test Quantity T »| Thresholding__; 5
y_|_> Calculation Ji ISk
| |
| |

Figure 3.1: Hypothesis test dx(x).

The test quantity Tk (x) is in many texts instead called a test statistic. How-
ever, the name test statistic indicates that Ty (z) is a random variable which in
general may not be a desired view. The test quantity Ty (z) may for example
be a residual generator' or a sum of squared prediction errors of a parameter
estimator. In many applications, a deterministic view is taken and Ty (z) is seen
just as a function of the data and not as a random variable.

Formally the hypothesis test dj is defined as

{S; if Ty () > Ji

S = 6u(x) =
E= 0 =0 00 ) < gy

(3.3)
The rejection region of each test is thereby implicitly defined.

The definition (3.3) means that we need to design a test quantity Ty (z) such
that it is low or at least below the threshold if the data x matches the hypothesis
Hg, i.e. a fault mode in M} can explain the data. Also if the data come from
a fault mode not in My, Ty(x) should be large or at least above the threshold.
Using traditional terminology, the fault modes in M} are said to be decoupled.

How well the hypothesis test meets these requirements is quantified by the
power function B () defined as

Br(0) = P(reject HY | 0) = P(Ty(x) > Ji | 0)
We want the power function to be low for § € 9 and large for § ¢ ©%. To be
able to make the assumption that H} is true when Hg is rejected, we need to
design the hypothesis tests such that the significance level «, defined as

a = sup Br(6)
0oy

Here residual generator refers to specific filters used in the fault diagnosis literature, e.g.
(Gertler, 1991), to indicate faults.
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has a small value. This implies that the threshold J; must be set relatively
high. This in turn means that the value of §x(0) does not necessarily become
large for all values 6 ¢ @2. For instance, if the present fault mode is F; and
F;, € M,?, then for some § € Op,, the probability to reject HY may be very
small. This is the reason why we up to now, have assumed that S? = Q, i.e. we
can not assume anything when HY is not rejected.

Now if it actually holds that the power function is large for all § € OF,, then
we do not take any large risk if we assume that F; has not occured when HY is
not rejected. If this is the case, F; should be excluded from S?. The relation
between the power function and the decisions SY and S} is further investigated
in Section 4.7.2.

How the test quantities Tj(x) are constructed depends on the actual case,
and only for some specific classes of systems and fault models, general design
procedures have been proposed, e.g. linear systems with fault modeled as inputs
(Nyberg and Frisk, 1999).

To develop the actual hypothesis tests, we first need to decide the set of
hypotheses to test. One solution is to use one hypothesis test for each fault
mode. In this case, the set of hypothesis tests can be indexed by v € Q, i.e. 5,
and becomes

HY: F, € M, (3.4a)
H):F,e M’ (3.4Db)
vEN (3.4¢)

3.2.1 How the Submode Relation Affects the Choice of
Null Hypotheses

The choice of null hypotheses is not a completely free choice but restricted by
the submode relation defined in Section 2.4. The restriction can be expressed
as:

If A <* B, then the null hypotheses F,, € {A, B} and F,, € {A} are
good choices but F,, € {B} is not.

The motivation is that if the null hypothesis is F},, € {B}, then the test quantity
is low for F,, = B but since A <* B, the test quantity will be equally low for
also F,, = A. Consider for example the fault modes “sensor bias” SB and NF.
With the discussion of Example 2.13 in mind, we can expect that NF <* SB
and therefore we should never use F,, € {SB} as a null hypothesis but instead
F, e {NF,SB}.

3.3 Examples

This section contains two examples that illustrates how hypothesis tests and
especially test quantities can be constructed.
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3.3.1 Faults Modeled as Deviations of Plant Parameters

Consider a process which can be modeled as

y(t) = 91u1(t) + 92U2(t) + 93’&3@)

The fault state vector is 6 = [f; 02 03]. Four fault modes are considered:

NF 0=[111]

F 0y #£1, 0y =05=1
j28 s £1, 01 =05=1
F O3 £1, 01 =0, =1

To diagnose this system, we use four hypothesis tests whose null hypotheses
are defined by the sets My:

My = {NF}

M, = {NF, F}
M, = {NF, F,}
M; = {NF, F3}

The null and alternative hypotheses become
HY: F, € My
H}:F, e Mf
for £k =0,1,2,3. Then we have that S,i = MkC and Sg is chosen as Sg =0
As test quantities, we use the functions

N N

To(x) = (v— Q)Q = (y —ur —ug — u3)2 (3.5a)
t=0 t=0
al 2 N 2
Ti(x) = Héiln 2 (y - gj) = n;ilnz (y —O1uy —ug — ug) (3.5b)
Toh(z) = mm (y y = mmz —uy — Oaun — U3)2 (3.5¢)
N N ,
Ts5(x) = n;in ( Z — UL — Uy — 93U3) (3.5d)
® =0 t=0

Note that these functions are in principle parameter estimators and that Ty (x)
is the sum of squared prediction errors. It is obvious that the functions (3.5)
are small when the present fault mode belongs to the corresponding set Mj.
For example if Fy is the present fault mode, then Tj(x) will produce a good
estimate of 6; which implies that the simulation error and T (z) will become
small. Also, for at least “large” faults and large inputs, the functions (3.5) are
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large when the present fault mode does not belong to the corresponding set Mj,.
For example if F is the present fault mode, and the fault is “large”, then Ty(x),
Ts(x), and T3(z) will all become large. All this means that the functions (3.5)
satisfy our requirements on test quantities.

3.3.2 Faults Modeled as Arbitrary Fault Signals
Consider a process which can be modeled as
z(t+1) = Az(t) + B(u(t) + fu(t))
y1(t) = Crz(t) + f1(t)
y2(t) = Crz(t) + fa(t)
where the signals f,, f1, and f5 represent an actuator fault and faults in sensor

1 and 2 respectively. The fault state vector is 6 = [f.(t) f1(t) f2(t)]. Four fault
modes are considered:

NF 6=1000]

F, 0 =[fu(t) 00], fu(t)#0
By 0=10 f1(t) O], fi(t)#0
Fy 0 =100 f2(t)], f2(t) £0

To diagnose this system, we use the two hypothesis tests
H):F,c€ M, ={NF,F\} Hi:F,cM{={F,, F}
HY:F,e€ My={NF,F,} Hj:F,cM{={F, F}

To calculate the test quantities, we first use the following two observers

T(t +1) = Az(t) + Bu(t) — K(y1(t) — 91(1)) (3.6a)
g1(t) = Crz(t) (3.6b)
B(t+1) = Az(t) + Bu(t) — K (y2(t) — 2 (t)) (3.7a)
Go(t) = Ca(t) (3.7b)

Then the test quantities can be defined as

Ti(x) = ly2(t) — G2()]
Ta(x) = |y (t) = G1.(1)]

These test quantities Tg(x) are zero or small if the present fault mode belongs to
the corresponding sets M. For example, if Fj is the present fault mode, then
the observer (3.7) will produce a good estimate g2 () since the calculation of
§2(x) is not affected by a fault in sensor 1. This means that T (z) will become
small. Also when F} is present, it can be shown that T5(z) will become large or
at least non-zero. This means that Ty (x) and Th(z) serves well as test quantities.
This configuration of observers, in which each observer is fed by only one of the
output signals, is called a dedicated observer scheme (Clark, 1979).
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3.4 Incidence Structure and Decision Structure

This section describes the concept of incidence structure and decision struc-
ture which can be seen as generalizations of the well known residual structure
(Gertler, 1998). We here introduce a distinction between the incidence structure,
describing how the faults affects the test quantities, and the decision structure,
describing how the fault decision depend on the thresholded test quantities. We
will also see that the decision structure relates to structured hypothesis tests in
the same way as the residual structure relates to the isolation method method
structured residuals (Gertler and Singer, 1990).

3.4.1 Incidence Structure

To get an overview of how faults in different fault modes ideally affect the test
quantities, it is useful to set up an incidence structure. With ideally, we mean
that the system behaves exactly in accordance with the model and all stochastic
parts have been neglected, e.g. no unmodeled disturbances exists and there is
no measurement noise. An incidence structure is a table or matrix containing
0:s, 1:s, and X:s. The X:s will be called don’t care. An example of an incidence
structure is

|NF P F F
Ti@) |0 0 1 0
o) |0 0 1 1 (3:8)
Tsz) |0 X 0 1

A 0 in the k:th row and the j:th column means that if the system fault-mode
present in the system, is equal to the system fault-mode of the j:th column, then
the test quantity Ty (z) will not be affected, i.e. it will be exactly zero. A 1
in the k:th row and the j:th column means that for all?> faults belonging to
the fault mode of the j:th column, Ty (x) will always be affected, i.e. it will be
non-zero. An X in the k:th row and the j:th column means that for some faults
belonging to the fault mode of the j:th column, Tj(x) will under some operating
conditions be affected, i.e. it will be non-zero.

As said above, although a distinction has not been made between incidence
structures and decision structures in previous literature, the basic idea of using
incidence structures (or residual structures) is not new. However, compared to
previous works involving incidence structures, a major difference is that we have
here added the use of don’t care.

The incidence structure is derived by studying the equations describing the
process model and how the test quantities Ty (z) are calculated. This is illus-
trated in the following example:

2As noted in (Wiinnenberg, 1990), we may have to relax the requirement to almost all
faults; e.g. when faults are modeled as arbitrary signals, we can not require that faults that
are solutions to the differential equation Tk (z) = 0, affects test quantity.
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_ thomg™ )
/ \cmf

air mass-flow P

manifold pressure

engine speed
Figure 3.2: A principle illustration of an Sl-engine.

Example 3.2

Consider Figure 3.2, containing a principle illustration of a spark-ignited com-
bustion engine. The air enters at the left side, passes the throttle and the
manifold, and finally enters the cylinders. The engine in the figure have sen-
sors measuring the physical variables air mass-flow, throttle angle, and manifold
pressure.

The air flow 7 past the throttle can be modeled as a non-linear function of
the throttle angle o and the manifold pressure p:

m = (1 — cosa)®(p) (3.9)

where the d®(p)/dp = 0 for supersonic air-speeds which occurs for all p < 53kPa
(Heywood, 1992). The throttle angle « is always between 0 and /2.

Three system fault modes are considered: no fault NF, air mass-flow sensor
fault M, and manifold pressure sensor fault P. For both M and P, the faults
are modeled as an arbitrary signal added to the sensor signals:

The =11 + fin (3.10a)
ps =p+ fp (3.10D)

where the index s indicates sensor signals. As test quantity, we can use
T(x) = T([rhs, s, ps]) = ms — (1 — cos as)P(ps) (3.11)

To see how the faults affects the test quantity, we can substitute (3.9) and (3.10)
into (3.11):
T(x)=m+ fi, — (1 —cosa)®(p+ fp) =
= fin + (1 —cosa)®(p) — (1 — cosa)®(p + py)

We see that a fault in M will always affect T'(x). Also, a fault in P will affect
T'(z) if and only if p > 53kPa or p + py > 53kPa.
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This means that the incidence structure for the test quantity 7'(z) becomes

| NF M P
Tx) |0 1 X

(3.12)
]

Let sp; denote the entry in the £:th row and the j:th column of an incidence
structure. Then the interpretation or semantics of 0:s, 1:s, and X:s can be
formalized as

By =F; — Ti(z) =
By =F; — Ti(z) #

0 if s =0 (3.13a)
0 if sp; =1 (3.13b)
where F),, as before, denotes the present system fault-mode. Note that the
implication, denoted by the arrow, is not symmetric. Note also that the inter-
pretation of X is implicitly contained in these two formulas.

In the next section, we will also define interpretations of 1:s, 0:s, and X:s
for the decision structure. To the author’s knowledge, no such strict interpre-
tation has been defined in previous literature. The motivation for these strict
definitions, is that we can discuss relations to for example propositional logic
and hypothesis testing. In addition, these interpretations of 1:s, 0:s, and X:s
alone, also defines the function of the whole diagnosis system.

By using the formulas (3.13), it is possible to formally describe the inter-
pretation of a whole incidence structure. We will exemplify this below, by
giving the interpretation of the incidence structure (3.8), but note first that
F, ¢ {Fo} = F, € Q — {F>}. The symbol <= will be used to denote tau-
tological equivalence. Now, the interpretation of the incidence structure (3.8)
becomes

T, =0 — F, € {NF, F,, F3}
Ty #0— F, = F2

Ty =0« F, e {NF,F1}
Ty #0 — F, € {Fy, F3}

Ty =0 — F, € {NF, Fy}
Ty #0 — F, = Fj

Ty #0— F, = F2

T, =0— F, € {NF,F,, F3}
Ty #0 — F, € {Fy, F3}
Ty=0— F, e {NF,F1}
Ty #0 — F, € {F1, Fs}

Ty =0— F, € {NF,Fy, F,}

rrereet

By using if-and-only-if relations, these formulas can be written on a slightly
shorter form:

Ty =0« F, € {NF,Fy, F3}
T, =0 F, e {NF,F}
Ty =0 — F, € {NF, Fy}
Ty # 0« F, = Fj

Ty #0 < F, = F2

Ty #0 < F, € {Fy, F3}

Ty #0 — F, € {F, F3}

Ty =0— F, € {NF,Fy, F,}

1111

As seen, the if-and-only-if relation can only be used with rows, in the incidence
structure, which have no X:s.
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3.4.2 Decision Structure

The incidence structure corresponds to the case where ideal conditions holds.
If this were the case, we could derive the diagnosis statement S by using the
incidence structure, the formulas (3.13), and the values of the test quantities
Ti(x). In practice, the model is not perfect, unmodeled disturbances affects the
process, and there is measurement noise. All this means that the formulas (3.13)
are not valid and can therefore not be used to form the diagnosis statement.

In practice, we have to relax the assumptions of ideal conditions and the
formulas (3.13) can be replaced by a formulation based on the use of thresholds,
i.e hypothesis testing. Doing this, we obtain a decision structure. Still letting
sj; denote the entry in the k:th row and the j:th column, the new interpretation
or semantics of 0:s, 1:s, and X:s becomes

FE,=F — Ti(z) < Jg if 54, =0 (3.14a)
Fp = Fj — Tk(a:) Z Jk if Skj = 1 (314b)

or by using the terminology of hypothesis testing:

F, = F; — not rej. Hy if s =0 (3.15a)
F,=F; — reject Hy if sp; =1 (3.15b)

The implications are not completely true, but we assume that they holds. This
corresponds to the basic assumptions, discussed in Section 3.2, that when H}
is rejected, we assume that H]} holds. However, there is a conflict between
the two rules (3.15a) and (3.15b). To make the assumption that (3.15a) holds
reasonable, the significance level o, of all tests must be low. This means that the
thresholds must be chosen relatively high. Further, this violates the assumption
that (3.15b) holds. To achieve reasonable assumptions, some or probably most
1:s from the incidence structure must be replaced by X:s. It might seem that
another choice is to replace 0:s by X:s, but the problem with this is that for
all small faults, the assumption of (3.15b) still not becomes reasonable. We
will see later that representing a diagnosis system with a decision structure, is
equivalent to a representation using the sets My, Sp, and Sj.

An example of a decision structure is obtained by considering the incidence
structure (3.8) which can be transformed to, for instance the following decision
structure:

|NF K, F, F
G(z) [0 0 X 1 (3.16)

Because the decision structure is related to the whole hypothesis tests and not
only the test quantities, we use J; to label the rows instead of T}.

The process of replacing 1:s with X:s is further illustrated by the following
example:
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Example 3.3
Consider again Example 3.2. When the fault mode M is present, we have that

T(x) = fim +v

where v is a signal that represents model errors, disturbances, and measurement
noise. Even for fault mode NF, which implies f,;, = 0, the test quantity T'(x)
will not be zero. This means that the threshold J must be raised above zero.
Then for small fy;,, T'(x) will not reach the threshold.

If the incidence structure (3.12) would be used as decision structure, we
would have the rule

M-—-T)>J

However, according to what was said above, the implication will not hold for
a small f,;,. This means that to obtain the decision structure, the 1 in (3.12)
must be replaced by an X, i.e.

|NF M P
5|0 X X

A decision structure together with the formulas (3.14) can be used to derive
the diagnosis statement. Consider for example the decision structure (3.16),
which have the interpretation

Ty < Jy «— F, € {NF, Fy, F3}
Ty < Jy — F, € {NF,Fi}

Ty > Jy — F, = F3

T3 < J3s — F, € {NF, F,

T, >J; — F,=F2

Ty > Jy — F, € {Fy, Fs}
Ty < Jy — F, € {NF,F\,F5}
T3 > J3 — F, € {Fy, F3}

1t

Now if Th < Ji, To > Ji, and T3 > Ji, we know by using the rules, that F}, €
{F», F3} and F,, € {Fy, F5}. This means that F5 must be the present fault mode.
It is clear that there must be a strong relationship between this procedure, i.e.
forming the diagnosis statement S by using the decision structure, and how the
diagnosis statement S is formed by using the individual diagnosis statements
Sk.

The relationship between the decision structure and the sets S,g and S} is as
follows. A 0 in the k:th row for §; and the j:th column means that the set SP
contains the fault mode of the j:th column and S} does not contain this fault
mode. A 1 in the k:th row and the j:th column means that the set S contains
the fault mode of the j:th column and Sg do not contain this fault mode. An
X in the k:th row and the j:th column means that both Sg and S} contain the
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fault mode of the j:th column. For example, the sets Sg and S} for the decision
structure (3.16), are

SY ={NF,F\, F, F3} St ={F,}
S) ={NF, F\, F>} Sy ={Fy, F3}
S§ ={NF,Fy, F;, F3} Sy ={Fy, F3}

In this way, the decision structure can be seen as an overview of a diagnosis
system based on structured hypothesis tests. In accordance with the formu-
las (3.15), we can read out that when the result of a test is SY, then the fault
modes with 0:s and X:s in the decision structure, are the possible present fault
modes. When the result is S}, then the fault modes with 1:s and X:s are the
possible present fault modes.

Still in accordance with the formulas (3.15), we can from a decision structure
also read out which tests that will respond, i.e. which null hypothesis that
will be rejected, when a particular fault mode is present. For the decision
structure (3.16), we know that if NF is the present fault mode, then no tests
will respond, because the corresponding column has only zeros. Also, if F3 is
the present fault mode, then test §; will not respond, test do will respond, and
test d3 may respond.

3.5 Comparison with Structured Residuals

This section contains a comparison between the well known isolation method
structured residuals (Gertler, 1991) and structured hypothesis tests. Isolation
with structured residuals is based on a residual structure which in principle is
a combined incidence and decision structure.

A residual structure contains only 0:s and 1:s and an example is

| A o 3
71 0 1 0
T2 0 1 1
T3 1 0 1

(3.17)

A minor notational difference between the residual structure and the decision
structure is that usually r; is used to label the rows instead of §; and also
that the column related to the case no fault is usually not included in the
residual structure. Further, when using structured residuals, faults are usually
modeled as arbitrary fault signals. These fault signals f; are then used to “label”
the columns instead of fault modes. Usually one fault signal is used for each
component which means that, as long as only single fault-modes are considered,
there is a one-to-one correspondence between the fault modes F}; and the fault
signals f;.

The residual structure can be interpreted as an incidence structure in accor-
dance with the formulas (3.13). In addition, the residual structure is also used
to form the diagnosis statement. That is, it is interpreted as a decision structure
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in accordance with the formulas (3.14) and (3.15). Thus a 1 in the k:th row
and the j:th column means that we assume that for all faults belonging to the
fault mode of the j:th column, Ty (z) will be above the threshold J;. However
this assumption is mostly far from the truth. In reality, a 1 in the k:th row and
the j:th column means that for some faults belonging to the fault mode of the
j:th column, Ty (x) will under some operating conditions be above the threshold
Ji. Thus a more correct interpretation would be obtained by replacing most 1:s
with X:s.

Usually it is required that the residual structure must be isolating, which
means that all columns must be distinct. This together with the fact that there
are only 1:s in the residual structure, implies that the fault statement always
contain at the maximum one fault mode. That is, a diagnosis system using the
principle of structured residuals with an isolating residual structure, is always
conclusive (remember the definition from Section 2.3.3). This is illustrated in
the following example:

Example 3.4

Consider the following two structures

|NF P F, F |NF R F, F
m]0 0 1 0 H(x) |0 0 X 0
0 0 1 1 S(z) [0 0 X 1
rs |0 1 0 1 s3) [0 X 0 X

Assume that the left structure is a residual structure and the right is a decision
structure for the same set of test quantities and thresholds. Then Table 3.1 con-
tains a comparison between the diagnosis statement generated from the residual
structure and the diagnosis statement generated from the decision structure.

The leftmost column lists all possible results of thresholding the test quantities.
For example, the second row 001 means that 77 < Jy, 1o < Jo, and T3 > Js.
Note the diagnosis statements S = {}, meaning that no fault modes can explain
the behavior of the system. ™

Struct. res. Struct. hyp. tests

1 2 3 8 S

0 0 0 {NF} (NF, Fy, F>)
00 1 {m} (P}

o1 0 { {Fy, F3}

0 1 1  {F} {Fs}

1o o { {F2}

Lo 1 { {}

1 1 0 {F2} {F2}
111§ {

Table 3.1: The diagnosis statement using structured residuals compared to
structured hypothesis tests.
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Diagnosis System
—

Y using Structured SS”“C*"“’: Filter ﬁﬁ“*m
_ | Hypothesis tests

Y

Figure 3.3: A diagnosis system using structured residuals as a filtered version
of structured hypothesis tests.

As seen in Example 3.4, the “unnatural” 1:s, in the residual structure, make
the diagnosis statement empty in many situations, where the diagnosis state-
ment from structured hypothesis tests is not empty, e.g. study the third row.
This difference is fundamental. The diagnosis system using structured hypoth-
esis tests is in general speculative, i.e. it gives possible fault modes that can
explain the system behavior. As we said above, a diagnosis system using struc-
tured residuals, is on the other hand conclusive.

Regardless of what diagnosis method that is used, it may be the case that
several different fault modes can explain the system behavior. This information
is contained in the behavior of the thresholded test quantities also when using
structured residuals. However the diagnosis system neglects this information
and in principle says that no faults can explain the system behavior. This in
turn, is usually interpreted as no faults are present and no alarm is therefore
generated. All this means that structured residuals can be viewed as a filtered
version of structured hypothesis tests. This view is illustrated in Figure 3.3.
The filter filters out useful information that could have been utilized in some
way. On the other hand, there may be situations where we want to limit the
information from the diagnosis system, which in that case would motivate such
a filter.

As was said above, the empty diagnosis statement is usually interpreted as
no faults are present. For example, in the fault free case, it might happen
that one test quantity is above the threshold by mistake. A diagnosis system
using structured residuals would in this case not generate an alarm but on
the contrary, structured hypothesis tests would generate an alarm. It might
therefore be argued that structured residuals is more robust to false alarms than
structured hypothesis tests. This conclusion is however not fair since structured
hypothesis tests is more powerful than structured residuals in the sense that
the diagnosis statement contains more information. In addition, the same level
of robustness can be achieved in also structured hypothesis tests by raising the
thresholds.

As mentioned above, the interpretation of the 1:s is in most cases unreal-
istic. This implies that it may often happen that some test quantities, that
according to the residual structure should reach the thresholds, are below the
threshold. The effect is serious since it can happen that wrong fault is isolated.
To compensate for this, it is often required that the residual structure should be
strongly isolating. This means that when a test quantity is not above the thresh-
old, even though it should, there should be no other column that matches the
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thresholded test quantities. For example, consider the residual structure (3.17),
and assume that fault f3 is present. Especially for small faults, it can very well
happen that Ty < Ji, T» < Jo, and T5 > J3. However, this last fact conflicts
with the rule (3.14b) and this has the consequence that the thresholded test
quantities matches the column for fault fi. Thus the residual structure (3.17)
is not strongly isolating. Note that in the framework of structured hypothesis
tests, we do not need to introduce requirements of a strongly isolating decision
structure as a way to compensate for an unrealistic interpretation of the 1:s.

We end this section by discussing the last major difference between struc-
tured residuals and structured hypothesis tests. As seen in Section 3.4.2 above,
there is a one-to-one correspondence between the representation based on the
decision structure and a representation based on hypothesis tests, i.e. the sets
SY and Si. When using structured hypothesis tests, the interpretation of the
1:s corresponds well to standard conventions within general hypothesis testing
literature. This makes it easy to relate to other traditional areas of fault diag-
nosis, e.g. statistical views, logic based methods. The structured residuals on
the other hand, have an interpretation of 1:s that is not compatible with these
standard conventions.

Concluding Remarks

We have concluded that in the method structured residuals, the 1:s in a residual
structure, are interpreted as the 1:s in the decision structure, using the method
structured hypothesis tests. This interpretation is however unrealistic since it
claims that even small faults results in that the test quantity becomes above the
threshold. The “unnatural” 1:s in structured residuals has three main conse-
quences, which were all discussed above: (1) useful information is unnecessarily
neglected, (2) the “ad-hoc” compensation of strongly isolating residual structure
must be used, and (3), the thresholded test quantities can not be interpreted as
standard hypothesis tests.

3.6 Conclusions

This chapter has refined the general diagnosis-system architecture from Chap-
ter 2 by saying that the tests 0 are hypothesis tests. We have formalized the
procedure of how the diagnosis statement is formed from the real-valued test
quantities (or residuals). This is achieved by using a standard interpretation
of the functionality of each hypothesis tests. The formation of the diagno-
sis statement is then obtained in accordance with the function of the general
diagnosis-system architecture from Chapter 2.

We have seen that the choice of null hypothesis in each hypothesis test is
not a completely free choice, but is restricted by the submode relation between
fault modes. Structured hypothesis tests can be used with arbitrary types of
faults and this has been indicated in some examples. This topic will be further
investigated in the next chapter where the design of the test quantities will be
discussed.
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In contrast to structured residuals, we have introduced a distinction between
the incidence structure, describing how faults ideally affect the test quantities,
and the decision structure, describing how the faults affect the formation of the
diagnosis statement. By doing so, we have been able to define meanings of the
0:s, 1:s, and X:s, present in the incidence/decision structure. We have motivated
that an introduction of X:s (don’t care) in the incidence/decision structure is
necessary since only using 0:s and 1:s often places unrealistic requirements on
the test quantities (or residuals).
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Chapter 4

Design and Evaluation of
Hypothesis Tests for Fault
Diagnosis

In the previous chapter, the diagnosis-system architecture structured hypothesis
tests was proposed. To get a complete diagnosis system, the engineer has also
to construct the individual hypothesis tests. In fact, this is a large portion of
the total engineering work involved when constructing a diagnosis system. The
question is how to use the model of the system, including the fault models, to
design the best possible individual hypothesis tests. The topic of this chapter
is to try to find some answers this question.

Design of hypothesis tests has been extensively discussed in general hypothe-
sis testing literature, e.g. see (Lehmann, 1986). In this chapter we try to collect
some general principles that are particularly useful for the purpose of model
based diagnosis. We will see that the general framework of hypothesis test-
ing brings structure to the field. Links between several different methods will
become clear, for example: the likelihood principle from statistics vs residual
generation, adaptive thresholds vs likelihood ratio, and parameter estimation
methods vs residual generation.

Since the goal is to find “good” or “best” test quantities, we have to know
what “good” or “best” means. Therefore we also discuss measures to evaluate
hypothesis tests. Although many specific cases will be exemplified, the general
principles, of how to design and evaluate the hypothesis tests, are valid for all
kinds of fault models.

We start in Sections 4.1 to 4.4 to discuss general principles for test-quantity
design. Three main principles are identified: the prediction, the estimate, and
the likelihood principle. Then the issue of robustness is approached via normal-
ization in Section 4.5. In Section 4.6, the measures for evaluating hypothesis
tests are discussed. These measures are then used in Section 4.7 to select the
parameters Ji, Sy, and S{ of a hypothesis test. The evaluation measures are
also used in Section 4.8 to compare the prediction and the estimate principle.

65
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4.1 Design of Test Quantities

From the previous chapter, we realize that the assumption (or conclusion) we
make when performing a hypothesis test d, can be written

5 e {M,gf if Thy(z) > Ji

9) if Ty (x) < Jy, (4.1)

where F), denotes the present fault mode. In (4.1), we have again assumed that
Sg = . As said before, the test quantity Tx(x) should be designed such that if
the data x come from a system, whose present fault mode belongs to M kc , then
Ty () should be large. On the other hand, if the data = matches the hypothesis
HY, ie. a fault mode in My can explain the data, then T} () should be small.
This can be restated by using the notation of the model (2.6):

The test quantity Tj(x) should be small if the data x matches any
of the models M (), v € My, and large otherwise.

Thus the test quantity can be seen as a measure of the validity of some models
M., (6).

Several principles for constructing such measures exists and we will here
discuss three of them: the prediction principle, the estimate principle, and the
likelihood principle. These principles should be sufficient to solve most diagnosis
problems. Note that although these principles are different, it can very well
happen that, in some specific cases, the derived expressions for Tj(z) equal
each other.

4.1.1 Sample Data and Window Length
One way to define the sample data x is as a matrix:

Ju(t=N) ut-N+1) ... u(?)

XO= |yt N yt-N+1) ... y@® (4.2)

This corresponds to the use of a finite time window and as seen, the data x
becomes a function of time ¢. This time window can be a sliding window,
which means that consecutive data sets are overlapping. Another choice is to
let consecutive data sets be non-overlapping.

The time window can also be infinite, at least conceptually. This corresponds
to that N = oo in (4.2). In reality this means that all available data are
used from the time-point when the diagnosis started (i.e. the window length
is actually growing). An example of when an infinite time window is desirable,
is when recursive techniques are used to calculate the test quantities. Another
example is general residual generation which can be seen as a special case of the
prediction principle. This will be further discussed in Section 4.2.2.

Theoretically, the optimal choice of window length is always infinite. This
since it makes no sense to throw away any data, no matter what kind of data we
have. However, if computational aspects are considered, it is often advantageous
to use a finite window length.
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4.2 The Prediction Principle

We will now discuss the prediction principle. In addition to giving general
methods that can be used for test-quantity design, one purpose of this section
is also to show how some well known approaches to fault diagnosis fit into the
general framework proposed in this thesis.

Using the prediction principle, the calculation of the test quantity is based
on a model validity measure Vj(#,x) which in turn is based on a comparison
between signals and /or predictions (or estimates) of signals. Typically an output
signal y is compared with an estimate g, but it is also possible to for example
compare two estimates of the same signal.

To get a more precise definition, recall first the definition of @2:

ey = J o,

YEMj,

Consider now the case where ©Y consists of several values §. Using the prediction
principle, the test quantity can be written as

Ti(z) = ergg}) Vi (0, x) (4.3)
k

The function Vi (0, z), where 0 is fixed, is a measure of the validity of the model
M(8), for a fixed 0, in respect to the measurement data x. The test quantity
Ty (x) then becomes a measure of the validity of any the models M., (0), v € My,
where 6 is assumed free.

If ©Y consists of only one value fp, the test quantity becomes

Tk(l‘) = Vk(oo, CL’) (44)

and thus no minimization is needed.

To calculate (4.3), we need in principle to perform a parameter estimation.
The prime interest here is fault isolation but it is obvious that this parameter
estimation means that fault identification implicitly becomes a part of fault
isolation. Note that the term decoupling in principle corresponds to estimation.
The faults (or fault modes) that are decoupled are the fault modes described
by the parameters we estimate.

Note that although the model validity measure Vi (0, z) in (4.3) is indexed
by k, meaning that it is specific for the hypothesis test Jy, it is often possible
(and also quite elegant) to use the same V(,z) for all hypothesis tests. In
that case, the only thing that differs test quantities in different tests, is the set
@2 over which the minimization is performed. This approach will be discussed
more in Chapter 5.

In adaptive model based diagnosis, we need to use adaptive test quantities.
This means that the set of parameters we need to estimate is expanded to
include also the unknown or uncertain parameters that we want to adapt to.
Another case where the set of estimated parameters needs to be expanded, is
when disturbances must be handled. From Section 2.1.1, we remember the
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parameter ¢ which describes the disturbances, and decoupling of disturbances
is therefore achieved by replacing (4.3) with

Te(z) = min  Vi(0, 6,
k() petin %(0, ¢, x)

where ® is the space of possible disturbances.

In general, one could think of several types of model validity measures, but
the characteristic property of the prediction principle is that we let Vi (6, x)
be based on comparisons between signals and/or predictions of signals. One
choice is to compare an output y(t) with its prediction y(t|0,x), derived from
an assumption of a specific # and the measured data x. That is, the model
validity measure becomes the prediction error y(t) — y(t|0, z). The principle to
use the prediction error to calculate the test quantity is very natural and a so
common choice, that we will denote it by its own name name: the prediction
error principle. From now on, the focus will be mostly on this principle.

To reduce the sensitivity to noise and unmodeled disturbances it is advan-
tageous to weight together several prediction errors. One possibility is to use
a mean of some measure of prediction errors. This means that the function
Vi(0, ) becomes

N
Vi0,2) = = 3 lly(e) (116, )] (15)

For notational convenience, we have here assumed unit time. The measure || - ||
can for example be the quadratic norm. Another possibility is to first apply the

sum operation and then the measure || - ||. Then the function V4 (6, x) becomes
N

Vi(0,2) = | Y () = 9(t16, ) || (4.6)
t=1

It is also possible to use a measure dependent on time and/or the data
itself. One reason would for example be that the model accuracy varies with
the operating point of the system. Another case is when recursive parameter
estimation is used. Recursive techniques implies that an infinite time-window
is used and old data is by means of a time-dependent measure usually weighted
less. These issues are thoroughly discussed in the general system identification
literature, e.g. (Ljung, 1987).

The following four examples illustrates the prediction error principle for
different types of fault modeling.

Example 4.1

Consider a system that can be modeled as

y(t) = gu(t) + b+ v(¢) v(t) € N(0,0) 6 = [b,g]
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Assume that we want to consider three fault modes:

NF g=1,b=0 “no fault”
F, g=1,b#0 “bias fault”
F, g#1,b=0 “gain fault”

Further we want to design a test quantity for the hypotheses
H°:F, € {NF, F}
H':F,=F,

For these hypotheses, ©° becomes ©° = {[b,g] | g = 1}. By using the formu-
las (4.3) and (4.5), we get

N
T(z) = min —Z ly(t) — 4(t]0, z)|| = m ! Z 7(t|b, a?)) (4.7

" peet N N &
The estimate §(¢|b) (we have skipped the argument ) can be obtained as
g(t[b) = u(t) +b

Inserting this expression into (4.7) means that the test quantity becomes

= }: ) — u(t) — b)? (4.8)

The minimization is simple since it can be shown that the minimizing value of
b is

1 X
:Ntzzly(t)*

The test quantity (4.8) will be small under H® and thus the bias fault is decou-
pled in T'(z). n

The following example illustrates how the prediction error principle can be
applied to a change detection problem.

Example 4.2

Consider a signal y(¢) which can be modeled as

y(t) = o(t) +alt)

where v(t) is independent and N(0,0). The function a(t) is a(t) = up = 0 in
the fault free case, but can contain an abrupt change to an unknown value p;
if a fault occurs.



70 Chapter 4. Design and Evaluation of Hypothesis Tests for Fault Diagnosis

Assume that we want to consider three fault modes:

NF “no fault”
F, “an abrupt change in a(t) at the time ¢.5”
F, “an abrupt change in standard deviation o at the time t.;”

This means that the fault-state vector can be described as 8 = [ten, i, o].

Further we want to design a test quantity for the following hypotheses:

Ho:F, € {NF,F,}
H,:F, e {F,}

By using the general expression (4.3), the test quantity becomes

N
T(x) = min V(0,2) = min (y(t) — g)(t|tch,u))2
0ceo [ten,u] =1
where
. 0 ift<ten
ttops 1) =
Yy(t[ten, 1) {u st

The test quantity can further be rewritten as

ten N
T@) = min (Y (y(®)? +min > (y(t) - w)?)
= R —

The next example illustrates how test quantities can be designed in the case
where one fault is modeled as an arbitrary input and another fault is modeled
as a constant parameter. Also illustrated is how the submode relation from
Section 2.4 affects the design.

Example 4.3

Consider a system that can be modeled as

x(t+1) = ax(t) + u(t)
y(t) = =(t) + f(t)

Assume that we want to consider three fault modes:

NF a=05 no fault
F, a#0.5, f(t)=0 a fault in the dynamics
Fr  a=0.5, f(t) #0 an arbitrary sensor fault
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This definition of fault modes implies that the three fault modes are related
as NF <* F, < Fy. According to the discussion in Section 3.2.1, the only
possible choices of My, are then {NF}, {NF, F,}, and {NF,F,, Fs}. The last
one is useless for fault isolation and therefore we decide to design test quantities
for two hypothesis tests with the hypotheses

HY:F,e{NFF} H}:F,=F
HY:F,=NF H}:F, e {Fy,F,}

The test quantity for the first test becomes

N

Ti(e) = min < 3" ((t) — g(la) NZ )= ay(t— 1) — uft — 1))?

t=1

where @ is the least square estimate of a. For the second test, the set ©9 contains
only one element. Thus, the test quantity using the formula (4.4) becomes

2

Now assume that the present fault mode is F, and Hj is accepted but HY
is not rejected, i.e. 17 < Jy and T > Jo. This will imply that the diagnosis
statement becomes

S:{NF,Ff,Fa}ﬂ{Ff,Fa}:{Ff,Fa}

Z —0.5y(t — 1) — u(t — 1))?

@>

That is, both Fy and F, can explain the process behavior. However, it is
quite unlikely that the arbitrary fault signal f(¢) behaves in such a way that the
process output matches the model Mg, (0). Therefore, using a refined diagnosis
statement in accordance with Section 2.6.1, we may draw the conclusion that
the fault mode F, is the one present in the process. [

The following example shows how traditional in-range monitoring can be
fitted into this framework using the prediction principle.

Example 4.4

Assume that under a no-fault situation, a state x is limited in range, ¢; < x < ¢p,.
Assume further that z is measured using a sensor y as y(t) = x(¢). If no more
models are available, a prediction of y(¢) can in any case be written

g(tle) = ¢ g <c<ecp
By using the general expression (4.3), the test quantity becomes

T(z)= min V(cz)= min [y(t)=75(tlc)]

This shows that traditional in-range testing can be seen as a special case of the
prediction error principle. [ |
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The above example is also a clear illustration on how knowledge of range lim-
itations of # should be incorporated into the fault model to improve diagnosis
performance. More specifically, without the knowledge ¢; < ¢ < ¢y, the sensor
y can not be diagnosed.

4.2.1 The Minimization of Vj (0, z)

The procedure to compute (4.3), i.e. to minimize Vj(6,x), has not been ad-
dressed so far. The technical details are not going to be discussed here, but the
interested reader is referred to general literature on optimization, e.g. (Luenberger,
1989), and system identification, e.g. (Ljung, 1987). In many cases the mini-
mization procedure required in (4.3) is quite straightforward. However, in some
cases, the computational load of doing the actual minimization in (4.3) can be
quite heavy. One solution can be to use a two-step approach:

1. Find a # that minimizes another function V4 (6, x), i.e.

6 = in Vi (6,
arg min K (6, %)

2. Calculate the test quantity as

Te(x) = Vir(6, %) (4.9)

The point with this two-step approach is that Vj(6,x) can be chosen such
that it is much easier to minimize compared to Vj(x). Further, let Vi (0, x) be
chosen such that the minimizing value é, under H,g, is close to the value that
minimizes V (), x). Then in the case HY holds, it is reasonable to assume that

in Vi(0,x) ~ Vi (6
0121@% k(,X) k( aX)

This means that if we use the test quantity Tx(x) = Vi (ék,x), we can expect
approximately the same result compared to if (4.3) was used.

Example 4.5

Consider a system that can be modeled as

y1=u+fi (4.10)
Y2 =2u+ fi+ f2 (4.11)

Assume that we want to consider three fault modes:

NE  fi(t) =0, f2(t) =0
i fit) £0, f2(t) =0
F2 fl(t) = 0, fg(t) ;:_é 0
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Further we want to design a test quantity for a hypothesis test with the hy-
potheses

Ho: F, € {NF,F1}
Hy Fp S {FQ}

Let y = [y1 y2]” and also let the predictions of y; and ya be §1(f1) = u+ f1 and

Ja( fl) = 2u + fl. Then using the prediction error principle, the test quantity
can be constructed as

T(w) = minV (f1,2) = min (y = y(f1))" (v = 9(f1)) =

:n}iln (11 *ﬂl(f1))2+ (y2*3}2(f1))2 (4.12)

The minimizing value of f; is fl = f1+ f2/2. This implies that

T(f)z(yl—u—fl—%)QJr(y2—2u—f1—%)2=
2
:(U+f1_U_fl_%)2+(2U+f1+f2_2u_fl_%)2:%

Even though the minimization required in (4.12) is very simple, let us now
consider a test quantity using the two-step approach. The estimate f; is first
found as

fi= argﬁ}inv(flaﬂf) = argn}in (v1 *?91(]?1))2 = argn}in (u+ fr —u-— f1)2

It is obvious that this will result in that fl = f1. The test quantity then becomes

Tostep(®) = V(f1,2) = V(f1,2) = (y1 —u— fl)2 + (y2 — 2u — f1)2 =
=0+ f3=1f3

Under Hp, the minimizing value of V(f1,z) equals the minimizing value of
V(f1,x). Under Hp it also holds that T'(z) = To-step (). m

From the above example it is clear that for # ¢ ©°, it can happen that

T(x) = ergg}) V(0,2) < Tostep(z) =V (0, 2) (4.13)

and the difference can be significant. Note that this is acceptable as long as
T (z) = Tostep() or, as in the example, T'(z) = Ty.gtep(z) for € . Moreover,
this is actually an advantage of the two-step approach, since we want the test
quantity to become as large as possible for § ¢ ©°. Thus the two-step approach
has the potential to improve the test quantities.
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4.2.2 Residual Generation

The term residual generation, as it is most often used in fault diagnosis lit-
erature, is a special case of the prediction error principle. Also the following
restrictions are made:

e The faults are modeled as arbitrary inputs which are zero in the fault free
case.

e A new value of the test quantity is calculated at every sample time-point.
Also continuous time is often considered.

e A sliding time window is used and the length is finite or infinite.

When using residual generation, the test quantity is called residual (or resid-
ual generator). Linear residual generation is illustrated in the following two
examples and will be further studied in Chapters 7 and 8.

Example 4.6

Consider a system that can be modeled as

Yy = (u+ f1) (4.14)

gt +1

Yo = (u+ f1) + fo (4.15)

gt +2
Assume that we want to consider three fault modes:

NF  fi(t) =0, fo(t) =0 no fault
Fi fi(t) Z0, f2(t) =0 actuator fault
F,  fi(t) =0, fa(t) #0 fault in sensor 2

Further we want to design a test quantity for a hypothesis tests with the hy-
potheses

Hy : Fp S {NF,Fl}
H1 : Fp € {FQ}
A linear residual generator that can be used as a test quantity is

@'+ 2 -+ Dy

4.16
qfl +3 ( )

It will now be shown how the same test quantity can be obtained by using the
general expression (4.5) for the prediction error principle.

We use the two-step approach and this means that we first have to estimate
the parameter (now a signal) f1(¢). From the model (4.14), the fault signal fi(¢)
can be estimated as

fl = argn}iln (y1 (u+ fl))2 =(g '+ Dy —u (4.17)

g1
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With this estimate and by using the general expression (4.5), the test quantity,
using an infinite window length, can be formed as

Ty(x) = V(fi,2) ENW — ga(tlf1)

By means of the estimate (4.17), the prediction error can be expressed as

i) wt )= -
_ —y — ——(u e — T
Y2 — Y2{J1) =Y2 T lt2 1 Y2 q_1+2y1
Then choose the measure || - || as
o0
> ena ()
n=0
where
1 _q ' +2
chq - 71+3
This means that
-1 g !
. 2 g +2 +1
n t = () =
ZC q y2 —Ja( |f1)) — +3(Z/2() _1+2y1( ))

We have thus shown how the residual generator (4.16) can be obtained in the
framework of the prediction error principle. Note that the sign of T7(z) can be
negative and thus, it is the absolute value of T3 (x) that should be thresholded.
|

Example 4.7

Assume that we have a non-linear model

& =f(x,u) (4.18)
y1 =hi(x,u) + f1 (4.19)
Y2 =ha(z,u) (4.20)

Here f is a signal modeling a fault in sensor 1. Then assume that an observer
for & can be constructed as

b= f(@,u) + K (y2 — ha(d,u)) (4.21)
Then

r=y2— 2 =y2 — ha(&,u) (4.22)
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is a residual generator which will be insensitive to faults in sensor 1. This means
that the corresponding null hypothesis is described by My, = {NF, Fy } where F;
is the fault mode for fi; # 0. Obviously, r is also a test quantity that is naturally
constructed with the prediction error principle in accordance with formula (4.5).

According to the expression (4.3), the parameter fi should be implicitly es-
timated when calculating the test quantity. This is not the case for the test
quantity (4.22). However, it is possible to derive the expression (4.22) by us-
ing (4.3) and the two-step approach. First let f; be estimated as

fi = argﬂ}in(yl — )% = argﬁ}in(yl — hi(w,u) + f1)? = y1 — ha(&,0)

Then in accordance with the formula (4.5), the test quantity becomes

CUE ool = = 0P| _ | = haEu) = f]
T(x)_V(flax)_b’ y|_ y2_g2 ‘_ yg—hg(j,u) ‘_
= yl_hli’ﬁ)h;(yg,;hl(x’m = yg—hog(j,u) = |y2 — ha(@,u)| = ||

4.3 The Likelihood Principle

When the probability density functions of the noise is known, or can be as-
sumed to be known, it is possible to use the likelihood principle. The likelihood
principle is based on the likelihood function which is defined as

Definition 4.1 (Likelihood Function) Let f(x|0) denote the probability den-
sity function of the sample X = [X1, Xa, ... X,]. Then, given that X = x is
observed, the function of 0 defined by

L(O|x) = f(x|0) (4.23)
s called the likelihood function.

Given a model, it is possible to set up a likelihood function which become
a measure for how well the measured data matches the model. Recall from
Section 4.1 that this is exactly what we want when constructing test quantities.
This is also the reason why likelihood functions are a common choice for test
quantities in general statistical hypothesis testing. Thus, using the likelihood
principle, the measure V4 (6, x) in (4.3) corresponds to L(f|x). In contrast to
the prediction error principle, the likelihood function becomes large when mea-
surement data matches the model and small when the data does not match the
model. When using the likelihood principle, the null hypothesis H,g is rejected
if Ty,(z) < Ji. Note that > has been changed to <, compared to previous cases.

If the set © consists of only one element, then the likelihood function (4.23)
can be used directly as a test quantity. When 62 consists of several elements, we
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have to use optimization in accordance with (4.3). However, since the likelihood
function becomes large when measurement data matches the model, the mini-
mization must be replaced by maximization. The test quantity then becomes

Tr(x) = gxézé)g L(0]x) (4.24)

This principle is usually called the mazimum likelihood principle. The two-step
approach described in the context of the prediction principle is of course possible
to use also for the maximum likelihood.

Often it is assumed that the data are independent and identically distributed
such that

N
£xl9) = [ £tailo)

Here x; means x(t;). This means that the likelihood function becomes

L(0|x) = Hf 2;10)

and thus, much simpler to calculate.
A further simplification is obtained by using the log-likelihood function de-
fined as
1(0|x) =1n L(O|x)

If the assumption about independent data is used, we get

N
1(6)x) = In L(4]x) = 1ang:Z|9 > I f(xil0)
=1

Note that since the logarithm function In(z) is monotone, a hypothesis test
based on the log-likelihood function [(f|x) is equivalent to a test based on the
basic likelihood function L(6|x).

Example 4.8

Consider again Example 4.1 but instead of (4.7), we use the likelihood principle
to obtain the test quantity. Let x; denote y(i) — u(¢) which means that x; ~
N (b,o0). The test quantity then becomes

(mi _Qb) }

N
1
T'(x) = max L(f|z) = max exp{—
() = s 0w) = i [T oot

060

The log-likelihood version of this test quantity becomes

T (z) = grel%xl 0)z) = malen exp{f

1
:ml?fo In V21 — TZ
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Note that the last expression contains a constant term. This term can be ne-
glected and the remaining expression is then equivalent to.

N
. L 9 2
g, 20
=1
Now note that it happens to be the case that this expression is equal to the
expression obtained in Example 4.1. This means in this particular problem, the
prediction error principle and the likelihood principle are equivalent. n

The drawback with the likelihood principle, compared to the prediction error
principle, is that to make the calculations tractable, we must usually assume
that the data are independent and normally distributed. On the other hand
the likelihood principle is very universal. It can for example easily handle faults
that are modeled as an increase in the variance of a signal.

4.4 The Estimate Principle

Both the prediction error end the likelihood principle are based on the idea that
the test quantity should be a model validity measure. A somewhat different
approach to construct the test quantity is the estimate principle. We have seen
that in both the prediction error and the likelihood principle, it is common
that a parameter estimation is involved. The idea of the estimate principle is
to construct a test quantity that more directly uses the estimated parameter.
Note however that the principle goal of that the test quantity should be a model
validity measure, is still the same.

One solution is to estimate a component fault state 6; and then compare it
with the nominal value 69. This means that the set DY, . must contain only one
element, i.e. DY = {0%}. First consider the case where the set ©f consists of
only one element. Then a test quantity can be constructed as

Te(z) = [|0; — 09| 0; = arg min V'(0;,z) (4.25)
0,€D*
where V'(0;, z) is some model validity measure. This is a common solution used
in literature, e.g. (Isermann, 1993). The measure || - || can for example be the
quadratic norm.
When the set ©9 consists of more than one element, the test quantity can
be constructed as

Tie(z) = ||6; — 60 0; = in_ V'(6, 4.26
k() = || il agigeeglglgéi (0, ) (4.26)

where ©; = {0 | 6; € D',0;2; € D4 }. That is, in addition to estimate the
parameter 6; we also have to estimate the free parameters in @2, i.e. the ones
corresponding to faults that are decoupled. For an illustration of this technique,
see the test quantity (4.49) in Section 4.8.1.
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Note that compared to when using the prediction and likelihood principle,
one extra parameter must be estimated. That is, in addition to all parameters
that we want to decouple, we also need to estimate the parameter that is used
in the test quantity. This implies that decoupling might be more difficult for
the estimate principle.

We will see later in Section 4.5 that test quantities based on estimates may
imply that the test quantity under Hy is dependent on u. In that case, it must
be normalized which is also described in Section 4.5.

The estimate principle has both advantages and disadvantages compared
to the prediction error end the likelihood principle. Test quantities based on
estimates can have very good performance for the fault mode corresponding to
the estimated parameter. However for other fault modes, the performance might
be quite bad and also highly dependent on the input signal. This is investigated
more in Section 4.8.

4.5 Robustness via Normalization

When constructing test quantities, a goal is that they should be insensitive to
uncontrolled effects such as changes in inputs w and state x, disturbances d,
model errors, etc. Sometimes, the constructed test quantities meet these goals
but often they do not. The reasons why the test quantities become sensitive to
uncontrolled effects are

e Approximate decoupling. Because of fundamental limitations it is some-
times impossible to completely decouple disturbances and effects of faults
(i.e. the faults belonging to fault modes in the null hypothesis).

e Model Errors. Most unmodeled disturbances, incorrect model structure,
and unmodeled noise etc. implies that the performance of the test quanti-
ties is degraded. The most serious problem is usually that the significance
level is raised.

e Modeled noise. Even though noise terms are included in the model, it
is mostly impossible to avoid that the noise is going to affect the test
quantities.

The discussion above is closely related to the issue of robustness. More
exactly, robustness can be defined as the ability of the test quantities to satisfy
some specific performance goals while the uncontrolled effects are present to
a certain degree. In connection with linear residual generation, methods to
achieve and analyze robustness have been extensively studied, e.g. see (Chen
and Patton, 1999)(Frisk and Nielsen, 1999). In many of these methods, the
robustness issue is hardly integrated as a part of the design process for the test
quantities. A somewhat different approach is to first design the test quantity
without robustness considerations and then afterwards consider robustness as
an additional design step by adjusting and compensating the originally designed
test quantity. It is interesting to note that there are experimental results showing
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the advantage of the latter robustness approach, e.g. (Hofling and Isermann,
1996), while the literature is very sparse on experimental experience with the
former robust method.

As a way to achieve and improve robustness by adjusting and compensating
already designed test quantities, we will here consider normalization. Normal-
ization is to compensate the test quantity for unmodeled effects by multiplying
it with a cleverly chosen variable that is a function of the measured data x. Here
we investigate normalization for the estimate principle, prediction principle and
the likelihood principle.

4.5.1 The Estimate Principle
The discussion here will be limited to an example.

Example 4.9

Consider a system which can be modeled as
y(t) = bu(t) + v(t)

where v(t) ~ N(0,0,). The nominal (i.e. corresponding to the no fault case)
value of b is bg. We will use the notation U, Y, and V to denote column vectors
of u, y, and v respectively.

Assume a test quantity based on the estimate principle:

1
uru

To(x) = (b—bo)?> b= Uty (4.27)
where b is the least square estimate of b. Consider the fault free case, i.e. b = by,
which means that

- 1 1

b—bo= U (U+V) =1 =bo =1+ 57UV = (4.28)
1 o
=—UTV ~ N(0,—== 4.29

where Np = UTU, and p is the mean power of u. We see that b—1 has a
standard deviation that is dependent on u. If the mean power of u varies, this
is undesirable since the significance level of a hypothesis test will then depend
on u. The solution is to use normalization and we multiply therefore (4.28) with
v/Np. Then we have that

V/Np(6 —1) ~ N(0,0,) (4.30)
The corresponding normalization for the test quantity (4.27) becomes
1
UTu
Thus, using (4.31) means that a fixed threshold will imply a fixed significance
level independent on u. ]

Ti(x) = Np(d —1)> b= Uty (4.31)
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In terms of robustness, a hypothesis test based on the normalized test quan-
tity (4.31) and with a fixed threshold, will satisfy the performance goal that
the significance level must not be above a certain level. This will hold for any
u. However, there is no guarantee that other performance goals, such as the
probability of T4(z) < J2 when a fault is present, are satisfied.

0 I I I I I
0 10 20 30 40 50 60 70 80 90 100

time [s]

Figure 4.1: An example of the use of an adaptive threshold, with the test
quantity (solid), the adaptive threshold (dashed), and as a comparison, the
fixed threshold (dotted).

4.5.2 The Prediction Principle and Adaptive Thresholds

The basic idea of adaptive thresholds is that since disturbances and other uncon-
trolled effects vary with time, also the thresholds should vary with time instead
of being fixed to a constant value. An example is shown in Figure 4.1. The
solid line represents the a test quantity, the dashed line is the adaptive thresh-
old, and the dotted line the fixed threshold. There is a fault occuring at time
t = 75 s, but because of disturbances, the test quantity is above zero also before
this time-point. To avoid false alarm, the fixed threshold has been set high.
This means that the fault is missed if the fixed threshold is used. The adaptive
threshold “adapts” to the disturbances and therefore follows the test quantity
as long as there are no faults. When the fault occurs, the residual crosses the
threshold and the fault is detected.

One technique for computing adaptive thresholds in connection with linear
residual generation, is presented in (Ding and Frank, 1991). Consider a system
which can be described as

y = (G(s) + AG(s))u+ Ga(s)d + G¢(s)f + v
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where AG(s) is a model error, u is the input, d is the disturbance, f is the fault,
and v is measurement noise. Consider then a residual described by

r=Hy,(s)y + Hu(s)u =
= Hy(s)(G(s)u + AG(s)u + Ga(s)d + Gs(s)f +v) + Hyu(s)u

If measurement noise v is neglected and it is assumed that the input v and the
disturbance d are perfectly decoupled, then in the fault free case, the residual
becomes

r = Hy(s)AG(s)u

It is seen that the size of the residual in the fault free case depends on the
absolute size of the model error AG(s) and the input u(¢). If § > ||AG(s)]|
denotes a known bound of AG(s), the adaptive threshold can be selected as

Jadp(t) = 0| Hy (s)u] (4.32)

This approach relies on that a bound on the model uncertainty can be deter-
mined with confidence. If this is the case, it is guaranteed that no false alarm,
caused by model uncertainties, will be generated.

Another approach is proposed in (Hofling and Isermann, 1996). This ap-
proach is more ad-hoc because the computation of the adaptive threshold is
determined by tuning some design parameters. On the other hand, it is proba-
bly more generally applicable because it can handle more kinds of disturbances,
i.e. not only model uncertainties. A generalized description of how the threshold
is computed is the non-linear expression

Jaap(t) = kHpp(s)(|Ha(s)u(t)| + ¢) (4.33)

where Hyp(s) and Hy(s) are linear filters, and k& and c¢ constants. The filter
H,(s) functions as a weighting, in the frequency domain, of model uncertainties.
For frequency ranges where the model uncertainty is high, the filter gain should
be high and vice versa. For example if the model is good for low frequencies
but uncertain for higher frequencies, the filter Hy(s) should be a high-pass
filter. The value of the constant ¢ is determined by the amount of other kinds
of disturbances, such as measurement noise, and makes the threshold become
greater than zero even though the input is zero. Finally Hpp(s) is a low-pass
filter for smothering of the threshold.

By using adaptive thresholds according to the principles described above, it
is possible to get a nearly fixed significant level, independent on changes in the
input signal. In this sense, the adaptive threshold is similar to the normaliza-
tion described for the estimate principle. Robustness is achieved in the sense
that a certain significant level can be guaranteed independently of the input.
Note however that if overall performance gains are desirable, these robustness
techniques are never a substitute for using better models.

Both kinds of adaptive thresholds, i.e. (4.32) and (4.33), can be written on
the more general form

Jadp = W (u,y) + 2 (4.34)
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where W (u, y) is some measure of the model uncertainty present for the moment.

To use an adaptive threshold is equivalent to mormalize the test quan-
tity. Consider the use of a test quantity 7'(z) in combination with the thresh-
old (4.34):

T(z)=T(x) > Jadp (reject Hy)
By using normalization, this relation can instead be written as

T(z)

T’ =
) = Wy e =

(reject Hy)

where T"(z) is the normalized test quantity. The new threshold becomes J = 1.
Two measures W (u,y) of the model uncertainty are implicitly given in the

expressions (4.32) and (4.33). Another alternative is to use a minimized sum of

prediction errors:

N
W (u,y) = min V(0,2) =min > (y(t) - §(t0))* (4.35)

Note that the minimization is over all possible §. The expression 4.35 might
seem to be difficult to calculate but if the same V' (6, z) is used for all hypothesis
tests, as was described in Section 4.2, then the calculation of 4.35 becomes easy.
This will be demonstrated in Section 5.8.

Now assume that co = 0. Then an adaptive threshold becomes

Jadp = gréig W(0,z) c1 (4.36)

With this adaptive threshold, the normalized version of a test quantity based
on the expression (4.3) becomes

min@e@g V(97 .17)

T (z) = > ¢ (reject Hp)

mingee V (0, x)

We will see that this expression has strong similarities with the likelihood ratio
described next.

4.5.3 The Likelihood Principle and the Likelihood Ratio

Now consider the likelihood principle and an adaptive threshold similar to the
one defined by (4.35) and (4.36):

Jadp = max LO|z) &1

Thus Hy is rejected if

T = Lo < Lo
() = max L(B]2) < max L(Bl) 1
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By using normalization, we get a new test quantity 7" (x) and Hy is now rejected
if

maxgeeo L(0|z)

T'(z) = < (4.37)

maxgeo L(0|)

The test quantity T"(x) is called the likelihood ratio test quantity (or statistic).
To emphasize that a maximization is involved, the term mazimum likelihood
ratio or gemeralized likelihood ratio is also used in the literature.

A number of different variations of the maximum likelihood ratio exists. One
variation is to switch the numerator and the denominator. Another is to make
the maximization in the denominator of (4.37) over ©! = 0° instead of ©. It
can be shown that in this case, it is equivalent to make the the maximization over
O (Lehmann, 1986). Further, the maximization is often replaced by supremum.
Two examples of variations are

SUDPgcg L(0|z)
supgecgo L(0|)
maxgeor L(0|z)

T($) = m (439)

T(x) = (4.38)

The likelihood ratio test quantity is widely used in statistics. The reason is
partly that it is the optimal test quantity in the case both the null hypothesis
and the alternative hypothesis are simple, i.e. ©° and ©! consists each of only
one element (Neyman-Pearson lemma). Optimality proofs also exists for many
other cases where HY is simple (P.H.Garthwaite, 1995). For many cases where
a theoretical justification is missing, the likelihood ratio has still been shown to
be very good in practice (Lehmann, 1986). However, there are also cases for
which the likelihood ratio is not good (Lehmann, 1986).

Commonly the mazimum log-likelihood ratio is used. This together with a
change detection application is illustrated in the following example:

Example 4.10

Consider a signal x(t) which can be modeled as
x(t) = v(t) + 0(t)

where v(t) is independent and N(0,c0). Before the change-time ¢.p, 6(t) = 0
and after the change time, 0(t) = p.

The following two hypotheses are considered:

Hy : “no change in mean p of x(t) occurs”

Hi: “an abrupt change in mean p occurs”

By using the assumption of independent data, the likelihood ratio test quantity
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on the form (4.38) becomes

T(x) = suppeo L(0]x)  supp,, ) Llten, pllz)

o Supyee, L(0|7) o L([N, 0]|x)
w0010 1120 SO LY, SO _ T, Fel)

1Y, f(2(i)|0) o TI, F((0)]0)

ch

Now by using the assumption of Gaussian data, and switching to the log-
likelihood ratio, we get the following test quantity:

N .
T'(@) = sup I Mozt /Ol _

el TLiey,, f(2(0)]0)

N N
= sup Z In f(x(i)|p) — Z In f(z(i)|0) =

[tensn] =t i=ten
N 1 N
=sup —5— Y (p—2z(i))p="supsup—-— » (u—2z(i))p=
[ten,u] 202 i=ton ten 20° i;ch
) N
p— 2 )
=53 stlfs%p —(N —ten + 1)p” + 20 Z z(7)

1=tlch

*

The equality marked with =* can be shown to hold in special cases, including
this one, but is not generally valid. ™

Note the relation between this example and Example 4.2, where a similar prob-
lem was solved by using the prediction error principle.

4.6 Evaluation of Hypothesis Tests Using Statis-
tics and Decision Theory

The basic concepts presented in this section are probably well known to statis-
ticians and decision theorists. However, because of their usefulness for fault
diagnosis problems, especially in the view of this thesis, they deserve some at-
tention. The performance measures used for evaluation here are risk functions
and power functions. There exists also other performance measures, e.g. the
ARL function (Basseville and Nikiforov, 1993).

When the null hypothesis H,S is true, we want to not reject Hy. The mistake
to reject H,g when H} is true is called a TYPE I error. Similarly, to not reject
H} when the alternative hypothesis H} is true is called a TYPE II error. In
fault diagnosis, there is a connection between these errors and the probability
of false alarm, missed detection, and missed isolation. We will not go into these
details here but this connection will be discussed in Chapter 6. At this point, it
is at least clear that to achieve low probabilities of false alarm, missed detection,
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and missed isolation, we need to keep the probabilities of the TYPE I and II
errors low.

Thus the probabilities of the TYPE I and IT is a kind of performance measure
for a single hypothesis test. However a more precise measure is the power
function or more generally a risk function from decision theory (Berger, 1985).
The risk function is obtained by first defining a loss function. A loss function
L(0,S;) should reflect the “loss” for a given specific fault state and a specific
decision Sy, of the hypothesis test d;. The loss function for the hypothesis test
0 can be defined as

0 if 6 € ©) and Sy, = S
0 if 0 ¢ ©f and Sj, = S}
cr(f) if 0 €0 and Sy = S}
011(9) if 6 ¢ @g and Sk = Sg

Li(8, Sk) = (4.40)

where the functions ¢;(6) and c¢r;(0) are chosen by the user to for example indi-
cate that some faults are more important to detect that other. In Section 6.1.1,
we will use the functions ¢;(0) and ¢y (6) to distinguish between significant and
insignificant faults.

From decision theory, the definition of risk function is as follows:

Definition 4.2 (Risk Function) The risk function R(6,0) of a decision rule
§(x) is

where Fy denotes expectation for a fixed 6.

With the loss function (4.40), the risk function R(8, dx) becomes

0-P(Sk = SY0) +cr(0)P(Sk, = SE|9)  if 0 € ©Y

R(0,5,) =
(6,0%) {cn(e)P(sk:S,3|9)+o-P(Sk:S;w) if 0 ¢ ©9

Recall from the previous chapter, the definition of power function:
Bi(0) = P(reject Hy | 0) = P(Tx(z) > Ji | 0)
By using the power function, the risk function can be written as

C](@)ﬂk(o) ifg e

011(9)(1 — ﬁk((g)) if ¢ @O (4-41)

R(0, ) = {

Thus to get a usable performance measure of d;, we need to define the functions
cr(6) and c;(#) and also know the power function G (#). Commonly a so called
0-1 loss is considered. This means that c;(6) = c¢1(0) = c.
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beta

Figure 4.2: Two power functions.

4.6.1 Obtaining the Power Function

Either we want to use the risk function (4.41) as a performance measure or
alternatively, the power function alone, we need the power function. As was
said in Section 3.2, the power function is also used to calculate the significance
level a.

The power function can in rare cases be derived analytically. Commonly
we need to assume independent data which is also Gaussian distributed. An
analytical derivation of a power function is demonstrated in the following ex-
ample.

Example 4.11

Consider again Example 4.9. To use (4.31) in a hypothesis test is equivalent to
using (4.30). Since the distribution of (4.30) b is known, it is easy do derive the
power function for a test based on the test quantity (4.31). In Figure 4.2 this
power function is plotted as a solid line. n

In cases where it is not possible to derive the power function analytically,
but the distribution of the measured data is known, we can use (Monte Carlo)
simulations. Another method is to estimate the power function §() by using
measurements on the real process. The method is similar to simulations but we
do not need to know or assume any distribution of the measured data. This
method can be described as follows:

1. To calculate 3(0) for a specific 6, we manipulate the process such that the
fault state 6 is obtained.
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2. Collect a number of measurement series z;, ¢ = 1,...N. Each z; is an
instance of z, i.e. a matrix of inputs u and outputs y from different times
in accordance with Section 4.1.1.

3. For each data series x;, calculate the value t; of the test quantity, i.e.
ti == T(Iz)

4. Collect all the N values t; in a histogram. This histogram is now an
estimation of the probability density function f(¢|6).

5. By using a fixed threshold Ji, 3(f) can now be estimated.

This procedure can be repeated for a number of different #:s, and thereby the
power function ((6) can be obtained as a sampled function of 6.

4.6.2 Comparing Test Quantities

The risk function alone can be used to compare different hypothesis tests. How-
ever it is needed that thresholds are defined. Thus to compare test quantities
we must first specify thresholds. When a 0-1 loss is chosen, the performance of
a hypothesis test can equally well be described by its power function. However
if a more general loss is used, we may have to consider the risk function.

Consider first the case of a 0-1 loss and that we want to compare two test
quantities T1(z) and To(xz). A hypothesis test for each test quantity is con-
structed and the thresholds are chosen such the significance levels equal each
other. Both the power functions (1(f) (dashed) and (2(6) (solid) can then be
calculated and studied. In Figure 4.2, an example of two power functions are
plotted. The set O is assumed to be ©% = {1}. From this plot we can conclude
that the test based on (2(f) is better than the test based on (;(#). This is
because G2(0) > (31(0) for all 0 except § = 1.

Now assume that ¢;(0) and c¢;7(0) are not constants. Then for a case where
B2(0) > B1(0) for all 0, the decision theoretic view of studying the risk R(0, d)
is equivalent to only studying the power function. The reason is that for each
value 6, the functions ¢;(6) and c¢;() only affects as a scaling factor. However,
if it is the case that 82(8) > (1(0) for only some 6, we could not tell which
test is the best. Then other principles have to be used and the functions ¢;(6)
and cry(f) may then play a more important role. This will to some extent be
discussed in Chapter 6.

4.7 Selecting Parameters of a Hypothesis Test

Except for constructing the test quantity, we need to select the threshold. For
a complete hypothesis test d; we need also to define the decisions Sg and 5.
These “parameter” choices are discussed in this section.
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4.7.1 Selecting Thresholds

The selection of thresholds in each test, largely affects the performance of the
hypothesis tests and the diagnosis system. To analyze this, we will study how
the risk function is affected when varying the thresholds. The threshold Jj, will
be regarded as a design parameter of the hypothesis test and to denote the
hypothesis test, we will therefore use the notation dx(J;). The risk function
then becomes R(#,x(Jk)), i.e a function of two variables, § and J. If a 0-1
loss is used, the risk function will for a specific § and a threshold Jj indicate

the probability that test §, does not responds according to a desired response’.
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Figure 4.3: A risk function R(0,0;(Jx)) as a function of two variables, ¢ and
Jk.

Now assume that we use a 0-1 loss and consider a risk function R(8, §x(Jx))
for the test quantity (4.31) from Example 4.9. In Figure 4.3, this risk function
is plotted as a function of § and J. This plot should be compared with the
solid plot in Figure 4.2, which is the corresponding power function for one fixed
threshold. The “peak” and the “valley” visible in Figure 4.3, corresponds to
0 = 6y = 1 and thus the fault free case.

In Figure 4.4, the same risk function is plotted as a function of J for seven
different values of . The dashed line corresponds to the case § = 1 and because
a 0-1 loss is used, this is the probability of a TYPE I error, i.e. significance
level, as a function of the threshold. This means that this kind of plot is useful
to determine the significance level of a test. At the same time, we see how the
probability of a TYPE II error for different 6:s varies as the threshold changes.
The dash-dotted lines represents small faults, i.e. @ close to 1. It is obvious that

LAn exact definition of desired response will be given in Section 6.1.4.
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Figure 4.4: The same risk function R(6, 0 (J)) as in Figure 4.3.

for these small faults, the probability of a TYPE II error will be quite large for
any reasonable low significance level. As said in the previous section, it is easy
to make such a plot based on real measurement data. For an example of this,
see Figure 6.10 in Section 6.4.5.
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Figure 4.5: The risk R(6,01(J1)) as a function of the threshold level J;.

So far, we have studied how the risk function varies along one axis of the fault
state space ©. This usually corresponds to that only one fault mode, in addition
to NF, is considered. However, since it is mostly interesting to investigate the
performance for more than one fault mode, the risk function must be studied
along several axes. In Figure 4.5, the risk function, for a test d1, is plotted as
a function of the threshold for four different 6:s, which we denote 04, 05, 0¢,
and 6p. These four :s are assumed to belong to the fault modes Fa, F, Fgo,
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and Fp respectively. This could for example correspond to a row, in a decision
structure, like

| FA F Fo Fp
b0 0 X 1

For each threshold level, the plots show the probability of an undesirable
response. For example if the threshold Jipresn = 2, the probability of an un-
desirable response is at the maximum about 0.2. The tradeoff between false
alarms and missed detections are clearly visible in this plot. If F4 is the fault
mode N F, it is obvious that the threshold must be chosen above 3 to get a low
probability of “false firing” and also a false alarm of the whole system. On the
other hand, this will result in that test §; will with high probability miss that
0=0c.

Choice of Threshold

In this section we have mainly discussed how the choice of threshold affects
the performance the hypothesis test, and also how to represent this information
by plotting the risk function. However, we have not discussed which threshold
value to choose. This problem is difficult since the choice of threshold in each
test, is dependent on the choice of thresholds in the other tests. In addition,
the relation between the performance of a single hypothesis test and the whole
diagnosis system is quite complex, as we will see in Chapter 6.

If non-constant functions ¢;(#) and ¢;;(6) are defined, then an ad-hoc choice
can be to use the minimax principle (see Section 6.2.2). This corresponds to
selecting the threshold as

Ji = arg mjin max R(0,0,(J))

For example, consider again Figure 4.4. If ¢;(0) = 1, and ¢;;(0) is chosen as
crr(0) = 0 for the small faults (dash-dotted lines), and ¢;;(0) = 1 for the large
faults (solid lines), then the threshold, chosen with the minimax principle, would
be J = 1.6.

Another threshold choice (still a bit ad-hoc) is to choose the threshold such
that a specific significance level is obtained. For example, if the significance
level 0.025 is desirable in Figure 4.4, then the threshold should be chosen as
J = 0.2. If the thresholds are chosen such that all hypothesis tests get the
same fixed significance level, then the analysis of the diagnosis system becomes
particularly simple, as we will see in Chapter 6.

4.7.2 Specifying Hypothesis Tests

From the discussion around Figure 4.5, it should be clear that there is a close
relation between the the risk or power function and the decision structure or
equivalently the choice of Sg and S;. We will here describe how the power
function can be used to specify a hypothesis test d, i.e. to choose the sets My,
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S9 and S}. The basic principle is that if the power function S (6) is low for all
f belonging to a fault mode v, then we should choose M} such that v € Mj.
As said before, this also gives the set S ,i since S ,i =M kc . This means that S ,i
can be described as

St =Q—{y| V0 €0,.B(0) small} (4.42)

Further, if the power function () () is large for all 6 belonging to a fault mode
v, then we should choose Sg such that v ¢ Sg. This means that Sg can be
described as

Sp=Q—{v|V0 €O, B0 large} (4.43)

Remember that this also completely specifies the contents of the decision struc-
ture, i.e. where to put O:s, 1:s, and X:s. How small “small” is and how large
“large” is, depends on the actual case, but these sizes are related to the proba-
bility of taking wrong decisions for the diagnosis system. Also the significance
level ay is related to this probability and the sizes “small” and “large” should
therefore be chosen to be around o and 1 — ay, respectively.

B1(0) A

1f———— e

o) [e] > 0
Onr 04 OB Oc 0p

Figure 4.6: The power function.

Example 4.12

Assume we want to consider five fault modes:

NF 0=0NF
A 0=10a
B 0=0gp
C 0 =0c
D 0=0p

Further assume that we have designed a test quantity T (x) which together with
a specific threshold J; gives the (discrete) power function shown in Figure 4.6.
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Then using the expressions (4.42) and (4.43), the sets SY and Si becomes
St ={NF A, B,C,D}—{NF,C} ={A, B,D}
SY={NF,A,B,C,D} —{A} = {NF,B,C, D}

S ——
Sy
>

Y '

NF SF LF

Figure 4.7: The power function.

Consider a specific fault mode 7. As has been said before, it is often difficult
or impossible to construct a power function that is large for all # belonging
to ©,. Still it may be the case that 3(6) is large for a subset © of ©,, i.e.
O C ©,. The set O, typically corresponds to “large” fault sizes. If Hy is not
rejected in a case like this, we would be tempted to draw the conclusion that
0 ¢ ©r, i.e. the fault is not large. If this kind of reasoning is desired, the fault
mode v can be splitted into two: y-small and y-large. This is further illustrated
by the following example:

Example 4.13

Assume we want to consider three fault modes:

NF 0=0 no fault
SF 0<f<e small fault
LF c>0 large fault

Further assume that we have designed a test quantity T (z) which together with
a specific threshold J; gives the power function shown in Figure 4.7. Then the
decision structure becomes

| N SF LF
61(x) | 0 X 1

Thus if HY is not rejected, the diagnosis statement becomes S = {NF, SF}, i.e.
a large fault has not occured. Also if HY is rejected, S = {SF,LF}, i.e. some
fault (small or large) has definitely occured. m
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4.8 A Comparison Between the Prediction Er-
ror Principle and the Estimate Principle

When constructing test quantities, it is often difficult to know which one of the
prediction, likelihood, or estimate principle that is the best choice. The definite
answer can of course be found by studying the risk functions for each specific
case, but it is nevertheless interesting to also have a more general discussion. We
will here discuss how a test quantity based on the estimate principle performs
compared to a test quantity based on the prediction error principle. This will
be done by studying an example.
Consider a system which can be modeled as

y(t) = blu|Psgnu + a + v (4.44)

where v(t) ~ N(0,0,) and sgnu is the sign of u, i.e. -1, 0, or 1. The nominal
(i.e. corresponding to the no fault case) values for the three parameters are
bo =1, ap = 0, and g = 1. The four fault modes considered are

NF b=1,a=0,p=1
By b#1,a=0,p=1
F, b=1,a=0,0#1
F, b=1,a#0,p=1

We will start by comparing the two test quantities

N
Ti(z) =Y (y—u)? (4.45)
To(x) = Np(b—bo)? b= UTU)'UTY (4.46)

where b is the least square estimate of b. The comparison study will be made
by using the power function, as was described in Section 4.6.2. In Example 4.9,
we saw that v/Np(b— bg) is N(0,0,) under Hy. This implies that T5(z)/o? is
x2(1)-distributed. Similarly it can be shown that T (x)/0? is x2(N)-distributed
under Hy. The knowledge of these distributions can be used to find thresholds
J1 and Jy such that a specific significant level is obtained.

To evaluate the test quantities (4.45) and (4.46), two tests are constructed,
91 based on T; (z) and 62 based on T»(x). The standard deviation o, is assumed
to be 0.2 and then the thresholds are chosen such that the significance level for
both tests becomes a = 0.0034.

4.8.1 Studying Power Functions

We will now compare the the test quantities in three different cases: when
fault mode Fy, is present, when fault mode Fi, is present, and when fault mode
Fy, is present and the test quantities are modified such that fault mode F, is
decoupled.



Section 4.8. A Comparison Between the Prediction Error Principle and ... 95

Fault Mode F, Present

This case corresponds to that the power functions for the case a = ag, and
@ = g are studied, i.e. along the b-axis of the fault state space. This means
that the system model becomes linear and can be written as

y(t) =bu+wv (4.47)
Further, the power functions becomes functions of b, i.e. £51(b) and Ba(b).
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Figure 4.8: The power functions (;1(6) (solid) and £2(6) (dashed) for two tests
based on Tj(z) and Ta(x). The result for 9 different input signals u is shown.

The power function for ds can be obtained analytically in accordance with
Example 4.11. However the power function for §; can not be so easily obtained.
Instead, simulations have to be used. The power functions $1(b) and (2(b) for
9 different input signals u, estimated by means of simulations, are plotted in
Figure 4.8.

In the figure, it is seen that for all 9 different wu:s, the two power functions
are equal for large deviations from 6y but for many other values, 32(0) (dashed)
is greater than (;(6) (solid), i.e. Ta(x) is better than T} (z). In other words, the
estimate principle, with the estimated parameter the same as the one modeling
the fault, here outperforms the prediction error principle.

Fault Mode F, Present

Now consider the fault mode F,, which means that ¢ is a free variable while
bp =1 and ag = 0. The model (4.44) now becomes

y(t) = ul®sgnu + v
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Figure 4.9: The power functions 1 (y) (solid) and Sa2(¢) (dashed) for two tests
based on Ti(z) and T3(x). The result for 9 different input signals u is shown.

The two power functions G (@) for Ty (x) and Tz(x) respectively, are plotted
in Figure 4.9. As before 9 different input signals u have been considered. In
contrast to Figure 4.8, there are large differences between the different plots.
This holds for both power functions 31 (¢) and (2(¢). However, it is clear that
T>(x) is very sensitive to different w:s while 77 (z) is more robust. Also, in all
plots it no longer holds that B2(¢) > 51 (p) for all ¢. In most of the plots, 51 ()
is actually larger than ((¢). It is obvious that the overall performance of T; (x)
is much better than T5(x). Thus, in this case where the estimate principle uses
an estimate of a parameter not modeling the fault, the prediction error principle
outperforms the estimate principle.

The incidence structure for the two test quantities and for the fault modes
NF, Fy, and F_, is

| NF F, F,
Ti(z) | 0 1 1
To(z) | 0 11

From the discussion above it is clear that the 1 marked 1* is much “weaker”
than the other 1:s. However in a diagnosis system containing several hypothesis
tests, it is enough if the power function of a specific test is high in only one or a
few directions. For example, when using the two tests based on T (z) and T (x)
described here, it is enough if only T5(x) has high power for the fault mode
corresponding to ¢. The reason is that either H{ or Hi or both are accepted,
the diagnosis statement will become the same, namely S = {F3, Fi,}.
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Decoupling of F, and Fault Mode F; Present

Next we will investigate how the test quantities T7(z) and Ts(x) are affected
by decoupling of the fault mode F,. To do this, we construct two new test
quantities T14(x) and Th,(x) in accordance with (4.3) and (4.26) respectively:

N N
Tia(w) =min > (y(t) = §(t]a))” = min Y (y(1) —u(t) —a)®  (4.48)
N
Tou(z) = Np(b—1)2 b= aggraianz (y(t) — bu(t) — a)2 (4.49)

The least square estimate of a that minimizes (4.48) is

1 o 1
p=g—u=y ylt) =5 > ult)
t=1 t=1
The least square estimate of a and b that minimizes (4.49) is

- Y (ult) — @)(y(t) — p)

b= 4.50
SN (y(t) — )2 (450)

a=7—bau (4.51)
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Figure 4.10: The power functions (1,(b) (solid), B24(b) (dashed), B:1(b) (dash-
dotted), and F2(b) (dotted) for tests based on T14(x), Toq(x), T1(z), and To(x)
respectively. The result for 4 different input signals u is shown.

Tests using T1,(z) and To,(x) are constructed with the significance level
a = 0.0034 (the same as before). The parameter a is chosen as a = 1. The
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resulting power functions S (b) corresponding T, (), and Th,(z) are then esti-
mated via simulations. Included in the study are also T (z) and Tx(x), i.e. (4.45)
and (4.46), but here with data compensated for the non-zero a, i.e. ¥y =y — 1.
The power functions for Th,(x), Teq(x), Ti(x), and Ta(x) are plotted in Fig-
ure 4.10. Here 4 different input signals u have considered. We can see that the
estimate principle also for this case, i.e. including decoupling, outperforms the
prediction error principle. It should be remembered though, that the estimate
principle implies that one extra parameter must be estimated, and this can in
general be a substantial problem.

Also seen in the plots is that the dotted line is above the dashed, meaning
that the test quantity Th(x) performs better than Th,(x). However, this is
the expected result since one less parameter has to be estimated using Ts(x)
compared to To,(x). Theoretically this can be explained by comparing the
distribution of the estimate (4.50), i.e.

Oy

S (ult) — w)?

b~ N(b, )

with the distribution (4.28). It holds that

N
> (u(t) —u) <

t=1 t

N
(u(t))?

=1

and therefore the variance of b obtained via (4.50) and corresponding to Thq (),

is greater than the variance of b corresponding to To(x). This explains the

difference between the power functions (1,(b) and B24(b).

4.8.2 A Theoretical Study

To find a theoretical motivation to why the estimate principle is better than
the prediction error principle, we will here study a somewhat simplified case.
Consider the model (4.47) but assume that b > 0 and the no fault case corre-
sponds to b = by = 0. We will consider two test quantities: T3 (x) from (4.45)
and T4 () which we define as

Ty (x) = V/Npb=+/Np (UTU)"'UTY
Power functions for corresponding tests are plotted in Figure 4.11. The result
is the same as in Figure 4.8, i.e. the test quantity based on the estimate prin-
ciple, i.e. T4 (z), is better than the test quantity T (z) based on the prediction
principle.
Now consider the following theorem (Casella and Berger, 1990):

Theorem 4.1 If f(x|0) is the joint probability density function of X, and q(t|6)
is the probability density function of T(X), then T'(X) is a sufficient statistic
for 8 if, and only if, for every x in the sample space, the ratio f(x|0)/q(T(x)|0)
is constant as a function of 0 (i.e. independent of 6).
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Figure 4.11: The power functions 31 (b) (solid) and f2(b) (dashed) for two tests
based on T;(z) and T4 (x). The result for 9 different input signals u is shown.

With this theorem it can be shown that 73 (z), is a sufficient statistic for b.
Next consider the following theorem (Casella and Berger, 1990):

Theorem 4.2 Consider testing Hy : 0 € ©g versus Hy : 0 € @OC. Suppose a test
based on a sufficient statistic T with rejection region S, satisfies the following

three conditions:
a. The test is a level « test.
b. There exists a 0y € ©¢ such that P(T € S | 6p) = a.

c. Let g(t|@) denote the probability density function of T. For the same 0
as in (b), and for each §' € O, there evists a k' > 0 such that

te S ifg(tlo') > Kg(tlfo) and te S if g(t|o) < kK g(t6o)

Then this test is a UMP? level o test of Hy versus Hj.

The conditions (a) and (b) are trivially fulfilled and to show condition (c), we
must show that

g(J]b)
9(J10)

2A test with power function 8(#) is a UMP (uniformly most powerful) level « test if there
exist no other test with the same significance level o and with a power function 8’(0) such

that 3/(0) > 3'(0) for any 6.

V> J . gtlb) > g(t[0) (4.52)




100 Chapter 4. Design and Evaluation of Hypothesis Tests for Fault Diagnosis

where J is the threshold of the test, and g(¢|b) is the probability density function
of TY(z) ~ N(v/Np b,0,). It is easy to realize that (4.52) holds and therefore
we have the result that a hypothesis test based on T4 (z) is a UMP test. This
means that there can not exist any test quantity better than T3 (x) for this
hypothesis test.

4.8.3 Concluding Remarks

Even though the discussion has mainly focused on specific examples, we are able
to summarize the following conclusions:

e Test quantities based on estimates can have very good performance for
the fault mode corresponding to the estimated parameter.

e For other fault modes, the performance might be quite bad and also highly
dependent on the input signal.

e Decoupling degrades the performance of both the prediction error principle
and the estimate principle but the relation that the estimate principle is
better than the prediction error principle still holds.

4.9 Conclusions

In Chapters 2 to 4, a new general framework for fault diagnosis has been pro-
posed. We have seen that we do not need separate frameworks for statistical vs
deterministical approaches to fault diagnosis. Both views are contained in the
general framework presented here.

The framework is also general with respect to what types of faults that can
be handled. Many papers in the field of fault diagnosis discuss decoupling of
faults modeled as additive arbitrary signals. It is realized that the principle of
decoupling has in this chapter been generalized to include decoupling of faults
modeled in arbitrary ways, e.g. as deviations of constant parameters or abrupt
changes of parameters.

For the design of test quantities, we have identified three different principles:
the prediction, the likelihood, and the estimate principle. For all three principles
we have discussed how robustness can be achieved by means of normalization.
The known techniques adaptive threshold and likelihood ratio tests are in fact
shown to be special cases of normalization. The importance of normalization,
when using the estimate principle, has been emphasized.

Statistics and decision theory is used to define measures to evaluate hypoth-
esis tests and test quantities. We have also discussed how these measures can be
used to select the threshold and the sets S° and S! of a hypothesis test. Finally
we applied the evaluation measures to compare the prediction and the estimate
principle in some cases. The conclusion was that the estimate principle is, in at
least one common case, superior to the prediction principle.



Chapter 5

Applications to an
Automotive Engine

In the field of automotive engines, environmentally based legislative regula-
tions such as OBDII (On-Board Diagnostics II) (California’s OBD-II Regula-
tion, 1993) and EOBD (European On-Board Diagnostics) specifies hard re-
quirements on the performance of the diagnosis system. This makes the area
a challenging application for model-based fault-diagnosis. Other reasons for
incorporating diagnosis in vehicles are repairability, availability and vehicle pro-
tection. The importance of diagnosis in the automotive engine application is
highlighted by the fact that up to 50% of the code in present engine-management
systems are dedicated to diagnosis.

Model-based diagnosis for automotive engines, has been studied in several
works, e.g. (Gertler, Costin, Fang, Hira, Kowalalczuk, Kunwer and Mona-~
jemy, 1995; Krishnaswami, Luh and Rizzoni, 1994; Nyberg and Nielsen, 1997b).
Although the techniques in these papers are not fully developed, it is obvious
that there is much to gain by using a model based approach to diagnosis of
automotive engines.

In this chapter, the framework, theory, and methods from the previous chap-
ters are demonstrated on a real application: the air-intake system of a turbo-
charged automotive engine. Design of diagnosis systems is discussed, as well as
theoretical issues and results of practical experiments. First, the modeling work
is presented in Sections 5.1 to 5.3. Then diagnosis of leakage is discussed in Sec-
tions 5.4 and 5.5. Finally, diagnosis of leakage and sensor faults is investigated
in Sections 5.6 to 5.8.

Diagnosis of leakage is an important problem. This is because a leakage can
cause increased emissions and drivability problems. If the engine is equipped
with an air-mass flow sensor, a leakage will result in that this sensor does not
correctly measure the amount of air entering the combustion. This in turn will
result in a deviation in the air-fuel ratio. A deviation in the air-fuel ratio is
serious because it causes the emissions to increase since the catalyst becomes
less efficient. Also misfires can occur because of a too lean or rich mixture.

101



102 Chapter 5. Applications to an Automotive Engine

In addition, drivability will suffer and especially in turbo-charged engines, a
leakage will result in loss of horsepowers.

The above requirements imply that it is important to detect leaks with an
area as small as some square millimeters. For the engine management system,
it is also important to get an estimate of the size of the leakage. This is to
know what appropriate action that should be taken, e.g. give a warning to the
driver. Additionally if the size of the leak is known, it is possible to reconfigure
the control algorithm so that at least the increase in emissions, caused by the
leak, will be small. We will see that the diagnosis principles developed in this
chapter fulfills these requirements.

As said above, we will also discuss the diagnosis of sensors connected to the
air-intake system. For the same reasons as in the leakage case, this is also an
important diagnosis problem. Faults in the sensors degrade the performance of
the engine control system, which in turn is likely to cause increased emissions
and drivability problems. One of the interests is to investigate how to diagnose
both leakage and different types of sensor faults at the same time. For instance,
a leakage can easily be mis-interpreted as a air-mass flow sensor fault if not extra
care is taken. The presented solution to this problem is a good illustration of
the usefulness of the general principle of structured hypothesis tests and related
theory.

Note that the purpose of this chapter is not to present complete and good
designs of diagnosis systems, but rather to exemplify the techniques presented
in the previous chapters in a real application.

1 1 1 1 1 1
200 400 600 800 1000 1200
time [s]

80 b

pman [kPa]

40 =

20 1 1 1 1 1 1
0 200 400 600 800 1000 1200
time [s]

Figure 5.1: Engine speed and manifold pressure during the FTP-75 test-cycle
for a car with automatic transmission.
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5.1 Experimental Setup

All experiments in this chapter were performed on a 4 cylinder, 2.3 liter, turbo-
charged, spark-ignited SAAB production engine. It is constructed for the SAAB
9-5 model. The engine is mounted in a test bench together with a Schenck
“DYNAS NT 85” AC dynamometer. Both during the model building and the
validation, the engine was run according to Phase I4+1I of the FTP-75 test-cycle.
The data for the test cycle had first been collected on a car with automatic
transmission. This resulted in the engine speed and manifold pressure shown in
Figure 5.1. In addition, static tests were performed in 172 different operating
points defined by engine speed and manifold pressure.

m

Intercooler y
boost leak

I
F

Turbo

manifold leak

Pboost

Figure 5.2: The turbo-charged engine. Air-mass flows that are discussed in the
text are marked with gray arrows.

A schematic picture of the air-intake system is shown in Figure 5.2. Ambient
air enters the system and an air-mass flow sensor measures the air-mass flow
rate m. Next, the air passes the compressor side of the turbo-charger and then
the intercooler. This results in a boost pressure p, and a temperature T' that are
both higher than the ambient pressure and temperature respectively. Next, the
air passes the throttle and the flow myy, is dependant on py,, T, the throttle angle
«, and the manifold pressure p,,. Finally the air leaves the manifold and enters
the cylinder. This flow m.,; is dependant on p,, and the engine speed n. Also
shown in the figure are the two possible leaks: the boost leak somewhere between
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the air-mass flow sensor and the throttle, and the manifold leak somewhere in
the manifold.

Leaks were applied by using exchangeable bolts. One bolt were mounted in
the wall of the manifold and the other in the wall of the air tube 20 cm in front
of the throttle. The exchangeable bolts had drilled holes of different diameters
ranging from 1 mm to 8 mm.

Data were collected by a DAQ-card mounted in a standard PC. All data
were filtered with a LP-filter with a cutoff frequency of 2 Hz.

5.2 Model Construction - Fault Free Case

For the purpose of fault diagnosis, a simple and accurate model is desirable. In
this work, the air-intake system is modeled by a mean value model (Hendricks,
1990). This means that no within-cycle variations are covered by the model. The
automotive engine is a non-linear plant and it has been indicated in a pre-study
that diagnosis based on a linear model is not sufficient for the engine application.
This has also been concluded by other authors (Gertler, Costin, Fang, Hira,
Kowalczuk and Luo, 1991; Krishnaswami et al., 1994). This motivates the
choice of a non-linear model in this work.

A model is first developed for the case when no leakage is present. Because
there is no need for extremely fast detection of leakage, it is for the model
sufficient to consider only static relations. The model for the fault-free air-
intake system is described by the following equations

m = my, (5.1a)

Mp = Meyl 5.1b

These equations say that the measured intake air-flow is equal to the air-flow
past the throttle which in turn is equal to the air-flow into the cylinders. The
models for the air-flows my, and mey; are presented next.

5.2.1 Model of Air Flow Past the Throttle

The air-mass flow past the throttle my is described well by the formula for flow
through a restriction (Heywood, 1992) (Taylor, 1994):

CaAinProost U Pman

m (pboost )

mip = (52)
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where Ay, is the throttle plate open area, Cy the discharge coefficient, and

\Ij( Pman ) iS
Pboost
2 41
2K Pman o man n
k—1 Pboost Pooost
Pman : Pman > 2 w1
‘II( ) = lf Pboost - K+1
Pboost
Rt 1L
2.\ therwi
K | otherwise

Cy4A
Ky, = j/ﬁth (5.3)
and
Pboost Pman
T, oosaman:—\p—
ﬂ( Poost, P ) \/T Pboost
the flow model (5.2) can be rewritten as
mip = Kthﬂ(Ta pboost;pman) (54)

From m-, T-, ppoost-, and pmqen-data collected during the FTP-75 test-cycle, the
K, coefficient can for each sample be computed as

m

Kip =
B(Ta Pboost pman)

if dynamics is neglected and therefore m;, = m. This calculated Ky coefficient
is plotted against throttle angle in Figure 5.3. It is obvious that the throttle
angle by its own describes the Ky, coefficient well. From Equation 5.3, we see
that the K, coefficient is dependant on the throttle plate open area A;,. A
physical model of this area is

A = A1(1 — cos(apa + a1)) + Ao (5.5)

where A; is the area that is covered by the throttle plate when the throttle is
closed and Ay is the leak area present even though the throttle is closed. The
parameters ag and a; are a compensation for that the actual measured throttle
angle may be scaled and biased because of production tolerances.



106 Chapter 5. Applications to an Automotive Engine

If values of C4A9/vVR, C4A1/VR, ag, and a; are identified from the data
shown in Figure 5.3, this results in a model of the K;; coefficient as function of
the throttle angle a. In Figure 5.3, this model is plotted as a dashed line and
we can see that the match to measured data is almost perfect except for some
outliers for low throttle angles. It should be noted the these outliers are very few
compared to the total amount of data. The reason for the outliers are probably
unmodeled dynamic effects. The good fit obtained means that it is possible
to assume that the discharge coefficient Cy is constant and independent of the
throttle angle. In conclusion, the Ky, coeflicient together with equation (5.4)
defines the model of the air-mass flow past the throttle.

1.2

0.8

0.6

Kth coefficient

0.4r

0.5 0.6 0.7 0.8 0.9 1 11 12 1.3
throttle angle [v]

Figure 5.3: The Ky, coefficient for different throttle angles. It is obvious that
the throttle angle by its own describes the K;j, coefficient well.

5.2.2 Model of Air Flow into Cylinders

There are no accurate and simple physical models describing the flow from the
manifold into the cylinders. Therefore a black box approach is chosen. From the
mapping data, the air-mass flow is, in Figure 5.4, plotted against engine speed
and manifold pressure. The preliminary model of the air flow into the cylinder
Mgy consists of a linear interpolation of the data in Figure 5.4. It is assumed
that the manifold temperature variation do not affect the flow. In the indoor
experimental setup used, with the engine operating at approximately constant
temperature, there was no way to validate this assumption.
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Figure 5.4: The air flow out from the manifold into the cylinders as a function
of engine speed and manifold pressure.

When the engine operating point, defined by engine speed and manifold
pressure, leaves the range where mapping data is available, it is not possible
to do interpolation. Because the mapping range is chosen to match normal
operating, this happens rarely, but when it happens, the model will produce no
output data.

For the construction of the final model, also data from the test cycle were
used. To incorporate these data in the model, a parametric model including
four fitting parameters is introduced:

eyt = bo interpolate(n, Pman) + b11 + D2Dman + b3 (5.6)

The parameters b; were found by using the least-square method. The benefit
with this approach, i.e. to use of interpolation in combination with a parametric
model, is that it is possible to include both test-cycle data and mapping data
when building the model. In addition, the parametric model provides for a
straightforward way to adapt the model for process variations and individual-
to-individual variations. Also the throttle model, described in the previous
section, with its four parameters, has this feature.

5.2.3 Model Validation

The models (5.4) of my, and (5.6) of m,,; are validated during the FTP-75
test-cycle. Data were chosen from another test run, so the modeling data and
the validation data were not the same. The upper plot of Figure 5.5 shows the



108 Chapter 5. Applications to an Automotive Engine

measured air flow m and the estimated air flow, for the two models respectively.
Only one curve is seen, which means that the estimated air flow closely follows
the measured. In the middle and lower plot, the difference between measured
and estimated air flow are shown for both models respectively. It is again seen
that both models manage to estimate the measured air flow well.
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Figure 5.5: The upper plot shows measured and estimated air-mass flow. The
other plots show the model error for my;, and me, respectively.

5.3 Modeling Leaks

When a leak occurs, air will flow out of or into the air-intake system depending
on the air pressure compared to ambient pressure. By using the measured air
flow m, and the values 77y, and riv¢,,; from the models (5.4) and (5.6) respectively,
the leakage air-flow can be estimated as

A77flboostLealc =m — Mih
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for boost leakage and
ATnmanLeak = mth - mcyl

for manifold leakage.

Figure 5.6 shows Ampoost and Amy,qy, for a case where a 6.5 mm boost leak
is present. In the lower plot it can be seen that Am,q, is almost zero, meaning
that no leak air is added or lost in the manifold. However in the upper plot it is
seen that measured air flow deviates from the estimate 1, which means that
air is lost somewhere between the air-mass flow sensor and the throttle. In the
lower plot, data are missing around time 200 s. The reason for this is that the
interpolation involved in calculating 7., fails because the operating point of
the engine leaves the range of the map shown in Figure 5.4.
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Figure 5.6: The upper plot shows Ampeest and the lower plot Amy,e, when a
6.5 mm boost leak is present.

Thus by looking at the level and also the variance of Ampoest and Aman,
it is possible to roughly detect when a leak is present. However to accurately
estimate the size of the leak becomes difficult. To obtain high performance in
terms of detecting leaks accurately a more sophisticated approach is needed; we
need to model the air flow through the leaks.
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5.3.1 Model of Boost Leaks

In the engine used in this work, the boost pressure is during normal operation
always higher than ambient pressure. This means that the air flow through a
boost leak will always be in the direction out from the air tube. This air flow
is modeled as an air flow through a restriction, like the model for flow past the
throttle, i.e. (5.2). The flow is dependent on the ambient pressure pg,, which is
known because the engine is also equipped with a pressure sensor for measuring
ambient pressure. The equation describing this air flow is

MpoostLeak = koho(Pp) = kb&‘l’(pamb) (5.7)

VT

The parameter k;, is proportional to the leakage area and therefore denoted
equivalent area.

The model for the whole air-intake system with a boost leak present is ob-
tained by replacing Equation (5.1a) with

M = Mih + Mboost Leak

5.3.2 Model of Manifold Leaks

During most part of the operation of the engine, the manifold pressure is below
ambient pressure. Therefore a manifold leak will mostly result in an air flow in
the direction into the manifold. This flow is modeled in the same way as the
model of flow through boost leaks, i.e.

Pamb Pm
MmanLeak = kmhm m) — km v 5.8
Leak (Pm) T (pamb) (5.8)

The model for the whole air-intake system with manifold leak present is
obtained by replacing Equation (5.1b) with

Mty + MmanLeak = Meyl (59)

In the case the manifold pressure is higher than ambient pressure, which can
occur because of the turbo-charger, the leak air-flow will be in the opposite
direction. This means that the term Mmmanreqr in (5.9) will change sign and
Pamb and p,, in (5.8) are interchanged.

5.3.3 Validation of Leak Flow Models

For the validation of the leakage models, different leaks were applied to the
engine and the FTP-75 test-cycle was used. First we investigate if the leakage
model is able to correctly predict the leakage air-flow as a function of the pressure
difference. Then the dependence on the leakage area is investigated.
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Dependence on Pressure Difference

First “well behaved” leaks with known area, according to Section 5.1, were
applied. The leaks ranged from 1 to 8 mm in diameter.

In Figure 5.7, a boost leak with 5 mm diameter, i.e. 19.6 mm?, has been
applied, and data collected during a test cycle have been used to calculate
AmMmpoost and Amy,qn. In the upper plot, estimated air flow through the boost
leak Ampoost is plotted against ppoost- In the lower plot, estimated air flow
through the manifold leak Amy,q, is plotted against pgen. It is seen in the
upper plot that for boost pressures close to ambient pressure (100 kPa), the
estimated air flow through the leak is around zero. For higher boost pressures,
the leak air-flow increases. The estimated air flow through the manifold leak is
around zero for all manifold pressures.
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Figure 5.7: Estimated air flow through boost leak (upper plot) and manifold
leak (lower plot) when a 5 mm (diameter) boost leak is present.

Correspondingly for a manifold leak with 5 mm diameter, i.e. 19.6 mm?,
Figure 5.8 shows similar data. This time, it is the estimated flow through the
boost leak that is around zero and the estimated flow through the manifold leak
that differs from zero. For the data collected in the test cycle, the manifold
pressure is always less than ambient pressure. This results in a Amy,q, which
is always positive.

From Figures 5.7 and 5.8, it can be concluded that it is, from the estimations
AMpoost and Am,an, possible to conclude if there is a leak and if the leak is
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Figure 5.8: Estimated air flow through boost leak (upper plot) and manifold
leak (lower plot) when a 5 mm (diameter) manifold leak is present.

before or after the throttle. Also included in Figures 5.7 and 5.8 are the outputs
from the models (5.7) and (5.8) of the leak air-flow. These are represented by
the dashed lines. For each case, the coefficients k; and k,,, have been obtained by
using the least-square method to fit the curves to the data in the plots. Except
for some outliers, which are very few compared to the total amount of data, it
is seen that the estimated leak air-flows are described well by the models (5.7)
and (5.8).

To validate this principle in the case of more realistic leaks, an experiment
was performed in which the tube between the intercooler and the throttle was
loosened at the throttle side. This had the effect that air leaked out from the
system just before the throttle. In Figure 5.9 the estimated leak air-flows are
again plotted against boost and manifold pressure respectively. It can be seen
that also for this “realistic” leak, the model (5.7) is able to describe the leak
air-flow well.

Dependence on Leakage Area

The coefficients k;, and k,, are, according to the leak flow models, proportional
to the leakage area. This is validated in the following experiment. The k; and
k., coefficients were obtained by fitting the leak flow models to measurement
data for leaks with six different diameters: 1, 2, 3.5, 5, 6.5, and 8 mm. For the
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Figure 5.9: Estimated air flow through boost leak (upper plot) and manifold
leak (lower plot) when a realistic boost leak is present.

manifold leak it was only possible to use the first five diameters, because the
air-fuel mixture became too lean for the 8 mm hole.

The result of this study is shown in Figure 5.10 in which the estimated k;
and k,, coefficients are plotted against leakage area. The estimated k; coefficient
is plotted as solid lines and the estimated k,, coefficient is plotted as dashed
lines. Both boost leaks and manifold leaks were studied. The experiments
with boost leaks are marked with circles and the experiments with manifold
leaks are marked with x-marks. It is seen in the figure that the k; and k,,
coefficient are close to linearly dependant on the leakage area. Also seen is
that the coefficient, that should be zero for each leakage case, is close to zero
for both boost and manifold leaks. The estimations of k; for the case when
a boost leak is present, and k,, for the case when a manifold leak is present,
differs by a factor. One explanation is that because the bolts in these two cases,
were mounted differently, the discharge coefficient were different even though
the leakage area were equal.

For the “realistic” leak which were illustrated by Figure 5.9, the k;, coefficient
is estimated to a value k, = 0.26. In Figure 5.10 we can see that this corresponds
to an equivalent area of 34 mm?.
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Figure 5.10: Estimated kj coefficient (solid) and k,, coefficient (dashed), vs
leakage area when boost leak is present (circles) and when manifold leak is
present (x-marks).

5.4 Diagnosing Leaks

In the following sections, diagnosis of the air-intake system of the automotive
engine, is discussed. First we will consider diagnosis of leakage only. Later in
Section 5.6, the design of a diagnosis system capable of also diagnosing different
kinds of sensor faults will be discussed. The discussion will be based on the
framework and theory developed in the previous chapters. Especially we will
use structured hypothesis tests which was described in Chapter 3. The objective
is not to present a complete design but rather to give some examples that
illustrates solutions for some typical cases.

Only single fault-modes are considered and for the diagnosis of leaks, we
have three system fault-modes:

NF No Fault
BL  Boost Leak
ML Manifold Leak

Associated with these three fault modes, we have the models Myr, Mpr(ks),
and M sz (k). This means that we have implicitly assumed two components:
the boost pipe that will be indexed by b, and the manifold that will be indexed
by m.
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The model My is obtained by using the fault-free model described in
Section 5.2 in combination with

ms =m (5.10a)
DPb,s =Db (5.10b)
DPrm.,s =Pm (5.10c)
a5 = (5.10d)
ng =n (5.10e)

where the index s denotes that for example m; is the sensor signal in contrast
to m which is the physical quantity. The identities (5.10) corresponds to the
assumption that all sensors are fault-free. The resulting model M ypr can be
written as

m = f(pb,sa asapm,s) (511&)
f(pb,s, sy, Pm,s) = g(pm,s; ns) (5.11b)

where the function g(pm, s, ns) describes the air-flow mey; in accordance with (5.6)
and the function f(pp,s, s, Pm,s) describes the air-flow myy, in accordance with
(5.2) and (5.5).

The model M pr,(kp) is obtained by using the model described in Section 5.3.1
together with the identities (5.10). The scalar parameter k; defines the equiv-
alent area of the leakage and is in the model Mg (ky) constrained by k, €
DY, =10,0.5]. This means that the model My, (k;) can be written as

m — kbh’b(pb) = f(pb,sa asapm,S) (512&)
f(pb,sa asapm,S) = g(pm,Sa ns) (5.12b)

where the function hy(py) describes the air-flow through the boost leakage and
was defined in (5.7).
The model M (ky,) is obtained in analogy with Mpr(ky). The scalar
parameter k,, is in the model M, (ky,) constrained by k,, € D4:; =]0,0.5].
From the above definitions of models, it is clear that the following relations
between the fault-modes hold:

NF <* BL (5.13a)
NF <* ML (5.13D)

N

The knowledge of these relations will be used when discussing the construction
of the hypothesis tests which is done next.

5.4.1 Hypothesis Tests

To develop the actual hypothesis tests, we first need to decide the set of hypothe-
ses to test. With the relations (5.13) in mind, we know from Section 3.2.1 that
the only possible sets My are {NF}, {NF,BL},{NF, ML}, and {NF,BL, ML}.
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Of these four possibilities, the first three are meaningful but we choose to use
only two here:

Mpp ={NF,BL}
L :{NFa ML}

These two sets means that there are two hypothesis tests and as seen, we have
chosen to index the hypothesis tests with BL and M L. The two hypothesis
tests dgr, and s become

HY, :F, € Mpr, = {NF,BL} Hi, : F,e M§, = {ML}
HY, : F, € My, = {NF, ML} H) : F, e M, = {BL}

Next we will discuss the design of the test quantities. Omnly the prediction
principle and the estimate principle will be discussed. In both cases we assume
that the data = are all the measured sensor values and have been collected in a
time window of length V.

Prediction Principle

As described in Section 4.2, the prediction principle is based on a comparison of
signals and/or predictions of signals. It is straightforward to use this principle
based on the models Mpy (kp) and M, (k. ) described above.

Consider first the construction of the test quantity 75 (z). (The index pp
denotes “prediction principle” to distinguish this test quantity from the one
constructed in the next section.) This test quantity should be a measure of the
validity of the model (5.12). This can in a first step be achieved in accordance
with the formulas (4.3) and (4.5) as follows:

T (z) = kbnelilglm Vi (ky, ) =

2
= kfel%lm N Z — kohy(p6) — f (Db, s, Pm,s))~ +

2
f(pb,s; Oés,pm,s) - g(pm,sa nS)) (5'14)

2=
M-

To save space, the time-argument of all variables have been skipped. The ex-
pression (5.14) consists of two terms. Ideally, the first of these terms will always
be zero for all possible fault modes. However, in reality the first term is non-
zero and acts as an unknown disturbance in the test quantity Tg’]’; (x). Since
the first term only acts as a disturbance, it can be skipped which results in the
test quantity

2
ngz pb7870437pm,s) _g(pm,s;ns)) (5-15)

HMZ
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Similarly, the test quantity Ty (z) is constructed as

N
TIZ\.})L ! Z pb 5y QXsy Pm a))Q (516)
t:l
Also here we have skipped the term that is close to zero all the time. The only
drawback with this approach, to skip one of the terms, is when an unpredicted
fault occurs, i.e. a fault not belonging to any of the fault modes BL or M L.
Then it can happen that this fault is mistaken to belong to BL or M L.

In conclusion, the test quantity 75 (x) has been constructed so that the
fault modes BL and NF are decoupled, and T%7; (z) has been constructed so
that the fault modes M L and N F are decoupled. This fulfills the requirements
of the two hypothesis tests dgr, and &7, specified above.

Estimate Principle

Using the estimate principle in accordance with Section 4.4, we base our test
quantities on estimates of the equivalent areas k; and k,,. First we discuss
the construction of the test quantity 737, (z). This test quantity is formed in
accordance with the formula (4.26):

Ty () = llky = 0| = by =arg  min __ Vi(lkm, ko], 2) =

k,, ky,€D™ k€D
2
= — kph(
al’fbgk‘bepm kmeDt N Z b (Py) = f (Pos; s Pins))” +
1 & 2
+ N (f(pb,s, s, Pm,s) — 9(Pm,ss Ms) + kmhm(pm)) ="
t=1
1 & 2
=" arg min — mg — kph — .y Qg )" = arg min Va(ky,
gkbepb N tz:; (ms — kuho(Po) — f (Pb,s) Qsy Prm,s)) & min, 5 (ky, x)
Note that the measure || -|| is here defined as the identity function. The function

Vi([km, ko], z) is a model validity measure for the model M([ky,, ks]). It is here
trivially derived in analogy with Tpr(x) and Tasp(z) (which are also model
validity measures) from the previous section. The equality marked =* follows
from the fact that the coefficient k; is only present in one of the terms of
m([kmv kb]v l‘)

The minimization of Va(ks,x) is a linear regression problem which means
that the least-square technique can be used. This results in an estimate

ky, = arg min Va(ky, ) = (ot ) Lol Yy (5.17)
ky€DpL
where
Dy, (py,s(t1)) f(ms(t1) — pos(t1), as(tr), pm.s(t1))
Vb = : Y, = :

h(py,s(tN)) f(ms(tn) — pb,s(tN.), as(tn), Pm,s(tN))
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The test quantity TgpL/, i.e. the estimate l%m, is formed in the same way with
corresponding matrices ¢,, and Y,,.

From Section 4.5.1, we know that we should use normalization to make the
significance level of the hypothesis tests independent of the input signals. With
normalization, the two test quantities T57 () and T37; (z) become

Tih(2) =\/ehomTHL (@) = \/ o embm (5.18a)
T3, () =\ oL oo Thty () = /o vk (5.18b)

As in the previous section, test quantities T (z) and T37, (z) have been
constructed and decoupling has been achieved in accordance with the specifica-
tions of the two hypothesis tests dp;, and dpp.

5.4.2 A Comparison Between the Prediction Principle and
the Estimate Principle

The diagnosis problem investigated here is in principle the same as the one
investigated in Section 4.8.2. There we saw that the estimate principle gives
the best possible test quantity. This means that the test quantities T (x)
and T,7; (z) given in (5.18) should be better than TH (x) and T%F, (z) given
in (5.15) and (5.16) respectively.

The comparison of the performance of the two types of test quantities will be
based on the principles discussed in Section 4.6.2. To compare T () against
TE (z), we will construct two hypothesis tests 65, and §%,. To compare
T37; (z) against TP, (z), we will construct two hypothesis tests 657, and 647, .

To make the comparison, we need to obtain the power function for all four
tests. In this situation, where there is no knowledge or assumptions about the
model errors or the measurement errors, a good solution is to use the method
based on measurements on the real process. In accordance with the proce-
dure in Section 4.6.1, only a limited number of leakage areas are studied, i.e.
corresponding to 0, 1, 2, and 3.5 mm diameter. To estimate the probability
density function in this case is difficult because of the large amount of data that
would be needed. Only 24 independent data sets were used for the analyses and
therefore a simpler and less accurate approach has to be chosen.

Both boost leakage and manifold leakage were studied. The results of these
studies are shown in Figures 5.11 to 5.14. Consider first manifold leakage and
Figure 5.11. The x-axis represents the different leakage areas corresponding to
0,1, 2, and 3.5 mm diameter. For each leakage area, the test quantities 75 (z)
and T37; (z) were calculated for each of the 24 data sets. The values of T} ()
and TX}’L(I) are indicated with “x” and “o” respectively. To make the plot
more clear, all “x”:s have been moved slightly to the right. For each leakage
area, also the mean and the standard deviation are calculated and shown as
horizontal bars. The middle bar is the mean and the upper and lower bars are
two times the standard deviation.
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Figure 5.11: The test quantities 77 (z) (x-marks) and T}/, (z) (circles), based
on the estimate principle, for different manifold-leakage areas.
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Figure 5.12: The test quantities 75 (z) (x-marks) and T%7; () (circles), based
on the prediction principle, for different manifold-leakage areas.
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Figure 5.13: The test quantities 77 (z) (x-marks) and T}/, (z) (circles), based
on the estimate principle, for different boost-leakage areas.
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Figure 5.14: The test quantities T (z) (x-marks) and T%7; () (circles), based
on the prediction principle, for different boost-leakage areas.
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According to Section 4.6.2, thresholds need to be chosen such that the signifi-
cance level in two compared hypothesis tests becomes equal. Since we don’t have
the probability density function, this can not achieved. Instead, each threshold
is chosen as the maximum value of the corresponding calculated test quantity
in the fault-free case. Consider again Figure 5.11. The maximum values of the
test quantities T (z) and T7; (z) for the fault-free case, i.e. leakage area 0,
are marked by the dashed and solid lines respectively. Similarly, one can see
how the thresholds for the test quantities Th; (z) and T7; (x) are chosen by
studying Figure 5.14.

The power function is the probability to reject Hy, i.e. the probability that
the test quantity is above the threshold. As was said above, we don’t have
the probability density function, which means that exact values of the power
function can not be calculated. However, by studying Figure 5.11 and looking
at the mean and standard deviation values, we can quite easily get a coarse
estimate of the probability that the test quantity is above the threshold. For
example, it is obvious that the power function 3% ([0 k,]), corresponding to
T5; (z), will increase as the leakage area increases. Also, we can conclude that
the power function for the leakage with an area of 3.1 mm? is large, which
means that it should be no problem to detect a manifold leakage with this
area. Further, the power function for the leakage with an area of 0.8 mm?, is
probably quite low, which means that it is hard to distinguish this leakage from
the no-leakage case.

Now return to the comparison of test quantities. First compare Figure 5.11,
showing the test quantities T3} (z) and T,/ (z), and Figure 5.12, showing the
test quantities T (z) and Tyr, (z). We see that the test quantity T4 (x)
is slightly more above the threshold than T% (z). This means that the power
function B ([0 kyy,]) is very likely to be larger than 3% ([0 ky,,]). In other words,
for the manifold leakage, the estimate principle is better than the prediction
principle.

Next compare Figure 5.13 and Figure 5.14. From these figures it can be
concluded that the power functions G837, ([ky 0]) and 357, (ks 0]), along the
“boost-leakage axis”, are not as large as S5 ([0 kn,]) and %) ([0 ky]), along
the “manifold-leakage axis”. However, it is obvious that 837, ([k» 0]) is larger
than 847, ([ky 0]). Consider for example the leakage area 3.1 mm?. For this case

22 ([ko 0]) should be close to zero and 33 ([ks 0]) is probably larger than 0.5.
Again we can conclude that the estimate principle is better than the prediction
principle.

Discussion

Even though we have not been able to estimate density functions, we can from
this study conclude that, of the two principles studied, the best principle for di-
agnosing leakage is the estimate principle. This is no surprise since we already in
Section 4.8, in different similar situations, drew the same conclusion. However,
in for example the theoretical study in Section 4.8.2, we used the assumption of
independently and identically Gaussian distributed noise. This assumption do
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not hold in the real case investigated in this section, but nevertheless it is obvi-
ous that the conclusion that the estimate principle is better than the prediction
principle, still holds.

In production cars, a principle similar to the prediction principle is often
used, e.g. see (Air Leakage Detector for IC Engine, 1994). A reason for this
is that models of the leaks are not required (see the test quantities described
by (5.15) and (5.16)). It is interesting to note that the technique developed here,
i.e. to use models of the leaks and then estimate the leakage area, performs
better than the solution common in production cars. This method is patent
pending by SAAB Automobile. With this better solution, it is possible to make
the legislative regulations harder, which means that all car manufacturer are
forced to built diagnosis systems with better leakage detection performance. In
the end this hopefully means that lower fleet emissions can be obtained.

5.5 Comparison of Different Fault Models for
Leaks

So far we have modeled the leaks as deviations of constant parameters from their
nominal values. Here we will extend the discussion and consider the following
three different fault models from Section 2.1.4:

e The leakage area is assumed to be constant (as before).

e The leakage area is assumed to be changing slowly. That is, the leakage
area is interpreted as a signal with low bandwidth.

e The leakage-area is assumed to be changing once and abruptly, i.e. the
abrupt change model is assumed.

It can be argued that each of these fault models is good in some sense.

Although not further discussed here, it is also possible to assume that the
leakage area is piecewise constant. Another possibility is for instance to use a
combination of the low-bandwidth assumption together with the abrupt-change
assumption, i.e. the leakage area is mainly of low bandwidth but contains abrupt
jumps.

Next we will discuss the estimate and the prediction principle separately. In
all cases, we assume that we can use all data generated up to the time-point
the diagnosis is performed. This means that the time window is chosen to be
growing (or infinite). Other choices, e.g. a sliding fixed-length time-window,
are also possible.

5.5.1 Using the Estimate Principle

We will only discuss a test quantity based on the estimate ks. However, all
results are applicable also for a test quantity based on the estimate l%m.

For the constant model, the least square algorithm can be used, in accordance
with (5.17). The estimate ky, will in this case be the average leakage area over
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all time. However when a leakage occurs, it will take a long time before this
average grows. A better choice is to weight recent data more. A common choice
is to obtain kp, at the time ¢, as follows:

t

];b = arg kbl’él%l’}lgL i kZ:O )\tik(ms(k’) - kbhb(pb(k)) - f(pb,s(k); as(k)apm,s(k)))Q

(5.19)

Depending on the choice of A, convergence time is traded against accuracy. In
a recursive form, this is the RLS (Recursive Least Square) algorithm (Ljung,
1987). The test quantity Thsr(x) can then be chosen as

Tarr(z) = ky (5.20)

or possibly by also using some normalization.

Using the low-bandwidth model, i.e. the leakage area is assumed to be
changing slowly, the parameter describing the leakage becomes a function of
time, i.e. O, = kp(t). An estimate of ky(¢) can be obtained by using for example
the RLS-algorithm in combination with (5.19). Since 6, = ky(t) is now a signal,
it is not obvious how to form the test quantity, i.e. how to choose the measure
|- || in (4.26). One solution is however to choose the most recent value of ky(t)
and in that case, the test quantity becomes equivalent to (5.20).

Using the abrupt-change model, we need to estimate both the change time
ten and the leakage area kp, i.e. 6y = [ten kp]. However, in contrast to the
approaches above, this is not a simple linear regression problem. The test
quantity can then simply be chosen as the estimate l%b, possibly normalized.

Experimental Results

The performance of an estimate with a weighting of recent data more, in ac-
cordance with (5.19), was validated by experiments. As was said above, this
can correspond to the constant or the low-bandwidth model. The estimation
of ky and k,, are shown in Figures 5.15 and 5.16. Also for this experiment,
the FTP-75 test-cycle was used. After approximately 500 seconds, a leak was
applied suddenly. The most realistic fault model would therefore probably be
the abrupt-change model.

The upper plot in both figures shows the k; estimate as a function of time
and the lower plot, the k,, estimate as a function of time. It is seen that the
kp estimate in both figures have discontinuities. The reason is that the on-line
estimation of k; is applied only when the boost pressure is higher than 102
kPa. This is because for boost pressures close to ambient pressure, the air flow
through the boost leak is very small which means that the measurement data
will contain no or very little information about the value of the k; coefficient. If
also these data were used, the k;, estimate would easily drift away from its real
value. In other words, the exclusion of data corresponding to boost pressures
lower than 102 kPa, is a primitive way of achieving robustness and should be
seen as an alternative to normalization.
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Figure 5.15: Estimation of the k;, coefficient (upper plot) and k., coefficient
(lower plot) when a 3.5 mm (diameter) manifold leak occurs at around ¢ = 500 s.
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In Figure 5.15, the leak is a 3.5 mm manifold leak and it can be seen that the
k., estimate responds quickly when the leak occurs. Similarly in Figure 5.16,
we see how the k; estimate responds when a 5 mm boost leak occurs. In this
case the estimate converges more slowly. The reason is, as said above, that the
estimation is only active when the boost pressure is higher than 102 kPa.

From the clear responses shown in Figures 5.15 and 5.16, it is obvious that
test quantities based on the estimates kyy, and lAcb, will be quite good. Further, a
diagnosis system using these test quantities is likely to have highly satisfactory
performance.

5.5.2 Using the Prediction Principle

When discussing the prediction principle, we will assume that the test quantity is
on a form similar to (5.14). That is, the test quantity is a model validity measure
of the whole model and not only half the model as in (5.15). This means that
the calculation of the test quantity must include a parameter estimation, as is
seen in for example (5.14). We will discuss only the test quantity Tz (x), but
the results are valid also for T ().

As for the estimate principle, the use of a constant model without weighting
recent data more, will result in bad performance. This is actually the case for
the test quantity Tg’]’; (x) defined by (5.14). When a leakage occurs, it takes a
long time before the estimate of k; becomes good. This means that, from the
moment the leakage occurs, to the moment k;, becomes good, the test quantity
Tg’; (x) will become large and the decoupling of the fault mode BL will be bad.
The underlying reason is of course that any leakage that occurs, in other words
a leakage that is not present all the time, does not match the model assumption
of constant leakage-size. As for the estimate principle, it is also possible to
weight recent data more. This would result in that the estimation more quickly
becomes good when a leakage occurs, which further implies improved decoupling
of the fault mode BL.

If instead a low-bandwidth model is used and also the occurred leakage
matches this fault model, then we can expect good results. This means that the
test quantity can be written as

2

Tgi(e) = min 5 D (10— F (B (0), 0 (8) s ()~ (Vo 0, (1)) *+
+ % Z (f (Po,s (), s (), Pm,s (1) — 9(Prm,s(t), ns(t)))2 (5.21)

where LP is the set of low-bandwidth signals considered. To solve the opti-
mization involved in calculating (5.21) can be quite difficult. However, by using
the two-step approach from Section 4.2.1, the signal k(t) can first be estimated
by using the RLS-algorithm based on (5.19). This was done in the experiments
reported below.
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If the leakage occurs abruptly, the test quantity based on the low-bandwidth
model will perform better than a test quantity based on the constant model.
However, the performance will still not be perfect. The reason is again that the
time-variant behavior of the leakage doesn’t match the fault model. To handle
the situation of abruptly changing leakage well, we need to use the abrupt-
change model. By using similar ideas as in Example 4.2, we can construct such
a test quantity as

2
Tac = i 5 5 EX) s
B7(v) = min —— ; (ms = f(Po,s: sy Pmas))” +
- )
N 2 s sy Usy Vm,s *k h s
+ Nt t;} (ms — f(Po,s, s, Pm,s) — knho(pos))” +

N
1
+ N tz:; (f(pb,s; Oés;pm,s) - g(pms,ns))Q

Again the two-step approach can be used when calculating this test quantity.
In the experiments reported below, the CUSUM algorithm (Basseville and Niki-
forov, 1993) was first used to detect the change, i.e. to find #.p.

Experimental Results

Diagnosis based on the low-bandwidth and the abrupt-change model were vali-
dated in experiments. Again the FTP-75 test cycle was used and in all experi-
ments, the leakage occurs suddenly after around 500 seconds.

In Figures 5.17 and 5.18, the test quantities T5F (z) and THY (z) are plotted
as a function of time. In Figures 5.19 and 5.20, the test quantities T3S (z) and
T4 (x) are plotted as a function of time.

Since all leaks occurs suddenly, the most accurate fault model should be the
abrupt-change model. Therefore, the test quantities based on this model, i.e.
TS (z) and T, (), should perform better than the ones based on the low-
bandwidth model. If this is the case we should expect to see some differences in
the plots at least around the time the leakage occurs, i.e. around time ¢t = 500s.
By comparing the plots of TLE (z) and Tgf, (z) for the manifold leakage, we
see that TEE (z) has a small bump right after ¢ = 500. Also by comparing the
plots of T4 () and T&S (x) for the boost leakage, we see that also T4 () has
a small bump right after ¢ = 500.

This means that the test quantities based on the abrupt-change model better
manage to perform decoupling. Since the decoupling for T35 (x) and T, ()
are better, we should be able to use lower thresholds and in that way obtain
larger power functions. In other words, the test quantities T8 (z) and T§f, (x),
that are based on the fault model that best matches the real situation, are the
best.
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Figure 5.17: The test quantities T5P (z) (upper plot) and THE (x) (lower plot),
using the low-bandwidth model, when a 3.5 mm (diameter) manifold leak occurs

at around ¢ = 500 s.
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Figure 5.18: The test quantities T5P (z) (upper plot) and THE (x) (lower plot),
using the low-bandwidth model, when a 5 mm (diameter) boost leak occurs at

around ¢t = 500 s.
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Figure 5.19: The test quantities T35 (x) (upper plot) and T§f; (z) (lower plot),
using the abrupt-change model, when a 3.5 mm (diameter) manifold leak occurs
at around ¢ = 500 s.
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Figure 5.20: The test quantities T35 (x) (upper plot) and T§f; (z) (lower plot),
using the abrupt-change model, when a 5 mm (diameter) boost leak occurs at
around ¢ = 500 s.
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5.6 Diagnosis of Both Leakage and Sensor Faults

This section presents the design of a diagnosis system capable of diagnosing
both sensor faults and leakage. The constructed diagnosis system is then exper-
imentally validated in Sections 5.7 and 5.8. Again we remind the reader that the
objective is not to present a complete design but rather to illustrate principles.

index component component

i name fault modes

b boost pipe NF® BL (Boost Leak)

m manifold NF™, ML (Manifold Leak)

bs boost pressure sensor NFE® BB (Boost pressure sensor Bias),

BAF (Boost pressure sensor Arbitrary Fault)

ms manifold pressure sensor N F™5,
MG (Manifold pressure sensor Gain-fault),
MC (Manifold pressure sensor Cut-off)
ts throttle sensor NF' TLF (Throttle sensor Linear Fault)
as air mass-flow sensor NF*,
ALC (Air mass-flow sensor Loose Contact)

Table 5.1: The components and component fault-modes considered.

5.6.1 Fault Modes Considered

The different components and corresponding component fault-modes that will
be considered, are listed in Table 5.1. Further, the system fault-modes con-
sidered are listed in Table 5.2. In accordance with Section 2.2.1, the system
fault-modes are written in bold-face letters to distinguish them from the com-
ponent fault-modes. As seen, only single fault-modes are considered. Compared
to the study in Section 5.4, six more fault modes have been included and all the
new ones are related to sensor faults.

NF No Fault

BL Boost Leak

ML Manifold Leak

BB Boost Pressure Sensor Bias

BAF Boost Pressure Sensor Arbitrary Fault
MG  Manifold Pressure Sensor Gain-Fault
MC Manifold Pressure Sensor Cut-Off
TLF  Throttle Sensor Linear Fault

ALC Air Mass-Flow Sensor Loose Contact

Table 5.2: The system fault-modes considered.
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The definitions of each fault mode, in the form of models M., (), will be
given later in Section 5.6.3, where at the same time, the construction of the
test quantities is described. There we will realize that the following relations
between the (system) fault-modes hold:

NF <* BL (5.22a)
NF <* ML (5.22b)
NF <* BB < BAF (5.22¢)
NF <* MG (5.22d)
NF <* TLF (5.22¢)
NF <* ALC (5.22f)

Note that there is no relation involving the fault mode MC. The reason and
consequences of this will become clear later.

5.6.2 Specifying the Hypothesis Tests

To develop the actual hypothesis tests, we first need to decide the set of hy-
potheses to test. We will use one hypothesis test for each fault mode. Thus the
set of hypothesis tests becomes

HY : F, € My (5.23a)
H}:F, e Mf (5.23b)
k € {NF,BL,ML,BB,MG,MC, TLF, ALC, BAF}

Because of the relations (5.22), we know from Section 3.2.1 that the choice of
sets My, is not completely free. The choice to use one hypothesis test dedicated
to each system fault-mode, together with a desire to decouple as few fault modes
as possible in each test quantity, leads to the unique choice of sets M} shown
in Table 5.3.

k M,

NF  {NF}

BL {NF,BL}

ML  {NF,ML}

BB {NF,BB}

BAF {NF,BB,BAF}
MG {NF,MG}

MC {MC}

TLF {NF,TLF}
ALC {NF,ALC}

Table 5.3: The sets M}, for the nine hypothesis tests.

In the next section, the design of test quantities will be discussed. There,
also all fault modes will be defined via models M, (#). All these definitions of
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M., (6) will result in a fault-state vector 6 as

0= [017 9m 9bs Gms ots 9(15] = [kba kma (bpba 02(t))7 9pm s (gaa ba)a Cl(t)]

where ¢ (t) and co(t) are signals while the other parameters are scalar constants.

5.6.3 Fault Modeling and Design of Test Quantities

The test quantities will be designed using the prediction principle. Then we
know, from Section 4.2, that the problem of designing the test quantities T (x)
consists of determining the model validity measure Vj, (6, x) and the set 62. The
test quantity Ty (z) then becomes

Ty (z) = ergg}) Vi (0, x) (5.24)
k

Next, Vi (0,x) and @2 will be defined for all nine hypothesis tests corresponding
to the sets My, given in Table 5.3. Also the models M, (6) and the sets ©., will
be defined.

No Fault NF

The model MnF, corresponding to the fault mode NF, has already been given
in (5.11). The parameter space Onr is Onr = {[0,0,0,0,1,1,0,1]}, where
bold-face numbers denote vectors. The set Mnr was defined as My = {INF}.
By remembering the expression for @2 from (3.1), we realize that this means
that the set O becomes O p = ONF.

Since O contains exactly one value of 6, the test quantity becomes, in
accordance with (4.4), Tnr(x) = Vnr(x). The measure Vg (x) is defined as

N
1
VNF(X) = N Z (ms - f(pb,sv a37pm,s))2 +
t=1
+ i 3 (f(pb,s; Qs, Pm,s) — g(pm757ns))2 (5.25)
N t=1

Note that, to simplify notation, we have dropped the time-argument of signals.

Using the measure (5.25) implies that if the present fault mode is NF, then
the test quantity becomes small and for all other fault modes, the test quantity
becomes large, or at least larger. This fulfills the specification of the hypothesis
test Owr given by (5.23).
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Boost Leak BL

The model Mgy (k) was given already by (5.12). The scalar parameter ky
defines the equivalent area of the leakage and is, as before, constrained by k; €
DY, =10,0.5]. The measure Vir, (kp, x) is

N
2
VBL kb; = Z pb sy Xsy Pm, a) kbhb(pb,s)) +

N
1
+ N E (f(pb,s; Qs, Pm,s) — g(pm,svns))2 (5.26)
t=1

Compared to the measure used in (5.15), this expression contains two terms.
The motivation for this here, is that we want the test quantity Ty, (x) to respond
to as many of the other fault modes as possible. That is, in all cases the present
fault mode does not belong to Myr, = {INF, BL}, we want the null hypothesis
HZ; to be rejected.

The parameter space D%, also defines Opr,, in accordance with Section 2.2.1.
The definition of the set Mgy, implies that the set ©%; becomes O%; = Ong U
OBL.

Using the measure (5.26) implies that if the present fault mode belongs to
Mgy, then the test quantity becomes small and for all other fault modes, the
test quantity becomes large. This fulfills the specification of the hypothesis test
dBL given by (5.23).

Manifold Leak ML

The model Mmr (k) is obtained in analogy with Mpy (k). The scalar pa-
rameter k,, is constrained by k,, € DJ:; =10, 0.5] and the measure Vasr, (km, X)
is

N
VML = Z pb67aé)pm&))2+
t=1

2
f(pb,S7 a37pm,s) - g(pm,s; ns) + kmhm(pm,s))

2|~
-

The sets Omr, and O, follows accordingly.

Boost Pressure Sensor Bias BB

The model Mgg(by,) corresponding to this fault mode is obtained by using the
fault-free model (5.11) together with identities (5.10) but replacing (5.10b) with
Db,s = Pb + bp,. This means that the model Mgg(bp,) can be written as

= f(pb,s - bpb7 a37pm,s)
f(pb,s - bpb’aSvahS) = g(pm,Sa nS)
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The scalar parameter b, is constrained by b,, € [—30,0[ U ]0,30] which
means that the parameter 65 = [bp, c2(t)] is constrained by 6y € Db, =
[-30,0[ U 10,30] x {0}V.

The measure Vgg(bp,, %) is

N
2
VBB pb’ = Z pb s bpzn 0437pm,s)) +
1 & )
+ N ; (f(pb,s - b;oba asvpm,s) - g(pms,ns)))

The sets ©gp and @%B follows as before.

Boost Pressure Sensor Arbitrary Fault BAF

The model Mpar(ca(t)) corresponding to this fault mode is obtained by using
the fault-free model (5.1) together with identities (5.10) but replacing (5.10b)
with pys = py + c2(t). The parameter cp(t) is now a signal taking arbitrary
values. This means that the parameter space D%, becomes D%, = {0} x
(RN — {0}"). Note that this definition of the model Mpar(c2(t)) explains the
relation BB < BAF noted already in (5.22). That is, for each b,,, the signal
co(t) can always be chosen as ca(t) = by,, which implies that Mgg(by,) =
Mpaar(ca(t))

The measure Vear(ca(t),x) is

N
2
VBAF (02 = Z pb s — C2, asvpm,s)) +

N
1
+ N ; (f(pb,s —C2,Q5,Pm,s) — g(pm,sans»)Q

The set Opar follows as before. The set @% ap could be chosen via the expres-
sion (3.1) but an equivalent choice, which is computationally simpler, is @% AF =
OnF U ©Opar. This was implicitly assumed when designing Vear(c2(t), x).

Manifold Pressure Sensor Gain-Fault MG

The model Mma(gp,,) corresponding to this fault mode is obtained by using
the fault-free model (5.1) together with identities (5.10) but replacing (5.10c)
with pm.s = gp,.Pm. The constraint on the scalar parameter g, . is gp,, €
Dy =1[0.5,1] U ]1,2].
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The measure Vma (9p,.; X) is

N
2
VMG gpma = Z pb sy Xsy Pm, s/gpm)) +

2
f(pb,sa asapm,S/gpm) - g(pm,S/gpm , ns»)

2|~
-

The sets Opm@ and @R/IG follows accordingly.

Manifold Pressure Sensor Cut-Off MC

This fault mode represents a cut-off in the electrical connection to the man-
ifold pressure sensor. The model My corresponding to this fault mode is
obtained by using the fault-free model (5.1) together with identities (5.10) but
replacing (5.10c) with py,.s = gp,,Pm. The parameter g,,, takes value 1 in the
fault-free case and value 0 when there is a cut-off present. This means that for
the model MC, g, € D)% = {0}.

The definition of D}}% = {0} means that the set Onc contains exactly one
value. Remember that the set Myc was defined as Myc = {MC}. This
implies that the set ©%; mc becomes @MC = Onc and thus, contains only one
value. Therefore we have that Tvc(x) = Vme(x). The measure Ve (x) is

N
Vme(x Z

Note that, in spite of the simpleness of this expression, the test quantity Tnvic(x)
will become very large for all ¢ ©nie. The reason is that the manifold pressure
never becomes zero. We can assume that this knowledge is implicitly included
in the model of the air-intake system. This is also true for the fault mode NF
which explains why, according to the relations (5.22), NF is not a submode (in
the limit) of MC. Remember that this was the reason why the fault mode NF
was not included in Myjc.

Throttle Sensor Linear Fault TLF

The model M1rLr([gq ba]) corresponding to this fault mode is obtained by using
the fault-free model (5.1) together with identities (5.10) but replacing (5.10d)
with oy = ga + bo. The vector valued parameter [g, b, is constrained by
(9o ba] € DI, o = R? — {1,0} and the measure VrLr (0is,x) = VrLr([da bal,X)
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is
VTLF([ga ba]vx) =

N
z F (P10, (@05 = ba)/gar Do) +

2
pb 57 Qs ba)/gaapm,s) *g(pm,s,’ﬂs)))

||Mz

The sets O1LF and @%LF follows as before.

Air Mass-Flow Sensor Loose Contact ALC

The model Marc(c1(t)) corresponding to this fault mode is obtained by using
the fault free model (5.1) together with identities (5.10) but replacing (5.10a)
with m4(t) = m(t)c1(t). The parameter 0,; = c1(¢) is a stochastic process
taking values such that ¢q(t) € {0,1}. This means that the parameter space
D% o becomes D% = {0, 1}V — {0}V and the measure Varc(ci(t),x) is

2
VALC(CI 7clf DPb,sy Osy Pm, s)) +

||Mz

N
1 2
+ N tzzl (f(pb,s, Qsy Pm,s) — g(pm,Sans»)

The sets Oarc and @OALC follows as before.

5.6.4 Decision Structure

With the test quantities defined in the previous section, the decision structure
becomes as shown in Figure 5.21. There are a few interesting things with this
decision structure, which will be discussed in this section.

By using the definition of S}, i.e. (3.2), the fact that the set Mnc doesn’t
contain NF means that

SLo = M5 = {NF,BL, ML, BB, BAF, MG, TLF, ALC}

Remembering the relationship between the decision structure and the sets Sp
and S}, discussed in Section 3.4.2, this means that the row for Spc must contain
non-zero entries in all places except in the column for MC. We see in Figure 5.21
that this is really the case.

We noted in the previous section that the test quantity Taic(z) will be large
for all faults in all fault modes except MC. This means that the corresponding
power function will be large for all fault modes except MC. According to the
discussion in Section 4.7.2 and especially formula (4.43), the set SR/IC becomes

Smc = {MC}
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NF BL ML BB BAF MG MC TLF ALC
ONF 0 X X X X X X X X
0BL 0 0 X X X X X X X
OML 0 X 0 X X X X X X
/BB 0 X X 0 X X X X X
oBar | O X X 0 0 X X X X
‘MG 0 X X X X 0 X X X
oMC 1 1 1 1 1 1 0 1 1
orLr | O X X X X X X 0 X
daLc | O X X X X X X X 0

Figure 5.21: The decision structure for the hypothesis tests using the test quan-
tities defined in Section 5.6.3.

Again using the relationship between the decision structure and the sets Sg and
S}, discussed in Section 3.4.2, this means that all entries in the row for dmc,
except for MC, must be 1:s.

Next, study the entry 0 in the row for dpar and the column for BB. This
entry follows from the definition of Mpar as follows:

Shap = M§ar = {BL, ML, MG, MC, TLF, ALC}

That is, since Sgop does not contain NF, BB, or BAF, there must be 0:s in
the corresponding locations in the decision structure, including the column for
BB.

We conclude this section by pointing out the fact that for all hypothesis
tests, except dmc, the sets SY are Sg = Q. Also, all sets S} are defined by
Sl = MC.

5.6.5 The Minimization of V(x)

The procedure to compute (5.24), i.e. to minimize the measures Vj(x), has not
been addressed so far. In many cases the minimization procedure required is
quite straightforward. However, for some of the test quantities defined above,
the computational load of doing the actual minimization in (5.24) can be quite
heavy, if not some special care is taken.

For the test quantity Tpar(x), we want to perform minimization of
VBar (c2(t), x) with respect to a signal. This can be solved by using the two-step
approach from Section 4.2.1. Instead of minimizing Vgar(c2(t),x) we choose
to minimize the following function:

N

_ 1

VBar(c2(t),x) = N Z (ms — f(py,s — 2, as,pm,s))Q
t=1

This function is conveniently minimized by choosing

02(t) = Pb,s — fﬁl(ms(t)a As (t)vpm,s(t))
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where f1(mg(t), as(t), pm,s(t)) is the inverse of f(py s, s, pm.s), with respect
to py. s, and gives an estimate of py .

Also for the test quantity Tarc(x), the minimization needs to be done with
respect to a signal. First we realize that to minimize Varc(ks, X) is equivalent
to minimizing

2
Vavrc(ci(t) ms — c1f(Db,s; Qss Pm,s))

HMZ

When the engine is running, the air-mass flow m is always positive and above 4
g/s. This can for example be seen in Figure 5.4. This means that the function
Vavrc(c1(t),x) can be conveniently minimized by choosing

er(t) = {0 m(t) < €

1 mg(t) > ¢

where € is some constant between 0 and 4.

5.6.6 Discussion

The fault modeling in Section 5.6.3 above illustrates the fact that it can be
useful to model faults in a number of different ways. For some fault modes, i.e.
BL, ML, BB, MG, the fault is modeled as a change in a continuous scalar
parameter. The fault modes MC and TLF are examples in which the fault is
modeled as a change in a discrete and multidimensional parameter respectively.
In contrast to this, a fault belonging to the fault mode BAF is modeled as an
additive arbitrary signal. Then we have ALC, in which the fault is a signal, or
a parameter, that jumps between two distinct values.

All these examples clearly show the large variety of fault models that can
be used in conjunction with structured hypothesis tests. In fact, while in many
papers, only constant parameters or only additive arbitrary signals are consid-
ered, it is shown here that almost any kind of fault models can be handled and
this within the same framework and same diagnosis system.

5.7 Experimental Validation

The diagnosis system described in the previous section was implemented in Mat-
lab and tested extensively with the experimental setup described in Section 5.1.
The leakage faults were implemented in hardware, which was also described in
Section 5.1. All other faults were emulated in software by applying appropriate
changes to the sensor signals. For each fault mode, a number of different fault
sizes were tested.

Good functionality was obtained for all kinds of faults but to limit the dis-
cussion, only four cases have been selected and these are shown in Tables 5.4
to 5.7. These four cases are not selected because they are representative but
rather because they illustrates some interesting features of the diagnosis system.
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In all these cases, the data length was N = 1000 which corresponds to 100 s.
No special effort was made to find optimal threshold values Ji; they were all
chosen to be Ji = 0.4.

5.7.1 Fault Mode NF

In Table 5.4, the present fault mode of the process was NF. Each row show
the result of one individual hypothesis test d;. The value of the test quantity
Ty (x) for each hypothesis ) is shown in the second column. The threshold Jj
is shown in the third column (as said above, all were chosen to the same value).
The fourth column shows the diagnosis decision Sy of each hypothesis test. We
remember from formula (3.3) that Sy = S} = MS if Tp(x) > Ji, i.e. HY is
rejected, and Sy = S§ otherwise.

For the case shown in the table, only the null hypothesis Hy; is rejected.
This result is the one expected because the set My do not contain the fault
mode NF while all other sets M} do contain NF. Applying the intersection
of the decision logic, i.e. (2.7), implies that the diagnosis statement contains 8
possible fault modes that can explain the behavior of the process. One of the
fault modes is NF which means that we should not generate an alarm. As was
said in Section 2.6.1, we can also use the refined diagnosis statement S, which
would imply that the output from the diagnosis system becomes NF only.

k Tk (X) Jk Mkc
NF  0.2074 0.4
BL  0.2063 0.4
ML 0.2075 0.4
BB  0.2043 04
MG 0.2027 0.4
MC 3608 0.4 ALC BAF BB BL MG ML NF TLF
TLF 0.2061 0.4
ALC 0.2074 04
BAF 0.1491 04
Diagnosis Statement: ALC BAF BB BL MG ML NF TLF
NO ALARM

D00

00D

Table 5.4: The hypothesis tests and the diagnosis statement for fault mode NF
present.

5.7.2 Fault Mode TLF

In Table 5.5, the present fault mode of the process was TLF. Now all individual
null hypothesis are rejected except Hypp. The diagnosis statement is the single
fault mode TLF. That is, the diagnosis system managed to isolate the present
fault mode TLF. Because the diagnosis statement does not contain NF, an
alarm is generated.
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k Tk (X) Jk Mkc

NF 250.8 0.4 ALC BAF BB BL MC MG ML TLF
BL 170.7 0.4 ALC BAF BB MC MG ML TLF
ML 230.2 04 ALC BAF BB BL MC MG TLF
BB 247 0.4 ALC BAF BL MC MG ML TLF
MG 175.6 0.4 ALC BAF BB BL MC ML TLF
MC 3608 0.4 ALC BAF BB BL MG ML NF TLF
TLF 0.2025 04 Q

ALC 250.8 0.4 BAF BB BL MC MG ML TLF
BAF 273.7 04 ALC BL MC MG ML TLF
Diagnosis Statement: TLF

ALARM

Table 5.5: The hypothesis tests and the diagnosis statement for fault mode TLF
present.

5.7.3 Fault Mode ML

In Table 5.6, the present fault mode of the process was ML. The actual fault
was fairly small, which is reflected in the result that it could not be isolated.
The diagnosis statement contains the fault modes MG, ML, and TLF. This
should be interpreted as that in addition to the present fault mode ML, the
fault modes MG and TLF can also explain the behavior of the process. Because
the fault statement does not contain NF, an alarm is generated.

k Tk (X) Jk Mkc

NF 04921 04 ALC BAF BB BL MC MG ML TLF
BL 04985 0.4 ALC BAF BB MC MG ML TLF
ML 0.1881 04

BB 0423 04 ALC BAF BL MC MG ML TLF
MG 0328 04 Q

MC 3742 0.4 ALC BAF BB BL MG ML NF TLF
TLF 0.3623 04 Q

ALC 04921 04 BAF BB BL MC MG ML TLF
BAF 0.4642 0.4 ALC BL MC MG ML TLF
Diagnosis Statement: MG ML TLF

ALARM

Table 5.6: The hypothesis tests and the diagnosis statement for fault mode ML
present.
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5.7.4 Fault Mode BB

In Table 5.7 the present fault mode of the process was BB. The actual fault was
not very small but in spite of this, it is obvious from the diagnosis statement that
the present fault mode BB can not be isolated. This was very much expected
since we have the relation

NF <* BB < BAF

and according to Theorem 2.1 and also Section 2.6.1, it is then impossible to
isolate BB from BAF. In other words, the fault mode BAF, which represent
an arbitrary boost-pressure sensor fault, is so general that it can also explain
data generated from the process when fault mode BB is present.

When both BB and BAF can explain the data, as in this case, it is much
more likely that the data has been generated by a process with fault mode BB.
In agreement with the discussion in Section 2.6.1, we can use the refined diag-
nosis statement S which would imply that the only output from the diagnosis
system would be BB.

NF 1958 0.4 ALC BAF BB BL MC MG ML TLF
BL  1.96 0.4 ALC BAF BB MC MG ML TLF
ML  1.96 0.4 ALC BAF BB BL MC MG TLF
BB 0.2043 04 Q

MG 0.6725 0.4 ALC BAF BB BL MC ML TLF
MC 3608 0.4 ALC BAF BB BL MG ML NF TLF
TLF 0419 0.4 ALC BAF BB BL MC MG ML
ALC 1.958 0.4 BAF BB BL MC MG ML TLF
BAF 0.1491 04 Q

Diagnosis Statement: BAF BB

ALARM

Table 5.7: The hypothesis tests and the diagnosis statement for fault mode BB
present.

5.8 On-Line Implementation

For implementation in on-board diagnosis systems in a vehicle, on-line perfor-
mance is crucial. The experiments presented in Section 5.7, were based on data
x collected during a quite long time. This may imply that it also takes quite
a long time before a fault is detected. One way to obtain a faster response to
faults, is to decrease the length of the time window. The consequences of this
are discussed in this section.

One thing that becomes important is the fact that the absolute accuracy
of the model is dependent on how the system is excited, which is something
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that changes over time. The solution to this is, according to Section 4.5, to use
normalization, or more exactly an adaptive threshold. The adaptive thresh-
old used here, is chosen in accordance with the ideas presented in the end of
Section 4.5.2. Consider first the following relation

min V(#, ) = min min V' (0, z) = min min V' (0, z) = min T} (x(t))
0cO v 6€0, k 6co? k

Here, V (0, ) is a model validity measure for the model M (#) obtained in anal-
ogy with all measures Vj (6, z) presented in Section 5.6.3. Then the adaptive
threshold is chosen as

Jaap(t) = min T (x (1)) + ¢ (5.27)

The first term serves as a measure of the overall accuracy of the model at time
t and the second term is a tuning parameter, here chosen as ¢ = 0.05. The
expression (5.27) should be compared to (4.36) which was shown to be based
on similar ideas as the likelihood ratio.

The adaptive threshold (5.27) was used in all hypothesis tests except for
dnc which was based on a model, whose accuracy does not change over time.

5.8.1 Experimental Results

To illustrate the performance in an on-line implementation, the following ex-
periment was setup. The fault mode of the process was MG and the size of
the fault parameter was g,,, = 1.2. The whole data set (from the FTP-75 test-
cycle) spans over a time of 21 minutes. A non-overlapping window of length
N = 100 was used which corresponds to a time-length of 10 s. This means that
the original data set was divided in totally 125 smaller data sets.

Fault Mode Number of Instances
NF 0
BL 0
ML 57
BB 2
MG 120
MC 0
TLF 1
ALC 0
BAF 0
unknown fault 1

Table 5.8: The number of instances of different fault modes in the diagnosis
statement during the on-line experiment.

For all 125 data sets, the diagnosis system managed to detect a fault. The
number of times each fault mode was contained in the diagnosis statement is
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shown in Table 5.8. It is seen that except for the fact that ML was in the
diagnosis statement 57 number of times, the performance was very good.

Test Quantity Value

window #

Figure 5.22: The test quantities Twmr(x(f)) (dashed) and Tmg(x(t)) (solid)
together with the adaptive threshold Juqp(t) (dotted).

To understand why ML is contained in the diagnosis statement so many
times, Figure 5.22 has been included. The test quantities T (x(¢)) and Tvea (x(t))
are plotted together with the adaptive threshold J,qp,(¢). Only data from time
window #50 to #125 is shown. Ideally the test quantities Tmvg(x(t)) should
be below the threshold and Twr(x(¢)) should be above the threshold. This is
the case most of the time but in some cases, both test quantities are below
the threshold. These are the cases in which ML is contained in the diagnosis
statement.

From the figure it is obvious that for some states of the process, the test
quantity Tmr(x(t)) gets approximately the same value as T (x(t)). This is
due to a property of the air-intake system and not the diagnosis system. For
example, during constant conditions, e.g. idle conditions, it is often possible to
find a ky,, in the model Mmr (k) such that this model match the data also
when the fault mode MG is present. We can because of this reason not expect
that ML is, at all times, excluded from the diagnosis statement, no matter how
the diagnosis system is designed.
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5.9 Conclusions

This chapter has presented designs for two diagnosis systems for the air-intake
system of an automotive engine. The whole design chain, including the modeling
work, has been discussed. From this work, it is realized that a large part of the
total work involved, when constructing a model-based diagnosis-system, may be
to build the model including the fault models.

The first diagnosis system constructed, only focuses on diagnosis of leaks.
The theoretical results from Section 4.8.2, regarding the optimality of the esti-
mate principle, were validated in experiments on a real engine. Also investigated
is how different types of fault models, with respect to the time-variant behavior
of the leaks, affect the performance of the diagnosis system. It is concluded via
experiments that, to choose a fault model with correct time-variant behavior, is
important to maximize the diagnosis performance.

The method for leakage detection, often used in production cars, is the
prediction principle, which in this case requires no leakage models. Therefore it
is interesting to note that the method developed here, to use models of the leaks
and then estimate the leakage area, performs better than the solution common
in production cars.

The second diagnosis system constructed, is capable of diagnosing both leak-
age and a wide range of different types of sensor faults. Also in this case, the
results were validated in experiments using data from a real engine. This ap-
plication is an excellent example of the versatility of the method structured
hypothesis tests. While in many papers, fault modeling using only constant
parameters or only additive arbitrary signals are considered, it is shown here
that almost any kind of fault models can be handled and this within the same
framework and same diagnosis system. To the authors knowledge, a diagnosis
system with this capacity, to diagnose such a large variety of different faults,
can not be constructed using previous approaches to fault diagnosis.

This chapter has shown how a large part of the theory developed in earlier
chapters, can be used in a real application. It has been shown that the theory has
practical relevance for both design and analysis of diagnosis systems. The role
of this automotive engine application has, during the work with this thesis, been
more than only a validation of the techniques developed. In fact, this application
inspired much of the development of the theoretical framework, since existing
frameworks could not deal with many of the requirements.
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Chapter 6

Evaluation and Automatic
Design of Diagnosis
Systems

When constructing a model-based diagnosis system, it is desirable that the so-
lutions are the best possible or at least good. However, first we need to define
what we mean by “good” and “best”. This means that we need to develop per-
formance measures and also a scheme for comparing different diagnosis systems.
The topic of this chapter is to develop tools for this. These tools will also be
used to develop a procedure for automatic design of diagnosis systems.

The performance measures and the comparison scheme developed are based
on decision theory and is presented in Section 6.1 and 6.2. The performance
measures become in most cases equal to for example probability of false alarm
and probability of missed detection.

As said above, the second objective of this chapter is to find an automatic
procedure for design of diagnosis systems. One motivation for this is to minimize
the time-consuming engineering work, that is frequently needed for the design
of diagnosis systems. Also it is desirable that we have a systematic, preferably
automatic, procedure that gives diagnosis systems with as good performance as
possible.

One area, in which it is highly desirable to have systematic and automatic
procedures for diagnosis-system design, is the area of automotive engines. As
was said in Chapter 5, environmentally based legislative regulations such as
OBDII and EOBD specifies hard requirements on the performance of the diag-
nosis system. Automotive engines are rarely designed from scratch but often
subject to small changes, e.g. for every new model year. Then usually also
the diagnosis system needs to be changed. Since this may happen quite often
and a car manufacturer typically has many different engine models in produc-
tion, it is important for the car manufacturers that diagnosis systems can be
reconstructed with minimal amount of work involved. Also, the diagnosis sys-
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tems are often calibrated by personnel without extensive control background
and it would therefore be beneficial to have an automatic procedure so that the
diagnosis system could be calibrated with minimal human involvement.

For manufacturers of independent automotive diagnosis systems, to be used
in independent repair-shops, the situation is even more critical. They need to
design diagnosis systems for a large amount of different car brands and models.
This makes it necessary to find procedures so that diagnosis systems can be
constructed with very limited amount of engineering work.

Model Structure Measurements

‘ Identification ‘

Model

4
Construction of
Hypothesis Tests Measurements

~,

Selection and Tuning of
Hypothesis Tests

Diagnosis System

Figure 6.1: The process of constructing a diagnosis system.

The design process for construction of a diagnosis system is assumed to
follow the flow-chart shown in Figure 6.1. The first part is to construct the
model, in which at least it is possible to automatize parameter identification.
The next part is the construction of hypothesis tests that we possibly want to
include in the diagnosis system. Then the last step is to select hypothesis tests
to be included, and also to tune the hypothesis tests, which should include at
least tuning of thresholds.

This chapter deals with the step “selection and tuning of the hypothesis
tests”, for which an automatic procedure is presented in Section 6.3. The
procedure is based on the performance measures and the comparison scheme
developed in Section 6.1 and 6.2.

In Section 6.4, the construction of a diagnosis system for the air-intake sys-
tem of a real automotive engine is approached using the automatic procedure
developed. All steps in Figure 6.1 are discussed, i.e. modeling, construction of
hypothesis tests, and the application of the automatic procedure for selection
and tuning of hypothesis tests. The design is then experimentally evaluated in
Section 6.4.6.

6.1 Evaluation of Diagnosis Systems

To evaluate a diagnosis system, we need some kind of measure of the perfor-
mance. Here, this is done by first defining a loss function and then using the
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risk function as a performance measure.

6.1.1 Defining a Loss Function

A loss function should reflect the “loss” for a given specific fault state of the
plant and a specific decision made by the diagnosis system. The loss function is
denoted L(0,.S) and to define a loss function, we need to assign a value to each
pair (6,5). For each 6, the set of all S can be divided into subsets which we
will call events.

For the case 6 € O, i.e. the fault free case, we define two events:

NA={S; NF e S} No Alarm
FA={S; NF ¢ 5} False Alarm

For the case 0 € Op,, i.e. fault mode F; is present and F; # NF', we define
four events:

CI={S; NF¢SANS={F;}} Correct Isolation
MD ={S; NF €S} Missed Detection
ID={S; NF¢ SAF; ¢S} Incorrect Detection
MI={S; NF¢ SANF, € SAS #{F;}} Missed Isolation

The relation between these events are clarified in the tree-like structure in
Figure 6.2. Each node defines an event as the intersection of the events corre-
sponding to the particular node and all its parent nodes. A branch represents
two disjunct events.

NFeS NF ¢S

MD ///A\\\
Fi ¢S F,eS
ID

S ={Fi} S #{F}
cl MI

Figure 6.2: Relation between events.
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It is obvious that N A and C1T are the preferred events and should therefore
correspond to £(6,5) = 0. Also obvious is that the events FA, M D, ID, and
M should be “punished” by using a nonzero loss-function. With this in mind,
the loss function £(6,S) can be defined as

0 if NFeS ,ie. SeNA
£(0,) = HAFES 16 0 € 6cOnr
cra(d) fNF ¢S ,ie. SEFA
and
0 if S=1{F} ,ie SeCI
it NF ie. MD
£(0,8) = {cupl0) HNFES e 0c O

cip() ENFESAF ¢S | ie ID
CM](Q) 1fNF¢S/\F1€S/\S7é{E} ,l.e. MI

In general, the event M is not as serious as M D and ID. This can be reflected
in that cpp(0), crp(f), and cprr(6) are selected such that cpr(6) < erp(h),
and CM[(Q) < CMD(Q).

We will classify faults into insignificant faults Oinsign and significant faults
Ogign. Insignificant faults are those faults that are “small” and we are not very
interested in detecting. Significant faults are those faults that are “large” and
that we really want to detect. It is reasonable to assume that if there is a 1,
in the column for F; in the decision structure, then all faults belonging to fault
mode Fj;, are significant.

For insignificant faults, the events M D and M are not very serious. This
should be reflected in that cpp(f) and cprr(6) are chosen such that for 6 €
Oinsign, cmp(#) and carr(f) are small or even zero. On the other hand, for
significant faults, i.e. for 8 € Oggn, carp(f) and carr(6) should be large.

This reasoning about the choice of cpyrp(8), crp(8), and cprr(6) can be sum-
marized in a table:

ClI MD 1D MI
significant faults 0 emp(0) cip(0)  cmr(6)
insignificant faults 0 ~0 cip(f) =

Examples of choices of the functions eprp(6), crp(0), and cprr(0) are given in
Figure 6.3, 6.4, and 6.5. For M D and M1, two examples are given, represented
by the solid and dashed line. The exact choice of cyrp(0), crp(6), and carr(6)
depends on the specific application.
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CMD(Q)

N\

Insignificant Faults Significant Faults

Figure 6.3: The function cpp(6).

> 0

\ A J
g '

Insignificant Faults Significant Faults

Figure 6.4: The function crp(6).

CM](9

N

Insignificant Faults Significant Faults

Figure 6.5: The function cp;(6).
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6.1.2 Calculating the Risk Function

Recall the definition of risk function from Section 4.6. By using the loss function
defined in the previous section, the risk function becomes

CFA(Q)P(FA) if0 e Onp

R(6,0()) = {CMD(G)P(MD) +erp(6)P(ID) + caf (0)P(MI) if 6 € O,

(6.1)

Note that the probabilities for the events M D, ID, and M I have been lumped
together. It might be possible that it is interesting to study these probabilities
individually. In the framework of loss and risk functions, this would correspond
to a vector-valued loss and risk.

To calculate the risk function in the general case, it is obvious that we need
to know the probabilities P(FA), P(MD), P(ID), and P(MI). The problem
is that the probability density functions are multidimensional; the dimension
equals the number of tests. In addition, the distributions can be complicated
functions. This makes it hard to derive the probabilities analytically. Simula-
tions is an alternative but since the probabilities of interest are related to the
tails of the density functions, and they are multidimensional, an unrealistically
large amount of data would be needed. In spite of the above stated problems,
it is possible to calculate bounds of the risk function. The rest of Section 6.1
will be devoted to this issue, but as an alternative to (6.1), we will consider a
somewhat simpler risk function.

A simpler risk function is obtained by defining the new event MIM = M DU
ID U MI. Further we assume that for significant faults, cprp(0) = ¢rp(8) =
car(0) = cara(f) and for insignificant faults, carp(0) = carr(6) = 0. The
dashed lines in Figure 6.3, 6.4, and 6.5 correspond to this assumption. With
this assumption, the risk function becomes

cra(0)P(FA) if € OnF
R(G,(S(l‘)) = CM]M(G)P(MIM) if 8 € ®Fi and 0 € ®sign (62)
C]D(G)P([D) if ) € Op, and 0 € Ojpsign

The reason why this risk function is considered to be simpler than (6.1), is that
the sums of probabilities, present in (6.1), have all been eliminated.

6.1.3 Expressing Events with Propositional Logic

This section explores how general events, e.g. FA, MD, and MIM, can be
expressed by propositional logic formulas where the atoms are events for the
individual hypothesis tests. For example, consider the event FFA. With the set
representation of the decisions Sk, this event can be written

FA={S; NF ¢S} ={S; NF ¢S} ={S; \/ NF ¢ Si}
k k



Section 6.1. Evaluation of Diagnosis Systems 151

To describe events, also a shorter form will be used, e.g. F'A is written as

FA:\/NF¢Sk
k

We can further develop this expression by using the realistic assumption that
NF € My, for all k. This means that NF ¢ Sy is equivalent to Sy = S,i, and
the event F'A can be written

FA=\/{S: = 5}} (6.3)
k

In general, the probability for an arbitrary event A can be expressed as

where ¢ is a propositional logic expression in the proposition symbols {S, = S} }
and {S = SV}

In the next section we will assume that the events FA, M D, ID, MI, and
MIM are expressed by a propositional logic expression in minimal disjunctive
normal form. Before we give the definition of the minimal disjunctive normal
form, consider the definition of disjunctive normal form (DNF):

Definition 6.1 (Disjunctive Normal Form) If
o=\ Neis
g

where @; ; s atomic or the negation of an atom, then ¢ is a disjunctive normal
form (DNF).

The minimal disjunctive normal form is then defined as:

Definition 6.2 (Minimal Disjunctive Normal Form) A DNF ¢ is mini-
mal if there exist no other DNF ¢’ where ¢’ have a smaller total number of
connectives A\ and V.

To transform a DNF to a minimal DNF, the algorithm proposed by Quine-
McCluskey (McCluskey, 1966) can be used. The principles of expressing events
with propositional logic and minimal DNF’s, is illustrated in the following ex-
ample:

Example 6.1
Consider a diagnosis system with decision structure
| NF F, F, F3
0110 X 0 X

d2 | 0 1 X 0
03 | 0 0 X 0
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Expression (6.3) implies that the probability P(FA) can be written
P(FA)=P(NF ¢ 8S)=P(S; =SV Sy =55V S3=053) (6.4)

in which the event is described by a minimal DNF.
The probability of the event I D of F3 can be written

P(ID)=P(NF¢SAF5¢8) =P((\/NF¢S)A(\/Fs¢5)) =
=P((S1=5{V S=5,VS; :kSé) A (82 =S, f/ S3=293)) (6.5)
This formula is not even a DNF but can be transformed to
P(ID) = P(Sy = S3 V S3 = S3) (6.6)

which is a minimal DNF.

Thus we have shown two examples of how events can be expressed by propo-
sitional logic formulas and in particular, minimal DNF’s. n

6.1.4 Calculating Probability Bounds

This section gives two lemmas and two presumptions . Together, these can be
used to calculate bounds of the probabilities P(F'A), P(ID), and P(MIM).
However, we first need to introduce the terms desired response and completely
undesirable event:

Definition 6.3 (Desired Response) Let the desired response of test k to
fault mode F; be

es St ifFieSl
St (F) ={ : :

Sg otherwise

Definition 6.4 (Completely Undesirable Event) An event A is completely
undesirable if for any minimal DNF ¢, describing A,

Y= \/ /\ Pijg
i g
it holds that

vij = {S # Si*}

For example, both events described by (6.4) and (6.6) are completely undesir-
able.

The following two presumptions give bounds for general events that are
completely undesirable. In all realistic cases, these presumptions are probably
true or at least approximately true. Further, in Section 6.4.6, the validity of
these bounds is confirmed using experimental data.
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Presumption 6.1 For a completely undesirable event A described by a minimal
DNF o,

o=\ \ew
i g
it holds that

P(A) = Po) = P(V Ai) < 1= [[max (1= Ples))  (67)

%

Presumption 6.2 For a completely undesirable event A described by a minimal
DNF o,

2=V \ew
i g
it holds that

P(A) = P(p) = P(\//\%J) > miaXHP(SOi,j) (6.8)

Motivation of Presumption 6.1 and 6.2

To motivate Presumption 6.1 and 6.2, we need the following lemma:

Lemma 6.1 If a set of n events A; can be ordered such that

P(Az | A1) >P(A») (6.9)
P(As3 | A1 N Az) >P(A3) (6.10)
: (6.1
P(Ay | AL N Az N1 Au_y) 2P(A,) (6.12)
then
P(ﬁ A) ZﬁP(Ai) (6.13)

Proof: By using the definition of conditional probability, the relation (6.9)
can be rewritten as

P(Ay N Ay)

P(A) > P(A)

which implies

P(A3NAy) > P(A1)P(Ag)
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By continuing in this fashion with all relations (6.9) to (6.12), we arrive at the
relation (6.13). ]

We first motivate the upper bound given by Presumption 6.1. First define
the event A;:

A =1{8; \eij}
J

and note that P(A) = P(|J; A;). Now assume that A{ has occurred. Since the
event A is completely undesirable, the event A can be written

AT = {8\ ~e1} = {85 V{Sk, = Si 1}

This implies that S = Sges for some k, i.e. some tests responds according to
the desired response. In the same way, AS can also be interpreted as there is
some tests (not necessarily the same as for A{) responding according to the
desired response. Now study the relation

P(AF | AT) = P(A5)

This relation says that the event that some tests responds according to the de-
sired response, given that some other tests responds according to the desired
response, is at least as probable as the case when there are no a priori infor-
mation given. It is reasonable to assume that this relation holds. It is also
reasonable to assume that we can obtain a a whole set of relations that satisfies
the requirements of Lemma 6.1. Then by using Lemma 6.1, we can conclude
that

(A7) = [ Pa?)
which is equivalent to

P(A) = P(J4) =1- P A) < 1= T[PaS) =1 =T PV ~1)

From the fact that
P(\/ ~¢i;) = P({S; —pis}) > mjaxp({s; i) = max (1= Plpij))
J J

we get the upper bound given in Presumption 6.1.
To motivate the lower bound given in Presumption 6.2, we first note that

P(A) = P(| JAi) > max P(A;) (6.14)

Now assume that the event described by ;1 has occurred. This means that
Sk # S,‘fes for some k, i.e. some test do not respond according to the desired
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response. In the same way, the event described by ;2 means that another
test is not responding according to the desired response. By using the same
reasoning as above, we can conclude that a reasonable assumption is

P(piz | ¢in) > P(pi2)

and further, again using Lemma 6.1, that

P(A;) = P(N\ ¢ij) > HP(%,J')

K2

This relation together with (6.14) gives the lower bound in Presumption 6.2.

Undesirability of ID, MIM, and FA

We will now prove that the events ID, MIM, and are completely undesirable.
The reason why we want to prove this is that, if this is the case, Presumption 6.1
and 6.2 can be used to give probability bounds for ID, MIM, and F A.

We start with ID and M IM in the following lemma, which shows that if the
decision structure contains no 1:s, then the events I'D and M IM are completely
undesirable.

Lemma 6.2 If the decision structure contains no 1:s, and the column for NF
only 0:s, then the events ID and MIM of F are completely undesirable.

To prove Lemma 6.2, we first need the following lemma:
Lemma 6.3 If ¢ is a minimal DNF, a is an atom, and aV ¢ = @ # T, then
for one of the p; = /\j ©i,j, 1t must hold that ¢; = a.

Proof:  Assume that the lemma does not hold. This means that ¢ can be
written as

o=/ V-V VaAyV---VaAvyn,

where (§; and ~y; are conjunctions not containing a. Because of the minimality of
the DNF, it can be shown that it is possible to make the valuations a = 7 and
Bi = v; = F. This implies that ¢ = F and a V ¢ = 7. Thus a contradiction,
which means that the Lemma must hold. n

Now return to the proof of Lemma 6.2:
Proof: Assume that the event, ID or MIM, is described by a minimal
DNF ¢

902\//\%',]‘
i

The proof consists of two parts corresponding to I D and M I M respectively.
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1D of Fault Mode F
Consider first ID of fault mode F. Study the ¢":th conjunction of ¢:

Pir = /\ Pirj
J

The corresponding event must belong to I D. Since the decision structure con-
tains no 1:s in the column for F', it must hold that Vk.F € S?. We also know
that ID means F ¢ S. These two facts imply that the conjunction ¢;; must
contain a ;s j such that i v = {Sk, = Sij,} and that F ¢ S,ij,. By using the
assumption that the decision structure contains only 0:s in the column for N F,
this means that ¢,/ ;- alone must imply both NF ¢ S and F' ¢ S and thus, the
corresponding event belongs to I.D. Therefore, ¢ j» V ¢ = ¢ and by applying
Lemma 6.3, we can conclude that either

or that
=Ny V- (6.16)

where the conjunction ;s is not present in (6.16). Assume the ¢ corresponds
to the first of these two expressions. Then it holds that

@ir g Vit = Qi g

and thus, ¢ cannot be a minimal DNF. Therefore, ¢ must correspond to (6.16)
and we can write

¢ = @1 = {Sk, = Si,}

Now since F' ¢ Sil, we know from Definition 6.3 that ngs = Sgl. This
further implies that

pir = {8k, # Si;*

which means that the event ID is completely undesirable. This ends the part
of the proof for ID.

MIM of Fault Mode F

Now consider MIM and again an arbitrary chosen ;. From the definition
of MIM we know that each ¢; implies F' ¢ S or that {F,F.} C S for some
F.#F.

Consider first a ¢, such that F' ¢ S. Then the reasoning for ID can be
applied to ¢; and we can conclude that it must be the case that ¢, = {S, = S} }
and {Sge = SP}.
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Now consider a ¢, such that {F, F.} C S and assume that ¢y 1 = {Sk, =
Sk} Then {F, F.} C Sy, and F, # NF. Since the decision structure contains
no 1:s, which implies that Vk.F € S, we also know that

(‘Zji/ = i1 A Pir 2 AN

must imply {F, F.} C Si,. This means that @;; belongs to MIM, which further
implies that

Pir Vo= (6.17)
Also we have that
P Vow = (mpra Apia A )V (0 i Apra Ao ) =g Ao =),
(6.18)

Expression (6.17) and (6.18) together implies that
= VsV =0V - VogV="VgyV

where ¢}, have fewer terms than ¢;, and thus ¢ cannot be a minimal DNF. This
contradiction gives that ¢;/; and consequently all ¢;/ ; must satisfy

pirj = {Sk, = Si,}

Suppose now that @1 = {Sk, = Si } = {Sk, = Sfe}, ie. Sies = 57 .
This implies that F ¢ S| , and therefore ~py 1 = {Sy, = S} } alone must
belong to ID and also MIM. This further implies

P VY=g

Using Lemma 6.3 implies that one of the conjunctions in ¢ is =y 1. It holds
that

@Evﬂ(pl,J\/\/@z,\/E
;...\/ﬁ%/J\/...\/(cpi,’l/\cpi,z/\...)\/...:...\/(%/72/\...)\/...;
E---\/(p;//\/-“

where ¢} have fewer terms than ¢;, and thus ¢ cannot be a minimal DNF. This
contradiction gives that ¢;/; and consequently all ¢;/ ; must satisfy

pirg = {8k = S8, } = (S, # S}
In conclusion, for each conjunction ¢; of ¢, it holds that either
i = {Sk = Si} = {Sk # Si°°}

or that

vi = \{Sk, = Sp,} = {Sk, # S}
J
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This means that MM is completely undesirable. n

For the event I D, the proof of Lemma 6.2 is valid also for the less restrictive
case that the decision structure contains no 1:s in the columns for F' but still
only 0:s in the column for NF.

The following lemma shows that the event F'A is completely undesirable,
which implies that Presumption 6.1 and 6.2 can be used.

Lemma 6.4 If the decision structure contains no 1:s, and the column for NF
only 0:s, then the event FA is completely undesirable.

Proof: Define a new fault mode Fj,, that has a column in the decision
structure which is identical with the column for NF. Then the event FA is
equivalent to ID of fault mode Fj,¢y. Further, Lemma 6.2 implies that the
event ID of F,, is completely undesirable and therefore also the event F'A is
completely undesirable. u

6.1.5 Some Bounds for P(FA), P(ID), and P(MIM)

The purpose of this section is to exemplify the use of Presumption 6.1 and 6.2,
and at the same time derive some relations useful for selecting the significance
level ay, of the individual tests. With the notation used here, the significance
level becomes

ay = sup P(reject HY | Hy true) = sup P(Skp = Si | 6)
6cof, 6€0

where ) = U, enr, ©+- We will assume that Oy p = {0} and that

sup P(Sy = Sj, | 0) = P(S, = S}, | 6o)
6€Oey

Thus, it holds that
OékZP(SkZS% |9€@NF) (6.19)

In the following subsections, we will derive bounds for the probabilities
P(FA), P(ID), and P(MIM). In all cases we will assume that the decision
structure contains no 1:s and the column for NF' contains only 0:s.

Bounds for FA

Consider the event F'A which can be described by the minimal DNF (6.3). In
most expressions for probabilities below, we will assume that a specific 4 is given,
but to get a simple notation, this is not written out, i.e. P(...|0) is written
P(...). Lemma 6.4 makes it possible to apply Presumption 6.1 and 6.2 to (6.3).
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Figure 6.6: The functions 1 — (1 — &)™ (solid) and na (dashed) for o = 0.05 and
0.02.

For the event F'A, we know that # € Oy and by noting that oy, = P(Sy = S}),
the bounds become

max ay, = m]?XP(Sk =S}) < P(FA) <

1-JJ(=PSk=51))=1-J[ (1 — )

k

| /\

Now assume that the significance of all tests are equal to a, i.e. Vk.ax = a.
This implies that the bounds become

a<PFA<1I-(1-a)"

where n is the number of tests. In Figure 6.6, the functions 1 — (1 — )™ (solid)
and na (dashed) have been plotted as a function of n for & = 0.05 and o = 0.02.
It is obvious that 1 — (1 — @)™ < na and also that 1 — (1 — @)™ ~ na. This
means that the simple expression na is an upper level of P(FA) and also an
approximation of the upper level 1 — (1 — a)™.

Bounds for ID

Now consider the event ID of fault mode F. The probability P(ID) can be
written

P(ID) = P((\/NF ¢ Si) A \/F ¢ Sk))
\/{Sk = Si}) A \/ {Sk=5i})) = P(\/ {Sv = Si}) (6:20)

kep kep
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where
p=A{k; F¢&5;}

That is, p is the set of indices for tests d; with a 0 in the decision structure for
F.

The rightmost expression of (6.20) is a minimal DNF which together with
Lemma 6.2 implies that it is possible to use Presumption 6.1 and 6.2. With
Br(0) denoting the power function of the k:th test, i.e. 8x(0) = P(S, = Si | 9),
the bounds become

max B¢ () = II?axP(Sk =S}) < P(ID) <
€p

ke
<1-JJ@-PSk=50))=1-] @ -50))

kEp kep

Now it is reasonable to assume that for § € O and k € p, it holds that 8 (0) =
Bi(0") where 8 € ©np. This together with (6.19) means that i (0) = oy and
the bounds become

I?é"fo‘k <P(ID)<1- IEL (1 fak)

By assuming that Vk.ay = a, and again using the relationship 1—(1—a)™ < na,
the bounds can be further simplified to

a<P(ID)<1-(1-a)™ <n,«a

where n,, denotes the number of elements in p.

Bounds for MIM

Next consider the event MTM (= M DUIDUMT) of fault mode F. By studying
the proof of Lemma 6.2 it can be realized that the probability P(MIM) can be
expressed with a minimal DNF as

P(MIM)=P(\/{Sx=5} \/ 4) (6.21)
kep i=1l..nx
where
p={k; F ¢S}
and

A=\ {8k =St}

key;

for some, typically small, number nx and some sets ;.
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Since the formula in (6.21) is a minimal DNF, Lemma 6.2 implies that it is
possible to use Presumption 6.1 and 6.2. The lower bound becomes

P(MIM) > max{max P(Sj = Sp), max [ P(Sk=SP)} =
S T...MX
kEp;

= max{maxa, max Igg — Br()} (6.22)

where we again have used the assumption [ () = ax for k € p. The upper
bound becomes

P(MIM) <1— [] (1 - P(Sk = S})) ﬁg&x{l — P(Sk=S))} =
kep i=1 !

nx
=1 1— .
IT (e Hg&fﬂk(ﬁ) (6.23)
kep i=1
Now if, for each test J, it holds that Sx(0) > 1 — ag, then an upper bound
for (6.22) is
max{rl?gﬁcak, max H ak}

kEp;

By again assuming Vk.a, = «, this expression becomes equal to

max{a, max o™i} =« (6.24)
1...MXx

where n,, denotes the number of elements in ;. Similarly, an upper bound
for (6.23) becomes

nx
1- H (1—ag) Hgé%x(l —ag)
i=1

ke
and with the assumption Vk.ay = «, this expression becomes equal to
I-(1-a)™(1-a)"™ =1—(1—a)™ ™™ < (n, +nx)a (6.25)

where n,, denotes the number of elements in u.

In conclusion, we have derived the bound (6.25), which is a upper bound to
the upper bound (6.23) of P(MIM), and (6.24), which is an upper bound to
the lower bound (6.22) of P(MIM). The usage of the bound (6.24) is that if
we know that it is small, then the lower bound of P(MIM) will be small.

Concluding Remarks

The bounds for P(FA), P(ID), and P(MIM) derived in this section are sum-
marized in Table 6.1. Although derived using some assumptions, the relations
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Probability Lower Bound Upper Bound Simple Upper Bound
P(FA) ! 1-1-a)" no
P(ID) a 1—(1—a)™ nyo

P(MIM) (6.22) <« 1—(1—a)™ ™ (n,+nx)a

Table 6.1: Bounds for P(F'A), P(ID), and P(MIM) when Yk.aj, = . The
bounds for MIM are obtained when (5 (0) > 1 — a.

in Table 6.1 and also the other relations derived in this section, are useful to be
aware of when choosing the significant levels of the individual tests.

From above it is clear that the probabilities P(F'A), P(ID), etc., can be
estimated if we have the probabilities P(S, = S}) = 1 — P(S, = S). In
principle, we are interested in the probability P(Sx = S}) for all different 6.
That is, we need to estimate the power function 34(0) = P(Sx = S} | 6) for all
0. As described in Section 4.6.1, the power function can be estimated directly or
in some cases derived analytically by knowing the distribution of the measured
data.

Assume that Sk (0) is estimated directly by using measured data. In that
case note that even though the amount of data needed to get accurate estimates
can be large, it is still much less compared to if e.g. P(FA) was going to be
estimated directly.

6.1.6 Calculating Bounds of the Risk Function

The bounds (6.7) and (6.8) give upper and lower bounds of the probabilities
P(FA), PI(MIM), and P(ID). These bounds can now be used to calculate
the bounds of the risk function (6.2). The lower and upper bounds of the risk
function R(6,d) will be denoted R(6, ) and R(6,§) respectively. The derivation
of bounds is exemplified in the following example:

Example 6.2

Consider the same diagnosis system as in Example 6.1. To calculate bounds of
R(0,9) in the case § € Oy, we need bounds of P(F'A). Since (6.4) is a minimal
DNF, Presumption 6.1 and 6.2 together with Lemma 6.4 give the bounds

R(0,8) = enp(0)[1 = P(Sy = SHP(Sy = SHP(S5 = Sg)}
and

R(6,6) = cyp(0) max{P(S; = St), P(Sy = S3)P(S3 = S3)}

Next consider the case § € O, NOipsign, i.e. the fault belongs to fault mode
F5 and it is insignificant. To calculate the risk function (6.2), we need P(ID)
given by (6.6), which is a minimal DNF. Then Presumption 6.1 and 6.2, and
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Lemma 6.2 give the bounds
R(8,6) = crp(0)[1 ~ P(Sz = S)P(Ss = 57)]
and
R(0,6) = exp(0) max{P(Sz = 53), P(S3 = S3)}
| |

For each §(z) and 6 we get one lower and one upper bound. If a finite set of
0:s is considered, the values of the bounds for a certain 6(z) can be represented
in a table:

6.2 Finding the “Best” Diagnosis System

Given a set C of diagnosis systems, we will here discuss if we can find the
“best” diagnosis system in C, and in that case how to do it. The measure of
performance is the risk function defined in Section 6.1.2 and we thus want to
find the diagnosis system ¢ with minimal risk R(6,d). The problem is that
R(#,9) for a given 4, is not a constant but a function of 6. Given two diagnosis
systems ¢; and da, it can happen that R(6,01) < R(6,02) for some values of 6
while R(6,61) > R(f,d2) for some other values of §. For example §; performs
better with respect to false alarm and ds performs better with respect to missed
detection. It is obvious that the original goal, of finding the best diagnosis
system, must be modified and instead, we should try to find a, preferably small,
set of good diagnosis systems.

The problem of a performance measure that is a function is not something
unique for diagnosis systems. Actually, it is a common situation in general
decision problems. In decision theory, several principles have therefore been
developed to deal with this issue. In the next two sections, we discuss how
these general principles can be applied to the problem of finding the “best” or
at least good diagnosis systems.

6.2.1 Comparing Decision Rules (Diagnosis Systems)

Since this section discusses finding diagnosis systems from the standpoint of
general decision theory, we will mainly refer to general decision rules instead of
diagnosis systems.

To be able to compare different decision rules (here diagnosis systems), the
relations better and equivalent are defined:
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Definition 6.5 (Better) A decision rule 61 is better than a decision rule 6o
if
V0.R(6,01) < R(6,01)
and
30.R(6,91) < R(0,41)
A decision Tule 61 is equivalent to a decision rule do if
VO.R(0,61) = R(6,01)

In the case where the risk is not available but instead, we have both an upper
and a lower bound, the definition of better and equivalent must be modified:

Definition 6.6 (Better) A decision rule 61 is better than a decision rule o
if
V0. R(0,61) < R(6,62) A R(0,01) < R(0,62)
and
30. R(0,01) < R(0,62) V R(6,61) < R(,02)
A decision rule 61 is equivalent to a decision rule ds if
VO.R(0,01) = R(0,62)
and
V0.R(0,61) = R(0,02)

The relations 6.5 and 6.6 define a partial order on the set of decision rules
(or diagnosis systems). Corresponding to minimal elements of a partial order,
decision theory uses the term admissible:

Definition 6.7 (Admissible Decision Rule) A decision rule ¢ is admissible
if there exists no better decision rule 0'.

It is obvious that we need to consider only admissible decision rules (diagnosis
systems) when trying to find good diagnosis systems. If C is the set of diagnosis
systems considered, we use the notation Cg,q4y, for the set of admissible diagnosis
systems in C.

6.2.2 Choosing Diagnosis System

Even though the concept of admissibility reduces the set of diagnosis systems
we need to consider to Cygm, it is probable that the set Cq4.m, is still to large. We
need a principle to pick out one or possibly a few § in Cyqm that represents a
good choice. We will here discuss three such principles: the Bayes’ risk principle,
the minimax principle, and the approrimate minimization principle. The first
two of these originates from classical decision theory and the third is presented
in this work.
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The Bayes’ Risk Principle

Using the Bayes’ risk principle, we assume that there is a prior distribution 7 (6)
on the parameter space ©. Then we can evaluate the Bayes’ risk:

r(0) = E{R(6,5(X))}

with expectation taken with respect to both # and X (X is the data). Then the
Bayes’ risk principle is to choose the diagnosis system with lowest Bayes’ risk.
The problem with this principle is that a prior 7(6) is rarely available, i.e. we
seldom know the probability of different faults. However, an alternative is to
see 7(6) as a design parameter.

The Minimax Principle

Consider the quantity

sup R(8,9) (6.26)
0co

which represents the worst thing that can happen if § is used. The minimax
principle is to choose the diagnosis system which minimizes (6.26). The problem
with this principle is that, even though it is the worst case, only one #-value for
each 0 is used.

Figure 6.7 illustrates the problem. With the minimax principle, the diagnosis
system &9 with the right risk function would be preferred to a diagnosis system
61 with the left risk function. However, in most cases the d; would be a much
better choice since its performance approximately equals the performance of 65
for small f-values, and for all other 8-values, §; outperforms ds. It can also
be the case that the prior 7() for small #-values is very small and then the
minimax principle would be even worse.

R(6,5,) R(6,65)A

Figure 6.7: The problem with the minimax principle.

The Approximate Minimization Principle

As described above, there are arguments to not use the well-known Bayes’ or
minimax principles. There is a need for a principle that do not require a prior
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but in some way consider more than one 6-value. To meet these requirements,
we first define the function

which for each 0 represents the best performance of any diagnosis system. Then
we define a scalar measure of a risk function:

”R(Gv 5)” = Slelp (R(@, 5) - Rmzn(a))

The approzimate minimization principle is then to choose the diagnosis system
which minimizes ||R(6,0)||. It can be the case that not one single diagnosis
system minimizes || R(6,0)]|, but rather a whole set, which we will denote Cxmin.
The result can be seen as that R(f,9) is “almost” minimized for each #-value,
thereby the name “approximate minimization”.

With this principle, the functions cpa, cprp, ete. defined in (6.1.1) works as
weighting functions that can be used to emphasize different 6-values.

0.6
0.5 * E
i
0.4 ® .
o3 [ *
& *
0.2 o :
O
0.1 + X i
+
0 1 1 1 1 1 1 1
0 0.5 1 15 92 2.5 3 35 4

Figure 6.8: Hlustration of the Approximate Minimization principle.

Example 6.3

Consider Figure 6.8. The parameter set is © = {1,2,3}. Four decision rules
are considered and their risk functions have been plotted, marked with *, o, x,
and + respectively. The value of Ry, (6) becomes [0.1 0.07 0.3]. The measure
[|R(6,0)| becomes

R0, )]

0.4
0.1
0.1
0.15

+><O*

and thus the measure is minimized by o and x. The size of this minimized
measure is shown in the figure as a vertical bar. n



Section 6.3. A Procedure for Automatic Design of Diagnosis Systems 167

6.3 A Procedure for Automatic Design of Diag-
nosis Systems

With the theory presented in the previous sections, it is quite straightforward to
formulate a procedure for systematic and automatic design of diagnosis systems.
The procedure presented here has been developed from procedures in (Nyberg
and Nielsen, 1997a) and (Nyberg, 1998).

Consider the set of all diagnosis systems D. Then by using the loss function
defined in Section 6.1.1, we want to search in D for admissible diagnosis systems
and then apply the principle of approximate minimization. The problem is
that D is too large. A solution is to first restrict D to a set C C D, which
hopefully contains most of the good diagnosis systems. Thus, the first step in
the procedure is to find a good initial set C.

6.3.1 Generating a Good Initial Set C of Diagnosis Sys-
tems

As input to the procedure, we use a set of hypothesis tests 7, called test can-
didates, and a set of measurement data M = (M;,...M,). By using the
measurement data M and computing the test quantities, we can estimate the
correlation between them By restricting the set 7 so that it does not contain
highly correlated test quantities, the size of 7 can be reduced. This is desirable
to save computational load in later steps of the procedure.

Also by using measurement data, the tests can be tuned for good perfor-
mance. For each test, this should include at least tuning of the threshold so
that a desired significance level is obtained. Also possible to include is a “tun-
ing” of the sets S} and Slg, i.e. to add or remove some fault modes. Note that
an equivalent way of describing this is that the decision structure is modified,
e.g. some 0:s are changed to X:s.

The selection of threshold and sets S} and SP in each test, largely affects
the performance of the tests and also the diagnosis system. To analyze this,
we can use the principles that were discussed in Section 4.7. There it was
concluded that we need the power function 8 (6) which can be estimated from
the measurement data M in accordance with Section 4.6.1.

Optimal thresholds values are difficult to obtain but we can use the heuristic
to choose a certain level of significance a and then select the thresholds of each
test 0 such that ar = «. This has the advantage that the probability of the
events FA, ID, and MIM can be quite easily expressed in « as shown in
Section 6.1.5 and especially in Table 6.1.

The set S} can be tuned by using the formula (4.42). That is, fault modes
for which the power function is not small, should be added to Si. This means
that, if the incidence structure was used to determine a first choice of S}, many
fault modes may not have been included in Si. However, when measurement
data are used, model errors become important, and some of the fault modes,
that were not originally included in S{, must now be added. It is possible to
also use a similar “tuning” of the sets S,g by using the formula (4.43).
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Note that it is also possible to include two or more different tunings of a
single hypothesis test, in the set 7. For example, assume that the original
set Si does not contain a fault mode Fi, but the power function derived from
measurement data shows that Fy should be added to Si. Then, it is possible to
include two tests d3 and d3/, corresponding to different choices of S3, in the set
7.

After that each hypothesis test has been tuned, and possibly several varia-
tions of some tests have been included in 7, the set C is obtained as all possible
nonempty subsets of 7, i.e.

c=2T—-9

6.3.2 Summary of the procedure

The whole procedure for systematic and automatic diagnosis system design can
be summarized as follows.

Input: The input is (7, M), where T is a set of hypothesis test candidates and
M a set of measurement data.

Step 1: Generate a good set C of diagnosis systems:

1. Start with a set of test candidates 7.

2. Use measurement data M to estimate correlation and reduce 7 such
that it does not contain highly correlated test quantities.

3. For each test candidates in 7, use measurement data M, and esti-
mate 0 () for different thresholds and for different 6;:s corresponding
the measurements M.

4. Use the estimated (i (6) to tune each test, which includes tuning of
thresholds and possibly also the sets S} and Sg.

5. Let C be all possible nonempty subsets of 7.
Step 2: Calculate R(6;,9) and R(6;,0) for all § € C:
1. For each § € C, derive propositional logic expressions for the events

FA, ID, and MIM, for the different fault modes.

2. For each § € C, transform the propositional logic expressions to min-
imal DNF’s.

3. For each § € C, use the minimal DNF’s, Presumption 6.1 and 6.2,
and the estimate of §;(6) to calculate probability bounds for the

cases 01,...,0,.
4. For each § € C, use the probability bounds to calculate R(6;,4) and
R(6;,6).

Step 3: Pick out the admissible set Cyqpm C C.

Step 4: Apply approximate minimization to get Camin € Cadm.-
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Output: The output is Cxmin.

An alternative to the above procedure is to switch the order of steps 3 and 4.
It can be realized that this gives the same result, i.e.

{Cadm}’zmin = {szin}adm

The reason for switching steps 3 and 4 is that the operation of extracting a set
of admissible decision rules is computationally more heavy than the operation
of approximate minimization.

As said in Section 6.2.2, the output Cxmin can be more than one diagnosis
system. If this is the case, the diagnosis system containing the least number of
hypothesis tests should be chosen for implementation. This is to minimize the
diagnosis system complexity and computational load.

6.3.3 Discussion

Design of diagnosis systems is an optimization problem. The optimization prob-
lem addressed by the procedure described above, is to optimize the risk with
respect to thresholds (and possibly other parameters of the individual tests) and
selection of individual tests to be included. In the solution of the procedure,
the optimization problem is divided into two subproblems: first the thresholds
are fixed for each test and then, hypothesis tests to be included are selected.
Because this “two-stage approach” is used, global optimum is not guaranteed.
However, if sufficient computer power is available, it is possible to try several
thresholds for each test. This could be done by increasing the size of 7 such
that each test is included more than once, but with different thresholds. This
makes it possible to get closer to a globally optimal solution. Another reason
for non-optimality is that minimizing the bounds may not necessarily result in
that the actual risks are minimized.

One potential problem with using the procedure is application specific re-
quirements of low probabilities of false alarm, missed detection, etc. Because of
this, the thresholds must be chosen such that the probabilities of P(Sy = S})
becomes highly dependent on the tail of the density functions of the test quan-
tities. In this area, the probability estimates become unreliable which further
implies that the bounds of the risk function becomes unreliable. The output
from the procedure might be far from optimal.

To overcome this problem there are at least three possible solutions. One
is to use longer measurement sequences. However, practical limitations can
make this difficult. Another solution is to estimate parametric models of the
probability density functions, e.g. see (Gustavsson and Palmqvist, 1997). The
third solution is to accept a higher rate of undesirable events, i.e. false alarm,
missed detection, etc., and then take care of these undesirable events by adding
some after-treatment of the output from the diagnosis system. For example, the
time, for which the original diagnosis system signals alarm, can be summed up
and the alarm can be suppressed until the time-sum reaches a threshold.

The whole procedure is automatic, i.e. when input data are provided, all
steps can be performed without any human involvement. This means that the
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only thing left to automatize is the construction of the test quantities in the
hypothesis tests. A general solution to this is a topic of future research but for
limited classes of diagnosis problems, e.g. for the case of linear systems with
fault modeled as additive signals, solutions are already available.

The procedure has been implemented as a Matlab command. The part of
the procedure, requiring most computing power, is to derive the minimal DNF’s
of the events F'A, ID, etc. However, in many cases it might be possible to “pre-
calculate” minimal DNF expressions for the events of interest.

6.4 Application to an Automotive Engine

When constructing a model-based diagnosis system for automotive engines, it
is desirable to strive for an optimum performance and at the same time mini-
mize the amount of engineering work required. Automotive engines are rarely
designed from scratch but often subject to small changes, e.g. for every new
model year. Then usually also the diagnosis system needs to be changed. Since
this may happen quite often and a car manufacturer typically has many differ-
ent engine models in production, it is important for the car manufacturers that
diagnosis systems can be reconstructed with minimal amount of work involved.

For manufacturers of independent diagnosis systems, to be used in inde-
pendent repair-shops, the situation is even more critical. They need to design
diagnosis systems for a large amount of different car brands and models. This
makes it necessary to find procedures such that diagnosis systems can be con-
structed with very limited amount of work.

Thus, in the automotive area, there is a large need for a systematic and
automatic procedure like the one presented in the previous section. In this
section, the procedure is applied to the construction of the diagnosis system for
the air-intake system. The resulting diagnosis system is then experimentally
evaluated in Section 6.4.6.

6.4.1 Experimental Setup

The engine is a 2.3 liter 4 cylinder SAAB production engine mounted in a test
bench together with a Schenk “DYNAS NT 85” AC dynamometer. Note that
this is not the same engine as the one used in Chapter 5. The measured variables
are the same as the ones used for engine control. A schematic picture of the
whole engine is shown in Figure 6.9.

The part of the engine, that is considered to be the air-intake system, is
everything to the left of the dashed line in Figure 6.9. When studying the air
intake system, also the engine speed must be taken into account because it
affects the amount of air that is drawn into the engine.

6.4.2 Model Construction

As we noted in Chapter 5, the automotive engine is a non-linear plant and it
has been indicated in several works by different authors, that for the purpose of
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Figure 6.9: A basic automotive engine.

diagnosis, a linear model is not sufficient. As for the applications in Chapter 5,
there is no need for extremely fast fault detection, and therefore a so called
mean value model (Hendricks, 1990) is chosen. This means that no within cycle
variations are covered by the model. The model is continuous and has one state
which is the manifold pressure. The air dynamics is derived from the ideal gas
law.

The process inputs are the throttle angle « (which is assumed to be un-
known), and the engine speed n. The outputs are the throttle angle sensor «s,
the air-mass flow sensor ms and the manifold pressure sensor ps. The equations
describing the fault-free model can be written as

. RTman

po= (Mmtn — Mac) (6.27a)
myn = f(p, ) (6.27b)
Mage = g(p; Tl) (627C)

where p is the manifold pressure, R the gas constant, 7,4, the manifold air
temperature, V4, the manifold volume, my;, the air-mass flow past the throttle,
Mg the air-mass flow out from the manifold into the cylinders, a the throttle
angle, and n the engine speed.

The model consists of a physical part, (6.27a), and a black box part, the
functions (6.27b) and (6.27c). Even if variations in ambient pressure and tem-
perature do affect the system, they are here assumed to be constant. The static
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functions f(p, ) and g(p,n), are represented by polynomials. The identification
of the functions f and g, and the constant V,,an, is described in (Nyberg and
Nielsen, 1997b).

6.4.3 Fault Modes Considered

The components that are to be diagnosed are the throttle angle sensor, the air-
mass flow meter, and the manifold pressure sensor. Four system fault modes
are considered:

No Fault

air-Mass sensor fault
throttle-Angle sensor fault
manifold-Pressure sensor fault

v Ez

As seen only single-fault modes are considered. In all cases the faults are mod-
eled as arbitrary signals added to the physical quantities, i.e.

mas(t) =m(t) + far(t) (6.28a)
as(t) =a(t) + fa(t) (6.28D)
ps(t) =p(t) + fp(t) (6.28¢)

where the index s represents measured sensor signals. For fault mode NF, all
functions fas(t), fa(t), and fp(t) are zero and for each of the other fault modes,
one of the three functions are nonzero.

All this means that the fault state parameter 6 at a particular time tg is

0= [fult) falt) fp(O]  t<to

That is, 6 is a vector of three functions. The definition of the parameter spaces
O, OnF, On, ©4, and Op follows naturally.

6.4.4 Construction of the Hypothesis Test Candidates

The inputs to the diagnosis system, and therefore also the individual tests, are
ms, s, Ps, and n. Because the faults are modeled as additive arbitrary signals,
the test quantity in each of the hypothesis tests becomes a residual generator.

The model of the air-intake system is non-linear. Because of the scarcity
of design methods for residual generators for non-linear systems, we have to
rely mostly on ad-hoc design. To not introduce unnecessary constraints, the
design of residuals is not restricted to one method. Instead a combination
of static relationships, non-linear diagnostic observers, and parity equations is
used to construct 12 residuals of the type where an output is compared to an
estimate of the output, or two estimates of the same output are compared. The
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computational form of these 12 residuals are

o= ms— (s, ps)

T2 = ms—1m2(n,ps)

r3 = ps— Pi(as,n,ps)

ry = ms—ms(as,n,mg)

s = Ds *ﬁ2(as;msan)

re = as—ai(u,as,ms,ps)

r7 = ms—ma(as,n,ps)

rs = ro—11=1m1(as,ps) — ma(n,ps)

rg = r4—19 =1ma(n,ps)— ms(as,n,ms)
rio = rq4—r1=mi(as,ps) — ma(as,n,mg)
riu = r3—rs = pa(es, ms,n) — pr(as,n,ps)
ri2 = s — Ga(mg,ps)

where m;, &;, and p; are different estimates of the output signals. The details
on how these estimates are formed can be found in Appendix 6.A.

Each of the 12 residuals is used to form a hypothesis test and thus we have a
set 7 of 12 hypothesis test candidates. Different test quantities (i.e. the residual
generators) are sensitive to different faults. This can be seen by studying the
equations of the residuals and is summarized in Table 6.2, which contains the
incidence structure for the 12 test quantities. As can be seen, there are some X:s
in the incidence structure. The reason for this was explained in Example 3.2.

From the incidence structure, the decision structure is derived by replacing
1:s by X:s. Because of how the fault models (6.28) are constructed, the decision
structure will contain only 0:s and X:s.

NF M A P
1 0 1 1 X
T2 0 1 0 X
T3 0 0 1 1
T4 0 1 1 0
rs |0 1 1 1
re | 0 1 1 1
rr |0 1 1 X
T3 0 1 0 1
T9 0 1 1 1
T10 0 1 1 1
T11 0 1 1 1
12 0 1 1 1

Table 6.2: The incidence structure of the test quantities for the 12 hypothesis
test.
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6.4.5 Applying the Procedure for Automatic Design

Following is a description of how all steps in the procedure, listed in Sec-
tion 6.3.2, is applied to the design of a diagnosis system for the air-intake system.

Input

The input to the procedure is the set of 12 test candidates 7 defined in the
previous section and a set of measurement data M. The measurement data M
were collected from the real engine during a one minute fault-free test cycle, see
(Nyberg and Nielsen, 1997b). All faults were added to fault-free measurements
and constant bias faults were chosen. The fault sizes were +2%, +4%, and
+6% for the a-fault, £2.5%, 5%, and £7.5% for the m-fault, and +2%, +4%,
and +6% for the p-fault. For each sensor, the two smallest fault sizes (negative
or positive) are considered to be insignificant faults and rest of the four fault
sizes are considered to be significant faults. In addition there were one fault-free
measurement. This means that measurements have been collected for 19 points
in the infinitely large parameter space ©.

Step 1: Generation of the set C

The measurement data set in M corresponding to § € Onp, i.e. fault free
measurements, is used to calculate correlation between the test quantities of
the tests 7. From studying the correlation coefficients, it is concluded that
test quantities 1 and 7 are highly correlated, C(ry,77) = 0.99, and also test
quantities 5 and 11, C(r5,711) = 0.99. Therefore, test quantities 7 and 11 are
omitted from 7. This means that we are left with a 7’ containing 10 test
candidates.

The power function (x(0) is estimated, using the measurement data M, for
thresholds in the range 0 to 20. With its help, P(Sy # S{°; | 6;) is plotted
in Figure 6.10. The fact that test quantities 1 and 7, and 5 and 11, are highly
correlated is seen in these plots because the plots for the corresponding pairs
are very similar.

By using the power function G (0) for 8 € Onp, the threshold Ji for each
test dy is chosen such that the significance level becomes oy = 0.05. Table 6.3
shows the threshold levels Ji for all tests in 7. The sets S,i and Sg need not to
be modified because formulas (4.42) and (4.43) are fulfilled.

Now when thresholds and sets S} and Sg have been fixed, let C be all possible
nonempty subsets of 7’. The size of C is 2! — 1 = 1023.

Step 2: Calculation of R(6;,6) and R(6;,6)

The power functions (j(f) estimated in the previous step can now be used to
obtain estimates of the probabilities P(S, = S} |0) for all 6;, i = 1,...,19
and all tests in 7. This means that 19 - 10 = 190 probabilities are estimated.
These are used to estimate the bounds R(6;,d) and R(6;,5). In total, there are
1023 - 19 - 2 = 38874 bounds.
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Figure 6.10: The probability P(Sy # Sg¢*) for each test as a function of the
threshold. The lines for significant faults are solid and for insignificant faults
dashed. Also the lines for fault mode N F' are solid.
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6k Jr

51 | 215
5 | 2,55
55 | 2.05
5, | 3.15
55 | 4.85
S | 4.25
57 | 2.15
5s | 2.15
S | 2,55
S10 | 2.25
S11 | 5.05
512 | 9.85

Table 6.3: The thresholds for all tests in 7.
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Figure 6.11: The risk bounds for 16 different diagnosis systems.
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In Figure 6.11, these bounds for 16 different diagnosis systems § € C have
been plotted. The x-axis in each diagnosis system shows the index i of 6;
and the y-axis shows the value of R(6;,d) and R(6;,5). The x-marks represent
R(6;,6) and the circles represent R(6;,6). By visual inspection, it is seen that
the diagnosis system represented by the top left plot, is the best of these 16.

Step 3&4: Finding the Admissible Set and Approximate Minimiza-
tion

The admissible set Cqq;, contains 15 diagnosis systems. After applying approx-
imate minimization, there is only 1 diagnosis systems left in the set Cxpmin. We
will denote this diagnosis system with 6°¢**. The decision structure for §°¢* is

|NF M A P
] 0 0 X X
| 0 X 0 X
S| 0 X X 0

The risk bounds for §°¢%! are plotted in the top left plot of Figure 6.11.
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Figure 6.12: Confirmation of the diagnosis system 6°¢** for the cases, NF,
insignificant A, and significant A.

6.4.6 Confirmation of the Design

To confirm the design, the single diagnosis system, that was the output from
the procedure, is tested using the 19 fault cases that was used for the design.
Of these 19 cases, the result of 6 cases are shown in Figure 6.12 and 6.13.
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Figure 6.13: Confirmation of the diagnosis system §°¢** for the cases significant
M, insignificant P, and significant P.

Each column of plots represents one test case and the present fault mode
is indicated on the top. Each row of plots represents the indicator functions
Is)(F;) for each of the fault modes (indicated to the left). The indicator
function Ig(;)(F;) has the value 1 if F; € S(t) and 0 if F; ¢ S(t). For example
consider the leftmost column of Figure 6.12. In this case, the present fault mode
is NF which means that the event of interest is FA and to prevent that FA
occurs, N F' should belong to S all the time. As seen in the upper left plot, this
is however not the case. On several occasions, the indicator function goes to
zero which means that NF' ¢ S, i.e. the event F'A occurs.

Consider next the second column of Figure 6.12. The present fault mode is
A and the fault is insignificant. This means that the event of interest is 1D and
to prevent 1D, the indicator function for A (the second row) must be one. Also
here, there are some occasions where this indicator function goes to zero, which
means that I D occurs.

For the third column of Figure 6.12, the present fault mode is also A but
this time, the fault is significant. Thus, the event of interest is MIM and to
prevent M IM  the indicator function for A must be one and all other indicator
functions must be zero. As seen in the plots, this is true almost all the time.

It is clear that the automatic procedure successfully manage to construct
a diagnosis system for the air-intake system of the engine. The performance
is not perfect but we should remember that the fault sizes that are considered
to be significant faults are comparably small for this application. If better
performance, in terms of fewer false alarms etc., is required, then the smallest
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faults in Og;g, must be moved to O;ngign. Then the threshold levels can be
increased, with maintained low probability of M IM, and the probability of F'A
and ID will get lower.

The result of all 19 confirmation tests is summarized in Table 6.4. The first
column shows the index i of the measurement. The second column shows the
fault mode present during each measurement. Depending on what fault mode
is present and if it is significant or not, the risk function is proportional to the
probability of the event listed in the third column (compare with (6.2)). Then
in columns four to six, the pre-calculated bounds of the risk function R(6;,0) is
compared to the actual relative frequency of the corresponding events. It is seen
that, although the bounds are derived using certain assumptions, they manage
to surround the actual value in almost all cases. Only for the 5:th test case, the
actual value is outside the range specified by the bounds. Also for this case,
the bound is still pretty good although not perfect. The reason for this may be
that the actual value is only the relative frequency and not the expectation, or
that the assumptions made to derive the bounds do not hold.

i Fault Mode Event R(6;,0) actual R(9;,6)

Present frequency

1 NF FA 0.0454  0.112 0.129

2 A 1D 0.0454  0.0454 0.0454
3 A 1D 0.0454  0.0454 0.0454
4 A MIM 0.0454  0.0454 0.0454
5 A MIM 0.0454  0.0573 0.0567
6 A MIM 0.0454  0.0454 0.0454
7 A MIM 0.0454  0.0573 0.0587
8 M 1D 0.0451  0.0451 0.0451
9 M 1D 0.0451  0.0451 0.0451
10 M MIM 0.12 0.151 0.159

1 M MIM 0.0451  0.0495 0.0651
12 M MIM 0.0451  0.0451 0.0451
13 M MIM 0.0451  0.0451 0.0451
14 P 1D 0.0441  0.0441 0.0441
15 P 1D 0.0441  0.0441 0.0441
16 P MIM 0.172 0.191 0.208

17 P MIM 0.0441  0.0464 0.0609
18 P MIM 0.0441  0.0441 0.0441

P

—_
Nej

MIM 0.0441  0.0441 0.0441

Table 6.4: The actual frequency and the risk bounds.
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6.5 Conclusions

It is highly desirable to systematize and automate the process of designing
diagnosis systems. The reason is that in many applications, high diagnosis
performance is required and at the same time, the time-consuming engineering
work of designing diagnosis systems must be minimized. In this chapter model-
based diagnosis based on structured hypothesis tests was considered, and for
this kind of diagnosis systems, a systematic and automatic design procedure
has been proposed.

Concepts from decision theory are used to define a performance measure,
which reflects the probability of e.g. false alarm and missed detection. These
kinds of probabilities are usually hard to obtain, since they typically require
knowledge and analysis of multidimensional density functions. However, this
problem is solved here by using measurement data to estimate one-dimensional
density functions and then using relations developed, to derive the probability
of e.g. false alarm.

The automatic procedure tries to optimize the performance measure by se-
lecting the optimal set of hypothesis tests to be included, and also by tuning
each hypothesis test with respect to thresholds and sets S} and Sg. The pro-
cedure is successfully applied to the problem of designing a diagnosis system
for the air-intake system of an automotive engine. The complete design chain
has been discussed, including model construction, design of test quantities, and
selection and tuning of the hypothesis tests. The resulting diagnosis system is
then experimentally validated.
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Appendix

6.A Estimation of Engine Variables

Below, we shortly presents how the estimates of the engine variables p, m, and
a are formed. The estimation principles relies on the model (6.27) which was
developed in (Nyberg and Nielsen, 19975).

Estimates of Manifold Pressure p

The two different estimates of the manifold pressure p are based on observers
of p, and are formed as:

RTman
Vman
ﬁl(asanaps) =p

p= (f(B, o) — g(p,n) + K1(ps — P))

RT?”VLG?’L

Vo (f(ﬁaas) - g(ﬁ, n) + KQ(mS B f(ﬁ’ as))>

]‘3 =
ﬁQ(asvmsa Tl) =Pp
Estimates of Air-Mass Flow m

For the estimates of the air-mass flow m, we can use both static and dynamic
relationships in the model (6.27). In forming ma(n,ps) we assume that an
estimate of p is available. The four different estimates of m are:

ml(asaps) = f(p;as)

Vman it

a RTman p

mQ(napS) = g(pSa n)

RTman
Vman

mS(as;ms;n) = f(ﬁv as)

(£.00) = 9p.m) + Ka(ma — F(p. ) )

RT?”VLG?’L

1-3: Vi(f(ﬁa 045) - g(ﬁa Tl) + K4(ps 713))

m4(asvnaps) = f(ﬁ? aS)
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Estimates of Throttle Angle «

The first estimate of the throttle angle o utilizes the fact that the throttle is
controlled by a DC-servo and that we know the input wu(t) to the DC-servo.
Also, we have an model available of the DC-servo, and this model have two
states: the angular velocity w and the throttle angle . The load disturbance
originating from the air-flow past the throttle must also be taken into account.
This air flow is modeled by a static function h(ps,ms,as). More information
on the DC-servo model can be found in (Nyberg and Nielsen, 1997b).
The estimate &7 is formed by using an observer of the DC-servo states:

cfu = aw + b(u(t) - h(ps,ms,as)) + k1(as — @)

dl(ua a87m87ps) =

The second estimate of « is derived by first assuming that « is a state with
dynamics & = 0. Then the estimate &s is formed by using an observer for the
state a:

K(ms - f(p57 d))

642(msaps) =«

&



Chapter 7

Linear Residual Generation

Residual generation was shortly mentioned in Section 4.2.2 as a special case of
the prediction principle. When talking about residual generation, we assume
that all faults are modeled as signals f(¢) and a setup with a residual generator
can therefore be illustrated as in Figure 7.1. The residual generator filters the
known signals and generates a test quantity which is seen as a signal r(t), the
residual. The residual should be “small” (ideally 0) in the fault-free case and
“large” when a fault is acting on the system.

In Figure 7.1, we have also assumed that all, if any, disturbances are modeled
as signals denoted d(t). We remember from Section 4.2 and 4.5 that the test
quantity, here the residual, should be made insensitive to disturbances. That
is, when generating the residual r(t), disturbances should be decoupled.

e

u Process Yy

Generator
Residual

Ir

Figure 7.1: A residual generator.

This chapter is a study of how to design linear residual generators for linear
systems with no model uncertainties. Most of the discussion will be focused on
decoupling. Further, only perfect decoupling of the disturbances is considered,
and the issue of approximate decoupling associated with e.g. robust diagnosis
(see Section 4.5) is not considered here.

183
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The limitation to linear models is quite hard since few real systems are
modeled well by linear models. As was said in Chapter 1, this limitation is also
much harder in diagnosis compared to closed-loop control. The reason is that
the feedback, used in closed-loop control, tends to be forgiving against model
errors. Diagnosis should be compared to open-loop control since no feedback
is involved. All model errors propagates through the diagnosis system and
degrades the diagnosis performance.

In Section 7.1, we will more exactly formulate the problem of linear residual
generation. We will see that the actual problem is to design polynomial parity
functions. Most of this chapter contains discussions around two design methods
for polynomial parity functions (or equivalently linear residual generators): the
novel minimal polynomial approach and the well-known Chow-Willsky scheme.
In Section 7.2, the minimal polynomial approach is presented and the notion of
a basis for all polynomial parity functions is introduced. Then in Section 7.3, it
is proved that a basis of degree less or equal to the order of the system, always
exists. The Chow-Willsky scheme is explained in Section 7.4, and the relation
between the minimal polynomial approach and the Chow-Willsky scheme is
investigated in Section 7.5. Finally Section 7.6 contains a design example.

Many concepts and terms from linear systems theory will be used. The most
important ones are summarized in Appendix 7.B.

7.1 Problem Formulation

As was said in Section 4.2, to be able to perform isolation, not only the distur-
bances but also some faults need to be decoupled. It is convenient to distinguish
between monitored and non-monitored faults. Monitored faults are the fault
signals that we want the residual to be sensitive to. Non-monitored faults are
the fault signals that we want the residual to be not sensitive to, i.e. the faults
that we want to decouple.

A formal definition of a residual is as follows:

Definition 7.1 (Residual) A residual is a scalar signal that for all known
inputs u(t) and all disturbances d(t) (including non-monitored faults), should be
zero, i.e. r(t) =0, in the fault-free case, and should be non-zero, i.e. r(t) Z 0,
when monitored faults are present.

We also define a residual generator formally:

Definition 7.2 (Residual Generator) A residual generator is a system that
takes process input and output signals as inputs and generates a residual.

The residual generator can be a static system if it is based on static redundancy,
or a dynamic system if it is based on temporal redundancy. Note that from the
residual generator point of view, there is no difference between disturbances and
non-monitored faults. Therefore, everywhere the word disturbance is used in
this chapter, it also includes non-monitored faults.
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Residual generator design in general includes a large amount of model build-
ing. However, here we consider the model to be given. Also, although many
different types of considerations are important when designing residual genera-
tors, we will here solely study the decoupling of disturbances. Altogether, the
problem studied in this chapter will be called the decoupling problem and can
be phrased as follows:

Decoupling Problem 1 Given a model, the decoupling problem is to design
a residual generator so that the residual becomes insensitive to the known in-
put u and the disturbance d (including non-monitored faults) and sensitive to
monitored faults f, i.e.

(a) For all u(t) and d(t), it should hold that f(t) =0 implies r(t) = 0.
(b) For all u(t) and d(t), it should hold that f(t) £ 0 implies r(t) Z 0.

The restriction to limit the discussion to the above decoupling problem may seem
to be hard; other important issues, not covered by the decoupling problem, are
for example response time and sensitivity to disturbances. However, it should
be noted that this restriction is made in most diagnosis literature.

7.1.1 The Linear Decoupling Problem

From now on, the discussion will be restricted even more, namely to linear
systems. Then the model given is linear and represented either by transfer
functions or in state-space form. The transfer function representation is

y=G(o)u+ H(o)d+ L(o)f (7.1)

where y is the measured output with dimension m, u is the known input with
dimension k,, d is the disturbance with dimension kg, f is the fault with dimen-
sion k¢, and G(0), H(0), and L(o) are transfer-matrices of suitable dimensions.
Note again that we will always assume that d includes the non-monitored faults
and f does only contain monitored faults. The operator o represents the differ-
entiation operator p (or s) in the continuous case and the time-shift operator ¢
(or z) in the discrete case.
The state-space form representation is

Q
8
—
)
Il

Ax(t) + Byu(t) + Bad(t) + By f(t) (7.2a)
y(t) = Cux(t)+ Dyu(t) + Dqd(t) + Dy f(t) (7.2b)
and, unless especially mentioned, no assumptions about controllability or ob-

servability are made.
A general linear residual generator is a linear filter and can be written

r=Q(c) m (7.3)

u
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i.e. Qo) is a transfer matrix with dimension 1 x (m + k). We will define the
order of a linear residual generator to be its McMillan degree, i.e. the number
of states in a minimal realization.

A number of design methods for designing linear residual generators, have
been proposed in literature, see for example (Patton and Kangethe, 1989)
(Wiinnenberg, 1990; White and Speyer, 1987; Massoumnia, Verghese and Will-
sky, 1989; Nikoukhah, 1994; Chow and Willsky, 1984; Nyberg and Nielsen,
1997¢). All these methods are methods to design the transfer matrix Q(o).
Note that this includes for example the case when the residual generator is
based on observers formulated in state space.

If expression (7.3) is developed, we see that a linear residual generator can
also be represented as

u

r= Q) |Y] =@ Y] - (7.4

:Al(a)yl + ...+ An(0)ym + Bi(o)ur + ... + Br(o)uy, (75)
c(o) '

where F'(0) is a polynomial row-vector and A;(c), B;(o), and ¢(o), are scalar
polynomials in . Note that the order of the residual generator is equal to the
degree of the polynomial ¢(o).

According to the Decoupling Problem, the objective is to create a signal that
is affected by monitored faults but not by any other signals. This is equivalent
to finding a filter Q (o) which fulfills the following two requirements:

e The transfer functions from known inputs u and disturbances d, to the
residual must be zero.

e The transfer functions from monitored faults f to the residual must be
non-zero.

These two requirements introduce a constraint on the numerator polynomial
of (7.5) only, i.e. F(s) or equivalently A;(c) and B;(o). The only constraints
on the denominator polynomial ¢(o) is that the residual generator must be
realizable and asymptotically stable. The first of these constraints means that
it must have a degree greater or equal to the row-degree of F (o), i.e. the largest
degree of the numerator polynomials A;(c) and B;(o). That is, the minimal
order of the residual generator is determined by the row-degree of F(o). The
second constraint means, for example in the continuous case, that ¢(o) must
have all its zeros placed in the left half plane.

It is obvious that ¢(o), or equivalently the poles of the residual generator,
can be chosen almost arbitrarily. This statement is valid for a large class of
residual generator design methods, including diagnostic observer design, e.g.
eigenstructure (Patton and Kangethe, 1989) or the unknown input observer
(Wiinnenberg, 1990), in which poles also are placed arbitrarily. Although we
can choose c(o) arbitrarily, is often suitable to choose it so that a low-pass
filtering effect is achieved.
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It is clear that the numerator of (7.5) is of great importance for residual
generation. In fact, when the Decoupling Problem is considered, the numerator
is the only thing we need to care about. This numerator will be called a poly-
nomial parity function. In accordance with (Chow and Willsky, 1984), we also
define the order of the polynomial parity function as the highest degree o of
o, which is present in the parity function, i.e. the row-degree of the polynomial
vector F'(s).

The linear decoupling problem can now be expressed as follows:

Linear Decoupling Problem 1 Given a linear model, (7.1) or (7.2), the lin-
ear decoupling problem is to design a polynomial parity function, or equivalently
a polynomial vector F(s), so that

(a) For all u(t) and d(t), it should hold that f(t) =0 implies F(o) (5) =0.

(b) For all u(t) and d(t), it should hold that f(t) # 0 implies F(o) (5) 70

Although the following result may have been realized at this point, it is here
expressed as a theorem to emphasize its importance.

Theorem 7.1 When linear models and linear residual generators are consid-
ered, the Decoupling Problem is equivalent to the Linear Decoupling Problem.

Proof: Assuming a scalar polynomial ¢(o) that is non-zero, it holds that

F(o) (y) =0 (7.6)

if and only if

o) F(0) (y> =0 (7.7)

and this proves the theorem. n

There are indications that this theorem can be generalized to also the case when
robust residual generation is considered (Frisk, 1998).

We will in this chapter discuss two algorithms for design of polynomial par-
ity functions: the new minimal polynomial basis approach and the well-known
Chow-Willsky scheme. There will be a focus on the following three questions:

e Does the method find all possible polynomial parity functions?

e Does the method explicitly find polynomial parity functions of minimal
order?

e Does the solution represent a minimal parameterization, of all polynomial
parity functions, or is it over parameterized?
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The reason for the interest in the minimal order property of the polynomial
parity function is primarily that we want to depend on the model as little as
possible. A low order usually implies that only a small part of the model is
utilized. Since all parts of the model has errors, this further means that few
model errors will affect the residual. The residual will then become small when
no faults are present.

It is obvious that if we can find a design algorithm, for which the answer
is “yes” to all these questions, then we have also found a design algorithm
for residual generators that can find all possible residual generators, explicitly
the ones of minimal order, and with a minimal parameterization. In addition
to the above three questions, we will also discuss numerical properties of the
algorithms. All of these questions are quite natural but in spite of this, they
have not gained very much attention before in the literature.

7.1.2 Parity Functions

Before the discussion of the algorithms, we will try to bring some clarity to the
terms parity function, parity equation etc., that are frequently encountered in
the diagnosis literature.

In the seventies, research about using analytical redundancy for fault detec-
tion and diagnosis was intensified. One main area of interest was fault detec-
tion for aircrafts and especially their control and navigation systems. In a work
within this field, Potter and Suman (1977) defined parity equation and parity
function (and also parity space and parity vector). This was originally a concept
for utilizing analytical redundancy in the form of linear direct redundancy. In
1984 the concept was generalized by Chow and Willsky (1984) to include also
dynamic systems, i.e. to utilize temporal redundancy. However only discrete
time parity equations were considered.

Since then, a number of different usages of the term parity function and
parity equation have occured in the literature. However, no other usages of the
term parity equations, than in accordance with the definitions made by Potter
and Suman (1977) and later extended by Chow and Willsky (1984), have been
widely accepted in the research community.

To clarify the meaning here, we use the terms polynomial parity equation and
polynomial parity functions, which are the type of parity equations/functions
defined in (Chow and Willsky, 1984).

The definition of polynomial parity functions becomes:

Definition 7.3 (Polynomial Parity Function) A polynomial parity function
is a function h(u(t),y(t)) that can be written as

h(u,y) = Alo)y + B(o)u

where A(o) and B(o) are polynomial vectors in o. The value of the function is
zero if no faults are present.

A polynomial parity equation is then basically a polynomial parity function set
to zero, i.e. h(u,y) =0.
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Some researchers, e.g. (Hofling, 1993), have worried about that polynomial
parity functions are not possible to implement directly or a least give bad per-
formance. However, in these cases they forget to add the poles represented by
¢(s) in expression (7.5).

Remark: Parity equations that are not polynomial are often mentioned in the
literature, e.g. ARMA parity equation (Gertler, 1991), dynamic parity relations
(Gertler and Monajemy, 1995). In accordance with standard mathematical no-
tion, these should be called rational parity equations. A rational parity function

is then identical with a linear residual generator.

Note that parity equations/functions are in this view not a design method;
it is solely an equation/function with specific properties.

Example 7.1

Consider the discrete linear system

B(q)
y(t) = —=u(t) + f(t
(1) = Z®) + £
where u is the input, y the output and f the fault. If the fault is omitted, this
relationship can be rewritten as

This is an example of one polynomial parity equation that can be formed, and
it will be satisfied as long as the fault is zero. From the polynomial parity
equation, we can derive the parity function

It is obvious that this polynomial parity function will respond to the fault f. If
this expression is multiplied with an appropriate backward time-shift ¢—", the
resulting parity function can therefore serve as a residual generator. n

In the following sections, we will discuss the two methods for designing
polynomial parity functions: the minimal polynomial basis approach and the
well-known Chow-Willsky scheme. These methods are explicitly focused on
polynomial parity functions but in principle, all linear residual generator de-
sign methods are methods, at least implicitly, for design of polynomial parity
functions.

7.2 The Minimal Polynomial Basis Approach

This section introduces the minimal polynomial basis approach to the design of
polynomial parity functions. With this approach, it is shown that the Decou-
pling Problem is transformed into finding a minimal basis for a null-space of
a polynomial matrix. This is a standard problem in established linear systems
theory, which means that numerically efficient computational tools are generally
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available. It is shown that the minimal polynomial basis approach can find all
possible residual generators, explicitly those of minimal order, and the solution
has a minimal parameterization. All derivations are performed in the continuous
case but the corresponding results for the time-discrete case can be obtained by
substituting s by z and improper by non-causal. To simplify notation, the term
parity function will from now on be used instead of polynomial parity function.
Several concepts from linear systems theory, especially polynomial matrices,
will be used. A short description of some key terms and concepts are given in
Appendix 7.B.

7.2.1 Basic Idea

By utilizing the model description (7.1), a parity function can be expressed as

rolg s [0 "] 4],

u

It is obvious that to fulfill condition (a) of the Linear Decoupling Problem, it

must hold that
F(s) {G&s) H(()s)] _0

This condition is fulfilled if and only if F'(s) belongs to the left null-space of

M(s) = [Gé‘s) Hés)] (7.8)

The left null-space of the matrix M (s) will be denoted N, (M(s)).

The polynomial vector F(s) needs to fulfill two requirements: belong to the
left null-space of M (s) and also have good fault sensitivity properties. If, in a
first step of the design, all F(s) that fulfill the first requirement are found, then
a single F(s) with good fault sensitivity properties can be selected. Thus, in a
first step of the design of the parity function F(s)[y? u”]?, we need not consider
f or L(s). The problem is then to find all polynomial vectors F'(s) € N (M (s)).
Of special interest are the parity functions of minimal order, i.e. the polynomial
vectors F'(s) of minimal row degree.

Thus we want to find all F(s) € Np(M(s)) and explicitly those of mini-
mal order. This can be done by finding a minimal polynomial basis for the
rational vector-space N, (M(s)). Procedures for doing this will be described
in Section 7.2.2 and 7.2.3. Let the basis be formed by the rows of a matrix
denoted Ny (s). By inspection of (7.8), it can be realized that the dimension of
NL(M(s)) (i.e. the number of rows of Nps(s)) is

Dim NL(M(s)) =m + k, — Rank M (s) = m + k, — (k,Rank H(s)) =
=m —Rank H(s) ="m—kq (7.9)
where m is the number of outputs, i.e. the dimension of y(t), and k4 is the

number of disturbances, i.e. the dimension of d(t). The last equality, marked
="*, holds only if rank H(s) = k4, but this should be the normal case.
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Forming a Parity Function

The second and final design-step is to use the polynomial basis Ny (s) to form
the parity function. For this, consider the following theorem:

Theorem 7.2 ((Kailath, 1980), Irreducible Basis) If the rows of N(s) is
an irreducible polynomial basis for a space F, then all polynomial row vectors
f(s) € F can be written f(s) = ¢(s)N(s) where ¢(s) is a polynomial row vector.

The proof is given in Appendix 7.B.

The minimal polynomial basis Njs(s) is irreducible (see Theorem 7.14 Ap-
pendix 7.B) and then, according to Theorem 7.2, all decoupling polynomial
vectors F'(s) can be parameterized as

F(s) = ¢(s)Nps(s) (7.10)

where ¢(s) is a polynomial vector of suitable dimension. The parameterization
vector ¢(s) can for example be used to shape the fault-to-residual response or
simply to select one row in Nas(s). Since Nps(s) is a basis, the parameterization
vector ¢(s) have minimal number of elements, i.e. a minimal parameterization.
One of the rows of Ny (s) corresponds to a parity function of minimal order.
The reason for this can be explained as follows. Consider a basis Nps(s)
with three rows and the row-degrees are dy, da, and d3 respectively. Since
Ny(s) is a minimal polynomial basis, we know that dy 4+ da + d3 is minimal
(see Theorem 7.14 Appendix 7.B). Now assume that the minimal order of any
parity function is d,,;, and that d,,;, < d; for all d;. Then by using a minimal
order parity function, we can obtain a new basis with less order. Thus Nj;(s)
can not be a minimal basis, which shows that one of the rows of Njs(s) must
correspond to a parity function of minimal order.

7.2.2 Methods to find a Minimal Polynomial Basis to N7 (M (s))

The problem of finding a minimal polynomial basis to the left null-space of the
rational matrix M (s) can be solved by a transformation to a problem of finding
a minimal polynomial basis to the left null space of a polynomial matrix. This
transformation can be done in several different ways. In this section, three
possibilities are demonstrated, where the first is used if the model is given on the
transfer function form (7.1), the second if the model is given in the state-space
form (7.2), and the third if the model contains no disturbances. A description
on how to compute a basis for the null-space of a polynomial matrix, will be
given in Section 7.2.3.

The motivation for this transformation to a polynomial problem, is that
there exists well established theory (Kailath, 1980) regarding polynomial matri-
ces. In addition, the generally available Polynomial Toolbox (Henrion, Kraffer,
Kwakernaak, M.Sebek and Strijbos, 1997) for MATLAB contains an extensive
set of tools for numerical handling of polynomial matrices. We will see that the
results in this and the next section, give us a a computationally simple, efficient,
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and numerically stable method, to find a polynomial basis for the left null-space
of M (s).

Frequency Domain Solution

One way of transforming the rational problem to a polynomial problem is to
perform a right MFD on M(s), i.e.

M(s) = My(s)D~"(s) (7.11)
One simple example is
M(s) = My (s)d~"(s)

where d(s) is the least common multiple of all denominators. By finding a
polynomial basis for the left null-space of the polynomial matrix M, 1(s), a basis
is found also for the left null-space of M (s). No solutions are missed because
5(3) (e.g. d(s)) is of full normal rank. Thus the problem of finding a minimal
polynomial basis to Ni(M(s)) has been transformed into finding a minimal
polynomial basis to N, (M (s)).

State-Space Solution

Assume that the system is described the state-space form (7.2). To be able
to obtain a basis that is irreducible, will need to require that the state x is
controllable from only u and d. If this requirement is not fulfilled, the system
must be transformed to a realization

T - Ay Aig x + Bu,z +
sl 0 A, 2 o |
Bd,:n Bf,:n
[ 0 ]d+[B,Z}f (7.12a)
y = [CyC.] [ ch } + Dyu+ Dgd+ Dy f (7.12b)
where the state x is controllable from [uT dT}T and the state z is controllable

from the fault f. It is assured from Kalman’s decomposition theorem that such a
realization always exists. Finally it is assumed that the state z is asymptotically
stable, which is the same as saying that the whole system is stabilizable. The
notations A, By, Bg, By, and C' will still be used and with the same meaning
as before, e.g. C = [C, C.] and B, = [Bl , 0]". To denote the dimension of
the states = and z, we will use n, and n, respectively. Also we use n to denote
the dimension of the total state, i.e. n = ng, + n,.

To find the left null-space to M (s) it is convienient to use the system matriz
in state-space form (Rosenbrock, 1970). The system matrix has been used
before in the context of fault diagnosis, see e.g. (Nikoukhah, 1994; Magni and
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Mouyon, 1994). Denote the system matrix M,(s), describing the system with
disturbances as inputs:

_ Cz Dd
M (s) = [51 A, Bd,z]

Define the matrix P, as

I *Duz
r=lo 5]

Then the following theorem gives a direct method on how to find a minimal
polynomial basis to Nz (M (s)) via the system matrix.

Theorem 7.3 If the pair {Ag, [Bu,» Baz)} is controllable and the rows of the
polynomial matriz V(s) is a minimal polynomial basis for Nip(My(s)), then
W (s) = V(s)Py is a minimal polynomial basis for N (M(s)).

Before this theorem can be proven, a lemma is needed:

Lemma 7.1 Let M(s) be the system matriz of any realization (not necessarily

controllable from [uT dT]T), i.e.

M=oy 2

Then it holds that
Dim N (M (s)) = Dim N (M;(s))

The proof of this lemma is placed in Appendix 7.A.

Now, return to the proof of Theorem 7.3:
Proof: In the fault free case, i.e. f = 0, consider the following relation
between the matrices M (s) and M, (s):

P, <z) — PM(s) <Z> _ {Cx(sl :;15,1—13%@ Cy(sI — A;C)O_le,x +Dd} (Z) _
_ Cy Dy | |(s] — Am)_lBwﬂ (sI — Az)_le@ U
oy mt] [ o] ()

= M,(s) (Z)

If V(s)M(s) = 0, then since the signals u(t) and d(t) can be chosen arbitrarily,
P, M(s) must also be 0. This implies that W(s)M(s) = V(s)P;M(s) = 0, i.e.
W(s) € Np(M(s)). It is also immediate that if V(s) is polynomial, W(s) =
V(s)P, is also polynomial.

From Lemma 7.1, we have that Dim N, (M,(s)) = Dim Nz (M (s)). Then
since both V' and W(s) has the same number of rows, the rows of W (s) must
span the whole null-space N1, (M (s)), i.e. W(s) must be a basis for N (M (s)).

d
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It is clear that the following relation must hold:

VIR =VO o 5" oy pe| =0 (113)

Consider the matrix [P, Mz(s)]. Since the state x is controllable from u and d,
the PBH test (see Appendix 7.B) implies that the lower part of this matrix has
full rank for all s, i.e. it is irreducible. Now assume that W (s) is not irreducible,
i.e. there is a so such that W(so) does not have full row-rank. This means that
there exists a v # 0 such that YV (so)[Py Mz(s0)] = v[W(so) 0] = 0. Since
[Py My (s0)] has full row-rank it must hold that vV (sg) = 0. Therefore, V (s)
cannot be irreducible but this contradicts with the fact that V(s) is a minimal
polynomial basis. This contradiction implies that W (s) must be irreducible.

The matrix W(s) is now proven to be a polynomial, irreducible basis for
NL(M(s)). According to Theorem 7.14, the only thing left to prove is that
the basis W (s) is row-reduced. Partition V(s) = [Vi(s) Va(s)] according to the
partition of M,(s). Let

Vi(s) = S1(s)Vinr + q1(s)
Va(s) = S2(8)Vanr + q2(s)

The matrices ;(s) is diagonal matrices with diagonal elements s*ii where k;; is
the row-degrees of V;(s). The constant matrices V; p, is the highest-row-degree
coefficient matrix and g;(s) is the rest polynomial. Since V (s) € N1 (M,(s)), it
holds that V1(s)Cy = Va(s)(sI — Ay), ie.

Sl(s)vl,hrcz + QI(S)C:E = SQ(S)‘/QJLT(SI - AI) + q2(5)(51 - Aaz)
= 552(8)Va,nr + Ga2(5)

By identifying the highest order terms on each side it is immediate that sS3(s) =
S1(s), i.e. each row in Va(s) has lower degree than the corresponding row in
Vi(s)Cy. Tt also holds that the row-degrees in Vi (s)C, has less or equal row-
degrees than V;(s) since Cj is a constant matrix. Thus, each row-degree in Va(s)
has less degree than the corresponding row in V; (s) and therefore Vi, = [Vi pr 0].
Since V (s) is a minimal polynomial basis, it is row reduced. That is, the highest-
row-degree coefficient matrix for V(s) has full row rank. Since Vi, = [V4,pr 0],
it follows that Vi p, has full row rank.
From the definition of P, it follows that

[Wi(s) Wa(s)] = [Vi(s) (=Vi(s)Du = Va(s)Bu,z)]

From the degree discussion above it follows that the highest-row-degree coef-
ficient matrix of W(s) looks like W, = [Vinr %], which obviously has full
row-rank, i.e. W(s) is row reduced.

Thus we have shown that W(s) is an irreducible basis and row reduced,
which implies that it is a minimal polynomial basis. n
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The next result tells us what happens when the realization considered is not

controllable from [uT dT]T. For this consider a system matrix

Mi(s) = {(sIC A) gﬂ

and the pair {A, [B, Bg]} is not necessarily controllable.

Theorem 7.4 If the rows of the polynomial matriz V(s) is a polynomial basis
for NL(Ms(s)), then W(s) = V(s)P is a polynomial basis for N (M(s)).

Proof: The first part of the proof of Theorem 7.3 is valid also for this theorem.
]

Note that compared to Theorem 7.3, we have in Theorem 7.4 relaxed the re-
quirements of controllability and the minimality of the basis V(s). The result
is that W(s) becomes here only a basis and not a minimal basis. Theorem 7.4
is only of theoretical interest in the context of parity function design but will
be used for the detectability analysis presented in the next chapter.

The following examples illustrates Theorem 7.4. Also, it shows that the
condition that {A, [B, Bg]} must be controllable, is really necessary when con-
structing a minimal polynomial basis for N7, (M(s)).

Example 7.2

The system has one disturbance and two outputs:

=3 3] m=[3) me[ 2] me[ )

o=[s3] em[5] 23] 2-[ 7]

It is clear that the second state is not controllable from [uT dT}T. By setting

up Mjs(s) and finding a minimal polynomial basis V' (s) for Nz (Ms(s)), we form
the basis Nps(s) as

Npy(s) =V (s)P =
=[-0.833s? —1.835 — 1 s?42.67s+1.67 —1.167s —1.167] =
=(s+1)[-0.833s—1 s+1.67 —1.167]

The basis Nj(s) is not irreducible since it looses rank for s = —1. ]

In conclusion, as in the previous subsection, the problem of finding a minimal
polynomial basis to Ni(M(s)) has been transformed into finding a minimal
polynomial basis to a polynomial matrix, in this case the system matrix M, (s).
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No Disturbance Case

If there are no disturbances, i.e. H(s) = 0, the matrix M(s) gets a simpler
structure

G(s
Mots) = 9 (7.14)
A minimal polynomial basis for the left null-space of M,q(s) is particularly
simple due to the special structure and a minimal basis is then given directly
by the following theorem:

Theorem 7.5 ((Kailath, 1980)) , If G(s) is a proper transfer matriz and
D¢(s), Ng(s) form an irreducible left MFD, i.e. Ng(s) and Dg(s) are left
co-prime and G(s) = D5 (s)Ng(s). Then,

Nu(s) = [Da(s) — Na(s)] (7.15)

forms a minimal basis for the left null-space of the matrix

Here, the dimension of the null-space is m, i.e. the number of measurements,
and the order of the minimal basis is given by the following theorem:

Theorem 7.6 The set of observability indices of a transfer function G(s) is
equal to the set of row-degrees of D¢ (8) in any row-reduced irreducible left MFD
G(s) = D5'(s)Na(s).

A proof of the dual problem, controllability indices, can be found in (Chen, 1984)
(p. 284).
Thus, a minimal polynomial basis for matrix M,(s) is given by a left MFD
of G(s) and the order of the basis is the sum of the observability indices of G(s).
The result (7.15) implies that finding the left null-space of the rational trans-
fer matrix (7.8), in the general case with disturbances included, can be reduced
to finding the left null-space of the rational matrix

My(s) = Da(s)H(s) (7.16)

By performing a right MFD on H(s), e.g. H(s) = Ng(s)dy'(s), the prob-
lem becomes to find a basis for the left null-space of the polynomial matrix
Dq(s)Ng(s). In other words, this is an alternative to the use of the matrix
M, 1(s) in (7.11). This view closely connects with the so called frequency domain
methods, which are further examined in Section 7.2.4.
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7.2.3 Finding a Minimal Polynomial Basis for the null-
space of a General Polynomial Matrix

For the general case, including disturbances, the only remaining problem is how
to find a minimal polynomial basis to a polynomial matrix. This is a well-known
problem in the general literature on linear systems and a number of different
algorithms exist. In this section, two algorithms will be presented. The first is
based on the Hermite form (Kailath, 1980) and a second algorithm is based on
the polynomial echelon form (Kailath, 1980). Both methods are implemented in
the Polynomial Toolbox (Henrion et al., 1997) for MATLAB. Again we remind
the reader of Appendix 7.B in which many of the terms used in this section are
explained.

The two algorithms have very different numerical properties. Although the
algorithm based on Hermite form is easy to understand, it has poor numerical
properties. It is included here mostly to gain some basic understanding of the
problem. However the algorithm based on polynomial echelon form is both fast
and numerically stable and should therefore be the preferred choice for design.

The Hermite Form Algorithm

Any polynomial matrix can be transformed into column Hermite form by ele-
mentary row operations. Assume M (s) is a p X ¢ matrix. Then there exists a
p x p, unimodular matrix U(s) = [U{ (s) UL (s)]* such that

a) =[]

where R(s) is a (p — ) X ¢ matrix and r is the normal rank of M(s). The,
non-unique, matrix U(s) can be found e.g. as described in Theorem 6.3-2 in
(Kailath, 1980). The last r rows in U(s), i.e. Usa(s), thus spans the left null-
space of M(s). The matrix Us(s) is irreducible because U(s) is unimodular.
Us(s) is however not necessarily row-reduced, i.e. Usz(s) is not necessarily a
minimal basis. However, Uz(s) can be made row-reduced by elementary row
operations. This is best illustrated with an example that shows the main idea
and also illustrates how the minimality property is connected with the row-
reduced property.

Example 7.3

Consider the polynomial matrix M (s) with rank r =2

1 0 -5
0 s3422+s $3+2s%2+5
s $242s°+s 345245
52 0 —s3
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The column Hermite form of M (s) is

1 0O 0 O 1 0 -8

1 0 0 10 s+282+8% s4+282+ 58
s -1 1 o| M) =14 0 0
-2 0 0 1 0 0 0

Here, the last two rows of U(s) form a basis for the left null-space of M(s) and
is denoted F'(s).

O I

The matrix F(s) is obviously irreducible, it is however not row-reduced because
the highest-row-degree coefficient matrix Fy,. is

-1 0 0 0

Fier = {—1 00 0}
and not of full rank. However, by multiplication from the left with a suit-
ably chosen unimodular matrix, F(s) can be made row-reduced. General al-

gorithms to find the unimodular matrix making F'(s) row-reduced is available,
e.g. (Callier, 1985). In the example above,

B ORI A B e

—S s —S8

The matrix Fiin(s) is both irreducible and row-reduced, and accordingly to
Theorem 7.14 (in Appendix 7.B), it is a minimal basis for the left null-space. m

The Polynomial Echelon Form Algorithm

The polynomial echelon form method is described in (Kailath, 1980; Kung,

Kailath and Morf, 1977). Below follows a very brief description of the algorithm

to illustrate the algorithm usage and computational complexity. The concepts

presented here are also needed later in both this and the next chapter.
Consider the polynomial equation

F(s)M(s)=0 (7.17)

Assume that the polynomial basis F(s) is in canonical polynomial echelon form.
This assumption is not restrictive because of the following theorem

Theorem 7.7 ((Kailath, 1980), Section 6.7.2') For each space of rational
vectors, there exists a minimal polynomial basis in (canonical) polynomial ech-
elon form.

IThis theorem is not stated as a theorem in (Kailath, 1980), but the fact is contained in
the text.
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Proof:  The theorem follows from the fact that all full row rank polynomial
matrices can be transformed to polynomial echelon form by elementary row
operations, i.e. by multiplication from the left with a unimodular matrix. n

The left hand side of (7.17) can be rewritten as
s
F(s)M(s) =(Fo+ Fis+...F,s")M(s) = [Fy ... F,] ) =

=FM(s) = FMUy, 14,(s)

which also defines M(s) and the coefficient matrices F and M. (The matrix
M is also known as the generalized resultant matrix of M(s).) Note that the
integer v is usually not known a priori.

By examining the rows of M(s), from top to bottom, the rows can be clas-
sified as independent rows or dependent rows. A row is dependent if it can be
written as a linear combination of previous rows, using only constant coeffi-
cients. The procedure to search for dependent rows in this way will be refered
to as the row-search algorithm. Independent and dependent rows can equally
well be determined from the coefficient matrix M. Note that the order, here
top-to-bottom, is important. The order bottom-to-top would result in another
set of dependent rows. _

Since F'(s) is in polynomial echelon form, the rows of F' must define a set
of primary dependent rows in M(s). Also from the fact that F(s) is in poly-
nomial echelon form, we know that of all sets of primary dependent rows, the
set defined by F' must be of minimal order. That is, there is no other set of
primary dependent rows, containing the same number of rows and with lower
row-degrees.

Each set of primary dependent rows spans a subspace of N;(M(s)). There-
fore, since F(s) spans the whole left null-space of M(s), the set of primary
dependent rows defined by F , must be of largest possible size.

With these statements in mind, we know that the matrix F', and also F(s),
can be found by searching, from top to bottom, in M for the largest upper-
most set of primary dependent rows. We summarize this result in the following
theorem:

Theorem 7.8 ((Kailath, 1980), Section 6.7.2') Let M be the coefficient
matriz of M. Let {wi...wp} be a set, of largest possible size, with primary
dependent rows, in order top-to-bottom, of M. Then if the rows 0f.7-' define
these dependencies, the matriz F(s) is in quasi-canonical polynomial echelon
form. The matriz F(s) is also a row-reduced, but not necessarily irreducible,
polynomial basis for N,(M(s)).

Furthermore, if {w1 ... wp} is the uppermost set (i.e. the first encountered
when searching top-to-bottom), of largest possible size, with primary dependent
rows of M, then the matriz F(s) is a minimal polynomial basis for N7,(M(s)).
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Proof: It follows trivially that F'(s) is in quasi-canonical polynomial ech-
elon form. A matrix in quasi-canonical polynomial echelon form is always
row-reduced and does always have full rank. Further, it trivially holds that
F(s)M(s) =0.

According to Theorem 7.7, there exist a minimal polynomial basis F,in($)
in polynomial echelon form. Assume that the dimension of this basis is ¢q. Since
the basis F,in(s) is in polynomial echelon form, its rows define a set of primary
dependent rows of M. This set of primary dependent rows is of size q. Thus
any set, of largest possible size, with primary dependent rows must have g
elements. Therefore, the basis F'(s) has also dimension ¢ which shows that it is
a polynomial basis for N7, (M (s)).

If {w1 ... wp} is the uppermost set, this means that the corresponding poly-
nomial basis will have the same order as a minimal order basis Fy,,;, (s) and thus
is a minimal polynomial basis. n

In general, a search for the largest and uppermost set of primary dependent
rows does not result in a unique basis, and thereby the name quasi-canonical
polynomial echelon form. However if the dependencies are described in a specific
way, the basis will be in canonical polynomial echelon form and thus unique.

When performing the search for primary dependent rows, it is important to
know when to stop. That is, we need to know what the largest possible size, of a
set of primary dependent rows, is. There are two possibilities. The first is that
we know the rank of M(s). Then the largest set of primary dependent rows will
contain p — rank M (s) rows. The other possibility is to use a known upper limit
of v, when constructing the matrix M(s). Note that this is equivalent to that we
know an upper limit of the maximum row-degree of a minimal basis. According
to (Henrion et al., 1997), there is such an upper limit, i.e. v < (p—1) deg M (s),
where deg M (s) denotes the maximum row (and column) degree of M(s). We
will see in Section 7.3, that in the special case of a minimal basis for the left null-
space of the matrix (7.8), an upper limit of v is actually n,, i.e. the dimension

of the state controllable from [u” dT}T.
Next follows an example to illustrate the calculation procedure.

Example 7.4

Consider the matrix

s*+2s3 —bs—4 283 +25% — 25 — 8
—st T 72+ 14s+6 —2s* — 5% + 52+ 3s
M(s) = —25% — 52 - 175 -9 25 + 353 — 52 —5—2
25* + 353 — 52 — 95— 4 0
0 25* 4353 -2 —9s5—4

which has rank 2. Without no special reason, we will try to use the polynomial
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echelon form algorithm with v = 2. Then the coefficient matrix M becomes

-4 -8 -5 =2 0 2 2 2 1 o 0 0 0 O

6 0 14 3 7 1 7T -5 -1 -2 0 0 0 O

-9 -2 -17 -1 -1 -1 =2 3 0 2 0 0 0 O

-4 0 -9 0 -1 0 3 0 2 o 0 0 0 O

0 —4 0 -9 0 -1 o 3 o0 2 0 0 0 0

0o 0 -4 -8 =5 =2 0 2 2 2 1 0o 0 0

. 0 0 6 0 14 3 7 1 7T -5 -1 -2 0 O
M= o o0 -9 -2 -1 -1 -1 -1 =2 3 0 2 0 O
o o0 -4 0 -9 0 -1 0o 3 0 2 0o 0 0

0 0 0 —4 0 -9 0 -1 o 3 0 2 0 O

0 0 o 0 -4 -8 -5 -2 0 2 2 2 1 0

0 0 0 0 6 0 14 3 7 1 7T =5 -1 =2

0 0 o 0 -9 -2 -17 -1 -1 -1 =2 3 0 2

0 0 o 0 -4 0 -9 0 -1 0o 3 0 2 0

. 0 0 0 0 0 —4 0 -9 0 -1 o 3 0 2

By searching from the top to the bottom, we find that row 8, 9, 13, 14 and 15
are dependent. Of these, row 8, 9 and 15 is the largest set of primary dependent
row with least order. The number of rows in this set is 3 which corresponds to
the dimension of the null-space which means that we do not have to consider
any other dependent rows. The dependencies in these three primary dependent
rows can be described by

0 1 2 -3 -1 1 1 10 0j0 0 0 O
F=| -1 0 0 1 2| =2 0 0 1 0{0 0 0 O
-3 -5 —6 9 9{-10 -1 0 0 =11 1 0 O

_ o O

The corresponding polynomial matrix F'(s) in polynomial echelon form is

s s+1 s+2 =3 -1
F(s)=| —2s—1 0 0 s+1 2
2—-10s—3 s2—s—-5 —6 9 s2—s549

which is also a minimal polynomial basis for the left null-space of M(s). n

Numerical Considerations

The two algorithms presented in this section have very different numerical prop-
erties. Although the algorithm based on Hermite form is easy to understand,
no (to the author’s knowledge) numerically stable algorithm exists. Simula-
tions have shown that the algorithm to make the basis row-reduced, proposed
in (Callier, 1985) and implemented in (Henrion et al., 1997), is numerically
unstable.

On the other hand, the algorithm based on the polynomial echelon form
is both fast and numerically stable. The critical step in the algorithm is the
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search for primary dependent rows in the matrix M. The search for dependent
rows can be performed by using a numerically stable projection algorithm de-
scribed in (Chen, 1984), p. 546. First transform M to lower triangular form by
multiplication from the right with a matrix L. The matrix L is obtained by a
series of numerically stable Householder transformations ((G.H. Golub, 1996),
Chapter 5). Now the matrix that defines the dependent rows, is easily obtained
by solving for A in the equation

AML =0

Since ML is lower triangular, A can be obtained by straightforward, numeri-
cally stable substitutions (Chen, 1984). This algorithm is implemented in the
Polynomial Toolbox, (Henrion et al., 1997).

7.2.4 Relation to Frequency Domain Approaches

A number of design methods described in literature are called frequency domain
methods where the residual generators are designed with the help of different
transfer matrix factorization techniques. This section discusses the relation
between the minimal polynomial basis approach and these frequency domain
methods. Examples of frequency domain methods are (Frank and Ding, 1994q)
for the general case with disturbances and (Ding and Frank, 1990; Viswanad-
ham, Taylor and Luce, 1987) in the non-disturbance case. These methods can
be summarized as methods where the residual generator is parameterized as

r=R©DE) -8 () (7.18)

u

= R(s)(D(s)y — N(s)u)

where D(s) and N(s) form a left co-prime factorization of G(s) over RHuo,
i.e. the space of stable real-rational transfer matrices. Note the close relation-
ship with Equation (7.15) where the factorization is performed over polynomial
matrices instead of over R H .

Inserting (7.1) into Equation (7.18) and as before assuming f = 0, gives

r = R(s)D(s)H(s)d

Therefore to achieve disturbance decoupling, the parameterization transfer ma-
trix R(s), must be belong to the left null-space of D(s)H(s), i.e.

R(s)D(s)H(s) =0

Here, note the close connection with Mg(s) in (7.16). This solution however
does not generally generate a residual generator of minimal order. In (Ding
and Frank, 1990) and (Frank and Ding, 1994a), the co-prime factorization is
performed via a minimal state-space realization of the complete system, includ-
ing the disturbances as in equation (7.2). This results in D(s) and N(s) of
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McMillan degree n that, in the general case, is larger than the lowest possible
McMillan degree of a disturbance decoupling residual generator. Thus, to find
a residual generator of minimal order or a basis of minimal order that spans
all residual generators Q(s) = R(s)[D(s) — N(s)], extra care is required since
“excess” states need to be canceled. Note that the polynomial basis approach
on the other hand, has no need for cancelations and is in this sense more elegant.

7.3 Maximum Row-Degree of the Basis

This section shows that a minimal polynomial basis for the left null-space of
the matrix (7.8), has a maximum row-degree (or column-degree) less or equal

to ng, i.e. the dimension of the state controllable from [uT dT}T. This is the
result of Corollary 7.1, which is a direct consequence of Theorem 7.9, and both
are presented below.

Related problems have been investigated in (Chow and Willsky, 1984) and
(Gertler, Fang and Luo, 1990). In (Chow and Willsky, 1984), it was shown
that, in the no-disturbance case, there exist a parity function of order < n. In
(Gertler et al., 1990), it was shown that for a restricted class of disturbances,
there exist a parity function of order < n. However the result of Corollary 7.1
is much stronger since it includes arbitrary disturbances and shows that there
exist a basis in which the maximum row-degree is < n,.

The result of Corollary 7.1 are important for at least three reasons:

e The parity functions obtained directly from the minimal basis, are in one
sense the only ones needed. All other are filtered versions (i.e. linear
combinations) of these parity functions. With this argument, Corollary 7.1
shows that we do not need to consider parity functions of order greater
than n,.

e When calculating a basis for the left-null space of M(s) using the poly-
nomial echelon form algorithm, the maximum row-degree of the basis is
needed as an input to the algorithm, i.e. v. To keep the computational
load down it is important to have a v as small as possible. Without the re-
sult of Corollary 7.1, we are forced to used the bound v < (p—1) deg M (s)
(Henrion et al., 1997). Consider finding a basis for N1 (M,(s)). Then v is
chosen as

v<(p—1)deg M,(s) =ny +m—12>n,

This means that the bound n, is tighter than v < (p — 1) deg M (s). As
will be seen in the upcoming sections, the number v is, of the same reason,
important also for the Chow-Willsky scheme.

e For the detectability analysis presented in Chapter 8, it is important to
know v. We will see that v is needed explicitly in detectability condi-
tions based on the Chow-Willsky scheme and implicitly in some other
detectability conditions.
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Next, Theorem 7.9 is presented:

Theorem 7.9 A matriz whose rows form a minimal polynomial basis for N7,(Ms(s))
has row-degrees < n.

Note that the theorem does not require the pair { Ay, [By,z Bd,z]} to be control-
lable. Instead Mg(s) can be based on any realization, but the most interesting
is of course to use it with M, (s) which represents a minimal realization. Before
Theorem 7.9 can be proven, we need two lemmas.

Lemma 7.2 Let P(s) be a matriz with mazimum row-degree 1. Then the maz-
imum row-degree of a minimal polynomial basis for N, (P(s)) is less or equal to
Rank P(s).

Proof: The matrix P(s) is a matrix pencil, i.e. P(s) = sE + F. By
constant elementary row and column operations, P(s) can be transformed to to
Kronecker canonical form (Kailath, 1980). This means that there exists non-
singular matrices U and V such that

P(s) = UP(s)V = block diag {Ly,,- -+, Lyes Luss- -y Luy,sJ — I,s1 — K}

where zw is a (v; + 1) X v; matrix of the form

This matrix has rank v;, so it is obvious that v; < Rank P(s). All other matrices,
Le. Ly, sJ—I, and sI— K, have full row-rank. Therefore, a minimal polynomial
basis for the left null-space of P(s), i.e. Np(P(s)), is
0O ... 1 s ... s 0 0
N(s) = :
0 0O 1 ... ¢ 0 ... 0

A basis for N7 (P(s)) is then N(s)U. The matrix N(s) is irreducible, row-
reduced, and has maximum row-degree Rank P(s). Multiplication from the
right with U doesn’t change these facts and thus, N(s)U is also irreducible, row-
reduced. This means that N(s)U is minimal polynomial basis with maximum
row-degree Rank P(s). n

Lemma 7.3 It holds that

B Dy T —C
Rank M;(s) = Rank |:Bd] + Rank Npp |:SIA:|

where the columns of Npp form a basis for the left null-space of [DdT Bg]T.
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Proof: Without loss of generality, we can assume that N, Npp = I. Since
Npg and [DT BT together span the whole space R™+" there is a Y (s) and
an X (s) such that

where

Further we have that

-C

s — A

RankNgB[ oA

] = Rank [fC’T sIfAT} NDBNEB [ —C ] <

< Rank NppN} 5 [ < Rank N} p [5 I__C A}

e
sl — A

which means that it must hold that

-C -C
Rank Nj g LI A} = Rank NppN} g LI A} (7.19)
Then
—C Dy Dy Dy
Rank M;(s) =Rank [SI ) Bd] = Rank [NppY(s) + {Bd] X(s), [Bd} | =

Dy

=Rank [NDBY(S), |:B
d

}] = Rank NppY (s) + Rank [gd} =
d

=Rank NppNp 5 [S I:C A} + Rank BZ] —
Dd]

-C
By

=Rank N} p [s[ )

|+ Ranie |

where (7.19) has been used in the last step. m

Now return to the proof of Theorem 7.9.
Proof: Consider the matrix

Mi(s) = LI_—C A gj

and let the columns of Nppg be a basis for the left null-space of [DI BT|T. Then
we have that

NppMs(s) = [NgB LICA] ?O] (7.20)
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The left part of the matrix (7.20) has rank < n. From Lemma 7.2 we know that
a minimal polynomial basis for (7.20) has row degrees less or equal to n. Let
the rows of a matrix Q(s) form such a basis.

The basis Npp has m +n — Rank [D} BT] columns. The left null-space of
N5 Ms(s) has therefore the dimension

d =m +n — Rank [gﬂ — Rank N} [S I__C A]
This must also be the rank of Q(s).

Now study the matrix Q(s)Njy. Since Q(s) is irreducible and N}, has
full row-rank, also the matrix Q(s)N} 5 must be irreducible. Since Q(s) is row-
reduced, it can be written Q(s) = S(s)Dp, + L(s), where Dp, has full row-rank.
Multiplication from the right with NJ 5, which is also full row-rank, results in
D;WNEB which has also full row-rank. This implies that the matrix Q(S)NEB
is row-reduced.

It must hold that Rank Q(s)N},; = RankQ(s). By using Lemma 7.3, we
know that the rank of Q(s)N} is

D —C
Rank Q(s)Npz = Rank Q(s) = m + n — Rank [BZ] ~ Rank Npp LI - A} =

=m +n — Rank M,(s)

All this implies that Q(s)NJ 5 is a minimal polynomial basis for N7,(Ms(s)).
Further the row-degrees of Q(s) N} 5 is < n. Then since all minimal polynomial
bases have the same set of row-degrees, it holds that all minimal polynomial
bases of Q(s)N} 5 have row-degrees < n. n

From Theorem 7.9, we now get the following result:

Corollary 7.1 A matriz whose rows form a minimal polynomial basis for Ni,(M(s))
has row-degrees < ng.

Proof:  According to Theorem 7.3, W(s) = V(s)P, is a minimal polynomial
basis for N, (M (s)) if V(s) is a minimal polynomial basis for Ny (M,(s)). Since
we know from Theorem 7.9 that the maximum row-degree of V'(s) is n,, then
also the maximum row-degree of W(s) is n. n

7.4 The Chow-Willsky Scheme

The most well-known method for direct construction of polynomial parity func-
tions was presented in (Chow and Willsky, 1984). This method is usually re-
ferred to as the Chow-Willsky scheme. In (Chow and Willsky, 1984), it was for-
mulated for discrete systems but before that, similar ideas had been developed
by Mironovskii (1980), who considered both discrete and continuous systems.
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Based on the method in (Chow and Willsky, 1984), a number of extensions
have been proposed. One important extension, provided by Frank (1990), in-
cludes also decoupling of disturbances and non-monitored faults into the design.
Among other extensions is for example the handling of the case when perfect
decoupling is not possible (Lou, Willsky and Verghese, 1986).

The Chow-Willsky scheme and its extensions have been extensively used
in the literature, probably because of its simplicity compared to many other
residual generator design methods. However, the Chow-Willsky scheme can for
high order systems be numerically unstable, as will be explained in Section 7.5.2,
and care should therefore be taken when practical residual generator design is
considered.

In this section we will see that the original formulation of the Chow-Willsky
scheme (and also its extensions) have several disadvantages. First, it is not able
to generate all parity functions for some linear system. Second, the solution does
not give a parity function of minimal order. However, by a stepwise improvement
we will in this section show how the Chow-Willsky scheme can be modified so
that these disadvantages dissappear. In Section 7.5.1, the Chow-Willsky scheme
will be even further modified so that it generates a minimal polynomial basis in
similarity with the minimal polynomial basis approach. Related results, valid
for some special cases and showing a relation between parity functions and a
polynomial-like method, were noted in (Massoumnia and Velde, 1988).

7.4.1 The Chow-Willsky Scheme Version I: the Original
Solution

The following description of the Chow-Willsky scheme mainly follows (Frank,
1990), except for that the description here is formulated for the continuous case.
However by replacing s by z (or the time-shift operator ¢) all formulas are valid
also for the discrete case. The Chow-Willsky scheme assumes that the system
model is given in the state-space form:

st = Ax+ Byu+ Bgd+ Byf (7.21a)
y = Czx+Dyu+Dgd+ Dyf (7.21b)

Now by substituting (7.21a) into (7.21b), we can obtain sy as

sy = Csx + Dysu+ Dgsd+ Dysf =
= CAz + CByu+ Dysu+ CByd + Dgsd+ CBsf + Dysf

By continuing in this fashion for sy ... s”y, the following equation can be
obtained:

Y (t) = Ra(t) + QU(t) + HV (t) + PF(t) (7.22)

where () is a lower triangular Toeplitz matrix describing the propagation of
the input u through the system. Similarly, H and P describes the propagation
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of the disturbance d and the fault f respectively. Written out, the matrices
in (7.22) are

y(t) c
sy(t CA
Y(t) = ( ) R=
sPy(t) CAr
D, 0 0 ... ] [ ou(t) ]
CB, D, 0 . su(t)
Q= . ) v = |
CAP-1B, CB, D, | sPu(t)
Dy 0 0 T [ d(t) ]
CBy Dy 0 Sd(t)
H= Vit) =
CAP~'B, ... CBy Dy | | sPd(t) |
Dy 0 0 . [ f((t)) T
CB D 0 . sf(t
p= ! ! Fit)y=| .
CAplef ... OBy Dy | L sPf(t) ]

The size of Yis (p+1)mx 1, Ris (p+1)mxn, Qis (p+1)m x (p+ 1)k, U is
(p+ 1)k, x1, His (p+1)mx (p+1)kq, Vis (p+1)kax1, Pis (p+1)mx (p+1)ky,
and F'is (p+ 1)ks x 1. The constant p determines the maximum possible order
of the parity function. The choice of p is discussed in Section 7.4.3.

Now, with a column vector w of length (p + 1)m, a function h(y,u) can be
formed as

h(y,u) = w' (Y —QU) (7.23)
For later use, note that this function can also be written as
) = w W (s) ~ QUL ()] |/ (7.24)
where
Im Iku
SIm SI]%
V()= | Wy (s) =
SpIm Splku

Equation (7.22) implies that the following equality will hold:
h(y,u) = w' (Rx + HV + PF) (7.25)
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If h(y,u) is going to be a parity function, it must hold that it is zero in the fault
free case and the disturbances must be decoupled. This is fulfilled if w satisfies

w? [RH] =0 (7.26)

In other words, if w belongs to the left null-space of [R H]. For use in fault
detection, it is also required that the parity function is non-zero in the case of
faults. This is assured by letting

wl' P #0 (7.27)

In conclusion, using the Chow-Willsky scheme, a parity function is con-
structed by first setting up all the matrices in (7.22) and then finding a w such
that (7.26) and (7.27) are fulfilled.

7.4.2 The Original Chow-Willsky Scheme is Not Universal

Following is an example showing that the Chow-Willsky scheme is not universal,
i.e. there are cases in which it can not generate all possible parity functions.
This happens when the system has dynamics controllable only from the fault.

Example 7.5

Consider a system described by the transfer functions

1 1 1 5+3

and the realization

1 0 1 0
i = Lo U Jer[o e [T)s
1 1 0
o= a0
Also consider the function
h=(1-s+s)y —s*ys+u (7.28)

If y1 and yo in (7.28) are substituted with their transfer functions we get

h=571((1—54—32)—32—}—(5—1))11—}—
1 —s3—2s2 —s+1
+5+—1((17$+S2)*52(S+3>)f: i Sj—l i f

We see that h is zero in the fault free case and becomes non-zero when the fault
occurs. Therefore the function (7.28) is, according to Definition 7.3, a parity
function. With the matrices used in Equation (7.22), the parity function (7.28)
can be written as

h=[10 —101 —1](Y -QU)=wT(Y —QU)
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in which w is uniquely defined. With the realization above, the matrix R is

1 1
1 2
1 -1
1 -2
1 1
1 2

The first column of R is orthogonal to w but not the second. This means that
the parity function (7.28) can not be obtained from the Chow-Willsky scheme.
]

The problem in the previous example is the second column of R. This column
originates from zo, which is controllable only from the fault f. The problem is
solved if we can relax the requirement that w must be orthogonal to the second
column of R. This is the topic of the next section.

7.4.3 Chow-Willsky Scheme Version II: a Universal Solu-
tion

To make the Chow-Willsky scheme universal, we need to require that the re-
alization is controllable from [u d”]T. If this requirement is not fulfilled, the
system must be transformed to the realization (7.12). We can compare this
with the state-space solution in the minimal polynomial basis approach, where
we also had to require that the realization is controllable from [u? d¥]T.

Now assume that the realization is on the form (7.12). Then the matrix R
can be partitioned into R = [R, R,| where

Cy
CCEACE
Ra: = .
Cp AP
This means that equation (7.25) can be written

h(y,u) = w' (Ryx + R,z + HV + PF)

As with the minimal polynomial approach, we need only to consider the fault
free case, i.e. z can be assumed to be zero. Then a sufficient and necessary
condition to make this expression a parity function is that w must satisfy

w’[R, H =0 (7.29)

The first column R in Example 7.5 corresponds to R, and the second column to
R.. Thus, if we had used the condition (7.29), the parity function (7.28) could
have been generated by the Chow-Willsky scheme.



Section 7.4. The Chow-Willsky Scheme 211

Replacing condition (7.26) with (7.29) results in a modified Chow-Willsky
scheme which in this work is referred to as the Chow-Willsky scheme, version
I1. This version of the Chow-Willsky scheme is universal in the sense that it can
generate all parity function up to order p. This fact is shown in the following
theorem:

Theorem 7.10 Consider the matrix M(s) in (7.8). For each vector F(s) €
NL(M(s)) and with a row-degree < p, there is a vector w such that F(s) =
wl [V, (s) — QW (s)] and wl'[R, H] =0.

Proof: If F(s) € N (M(s)), then we know that for all inputs « and distur-
bances d, and in the fault free case, it holds that

n=r(s) |5 0| 8 <t men Y = @0
[0, (s) FoWy, (5)] m _F [(Y}] —0 (7.31)

where Fj is the coefficient matrix of Fj(s). By using (7.22), (7.31) can be
rewritten as

B { v } _ [ 7] { Rea+ QU+ HY } _

= Fi(Ryx 4+ QU + HV) + FoU =
= F\Rya+ FLHV + (FLQ + F,)U =0

Since z is controllable from inputs and disturbances, this equation must hold
for all z, all U, and all V', which implies F1R, = 0, F1H = 0, and F1Q+ F; = 0.

Now choose w as wT = Fy, which is clearly a possible choice since we know
that Fy [R, H]= 0. This together with the fact Fy = —F;Q = —w? Q, implies
that

Wl [(s) = QU ()] =[F1¥m(s) — FLQUs,(s)] =
=[F1W0(s) By Ty, (s)] = F(s)

which proves the theorem. n

The Chow-Willsky scheme, version II, implies that all possible parity equa-
tions are parameterized as follows. Let Np g denote a matrix of dimension
7 x (p+ 1), and let its rows form a basis for the n-dimensional left null-space
of the matrix [R, H]. Then all parity functions up to order p can be obtained
by in (7.24) selecting w as w? = yNg, i, where + is an arbitrary row vector of
dimension 7. Thus, a complete parameterization of all decoupling row-vectors
F(s) of maximum row-degree p (i.e. all parity functions up to order p), is

F(s) = YN, m [¥m(s) —QWp,(s)] (7.32)
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This expression should be compared to (7.10) which was also complete pa-
rameterization of all decoupling row vectors F'(s). The difference is that the
parameter v in (7.32) is constant while the parameter ¢(s) in (7.10) is poly-
nomial. Also, (7.10) covers arbitrary row-degree while (7.32) can only handle
row-degrees up to p.

In Section 7.3, we argued that only parity functions up to order n, need to
be found. The reason is that any other parity function, of arbitrary order, is a
filtered version of a parity function of an order less or equal to n,. All this is a
consequence of Corollary 7.1. If this reasoning is applied to the Chow-Willsky
scheme version II, we see that it is sufficient to chose p = n,. In other words,
p = ng is sufficient to generate a basis for the left null-space of M (s) in (7.8).

As was said in the end of Section 7.2.1, the minimal polynomial basis ap-
proach implies that parity functions, and therefore also residual generators, of
minimal order are explicitly found. This is not the case with the Chow-Willsky
scheme (version I or version II). The reason is that the only requirement of the
vector w, or alternatively the basis Ng, z, is that w![R, H] = 0. This means
that in general, the parity function will be of order p. However, we can place
further constraints on the vector w such that minimal order parity functions are
obtained and this is done next.

7.4.4 Chow-Willsky Scheme Version III: a Minimal Solu-
tion

From a numerical perspective, the preferred algorithm for finding the null space
to a general constant matrix is often the SVD (Singular Value Decomposition).
As was said above, this does not in general imply that the parity functions
get minimal order. However, a minimal solution is obtained if w (or Ng, ) is
instead found with the row-search algorithm, shortly described in Section 7.2.3.
If we search from top-to-bottom in [R, H]| for dependent rows, the matrix
describing these dependencies is then a basis for the left null-space of [R, H].
Since the search is from the top to the bottom, we realize from the structure
of (7.24) that a minimal order parity function is obtained. To explicitly use this
procedure for finding w (or Ng, ) will here be called the Chow-Willsky scheme
version III. Note that the minimal order parity function can also be found by
using the Chow-Willsky scheme version II with p = 0 and then incrementally
trying larger and larger values of p.

In our stepwise improvement of the Chow-Willsky scheme, we have now
arrived in an algorithm which can generate a matrix Fow (s) as

Few(s) = Nr,u [Ym(s) —QVyg,(s)] (7.33)

This matrix Fow (s) will span the left null-space of [R, H| and it has a certain
minimality property. However it is still not a basis since it in general have more
than m — k4 rows, which was the dimension of N7 (M (s)) according to (7.9).
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7.5 Connection Between the Minimal Polyno-
mial Basis Approach and the Chow-Willsky
Scheme

Even though many pieces of the relation between the minimal polynomial ba-
sis approach and the Chow-Willsky scheme have already been discussed in the
previous section, there are some pieces left. Here we will investigate more thor-
oughly the properties of the matrix Feywy (s) defined in the previous section. The
result of this investigation is that the Chow-Willsky scheme can in fact be mod-
ified even further so that the matrix Fow (s) becomes a minimal polynomial
basis for N (M (s)).
We start by considering the equation

T, 0| _ /(g) —
F(s) {G(s) H(s)} =F(s)M'(s) =0 (7.34)
where F'(s) is here a minimal polynomial basis for the left null-space of M’(s).
Note that we have switched the lower and upper part of this matrix, compared
to M(s) in (7.8). This will lead to simplifications later during the investigation.
Next we realize from Section 7.2.3 that solving (7.34) is equivalent to solving

I, 0
G(s)  H(s)
SIku 0
[Fo Fy...F,) | 5G(s)  sH(s) | =9 (7.35)
SVIku 0
|s"G(s) s"H(s)]

where again v is not known a priori. The goal now, is to show that the minimal
polynomial basis F(s) can in fact be obtained by searching for the largest and
uppermost set of primary dependent rows in [R, H]. For this we will use three
lemmas.

Lemma 7.4 For any vector or matriz F = [Fo Fy...F,)], it holds that equa-
tion (7.35) is fulfilled if and only if

0 [Ix, 0...0] 0

Ry Qo Hy
0 [0 Iy, - .0] 0
[Fo Fy...F,)] | % Q1 H | =0 (7.36)

0 [0...0L,] 0
RD Ql/ Hl/
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Proof: Let us first study the rows of (7.35) containing G(s) and H(s). The
transfer matrix [G(s) H(s)] can be written

[G(s) H(s)] = C(sI — A"} [B, By] + [Dy D4 =

- icAi—l[Bu Bals™' + [Dy Dg] (7.37)

i=1

where {A,[B, Bqg],C,[Dy Dg]} is any controllable realization of the transfer
function [G(s) H(s)]. Define

o0
X(s)=Y sA"'[By By (7.38)
i=1
Now note that
oo 7 oo -
5 Zs—iAi—l _ Zsj—iAi—l + Z gi—igi—1 —
i=1 i=1 i=j+1

j—1 00 j—1 &
- ]Z STIAT LY s AT = jz SATTI L AN AT (7.39)
=0 =1 =0 =1

By using both (7.37), (7.38) and (7.39) we can derive the following relation:
j—1
s[G(s) H(s)] = CAIX(s)+ C Y s'A'"'[B, By] + [Dy Dals’  (7.40)

=0

This formula implies that we can write

I,
sl
" | Gs) H(s)) =
sI,,
C[Bu Bd] + [Du Dd]s
= Lo X(s)+ . =
CA”

CAD?l[Bu Bd] + CAViQ[Bu Bd]s + - [Du Dd]sy

X(s)
—rx vl m |50 —mom B 0 ]| e
ka\S
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Now Equation (7.35) can be rewritten

0 [Ir, 0...0] 0

Ry Qo Hy
0 [0, ...00 O X(s)

[Fo Fy...F,) |1 Q1 H, [\I'ku(s) 0 ] =0 (742)
: : ' 0 Wg,(s)

0 [0...0I,] 0
R, Qv H,

where R;, Q;, and H; denotes the i:th block of m rows in each matrix R, @,
and H respectively. By studying the definitions of X (s), Uy, (s), and Uy, (s),
it can be realized that the coefficient matrix for the rightmost matrix in (7.42)
becomes

...A%B, Byg] AB.B4 [BaBsd 0 ... 0

Tie, 4 ky
(7.43)

Ikqukd

Note that this matrix has an infinite number of columns. This means that the
coefficient matrix for the right matrix of (7.35) becomes

[0 [, 0...0] 0]

Ry Qo Hy 2

0 [0l ...0] 0 ... A*|By Bg] A[By B4] [Bu Bd] ; 0 0

Ry @1 Hy Futha

0 [0...0I] O T
| Ry Qv H, |

(7.44)

Since the realization is controllable, the matrix [A"~![B, By]...[B, Bd]] has

full row-rank and therefore also the matrix (7.43). This means that (7.42)
implies (7.36). The converse follows trivially, and since (7.42) is equivalent
to (7.35), the lemma is proven. m

From Section 7.2.3 and Theorem 7.8, we know that a minimal polynomial basis
for the left null-space of the matrix M’(s) in (7.34) can be obtained by searching
for the largest and uppermost set of primary dependent rows in the right matrix
of (7.35) (or equivalently in the coefficient matrix (7.44)). Lemma 7.4 implies
that we can equally well perform the search for primary dependent rows in the
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Ry Qo Hy
0 [0, ...0] ©
R, Q1 H,

0 [0...0L,] 0

L Ru Qu Hu _

(7.45)

It will be shown that this row search can be simplified even further and for this
we first need the following lemma.

Lemma 7.5 There exists a vector t = [to... 1] # 0 and

Ry Hy

[to...t] | ¢ =0

R, H

if and only if there exists a vector T = [vg to... v t;] #0 and

[UO to (% tl

where

Proof:

of v; and the equation (7.47).
For the if part, assume the specific case I = 2, and study the matrix (7.45),

which becomes

0
c
0

CA (B,

0
CA?

0 0 0

0 0 Dy
Iy, 0 0
D, 0 CBy

0 Iy, 0

u

CAB, CB, D, CABy

[0 [Lx, 0...0] 0
Ry Qo Hy
0 [0 ...0] 0
u t] Ry Q1 H,y
0 [0...0I] 0
| Iy Q Hy |
D
CB,
v = 7[@'. tl] .
CAlfile

0
0
0
Dy
0

CBy

=0

OO O OO

Dy

(7.46)

(7.47)

The only-if part of the proof is realized by inspection of the definition

(7.48)
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From this example it is obvious that the elements ¢; can not be zero. This is
enough to prove that (7.46) holds and that ¢ # 0. n

The next lemma is the last needed to prove Theorem 7.11, which will tell us
how to find a minimal polynomial basis with the Chow-Willsky scheme.

Lemma 7.6 There is a one-to-one correspondence between the dependent rows,
in order top-to-bottom, of the matriz (7.45), and the dependent rows of the
matriz [R H]. That is, the row for the k:th output in the l:th block of [R H]|
is a dependent row if and only if the row for the k:th output in the l:th block
of (7.45) is a dependent row.

Proof: Consider a dependent row, in order top-to-bottom, in [R H] and
assume it is in the [ + 1:th block of rows. Then let the vector [tg .. .#;] describe
this dependency. Then from Lemma 7.5, we know that (7.47) is fulfilled. This
further means that the the corresponding row in the matrix (7.45) must also be
a dependent row.

For the converse, assume the specific case | = 2, and study the matrix (7.45)
which become (7.48). It is seen that it generally must hold that all dependent
rows in the matrix (7.45) must occur in the rows starting with CA’. By again
using Lemma 7.5, it is seen that a dependent row in the matrix (7.45) directly
implies that the corresponding row in [R, H| also must be dependent. n

Note that the primary dependent rows are a subset of the dependent rows.
Therefore, Lemma 7.6 shows that the search for primary dependent rows in the
right matrix of (7.35) can be performed by a row-search in the much simpler
matrix [R H], which can be recognized from the Chow-Willsky scheme.

7.5.1 Chow-Willsky Scheme Version 1V: a Polynomial Ba-
sis Solution

All results reached so far are summarized in the following theorem:

Theorem 7.11 Let W define the largest and uppermost set of primary depen-
dent rows in [Ry H]. Then Fow(s) = W[U,(s) — QUy,(s)] is a minimal
polynomial basis for the left null-space of

=[50 4]

Proof: Let W define the largest and uppermost set of primary dependent rows
in [R; H]. Then according to Lemma 7.6, this uniquely identifies the largest
and uppermost set of primary dependent rows in also (7.45). From Theorem 7.8
and Lemma 7.4, we realize that this gives a minimal polynomial basis for

& )
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From Lemma 7.5, we see that each row-vector f(s) in the polynomial basis, can
be written as

_ I, 0
0 I, I I,
SIk‘u 0 u
0 sI SI]% SIm
f(s) = [’UO to ... U tl] m| = [to . ..Ifl] —Q : :
: : L L
o1y, 0 s' Iy, ' Iy,
| O slIm_

Note that the second equality follows from the definition of v; in Lemma 7.5.
Then a basis for N1, (M(s)) is trivially Fow (s) = W[U,,(s) — Q¥ (s)]. m

From Theorem 7.11, we realize that an alternative to searching for primary
dependent rows in M, a minimal polynomial basis can be obtained by searching
for primary dependent rows in the matrix [R, H]. This means that we now know
how to use the Chow-Willsky scheme to generate a minimal polynomial basis
for N (M(s)). This final modification of the Chow-Willsky scheme becomes
version IV.

The next theorem answers the question of what happens when the primary
dependent rows are searched in the matrix [R H] instead of [R, H]. This result
is of minor importance here but will be used to derive a detectability criterion
in Chapter 8. However, note that to use [R H] instead of [R, H] has exactly
the same effect as to use a realization not controllable from [u” d”]7, in the
state-space solution of the minimal polynomial basis approach. The following
Theorem 7.12 should be compared with Theorem 7.4.

Theorem 7.12 Let W define the largest and uppermost set of primary depen-
dent rows of [R H|. Then F(s) = W[U,,(s) — QW ()] is a polynomial basis
(not necessarily irreducible) for the left null-space of

=[50 4]

Before this theorem can be proven, we need a lemma:

Lemma 7.7 Consider the matriz
C Dy

z

CrA; CyBao Dy
R, H] = | " , (7.49)
CaAg CxAg_leﬂ. . Dy

If the i:th row in the last block of this matrix is dependent then the i:th row of
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the last block in the following matriz is also dependent:

C Dy
CA CBy Dq
RH=| . (7.50)
CAPt= CAp-l—nz—le . Dy

Proof:  First realize that C, AL By, = CA'By for all i > 0. Then the fact
that the i:th row in the last block of the matrix (7.49) is dependent, means that
there is a vector ¢t = [t1...tp41], where tp41 = [tp41,1,-- - tpt1,i-1,1,0,...0],
such that

th’erth’mAer'-'thpHCzAg =
t1Dg +t2CBg + -+ tp_HCApile =

: (7.51)
tyDg+t,4-1CBg =
thrlDd -

Study the equations containing Dy. All terms in these equations, except t; Dy,
have a By multiplied from the right. This means that the rows of By must span
allt;D,i=1,...p+ 1. Therefore there exists a matrix Dp so that

tiDg =t;DpBg
fori=1,...p+ 1. Equations (7.51) can now be rewritten as

t1Cy + 120 Ay + -+ + 1,11 CL AL =
tlDBBd—l—tQCBd—l—---—l—tp_HCAp_le =

: (7.52)
t,DpBg+1t,s1CBy =
tyy1DpBy = 0

Let the rows of a matrix IV, be a basis for the left null-space of By, and define
N =[N, 0] and M = [0 I]. Then an equivalent description of Equations (7.52)
is that there exists f;:s and g;:s so that

t1C+tQCA+"'+tp+1CAp+goM = 0
tlDB+t20+"'+tp+1CAp_1+f1N+glM = 0

(7.53)
tpDp +tp41C + fpN +g,M
tor1 DB + foriN +gpriM =
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By multiplying the first equation with A from the right, different number of
times, we can obtain the equations:

t1CA™ +t,CA™ T 4o b, CAPT™ 4 ggMA™ = 0
(7.54)
t1CA+tCA% + - 4 t, CAPT + ggMA = 0
Next, note that

Aa‘ A12

MAi[OI][O A

Y[OAQ]AZM

By using this expression and putting together the equations (7.53) and (7.54),
we arrive at

tOA™ +t,CA™ T 4 tpHCA”*"Z +g0A*M = 0
t1CA+1CA? + -+ 1, 1 CAPT 4 goALM = 0
t10+t20A+-'~+tp+1CAp+goM =
t1Dp +t2C + -+ t,;1CAP L + fIN+ 1M =
: (7.55)
t,Dp +t,1C+ f,N+g,M = 0
tp+1Dp + foraN +gpr 1M = 0
Now denote these equations with ®_,,_,...,®,41, from top to bottom. Also
define all ®;, i > p + 1, as a notation for the equation
0=0
Let the coefficients a,_,—1 ... ao be the coeflicients in the characteristic poly-
nomial. Then according to Cayley-Hamilton theorem,
Al = anz,lA"Z*1 + -+ a A+ aol
A new set of equations can be obtained as
o,
[1 —CQn,—1 .- fao} :
g
(7.56)
Qi1
[1 —Ap,—1 .- —ao]

(I)p+1+nz
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Introduce the notation

t;
ti=1 —an.—1 ... —aop) :
litn,
fi gi
fi=0 —an.—1 ... —ao] | : gi=1[ —an. 1 —agl | :
Jitn. Gitn.

and let t; =0 and f; =0 for i < 1 and i > p+ 1. Further let g; = goA;* for
i < 0and g; =0 for ¢« > p+ 1. Note these definitions imply that t’pﬂ = tpt1,

fll7+1 = fp+1, and 9;)+1 = gp+1-
Now the equations (7.56) can be written as

th;+IC + thz+2CA + M + tp+chP+nz + ginzM - 0
t D+t O+t CAPT " N +gl,  M=0

t\Dp +thC + -+, CAP + fIN + gt M =0

t,Dp +tp1C + fuN +g,M =0
to1DB + for1N + o1 M =0

(7.57)
Note that
9—n. gOATZLZ
/ J—n.+1 90A2271
9 n. = —an,.—1 ... —ao : =[1 —an,-1 ... —ag] : =
9o 9o
= go(AL* —an, 1AL "1 —agl) = 0

Finally multiply all but the first of the equations (7.57) with By from the
right. This will result in the equations

t/—nz-‘rlc + t/_nz+QCA 4+ thrlCAernz _
t o D+t sCB+ -+ 1, CAPT="1R =

t,D+t,1 0B =
toy1D =
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Note that the vector t,41 is the same here as in (7.51). This result is equivalent
to that the i:th row of the last block of the matrix (7.50) is dependent, which
ends the proof. n

Now return to the proof of Theorem 7.12:
Proof: Introduce the notation [R H],—,, meaning that the matrix [R H] is
defined by using p = n. Lemma 7.7 says that if the i:th row in some block of
[Ry H)p—n, is dependent, then the i:th row in some block of [R H],—, is also
dependent. This means that a set of primary dependent rows of [R H],—, of
largest possible size, consists of the same number of rows as a set of primary
dependent rows of [R; H],—,, of largest possible size.

Assume now that W defines a set of primary dependent rows of [R H],—p,
of largest possible size. The matrix [R H| can also be written [R, R, H].
This means that the row indices, defining the set of primary dependent rows
in [R; R, HJ, also define a set of primary dependent rows in [R, H|. It is
important to note that there is no guarantee that this set is the uppermost.

Now Lemma 7.6 implies that we also have found a set of primary depen-
dent rows of (7.45), of largest possible size. Note that neither this set is the
uppermost. Then by using the same reasoning as in the proof of Theorem 7.11,
we can conclude that F(s) = W[¥,,(s) — Q¥g,(s)] is a polynomial basis for
the left null-space of M(s). However, this time we used a set of not uppermost
primary dependent rows, which according to Theorem 7.8 means that the basis
will not be irreducible.

7.5.2 Numerical Properties of the Chow-Willsky Scheme

We have now shown that algebraically, the Chow-Willsky scheme version IV,
is equivalent to the minimal polynomial basis approach. However, from a nu-
merical perspective, the Chow-Willsky scheme is not as good as the minimal
polynomial basis approach. The reason is that, for anything but small p, the
matrix [R, H] will have high powers of A. It is likely that this results in that
[R; H| becomes ill-conditioned. Thus to find the left null-space of [R, H] can
imply severe numerical problems. The minimal polynomial basis approach does
not have these problems of high power of A or any other term. This differ-
ence is highlighted in (Frisk, 1998), where both the Chow-Willsky scheme and
the minimal polynomial basis approach are applied to the problem of designing
polynomial parity functions for a turbo-jet aircraft-engine. The Chow-Willsky
scheme fails because of numerical problems, while the minimal polynomial basis
approach, manage to generate a basis for all parity functions.

7.6 Design Example

This model, taken from (Maciejowski, 1989), represents a linearized model of
vertical-plane dynamics of an aircraft. The inputs and outputs of the model are
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| Inputs | Outputs |

up:  spoiler angle [tenth of a degree] | y1: relative altitude [m)]
ug: forward acceleration [ms™?] yo: forward speed [ms™!]
us: elevator angle [degrees] ys3:  Pitch angle [degrees]

The model has state-space matrices:

0 0 1.132 0 -1 0 0 0

0 —0.0538 —-0.1712 0 0.0705 —-0.12 1 0
A= 1|0 0 0 1 0 B = 0 0 0

0 0.0485 0 —0.8556 —1.013 4419 0 —1.665

0 —0.2909 0 1.0532 —0.6859 1.575 0 —-0.0732
C =115 0] D = 03x3

Suppose the faults of interest are three sensor-faults (denoted fi, f2, and f3),
and two actuator-faults (denoted f4 and f5). Also, assume that the faults are
modeled with additive fault models. In addition, there is an additive disturbance
d acting on the third actuator, i.e. the elevator angle actuator.

The total model, including faults and the disturbance, then becomes:

Y1 Uy fa fi
Y2| =G(s) | [ue| + |f5| | + | f2
Y3 u3 d f3

where G(s) = C(sI — A)"'B + D.

7.6.1 Decoupling of the Disturbance in the Elevator Angle
Actuator

The first design example is intended to illustrate the design procedure and also
illustrate how available design freedom can be utilized. The goal is to design a
residual generator (1(s) that decouples the disturbance d in the elevator angle
actuator. Then, matrix H(s) from (7.1) corresponds to all signals that are to
be decoupled, i.e. considered disturbances. In this case, H(s) becomes the
third column in G(s). Matrix L(s) corresponds to the faults and therefore L(s)
becomes [I3 g1(s) g2(s)], where g;(s) denotes the i:th column of G(s). Further,
the matrix By in (7.2) becomes equal to the third column of B. Note also that
the realization {A, B,C, D} is controllable, i.e. the state x is controllable from
U.

Minimal Polynomial Basis Solution

Since the model is given in state-space form and {4, [B By]} is controllable,
Theorem 7.3 is used to extract Nas(s). According to formula (7.9), the di-
mension of the null-space N, (M(s)) is 2, i.e. there exists exactly two linearly
independent parity functions that decouples d.
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Calculations using the Polynomial Toolbox (Henrion et al., 1997) give the

basis
NM(S) =
0.0705s s+ 0.0538 0.091394 0.12 -1 0
22.7459s% + 14.5884s  —6.6653  s2 —0.93678s — 16.5141 31.4058 0 O
(7.58)

The command used is xab? and this gives the basis in canonical polynomial
echelon form, i.e. the basis (7.58) is actually unique. The row-degrees of the
basis is 1 and 2, i.e. it is a basis of order 3. From this it is clear that the filter of
least degree, which decouples d, is a first order filter corresponding to the first
row in the basis. To select the first row then corresponds to setting ¢ in (7.10)
to ¢ =[1 0].

Chow-Willsky Solution

We use the Chow-Willsky Scheme version III, i.e. the left null-space of [R H]|
(= [Ry H] in this case) is calculated using the row-search procedure. From
Section 7.3 and 7.4.3, we know that a good choice of p is p = n. The row-search
procedure is implemented in the command rwsearch in the Polynomial Toolbox
(Henrion et al., 1997). Using this command together with the expression for
Fow (s), given in (7.33), results in

Fow(s) =
r 0.0705s s+ 0.0538 0.0914
0.0705s% — 0.00379s s% —0.00289 0.0914s — 0.00492
22.7s2 + 14.6s —6.67 2 —0.937s — 16.5
0.0705s% — 2.08s% — 1.33s s2 +0.609 0.0807s + 1.51
= 22.7s% 4+ 35.95% + 14.1s —5.89 s2—17.4s — 14.9
0.0705s* — 2.08s% — 3.17s% — 1.22s s* 4+ 0.505 1.59s 4+ 1.28
22.7s* 4+ 35.95% + 41052 + 2545 —116 st —31.25 — 287
0.0705s° — 2.08s* — 3.17s® — 37.3s2 —23.2s s +10.5 2.76s + 26.1
22.75° + 35.95% + 410s> + 963s% + 4635 —201 s® — 316s — 504
0.12 -1 0
0.12s — 0.00646 —s+0.0538 0
31.4 0 0
0.12s% — 0.00646s — 2.87 —s2 4 0.0538s — 0.00289 0
31.4s + 30.2 —6.67 0
0.12s% — 0.00646s% — 2.87s — 2.61 —$% 4+ 0.0538s% — 0.00289s + 0.609 0
31.4s% + 30.2s + 547 —6.67s — 5.89 0
0.12s* — 0.00646s® — 2.87s? — 2.61s — 49.8 —s* 4+ 0.0538s% — 0.00289s% + 0.609s + 0.505 0
31.4s% + 30.252 + 547s + 992 —6.67s% — 5.89s — 116 0

The command rwsearch gives its answer in canonical echelon form which means

that the result is unique.

2The command xab (in version 1.6) is actually not perfectly suited for this case since it

uses an unnecessarily large v.
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Now compare Fow (s) with Nas(s) in (7.58). We see that the first and third
row of Fow (s) equals the rows of the basis Nys(s), but this is no coincidence.
Theorem 7.11 tells us that the uppermost and largest set of primary dependent
rows in [R, H] gives a minimal polynomial basis for N (M (s)). This was also
the idea of the version IV of the Chow-Willsky scheme. Theorem 7.11 together
with the uniqueness (because of canonical echelon form) of both Nj(s) and
Fow(s), implies that the first and third row of Feywy (s) must equal Ny (s).

Forming the Residual Generator

Now we want to use the parity function obtained from the first row of Ny(s)
(or equivalently Feow (s)) to construct a residual generator. From Section 7.2.1
we know that the minimality property of the basis implies that this parity
function is of minimal order. A residual generator can be formed by using the
expression (7.5). Since the parity function is of order 1, the scalar polynomial

¢(s) must have a degree > 1. Let ¢(s) be ¢(s) = 1 4+ s which results in the
following filter (residual generator)

1
Q1(s) = T+s [0.0705s s+ 0.0538 0.091394 0.12 —1 0] (7.59)
Now we know that this residual generator is of minimal order. Also, because
of the choice ¢(s) = 1 + s, it is able to detect faults with energy in frequency
ranges up to 1 rad/s.

10° 10‘" Jt; [rad/s] 11)" 10"

Figure 7.2: Singular value of the transfer function from v and d to r.

Figure 7.2 shows the singular value (maximum gain in any direction) for

Graals) = i(s) |97 H]

This plot should theoretically be exactly 0, but because of finite word length in
MATLAB it doesn’t become exactly 0. The plot shows that the control signals
and the decoupled fault has no significant influence on the residual. Figure 7.3
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shows how the monitored faults influence the residual which clearly shows that
fault influence is significantly larger than influence from the decoupled fault and
control signals plotted in Figure 7.2. The leftmost plot in Figure 7.3 also shows
that DC-gain from fault f; to the residual is 0. Therefore, fault f; is difficult
to detect since the effect in the residual of a constant fault f; disappears. This
effect is more studied in the next chapter.

f1 P f3 fa fs
0 0 0 0 ofF——
2 R el I B I
=
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2
*
6 -100 r100 r100 +100 r100
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w [rad/s]

Figure 7.3: Magnitude bode plots for the monitored faults to the residual.

7.7 Conclusions

The topic of this chapter has been design of linear residual generators, which is a
special case of the prediction principle. First the relation between linear residual
generators and polynomial parity functions was cleared out, and it is concluded
that the linear decoupling problem is equivalent to designing polynomial parity
functions.

A new method, the minimal polynomial basis approach has been developed.
The focus has been on four issues, namely that the method (1) is able to generate
all possible residual generators, (2) explicitly gives the solutions with minimal
McMillan degree, (3) results in a minimal parameterization of the solutions, i.e.
all residual generators, and (4) has good numerical properties.

In the minimal polynomial basis approach, the residual generator design
problem is formulated with standard notions from linear algebra and linear
systems theory such as polynomial bases for rational vector spaces, and it is
shown that the design problem can be seen as the problem of finding polynomial
matrices in the left null-space of a rational matrix M (s). Within this framework,
the completeness of solution, i.e. issue (1) above, and minimality, i.e. issues (2)
and (3), are naturally handled by the concept of minimal polynomial bases.

Finding a minimal polynomial basis for a null-space is a well-known prob-
lem and there exists computationally simple, efficient, and numerically stable
algorithms, to generate the bases. That is, issue (4) is satisfied. In addition,
generally available implementations of these algorithms exists.

The order of linear residual generators is investigated and it is concluded that
to generate a basis, for all polynomial parity functions or residual generators, it
is sufficient to consider orders up to the system order. This result is new since
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previous related results only deal with the existence of residual generators and
also only for some restricted cases.

The question of minimality and completeness of solution is not obvious for
other design methods. The well known Chow-Willsky scheme is investigated
and it is concluded that in its original version, none of the four issues above
are satisfied. However, a modification of the Chow-Willsky scheme is presented
and this new version is algebraically equivalent to the minimal polynomial basis
approach. This means that the first three, of the issues above, are satisfied.
However, it is concluded that numerically, this modified version of the Chow-
Willsky scheme is still not as good as the minimal polynomial basis approach.
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Appendix

7.A Proof of Lemma 7.1

Lemma 7.1 Let M(s) be the system matriz of any realization (not necessarily
controllable from [uT dT]T), i.e.

V= |t a) )

Then it holds that
Dim N (M (s)) = Dim N (M;(s))

Proof: Consider the realization

T A:c A X Bu,:c
My MO
By By .
[ 8 ]d+[3;,z }f (7.60a)
y = [Cxcz][ﬂ+Duu+Ddd+fo (7.60b)

where it is assumed that x is controllable from d. Note that this is not the same
type of realization as (7.12). Then form the matrix M,4(s) as

oG Da
Maals) = [squ Bd,J

Let n, be the number of controllable states, i.e. the dimension of z in (7.60).
We will first show that

Dim AN (M(s)) = Dim Ny, (Maa(s)) (7.61)

The dimension of the null-space N1 (Mz4(s)) is m + n, — Rank M,4(s). The
dimension of the null-space N7,(M (s)) is m+ k,, — Rank M (s). Further, it holds
that Rank M (s) = Rank H(s) + k,. All this means that to show (7.61), it is
sufficient to show that

Rank M,4(s) = Rank H(s) + ny (7.62)

By using the generalized Bezout identity, it is easy to derive (see (Kailath,
1980), Section 6.4.2) that the following matrices have the same Smith form:

—sl+A. Bacl| s |In, 0
{ c, Dd} ~ [ 0" C.U(s) + DaDy(s) (7.63)
where {A¢, Ba,c, Cc} is a controller-form realization of

2, Bd.z,Cy} an s), D (s)} is a specific right of (sI—A,) "By, =
{44, Ba,z,Cy} and {¥(s), Dy (s)} i ific right MFD of (sI — A;) 1By,
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(sI — A.) ' Ba, (see (Kailath, 1980) for a definition of ¥(s) and Dpy(s)). By
defining Ny (s) = C.¥(s) + DgDp(s), we see that

H(s) = Cc¥(s)Dy' (s) + Da = (Cc¥(s) + DaDr(s)) Dy (s) = Nu(s) Dy’ (s)

That is, {Ng(s), Du(s)} is a right MFD for H(s). Further, since M,4(s) repre-
sents a controllable realization, it has the same Smith form as the controller-form
realization, which together with (7.63) means that

_|=sI+ Ay Baz| s |In, 0
Mza(s) = [ C, Dd} ~ [ 0 NH(S)]

This further means that
Rank M4(s) = Rank Ny (s) + n, = Rank H(s) + ng

and thus, (7.62) and (7.61) have been shown.
Let T represent the similarity transformation relating the realization in
M,(s) with the realization (7.60). Then we have that

T-' 0 T 0
Rank M;(s) = Rank [ 0 Im:| M(s) [0 Ik“] =
—sI + Az A12 Bd,z
= Rank 0 —sI+A, 0 | =RankMyq(s)+n, (7.64)
Cy C. Dy

where n, is the dimension of the state z in (7.60). The last equality holds since
the submatrix

A1
—sI+ A,
C.

has rank n, and all columns are independent of the other parts of the matrix.
The relation (7.64) implies that

Dim N (My4(s)) = ng +m — Rank My4(s) =
= n, + n, + m — Rank M,(s) = Dim N (M,(s))

This result together with (7.61) shows the lemma. n

7.B Linear Systems Theory

This appendix is included to serve as a compilation of definitions, theorems, and
basic properties of linear systems, polynomial matrices, and polynomial bases
used in this thesis. Sources describing these matters in detail are e.g. (Forney,
1975; Kailath, 1980; Chen, 1984) for control oriented views, and (Lancaster and
Tismenetsky, 1985) for a purely mathematical view.
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Definition 7.4 (Dependent Row) Consider a matriz A. A dependent row,
in order top-to-bottom, is a row that is a linear combination of previous rows
(i.e. the rows above).

Definition 7.5 (Primary Dependent Rows) Let A be a matriz organized
in equally sized blocks A; as follows:

Further let each dependent row be associated with a row index «; telling the
placement within its block. Then a set of dependent rows are primary dependent
rows if

ai#aﬁ 27&.7

Example 7.6

Consider

OO =IO =
N NNO == O
N | = N =

The dependent rows are row 3, 5, and 6. Of these, row 3 and 6 are primary
dependent. Row 5 is not primary dependent since it has the same block location
as row 3 which is also dependent. n

Theorem 7.13 (PBH Rank Test (Kailath, 1980) p. 136) A pair {A, B}
will be controllable if and only if the matrix

[sI —A B] has rankn for all s

7.B.1 Properties of Polynomial Matrices

To avoid unnecessary misunderstandings: a polynomial matrix, which in some
literature is called matrix polynomials (Lancaster and Tismenetsky, 1985), is
any matrix F(s) where the individual elements are scalar polynomials in s.
Here, the coefficients in the polynomials will always be real.

Definition 7.6 (Normal Rank) The (normal) rank of a polynomial matrix
F(s) is the largest rank F(s) has for any s € C.
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Sometimes the word normal is omitted, when the text only says rank it is always
meant normal rank.

Definition 7.7 (Row-reduced Matrix) Consider a polynomial p X q¢ matrix
F(s) with row-degrees ;. It is always possible to write

F(s) = S(s)Dir + L(s)
where

S(s) = diag{s"*,i=1,...,p}

Dy, = the highest-row-degree coefficient matriz

L(s) = the remaining term with row-degrees strictly less than those of F(s)

A full row rank matriz F(s) is said to be row-reduced if its highest-row-degree
coefficient matriz Dy, has full row rank.

Definition 7.8 (Irreducible and Unimodular Matrices) A polynomial ma-
triz F(s) is said to be irreducible if it has full rank for all finite s. If F(s) is
irreducible and square it is said to be unimodular. A unimodular matriz has a
unimodular inverse.

7.B.2 Properties of Polynomial Bases

Definition 7.9 (Degree of a Polynomial Vector) The degree of a polyno-
mial vector is the highest degree of all the entries of the vector. If the vector is
a row-vector, it is called row-degree.

The order of a polynomial basis is defined in (Kailath, 1980) as

Definition 7.10 (Order of a polynomial basis) Let the
rows of F(s) form a basis for a vector space F. Let p; be the row-degrees of
F(s). The order of F(s) is defined as > ;.

A minimal polynomial basis for F is then any basis that minimizes this order.

Theorem 7.14 (Minimal Polynomial Bases (Kailath, 1980)) Consider a
full row (normal) rank polynomial matriz F(s). Then the following statements
are equivalent

e The rows of F(s) form a minimal basis for the rational vector space they
generate.

o F(s) is row-reduced and irreducible.

e F(s) has minimal order.

Theorem 7.2 (Irreducible Basis) If the rows of N(s) is an irreducible poly-
nomial basis for a space F, then all polynomial row vectors f(s) € F can be
written f(s) = ¢(s)N(s) where ¢(s) is a polynomial row vector.
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Proof: Since N(s) is a basis, all f(s) € F can be written f(s)g(s) = ¢(s)N(s).
For each root « of g(s) it holds that

Since N(s) is irreducible, it has full row rank for all s and in particular s = a.
This implies that ¢(a) = 0, i.e. all roots of g(s) are also roots of ¢(s). Thus

@(s) can be factorized as ¢(s) = g(s)d(s) and
f(s)9(s) = g(s)d(s)N(s)

This implies

To illustrate the concept of rational vector-spaces and polynomial bases, the
following example has been included.

Example 7.7

Let the rows of the matrix F'(s) be a basis for the rational vector-space F.

s 0 1
Fs)y=11 1 0
0 —s 2

It is clear that F'(s) is a basis since det(F(s)) = s # 0, i.e. the matrix has full
rank and therefore, the rows are linearly independent. Any polynomial vector
of dimension 3 will of course belong to F. Consider for example the vector

b1(5)= [S 0 0} cF

This vector can be written as a linear combination of the columns as follows:

s 0 1
bi(s)=[2 —s —1] |1 1 0| =x(s)F(s)
0 —s 2

Here, z(s) happens to be a polynomial vector. However, in general rational
vectors are needed. Consider for example the vector

s 0 1
bo(s)=1[1 0 0]=1[2 -1 =1]|1 1 0| =z(s)F(s)
0 —s 2

In this case, x(s) is rational and there exists no polynomial x(s) such that
ba(s) = x(s)F(s).
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If the polynomial basis is irreducible, then according to Theorem 7.2, only
polynomial z(s):s are needed. An irreducible basis for the same vector-space F
is for example

1 0 s
F'(s)=10 1 s
0 0 1
Now ba(s) can be written
10
ba(s)=[1 0 0]=[1 0 —s] |0 1 =xz(s)F(s)
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Chapter 8

Criterions for Fault
Detectability in Linear
Systems

The topic of this chapter is fault detectability, or more exactly, if it is possible
to construct a residual generator that is sensitive to a certain fault modeled
as a signal. As in the previous chapter, only linear systems will be consid-
ered. Detectability of faults that are modeled as constant signals are explicitly
investigated. Such detectability is usually called strong fault detectability,

Criterions for both fault detectability and strong fault detectability are de-
rived. A few of these are already known results, but most of the criterions,
especially those for strong fault detectability, are new.

We will see that the analyses becomes quite simple. This is due to the notion
of bases developed in the previous chapter. For simplicity reasons, we assume
that only one fault affects the system, i.e. f is scalar.

In Section 8.1, we will study how the general definitions of fault detectability
from Chapter 2, are specialized when only linear systems are considered. Then
the criterions for fault detectability and strong fault detectability are derived in
Sections 8.2 and 8.3 respectively. Finally Sections 8.4 and 8.5 contain discussions
and examples.

8.1 Fault Detectability and
Strong Fault Detectability

Recall the definition of uniform partial detectability in a diagnosis system, i.e.
Definition 2.23. Uniform partial detectability was defined via uniform partial
isolability, i.e. Definition 2.19. Combining these two definitions we get:

A fault mode F' is uniformly and partially detectable in a diagnosis
system ¢ if for all initial conditions, for all inputs, and for all modeled

235
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disturbances, it holds that
HeOp.Fe SANF ¢S
and

0 cOnp. NF S

Now assume that we have a diagnosis system based on a single hypothesis test
(in this case a residual generator) and that the fault mode F' is modeled by a
fault signal f(t). For F to be detectable in this diagnosis system, the above
requirements imply that

Yu(t),d(t), 3f(t) #0. S=S'={F,...}and NF ¢ S
Yu(t),d(t) . f(t)=0 — S=8°={NF,...}

Note that 3f(t) # 0 in the above expression means that there exists a fault
signal modeled by f(t) belonging to a specific fault mode (and not that there
exists a signal belonging to some arbitrary fault mode). By assuming ideal
condition, these requirements can be formulated as

Va(t),d(t), 3f() #0. r(t) #0
Va(t),d(t) . f(t)=0 — r(t) =0

For linear system, we can phrase this in terms of transfer functions which leads
to the following definition of fault detectability in a residual generator:

Definition 8.1 (Fault Detectability in a Residual Generator ) A fault f
is detectable in a residual generator if the transfer function from the fault to the
residual is nonzero, i.e. Gr¢(0o) # 0, and the transfer functions from the known
input u and the disturbance d to the residual are zero, i.e. Gryu(c) = 0 and
Grd(U) =0.

As in the previous chapter, the operator o represents the differentiation operator
p (or s) in the continuous case and the time-shift operator ¢ (or z) in the discrete
case.

Next consider uniform complete fault detectability, i.e. Definition 2.23 and
2.16. It is clear that using a linear residual generator, uniform complete fault
detectability can only be achieved if G,¢(c) = C' # 0. This is a very strong
requirement and we will instead focus on uniform complete fault detectability
of constant faults, i.e. f(¢t) = ¢. Then for a diagnosis system based on a single
residual generator, we have the following requirements:

For linear system, we can phrase this in terms of transfer functions which leads
to the following definition of strong fault detectability in a residual generator:
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Definition 8.2 (Strong Fault Detectability in a Residual Generator )
A fault f is strongly detectable in a residual generator if the transfer function
from the fault to the residual Gr¢(0) has a nonzero DC-gain, e.g. Gr¢(0) # 0
in the continuous case, and the transfer functions from the known input u and
the disturbance d to the residual are zero, i.e. Gry(0) =0 and Grq(o) = 0.

Faults that are detectable but not strongly detectable will be called weakly
detectable faults.

The importance of strong detectability is illustrated the following exam-
ple.

Example 8.1

Consider a DC-servo which can be modeled as

ylzﬁu—kﬁ (8.1)
Y2 = 1+5U+f2 (8.2)
(8.3)

where g1 is the output from an angle sensor and s is the output from a tachome-
ter (i.e. an angular velocity sensor). There are two possible sensor faults mod-
eled by the fault signals f; and fa.

Consider two residual generators:

_s(s+Dy1—u s(s+1)f1

TG Z T (s rap
_16(s+ 1)y2 —U 16(s+ 1)f2
PTG r T (s

The residual r; will only be sensitive to fi; and ry will only be sensitive to fo. It
is obvious that Gy, ¢, (0) = 0, which means that the fault f; is weakly detectable
in the residual generator generating ry.

Their response to two step faults are plotted in Figure 8.1. The two residuals
r1(t) and ro(t) has fundamentally different behavior since r1(t) only reflects
changes on the fault signal and ro(¢) has approximately the same shape as the
fault signal. In a real case, where noise and model uncertainties are present, it
is significantly more difficult to use r1(¢) than ro(¢). n

In accordance with Definition 2.23 and 2.22, we can also define fault de-
tectability and strong fault detectability as properties of the system.

Definition 8.3 (Fault Detectability ) A fault f is detectable in a system if
there exists a residual generator such that the transfer function from the fault
to the residual is nonzero, i.e. Gyr(c) # 0, and the transfer functions from the

known input uw and the disturbance d to the residual are zero, i.e. Gpy(c) =0
and Grq(o) = 0.
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ri(t)
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r2(t)

Figure 8.1: A weakly detectable fault (upper plot) and a strongly detectable
fault (lower plot). The fault signal is the dashed line and the residual is the
solid line.

Definition 8.4 (Strong Fault Detectability ) A fault f is strongly detectable
in a system if there exists an asymptotically stable residual generator such that
the transfer function from the fault to the residual Gr¢(o) has a nonzero DC-
gain, e.g. Grf(0) # 0 in the continuous case, and the transfer functions from
the known input u and the disturbance d to the residual are zero, i.e. Gry(0) =0
and Grq(o) = 0.

By excluding diagnosis systems in which the fault is not detectable, from the
definition of diagnosis systems, fault detectability as a system property is also
referred to as the existence of a diagnosis system, see for example (Mironovskii,
1980) and (Frank and Ding, 1994b).

The above two definitions of fault detectability and strong fault detectability
as system properties, will from now on be our primary interest. The question
is:

Given a model of the system, is a particular fault f strongly de-
tectable, only weakly detectable, or not detectable at all?

As in the previous chapter, we assume that the model is given either in the
transfer function form

y=G(o)u+ H(o)d+ L(o)f (8.4)
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or in the state-space form

ox(t) = Ax(t) + Byu(t) + Bad(t) + B f(t) (8.5a)
y(t) = Cux(t) + Dyu(t) + Dad(t) + Dy f(2) (8.5b)
In particular cases, it can be quite simple to show that a fault is for example
only weakly detectable. This is illustrated in the following example.
Example 8.2

Consider the same system as in Example 8.1. There we saw that the fault f; was
only weakly detectable in the residual generator generating r;. The question
now is if the fault f; is strongly detectable (using Definition 8.4). That is, does
there exist any residual generator in which fault f; becomes strongly detectable.

According to the expression (7.5), a general linear residual generator can be
written as

A1(s)y1 + Aa(s)y2 + B(s)u
c(s)

Since f must be decoupled, it is considered to be a disturbance, and the term
Az (s) must therefore be 0. Thus a general expression for a residual generator is

. A1(s)y1 + B(s)u
c(s)

In the fault free case, the residual is zero, and therefore it must hold that

T =

A1(8)y1 + B(s)u=0 (8.6)
If the expression for y; in the fault-free DC-servo model (8.1), i.e. f = 0, is
substituted into Equation (8.6), we get

Aq(s) u+ B(s)u=0

s(1+s)
This equation must hold for all w which implies that the following equation must
be satisfied:

Aq(s) = s(1+ s)B(s)

This in turn means that the polynomial A;(s) must contain the factor s. The
transfer function from the fault f; to the residual becomes

A(s)
c(s)

If the residual generator is asymptotically stable, i.e. the polynomial ¢(s) has
all its poles in the left half plane, the transfer function G, will have a zero in
the origin. Thus for the angle sensor fault, modeled as in (8.1), it is impossible
to find a residual in which the fault becomes strongly detectable. n

G"'fl =
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It is clear that in some cases, like the one in the example, we are forced to use a
residual generator in which the fault is weakly detectable. Even though a fully
satisfactory solution can not be obtained unless we reconstruct the system,
weakly detectable faults can more easily be detected by filtering the residual
with a filter that acts approximately like an integrator. This was demonstrated
in for example (Frisk, Nyberg and Nielsen, 1997).

In Example 8.2, we manage to quite simply prove that f; is not strongly
detectable. However, in general cases, this can be much more difficult. Therefore
it would be useful to have criterions for both fault detectability and strong
fault detectability. Such criterions are developed in the next two sections. For
simplicity reasons, we will, as we did in Chapter 7, only discuss the continuous
case. However, the corresponding results for the discrete case can be derived
in a similar manner. Throughout this chapter, we will assume that the fault
signal f(t) is a scalar signal. This makes most sense since we are interesting
in checking detectability with respect to one particular fault. We will use the
notation Im A(s) to denote the column image (also called the column range) of
a matrix A(s).

8.2 Detectability Criteria

In this section, a four general detectability criterions are presented. The two first
criterions assume that the system is given on the transfer function form (8.4) and
the next two criterions assume that the system is given on the transfer function
form (8.5). Also included is a necessary criterion based on the dimensions of
the system.

8.2.1 The Intuitive Approach

The first criterion assumes that the system is given on the transfer function
form (8.4). The reasoning follows intuitively from the the basic results of Sec-
tion 7.2.1.

Theorem 8.1 A fault f is detectable in a system if and only if

Im [L(()s)] ¢ Im [Gé‘s) Hés)] (8.7)

Proof: The criterion of the theorem is equivalent to that there exists a
rational Q(s) such that

Q(s) [G(s) H (s)} 0 (.8)

and

aw) 1] #0 (3.9)
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If there exists a Q(s) that fulfills (8.8) and (8.9), then r = Q(s)[yT u”]T is a
residual for which G,y (s) = Gra(s) =0 and Grf(s) # 0. This means that fault
f is detectable.

Ifr = Q(s)[y” u”]" is a residual in which fault f is detectable, i.e. Gy f(s) =
Gur(s) =0 and G,r(s) £ 0, then (8.8) and (8.9) will be fulfilled. m

The easiest way to check condition (8.7) is probably by studying the rank
as follows: a fault is detectable if and only if

Rank Gés) H(()S) Lgﬂ > Rank [Gl(rs) Hés)}

It is obvious that this rank-condition is equivalent to (8.7). The normal rank
of a polynomial matrix can be calculated quite easily by using the formula

Rank A(s) = max Rank A(s) (8.10)

obtained from the definition of normal rank (see Appendix 7.B). Note that the
rank on the left-hand side of (8.10) refers to the normal rank of a polynomial
matrix while the rank on the right-hand side refers to the rank of a constant
matrix. We can substitute different random numbers for s and thus obtaining a
set of constant matrices. The normal rank is then the maximum rank of these
constant matrices. This procedure is implemented in the polynomial toolbox
(Henrion et al., 1997).

A second alternative to check condition (8.7) is to calculate a basis for
NL(M), i.e. the left null-space of M(s). As in the previous chapter we let
the rows of a matrix Ny (s) form a basis for N7, (M ). Then we have that a fault
is detectable if and only if

Nas(s) [Lgs)} £0 (8.11)

However, to calculate a basis for the null-space requires more involved algorithms
than a rank test, as was seen in Section 7.2.3.

8.2.2 The “Frequency Domain” Approach

Here we will present a somewhat simpler, but closely related, alternative to
Theorem 8.1. Again we assume that the system is given on the transfer function
form (8.4).

Theorem 8.2 A fault f is detectable in a system if and only if
Im L(s) ¢ Im H(s) (8.12)
Proof: We will first show that it holds that

Im [L(()s)] CIm [Gf) Hés)] (8.13)
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if and only if
Im L(s) CIm H(s)

If (8.13) holds, then there exists a rational matrix [X{ (s) XI (s)]7 such that
0 = IX;(s) and L(s) = G(s)X1(s) + H(s)X2(s) = H(s)X2(s), which means
that Im L(s) C Im H(s). This proofs the only-if part and the if-part is easier.
This means that we have shown the equivalence between the condition (8.7)
in Theorem 8.1 and (8.12), which ends the proof. n

This criterion was given in (Ding and Frank, 1990) and as seen, it is much
simpler than Theorem 8.1, since it does not include G(s). Also here, the check
can be performed by doing a rank test or to calculate a basis for the null space.
Particularly simple is the rank test which becomes:

Rank [H(s) L(s)] > Rank L(s) (8.14)

8.2.3 Using the System Matrix

The criterion presented here is based on the results from Section 7.2.2, about
the minimal polynomial basis approach using the state-space representation. It
is assumed that the system is given on the state-space form (8.5).

Theorem 8.3 A fault f is detectable in a system if and only if

_Bf_ [A—sI Byl
Im Dy ¢ Im e Dy (8.15)
Proof: We will first show that it holds that
_Df_ e Dy]
Im B;| CIm A—sT By (8.16)
if and only if
L(s) G(s) H(s)
Im[ 0 ]glm[ 7 0 (8.17)

Let the row vectors of V(s) be a basis for N, (M,(s)) and form W(s) =
V(s)P, where P is, as before, defined as

I, -D,
r=[ 5

According to Theorem 7.4, the rows of W (s) are a basis for Nz (M (s)).
Now consider the relation

W(s) {Lﬂ _V(s)P [L(()S)] = V(s) [L(()s)] ) {C’(s] A)1B; +Df} _

Vi) a6~ 4 |5 v [ (5.18)
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The last equality follows from the fact that V(s)M,(s) = 0. The relation (8.18)
implies that

o [1§] <0 vi 3] -

Since W (s) and V (s) are bases for Ni,(M (s)) and N1 (M;s(s)) respectively, this
statement is equivalent to that (8.16) holds if and only if (8.17) holds. This is
further equivalent to the condition (8.15) in the theorem. n

Similar conditions for fault detectability were noted in for example (Magni and
Mouyon, 1994). Note that, in contrast to design of polynomial parity functions
using the minimal polynomial basis approach, we do not need to care about
controllability from u and d when checking detectability.

8.2.4 Using the Chow-Willsky Scheme

The criterions given here are based on the results from the study of the Chow-
Willsky scheme, performed in Sections 7.4 and 7.5. Again we assume that the
system is given on the state-space form (8.5).

Theorem 8.4 A fault f is detectable in a system if and only if

ImP,—, ¢ Im[R H],—, (8.19)
Proof: We will first show that it holds that
ImP,—,, CIm[R H|)—p (8.20)
if and only if
L(s) G(s) H(s)
Im[ 0 ]le[ I 0 (8.21)

Let the rows of a matrix W define the largest and uppermost set of primary de-
pendent rows in [R H],—,. Then according to Theorem 7.11, F'(s) = W[¥,,(s) —
QY (s)] becomes a polynomial basis for N {M (s)}.

Define X (s) as follows:

oo

X(s) = Z sT"A" 1By

=1

Then by using the same reasoning as in the formulas (7.39), (7.40), and (7.41),
we can conclude that

U, (s)L(s) = RX(s) + P¥y(s)
Now assume that (8.20) holds. This implies the following:

Fo) |1 =i - @ueen |7y = W) -

= W(RX(s) + PUy(s)) =0 (8.22)



244 Chapter 8. Criterions for Fault Detectability in Linear Systems

The last equality holds since W[R H] = 0 which, according to (8.20), also implies
that WP = 0. Since F(s) is a polynomial basis for N7,{M (s)}, equation (8.22)
is equivalent to (8.11) which is further equivalent to (8.21), and thus the only-if
part of the proof have been shown.

For the if part, assume that wy is an arbitrary row-vector such that wq[R H] =
0. Pick other wj:s such that W = [w] w3 ...]T defines a set of primary depen-
dent rows in [R H]. This implies that W[R H| = 0 and according to The-
orem 7.12, F(s) = W[U,,(s) — Q%¥,(s)] becomes a polynomial basis (not
necessarily irreducible) for N,{M(s)}. Assume that (8.21) holds. Then we
know that

o
I
T
—~
Vo)
N
| — |
~
—
Vo)
N
| I
I

W)~ QU (o] | 7] = Wz -

= W(RX(s)+ PUy(s)) = WPU,(s) (8.23)

This implies that WP = 0 and thus w; P = 0 which proves the if part.
This means that we have shown the equivalence between the condition (8.7)
in Theorem 8.1 and (8.19), which ends the proof. n

Note that also in this case, we do not need to care about controllability from
u and d when checking detectability. This is in contrast to design of parity
functions using the Chow-Willsky scheme, for which we showed in Section 7.4.3
that in order to find all parity functions, we have to care about controllability
from v and d.

8.2.5 Necessary Condition Based on Dimensions
The following criterion is trivial and stated in several works, e.g. (Gertler, 1998),

but nevertheless very useful since it uses only the dimensions of the system.

Theorem 8.5 Assume that H(s) has full column rank. Then a fault f is de-
tectable in the system only if

m > kg (8.24)

where m is the number of outputs and kg is the number of linearly independent
disturbances.

Proof: Theorem 8.2 and expression (8.14) implies that if a fault is detectable,
then it must hold that

m > Rank [H(s) L(s)] > Rank H(s) = kq
which gives the condition (8.24). An alternative proof is to use the formula (7.9)
which imply that the condition (8.24) must hold. n

In other words, the condition (8.24) is a necessary condition for fault detectabil-
ity. For most systems this simply means that there must be more outputs than
disturbances if we are going to be able to detect any fault modeled by the signal

f@).
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8.3 Strong Detectability Criteria

It is well know that faults often become weakly detectable when the system con-
tains an integration. For instance, this was the case in Example 8.2. However,
faults can be weakly detectable also if the system do not contain an integration.
This is demonstrated in the following example.

Example 8.3

Consider a system described by the following transfer functions:

G(s) = [ﬂ H(s) = ﬁ] L(s) = [ifﬂ

s+1 s+2 s+3

Note that no part of the system contains an integration. An MFD of the matrix
M(s) is

M(s) = [G<s> H(sq _ i

1
(S+1)71 0 -1
1 _1| =N(s)D7(s)
5 0 [ 0 (s+2) ]

1

An irreducible basis for the left null-space of N(s) is F(s) = [s+1 —s—1 —1]T.
Using the corresponding parity function in a residual generator means that the
transfer function from the fault to the residual becomes

Grse) = r(s) |°]

To check strong fault detectability, we evaluate G, f(0):

(ob+1 —s—1 =[] a =0 -2 -

=05 -3) =0

Thus, the fault is not strongly detectable in the residual generator. Later in
this section we will see that since F'(s) is an irreducible basis, it actually holds
that there exists no residual generators in which the fault is strongly detectable.
The fault is therefore not strongly detectable in the sense of Definition 8.4. m

Thus, no poles in the origin, is not a sufficient condition for strong detectability.
It is neither a necessary condition which is shown in the following example:

Example 8.4

Consider the following system:
1
Y1 =—u+ f1
s

1
Yz =

“rptts
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Consider next the residual generator

_ G+ D —un
s+ 2

The transfer functions from the faults to the residual become

-1
G"‘fl (S) :S T2
s+1
Grpnls) =2

which shows that both faults are strongly detectable in spite of that the system
has a pole in the origin. n

The previous two examples show that the problem of checking strong fault
detectability is more involved than only checking the existence of poles in the
origin. Below we will investigate how the four criterions given in Section 8.2,
can be modified to become general criterions for strong fault detectability.

We first note that when checking strong detectability, it is not possible to
use conditions similar to (8.7), (8.12), or (8.15), without computing a basis for
the null-space. We saw in Section 8.2 that checking strong fault detectability
can be associated with calculating a basis N {M(s)}. Similarly, we will see in
this section that checking strong fault detectability is associated with evaluating
the expression N {M (s)}|s=0. The reason why (8.7), (8.12), or (8.15), can not
be used is that in general

Ni{M (s)}|s=0 # NL{M(0)}

This will be illustrated in Example 8.5, included in the next section below.

8.3.1 The Intuitive Approach

The criterion corresponding to Theorem 8.1 becomes:

Theorem 8.6 A fault [ is strongly detectable in a system if and only if

(Nas(s) [Lgs)] )s=0 # 0 (8.25)

where the rows of Na(s) is an irreducible polynomial basis for Np{M(s)}.

Proof:  From Section 7.1 and 7.2.1, we recall that all residual generators r
can be parameterized as

P 0N |1

u
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where ¢(s) is a scalar polynomial with its roots in the left half-plane and ¢(s)
is a polynomial vector. The fact that a fault is not strongly detectable can be
expressed as

Ve(s), 6(s) - (¢ (5)6(s)Nar (s) | )} Jazo = 0

Since we know that ¢(0) # 0, this is equivalent to

w0(s) - (6N (o) | 7§] Jeco =0

which is further equivalent to
L
(Nar(s) [ és)] )s=0 =0

The negation of this condition is then equivalent to the condition (8.25) in the
theorem. -

Note that when using this Theorem 8.6, it is important to first evaluate the

vector
o 4]

i.e. carry out all multiplications and cancelations, and afterwards substitute s
with 0.

As was said above, when checking strong fault detectability, it is important
that we calculate the left null-space of M(s) and not M(0). The following
example illustrates this.

Example 8.5

Consider a system described by the following transfer functions:

o= | m =7 =[]

5+2 5+2 s5+3
Then a right MFD of the matrix M(s) is

oo 1] [, )"

A minimal polynomial basis for the left null-space of M (s) is [1 —1 0]. By using

Theorem 8.6, the check for strong fault detectability becomes

L —10 [L(()S)] ls=0 = _sJSrS

|s=0 =0
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and the fault is therefore not strongly detectable.

Now we will show that it is not sufficient to consider the left null-space of
M(0). A minimal polynomial basis for N7 (M (0)) is

1 -1 0
0 1 -1

The check for strong fault detectability would be
1 -1 o] [L(s)} —313 0
| =0 — 61+ | s=0 — | 1 7é 0
[0 Lo —1jfo]" e 3

which wrongly indicates that the fault is strongly detectable. This means that
L0
Nar(0) { { )} £0

is mot a condition for strong fault detectability. n

8.3.2 The “Frequency Domain” Approach

We have concluded that a basis for the null-space must be calculated to check
strong fault detectability. However, even if we do so, the “frequency domain”
approach, from Section 8.2.2, will not work. This is shown by the following
example:

Example 8.6

Consider a system described by the following transfer functions:

o[ mo-[] o[

Then an MFD of the matrix M(s) is

mes) = |9 1) 1 ; 5y ] =

An irreducible basis for the left null-space of N(s) is [s> —s — s+ 1]T. By
using Theorem 8.6, the check for strong fault detectability becomes

L(s
2 —s —s+1] [ é)} l|s=0 = —5 |s=0 =0
and the fault is therefore not strongly detectable.

Now the question is if we can use a condition for strong fault detectabil-
ity based on (8.12), if we actually calculate a basis for the null-space, i.e.
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NL{H(s)}L(s)|s=0 # 0. Therefore, we calculate a basis for the null-space
NL(H(s)), which becomes [s — 1]. Then we have that

N L0 =[5 11| | Lo =120

which wrongly indicates that the fault is strongly detectable. This means that
NL{H(3)}L(s)|s=0 # 0 is not a condition for strong detectability. ™

8.3.3 Using the System Matrix

The criterion for strong fault detectability, corresponding to Theorem 8.3, be-
comes as follows:

Theorem 8.7 A fault f is strongly detectable in a system if and only if

N (0) | ] #0

where the rows of N (s) is a basis for the left null-space of the matrix

[ ¢ Da
M(s) = [—SI—I—A Bd]

To prove this theorem, we first need two lemmas.

Lemma 8.1 Let A(s) be a rational matriz and assume A(0) exists. Let B(s)
be a rational matriz.

a) If B(0) exists, then

(A)B(5)) ls=0 = A0) (B&)) |0

b) If A(s) is square, A(0) has full rank, and (A(S)B(s)) |s=0 exists, then also
B(0) exists.

Proof: To prove (a), write A(s) and B(s) as follows:

A(s) =A(0) + sAi(s)
B(s) =B(0) + sB1(s)

Since both A(s) and B(s) exists, the last terms must go to zero as s goes to
zero. Now study the relation

A(s)B(s) = A(0)B(0) + sA1(s)B(0) + sBy(s)A(0) + s A1 (s) B (s)

All terms, except A(0)B(0), on the right hand side will become zero as s — 0
which proves the (a)-part of the lemma.
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To prove (b), we will use an indirect proof. Assume B(0) does not exist.

This means that some column b;(0) in B(0) does not exist which further implies
Ii(s)]| — o0 as s—0

Let g(A(s)) denote the smallest singular value of A(s). Since A(0) has full rank,
there exists a constant C' such that o(A(s)) > C > 0 for small s. This implies
that for small s it holds that

0 < Clbi(s)l| < a(A()bis)]| < [|A(s)bi(s)]
Now let s — 0 which implies that || A(s)b;(s)|| — oco. The matrix (A(s)B(s)) ls=0
can therefore not exist. ]

Lemma 8.2 A fault [ is strongly detectable in a system if and only if

(Na(s) [L E)S)] )]s=0 #0 (8.26)

where the rows of Nas(s) is a polynomial basis for Np{M(s)} and Nps(0) has
full row-rank.

Proof:  The basis Njs(s) can be written
Nai(s) = R(s)N3j" (s)

where R(s) is a greatest common divisor with full rank and Ni}"(s) is an irre-
ducible basis. Since Njs(0) has full row-rank, R(0) must have full rank.
Now study

I= (R($)R(5))]s=0 = RO)(R(5))]s=0 = RO)R(0)
where we have used Lemma 8.1 in the second equality. This means that R~1(0)

must exist and have full rank.
The condition (8.25) for strong fault detectability can be written as

0= (857 | 757 lemo = (R 6Narte) [E5 ] 1oco =
= R71(0) (N () {Lﬂ Y=o

where the last equality follows from Lemma 8.1. Since R~'(0) has full rank,
this condition is equivalent to

(¥(s) [ 7] e =0

The negation of this condition is then equivalent to (8.26), which proves the
lemma. ™
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Now return to the proof of Theorem 8.7:
Proof: Let the row vectors of V(s) be a minimal polynomial basis for
NL(Ms(s)) and form W (s) = V(s)P, where P is, as before,

. Im _Du
e-[ 2]

According to Theorem 7.4, the rows of W(s) form a polynomial basis for
NL(M(s)). Now note that

[W(s) 0] =V (s)[P M(s)] = =

I -D, C Dy
0 —-B, A—sI By

I -D, C, C, Dy
:V(S) 0 _Bu,;c A:c — sl A12 Bd,;c
0 0 0 A, —sI 0

In the last equality, we have used the assumption of a realization on the form (7.12).
The controllability of the state x from u and d implies, via the PBH test, that
the middle block of rows in the matrix [P Mg(s)], has full row-rank. Also, A,
has full row-rank because of the assumption that the state z is asymptotically
stable. Therefore, the matrix [P M,(s)] has full row-rank for s = 0. Since V(s)
is irreducible, it has also full row-rank for s = 0. This implies that W (0) has
full row-rank.
Now consider the relation

- [L(()S)} _vieP [L(()s)] v [L(()s)] V(s [C’(s[ - A);Bf +Df} _

Vi) VasIcer - a5 = v [ (827

The last equality follows from the fact that V' (s)M;(s) = 0. The relation (8.27)
implies that

(W(S) [L(()s)] )|s=0 =0 (V(s) [g;] )|s=0 —0

This equality together with the fact that W (0) has full row-rank, implies that
we can apply Lemma 8.2, which proves the theorem. n

8.3.4 Using the Chow-Willsky Scheme

The criterion for strong fault detectability, corresponding to Theorem 8.4, be-
comes as follows:

Theorem 8.8 A fault is strongly detectable if and only if
(NraPW)p=n # 0 (8.28)

where Ngy is a basis for the left null space of [RH] and u=[10...0]".
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To prove this theorem we first need the following lemma.

Lemma 8.3 Assume the rows of the matrix W define the largest and uppermost
set of primary dependent rows in [R H],—,. Then F(s) = W[¥,(s) —QVY, (s)]
is a polynomial basis for N(M(s)) and F(0) = W[¥,,(0) — Q¥ (0)] has full
row rank.

Proof:  From Theorem 7.12, it is clear that F'(s) is a polynomial basis. To
prove that F'(0) has full row rank, we first partition the matrix W as

W11 0 ]

W =
[Wm Waa

where W71 has m columns and the first row of Way is not zero. Let k denote
the number of rows in Wi;. Then we note that the first k£ rows of F'(s) can be
written as [W71  — W11 D,] and has full row-rank for all s, i.e. the first k rows
of F(0) has full row rank. This means that if F'(0) has not full row rank, there
must exist a row-vector ¢ = [¢1...¢, 1 0...0] where p > k and ¢F(0) = 0.
This further implies that

oW [Um(0) — Q¥ (0) R H|=

I —-D,, c Dy
0 —-CB, CA CBy Dy

= oW : : : =0
0 —CA"'B, CA™ CA"'B; ... CBg Dy

Since the first block column contains the identity matrix I, it must hold that

00 ) RO - QUL R 1] -

—-CB, CA CBy Dy

= ¢'Wao : : : . =0 (8.29)
—CAn_lBu CA™ CAn_le ... CByg Dy
Next it can be realized that
~CB, CA  CBy Dy
—CAn_lBu CA™ CAn_le ... CBg Dy
C Dy
| , , ~B, A By 0] _
o : : K 0 0 Ing, o
CA1 A2 .. CBy Dy
¢ Dd _Bu T A:c A12 Bd x 0

: : . 0 0
CA™1 CA"=2 ... CBy; Dy 0 0 0 0 Ing,
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Since the pair {Ay,[Byus Bas]} is controllable, it follows, via the PBH-test,
that the uppermost block of rows in the rightmost matrix, has full row-rank.
Further, the fact that z is asymptotically stable implies that A, has full rank,
and therefore, the whole rightmost matrix has full row-rank. This means that
(8.29) implies that

C Dy
' Way : : - = ¢'Wy[R H'| =0
CA1 A2 .. CBy Dy
This means that
¢IW22[RI HI] —

Wk+1,m+1 N warl”U«l 0 N 0

= [Pr+1--- Pp 1] : (R H'] =
Wp4+1,m+1 e U}p+1,up 0 ... 0

= [U_}erl U_)p‘pfl prrl,,up 00][RI HI] :?I)[RI Hl]

The row vector w defines a dependent row of [R’ H'] or equivalently of [R H].
By comparing w and the row vector [wpi11 ... Wpt1,, O ... 0], it can be
concluded that the dependent row defined by w is actually above the dependent
row defined by the row vector [wpi1,1 ... Wpy1,,, 0 ... 0] in W. This means
that W can not define the uppermost set of primary dependent rows of [R H].
This contradiction means that F'(0) = W[¥,,(0) —Q¥, (0)] must have full row
rank. ]

Now return to the proof of Theorem 8.8:
Proof: We will start with the only-if part of the proof and an indirect proof
is used. Therefore assume that

(NRHPM)pzn =0 (830)

Let the rows of a matrix W define the largest and uppermost set of primary de-
pendent rows in [R H],—,. Then according to Lemma 8.3, F'(s) = W[¥,,(s) —
QU (s)] becomes a polynomial basis for N {M(s)} and F(0) has full row rank.
Define X (s) as follows:
X(s)=> s'A'By

i=1

Then by using the same reasoning as in the formulas (7.39), (7.40), and (7.41),
we can conclude that

U,,(s)L(s) = RX(s) + PV1(s)
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Now assume that (8.30) holds. This implies the following:

(F(s) Hf)} Yoo = (W[¥nls) — QUs,(s)] [LE)S)] ) sz =

— (W¥n(s)L(s)),_, = (W(RX(s) + P¥1(5))) _, ="

= WPU,(0)= WPu=0 (8.31)

s=0

The equality marked =* holds since W[R H| = 0 and the last equality holds
because of (8.30). Since F(s) is a polynomial basis for N {M(s)} and F(0) has
full row rank, Lemma 8.2 implies that the fault is not strongly detectable. Thus
the only-if part of the proof has been shown.

Also for the if part, an indirect proof will be used. Therefore we assume that
the fault is not strongly detectable and want to prove that (8.30) holds. Assume
that wy is an arbitrary row-vector in Npy which means that w;[R H] = 0. Pick
other w;:s so that W = [wfwl ...]T defines a set of primary dependent rows
in [R H]. This implies that W[R H] = 0 and according to Theorem 7.12,
F(s) = W[¥n(s) — QUy,(s)] becomes a polynomial basis (not necessarily
irreducible) for N{M(s)}. Then we know that for some polynomial matrix
¢(s), it holds that F(s) = ¢(s)Nas(s), where Nps(s) is a minimal polynomial
basis for N (M(s)). Theorem 8.6 together with the assumption that the fault
is not strongly detectable implies that

(Fo [ "], = (oomte [567]) _ = oo (i) [§]) _, =0

where the equality marked =* holds because of Lemma 8.1. Also we have that

76 [*§]) s =076 = @[ F)]).c = (W 01209) ., =
=(W(RX(s) + PV 1(s))),_, = WPU(0) =
=WPp=20

This implies that w; Py = 0 which proves the if part. n

Note that only constant matrices are involved in Theorem 8.8 which implies
that the condition (8.28) can also be written

Im Py & Im [R H]

8.4 Discussions and Comparisons

In the previous two section, we have given a number of different criterions
for fault detectability and strong fault detectability. When faced with a real
problem, we want to know what criterion that is the most suitable.

If the system model is given on transfer function form and we want to check
fault detectability, then the easiest approach is probably the “frequency domain
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approach” i.e. the criterion given by Theorem 8.2. The reason is that, compared
to the “intuitive approach”, we do not need to care about the transfer function
G(s). To use this criterion, the rank test described in Section 8.2.1, is probably
the preferred method.

If the system model is given on state-space form and we want to check
fault detectability, it is probably the criterion based on the system matrix, i.e.
Theorem 8.3, that is the best choice. The reason for this is that in Section 7.5.2,
we noted that the Chow-Willsky scheme is more numerically sensitive than the
minimal polynomial basis approach. However note that the criterion based
on the Chow-Willsky scheme, i.e. Theorem 8.4, uses only constant matrices,
in contrast to the criterion based on the system matrix. This might in some
cases be an advantage since we do not need special algorithms that can handle
polynomial matrices. No matter what the preferred criterion is, in both cases,
the actual test is probably most easily performed by the rank test.

If the system model is given on transfer function form and we want to check
strong fault detectability, there is only one alternative. Since the “frequency
domain approach” doesn’t work we have to use the “intuitive approach”, i.e.
Theorem 8.6.

Finally, if the system model is given on state-space form and we want to
check strong fault detectability, the criterion based on the system matrix, i.e.
Theorem 8.7, is probably the best choice. The reason is again the numerical
considerations from Section 7.5.2. However an advantage with the criterion
based on the Chow-Willsky scheme, i.e. Theorem 8.8, is that only constant
matrices are needed and also that the rank test is possible to perform. That is,
we do not need to calculate a null-space.

All the criterions for models given on state-space form, have been formulated
without the need to care about controllability from u and d. This is in contrast
to the design of polynomial parity functions for which we saw in Chapter 7 that
for both the minimal polynomial basis approach and the Chow-Willsky scheme,
controllability from u and d was important to be able to find all parity functions.

If we want to, it is however possible to check fault detectability and strong
fault detectability using a minimal state-space representation in which the state
is controllable from u and d. This means that we are neglecting the states that
are controllable from only the fault. For example for the Chow-Willsky scheme,
the criterion for fault detectability becomes

Theorem 8.9 A fault f is detectable in a system if and only if
Im Py, & Im[Ry H]p—p,
and the criterion for strong fault detectability becomes
Theorem 8.10 A fault f is strongly detectable in a system if and only if
Im (Pu— R, A By ) pen, € Im[Ry Hlpen,

The proofs of both these theorems can be found in (Nyberg, 1997).



256 Chapter 8. Criterions for Fault Detectability in Linear Systems

8.5 Examples

In an inverted pendulum example in (Chen and Patton, 1994), an observer based
residual generator was used. It was shown that no residual generator with this
specific structure could strongly detect a fault in sensor 1. It was posed as an
open question if any residual generator, in which this fault is strongly detectable,
exists and in that case how to find it. In the following example, this problem is
re-investigated by means of the theorems from this section.

Example 8.7

The system description, from (Chen and Patton, 1994), represents a continuous
model of an inverted pendulum. It has one input and three outputs:

0 0 1 0
0 0 0 1
A=10 —193 —199 0.009 D =051
0 369 626 —0.174
10 00
B=[00 —03205 —1.009" C=|0 1 0 0
0 010
The faults considered are sensor faults. There are no disturbances and also,

there are no states controllable only from faults.

To check both fault detectability and strong fault detectability, we set up
the matrix M;(s) and calculate a basis Ny, (s) for the left null-space of M(s).
Then we calculate

el a7 =

[1 0 0]

01 0

s 0 -1 1 0 0 0]1]0 0 1
=10 —0.009s+1.93 s+199 0 —0.009 1 0] |0 0 0| =

0 s24+0.1745—369 —626 0 s+0174 0 1| |0 0 0

00 0

0 0 0]

S 0 -1
=10 —0.009s 4+ 1.93 s+1.99| #0 (8.32)
0 s2+0.174s—36.9 —6.26

Now using Theorem 8.3, we can conclude that all three sensor faults are de-
tectable. To check strong detectability, we substitute s with 0. Then the first
column in (8.32) becomes zero and the other non-zero. By using Theorem 8.7 we
then conclude that the second and third sensor faults are strongly detectable,
i.e. for each of these faults, a residual generator can be found for which the
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fault is strongly detectable. Also concluded is that the first sensor fault is only
weakly detectable. Thus, the answer to the open question, posed in (Chen and
Patton, 1994), is that it is not possible to construct a residual generator in which
the fault in sensor 1 is strongly detectable. [

Example 8.8

Consider again the design example given in Section 7.6. In Figure 7.3 it is seen
that the transfer function from f; to the residual r has zero DC-gain. This can
be validated by using Theorem 8.1 and the basis Nas(s) from (7.58):

1
0
(N (s) L(s) >|_ _ [0 0.0538  0.091394 0.12 -1 0/]|0 -0
M 0 s=0710 —6.6653 —16.5141 31.4058 0 0[|0
0
0
Thus, the fault in sensor 1 is not strongly detectable. n

8.6 Conclusions

In this chapter, criterions for fault detectability and strong fault detectability,
seen as system properties, have been derived. A few of these were known earlier
but most of them are new. In particular, to the authors knowledge, general
condition for strong fault detectability has not been presented elsewhere.

Criterions for models given both on transfer function form and state-space
form are considered. All the proofs, for the different criterions, become quite
simple thanks to the notion of bases for linear residual generators, introduced
in the previous chapter.

For the case of strong fault detectability, it is shown that the existence of
integrations in the system, can not be used, neither as a necessary nor sufficient
condition.



258 Chapter 8. Criterions for Fault Detectability in Linear Systems



Bibliography

Air Leakage Detector for IC Engine (1994), Patent RD 36801/ .

Basseville, M. (1997), ‘Information criteria for residual generation and fault
detection and isolation’, Automatica 33(5), 783-803.

Basseville, M. and Nikiforov, I. (1993), Detection of Abrupt Changes, PTR
Prentice-Hall, Inc.

Berger, J. O. (1985), Statistical Decision Theory and Bayesian Analysis,
Springer.

Bogh, S. (1995), ‘Multiple hypothesis-testing approach to fdi for the industrial
actuator benchmark’, Control Engineering Practice 3(12), 1763-1768.

Bogh, S. (1997), Fault Tolerant Control Systems - a Development Method and
Real-Life Case Study, PhD thesis, Aalborg University.

California’s OBD-II Regulation (1993), (section 1968.1, Title 13, California
Code of Regulations), Resolution 93-40, July 9 pp. 220.7 — 220.12(h).

Callier, F. (1985), ‘On polynomial matrix spectral factorization by symmetric
factor extraction’, IEEE Trans. Automatic Control 30(5), 453-464.

Casella, G. and Berger, R. (1990), Statistical Inference, Duxbury Press.

Chen, C.-T. (1984), Linear System Theory and Design, Holt, Rinehart and
Winston, New York.

Chen, J. and Patton, R. (1994), A re-examination of fault detectability and
isolability in linear dynamic systems, Fault Detection, Supervision and
Safety for Technical Processes, IFAC, Espoo, Finland, pp. 567-573.

Chen, J. and Patton, R. J. (1999), RobusT Model-Based Fault Diagnosis for
Dynamic Systems, Kluwer Academic Publishers.

Chow, E. and Willsky, A. (1984), ‘Analytical redundancy and the design
of robust failure detection systems’, IEEE Trans. on Automatic Control
29(7), 603-614.

259



260 Bibliography

Clark, R. (1979), The dedicated observer approach to instrument fault detection,
Proc. of the 15th CDC, pp. 237-241.

Ding, X. and Frank, P. (1990), ‘Fault detection via factorization approach’,
Systems € control letters 14(5), 431-436.

Ding, X. and Frank, P. (1991), Frequency domain approach and threshold se-
lector for robust model-based fault detection and isolation, IFAC Fault
Detection, Supervision and Safety for Technical Processes, Baden-Baden,
Germany, pp. 271-276.

Forney, G. (1975), ‘Minimal bases of rational vector spaces, with applications
to multivariable linear systems’, STAM J. Control 13(3), 493-520.

Frank, P. (1990), ‘Fault diagnosis in dynamic systems using analytical and
knowledge-based redundancy - a survey and some new results’, Automatica
26(3), 459-474.

Frank, P. (1993), Advances in observer-based fault diagnosis, Proc.
TOOLDIAG’93, CERT, Toulouse, France, pp. 817-836.

Frank, P. and Ding, X. (19944), ‘Frequency domain approach to optimally ro-
bust residual generation and evaluation for model-based fault diagnosis’,
Automatica 30(5), 789-804.

Frank, P. and Ding, X. (1994b), ‘Frequency domain approach to optimally ro-
bust residual generation and evaluation for model-based fault diagnosis’,
Automatica 30(5), 789-804.

Frisk, E. (1998), Residual Generation for Fault Diagnosis: Nominal and Robust
Design, Licentiate thesis LIU-TEK-LIC-1998:74, Linkping University.

Frisk, E. and Nielsen, L. (1999), Robust residual generation for diagnosis in-
cluding a reference model for residual behavior, IFAC.

Frisk, E., Nyberg, M. and Nielsen, L. (1997), FDI with adaptive residual gen-
eration applied to a DC-servo, Fault Detection, Supervision and Safety for
Technical Processes, IFAC, Hull, United Kingdom.

Gertler, J. (1991), Analytical redundancy methods in fault detection and isola-
tion; survey and synthesis, IFAC Fault Detection, Supervision and Safety
for Technical Processes, Baden-Baden, Germany, pp. 9-21.

Gertler, J. (1998), Fault Detection and Diagnosis in Engineering Systems, Mar-
cel Dekker.

Gertler, J., Costin, M., Fang, X., Hira, R., Kowalalczuk, Z., Kunwer, M. and
Monajemy, R. (1995), ‘Model based diagnosis for automotive engines -
algoritm development and testing on a production vehicle’, IEEE Trans.
on Control Systems Technology 3(1), 61-69.



Bibliography 261

Gertler, J., Costin, M., Fang, X., Hira, R., Kowalczuk, Z. and Luo, Q. (1991),
Model-based on-board fault detection and diagnosis for automotive en-
gines, IFAC Fault Detection, Supervision and Safety for Technical Pro-
cesses, Baden-Baden, Germany, pp. 503-508.

Gertler, J., Fang, X. and Luo, Q. (1990), ‘Detection and diagnosis of plant
failures: the orthogonal parity equation approach’, Control and Dynamic
Systems 37, 159-216.

Gertler, J. and Monajemy, R. (1995), ‘Generating directional residuals with
dynamic parity relations’, Automatica 31(4), 627-635.

Gertler, J. and Singer, D. (1990), ‘A new structureal framework for parity
equation-based failure detecation and isolation’, Automatica 26(2), 381-
388.

G.H. Golub, C. v. L. (1996), Matriz Computations, third edition edn, John
Hopkins.

Grainger, R., Holst, J., Isaksson, A. and Ninnes, B. (1995), ‘A parametric sta-
tistical approach to fdi for the industrial actuator benchmark’, Control
Engineering Practice 3(12), 1757-1762.

Gustavsson, F. and Palmqvist, J. (1997), Change detection design for low false
alarm rates, IFAC Fault Detection, Supervision and Safety for Technical
Processes, Hull, England, pp. 1021-1026.

Hendricks, E. (1990), ‘Mean value modelling of spark ignition engines’, SAE-
Technical Paper Series (900616).

Henrion, D., Kraffer, F., Kwakernaak, H., M.Sebek, S. P. and
Strijbos, R. (1997), The Polynomial Toolbox for Matlab, URL:
http://www.math.utwente.nl/polbox/.

Heywood, J. B. (1992), Internal Combustion Engine Fundamentals, McGraw-
Hill series in mechanical engineering, McGraw-Hill.

Hofling, T. (1993), Detection of parameter variations by continuous-time parity
equations, IFAC World Congress, Sydney, Australia, pp. 513-518.

Hofling, T. and Isermann, R. (1996), ‘Fault detection based on adaptive
parity equations and single-parameter tracking’, Control Eng. Practice
4(10), 1361-1369.

Isermann, R. (1993), ‘Fault diagnosis of machines via parameter estimation and
knowledge processing - tutorial paper’, Automatica 29(4), 815-835.

Kailath, T. (1980), Linear Systems, Prentice-Hall.

Krishnaswami, V., Luh, G. and Rizzoni, G. (1994), Fault detection in IC en-
gines using nonlinear parity equations, Proceedings of the American Con-
trol Conference, Baltimore, Maryland, pp. 2001-2005.



262 Bibliography

Kung, S., Kailath, T. and Morf, M. (1977), Fast and stable algorithms for min-
imal design problems, Int. Symp. on Multivariable Technological Systems,
IFAC, pp. 97-104.

Lancaster, P. and Tismenetsky, M. (1985), The theory of matrices, 2nd edn,
Academic Press.

Larsson, M. (1997), On Modeling and Diagnosis of Discrete Event Dynamic
Systems, Licentiate thesis LIU-TEK-LIC-1997:49, Linkping University.

Lehmann, E. L. (1986), Testing Statistical Hypotheses, second edn, Springer
Verlag.

Ljung, L. (1987), System Identification: Theory for the User, Prentice Hall.

Lou, X., Willsky, A. and Verghese, G. (1986), ‘Optimally robust redundancy
relations for failure detection in uncertain systems’, Automatica 22(3), 333—
344.

Luenberger, D. (1989), Linear and Nonlinear Programming, Addison Wesley.
Maciejowski, J. (1989), Multivariable Feedback Design, Addison-Wesley.

Magni, J. and Mouyon, P. (1994), ‘On residual generation by observer and parity
space approaches’, IEEE Trans. on Automatic Control 39(2), 441-447.

Massoumnia, M. and Velde, W. (1988), ‘Generating parity relations for detecting
and identifying control system component failures’, Journal of Guidance,
Control, and Dynamics 11(1), 60-65.

Massoumnia, M., Verghese, G. and Willsky, A. (1989), ‘Failure detection and
identification’, IEEE Trans. on Automatic Control AC-34(3), 316-321.

McCluskey, E. (1966), ‘Minimization of boolean functions’, Bell System Tech-
nical Journal 35(6), 1417-1444.

Mironovskii, L. (1980), ‘Functional diagnosis of linear dynamic systems’, Au-
tomation and Remote Control pp. 1198-1205.

Nikoukhah, R. (1994), ‘Innovations generation in the presence of unknown in-
puts: Application to robust failure detection’, Automatica 30(12), 1851—
1867.

Nyberg, M. (1997), Model Based Diagnosis with Application to Automotive En-
gines, Licentiate Thesis, Linkoping University, Sweden.

Nyberg, M. (1998), Sl-engine air-intake system diagnosis by automatic FDI-
design, IFAC Workshop Advances in Automotive Control, Columbus, Ohio,
pp. 225-230.

Nyberg, M. and Frisk, E. (1999), A minimal polynomial basis solution to residual
generation for fault diagnosis in linear systems, IFAC, Beijing, China.



Bibliography 263

Nyberg, M. and Nielsen, L. (1997a), Design of a complete FDI system based
on a performance index with application to an automotive engine, Proc.
IFAC Fault Detection, Supervision and Safety for Technical Processes, Hull,
United Kingdom, pp. 812-817.

Nyberg, M. and Nielsen, L. (1997b), ‘Model based diagnosis for the air intake
system of the Sl-engine’, SAE Paper (970209).

Nyberg, M. and Nielsen, L. (1997¢), Parity functions as universal residual gen-
erators and tool for fault detectability analysis, IEEE Conf. on Decision
and Control, pp. 4483-4489.

Patton, R. (1994), Robust model-based fault diagnosis:the state of the art, IFAC
Fault Detection, Supervision and Safety for Technical Processes, Espoo,
Finland, pp. 1-24.

Patton, R., Frank, P. and Clark, R., eds (1989), Fault diagnosis in Dynamic
systems, Systems and Control Engineering, Prentice Hall.

Patton, R. and Kangethe, S. (1989), Robust Fault Diagnosis using Eigenstruc-
ture Assignment of Observers, in Patton et al. (1989), chapter 4.

P.H.Garthwaite, I.T. Jolliffe, B. J. (1995), Statistical Interference, Prentice Hall.

Potter, J. and Suman, M. (1977), ‘Threshold redundancy management with ar-
rays of skewed instruments’; Integrity Electron. Flight Contr. Syst. pp. 15—
11 to 15-25.

Reiter, R. (1987), ‘A theory of diagnosis from first principles’, Artificial Intelli-
gence 32(1), 57-95.

Riggins, R. and Rizzoni, G. (1990), The distinction between a special class of
multiplicative events and additive events: Theory and application to au-
tomotive failure diagnosis, American Control Conf., San Diego, California,
pp. 2906-2911.

Rosenbrock, H. (1970), State-Space and Multivariable Theory, Wiley, New York.

Sandewall, E. (1991), Tillimpad Logik, Department of Computer and Informa-
tion Science, Linképing University, Sweden.

Taylor, C. F. (1994), The Internal Combustion Engine in Theory and Practice,
second edn, The M.I.T. Press.

Viswanadham, N., Taylor, J. and Luce, E. (1987), ‘A frequency-domain ap-
proach to failure detection and isolation with application to GE-21 tur-
bine engine control systems’, Control - Theory and advanced technology
3(1), 45-72.

White, J. and Speyer, J. (1987), ‘Detection filter design: Spectral theory and
algorithms’, IEEE Trans. Automatic Control AC-32(7), 593-603.



264 Bibliography

Wiinnenberg, J. (1990), Observer-Based Fault Detection in Dynamic Systems,
PhD thesis, University of Duisburg.



Index

0-1 loss, 86

abrupt change, 69, 84, 122, 126
abrupt changes, 19
action, 26
adaptive

diagnosis, 67

test quantity, 67
adaptive threshold, 81, 83, 141
admissible decision rule, 164
air-intake system, 103, 170
alarm, 29
approximate decoupling, 79
approximate minimization principle,

165

arbitrary fault signal, 17
automatic design, 146, 167, 168

Bayes’ risk principle, 165
better than, 164
boost leak, 103
model of, 110
boost pressure, 103

canonical polynomial echelon form,
200
change detection, 19, 84
Chow-Willsky scheme, 206, 213, 243,
251
version I, 207
version II, 210
version III, 212
version IV, 217
CI, 147
comparison between
diagnosis systems, 163
hypothesis tests, 85
test quantities, 88

265

complete detectability, 39
complete isolability, 38, 39
completely undesirable event, 152,
152
component, 16
fault mode, 22
fault state, 16, 24
fault state space, 22
conclusive diagnosis system, 33
constant plant parameter, 18
constant signal parameter, 18
controllability from [u? d*]", 192,
195, 209, 210, 218, 243, 244,
255
correct isolation, 147
CUSUM algorithm, 126

decision logic, 7, 27, 28, 31
decision rule, 26, 163
decision structure, 54, 57, 60, 135,
148, 173
decoupling, 67, 78, 97, 190
approximate, 79
decoupling problem, 185
linear, 187
dedicated observer scheme, 53
degree of polynomial vector, 231
dependent row, 199, 230
desirable event, 152
desired response, 89, 152
detectability, 39, 236
complete, 39
criteria, 240
in a diagnosis system, 39
partial, 39
strong, 237, 238
uniform, 39



266

weak, 237
detected fault, 37
diagnosis, see fault diagnosis
diagnosis of leakage, 102
diagnosis statement, 26, 27, 49
refined, 43
diagnosis system, 26
automatic design of, 146, 167,
168
comparison between, 163
conclusive, 33
speculative, 33
dimension of null space, 190
disjunctive normal form, 151
minimal, 151
disturbance, 15, 68
don’t care, 54, 56, 57

engine model, 104, 171
EOBD, 101
equivalent area, 110
equivalent models, 34
estimate principle, 78, 94, 117, 122
normalization, 80
European On-Board Diagnostics, 101
evaluation
of diagnosis system, 146
of hypothesis tests, 85
event, 147

F,, 22
FA, 147, 155, 158
failure, 5
false alarm, 37, 147
fault, 5, 21
detectability, 236, 237
detectable, 39, 236, 237
detected, 37
detection, 5, 33
diagnosis, 1, 5, 34
model based, 1, 3
traditional, 2, 71
identification, 5, 34
incipient, 20
intermittent, 20
isolability, 38

Index

isolated, 37
isolation, 5, 33, 49
large, 93
mode, see fault mode
model, 17, 122
modeling, 14
monitored, 184
non-monitored, 184
parameter, 18
signal, 17
small, 93
state, see fault state
strongly detectable, 237, 238
weakly detectable, 237
fault mode, 21, 2224, 26
component, 22
component vs system, 23
detectability, 39
isolability, see isolabiliy, 39, 40
model, 26
multiple, 25
present, 22
relation between, see submode
relation
relations between, see submode
relation
single, 25
system, 22
fault state, 15, 24
component, 16
isolability, 38
space, 15, 21
FDI, 5
frequency domain method, 196, 202
FTP-75 test-cycle, 103

generalized fault isolation, 34
generalized likelihood ratio, 84

hardware redundancy, 3

Hermite form, 197

hypothesis, 48

hypothesis test, 48, 50
comparison between, 85
evaluation of, 85
multiple, 48



Index

1D, 147, 155, 159
incidence structure, 54, 54, 56
incipient fault, 20
incorrect detection, 147
indicator function, 178
insignificant fault, 148
intermittent fault, 20
intersection, 28
intersection-union test, 48
irreducible basis, 191, 231
irreducible matrix, 231
isolability, 38, 39
complete, 38, 39
in a diagnosis system, 38, 39
of fault states, see fault state
isolability
partial, 39
under [zg, u, ¢], 38, 39
uniform, 38, 39
isolated fault, 37
isolation, see fault isolation
correct, 147
missed, 147

large fault, 93

leakage area, 112

leakage diagnosis, 102

likelihood function, 76

likelihood principle, 76
normalization, 83

likelihood ratio, 83, 84

limit checking, 2

linear decoupling problem, 187

log-likelihood function, 77

logic, 31

loss function, 86, 147

manifold leak, 104
model of, 110
manifold pressure, 103
matrix fraction description, 192, 196
maximum likelihood, 77
maximum likelihood ratio, 84
MD, 147
mean value model, 104
MFD, 192, 196

267

MI, 147
MIM, 150, 155, 160
minimal disjunctive normal form, 151
minimal polynomial basis, 190, 191,
231
minimal polynomial basis approach,
189, 213
minimax principle, 91, 165
missed detection, 37, 147
missed isolation, 37, 147
model, 3, 14, 15, 16, 17, 25
accuracy, 4, 14
error, 79
of engine, 104, 171
of flow past throttle, 104
validity measure, 67, 68, 78
model based fault diagnosis, 1, 3
monitored fault, 184
Monte Carlo simulations, 87
multiple fault, 25
multiple fault mode, 25
multiple hypothesis test, 48

NA, 147

no alarm, 147

no fault, 21, 29

nominal value, 78
non-monitored fault, 184
normal rank, 230
normalization, 79, 141

null hypothesis, 48, 51, 71, 130
null space, 190

null space condition, 241

OBDII, 101
observability index, 196
On-Board Diagnostics II, 101
order
of linear residual generator, 186,
186
of polynomial basis, 231
of polynomial parity function,
187

parameter estimation, 8, 18, 67, 78
limitations with, 8
parameterization, 191



268

parity equation, 188
parity function, 188, 191
of minimal order, 191
order of, 187
polynomial, 188
rational, 189
partial detectability, 39
partial isolability, 39
PBH rank test, 230
performance measure, 85, 147
polynomial basis, 190, 191, 231
irreducible, 231
minimal, 231
order of, 231
polynomial echelon form, 198
polynomial parity function, 187, 188,
191
of minimal order, 191
order of, 187
Polynomial Toolbox, 197
power function, 50, 87,92, 118, 167
estimation of, 87
prediction error principle, 68, 94
prediction principle, 67, 94, 116, 125
normalization, 81
present fault mode, 22
primary dependent rows, 199, 230
probability bounds, 152, 152, 158
propositional logic, 31, 150
propositional logic representation, 31

quasi canonical polynomial echelon
form, 200

rank condition, 241
rational parity function, 189
refined diagnosis statement, 43, 71
rejection region, 50
residual, 7, 74, 184
evaluation, 7
generation, 7, 74
generator, 74, 184
order of, 186, 186
structure, 7, 54, 59, 60
risk function, 86, 89, 150, 162
bounds of, 162

Index

RLS, 123
robustness, 79
row-degree, 231

of basis, 203
row-reduced matrix, 231
row-search, 199, 212

SO Si, 49, 58, 92, 167
sample data, 50, 66
set representation, 27
significance level, 50, 80, 89, 91
significant fault, 148
single fault, 25
single fault mode, 25
small fault, 93
speculative diagnosis system, 33
strong detectability
criteria, 245
strong fault detectability, 237, 238
structured hypothesis tests, 48, 60
structured residuals, 7, 54, 59, 60
limitations with, 7, 59, 62
submode, 35
in the limit, 35
relation, 34, 40, 43, 51, 71, 115,
130
sufficient statistic, 99
system fault mode, 22
system matrix, 192, 242, 249

test, 27

test candidate, 167

test quantity, 50, 66, 67, 131
comparison between, 88

threshold, 89, 91

throttle open area, 105

traditional fault diagnosis, 2, 71

two-step approach, 72, 74, 76, 77,

136
TYPE I error, 85
TYPE II error, 85

UMP test, 99

uniform detectability, 39
uniform isolability, 38, 39
uniformly most powerful test, 99
unimodular matrix, 231



Index 269

weakly detectable fault, 237
window length, 66

X, see don’t care

z-signal, 15



270 Index



Index 271



