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Abstract

This dissertation considers residual generation for robust fault detection of linear systems
with control inputs, unknown disturbances and possible faults.

First, multi-objective fault detection problems such as S /%, 7/ #%, and 6, | 7o
have been formulated for linear continuous time-varying systems (LCTVS) in time domain for
finite horizon and infinite horizon case, respectively. It is shown that under mild assumptions,
the optimal solution is an observer determined by solving a standard differential Riccati
equation (DRE). The solution is also extended to the case when the initial state for the
system is unknown.

Second, the parallel problems are also solved for linear discrete time-varying systems
in time domain. The solution is again an observer whose gain is determined by solving a
standard recursive difference Riccati equation (DDRE). The solution is also extended to the
case when the initial state for the system is unknown.

Third, for the general case in which G4 (the transfer matrix from disturbance to output)
may be a tall or square transfer matrix, and D; may not have full column rank for linear
discrete time invariant systems (LDTIS), the common J /7, 76/, and . 7
frameworks are not applicable. Based on several novel definitions of norms over a certain
subspace, we propose a new problem formulation with both disturbance decoupling and
fault sensitivity optimization. It is shown that the solution is an observer determined by a

generalized Riccati equation (or Riccati system, alternatively). To be more specific, with this

x1



filter, some faults in certain subspace can be completely decoupled from the residual signal,
while the others are optimized in terms of fault sensitivity. Furthermore, the completely
non-decoupling and decoupling conditions are given. Disturbance rejection based on the
solution is discussed. A direct procedure for deriving the fault detection filter in transfer
matrix form is also proposed.

Finally, some potential further research problems are outlined.
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Chapter 1

Introduction

1.1 Overview of Fault Detection

Fault diagnosis has received much attention for complex modern automatic systems such as
car, aircraft, rockets, etc. since 1970s [8,23,58,63|. The high complexities of modern systems
are vulnerable to almost unavoidable faults such as sudden breakdown or malfunction of
a sensor or an actuator. Such unpredictable non-safety can cause significant performance
deteriorations of control systems, and possibly damages or destructions of the whole systems.
Therefore, in order to improve the system reliability and operational safety, reducing the
possibility of those failures or predicting its happening before its occurrence is imperative.
One direct way is to employ backup sensors or actuators for some important parts, such that
the system is able to automatically replace the faulty parts once certain faults are identified.
However, such a strategy may not always be feasible physically or economically, which is
particularly true for some practical lower-cost systems. An alternative way, which was first
introduced by R.V Beard and H.L.Jones [2,45], is to use the analytical redundancy implied
in the systems to detect and identify the faults. Thus the system is able to shut down itself
or employ some procedures to tolerate the faults. The later one is the motivation of fault
diagnosis [21].

There is no standard and formal definition on fault diagnosis in the current literature.



The widely accepted concept is that a fault is an unexpected change of system function
although it may not represent physical failure or breakdown [8]. A monitor system which is
used to detect faults and diagnosis their location and significance in a system is called a fault
diagnosis system. Generally speaking, fault diagnosis is normally in charge of the following

tasks [8]:

e Fault detection (FD): to make a decision whether there is something wrong or not.

e Fault isolation: to locate the fault, e.g., which sensor, actuator or system components

has become faulty.

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

As the first task of fault diagnosis, fault detection is the basis of the last two tasks and
it is an absolute must in fault diagnosis. This dissertation will focus on fault detection. The
reader interested in fault isolation and fault identification is referred to [8] and references
therein.

The task of constructing a fault detection system [8,23] is normally as follows:

e to design a residual generator that eliminates the effects of process input signals and

if possible, also the effects of disturbances and model uncertainties on the residual;

e to design a residual evaluator by selecting a suitable evaluation function || - || and

determining the threshold J;,.

e if a full elimination of the effects of disturbances and model uncertainties on the resid-
ual is not possible, to optimize the residual generator and evaluator to achieve the

maximum set of detectable faults.



It can be seen that residual generation as the first step in fault detection is very critical
in the fault detection design, since it plays the role of detecting the fault signal or fault
information, and the poor performance in the residual generation will directly affect the
next two steps significantly. Therefore, residual generation has received much attention
among researchers recently [8].

Depending on the priori knowledge available to engineers, fault detection methods can
be classified into two categories [77-79]: model-based fault detection and data-driven fault
detection. Model-based fault detection must have a mathematical system model for the plant
such as ARMA model, state-space model, or transfer function, which are often constructed
from the physics of process. Data-driven fault detection is based on a great amount of
historical data available, and it is suitable to be applied to large-scale industrial systems. In
this dissertation, we will focus on model-based fault detection, where the model is of state-
space form. Furthermore, if the model is linear time invariant, we also take it in a transfer
matrix form. Reader interested in data-driven method is referred to [7] and references therein.

There are also other classifications for the fault detection. For instance, according to the
system it monitors, the fault detection approaches can be classified as follows [8]: sampled-
data systems FDI [41,49,87,89], stochastic systems FD [10], nonlinear system FD [63], etc.
Recently, active fault detection has also received great interest from researchers, in which
input signal is designed for stimulating the system characteristics so that fault detection
becomes easier. The fundamental issue in this direction concentrates on how to design
appropriate input signal such that the system characteristics is well stimulated [4,5]. On the
contrary, the other design methods are called passive fault detection [60,61]. This dissertation
will focus on passive fault detection.

As the most important part of fault detection, the common residual generation tech-



niques include [23]: eigenstructure approach [11,57,62,83|, observer-based approach includ-
ing Leunberger observer in a deterministic framework [2] and Kalman filter in a stochastic
framework [99], parity space based approach [25,64], parameter estimation approach [3§]
and factorization approach [80]. This dissertation will discuss factorization approach, since

all other methods can be regarded as special cases.

1.2 Model-Based Fault Detection

The first step in the model-based approach is to build a mathematical model for the moni-
tored system as mentioned before. State space model is most widely used to represent MIMO
systems. In addition, most complicated systems with possible faults can be described easily
in state space form. In this dissertation the state space model of the following linear form is

taken,

#(t) = A(t)z(t) + Bt)ug(t)

yr(t) = C(t)z(t) + D(t)ur(t).

Furthermore, if system parameters depend on time, this system will be called linear time-
varying system (LTVS). Otherwise, it will be called linear time-invariant system (LTIS).
With the above model, the next stage is to characterize the fault. Generally, there are
three fault sources: component fault, sensor fault and actuator fault, which can be modelled
in a general framework in fault detection. Specifically, the following general form is widely

accepted in fault detection community to describe plants with possible faults:
i(t) = Ax(t)+ Bu(t)+ B f(t)

y(t) = Cux(t)+ Du(t) + Dsf(t)

where By and Dy describe how the fault f occurred in the systems. Since the system is

4



linear time-invariant (LTT), it can also be written as the following operator form:
y=Gu+Gsf

where G, represents the system from input u(t) to output y(¢) and Gy represents the sys-
tem from fault f(¢) to output y(¢). Here, the model uncertainty and disturbance are not
considered in this model.

Figure 1.1 shows the general framework for residual generation, where G is the plant, F'
is the residual generator and r(t) is the residual signal. Since the faults cannot be measured
directly, f(t) cannot be taken as the input of F. With the control input u(¢) and the output
y(t), the residual generator must be able to produce a residual signal r(¢) such that it can

show or predict the existence of faults f(¢), i.e.

r(t) =0, when f(t) =0;
r(t) # 0, when f(t) # 0.

Obviously, the residual generator can be taken as a filter with the following form:

u
r= [ H, H, } =[H,+H,G,Ju+ H,Gyf.
Yy

In order to exclude the effect of u(t) on the residual r(t), the following fault detection

decoupling condition must be satisfied:

H,+ H,G, =0
H,Gy #0.

We will see later that the factorization method [80] is able to completely decouple the
control input u(t) from the residual signal.

Apparently, model uncertainties and disturbances will cause unexpected effects on the
residual signal r(¢). To ensure reliable fault detection, the next stage that follows residual
generation is decision-making [63]. That is, a decision rule that consists of a threshold is

5



u(t) y(®
fi(t)

r(t)

Figure 1.1: Fault Detection Filter Structure without Disturbance

applied to determine if any fault is present. Mathematically, it is to construct a residual

evaluation function H(r(t)) and a threshold T'(¢) so that

H(r(t)) <T(t), when f(i) = 0;

> T(t), when f(t) #0

where whether the function H(r(t)) is larger than the threshold 7'(¢) corresponds to the
existence of faults. The appropriate choice of an evaluation function and a threshold is
strongly related to the extend to which the system is able to detect the real faults. In the
literature, there is a large amount of research on choosing appropriate residual threshold [20,
23], such as adaptive threshold [66], dynamic threshold [44] and optimal threshold selection
[73].

1.3 Optimization and Robustness in Model-Based Fault
Detection

The last section gives a fault detection condition characterizing how to decouple the input
effect from the residual. However, there remains a question: how can we judge that one
fault detection filter is better than the others? To my knowledge, a fault detection that is

regarded as 'good’” must have the following properties in some sense,



o fast response to faults. Or even predict faults before they occur.

e high sensitivity to faults, even under strong disturbance or/and model uncertainty.

e fewer chances of both missing alarm and false alarm: i.e. less possibility of taking

disturbance as fault and vise versa.

This dissertation will only discuss the second property— fault sensitivity. The reader inter-
ested in property 1 and property 3 is referred to [8]. In order to quantify fault sensitivity,
an appropriate mathematical criterion is necessary, and thus the fault detection filter design
for improving the fault sensitivity turns out to be an optimization problem. In the current
literature, several different criteria are available from various directions, i.e. in form of norms
such as 7, and 74 [39,40,46,47,70]. Specifically, 7 index that describes the smallest
detectability of a system has received great attention from researchers since it was first intro-
duced by [15]. Several results related to 7 index have been obtained in [15-17,22,49,53,67]
and references therein.

Due to the inevitability of modelling error, disturbance and noise in practice, robustness
issue should definitely be considered in fault detection filter design, as it was in controller
design [63,97,98]. Unfortunately, the involvements of both disturbance and model uncer-
tainty impose significant difficulty on the fault detection filter design, since it is very difficult
to distinguish the effects of disturbance and model uncertainties from faults. Specifically, if
a system takes disturbance as faults, there is a false alarm. On the other hand, if the fault
detection system takes the faults as disturbance, there is a missing alarm. Therefore, novel
techniques for dealing with both fault detection and robustness issue are imperative.

Specifically, for illustrating our problem, consider the following plant,

#(t) = At)x(t) + B(t)u(t) + Ba(t)d(t) + By (t) f(t)

7



y(t) = C)x(t) + D(t)ult) + Da(t)d(t) + Dy (t) f(1)-

The fault detection filter I’ generally can be designed as shown in Figure 1.2, in which the
residual r(t) should not be sensitive to control u(t¢) (it can be guaranteed by factorization

technique), less sensitive to the disturbance d(¢) and very sensitive to the fault f(t).

u(t) yit)
dit) G >
fit)
1(t)
F >

Figure 1.2: Fault Detection Filter Structure with Disturbance

The early work on this issue concentrated on how to completely decouple the disturbance
from the residual, and the decoupling condition has been obtained in terms of rank condition
and system zeros ( [9,21,22,64]). In [9], Chen et al. proposed a necessary and sufficient con-
dition for an unknown input observer that can decouple the disturbance from the residual.
In [64], Patton and Chen presented the robust fault detection filter based on the eigenstruc-
ture assignment in the discrete-time domain for decoupling the disturbance from the residual
signal. When the full decoupling cannot be realized, some research went to minimize the
disturbance sensitivity, but ignored the fault sensitivity. For instance, in [47], Khosrowjerdi
et al. designed a fault detection filter by minimizing disturbance for .74 and %, norm.
In [12] Chung and Speyer minimized the disturbance effects via differential dynamic game.

Later on, researchers realized that when the full decoupling cannot be realized completely,

fault sensitivity should also be considered in the problem in terms of fault detectability, be-



sides disturbance sensitivity minimization problem. The reason is that the mere disturbance
minimization could minimize the fault sensitivity simultaneously, thus reducing the fault de-
tectability of the whole system. Now the problem becomes a multiple-objective optimization
(MOO) problem: the residual generator should produce a residual signal that is sensitive to
the fault and insensitive to the disturbance. In order to make this tradeoff in robust fault
detection, several different optimization criteria have been proposed in the literature. In [18],
Ding et al. presented a framework that maximizes the criterion: || - ||_/|| - ||co, Where the
solution is obtained by solving one Riccati equation. The parallel results for linear discrete
time periodic and sampled-data systems were given in [86]. Furthermore, the matrix in-
equality condition is given in [82] for the multiple optimization fault detection problem that
minimizes v — 3% with the constraints that disturbance sensitivity is less than v and fault
sensitivity is greater than 5. In [49], Li et al. presented a multiple-objective optimization
(MOO) problem in which the fault detection filter minimizes the sensitivity of the residual
signal to disturbances while maintaining a minimum level of sensitivity to faults. However,
one assumption in [49] is that the fault sensitivity matrix has full column rank at all frequen-
cies, which is almost impossible in practice. In [74] Tao and Zhao dealt with the objective
that minimizes the ratio of disturbance sensitivity and fault sensitivity by employing the
system inverse, but it is not applicable when the inverse of the system fails to exist. Varga
in [76] formulated fault detection filter design as a model matching problem and solved it by
using an 7% or 7 -norm optimization approach, but this method is difficult to be extended
to solve . index problem. In [24] a reference model was assigned for the residual signal
and thus the fault detection problem is transformed to minimizing the error between the
reference model and the generation system. In [6] a robust deconvolution scheme for fault

detection was discussed with a reference model for the residual.



Recently, the novel frameworks called %/, 7,/ 7, and ], problems were
proposed by Liu and Zhou in [55,56] in which the residual generator maximizes the fault
sensitivity with a bound on the disturbance sensitivity. One important fact in this research
is that no assumption is made on the rank condition of the transfer matrix from fault to

output. Thus, it is applicable to more general systems.

1.4 Contribution of the Dissertation

The 6/ 7, 5] and A | A, frameworks for linear time-invariant systems have
been extensively discussed in [55,56] under mild assumptions. The optimal filter in [55, 56]
is exactly an observer for both continuous time invariant case and discrete time-invariant
case. The gain of this filter is determined by solving a standard algebraic Riccati equation.

Time-varying systems describe a much more general class of systems than time invariant
system in practice. In addition, most real plants in the industries can be represented or well
approximated by time-varying systems [35]. However, the formulations, solutions and most
concepts in the current literature are given in the frequency domain and it is hard to extend
them to time domain, especially 7#” index. In fact, to my knowledge, there are few available
results on fault detection of linear time-varying systems in the literature. Authors in [59]
employed dynamic game to attenuate the effect of disturbance on the residual, but the fault
sensitivity was ignored. In [3], Brinsmead et al. discussed fault detection by minimizing the
response to noises whilst keeping the fault response consistence via a quadratic optimization
approach, but the model is too special. The first part of the dissertation will discuss fault
detection of linear time-varying systems in a novel way and analytic results are obtained for
linear continuous time-varying systems and linear discrete time-varying systems, respectively.

Real time algorithm is an obvious requirement of fault detection, while it has not re-
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ceived enough consideration from the current available methods which concentrate on the
frequency domain. In [85], Zhang and Ding discussed the model-free fault detection approach
from time domain data, but the method they used was based on frequency domain. In [99],
Zolghadri presented an algorithm of real-time failure detection based on Kalman filter, but
the disturbance is constrained to be white noise. In this dissertation, based on novel defi-
nitions in the time domain, the finite-horizon filter and infinite-horizon filter are given for
s | Koo, Hoo | Hoo and H_ | H, frameworks, where the finite-horizon filter compensates for
this drawback in the form that it can be executed recursively, similar to a Kalman filter.

The effect of initial condition on the fault detection, cannot be taken care of by the
frequency domain methods [55,56], thus possibly causing certain performance deterioration
of residual generation. In this dissertation, the effect of initial condition is appropriately
considered in a new time-domain framework with a little modification of the previous frame-
work.

Lastly, we find that the common 54/, 7./ 75 and H_ | 7, frameworks are not
applicable to the general case in which G4 (the transfer matrix from disturbance to output)
is tall and of full column rank. By the introduction of J#, norm, % norm and JZ index
over a certain subspace, we reformulate this framework appropriately by considering both
optimization and decoupling. It is shown that the optimal filter still exists in such a way
that the filter not only decouples some faults from disturbances (the fault sensitivity for
those faults are arbitrarily sensitive), but also maximizes the fault sensitivity in its comple-
mental subspace. The filter is still an observer whose gain is determined by a generalized
Riccati equation (or Riccati system, alternatively). In addition, we give the completely

non-decoupling and decoupling conditions. Furthermore, disturbance rejection is also dis-
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cussed. Finally, a procedure for fault detection filter design using polynomial matrix method

is proposed.

1.5 Overview of the Dissertation

The purpose of this dissertation is to provide a systematic, self-contained and rigorous pre-
sentation for the fault detection problem of linear systems.

The dissertation is organized as follows: after the introduction part in Chapter 1, Chapter
2 provides some notations and preliminary lemmas that will be frequently used in the later
chapters, followed by some current available results on fault detection design for linear time-
invariant case. Chapter 3 discusses the fault detection design of continuous linear time-
varying systems. Similarly, Chapter 4 discusses the fault detection design of discrete linear
time-varying systems. In order to relax the constraint in the LTI case, Chapter 5 discusses
the general case of fault detection design of discrete linear time-invariant systems. It is
shown that the fault detection filter not only optimizes some faults in certain space, but
also decouples some faults in the complement space. A novel design procedure for deriving
the fault detection filter in transfer matrix form is proposed in Chapter 6. The future work

based on this work is discussed in Chapter 7, followed by the conclusion in Chapter 8.
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Chapter 2

Notations and Preliminary Results

In this chapter some important notations and preliminary results are given. After some
notations for matrices in Section 2.1, some notations for linear time-invariant systems are
given in Section 2.2. After some important notations and definitions for linear continuous
time-varying systems in Section 2.3, the corresponding notations and definitions for linear
discrete time-varying systems are discussed in Section 2.4. Section 2.5 gives a few important
lemmas that will be frequently used in the subsequent chapters. For the completeness of the
dissertation, several preliminary results on LTT case of fault detection design are given in

Section 2.6.

2.1 Notations for Matrices

The set of m by n real (complex) matrices is denoted as Z™*™ (€¢™*"). For a matrix
A € €™ we use AT to denote its pseudo inverse, and A’ for its complex conjugate transpose.

For a Hermitian matrix A = A’ € €™*", A\(A) represents the largest eigenvalue of A and A\(A)

represents the smallest eigenvalue of A. For any A € €™, 6(A) = \/;\(AA’) = \/S\(A’A)
denotes the largest singular value of A and g(A) = \/A(A’A) denotes the smallest singular
value of A if m > n. For a matrix A € €™ ™ Tr{A} is the trace of A and A~ is the inverse

of A if it exists. A Hermitian matrix A is said to be positive semi-definite, i.e., A > 0. For
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A >0, A? is a matrix such that Az x Az = A. [A]’ denotes the ith row of matrix A. The
n X n identity matrix is denoted as [, and the m X n zero matrix is denoted as 0,,x,, With

the subscripts dropped if they can be inferred from context.

2.2 Time-Invariant Case

2.2.1 Continuous Time-Invariant Case

We use Z.Z22*" to denote the set of all m x n real rational proper transfer matrices with no
poles on the imaginary axis. The superscripts for dimensions will usually be dropped when
they are either not important or clear from context. .7, is a subset of #Z.Z,, with all
stable transfer matrices. Similarly Z.7% is the set of all real rational strictly proper stable

transfer matrices. A state space realization of a transfer matrix G(s) is denoted as

A|B
c|D

G(s) =

such that G(s) = D + C(sI — A)"'B. Let G~(s) := G(—s)’ be the para-Hermitian complex
conjugate transpose of G and G~!(s) be the inverse of G if G(s) is square and invertible.

Now suppose G(s) is square and D is nonsingular, then we have from [98§]

A— BD'C ‘ —BD™!

Gl =
D-'c \ D!

For G € #5% we define the % norm of G as ( [98])

1 [ : .
IGll, = \/%/ Trace{G~(jw)G(jw) }dw.
For G € #., we define the %, norm of G as ( [98])
1G] = sup 5 (G (jw)).
WEXR
Similarly, the 2 index of G over all frequencies is defined as ( [68])

1G]l = inf o(G(jw).
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It should be noted that 77 index is sometimes called .7 norm in the literature although
it does not satisfy the property of a norm. 7 index can be thought as a measurement of a

system’s ability of enlarging an input signal at all frequencies.

2.2.2 Discrete Time-Invariant Case

We use Z.£5" to denote the set of all m x n proper real rational transfer function matrices
with no poles on the unit circle. ZA" (= ZA5 ") is the set of all m x n stable proper

real rational transfer function matrices. 25" is the set of all real square summable sequences

with m dimensions. For a sequence = = (xg,21,---) in ZJ", ||z]2 := \/Zio > ey || is
its 2-norm, where z;; is the jth element of x;. The superscripts for dimensions will usually
be dropped when they are either unimportant or clear from context. Let G™(2) := GT(1/z)
be the para-Hermitian complex conjugate transpose of G. A wide transfer matrix G is called
co-inner if it is stable and G(2)G™~(z) = I. A tall transfer matrix G is called inner if it is
stable and G~(2)G(z) = I. A tall transfer matrix is called co-outer if it is both stable and
minimum phase. We write G(z) as G, when it is clear from context. For G € ZZL7",
ker{G} :={u: Gu=0,u € £} and image{G} = {y € L" :y = Gu,u € L'}.
A state space realization of transfer matrix G is denoted as

A|B
C|D

G=C(I-A)"'B+D=:

We denote G~ as the inverse of G if G is square and D is nonsingular. Specifically, from [98]

we have
A—BD™IC ‘ —BD™!

Gl=
pic | D

The following definitions for /% norm, s, norm and 7 index, respectively, are from [56].
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For G € #.5, its 7 norm is defined as

1Gll2 = \/% /_7r Tr{G~(e/?)G(e7?) }d0.

For G € #Z ,, its 4, norm is defined as

IGlloc := sup G(G(e”)).

0€[0,27)

For G € #57 ,, its 7 index is defined as

IG||= == inf o(G(e)).

0c0,2m] —

In this dissertation, we use |G|| to represent any one of them if no confusion exists.

In order to describe system gain when input signal is in a subspace, we introduce the

following definitions.

Definition 1 For a system G € ZHA"°P, its A index over a subspace S is defined as

[l

HGH‘E := inf { |Gl cu#0,ueSC ,%p}.

Definition 2 Let a subspace S C £2 be the set of all outputs generated by an inner W (i.e.,

S = image{W?}). For a system G € Z5" " with input u and output y, its S5 index over

S s defined as

1G5 = \/% /7; Tr{W~(e?)G~(el?)G(e1?)W (e1?)}d0.

Definition 3 For a system G € ZH°P, its H index over a subspace S is defined as

[l

o = {1 20w s c )

In this paper, we use ||G||° to represent any one of them if no confusion exists.
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Remark 1 Those definitions above are more general than the definition over ZP. It will be
frequently used in Chapter 5 to emphasize the fault sensitivity for the faults that cannot be

decoupled from residual.

Since 77 index is not a norm, it is difficult to compute it in both frequency domain and
state space. The natural way to do it is to sample the system at frequencies among the real
axis and compute the singular value for the system at each frequency separately. Therefore,
the smallest one can be taken as the .7 index of the system. However, this method is time

consuming and small sampling rate on the frequency will result in a significant error.
2.3 Continuous Time-Varying Case

For any T € R, let %[0, T] denote the usual Hilbert space of square integrable functions
endowed with usual inner product and norm (denoted < -,- >9107) and || - ||2,j0,7], respec-
tively). Throughout this chapter, we compress the notation and write £5[0, c0) or %[0, 7]
as Z5 and || - ||2,j0,r) as || - [|2 whenever there is no possibility of confusion.

We use G : 57 — S5 to denote a system from input space S; to output space S,. If
we use w and y to represent input signal and output signal, respectively, the system can be
denoted as G : w — y = Guw.

We also use I to denote identity system in which inputs are equivalent to outputs, and
Grxp to denote the linear system with p inputs and m outputs.

The state space representation of a linear system G,,x, : w — y = Gw can be written as

i(t) = A@)z(t) + Bw(t), (2.1)

y(t) = Ct)zt) + D(t)w(t) (2.2)

where z(t) € %" is state vector, w(t) € %P is input vector and y(t) € #Z™ is output
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vector. Here, A(t), B(t), C(t) and D(t) are piecewise continuous bounded functions of ¢
with compatible dimensions. If the initial state z(0) is known in advance, it is assumed
that the initial state z(0) = 0 without loss of generality. Specifically, if x(0) # 0 but
is known in advance, we can subtract its contribution from the initial condition, then it
becomes a problem with zero initial state by constructing a new output vector 3(t) = y(t) —

C(t)®(t,0)z(0), where ®(-,-) is the state transition matrix associated with A().

Definition 4 A system G is exponentially stable if there exist c1,co > 0 such that | Pe(t, 7)| <

t—1

cie= =T it > 1 where T is a positive number and ®q is the state transition matrix of the

homogeneous part of state space realization.

Definition 5 For a system G, if there exists a system P with compatible dimension such
that

< PGuw,y >=< w,y >

for all w,y, that is, PG = I, P s called a left inverse of system G. In this chapter, we use
G~ to denote the left inverse of system G. The existence condition for left inverse is that

the D term of state-space realization of system G always has full column rank for all t > 0.

Obviously, for the system G with state space realization given by (2.3) and (2.4) (here,
D(t) has full column rank for all £ > 0), a state space realization of a left inverse system

G~ lis:
p(t) = [A(t) = BA)D*()C(t)] p(t) — B(t)D* (t)y(t)
r(t) = DT(t)C(t)p(t) + DT (t)y(t).

We have (GH) ™' = H'G ' and (G™!)~! = G, for any systems G and H with compatible
dimensions.
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Definition 6 We use G~ to denote the adjoint of system G. Suppose G : S; — Sy is a
linear system and Sy and Sy are Hilbert spaces such as £5[0,T] or £[0,00). The adjoint
system 1s the linear system G~ : Sy +— Sy that has the property < Gw,y >=< w, G~y > for

all w e Sy and all y € S5.

For system G with state space realization given by (2.3) and (2.4), one realization of the

adjoint system G™ is:

pt) = —A(t)p(t) — C'(t)y(t)
u(t) = B'(t)p(t) + D' (t)y(t),
where p(T") = 0 for finite-horizon case, and p(co) = 0 for infinite-horizon case. Obviously,

(GH)~ = H~G™, and (G™)~ = G for any linear systems G and H with compatible dimen-

sions.

Definition 7 [26] (C(t), A(t)) is observable if the pair (y(t),w(t)), t € [0,T], uniquely
determines x(0). This is equivalent to X (t) > 0, in which X (t) is the observability gramian
satisfying

—X(t) = X()A{t) + A ()X (t) + C'()C(t), X(T)=0.
(A(t), B(t)) is controllable if and only if, for any x(0) € Z™, there exists a w(t), t € [0,T],
such that x(T) = xr. This is equivalent to Y (t) > 0, in which Y (t) is the controllability

gramian satisfying
Y(t) =Y (t)A'(t) + A@®)Y(t) + B(t)B'(t), Y(0)=0.
It can be shown that (A(t), B(t)) is controllable if and only if (B'(t), A'(t)) is observable.

Hence, the controllability of system G is equivalent to the observability of its adjoint
system G~
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Definition 8 [59/ The system G given by (2.3) and (2.4) is said to be stabilizable (respec-
tively, detectable) if there exists a bounded matriz function K(t) (respectively, L(t)) such
that the system x(t) = [A(t) — B(t)K(t)] x(t) (respectively, @(t) = [A(t) — L(t)C(t)] x(t)) is

exponentially stable.

Definition 9 For a linear system G : w — vy, its 7% norm is defined as

G
Ol =y Il _ o 1Gu
weLs HU)HQ wEL H'LUHQ

For finite-horizon case, 6, norm of system G is defined as

|Gwl|2,0,7
IGllsoory = sup 2T
weLofo,r] w201

Definition 10 [26] Suppose Sy and Sy are normed signal spaces such as %[0, T| or %[0, 00),
then G is co-isometric if
G~ wl|s, = [w][s,

for all w € Sy. Here, || - ||s means the 2-norm of signal defined in the space S.

Consequently, G is a co-isometric system between two Hilbert spaces if and only if GG~ =

Definition 11 For a linear system G : w — y, its 76 norm is the expected root-mean square
value of the output when the input is a realization of a unit variance white noise process.
That is, w(t) is a unit variance white noise process when t € [0, T, otherwise, w(t) =0, and

y = Gw, the finite-horizon 2-norm of G s defined by

1 [T
|Gz 0 = \/ s(z | v,
0
in which E is the expectation operator. When T' — oo, we obtain the infinite-horizon 2-norm

of G

IGllo = Jim \/éa{% | v
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Similar to 7%, norm, we can extend 7 index into time domain, avoiding the involvement

of some concepts of frequency domain.

Definition 12 For a linear system G : w — vy, its F_ index is defined as

G
IG||- = inf lIGwlls
weLs ||UJ||2
For finite-horizon case,
||Gw 2,[0,T]

Gll_ = inf —2
16110z we£[0,T] ||wl|2,/0,17

We also define coprime factorization for linear time-varying system, which is similar to

linear time-invariant system.

Definition 13 [69] Let G be a finite dimensional linear time-varying system. We say that
G admits an exponentially stable proper left-coprime factorization if there exist exponentially
stable finite dimensional linear time-varying systems M, N, X and Y such that G = M~'N

and XN +YM = 1. Here, (N, M) is called the coprime pair of system G.

Similar to spectral factorizations for the linear time invariant systems in frequency do-

main, we present the corresponding ones for time varying systems in time domain.

Definition 14 For a linear system G, x, with m < p, if there exists a linear system W, xm
such that
WW~ =GG~™
that is,
<W~u, W~y >=< G~ u,G~y >

and W= exists for all u and y, we say W is one of spectral factorization of system G.
Here, W must be exponentially stable for infinite-horizon case. Since W= exists, WG is

a co-isometric system.
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2.4 Discrete Time-Varying Case

For any T' € Z., let I3]0, T| denote the usual Hilbert space of square summable sequences
endowed with usual inner product and norm (denoted < -,- >9107) and || - ||2,j0,7, respec-
tively). Throughout the dissertation, we compress the notation and write l5[0, 00) or I3[0, T']
as ly and || - ||2,0,m) as || - || whenever there is no possibility of confusion.

We use G : 57 — S5 to denote a system from input space S; to output space Ss. If we
use w and y to represent input signal and output signal, respectively, the system is denoted
as G :w — y = Guw.

We also use I to denote identity system that inputs are equivalent to outputs, and Gy, x,
to denote the linear system with p inputs and m outputs.

A state space representation of linear discrete time system G, x, : w — y = Gw can be

written as

z(t+1) = A(t)x(t) + B(t)w(t) (2.3)

y(t) = Ct)a(t) + D(t)w(t) (2.4)

where z(t) € Z™ is state vector, w(t) € %* is input vector and y(t) € Z™ is output vector.
A(t), B(t), C(t) and D(t) are bounded matrices of ¢ with compatible dimensions. Here,
we assume the initial state x(0) = 0. We argue that it is without losing of generality to
make this assumption, if the initial state x(0) is known in advance. Specifically, if z(0) # 0
but is known in advance, we can subtract its contribution from the output vector y(t),
then it becomes a problem with zero initial state by constructing a new output vector

y(t) — C(t)®(t,0)x(0), where ®(-,-) is the state transition matrix associated with

<

~—~
<~

~—
I
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For system G, if there exists a system P with compatible dimensions such that

< PGw,y >=<w,y >

for all w,y, that is, PG = I, P is called a left inverse of system G. In this chapter, we use
G~ to denote the left inverse of system G. The existence condition for the left inverse is
that the D term of state-space realization of the system G always has full column rank for
all t > 0.

One state space realization of G™! is

p(t+1) = [A(t) — B(t)D~H()C (W)= (t) — B)D™ (t)y(t)

w(t) = D HHCH)z(t) + D (t)y(t).

We have (GH)™' = H'G7! and (G™!)™! = G, for any systems G and H with compatible
dimensions.

We use G to denote the adjoint of the system G. Suppose G : S; — S is a linear system
and S; and Sy are Hilbert spaces such as I3[0, 7] or [5[0, 00). The adjoint system is the linear
system G~ : S5 +— 57 that has the property < Gw,y >=< w,G~y > for all w € S; and all

y € S,. Its state space realization is as follows

p(t=1) = A'(t)p(t) + C'()y(t)
w(t) = B'{)p(t)+ D'(t)y(t), p(T)=0.
Note that p(oco) = 0 for the infinite-horizon case.

Obviously, (GH)~ = H~G~, and (G~)~ = G for any linear systems G and H with

compatible dimensions.

Definition 15 Suppose Sy and Sy are normed signal spaces such as 13]0,T] or 150, 00), then
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G s co-isometric if
G w5, = [lwl]s,

for allw € Sy. Here, || - ||s means the 2-norm of signal defined in the space S. Obviously,

GG~ =1.

Definition 16 A system is said to be observable on [to, ty] if any initial state x(ty) is uniquely

determined by the corresponding zero-input output y(t) fort =to, -+ ,tr_1.

Definition 17 A system is said to be controllable (it is called reachable in some literature)
on [to, tf] if for any initial time ty and any initial state x(ty), there exists a time | and a

corresponding input u(t) such that the system state goes to zero under this input.
It can be shown that a system is controllable if and only if its adjoint system is observable.
Definition 18 [35] A system is said to be exponentially stable on [ty, 00) if
|B(t,8)] < ca™®, Vip<s<t<oo

for some constants ¢ > 0 and 0 < o < 1 independent of s and t. ®(t,s) is the state transition

matriz of A(t).

Definition 19 The pair (A(t), B(t)) is said to be stabilizable on [ty,o0) if there exists a
bounded matriz K(t) such that A(t) + B(t)K(t) is exponentially stable on [tyg,o0). The pair
(C(t), A(t)) is said to be detectable on [ty,00) if there exists a bounded matriz L(t) such that

A(t) + L(t)C(t) is exponentially stable on [tg, o0).

Definition 20 Let G be a finite dimensional linear time-varying system. We say that G
admits an exponentially stable proper left-coprime factorization if there exist exponentially
stable finite dimensional linear time-varying systems M, N, X and Y such that G = M—'N
and XN +YM = 1. Here, (N, M) is called the coprime pair of system G.
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Definition 21 For a linear operator G,x, with m < p, if there exists a linear operator
Woxm such that

WW~ =GG™.
that is,

<W~u, W~y >=< G"u,G~y >

and W1 exists for all w and y, we say W is a spectral factorization of operator G. Here,

W must be exponentially stable for the infinite-horizon case.

2.5 Preliminary Lemmas

2.5.1 Two Important Matrix Inequalities

It is easy to show that we have the following results by the definition of matrix singular

value [32].

Lemma 1 Let A € €"*" and B € €"*P be two matrices with appropriate dimensions, then

o(AB) < 5(A)a(B).

Lemma 2 ( [98]) For A € €™ and B € €™ with | > n, the following inequality holds

A
o > o(B)
B

2.5.2 Linear Time-Invariant Case

Lemma 3 (Left Coprime Factorization) Let P(s) or P(z) be a proper real rational transfer

matriz. A left coprime factorization (LCF) of P is a factorization
P=M'N

where N and M are left-coprime over Z#,. Let

Al B
C|D
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be a detectable state-space realization of P and L be a matriz with appropriate dimensions

such that A + LC' s stable, then a left coprime factorization of P is given by

A+L0\L B+ LD
c \[ D

M N =

Lemma 4 (Spectral Factorization: Continuous Time Case) Let G(s) be a proper real ratio-

nal transfer matriz and

Al B
C|D
o A—jwl B
be a detectable realization of G. Suppose D has full row rank and has full
C D

row rank for allw € Z. Let R := DD’ > 0 and let Y > 0 be the stabilizing solution to the

following algebraic Riccati equation
(A-BD'R'C)X +X(A—-BD'R'C) — XC'R'CX +B(I -D'R'D)B' =0
such that A— BD'R™'C'— XC'R~C is stable. Then the following spectral factorization holds
WW~ =GG~

where W= € #, and

A|(BD + XC)R2

W pu—
C ‘ RI/Q

Lemma 5 (Spectral Factorization: Discrete Time Case) Let G(z) be a proper real rational

transfer matriz and
A|B

C|D
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A—e?l B
be a detectable realization of G. Suppose D has full row rank and has full
C D

row rank for all 6 € [0,2n]. Let P > 0 be the stabilizing solution to the following algebraic

Riccati equation
APA'— P — (APC'+ BD')(DD' + CPC")y ' (DB + CPA')+ BB' =0

such that A — (APC" + BD')(DD' + CPC")~1C is stable and let R := DD' + CPC". Then

the following spectral factorization holds
WW~ = GG~

where W=t € #, and

A|(APC' + BD)R 2
C ‘ R1/2

We also give a co-inner-outer factorization factorization for tall transfer matrices, where

co-inner is square and co-outer is a tall matrix.

Lemma 6 (Co-Inner-Outer and Spectral Factorization: Discrete Time Case [28] ) Let a
transfer matriz H(z) € ZH7°™ (p > m) be

B
c|D

H(z)=C(z] —A)'B+D =:

where A € #"" , B e Z™™, C € ZP*" and D € P>,

Assume that (A, C') is detectable, D # 0 and
A—-el B
mnk‘{ } =n+m Vfel0,2r].
C D

Then we have the following conclusions,
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1. Among all positive-semidefinite solutions (Y = Y' > 0) of the following algebraic

Riccati equation (ARE)
Y = AYA - Sy(DD' +CYC')*Sy, + BB’

— (A+LO)Y(A+LC) + (B + LD)(B + LD)

where L = —(AYC'+ BD')(DD' + CYC")" and Sy = AYC'+ BD', there exists Yz
such that

and (A4 Lya.C) is a stability matriz with Ly,ee = —(AY 0 C'+BD")(DD'+CY0.C') T
2. I1=DD"+CYC" has rank m.

3. If A is stable, there holds the co-inner-outer factorization H(z) = Ho(z)H;(z) with

A+ LiaaC | B+ LoD

Hi(z) = Q
c | »p
A _Lma:r:
H()(Z) = Qm
C 1

where Q,,, is of full column rank and Q,,Q2 = DD" + CY,0.C".

The algorithm for obtaining Y. is as follows

1. Let Yy be the solution of the Lyapunov equation Yo = AYyA' + BB’.

2. Do the following procedures iteratively until ||Yn —Yn11|| is smaller than some tolerance

bound.

L. = —(AYiC'+ BD')(DD' + CY,C")*

Yisi = (A+ LiC)Yi(A+ LyC) + (B + LiD)(B + Ly D)’
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3. Let Ymax = YN+1.

Alternatively, the L. and Yo, can be obtained by solving the following Riccati system [36]:

AY oA — Yoo + BB AY,,0..C' + BD'
Inxn Lmam -

(AYpaoC' + BD'Y DD’ + CVpauC'
2.5.3 Continuous Time-Varying Case

The following lemma aims to compute 7, norm.

Lemma 7 [26] For the system G given by (2.3) and (2.4) with D = 0, ||G||ejo,r) < B if

and only if the differential Riccati equation
—P(t) = P(t)A(t) + A(t)P(t) + 5 2P(t)B(t)B'(t)P(t) + C'(t)C(t), P(T)=0

has a solution P(t) > 0 on [0,T].
For infinite-horizon case, |G|l < 0 if and only if there exists a bounded symmetric
matriz function P(t) > 0 fort € [0,00) that is absolutely continuous and differentiable and

satisfies the differential Riccati equation
—P(t) = P()A(t) + A(t)P(t) + f2P(t)B(t)B'(t)P(t) + C'(t)C(t), P(c0) =0
and A(t) + 372B(t)B'(t)P(t) is such that the following linear time-varying system
pt) = [A(t) + 872B(t)B'(t) P(t)] p(t)
15 exponentially stable.

Remark 2 If the coefficients of linear time-varying system are restricted to constants, that
18, system is time invariant, the definitions above are reduced to their corresponding ones in

frequency domain.
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Lemma 8 Let A, B : S; — Sy are two systems with appropriate dimensions, where Sy, Sy =

£[0,00), then
|ABlls < || AlloclBllso (2.5)
[AB[l2 < ||AllslBll2 (2.6)
[AB]|- < || Allell B~ (2.7)
If S1, 8, = £[0,T, then
[AB|loor < [[Allo, 0,27l Blloo,o.17 (2.8)
[ABll2or < [|Allco ol Bll2o.1y (2.9)
IABl| o < [|Allss,jo,r1l| Bl 0,19 (2.10)

Proof Inequality (2.5) and inequality (2.8) are obvious since the submultiplicative property
of norm.

For inequality (2.6), let y = Bw, we have

2 : 1 T/
|AB|5 = Tlgroloco“’{?/o zzdt}
. I
= Jm s {5 [ naar
. 1 T / !
= Tll_rgoco@{?/o yAAydt}
2 ]‘ T
< lim &< — "ydt
< Nl fim s {7 [ o
2 1 ’
= Al Jim & {1 [ BB
— AR BIR

For inequality (2.7), let y = Bw, we have

|AB|. = s 14Bul

weze  |wlly
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g {14B8le [ull)
wez, | [Bul, ol
gl o Bul}

vezo [[Yllz wele w2

= [|AllslIBIl--

The proofs for inequalities (2.9) and (2.10) are similar to those of inequalities (2.6) and

(2.7), respectively. O

Lemma 9 Let G be a linear time-varying system with a realization given by (2.3) and (2.4),
and assume that (C(t), A(t)) is detectable (for infinite-horizon t € [0,00)). If L(t) is a
matrix function with appropriate dimensions such that system @(t) = [A(t) + L(t)C(t)] z(t) is
exponentially stable, then G admits a left coprime factorization pair (N, M) with a realization

for system N

#(t) = [A@®) + LO)C@]2(t) + [B(1) + L) D(@)] w(t)

y(t) = C((t) + D(tyw(t)

and a realization for system M

a(t) = [A@) + LEO)CO)]x(t) + L{t)w(t)

y(t) = Ct)x(t) + w(?)

Proof The result can be easily verified by the multiplication of systems. O

Remark 3 For finite-horizon case, since M and N are not necessarily exponentially stable,
L(t) can be any bounded and piecewise continuous matrixz function with appropriate dimen-

SLOM.
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Lemma 10 [69] Assume that (A(t), B(t)) is stabilizable and (C(t), A(t)) is detectable, then

there exists a unique, bounded solution Q(t) > 0 to the filter Riccati equation

Q(t) = AMQ(t) + QA1) = Q' H)C(H)Q(H) + B(t)B'(t),  Q(0) = 0.
furthermore, the system &(t) = [A(t) — Q(¢t)C'(t)C(t)] x(t) is exponentially stable.
2.5.4 Discrete Time-Varying Case

Lemma 11 Let A : y — 2z and B : w — y be two systems with appropriate dimensions,

where x,y and z are signals in l3[0,00), then

[ABlloc < [|Allo]| Bl (2.11)
[ABlla < [|Allll B2 (2.12)
[AB]- < [|AllllBll- (2.13)
If Sy, 52 = 150, T, then
[AB|loo,o,r) < [[Allco. o7 Blloo, 0,77 (2.14)
[ABll2 o < [[Allos, 0,771 Bll2,0,7) (2.15)
[AB| -0y < Al jo,ml| Bl - o1 (2.16)

Proof Inequality (2.11) and inequality (2.14) are obvious since the submultiplicative prop-
erty of norm.

For inequality (2.12), we have

|AB|? = lim &



T
1
_ 2 7 - /
= AR Jim & § 7D (5w) <Bw>}
= JAIIIBI:.
For inequality (2.13), we have
AB
jAB|- = i 1Bl
welz ”’LUH2
_ {HAB"LUH2 ||Bw|!2}
= inf :
wel | [[Bwllz  [lwllz
o o M0l 1B
ve |[Yll2 wet Jwll2
= [ AlllIBl-.

The proofs for inequalities (2.15) and (2.16) are similar to those of inequalities (2.12) and

(2.13), respectively. O

Lemma 12 [35] Suppose that (C(t), A(t)) is detectable. The system G given by (2.3) and

(2.4) is exponentially stable if and only if there exists a bounded nonnegative solution to

A X (t+1)A[) +C'(H)C(t) = X(t).

Suppose that (A(t), B(t)) is stabilizable on [ty,00). The system G is exponentially stable

on [to, 00) if and only if there exists a bounded nonnegative solution to

ABYR)A'() + BOB'(t) = Y(t+1), Y(to) = 0.

Lemma 13 Suppose G is a system given by equations (2.3) and (2.4) with x(0) = 0. If
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there ezists a bounded and symmetric matriz X (t) satisfying

AX (A (t)+ B(t)B'(t) = X(t+1) (2.17)
B(t)D'(t)+ A)X(t)C'(t) = 0 (2.18)
D#)D'(t)+ C(t)X(t)C'(t) = I (2.19)

with X(0) = 0 for all t € [0,T], then G is co-isometric on [3[0,T]. If the system G is
observable, these conditions are also necessary.

The result is also true for infinite-horizon case (T — 00).

Proof Controllability gramian for system G is X (t) such that
A)X (A (t) + B(t)B'(t) = X(t+1)

with the initial condition X (0) = 0.

Its adjoint system is

lw®lpz = Y w'(Bw(t)

= > P (O)BM)B ()p(t) + 20/ (1) B(H)D' (t)y(t) + ' () D(£)D'(t)y(1)}
= > Y OBM)B ()p(t) + 20/ (1) B(H)D' (t)y(t) + ' () D(£)D'(t)y(1)}
= P OX(t+1)p(t) — (=) X (H)p(t—1)}



=D WX E+1)p(t) — [AOp() + 'Oy X (O[A (E)p(t) + C'(E)y ()]}
= Z{p t) + A(t)X () A(t) = X (E+1)]p(t)

+2p'()[B(H)D'(t) + AW X ()" (0)]y(t) + y' (O[D@) D' () + COX () ()]y(t)}

When B(t)B'(t) + AW)X(D)A(t) — X(t+1) = 0, BO)D'(t) + AB)X(1)C'(t) = 0 and

D(t)D'(t) + C(t) X (£)C"(t) = I, we have

Iy )11z, 02) = lw®)I20)-

Conversely, let X (¢) be the controllability gramian, we have

w3027 = Iy O3 07
= HGN Oz 011 = Y2 07y
Z{p )+ AB)X () A1) — X(t+1)]p(t)
+2p'(O)[B(t)D'(t) + AW X ()C"()]y(t) + ¢ (O[D()D'(t) + C() X ()C'(t) — Ily(t)}

= 0.

When the system is observable, the adjoint system is controllable. Consider y;(t) =
Pry(t), where Pr is the truncation operator. Since controllability ensures that p(t) spans
X" as y ranges over l»[0,T], we have B(t)D'(t) + A(t)X(¢t)C'(t) = 0 and D(t)D'(t) +
cCHX@)C'(t)—1=0.

The proof for the infinite-horizon case is similar. [l

Lemma 14 Let G be a linear time varying system with a realization given by (2.8) and (2.4),
and assume that (C(t), A(t)) is detectable (for the infinite-horizon case t € [0,00)). If L(t)
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is a matriz function with appropriate dimension such that (A(t)+ L(t)C(t)) is exponentially
stable, then G admits a left coprime factorization pair (N, M) with the realization for system

M

z(t+1) = [A@t)+ L)C(t)]|x(t) + L(t)u(t)

y(t) = CB)at) +ult)
and system N

z(t+1) = [A@t)+ L)C(t)]x(t) + [B(t) + L(t)D(t)|u(t)

y(t) = C(t)z(t) + Dt)u(t).

Lemma 15 For the system G given by equations (2.3) and (2.4), one of its spectral factor-

wzation is a system W with the following realization:

z(t+1) = At)x(t) — Lo(t) RY?(t)u(t)

y(t) = C)a(t) + R (u(t)

where R(t) = D(t)D'(t) + C(t)P()C'(1), Lo(t) = —[A(t)P(H)C'(t) + B{)D' ()R- (t) and

P(t) is the solution of the following difference Riccati equation

A P)A(t) — Lo(t)R(E)LY(t) + B(t)B'(t) = P(t+1)

with P(0) = 0.

Proof Since one state space realization of the system W1 is

z(t+1) = [A()+ Lo()C@)](t) + Lo(t)u(t)

y(t) = RTPOC(H(t) + R (tu(t),
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the system W~1G can be realized as:
2(t+1) = [A®t) + Lo()C®)z(t) + [B(t) + Lo(t)D(1)]u(t)
y(t) = R'VP4)CH)x(t) + RTV2(4)D(t)u(t).
To show that W~'G to be co-isometric, it is necessary to check three conditions:
[A(t) + Lo()C @) P)[A(L) + Lo(t)C@)]" + [B(1) + Lo(t) D(W)][B(t) + Lo() D)) = P(t+1)

[B(t) + Lo(t)D()] (R/2()D(1))" + [A(t) + Lo(t) C() PR )CH)] = 0

[RT2ODO)] [RT2ODO) + [RTEOCHIPHRTOW)]) = 1.

The first equation can be simplified as the difference Riccati equation (2.20) with initial
condition P(0) = 0. The second one is satisfied naturally and the third one turns out to be

R(t) = C(t)P(£)C'(t) + D(£)D'(#). O

In order to prove the exponential stability in the next section, we give a lemma about

difference Riccati equation with a small change of [35].

Lemma 16 Suppose that D(t)D'(t) > 0, (A(t), B(t)) is stabilizable and (C(t), A(t)) is de-
tectable. There exists a nonnegative bounded solution to the following difference Riccati

equation
AY ()A'(t) + B(t)B'(t) — [AQ)Y () C' (IR (O[AD)Y (H)C'(1)) = Y (t+1)

with Y (0) = 0 such that A(t)—A(t)Y (t)C"(t)R™'(t)C(t) is exponentially stable, where R(t) =

D(t)D'(t) + C(t)Y (t)C'(¢).

Proof The difference Riccati equation can be returned to the Lemma in [35] by defining

C(t) == (D(t)D'(t))*C(1).
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Since D(t)D'(t) is of full rank, that ((D(t)D'(t))"/2C(t), A(t)) is detectable is equivalent
to that (C(t), A(t)) is detectable. Furthermore, we have that A(t)—A(t)Y (£)C'(t) R~ (¢t)C(t)

is exponentially stable. 0

2.6 Fault Detection of Linear Time-Invariant Systems

For the completeness of the dissertation, we summarize the fault detection result of linear
time-invariant systems [55, 56], which can be thought as a special case of the results in

Chapter 5.

2.6.1 Continuous Time-Invariant Case

Consider a linear continuous time invariant system (LTI) with disturbance and possible faults

as:

#(t) = Aw(t) + Bu(t) + Bad(t) + By f(2) (2.20)

y(t) = Ca(t) + Du(t) + Dad(t) + Dy f (1) (2.21)

where z(t) € #Z™ is the state vector, y(t) € Z™ is the output measurement, d(t) € Z"
represents the unknown/uncertain disturbance and measurement noise, and f(t) € Z"f
denotes the process, sensor or actuator fault vector. f(¢) and d(t) can be modeled as different

types of signals, depending on specific situations under consideration.
Assumption 1 (C, A) is detectable.
This is a standard assumption for all fault detection problems.

Assumption 2 D, has full row rank.
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A— jw[ Bd

Assumption 3 has full row rank for all w € Z. Or, equivalently, the
C Dy
. . A| By . o .
transfer function matriz G4 := has no transmission zero on the imaginary axis.
C| Dy

Assumption 4 n, > ny.

By taking Laplace transform of equations (2.20) and (2.21) we have the system in-

put/output equation
y=Gu+Ged+Gyf (2.22)

where G, G4, and Gy are n, X n,, n, X nqg and n, x ns transfer matrices respectively and

their state-space realizations are

A‘B B, By
(J‘D Dy Dy

G, Gq Gy ] = (2.23)

Since the state-space realization of G,,, G4 and G; share the same A and C matrices, applying

Lemma 3 we can find a LCF for the system (2.23)
[Gu Gy Gy ] =M [ N, N; N; (2.24)

where

A+L(J‘L B+LD By+ LD, Bj+ LDy
C ‘I D Dy D;

| M N, N Ny = (2.25)

and L is a matrix such that A+ LC' is stable.
It has been shown in [23] that, without loss of generality, the fault detection filter can

take the following general form

r=Q(My— Nu)=Q [ M —N, ] / (2.26)

where 7 is the residual vector for detection, Q € Z# ™ is a free stable transfer matrix
to be designed. The filter structure is shown in Figure 2.1.
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Figure 2.1: Fault Detection Filter Structure-LTI Case

Problem 1 (57 /5%, Problem) Let an uncertain system be described by equations (2.20)-
(2.23) and let v > 0 be a given disturbance rejection level. Find a stable transfer matriz

Q € BRALY™™ such that ||Grall, <7 and ||G.f|_is mazimized, i.e.

max  {[QN/|_: 1@Nallo <7}
QER I

Problem 2 (5% /5, Problem) Let an uncertain system be described by equations (2.20)-
(2.23) and let v > 0 be a given disturbance rejection level. Find a stable transfer matriz

Q € B™ such that ||Grall, < v and ||Gyyll, is mazimized, i.e.

max  {IQN;ll, : 1QNull. <)
QG@%OO

Problem 3 (/7 Problem) Let an uncertain system be described by equations (2.20)-
(2.23) and let v > 0 be a given disturbance rejection level. Find a stable transfer matriz

Q € ™™ such that ||Grall, < and ||Gysl is mazimized, i.e.

max {[|QNy|[ : [[@Nall o <7}

ny Xxny

QERAY
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Theorem 1 Suppose Assumptions 1-3 are satisfied. Let Ry := DgD} > 0 and let Y > 0 be

the stabilizing solution to the Riccati equation
(A— ByDyR;'C)Y +Y(A - ByDyR;'C) — YC'R;'CY + By(I — D4,R;'Dy) B, = 0
such that A — ByD,R;'C' — YC'R;'C is stable. Define
Lo = —(BaD)+ YC'R;".
Then an optimal fault detection filter for the three problems above has the following form

T:Qopt[M —Nu]
u

where
A4 LC | Ly B+ LD
—R;UQC ‘ R;/z —R;1/2D

Qopt|:M —NU}Z’Y

In other words, the optimal fault detection filter is the following observer:

2.6.2 Discrete Time-Invariant Case

Consider a discrete time invariant system with disturbance and possible faults as:

z(t+1) = Ax(t)+ Bu(t) + Bud(t) + Brf(t) (2.27)

y(t) = Cux(t) + Du(t) + Dqd(t) + Dsf(t) (2.28)

where z(t) € #Z" is the state vector, y(t) € Z™ is the output measurement, d(t) € Z"
represents the unknown/uncertain disturbance and measurement noise, and f(t) € Z"f
denotes the process, sensor or actuator fault vector. f(¢) and d(t) can be modelled as
different type of signals, depending on specific situations under consideration.
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Assumption 5 (C, A) is detectable.

Assumption 6 D, has full row rank.

. A— 6j0[ Bd .
Assumption 7 has full row rank for all § € [0,2x]. Or, equivalently,
C Dy
. ) Al By - L
the transfer function matriz G4 := has no transmission zero on the unit circle.
C| Dy

Similarly, we can formulate the three optimization problems as before.

Theorem 2 Suppose Assumptions 5-7 are satisfied. Let P > 0 be the stabilizing solution to

the Riccati equation
APA" — P — (APC’ + ByD!,)(DyD), + CPC") " Y(DyB,+ CPA) + ByB, =0  (2.29)

such that A — (APC' + ByD!)(DyD!, + CPC")~'C is stable and let Ry = DyD!; + CPC".
Define

Ly = —(APC' + B;D))R;".

Then an optimal fault detection filter for the three problems has the following state space

representation

T:Qopt[M —Nu]

u

where
A+ LC | Ly B+ LD
_R;1/2C, ‘ R;1/2 —RJI/QD

Qopt|:M —NU}ZW

In other words, the optimal fault detection filter is the following observer:

#(k+1) = (A+ LoO)i(k) — Loy(t) + (B + LoD)u(k) (2.30)

r(k) = R, (y(k) — Ci(k) — Du(k)). (2.31)
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Chapter 3

Fault Detection Filter Design for
Continuous Time-Varying Systems®

This chapter is dedicated to fault detection for linear continuous time-varying systems
(LCTVS). Problem formulation is given in Section 3.1. Our fault detection design is pre-
sented in Section 3.2. Section 3.3 extends the result to the plant with non-zero initial states.

One example is shown in Section 3.4.
3.1 Problem Formulation

Consider a linear time-varying system GG with disturbance and possible faults of the following

state-space realization

(t) = A(t)x(t) + B(t)u(t) + Ba(t)d(t) + Bs(t) f(t) (3.1)

y(t) = C(t)x(t) + D(t)u(t) + Da(t)d(t) + Ds(t) f(2) (3.2)

where t € [0,T] (t € [0,00) for the infinite-horizon case). T is a positive scalar. z(t) €
X" is the state vector, y(t) € Z" is the output measurement, d(t) € Z"? represents
the unknown /uncertain disturbance and measurement noise, and f(t) € Z™ denotes the
process, sensor or actuator fault vector. A(t), B(t), C(t), D(t), Ba(t), Da(t), Bs(t) and

D¢(t) are piecewise continuous bounded functions of ¢ with compatible dimensions. f(t)

*Reprinted by permission of Elsevier Science
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and d(t) can be modeled as different type of signals, depending on specific situations under
consideration. Different assumptions on d(t) and f(t) will lead to different fault detection
problem formulations and the solutions for all these problems will be discussed in this chapter.

For all coefficient matrices in equations (3.1) and (3.2) the following three assumptions

are made.

Assumption 8 (C(t), A(t)) is detectable;

Assumption 9 D,(t) has full row rank for allt > 0, that is, R4(t) = Da(t)D}(t) > 0;
Define

AR(t) == A(t) — Ba(t) Dy(t) Ry ()C()

Bg(t) := By(t) [I — Dj(t)R; (t)Dal(t)] -
Assumption 10 (Agr(t), Bg(t)) is stabilizable.

Remark 4 Assumption 1 is a standard assumption for all fault detection problems for

infinite-horizon case. This assumption guarantees the existence of a L(t) such that
#(t) = [A(t) + L(H)C(t)] x(t)
15 exponentially stable.

Remark 5 Assumption 2 means that n, < ng and every measurement of the output signals
1s either affected by some disturbance or corrupted with some measurement noise. We argue
that this assumption can be made without loss of any generality since it is impossible to take
perfect measurement in any practical system and furthermore it is reasonable to assume that

the measurement noise is independent of each other. So it is reasonable to assume that the
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measurement noise is independent of each other and that D4(t) has full row rank for allt > 0
(see [55] for detailed description).

In the case of some simplified model where Dgy(t) does not have full row rank, we can
simply add some columns to make it full row rank. For example, suppose Dy(t) is not full

row rank, then let

d
de

ISE
I

,BdZ[Bd Onxny]7 Dd:[Dd eIny]

for a smalle > 0. Then Dd(t) has full row rank for allt > 0. Because € can be made as small
as possible, we argue that the performance degradation caused by the fictitious disturbances
should not be large.

This assumption might be restrictive in some applications when the external disturbances
and measurement noise are different class of signals so that it is impossible to combine
them together in our framework. Actually, when D, is not wide or square, in other words,
the number of outputs is greater than the number of disturbances, the decoupling of some
disturbances from residual without sacrificing the fault detection ability is possible. Therefore,
our optimization framework is still useful when it is possible to remove some disturbances

that can be decoupled from the residual( [18]). This will be discussed in detail in Chapter 5.

Remark 6 Assumption 3 is an additional assumption for guaranteeing the existence of an
unique and exponentially stable filter for infinite-horizon case. In particular, when the plant
and measurement noise are independent (i.e. Bg(t)D}(t) = 0), the Assumption 3 can be
simplified as (A(t), Bq(t)) is stabilizable. This assumption can be significantly relaxed in the

linear time-invariant case (see [55]).
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The system realization given by (3.1) and (3.2) can be written as:

Uu
y=1|G, Gy Gf] d
f

where G, Gy, G5 are n, X n,, n, X ng and n, x ny systems with the following state space

realizations:
u(t) y(1)
() G >
fit)
rit)
F >
Figure 3.1: Fault Detection Filter Structure-LCTV Case
System G,:
z(t) = A(t)x(t) + B(t)u(t)
ya(t) = C)z(t) + D(t)ult)
System Gg:
x(t) = A(t)x(t) + By(t)d(t)
ya(t) = C(t)x(t) + Dq(t)d(t)
System G/:



The filter F' to be designed next is an linear bounded system from u(t) and y(t) to residual
signal 7(t). Figure 3.1 shows the general form of fault detection system.
Since (C(t), A(t)) is detectable, according to Lemma 9, system G admits the following

left coprime factorization
G=M"'N=M"'[N, Ny Ny]. (3.3)

To decouple the residual signal from input signal completely, the fault detection filter

can take the following form:

Y

r=Q(My-Nu)=Q| M -N, | (3.4)

u
which is shown in Figure 3.2, where N,, and M are linear systems with appropriate dimensions
given in the coprime factorization (3.3) and @ is a linear bounded system to be designed.

Specifically, the systems have the following state-space realizations, respectively.

System N,:
a1 (t) = [AQ)+ L@)C(H)] () + [B(t) + L(E) D(8)] u(t)
n(t) = Ct)r(t) + D(t)ult)
System M:
a(t) = [A(t) + LE)C(1)] w2(t) + L(t)y(t)
yat) = Ct)aa(t) +y(t)
System Ng:

i3(t) = [A(t) + L()C(t)] xs(t) + [Ba(t) + L(t) Da(t)] d(t)
ys(t) = C(t)zs(t) + Da(t)d(t)
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System Ny:

Gd
t +
" G ISV R
y(®)
- +
Nu .
yi®) [yo(t) M

Q —b
e(t) r(t)

Figure 3.2: Filter Structure Decoupling Control Input-LCTV Case

By simple computation it is verified that signal e(t) = y2(t) — y1(¢) is decoupled from the
input signal u(¢). In addition, the system from d(t) to r(t) is QN,, and system from f(t) to

r(t) is QNy. Specifically, we have

r= QNdd + Qfo

In general, a good fault detection filter must make a tradeoff between two conflicting per-
formance objectives: robustness to disturbance rejection and sensitivity to faults. Therefore,
the next step is how to design a system Q(t) such that the residual signal r(¢) is sensitive to
fault f(t), but insensitive to the disturbance d(t).

To achieve good robustness to disturbance, the influence of disturbance must be mini-
mized at the output of the residual signals. On the other hand, the residual signal should be
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as sensitive as possible to the faults. Therefore, we need to choose certain performance cri-
teria for measuring these two aspects so that the fault detection filter design has satisfactory
fault detection sensitivity and guaranteed disturbance rejection effect.

Assume that G, is the system from fault signal to residual, and G,4 is the system from
disturbance signal to residual. ||G,f||- is a reasonable performance criterion for measuring
fault detection sensitivity if f(¢) is modeled as unknown energy or power bounded signals. If
d(t) is modeled as unknown energy or power bounded signals, then .7, is a widely accepted
worst case measure and ||Gyqllo is a good indicator of disturbance rejection performance.
On the other hand, if d(t) and/or f(t) are white noise, the .74 norms of G,4 and/or G,
seem to be more suitable criteria (see [55] for details).

Based on the definitions of norms in Chapter 2, we can formulate the following three

fault detection filter design problems.

o (|, problem) Let an uncertain system be described by equations (3.1) and (3.2)
and let 3 > 0 be a given disturbance rejection level. Find a n, x n, linear bounded

system @ such that |QNy|| < 5 and ||QNy||- is maximized, i.e.

max{| QN - + [QNull < 5,
where () must be exponentially stable for infinite-horizon case.

o (I 7, problem) Let an uncertain system be described by equations (3.1) and (3.2)
and let 8 > 0 be a given disturbance rejection level. Find a n, x n, linear bounded

system () such that ||QNg|| < B and ||QNy||2 is maximized, i.e.

max{ || @Nyll2 ¢ |QNalloo < B},

where () must be exponentially stable for infinite-horizon case.
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o (%7 problem) Let an uncertain system be described by equations (3.1) and (3.2)
and let 8 > 0 be a given disturbance rejection level. Find a n, x n, linear bounded

system @ such that |QNy| < 5 and ||QN¢|« is maximized, i.e.

max{ | @Nlloo - [@Nalloe < 5},

where () must be exponentially stable for infinite-horizon case.

Remark 7 We should point out that the 5,/ 7%, problem itself is not interesting. This is
because making ||QNy|« large does not imply good sensitivity to the faults since the faults
may not occur in the direction where |QN¢| « is large. We include this problem formulation
here because it has been widely considered in the literature and it also turns out that our
optimal solution to other problems is also an optimal solution to this problem. However,
other optimal solutions for this particular criterion may not be a good candidate of fault

detection filter, since the optimal solution to this problem is generally not unique.
Before the main result is given, two preliminary results are needed.

Lemma 17 Suppose G is a state space system with realization given by equations (2.3) and

(2.4), with x(0) = 0. If there exists a bounded and symmetric matriz X (t) satisfying

XA )+ A)X () + BB (t) = X(t)
Dt)B'(t)+Ct)X(t) = 0

DHD'(t) = I

with X (0) = 0 for all t € [0,T], then G is co-isometric on Z[0,T]. If the system G is
observable, these conditions are also necessary.

The result is also true for infinite-horizon case (T — o).
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Proof The adjoint system G™ is:

p(t) = —A'()p(t) — C'(t)y(t)

u(t) = B'(t)pt) + D'(t)y(t)

with p(T) = 0. When X (0) =0,

HUH%,[O,T}
= ||GN?J||§,[0,T]
T d
= / (B'p+ D'y)(B'p+ D'y) — E(p/Xp)dt
0

T
= / y'DD'y + 2y (DB’ + CX)p+p' (=X + XA + AX + BB')pdt
0
= HyHg,[O,T]

when DB’ + CX =0 and DD’ =] and —X + XA+ AX + BB’ = 0.

Conversely, let X (¢) be the controllability gramian, we have

HuH%,[O,T] - H?JHg,[o,ﬂ
= HGNyH%,[O,T] - ||Z/H§,[0,T]

d
P Xx) —y'ytdt

= [ @+ Dy ) - G

= / y'(DD" = Iy + 2y (DB + CX)p
0

+p (=X + XA + AX + BB )pdt

T
= / y' (DD — Iy + 2y (DB 4+ CX)pdt.
0

When the system is observable, the adjoint system is controllable. Consider y; = Pry, where
Pr is the truncation operator. Since controllability ensures that p(t) spans Z" as y ranges
over %[0, T]. So DB"+ CX =0, hence, DD' = I.

The proof for infinite-horizon case is similar. 0

o1



The following lemma aims to find the state space realization of spectral factorization for

NyNj, where Ny is the system in the left coprime factorization G = M~*N = M [N, N; Ny].
Lemma 18 Assume a state space realization of the linear system Ny is:
z3(t) = [A(t) + LO)C#)] z3(t) + [Ba(t) + L(t) Da(t)] d(t)
ys(t) = C(t)xs(t) + Dqa(t)d(t).
Let V' be an invertible and causal system such that V~'Ny is co-isometric. That is,
(VTING)(VTING™ =1
Then, a state space representation of V' is given by
Bt) = [A®) + LOCH)]p(t) + (([Balt) + L(t) Da(t)] Dy + Y ()C'(6)) Ry 2 (#) ult)
y(t) = Cp(t) + B (0)u(t)
with the state space representation for V=1:
4(t) = [AQ@) + Lo(t)C(1)] q(t) + [Lo(t) = L(1)] y(?)
u(t) = RyP(0CHa() + Ry (1))
where Lo(t) = — [Ba(t)D}y(t) + Y (£)C'(t)] R, (t) and Y (t) satisfies the following differential
Riccati equation:
Ar(®)Y (8) +Y () AR(t) = Y () C' (DR ()C ()Y (t) + Br(t) By(t) = Y (1) (3.5)

with Y (0) = 0.
If (C(t), A(t)) is detectable and (Ag(t), Br(t)) is stabilizable, there exists an unique and
bounded solution Y (t) > 0 for the differential Riccati equation (3.5), and the realization V!

is exponentially stable. Furthermore, L(t) can be chosen so that

#(t) = [A() + LOC )] ()
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1s exponentially stable.

Proof According to Lemma 17, to show that V!N, is a co-isometric system with the

following state space realization:

#(t) = [A(t) + Lo@)C ()] x(t) + [Ba(t) + Lo(t) Da(t)] d(t)

r(t) = RyP(OC0)x(t) + R, () Da(td(t),
it is sufficient to check the following three conditions:

Y () [A(t) + Lo(t)C(#)] + [A(t) + Lo()C ()] Y (1)

+ [Ba(t) + Lo(t) Da(t)] [Ba(t) + Lo(t)Da(t)] = Y (1) (3.6)
RyV2(4)Da(t) [Ba(t) + Lo(t) Da(t)] + Ry *(1)C(H)Y (1) = 0 (3.7)
[R72()Da(0)] [R;W(t)pd(t)]' . (3.8)

Obviously, equation (3.8) is equivalent to R(t) = Dy(t)D/(t) > 0, since Dg4(t) has full row
rank for all t > 0. Equation (3.7) is equivalent to Lo(t) = — [Ba(t) D (t) + Y (£)C'(t)] R, (¢).
Replacing Ly by — [Ba(t)D}(t) + Y (£)C'(t)] R;'(t) in equation (3.6), we get the differential
Riccati equation (3.5).

According to Lemma 10, when (C(t), A(t)) is detectable and (Ag(t), Br(t)) is stabilizable,
the solution for differential Riccati equation (3.5) Y'(¢) is unique and bounded and Y'(t) > 0,

and system

i(t) = [Ar(t) — Y ()C' ()R ()C(1)] 2(t)

= [A(t) + Lo()C(1)] x(t)

is exponentially stable. Therefore, system V! is exponentially stable. O
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3.2 Main Results

We shall now present the solutions for all s /2, )7, and L, | 7, fault detection

problems.

Theorem 3 For the linear time-varying system G with realization given by equations (3.1)

and (3.2) for both finite-horizon case and infinite-horizon case, an optimal filter for all

H | A, I o and Ho, | H problems is the following observer:
2(t) = [A(t) + Lo()CD] 2(t) + [B(t) + Lo(t) D()] u(t) — Lo(t)y(t)

r(t) = BR;()(y(t) — C(t)i(t) — D(tyu(t)).

where

Ry(t) = Dy(t)Dy(t) > 0,
Lo(t) = — [Ba(t) Dy(t) + Y (1) C" ()] Ry (t)
and Y (t) is the solution to the following differential Riccati equation:
AR(OY (1) + Y (D A5(t) — Y (0C' (0 (C(Y (0) + B(t) By(t) = Y (1

with Y(0) = 0.
For an infinite-horizon t € [0,00), we have Y (t) > 0 is bounded and unique, and the filter

above is also exponentially stable.

Proof Since N, admits the following spectral factorization

NyNy =VV™,
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we have

(QNa)(QNa)™ = QNsNyQ~
= QVV~Q~
= (QV)(QV)™.

Hence

1QV [|oe = [|QNal|oo-

Using the above equality with ||Q Nyl < § and Lemma 11, we have

IQNsll- = lQVV ™ Nl
< QV o [VTIN |-
= | QNalloollV "Nyl

< BIVINg| -

Obviously, the inequity is also true for .74 norm and %, norm according to Lemma 11.

That is

QN2 < BV Ny,

1QNflloe < BIV TN |oc-

When QV = B3I, that is, Q = BV !, the filter is optimal since the equality can be
obtained.

Thus, according to Lemma 18, one state space realization for @) is



In addition, the corresponding state space realization for the filter F' in Figure 2 is,

2(t) = [A(t) + Lo()C0] 2(t) = Lo(t)y(t) + + [B(t) + Lo(t) D(1)] u(t)
r(t) = BR;(0)(y(t) — C()a(t) — D(t)u(t)).

According to Lemma 18, for infinite-horizon case, M, N,, and V! are exponentially stable.

Hence, filter F' is exponentially stable. O

Remark 8 For infinite-horizon case, when system G 1is linear time invariant, the filter

converges to a time invariant one that is the same as the one given in [56] (see Section

2.5.2).
Remark 9 The solution is optimal to all H | 7, 7] 5, and H, | 7o problems.

Remark 10 The solution is independent of the choice of L(t) matriz function, that is,

independent of coprime factorization.

Remark 11 If Dy(t) is a nonsingular square matriz, the differential Riccati equation can

be simplified as
AR(Y (1) + Y () AR(t) = Y ()C (R (CHY (1) = Y (2), (3.9)

since D (t)R;'(t)Dy(t) = 1. According to Lemma 10, if (Ag(t),0) is stabilizable and
(D' (#)C(t), Ar(t)) is detectable, in other words, i(t) = Ag(t)x(t) is exponentially sta-
ble, the solution for the equation (3.9) is unique and bounded, that is Y (t) = 0. Hence,

Lo(t) = —By(t)D;'(t) and the filter becomes

p(t) = Ar(D)a(t) + [B(t) — Ba(t) Dy (t) D(t)] u(t) + Ba(t) Dy (t)y(t)
r(t) = BD; (1) [y(t) — C()2(t) — D(t)u(t)]-
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3.3 Extension to Unknown Initial State

In the previous sections, we have assumed that the original system given by (3.1) and (3.2)
has the initial state 2(0) = 0. If 2(0) # 0 but is known in advance, we can subtract its
contribution from the output and transform the original problem into a problem with zero
initial state that we have solved in the previous section.

In this section, we formulate a new optimization problem with extra terms considering
the effect of uncertain initial condition in the fault detection filter design.

The same procedures in the previous sections can be carried out to completely decouple

the residual signal from the input signal u(t) so that
r=QNad+ QNyf

where () is a bounded linear time-varying system to be designed. Here, the system N, and
Ny are the same as those in the previous sections but with an important difference that Ny
has an unknown initial state 2(0) and N; has a zero initial state.

The standard system we consider is G, xp:
z(t) = A(t)z(t) + B(t)w(t), (3.10)
y(t) = Ct)x(t) + D(t)w(t), z(0) = xy unknown (3.11)
It can also be written in a simple way,
G: (xo,w) —y
In order to consider the effect of initial condition, we define the following inner product
for the system given by equations (3.10) and (3.11).

Definition 22 The inner product in ™ x £[0,T] is defined as:

< (w1, w1), (72, ws) >2[0,7]= Ty Rro+ < wy, wo >2.[0,T]
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where R = R' > 0, x1, x2, w; and wy are initial states and input signals, respectively.
The positive matrix R with compatible dimensions can be thought as penalty that reflects the

knowledge we know about the initial state. The more we know the state, the bigger R should

be.

Based on the definition of the inner product, we give a new definition of adjoint system

with initial condition.

Definition 23 ( [59]) Adjoint system in 25 o) is a map from output signal to initial state

and input signal
G™ :y — (p(0), w)
It includes two parts: initial condition p(0) and a dynamic system:

R7! fOT d'(s,0)C"(s)y(s)ds

G~ =
ST B/(6)®'(s,1)C" (s)y(s)ds + D' (t)y(t)

A state space realization of G~ can be obtained as:

o Initial condition:

e Dynamic model:

Plt) = —AOp(t) — (Y1) p(T) =0

w(t) = B'(t)p(t) + D'()y(t),

Note that it is sufficient to let T — oo when considering systems in L.

In this section, we will use this adjoint system to derive our fault detection filter.
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Definition 24 Similar to co-isometric system defined before, the co-isometric system with

uncertain initial state is as follows:
GG~ =1
More specifically, system defined by equations (3.10) and (3.11) is co-isometric if and only
of
lwll3 + 26 Rzo = [lyl3

where the 2 norms of w and y can be defined in either £ or Z5 o 1.

Next, we give a revised version of Lemma 5 that considers the effect of unknown initial

state.

Lemma 19 Suppose that G is a state space system with realization given by equations (3.10)

and (3.11) with unknown xz(0). If there exists a bounded and symmetric matriz X (t) satis-
Jying
XA ) +AQX () + BB (t) = X(t)
D®)B'(t)+Ct)X(t) = 0
D)D'(t) = I
with X(0) = R~ for all t € [0,T], then G is co-isometric on %[0, T|. If the system G is

observable, these conditions are also necessary.

If T'— oo, the result is also true.

Proof The adjoint system G™ is:

initial condition: zg = R~1p(0)
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dynamic model:

pt) = —A'()p(t) — C'()y(t)

u(t) = B'(t)p(t) + D'(t)y(t) with p(T) = 0.

||UH3,[0,T] + 2 Rg
=G~ yll3 0.0 + 2’ (0)R™'p(0)
T d
= / (B'p+ D'y)(B'p+ D'y) — E(p’Xp)dt +p'Xply +p'(0)R"p(0)
0
T / ! / !
:/ y' DDy + 2y (DB + CX)p
0
+ 9/ (=X + XA + AX + BB')pdt + p'(0)(R™* — X(0))p(0)
:”Z/HS,[O,T]
when DB’ + CX =0 and DD’ =T and —X + XA'+ AX + BB’ =0 and X(0) = R,

Conversely, let X (¢) be the controllability gramian, we have

Hu”g,[o,ﬂ + zoRxy — ||Z/H§,[0,T]
=1G~yl13 007 + 2 (0)R™p(0) — llyll3 0.1
T d
=/ {(B’p + D'y)(B'p+ D'y) — @(p’Xp) - y’y} dt
0
+ ' Xpl§ + P (0)R™'p(0) + p'(0) (R~ — X(0))p(0)
T
:/ vy (DD — Iy + 2y (DB + CX)p
0

+ /(=X + XA+ AX + BB")pdt + p'(0)(R™* — X (0))p(0)

= /OT Y (DD — Iy + 2y (DB’ + CX)pdt + p'(0) (R~ — X(0))p(0).

When the system is observable, the adjoint system is controllable. Consider y; = Pry, where
Pr is the truncation operator. Since controllability ensures that p(t) spans Z" as y ranges
over %[0, T], we have DB’ + CX = 0 and Y (0) = R™'. Hence, DD’ = I.
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If T'— o0, the result is obvious. 0

Now, the three problems mentioned before can be revised as follows,

Problem 4 (7 /7, problem)

ma 0Nt sup (| IO
¢ sty \| T Rro + [|d(1)[1

Problem 5 (/7 problem)

s { @V s sup ([T
¢ atrm \| ToRo + (D)3

Problem 6 (7% /5%, problem)

max { [|QNy|l2: sup 4/ — ()13 <3
¢ d(t)yzo \| ToRxo + [|d()]5

Note that the effects of noise and uncertain initial state are considered together in these

three problems and the initial state for the system Ny is zero. More specifically, the initial
states of system Ny is also xy that is unknown, while the initial states for the other systems
(i.e. Ny, M and Q) are all zeros. Therefore, the results and definitions in the previous
sections can be used directly except that the initial condition of differential Riccati equation

in Lemma 18 becomes Y (0) = R~ according to Lemma 22.

Theorem 4 For the system given by equations (3.1) and (3.2) with unknown initial state

x(0) = xo, an optimal fault detection filter for the new problems mentioned above is

2(t) = [A(t) + Lo()C(D] &(t) + [B(t) + Lo(t)D(B)] u(t) — Lo(t)y(t)

r(t) = PRy () — C(O)&(t) — Dt)u(t)].
where Rq(t) = Dy(t)D/(t) > 0,

Lo(t) = = [Ba(t) Dy(t) + Y (1)C'()] R (1)
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and Y (t) is the solution to the differential Riccati equation:
Ar()Y (1) + Y (1) AR (1) = Y (£)C' () Ry (O ()Y () + Br(t) By(t) = Y (t)
with Y (0) = R™*. For infinite-horizon t € [0,00), we have Y (t) > 0 is bounded and unique,

and the filter above is also optimal and exponentially stable.

Proof The proof is the same as that in the previous section and thus omitted. 0J

Remark 12 The filter designed is the same as that for the known initial state, except that

the initial condition for the differential Riccati equation becomes Y (0) = R~

3.4 Example

We shall illustrate our fault detection filter design with a simple linear continuous time-

varying system.

Example 1. Consider the following linear time-varying system with

—0.1 10(1 — e~t/%9) 0.1 0
A(t) = , Ba(t) =
0 —0.2 0.1 0
0.1 0
B(t) = Bty =| | cwm=[o1 01],
0.1 5

D(t) =0, Da(t) = [ 0.1 0.1 ] ,Ds(t) = 0.
Assume that the input u(t), the disturbance d(t), and the fault f(¢) are the following
forms, respectively (see Figure 3.3),

u(t) = 0

!/

d(t) = [0.252’71(0.525) 0.2cos(0.5¢t)
{0.1, 205 < t < 30s

0, elsewhere.
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Figure 3.3: Disturbance d(t) and Fault f(¢)-LCTV Case

For s | A, ) 7 and L, | 7, problems mentioned above with § = 1, we now
compare three different filter design methods. The first is the optimal filter given by Theorem
1, where Ly(t) is computed by solving the differential Riccati equation (3.5). The second is
the frozen time filter designed by considering time-varying system as time invariant system

at each instant of time, where Lg(t) is computed by solving the algebra Riccati equation
AR(O)Y (1) + Y (1) AR(t) = Y()C'(t) Ry ()C ()Y (t) + Br(t)Bg(t) = 0

at each instant of time ¢ (see [55] and Section 2.6). The third is to replace the time-varying
terms by their steady states and thus design a linear time invariant filter by [55]. In this

example, we let

—-0.1 10
0 =02

A=

Figure 3.4 shows different Ly(t) for the three filters. Since the time-varying term e~/

in the A(t) matrix approaches 0 slowly, the optimal filter gain Lo(t) and the Lo(t) in the
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Figure 3.4: Fault Detection Filter Gain Ly (¢)-LCTV Case

3
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Figure 3.5: Residuals 7(t) vs Time t -LCTV Case
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frozen time filter converge to that of the linear time invariant filter. Figure 3.5 shows different
residual signals generated by the three methods. It is clear that the residual signal generated
by the time-varying filter is much more sensitive to faults than those of the other two filters.
Furthermore, it can also be shown that the residual signal generated by linear time-invariant
filter strongly depends on the input signal u(t), since input signal is not decoupled from

residual signal at all time instants.
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Chapter 4

Fault Detection Filter Design for
Discrete Time-Varying Systems

This chapter is dedicated to fault detection for linear discrete time-varying systems (LDTVS).
Problem formulation is given in Section 4.1. Our fault detection design is presented in Section
4.2. Section 4.3 extends the result to the plant with non-zero initial state. One example is

given in Section 4.4 for illustration.

4.1 Problem Formulation

Consider a linear discrete time-varying system G with disturbance and possible faults in the

following state-space realization

z(t+1) = A(t)z(t) + B(t)u(t) + Ba(t)d(t) + By(t) f(t) (4.1)
y(t) = C(t)x(t) + D@)u(t) + Da(t)d(t) + Dy (t) f(t) (4.2)
where t = 0,1,...,7 (t = 0,1,... for the infinite-horizon case). T is a positive integer.

x(t) € Z" is the state vector, u(t) € Z™ is the input vector, y(t) € #Z™ is the output
measurement, d(t) € Z™ represents the unknown/uncertain disturbance and measurement
noise, and f(t) € Z™ denotes the process, sensor or actuator fault vector. A(t), B(t), C(t),
D(t), Ba(t), D4(t), Bf(t) and Dy(t) are bounded sequences of ¢t with compatible dimensions.
f(t) and d(t) can be modelled as different type of signals, depending on specific situations
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under consideration. Different assumptions on d(t) and f(¢) will lead to different fault
detection problem formulations and the solutions for three problems will be discussed in this
chapter.

Define

Ry(t) = Dy(t)(Da(t) Dy(t)) "

The following assumptions are made:
Assumption 11 (C(t), A(t)) is detectable;
Assumption 12 Dy(t) has full row rank for all t > 0. In other words, Dy(t)D)(t) > 0;
Assumption 13 (A(t) — By(t)Ri(t)C(t), Ba(t)[I — Ri(t)Da(t)]) is stabilizable.

Remark 13 Assumption 1 is a standard assumption for all fault detection problems for the
infinite-horizon case ( [50] [55] [56]). This assumption guarantees the existence of a L(t)
such that

z(t+1) = [A(t) + L(t)C(t)] z(t)

15 exponentially stable.

Remark 14 Assumption 2 means that n, < ng and every measurement of the output signals
is either affected by some disturbance or corrupted with some measurement noise. We arqgue
that this assumption can be made without loss of any generality since it is impossible to take
perfect measurement in any practical system and furthermore it is reasonable to assume that
the measurement noise is independent of each other. So it is reasonable to assume that the
measurement noise is independent of each other and that D4(t) has full row rank for allt > 0

(see [55] for detailed description).
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In the case of some simplified model where Dy(t) does not have full row rank, we can
simply add some columns to make it full row rank. For example, suppose Dy(t) is not full

row rank, then let

- d . -
d= y 7Bd:[Bd Onxny],DdZ[Dd eIny]

for a smalle > 0. Then Dd(t) has full row rank for allt > 0. Because € can be made as small
as possible, we argue that the performance degradation caused by the fictitious disturbances
should not be large.

This assumption might be restrictive in some applications when the external disturbances
and measurement noise are different classes of signals so that it is impossible to combine
them together in our framework. Actually, when Dy is not wide or square, in other words,
the number of outputs is greater that the number of disturbances, the decoupling of some
disturbances from residual without sacrificing the fault detection ability is possible. Therefore,
our optimization framework is still useful when it is possible to remove some disturbances

that can be decoupled from the residual( [18]). This will be discussed in details in Chapter 5.

Remark 15 The assumption 3 is an additional assumption for guaranteeing the existence
of a unique and exponentially stable filter for the infinite-horizon case. In particular, when
the plant and measurement noise are independent (i.e., By(t)D!(t) = 0), this assumption is
equivalent to that (A(t), By(t)) is stabilizable. This assumption can be significantly relazed

in the linear time-invariant case [55].

The system realization given by (4.1) and (4.2) can be written as:

Uu
y=|G. Gi G, || d
f
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where G, G4, G are n, X n,, n, X ng and n, x ny systems with the following state space

realizations:

System G,:
w(t+1) = A@)z(t) + B)u()
yu(t) = C(t)x(t) + D(t)u(t).

System Gg:
x(t+1) = A(t)x(t) + Ba(t)d(t)
ya(t) = C(t)x(t) + Da(t)d(t).

System G/

z(t+1) = A(t)z(t)+ Bs(t)f(t)

yrt) = C@)x(t) + Ds(t)f(1)-

Since (C(t), A(t)) is detectable, according to Lemma 14, system G admits the following
left coprime factorization
G=M"'N=M"[N, N; Nyl
In order to decouple the residual signal from the input signal completely, the fault de-

tection can take the following form:

Y

r=QMy - Na)=Q[ M -N, |

which is shown in Figure 4.1, where both N and M are linear systems with appropriate
dimensions and () is a bounded system to be designed. In addition, the systems in the

Figure 4.1 have the following state-space realizations.
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Figure 4.1: Filter Structure Decoupling Control Input-LDTV Case
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System N,:
z1(t+1) = [A(t)+ L{t)C(t)])z1(t) + [B(t) + L(t) D(t)]u(t)
y(t) = Ct)z(t) + D(t)u(t).
System M:
za(t+1) = [A(t) + L(t)C(1)]xa(t) + L(t)y()
System Ny:
x3(t+1) = [A(t) + L(t)C(t)]xs(t) + [Ba(t) + L(t)Dy(t)]d(t)
ys(t) = C(t)as(t) + Da(t)d(t).
System Ny:
za(t+1) = [A(t) + L(t)C(#)]xa(t) + [By(t) + L(t) Dy ()] f(2)
ya(t) = C(t)za(t) + Dy(t) f(1).
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By simple computation, it is easy to verify that the signal e(t) = yo(t) —y1 (¢) is decoupled
from the input signal u(t). In addition, the system from d(t) to r(t) is QN4 and the system
from f(t) to r(t) is QNy.

Similar to [55], we formulate the following problems:

o (S| problem) Let an uncertain system be described by equations (4.1) and (4.2)
and let 8 > 0 be a given disturbance rejection level. Find a n, x n, linear system @)

such that ||QNy|loc < B and [|QNy||— is maximized, i.e.

max{ |@Nyll- : |@Ndllo < 5},

where () must be exponentially stable for the infinite-horizon case.

o (57, problem) Let an uncertain system be described by equations (4.1) and (4.2)
and let 8 > 0 be a given disturbance rejection level. Find a n, x n, linear system @)

such that ||QNy|/oo < B and [|QN¢||2 is maximized, i.e.
max{ | QN+ QN < 5,
where () must be exponentially stable for the infinite-horizon case.

o (I, | % problem) Let an uncertain system be described by equations (4.1) and (4.2)
and let 3 > 0 be a given disturbance rejection level. Find a n, X n, linear system @

such that ||QNglleo < 8 and [|QNy||o is maximized, i.e.
max{ |[@Nlloo : [@Nalloo < 5},
where () must be exponentially stable for the infinite-horizon case.

Before proving the main result, we introduce the following lemma to provide a spectral
factorization of the system N,.
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Lemma 20 For the system N, given by equations (4.3) and (4.4), a spectral factorization

is system V :
p(t+1) = [A(t) + LOCOe(t) + (L) — L) Ry (B)u(t)
y(t) = CB)a(t) + Ry (t)u(t)
with V=1
w(t+1) = [A(®) + LiO)C®)]x(t) + [Li(8) — L(B)]u(t)
y(t) = RyAOC(a(t) + Ry (H)u(t)
where Rq(t) = Dy(t)Diy(t) + C(t)P(t)C'(t), Li(t) = —[Ba(t)D4(t) + A(t)P(t)C'(t)] Ry ()
and P(t) is the solution of the following difference Riccati equation
A)P(t)A'(t) — Ly (t)Ra(t) Ly (t) + Ba(t)Bjy(t) = P(t+1) (4.5)

with P(0) = 0.

Proof Since Assumptions are satisfied, Lemma 15 can be applied to Ny to get VV™ =

NyN7 where P(t) satisfies the following difference Riccati equation
Arc(t)P(t) AL (t) — T(4)Ra(t)T'(t) + Brp(t) By p(t) = P(t+1)

where

Arc(t) = A(t) + L(H)C(1),

Brp(t) = Ba(t) + L(t)Dq(t),

T(t) = [Ac(t)P()C'(t) + Bup(t) Dy(t)| Ry (t).
It is easy to show that the above difference Riccati equation can be simplified to the

difference Riccati equation (4.5). The rest of the proof follows from some simple algebraic

manipulations. 0
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The following lemma is to show that under the three assumptions mentioned above,
there is always a bounded solution for the difference Riccati equation and the system V!

is exponentially stable.

Lemma 21 Suppose (A(t)—Ba(t)R:(t)C(t), Ba(t)[I—Ri(t) Dy(t)]) is stabilizable and (C(t), A(t))
is detectable. There exists a nonnegative bounded solution P(t) > 0 to the filter Riccati equa-

tion (4.5), and the system V1 is exponentially stable.

Proof In order to simplify the problem, let’s consider the special case By(t)D)(t) = 0.
Now, the assumptions turn out to be that Dy(t)D/(t) > 0, (A(t), Ba(t)) is stabilizable

and (C(t), A(t)) is detectable.

According to Lemma 16, the following difference Riccati equation
APHA' () — [APH)C IR (AR P()C (1) + Ba(t)By(t) = P(t+1)

has a nonnegative bounded solution, and A(t) — A(t)P(t)C'(¢t)R;"(t)C(t) is exponential
stable.
Now we try to relax the constraint that B,(t)D}(t) = 0.

Note that the first state equation of the system N, can be written as

z3(t+1) = [A(t) — Ba(t)R,(1)C(t) + L(t)C()]as(t) + Ba(t)Ry(t)ys(t)

+[Ba(t) — Ba(t)Ri(t) Da(t) + L(t)Da(t)]d(t).

Its state z3(¢) can be decomposed as

~

w3(t) = x(t) + (1),

where Z(t) depends on x(0) and [By(t) — Ba(t)R:(t)Da(t) + L(t) Da(t)]d(t), while Z(t) is the
contribution due to By(t)R;(t)ys(t) term, and it is known exactly. Therefore, we only need
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to consider Z(t). So the state equations become

T(t+1) = [A®t) + LOCH))FE(®) + [Ba(t) + L(t) Da(t))d(t)

ys(t) = C0)z(t) + Dalt)d(?)

where A(t) = A(t) — Ba(t)R,(t)C(t) and By(t) = By(t)[I — Ry(t)Dy(t)]. Obviously, the new
state equations satisfy By(t)D/y(t) = 0.

In other words, the constraint By(t)D/(t) = 0 is relaxed with the following new matrices

A(t) — A(t) = Ba(t) Dy(t)(Da(t) D))~ C (1)

Bu(t) — Ba(t)[I — Diy(t)(Dalt) Dy(t)) ™ Da(t)):

Now, the difference Riccati equation becomes

AWPA(L) = (AW POC (1) By (AR PE)C' ()Y + Bat)Ba (t) = P(t+1)

where Ly (t) = —(B(t)D}y(t)+ A(t) P(t)C' (1)) B; ' (t) and Ry(t) = Dy(t)Dly(t)+C(t)P(£)C' ().
It can be simplified as the difference Riccati equation (4.5) by some simple algebraic
manipulations, and furthermore, A(t) + A(t)P(t)C" (t)ﬁ;l(t)(}'(t) is exponentially stable.

That is, A(t) + L1(t)C(t) is exponentially stable. Hence, V! is exponentially stable. O

4.2 Main Results

We shall now present the solutions for all s /2, )7, and L, | 7, tault detection

problems.

Theorem 5 For the system given by equations (4.1) and (4.2) under three above assump-
tions (Assumption 3 only for infinite-horizon case) for both infinite and finite case, an op-
timal fault detection filter for all | #,, ] #, and H | H cases, has the following
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state space representation
pt+1) = [A@) + Li)C)]2(E) — Li(t)y(t) + [B(E) + Lo () D(O)]u(t)  (4.6)
r(t) = BRy(B)y() — C(0)a(t) — D(t)u(?) (4.7)

where Li(t) = —(A(®t)P(t)C'(t) + Ba(t)Dy(t)) Ry (t), Ra(t) = Da(t)Dy(t) + C(t)P(t)C'(t)

and P(t) satisfies the following difference Riccati equation:
A)P(t)A'(t) — Ly (t)Ra(t) Ly (t) + Ba(t)By(t) = P(t+1)
with initial condition P(0) = 0.

For the infinite-horizon case, this fault detection filter is also exponentially stable.

Proof Since Ny admits the following spectral factorization

NyN7 =VV™,
we have
(@Na)(@Na)™ = QN4NgQ~
= QVV~Q~
= (@V)@QV)™.
Hence

1QV lloo = [|QNalloo-
Using the above equality with ||QN,|| < 8 and Lemma 11, we have
IQNfll- = QVV TNy
< [IQV|so VTN |-
= [[@Nalloo ||V Ny |-
< BIVTINGI-
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Obviously, the inequity is also true for 7% norm and .7, norm according to Lemma 11.

That is

QN2 < BV Ny,

1@N;lloe < BIV TNyl o-

When QV = B3I, that is, Q = BV 1, the filter is optimal since the equality can be
obtained.

Thus, according to Lemma 20, one state space realization for the system () is

z(t+1) = [A@t) + Li(t)C(t))2(t) + [L1(t) — L(t)]e(t)

r(t) = BR;P($)C(1)a(t) + BR; VP (t)e(t).

Further, the corresponding state space realization for the filter F' is given by equations
(4.6) and (4.7).
According to Lemma 21, for the infinite-horizon case, Ny and V! are exponentially

stable. Hence, the filter F' is exponentially stable. O

Remark 16 Assume that all coefficients of equations (4.1) and (4.2) are O-periodic, that
18, the system G is periodic. Since periodic system is a special case of time-varying system,
the same filter is derived, while all coefficients of the filter are 8-periodic. This result is the

same as the solution in [90].

4.3 Extension to Unknown Initial State

In the previous sections, we have assumed that the original system given by (4.1) and (4.2)

has initial state z(0) = 0. If 2(0) # 0 but is known in advance, we can subtract its
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contribution from output and transform the original problem into a problem with zero initial
state that we have solved in the previous section.

In this section, we formulate a new optimization problem with extra terms considering
the effect of uncertain initial condition.

The same procedures in the previous sections can be carried out to completely decouple

the residual signal from the input signal u(t) so that
r=QNad + QNy f

where () is a bounded linear time-varying system to be designed. Here, the system N, and
Ny are the same as those in the previous sections but with an important difference that Ny
has an unknown initial state 2(0) and N; has a zero initial state.

The standard system we consider is G, xn:

2(t4+1) = A@)z(t) + B(t)w(t) (4.8)

y(t) = Ct)x(t) + D(t)w(t), z(0) = xy unknown. (4.9)
It can also be written in a simple way,
G : (xg,w) — y.

In order to consider the effect of initial condition, we define the following inner product

for the system given by equations (4.8) and (4.9).
Definition 25 The inner product in Z™ x 15[0,T] is defined as:
< (21, w1), (T2, wa) >2.10,T]= IllR$2+ < Wi, W2 >20,1]

where R = R' > 0, x1, x2, wy and we are initial states and input signals, respectively.
The positive matriz R with compatible dimensions can be thought as penalty that reflects the
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knowledge we know about the initial state. The more we know the state, the bigger R should

be.

Based on the definition of the inner product, we give a new definition of the adjoint

system with an initial state.

Definition 26 Adjoint system in 13]0,T] is a map from output signal to initial state and
input signal

G~ 1y — (zo,w).

It includes two parts: initial condition p(—1) and a dynamic system:

RV (¢, 0)C" (t)y(t)
SELIB/ () (5,8)C"(s)y(s)] + D' ()y(t)

GN:

A state space realization of G~ can be obtained as:

o Initial condition:

e Dynamic model:

Note that it is sufficient to assume T — oo when considering systems in I3[0, 00).

In this section, we will use this adjoint system to derive the fault detection filter.

Definition 27 Similar to co-isometric system defined before, the co-isometric system with
uncertain initial state is as follows
GG~ =1.
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More specifically, the system defined by equations (4.8) and (4.9) is co-isometric if and
only if

lwll* + = Rao = [lyl*

where the 2 norms of w and y can be defined in either I3[0, 00) or I3[0, T].

Next, we give a revised version of Lemma 5 that considers the effect of unknown initial

state.

Lemma 22 Suppose G is a state space system with realization given by equations (4.8) and
(4.9) with unknown initial state x(0) = xo. If there exists a bounded and symmetric matriz

X(t) satisfying

AX (A (t)+ B(t)B'(t) = X(t+1)
B@)D'(t) + A®)X(@t)C'(t) = 0

D)D) + COXHC'(t) = I

with X(0) = R~ for all t € [0,T)], then G is co-isometric on 13[0,T]. If the system G is
observable, these conditions are also necessary.

If T — oo, the result is also true.

Proof The adjoint system G™ is:
initial condition: zy = R~ 'p(—1)

dynamic model:
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lw(®)12, 0,71 + 26 R0
=IG~y(O)2 0z + 2/ (=1)R7'p(-1)

T T

=Y _[B'(6)p(t) + D' )y [B'(t)p(t) + D'()y(t)] — Y _{p' ()X (t+1)p(t) — p'(t=1)X ()p(t—1)}
:Z)’(t)X(t + Dp(t)]=y + 0/ (-1 R 'p(-1) -

= i){y’(t)[D(t)D’(t) +C(O)X @ (O)]y(t) + 20" (O)[B()D'(1) + A()X () (1)]y(t)
: p(H)[=X(t+1) + AR X (@) A'(t) + B(t) B'(1)]p(1)}

+p/ (DR = X (0)]p(-1)

=||y(t) ||§,[0,T]

when B(£)D'(t) + A(t) X (£)C"(t) = 0, —X (t+1) + A(t) X (1) A'(t) + B(t)B'(t) = 0, D(t)D'(t) +
CHXH)C'(t) = I and X(0) = R,

Conversely, let X (¢) be the controllability gramian, we have

||w||%,[0,T] + 2o R — ||?/||g,[0,T]
:”Gwy(t)”g,[o,T] ‘f'p/(_l)R_lp(_l) - “yH%,[O,T}

=> {[B'p(t) + D'y B (0)p(t) + D' (t)y(1)] — ' (t)y (1)}

= {POX+1)p(t) - p'(t-1)X (t)p(t—1)}

+ ' ()X (t+ Dp(t)li=y + P (DR 'p(-1)
=Y Y OIDOD'(t) + COX)C(t) = Ly(t) + 29" (0B D' (1) + A1) X ()T (8)]y (1)

+p'(O)[=X(t+1) + AR X (@) A'(1) + B(E)B'(1)]p(1) }

+p/ (DR = X (0)]p(-1)
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When the system is observable, the adjoint system is controllable. Consider y(t) =
Pry(t), where Py is the truncation operator. Since controllability ensures that p(¢) spans R"
as y ranges over 5[0, T, we have B(t)D'(t) + A(t)X (t)C’'(t) = 0 and X(0) = R™'. Hence,
D)D'(t)+ C(t)X(t)C'(t) — I = 0.

If T'— o0, the result is obvious. O

Now, the three problems mentioned before can be revised as follows,

Problem 7 (¢ /%, problem)

masx 4 JON;| : sup 4O by
Q dt)wo \| ToRwo + ||d(t)]]

Problem 8 (7, /. problem)

max ||QNf||oo : sup , ||T<t)||2 2 - B
¢ a0 \| TR0 + [d(D)]

Problem 9 (74 /7, problem)

max ¢ [[QNyl[2 : sup , ()1 <5
¢ d(t)xo \| Toltwo + [|d(t)]|

Note that the effects of noise and uncertain initial condition are considered together in

these three problems and the initial condition for the system )Ny is zero. More specifically,
the initial condition of system N, is also xy that is unknown, while the initial conditions for
the other systems (i.e. N,, M and @) are all zeros. Therefore, the results and definitions
in the previous sections can be used directly except that the initial condition of difference

1

Riccati equation in Lemma 13 becomes X (0) = R™" according to Lemma 22.

Theorem 6 For the system given by equations (4.1) and (4.2) with unknown initial state
x(0) = xg, an optimal fault detection filter for the new problems formulated above is
2(t+1) = [A(t) + Li(t)C(O)]E(t) — La(t)y(t) + [B(t) + L1 (t) D(t)]u(t)
r(t) = BRy(M(t) = COZ(H) = D(tyu(®),  with i(0) =0
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where Ry(t) = Dy(t) Dy(t)+C(t)P(t)C"(t) > 0, Li(t) = —(Ba(t) D4(t)+A(t) P(t)C"(t)) Ry ()

and P(t) is the solution to the difference Riccati equation:
A(t)P(t)A'(t) — Ly(t)Rq(t) L} (t) + Ba(t)By(t) = P(t+1)

with P(0) = R™'. For the infinite-horizon case t € [0,00), P(t) > 0 is bounded, and the

filter is also asymptotically stable.

Proof The derivation of the filter formula and optimal property of the fault detection filter
is the same as that in the previous section and thus omitted.

Regarding to the stability of the fault detection filter for the infinite-horizon case, instead
of proving it directly, we find it can be transformed into a Kalman filter problem. Specifically,

for the system

x(t+1) = A(t)x(t) + Ba(t)w(t),
y(t) = Ct)z(t) + Da(t)w(t),
with assumption By(t)D/(t) = 0, under the standard assumptions for the Kalman filter, its
Kalman filter form is given by
pt+10t) = [A@W) + LO)CO))E(t—1) = Li(H)y(t),  2(0]—1) = o
Li(t) = —AQ)POC'(ODOD () +COPHC' ()], Rh=R"
P(t+1) = A@)P@)A(t) — At)P)C'(H)[D(t)D'(t) + C(t)P(t)C' ()] 'C(t)P(t) A'(t).
From [27], we know that, under three assumptions above, the Kalman filter is asymptot-

ically stable, so is the fault detection filter.

The assumption ByD), = 0 can be relaxed by the methods in Lemma 21. 0
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Remark 17 The filter designed is the same as that for the known initial state, except that

the initial condition for the difference Riccati equation becomes P(0) = R™'.
4.4 Example

Consider a linear discrete time-varying system with the following coefficients

—0.1 1+10x0.9 0.1 0
A(t) = , Ba(t) = ,
0 —0.2—0.1" 0.1 0
0.1 0
B(t) = Bit)=| | ot =01 01],
0.1 5

D(t) =0, Da(t) = [ 0.1 0.1 ] , Ds(t) = 0.

where t = 0,1,2,---. Assume that the input u(¢), the noise d(t), and the fault f(¢) are the

following forms, respectively,

{0, t < 20s
u(t) =
20,

elsewhere;
/
a(t) = | 0.2sin(05t) 0.2cos(0.50) | :
0.1, 5s<t<10s
ft) =
0, elsewhere.

For 7 |, 6] and .| 7, problems mentioned above with 8 = 1, we now
compare three different filter design methods. The first is the optimal filter given by Theorem
1, where Ly(t) is computed by solving the difference Riccati equation (4.5). The second is
the frozen time filter designed by considering time-varying system as time invariant system

at each instant of time, where L;(t) is computed by solving the Algebra Riccati equation

A@)P()A'(t) — Ly (t) Ra(t) L (t) + Ba(t) By(t) = 0

at each instant of time ¢ (see [56] and Section 2.6). The third is to replace the time-varying
terms by their steady states and thus design a linear time invariant filter by [56]. In this
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Figure 4.2: Ly(t) vs Time t-LDTV Case

example, we let

-0.1 1
0 -0.2

A=

Figure 4.2 shows different L;(t) for the three filters. Since the time-varying term 0.9
in the A(t) matrix approaches 0 gradually, the optimal filter gain L;(¢) and the L;(¢) in
the frozen time filter converge to that of the linear time-invariant filter. Figure 4.3 shows
different residual signals generated by the three methods. It is clear that the residual signals
generated by these three filters are sensitive to faults. However, it can also be shown that
the residual signal generated by the linear time-invariant filter strongly depend on the input
signal u(t), since input signal is not decoupled from residual signal at all time instants.
Specially, when ¢ > 20s that is the step instant of the input signal, the residual produces a

strong fluctuation even that no fault exists at this instant.
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Figure 4.3: Residual r(t) vs Time ¢t-LDTV Case
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Chapter 5

Fault Detection Filter Design with
Partial Disturbance Decoupling and
Optimization

In this chapter, we consider the multiple-objective optimization (MOO) criteria such as
H_ | K, S| s and H, | H, in Section 2.6 for fault detection to a more general case
when G is a tall transfer matrix and D; may not have full column rank for linear discrete
time-invariant plants. It is shown that the sensitivity of residual to some faults could be
unbounded because of the free parameter in the filter. Actually, faults in a certain subspace
can have bounded sensitivity, while the others that can be decoupled from the residual
could have unbounded sensitivity. We also find that this subspace is strongly related to
the image spaces of G4 and Gf. Furthermore, we also derive a method to decouple some
disturbances, without changing the fault sensitivity. Section 5.1 is our problem formulation
and motivations. The main result is given in Section 5.2. Section 5.3 discusses the non-
decoupling and decoupling conditions. Section 5.4 discusses disturbance rejection. Several

examples are given in Section 5.5 to illustrate our results.
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5.1 Problem Formulation and Motivations

Consider the following linear discrete time-invariant system with disturbance and possible

faults

x(t+1) = Ax(t)+ Bu(t) + Bad(t) + Bsf(t) (5.1)

y(t) = Cux(t) + Du(t) + Dqd(t) + Dy f(t) (5.2)

where x(t) € #Z" is the state vector, u(t) € Z™, f(t) € Z"f, d(t) € #Z"* and y(t) € Z™
are control input, fault, disturbance and output, respectively. With respect to different
situations, d and f can be modeled as different type of signals, which results in different
problem formulations. All coefficient matrices are assumed to be constant and known.

By taking z-transformations of (5.1) and (5.2), we have the system input-output equation:
Yy = Guu—i— Gdd+ fo

where G,,, G4 and G are the following transfer matrices, respectively,

A‘B B, By
C‘D Dy Dy

G=|G, G G| =

Furthermore, the following assumptions are made:

A— ewl Bd
1. rank =n+ng, V0 € [0,2n].
C Dy

2. (C,A) is detectable.

3. Dy # 0.
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Remark 18 The assumption 1 means that G4 has no transmission zeros on the unit circle.

It can be removed by the method discussed in Chapters 3 and 4.
Remark 19 The assumption 2 is a standard assumption for filter design.

Remark 20 The assumption 3 is made without loss of generality since any causal transfer
matriz Gy can be written as G4 = z_kéd such that the constant term of éd is nonzero. Thus

we can design a filter F' for CNJd, and take F' as the filter for Gg.

Remark 21 The assumption 4 is necessary for guaranteeing that every faults can be iden-
tified [63]. The assumption 5 is the case we shall solve in this chapter. The opposite case

that n, < ng has been solved in [56], which is also summarized in Chapter 2.

Since (C, A) is detectable, Lemma 3 guarantees that there exists a left coprime factor-

ization for G

G=M'N

and

A+LC|L B+LD By+LDy By+LD;
¢ |1 » Dy D,

[M N}Z[M N, Ng Ny | = (5.3)

where L is a matrix such that A + LC' is stable.
It can be shown in [55] that, without loss of generality, the fault detection filter can take

the following general form

er(My—NUU)ZQ[M —Nu} = F

u u
where 7 is the residual vector for detection, Q) € ZA72 " is a free stable transfer matrix

to be designed. The framework is shown in Figure 5.1. In general, () can be any system in
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Figure 5.1: Fault Detection Filter Structure-General Case

RS with p > n,, while it is without loss of generality to assume @ € Z#02""™ ( [55]).

Hence, we have
d
T:Q[Nd Nf:| f :QNdd+Qfo

where Ny € ZA°70 " and Ny € ZA°72 ", Here, the effect of input u has been completely
decoupled from the residual. QQNN; measures the extend to which noise/disturbance affects
residual signal and )Ny measures the extend to which faults affect the residual.

In general, an ideal fault detection filter must be able to generate residual signal r
such that r is identically zero when no fault shows up, that is, it rejects completely the
noise/disturbance d , while  must be as sensitive as possible for any fault f.

Therefore, the ideal fault detection problem can be formulated as follows,

Problem 10 Design a system Q € ZHA"2" " to generate a residual v such that

r=0, if f=0;
r#0, if f#0.

Further, it should be possible to identify the faults.
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In our framework, it is equivalent to the following problem.

Problem 11 Design a system Q € ZH"2"" such that

QNqg=0,
QNyf #0, Vf#0.

Further, it should be possible to identify the faults.

Remark 22 The condition that QN f # 0,V f # 0 is stronger than QN; # 0. For instance,

consider a simple case with

N 0 0 0
@Ny = 0 z£03 # 0.
z+0.7

T
We have QNsf = 0 for the fault signal f = [ fi O } , where f1 is any nonzero signal.

Similarly, this condition is also stronger than ||QNy|« # 0 and ||QNy||2 # 0.

Remark 23 The filter design method that only looks for a stable transfer matriz () such that
the noise/disturbance effect is completely rejected (i.e. QNyz = 0) is not always reasonable
since it may also simultaneously reject some faults in a certain subspace. For instance,
QNyf could be zero for f in certain subspace if QNg = 0, which implies that the fault in

some subspace cannot be detected.

We argue that there may exist no solution to Problem 11 for some faulty systems. It is
possible that for any @ such that Q Ny = 0, there always exists f such that QN;f = 0.

For instance, consider a simple case with

240.3 224-0.6
. z+0.7 _ z+0.7
Ny = , Np=
0 0
Q12

For any @) € %%352 such that QN; = 0 (i.e,, Q= with Qs € %%gl and

0 @
Qo € XA ijl), it follows that QN; = 0, which implies that any fault f cannot be detected.

90



Therefore, as long as no solution exists for Problem 11, new criteria are required to make
a tradeoff between two objectives: robustness to disturbance rejection and sensitivity to
faults.

In Section 2.6, when Gy is a wide or square matrix, the problem that maximizes the
fault detection sensitivity and simultaneously constrains the disturbance rejection level is

formulated as a multi-objective optimization problem

max A[|QNy[| : [[@Nalloo < 7,7 > 0} (5:4)
Qe w <™
where || - || can be anyone of %, norm, .74 norm and .7 index. Here the scalar 7 represents

the disturbance rejection level, and fault sensitivity is maximized for all possible faults.

However, when G, is a tall transfer matrix, the situation becomes much more compli-
cated. To start with, since some faults could be decoupled from the disturbances, their fault
sensitivities can be arbitrarily assigned. Fault sensitivity in terms of ||QN¢|| could be arbi-
trarily large and thus ||QN¢|| might not be appropriate to characterize the fault sensitivity.
In contrast, some faults could have bounded sensitivity. Therefore, it is appropriate to dif-
ferentiate those faults, that is, to find the subspace of f (denoted as S) in which any fault
can have bounded sensitivity, while the fault out of the subspace S could have unbounded
sensitivity (i.e. decoupled). The fault detection filter should be able to maximize the fault
sensitivities for the faults in the subspace S, that is, max ||QN;||°. Furthermore, it may be
possible to decouple some disturbances from the residual, without changing the fault sensi-
tivity. That is, it is desired to find a subspace of d (denoted as E) in which the disturbance
is completely rejected by the filter.

Therefore, we formulate the following problem.
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Problem 12 Let v > 0 be a scalar that represents the disturbance rejection level. The fault

detection filter design is:

1. Find a proper transfer matriz Q € ZH72""™ and a subspace S of faults f such that

the following criteria are satisfied

||QNd||oo S v
max € RAL | QNy |

QNI can be arbitrarily assigned

where S .= {f: f € L7, f ¢ S} and ||QN;||° represents any one of |QN;||%, |QNy||5

and [[QNy |3
2. If possible, find a subspace E C £,' and a transfer matriz Qe RA™ such that
QNud =0, YdeEC.Z"
and the fault sensitivity in Step 1 is unchanged.

Remark 24 The criteria in Problem 12 is more reasonable than the problem stated in (5.4),
since Problem 12 emphasizes on decoupling some disturbances and some faults from the
residual, besides mazimizing the fault sensitivity. Actually, Problem 12 is identical to the

problem stated in (5.4) when S = £, and E = 0.

Remark 25 When v =0, we have QN,; = 0 in the sense that disturbance can be completely

decoupled/rejected from residual.

5.2 Fault Detection Filter Design

In this section, we shall derive our fault detection filter for Problem 12 without considering

disturbance rejection (i.e. E = {0}), based on the co-inner-outer factorization in Lemma 6.

Lemma 23 Ny(z) € Z7 " with z = €% in (5.8) has rank nq for any 0 € [0, 27].
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Proof It can be easily shown by

A+ LC —e% By+ LDy I L A—eT By
C D, 0 I C Dy
Then the conclusion follows from Assumption 1. 0

Since Ny(z) with z = 7% has full column rank for any 6 € [0,27] by Lemma 23, Lemma

6 can be employed to obtain the following co-inner-outer factorization

Na = NoN;

where N, € ZA7 " is a co-outer and N; € ZH#"4*" is a co-inner. Specially, by defining

L,, =L+ Ly,.., we have

A+ L0| -1,
No - Qm
% I
A+10|L-1L,
- Qrm
c I
Loy = —(AYC' + ByD')(DaDly+ CYiC')*

+L [I — (DyD}y + CY,,C") (DD} + CY,,,C') ],

Q. = DyDly + CY,,C'

where Q,, € Z™ ™ is of full column rank and the positive semi-definite definite matrix

Y, € Z™" is the maximal solution of the following Riccati equation

Y,, = AY,A' — Sy (DyD}+ CY,,C")* S} + ByB,

= (A+ L,C)Y(A+ L, C) + (By+ LyDy)(B + Ly, Dy)'

where Sy = (AY,,C' + BD').
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Alternatively, Y,, and L,, can be thought as the solution of the following Riccati system:

[ AY, A=Y, + ByB, AY,C'+ B;D, 0
: (AY,uC" + ByD'))  DyDly+ CYC"
By defining
A+LC|L-L,
= ERATM,
c | 1
Ny can be written as
Ny = N,N; = VQ,,N;. (5.5)

Since Q,, € Z" " is a tall matrix with full column rank, the following singular value

decomposition exists

where U, € Z™*™ and V,, € Z"*" are unitary matrices, and 3 € #Z"4*" is a diagonal
matrix.
Hence,

b))
0

Let Q@ = | Q127! Qs ] U' V' with Q € ZA™ ™ and Q, € B> Tt
follows that

Y
QNg = [ QX' Qs ] 0 VinNi = Q1Vi ;.

Since V,, is a unitary matrix and Nj; is a co-inner, we have

[QNallso = |Q1VinNilloo = |Q1][00 < -

By defining
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where le € RA and Ngf € BA XM QN can be written as
QNy = [ QiZ Qq ] U,V Ny
= leflﬁu + QQNQf
where Q; € Z."*" is bounded by ||Q1]| < v and Qy € Z."»* ("~ is totally free.

Now we shall give our fault detection filter from the signal point of view.

Define
71 i= YVmNid + v Ny f
?2 = OzNfo

where 71 € £ and 75 € %, " can be thought as signals representing the information of

fault f. Let
Qn Q12
Ql = ) QQ =
Q21 Q22
The residual » bocomes
1
r = = Qfo + QNdd
T2
[ YoIN
_ Qu Q12 R 1f et Qu V. Nd (5.6)
Q21 Q22 Noy Q21

Qllzilj\vflff + Qmﬁsz + Q1 Vi Nid
QX "Nisf 4+ QuaNop f + Qo1 Vi Nid

1N ~ 10 ~
;Qnﬁ + 2 Q12r2

= N N (5.7)
i %erl + §Q227"2
_ %Qll éQlQ T
i %Qm §Q22 T
By taking
[ 0. O } | Qu Quw
1 &2 | =
i Q21 Q2
_ | Haexns ! (5.8)
| 0 al(nyfnd)x(nyfnd)
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where « is an arbitrary nonzero real number, we have

1 VVmNid+72_1N1ff 1

T9 a]% if 9
in the sense that all the fault information included in 7; and 75 are transferred to the residual
r, while the disturbance effect is constrained by ||@11]] = 7. Furthermore, any filter in the
form of (5.7) with the constraint ||Q1]l« < v can be produced by our filter (taking ¢); and
()2 as that in (5.8).

Putting @1 and @) in (5.8) into @, the residual signal becomes

r SN Vi N
r OZNQf 0
The fault sensitivity is
")/E_lj\vflf
|QNyl = ‘ _
OéNQf
Specifically, we have
0N 0 R
Q = v
0 alm,—ng
A5t 0 . A—I—Lm(J‘Lm—L
0 O‘](nyfnd) " C ‘ I
10 A+ L,C | By + LD
QNy = ! v ! f
0 adm,—ny) C ‘ Dy
Ly = —(AY,,C'+ BaDy)(DaDy + CY,,C')F

+L [I - (CY,,C" + DyD})(CY,,,C" + DaD)*] .
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L € R™" is any matrix such that A + L,,C is stable. The fault detection filter is

F = QM -N,|

¥l 0
- |7 U,V [ M —N, }
i 0 Of](ny,nd)
Rl 0 i | At LaC ‘ ~L,, B+ LyD
0 Ozf(ny,nd) C ‘ I -D

In summary, we have the following theorem.

Theorem 7 For the plant given by the equations (5.1) and (5.2), under Assumptions (1-5),

assume Y, is the maximal solution of the following difference Riccati equation
Y= (A+ L,C)Y,(A+ L,C) + (Ba+ LinDa)(B + LiDyg)
where

L, = —(AY,,C'+ B;D))(DsD};,+ CY,C")"

+L[I = (CYuC' 4 DyD})(CYC' + DaD)] .

Alternatively, L,, and Y,, are also the solutions of the following Riccati system:

AY, A" —Y,, + ByB, AY,,C' + ByD),

(AY,uC' + ByD'))  DyDly+ CYnC

Let Q,, € Z™>*™ be the Cholesky factorization 2,2, = DyD), + CY,,C" and 2, has the

following singular value decomposition

)y
Q. =U, Vin
Then a fault detection filter for Problem 12 is
yxt 0 A+ L,,C ‘ —L,, B+ L,D
F = Ul
0 aI(ny,nd) C ‘ I -D
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and

7271]’\71]0
|QNy = -
aNQf

Here, o is an arbitrary real number.
Remark 26 Theorem 7 shows that the sensitivity ||QNy|| is related to a free parameter o
that can be used to increase the sensitivity for faults in space k’@T{NQf}, while it cannot

provide more fault information, since any other filter in this form can be recovered by our

filter (5.9).
Theorem 8 For fault f € ker{ﬁgf}, we have
YETIN f

QNyf =

which is independent of the free parameter L. Thus,

Eflﬁ ker(ﬁgf)
JQN [t — || | 75T
0
18 bounded.
Proof Let
L,, = Lo+ Ls
where
LO = —(AYmC/ + BdD:i) (DdDd + CYY;rLcﬂ)+

Ls = L[I— (DD +CYC')(DD' +CYC")*]

0 0
— LU, U
0 Loy n,

where we used the fact that

b
Q, =U, Vi and Q,Q = DD+ CY(C".
0
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By defining

and

it follows that

Thus, we have

QNy

QNy

A+ L,C| L
C \1

A+LOC\L0—L
c \ I

Y Vin N
0
w0 ] A e B+ LoD
0 aly _u, ¢ | b
")/2_1 0 A+ L,C | Ls A+ LyC Bf +L0Df
0 oy, _p, ulc ul C Dy
r . 0 0
oD 0 A+ L,C | LU, /
0 [nyfnd U,
0 alp, n,
- - urc I
A+ LyC ‘ By + LoDy
c | b
r 0 0
yx1 0 ~ A+ L,C | LU,
N;+ 0 In,—n, U’
0 alp, n,
: U,C | 0
A+ LyC ‘ By + LoDy
C Dy
A¥t 0 =~ A+ L,,C ‘ LU, 0 0 ,
Nf + Um
0l n, U.C ‘ 0 0 In_n,

99



| A+ LC | By + LoDy
¢ | b
- _yz:jf\hf ] N Cat+rn.clu, o o Jfflf
oy || UC 0 [0 T | | Ny
- _yziﬁlf_Jr_AJerc w, || o]
I aNas | I e 0 11l Ny |
) _72—1J~V1f_+_A+me Lo, | _No ]
0| | ULC |al, | | Ny |
where N
Ny = ULV Ny = v
Ny
which is independent of L.
Furthermore, we have
72_1N1f

QNy = N
OéNQf

Therefore, if f € ke’r{NQf}, we also have f € ker{ﬁgf}, the nq + 1 to n, outputs of
residual are identically zero, and the first ny outputs of residual is independent of Ly. It

follows that the fault sensitivity ||QN ferr{NZf }is bounded. O

Theorem 9 ||QNy|| achieves the mazimum for faults in k@T{NQf}. ||QNf||ker{N2f} can be

arbitrarily assigned.

Proof Given f € ker{ﬁzf}, we have Ngff =0,Vf e %"

IQNsfll2 = [|QVULULV N,
_ love, ]Ylff
_N2ff 2
B A I e Y,
I 0O O 0 )
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e YoIN
< llovu, /v ‘ Y i
0 0
J s 2
In addition, we have
by
|QNallw = [[QNoNilloo = ||QVUn, . Vi N
by
= |QVU, <.
0
Therefore,
SNy f -
[QN¢ll2 <~ = || =7 Ny f
2
42
—1 AT
|QN; I 58]
fekeTNQf ||-f||2 a feker]’\yfzf ||‘f||2
=%t
jan MS ian n N2
rekerNay | f]2 rekerNyy | fll2

It follows that

Ler N L~ kerﬁgf
QNI < 5 571 Ry
D
and
~ kerﬁgf

kerN. _
[QNIE™ <y 571Ny

where the equalities can be achieved when ||QNy|| = 7. For our filter (5.9), the equalities
hold.

The similar proof can be derived for 2-norm based on Definition 2. ([l

Remark 27 Since v is a free parameter, we have

folﬁlf ~
- > o[ Nag|oo
OzNgf -
")/E_l]f\\?lf ~
_ > af| Nyl
OéNQf

2
Hence, fault sensitivity in terms of 7 and 75 norm can be arbitrarily assigned.
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Remark 28 [f Ngf is a tall or square matriz (n, —ng > ny), the following inequality holds

from (2)
’}/E_lﬁlf ~
~ > all ol
OéNQf
Hence, we can arbitrarily assign 7 sensitivity for any fault, given ||N2f||_ # 0.

Simialarly, if le is tall or square matriz (ng > ny), the following inequality holds
’}/Zilﬁlf L~
- > || ST Nig |-

OéNQf

Hence, we have quaranteed € sensitivity for any fault, given Hﬁl 7ll= #0.

Remark 29 For n, = ng, the filter can be simplified as

A+me\—Lm B+ LD
c \1 D

F =370,

Since pre-multiplying a unitary matriz on a system does not affect its 7, norm, V,, F is
also an optimal filter for our criteria, which is identical to the solution given in Section 2.6

i which Gq is of full row rank.
5.3 Decoupling Condition

It has been shown in the last section that the faults in the space ker{]vgf} could have
bounded sensitivity in term of . index, while the other faults in the space ker{N, 7} can
be arbitrarily sensitive. In this section we shall derive the condition under which the fault

sensitivity for any fault f € %" is bounded.

Theorem 10 (completely non-decoupling condition) If rank{[Ga(e?®) G(e1?)]} = rank{Gq(e’?)} =
ng, V8 € 0,27 , that is, image{Gs} C image{Gg}, the fault detection filter has a bounded

sensitivity in € index.
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Proof Assume
Tank;{ [ Ga(e?) Gp(e??) ] } = rank{G4(e’*)} = nq, V0 € [0, 27].

In other words,

A—ej9] Bd Bf A—@jgl Bd
= rank =n+ng V0 € [0,27]
C Dy Dy C Dy

rank

that is, image{G;} C image{G4}. Specifically, there exists a stable (possibly improper)
transfer matrix X such that Gy = G4.X.

Furthermore, it is easy to show that Ny = NyX is equivalent to Gy = G4X by the
coprime factorization (5.3).

Note that

U V1IN, = U VNN,

Ny =U'VIN; = =
Nyy 0

According to the derivation in Theorem 8, ]\~f2f = 0 implies V:S_l =T and thus V~! = V'

By (5.5), we have
IQNs]- = W2 SVaNX|- = [V INaX] -

= YIVTINg- = AN Ve Nyl

In other words, the fault detection filter has a bounded sensitivity in 7 index. U
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Theorem 11 The completely non-decoupling condition in Theorem 10 is necessary for J€-
index if ker {sz} = {0}. If ker {]vgf} # {0}, it is also necessary for . index over the

space ker{]\Nfgf}.

Proof Assume that image{G} is not a subset of image{Gy}, that is, rank{[Gq4 Gy]} >
rank{Gq} = nq, V6 € |0, 27].
According to the derivation in Section 5.3, our system () can transform [Ny Ny| into the

following form:
YV N; 72_1N1f

Q[Nd Nf]: ~
0 OéNQf

where V,,N; is of rank ny. Since rank{[Gq G¢|} = rank{[Ng N¢]} > n4, we have Ngf #0.
Therefore, the outputs of residual from ng + 1 to n, can be arbitrarily assigned if

ker{]vgf} = {0}. Thus, the fault sensitivity is unbounded. If k:er{]vgf} # {0}, the out-

put energy from ng4 + 1 to n, can be arbitrary for some fault not in k:er{]% #}+. Therefore,

the fault can have unbounded sensitivity that is inconsistent with the condition. ([l

Remark 30 This condition is also true when Gg is a square or wide matriz (n, < ng).
In [55,56], when G4 is assumed to be full row rank, this condition is satisfied automatically,

which implies the existence of the upper bound.

Remark 31 If there exists a nonzero X € Z"*"f solving the linear equation
By By
Dy Dy
then any disturbance d cannot be decoupled from residual signal, since the following equality

holds

B, By

(Gi G| = |Cr-a T by D,
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Remark 32 The completely decoupling condition is rank{[G4 G|} = rank{Gq}+rank{G}.
Otherwise, if rank{Gq} < rank{[Gq Gy} < rank{Gq} + rank{G}, partial decoupling can

be realized. [22] provided the same condition for perfect fault isolation.
5.4 Decoupling Some Disturbances

In the previous sections we showed that some faults in ker(ﬁg 7) can be decoupled so that
their sensitivities can be arbitrarily assigned. In this section we shall discuss how to decouple
(or reject) some disturbances without changing the fault sensitivity. In other words, find a

space E C %" and a transfer matrix QU € BA nvX™ guch that
QNyd=0,Yd € E C L
and the fault sensitivity in Step 1 is unchanged.

Theorem 12 Rejecting the disturbance in the following space E does not affect the fault

sensitivity.
E = {d € L [QNg)'d#£0,[QNs]'f =0, f € ker{NQf} for some i € {1,--- ,nd}}

where [A]' represents the ith row of matriz A.

Proof The residual can be written as

VSN YV N;
I Wt
OéNQf 0

r =

The residual at channel 7 is

] [271]%41 FAYVaNTd,  1<i<ng
/r' — .

o []ng] f, ng < i < ny.
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Given [Nl f} f=0forany f € ker{ﬁg 7} [7”]Z is independent of f, and thus it is appropriate

to reject the disturbance at output channel i, i.e.

Q[ViuN;]' = 0.

We use S; to denote the set of all i’s corresponding to E, that is,
S, = {z [QNJid #0,d € L [QN{]if =0, f € ker{Nas} for some i € {1, - ,nd}}
Therefore, it is appropriate to revise ) to Q such that for any disturbance d € E, we have
[QNg)'d = 0 and [QN{]'f = 0, Vf € ker{Nys}, Vi € S;

which can be done by setting Q = AQ), where A is a diagonal matrix with some zero diagonal
element.

Here we consider a special case:
E = {de L :[QNy)'d+#0,[QNs]' =0, for some i € {1,---ng}}.

Apparently, F denotes the case that some rows of N # are zero or even N, ¢ =0, which is
a subspace of E. In this case, the filter can be improved by modifying (5.9) in the previous
sections.

If N, ¢ =0, the residual expression (5.7) becomes

™ Q21N2f Qu Vi N;
T2 Q22 Noy 0

Using the similar method in the previous section, we can set ()17 = 0 such that the distur-

bance has been completely decoupled from the residual. More specifically,

1 0
r= = _ f
T9 aNayy

Thus we have the following remark.
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Remark 33 When ]vlf =0, we can revise ) as

o - [T 0y
0 O./I(ny,nd)
On, 0 , A+LmC‘Lm—L
0 O./I(ny,nd) " C ‘ 1

to completely decouple disturbance from the residual.

Similarly, when some rows of N, s are zero, the disturbance effect on the residual from
the same rows can be made zero, while it does not change the fault effect on the residual.

In other words, some disturbances are decoupled from the residual.

Remark 34 When some rows of N1y are zeros, we can revise Q) as Q)

. y-! 0
O = al’ Uy
0 alm,—ny
R favi.oln, -t
= A U,,
0 Oéf(ny—nd) C ‘ I
where
A1 0 N
0, i =0;
A= and \; = [N
1, otherwise.
0 An

5.5 Examples

In this section several examples are given to illustrate our results.

Example 1. Consider the following plant with G, = 0:

2 0 10
y=Gagd+Gsf=10 4 |d+ |2 0| [
0 0 0 3

Assume v = 1. Then M = I3, Ny = G4 and Ny = Gy.
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According to Theorem 7, we can design

05 0 0
F=Q= 0 025 0 |, «a##0isa free parameter.
0 0 «
Now
10
RQGa=QNs= 10 1
00
and [|@Ngllos =1 =1,
05 0
QG =QNy=105 0
0 3«
Now, the residual signal is
10 05 0
r=101|d+]|05 0 |f
00 0 3«
and
05 0
QG- =] 05 0 = min{0.5, 30}
0 3o ||
1QG ]l = 3av.

It follows that fault sensitivity in 7%, norm can be arbitrarily assigned due to the free
parameter . Given a > 1/6, ||QGy||- = 0.5 shows that this fault detection filter gives at
least 0.5 fault sensitivity for any fault.

Furthermore, for any fault in the space

fl . fl c of;

ker {ngf} =
the fault sensitivity is 0.5.
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Example 2. Consider the following plant

2 0 0
y=Dgd+Dsf=10 4 |d+|0|f
0 0 3

The design criterion is maxo{||QGy| : |QGq4l| < v} and v = 1.
According to Section 5, the disturbance can be completely decoupled from the residual

since rank{|Gq Gy} = rank{Gs} + rank{G;} holds. We design fault detection filter as

follows
000
F=Q=1]100 0|, «a%0isa free parameter
0 0 «
Thus, we have
00
QGa=QNg= |0 0
00

which implies that residual r is independent of disturbance d. Furthermore, we have

0
QGy=QNy=1 0
B101
and ||QGy||- = 3a. It implies that the worst sensitivity of residual signal is 3a for any fault.
Example 3. Consider the following plant
2 0 110
y=Dyd+Dsf=10 4|d+]{0 0 0|f
00 1 01

The design criterion is maxo{||QGy| : |QGq4l| < v} and v = 1.

According to Theorem 7, we have the following fault detection filter

05 0 0
Q=10 025 0 |, a# 0.
0 0 «
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Thus,

10
QNa= |0 1
0 0
and [|QN]l = 1,
05 05 0
QNy=| 0 0 0
a 0 «

|QN/|- = min{0.5, a}

Given a > 0.5, the worst fault sensitivity is 0.5, which is only for any fault in

f1
keT{NQf}: 0 [:fi+tf3=0
3

while fault sensitivity may be arbitrarily assigned for faults in ker {]@ f}.

Furthermore, since [QN;|> = 0, it is appropriate to revise Q as

0.5 0 0

Q=10 00

0 0 «

Thus we have i}
10

QNg= |0 0|,

0 0

|QNy||oo =~ = 1 and ]
0.5 05 0

QN;=| 0 0 0 |=QNy.

a 0 «

It can be shown that Q is better than (), since this fault detection filter can reject the
T
noise/disturbance from the direction [ 0 1 } , while fault sensitivity is not changed. For

T
instance, assume that the disturbance is d = [ 0 sin(t) ] (t € {0,1,---}), when no fault
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T

exists, the fault detection filter () generates a residual r = [ 0 4sin(t) 0 # 0, while the
. T

fault detection filter () produces the residual r = [ 00 0 } , which shows clearly on the

non-existence of fault.

Example 4: Consider a dynamic plant with the following coefficients

02 0 5 0 1
0 —-25 0 2.5 2
A= B =
0 0 165 0 3
0 0 0 —1.85 4
0.8 04 1
—04 1 0.5
By = By =
0.6 0.8 2
0.8 0.6 3
4 0 0 2 0.3
C=11031 D=1|05
0210 0.4
0.2 04 32
Dy= 104 06 Dy=| -31
0.3 0.6 0.3
By the algorithm in Chapter 2, we obtain
Y, =0
0.2040 0
Q=1 0.4040 0.0196
0.3040 0.0098
45883 —6 2.2745
. —9.0855 9 —4.6097
" 15455 —2 —0.3637
5.1460 —5 0.5693
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—0.4136 0.3696 —0.8321
Un = | —0.6663 —0.7456 0
—0.6204 0.5544  0.5547

1.0796 0
0 0.0668

Note that we used the free parameter L to guarantee that A+ L,,,C' is stable in the algorithm.

We take v = 1. Given a = 1, the optimal filter is F' with the following coefficients

[ 2520 115 3428 0475 |
Ao 0.8403 —0.1553 0.6409 —0.05557
0.6763 —0.9238 —4.184 —2.451
5.945 —0.3431 7.254 0.9723 |
| 5806 9325 —3.543 0.7847 |
B —1.608 2.763 —1.271 —0.1101
—0.2529 1.271 —1.544 —1.974
i —8.316 7.103 —2.328  0.983 |
i 2.748 —0.3346 —5.688 —0.4438 ]
C=13808 1126 —346 13.99
I 1.356  1.988  0.2368  2.637 |
—0.3831 —0.6172 —0.5747 0.6534
D=| 553 —11.16 8301  0.6013
—0.8321 0 0.5547  0.02774
Further, we have
—0.49592%—0.41562%—0.0776522—0.001465z —0.86842%—0.72772%—0.13622—0.00257=
2440.83823+0.156622+0.0029162 2% 40.83823+0.156622+0.0029162
QN = | e e O ot 0 S 2t

0 0

0.97472%—75.742° —893.222 —28982—1086
2%40.83823+0.15662240.0029162

QN; = 48.162*—700.423 —608822—1.415¢0042—5013
f 2440.838234-0.15662240.002916 2

—1.49824-193.423—-126522—27032—943.4
2%+40.83823+0.156622+0.002916
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The last row of )Ny is zero, which means the disturbance effect on the output 3 of residual
is removed. The poles of QN are 0, —0.0209, —0.2430 and —0.5741, which are inside of the
unit disk and implies the stability.

Since the filter is related to the free parameter o, we compare the filters with different o
( =1, 5, 10 and 50). We have ||QNy|| =~ 1 for all a. It can be seen from Figure 5.2 that
the frequency responses of () Ny at each channels for different o are the same and the output
3 is identical zero. That is, QN4 is independent of . Figure 5.3 shows the three singular
values of QN, for 6 = [0,27]. It can be seen that the disturbance sensitivity is bounded by
1. Figure 5.4 shows the frequency responses of QN at each channels. Figure 5.5 shows the
singular values of QN for § = [0, 27]. It can be seen that increasing o can improve the fault
sensitivity.

QNd: frequency responses at different o
From: In(1) From: In(2)

-2 — o=1
— oa=5
= -3f | — =10
3 — =50
8 -4

Magnitude (dB)
To: Out(2)

107 107 10° 1072 107" 10°

Frequency (rad/sec)

Figure 5.2: Frequency Responses of QN, at Different o (Example 4)
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3 QN,;: Singular values at different o
x10

— a=1

— o=5

— a=10

e 0=50

0.5

Singular Values (dB)
1)
L

-0.5

-15 : -
107 10° 10
Frequency (rad/sec)

Figure 5.3: Singular Values of QNy over 0 at Different o (Example 4)

Example 5: Consider the dynamic system:

z2+0.7  240.8
A| By By _ 210.5 zio.5 _ 1 1 1
C| D, D 0 0
0 0 0
Define
Lm - [ ll lg i|

By solving the following Riccati system

0.04 — 0.75Y,, 0.5Y, +02 0
[1z1h} 05Y, +02 1+Y, 0]=0
0 0 0

we obtain the solution:
Y =0,1; = =021 arbitary.

We have
07 || 02 b |
QR = ol v 0
0 0 «
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QNf: frequency responses at different o

70 T
69.5
— a=1
= 69 — a=5
=] — a=10
Qo_ 685 — as0
[ 68
67.5
67
83
825
o
g 82
o=
338 8151
£5
- 8l
=
805
80
120
110
& 100
3 90k
2
= 8o
70
60 Il Il
107 107" 10°

Frequency (rad/sec)

Figure 5.4: Frequency Response of QN at Different o (Example 4)

z+0.8
QNa=| |, QN = | O
0 0

Obviously, we have ker {Ngf} = %} which implies that all faults in %, have bounded

sensitivities. Actually, we have ||QN¢||- = v Hjig:?“_ = 0.6667 which can be achieved at

frequency w = .

Example 6: Consider the following dynamic system with G,, = 0

z2+0.7 240.8
[ Ga G } _ | =05 =05
0 1
—0.5 ‘ 0.2 0.3
= 1 1 1 .
0 0 1
Define
Lm = |: ll l2 i|
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105

— =1

— =5
100 - w—0=10 . 4

e 0=50

95~ N

90 -

80 L L L L L PR | L L L L L PR |
1072 107" 10°

K S

Figure 5.5: Singular Values of QN over 6 at Different o (Example 4)

By solving the following Riccati system

0.04 — 0.75Y,, 0.5Y, +0.2 0
1Lk 0sY,402  14¥, 0| =0
0 0 0

we obtain the solution:

Y,, = 0,1, = —0.2, 15 arbitary.

We have
—0.7 [ 02 1 }
Q= v v 0
0 0 «o
2+0.8+12
Y T yor
QNg = , QNy= T
0 o

Obviously, ker {Ngf} = {0}, which means that any fault in %} cannot have bounded

sensitivity. When « is big enough, we have

N:||_ =
lONgl- = |t
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Assume v = 1. Figure 5.6 shows the singular values of QN for all § € [0, 27| at different 5.
Figure 5.7 shows ||QNy||— at different 5. It can be seen that [, can be used to improve the

fault sensitivity ||QNy||- and the worst fault sensitivity can be arbitrarily assigned.

15

~20 1 1
! . 1
107 107" 10° 10

Figure 5.6: Singular Values of ||QN||— vs 6 at Different l; (Example 6)

Example 7: Consider the following dynamic system with G,, = 0

2+40.7  2+40.8

[Gd G, } _ z+10,5 z+(§l.5

= 1 1 1
0 1 0
Define
Lm - [ ll lg i|

By solving the following Riccati system

0.04 —0.75Y,, 0.5Y,,+0.2 0.2
0.2 1 1
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H vs I2

\|QN_f\|_- (:dB)

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

Figure 5.7: ||QNy||- at Different I, (Example 6)

we obtain the solution:

Ym:Oandl1+lz—|—0.2:0.

We have
—05+1 [11 12}
Q= —1y —VZy -2y
—La —%ioz La

System is stable when | — 0.5 + [4| < 1, that is, —0.5 < {; < 1.5.

240.8

1
- —37 05—
QNg = 0 | QNy = 2 oSl

—ﬁa 240.8
2 2+0.5-1

Thus, we have |QNd|| = 7 and ker {]\72]0} = {f o =08 f O} = {0}, which means every

z2+0.5—11

fault could have arbitrary sensitivity. Actually, for any fault f € .5 and f # 0, the residual

energy at the second output could be arbitrarily large due to free parameter o. Thus the

fault sensitivity in terms of ||QNy||o and ||QNy||2 could be arbitrarily large.

As for [|QNy||—, it is related to the free parameter /1. Given that « is zero and v = 2, we

z40.8

osn || = 1 which is achieved when [; = —0.3.

have [|QN||— = 1y
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Figure 5.8 shows the singular values of QN; for all § € [0,27] at different ;. Figure
5.9 shows [|QNy||— at different l;. It can be seen that l; can be used to increase the fault

sensitivity ||QNy||—, but the maximum of the worst fault sensitivity is bounded.

40

30— 1

20—

-20 | | |
10° 107 107 10° 10’

Figure 5.8: Singular Values of QN over 6 at Different {; (Example 7)

Example 8:
z+0.7 2+40.8 2+0.6
[Gd G, } _ | =05 | 2405 2405
0 1 1
05| 02 [o3 01]
= 1 1 11
0 0 11
Define
Lm = [ ll lg :| .

By solving the following Riccati system

0.04 — 0.75Y,, 0.5Y, +0.2 0
1L k|| 0sY, 402 14¥, 0 |=0
0 0 0
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Hivsl1

6| i

_8l i

\|[QN_f\|_- (:dB)

Figure 5.9: ||@QN¢||- at Different [; (Example 7)

we obtain the solution:

Y,, = 0,1, = —0.2, 15 arbitary.

We have
0.7 [—Qz @}
Q= ¥ v 0
0 0 «o

2z+0.8+1 z+0.6+1
ON, = v QN; = Y dor Vo
0 « «

It follows that

k@?“{ﬁgf}: ff: fl >f1+f2:07f€$2nf
f2 |
Further,
ker{No;} V2 |l240.2
=—" = (0.0832
QN | y

which is independent of [5.
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From the expression of )Ny, it can be seen that for the fault not in kBT{NQf} (fi+f2 #0),
the fault sensitivity can be arbitrary due to the free parameter a.

Example 9: Consider the following dynamic plant with G, = 0

240.7 | 240.8 240.6

[Gd G, } _ z+10.5 z+10.5 z+10.5

Define

By solving the following Riccati system

0.04 —0.75Y,, 0.5Y,,+0.2 0.2
0.2 1 1

we obtain the solution:

Y,,=0 L +10+02=0.

We have
0541 Wb |
Q= —37 — 2y —¥ly
—“/7504 —ga 7204
System is stable when | — 0.5 4+ [4| < 1, that is, —0.5 <} < 1.5.
-
QNg =
0
[ 1 240.8 1 240.6
QN — _Eﬁyz-‘r(—)i_.f)—ll _§7Z+8i5—l1
d V2,208 V2, =406
| T2 Y050 2 Y0510
Further, we have
~ 1 2+ 0.8
k {N } = i =—
r 2f h z+ 0.6f2
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and

lon et — g

which is independent of [s.
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Chapter 6

Polynomial Matrix Approach to Fault
Detection Filter Design

In contrast to the previous chapter on the state-space model, we shall derive the fault
detection filter directly from transfer matrix. Section 6.1 presents the filter design procedure,

while Section 6.2 gives an example to illustrate the result.
6.1 Design Procedure

From the derivations in the previous chapter, the optimal filter design for linear discrete
time-invariant systems can be formulated as a problem of finding an appropriate () such
that some measure of )Ny is optimized while )Ny is constrained in some sense. In general,
under the optimal condition, we have ||QNy||oc = 7. From matrix theory, QN,; and QN
can be thought as transformations on the N; and Ny respectively, which can be done by
row elementary operations. Therefore, we can try to do row elementary operations for Ny
till we find an appropriate ). Specifically, if we are able to do elementary operations for
[ Ny Ny I ] till Ny becomes diagonal, it is easy to find its inverse. In addition, the
information of the elementary operations is stored into the third block (the previous identity
matrix /). Based on its inverse and the third block, the filter () can be constructed. By

following this idea, we have the following procedure for fault detection filter design.
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1. Find a left coprime factorization for G = [ G, G4 Gy ] as follows
G:M‘lN:M‘l[Nu N, Nf].

2. Define ¢ := 27!, Construct a combined transfer matrix N as follows

N=] Nia) | N | 1, |-
Note: | in [ Ny(q) ‘ Ny(q) ‘ I, ] is used to separate three blocks.

3. Pull out the denominator part for N4(¢q) and then do row elementary operations iter-

atively for N till N becomes the following form

N_’N:[Nd Nf @

where _ -
Ry 0
N, =
0 R,,
0O --- 0

This transformation is possible since rank{Ny} = ng, V0 € [0, 27].

4. Design @ as

Q =9Q(q)
where ~ _
Iy (q) 0 0
U = , ,
0 7T, (q) 0
i 0 0 Od(ny—nd)xnd i

« is a free scalar and 7T; (i = 1,...n4) are the spectral factors of R;. In other words,

T; can be obtained by reflecting the unstable zeros of R; into the unit circle.
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Note that since G4 has no transmission zero on the unit circle, Tl-_1 (i=1,---,r) are

stable.

5. Given some rows of Nif are zero, it is appropriate to revise () as

Q = AQ = AVQ(q)
where
A1 0
A_ f—
0 An,
and
N O =0

1, otherwise.

6. The fault detection filter is

F=Q[M —Nu].

Remark 35 The row elementary operations in Step 8 include three operations: exchanging
rows, adding one row on another row and multiplying a polynomial in terms of operator q

6.2 Example

We give the following example to illustrate our procedure in Section 6.1.

Assume that we have already obtained the following matrix after left coprime factoriza-

tion
z+4 240.8 1 0 4q+1 0.8q+1 1 0
[ N, ‘ N, ‘ 7 ] _ | =05 | =405 _ | 05gt1 | 05¢41
1 0 |0 1 1 0 |0 1

Step 1: By pulling out the common denominators, we have

[N() Vil 1 1 4g+1 |08¢+1]05¢+1 0
@ | N | 1] = 557
! 0.5¢+1 1 05041 0 0  05g+1
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Step 2: Row elementary operations:

1. After the first row x(0.5¢ + 1) and the second row x(4q + 1), we have

1 (4¢ +1)(0.5¢ + 1) | (0.5¢ + 1)(0.8¢ + 1) | (0.5¢ + 1) 0
0.5¢+1 1 (49 +1)(0.5¢ 4 1) 0 0 (4g + 1)(0.5¢ + 1)

2. After row 2 minus row 1, we have

1 |4g+1)(05g+1) | (0.5¢+1)(08¢+1) | (0.5¢+1)? 0
0.5¢ +1 0 —(0.5¢ 4 1)(0.8¢ + 1) | —(0.5¢ + 1)2 (4dq + 1)(0.5¢ + 1)

3. To simplify it, we have

(4g+1)| 08¢+1 0.5¢ + 1 0
0 | —(08¢+1)|—(05¢+1) 4g+1

4. Thus, we can have the following result:

1 0.5q+1
a —(0.5g+1) (4¢+1) —a(0.5¢+1) «a(dg+1)

In addition, we can easily verify

0.5¢+1 4g+1 4g+1 244
ON, — ot 0 0511 _ gy _ | T
—a(0.5¢g+1) a(4g+1) 1 0 0
|QNilloo = v and
0.5g+1 0 0.8¢+1 0.8¢+1 240.8
QN; = q+4 05g+1 | _ +a _ | Y
—a(0.5¢+1) a(d4g+1) 0 —a(0.8¢ + 1) — 08

From the expression QQ N4, it can be seen that « is able to improve the fault sensitivity at
the second output of residual signal, but not the first one. Thus, the fault sensitivity at the
first output is bounded. In addition, we can do more row elementary operations in Step 2,

which can result in different (). Therefore, () is not unique.

126



Chapter 7
Future Work

Robust fault detection filter design is an exciting area for both theoretical research and
practical application. As we saw in the previous chapters, our framework is suitable for
robust fault detection of LTI and LTV cases. In order to sufficiently explore this framework
on fault detection, the following future work could be a significant complement.

First, it is not immediate to extend the result in Chapter 5 to linear continuous time
systems. In Chapter 5 we have obtained the solution for the case in which G; may not
be square or wide and Dy may not have full column rank for linear discrete time invariant
systems. Parallel results may be developed for linear continuous time-invariant systems by
employing similar techniques. However, it may be a little harder to relax the condition

D;=0.
A—ij‘Bd
C \Dd

This condition means there exists no transmission zero on the imaginary axis or the unit

The relaxation of the condition that has full rank may be much harder.
circle for GG4. This condition is not necessary for the practical systems. It is highly possible
that without this condition there may be no rational solution in our framework. In this
situation, there are two issues: one is to explore more general solution set, i.e. nonlinear
filter; the other is to find approximated rational solution, but approximation error should be

evaluated in terms of a bound.
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In addition, further work should be addressed on the complete comparison and relation
with other criteria. Actually, there are some other criteria in robust fault detection with
the same model such as maximizing the ratio of fault sensitivity and disturbance sensitivity
[18]. An obvious drawback of this criterion is that the disturbance sensitivity cannot be
zero, otherwise, the objective function could be infinity. Thus, it cannot handle with the
decoupling problem simultaneously. Therefore, our decoupling and optimization mechanism
could be developed for this criterion.

since the general case contains both decoupling and optimization simultaneously and
it is related to a general Riccati equation (GRE), it is necessary to explore an efficient
algorithm for this equation. The current available methods for GRE can be classified into two
categories: one is the so called deficient subspace method, which is an extension of invariant
space method, but it is too complicated to compute [37]; the other is an optimization-based
method that aims to look for a matrix sequence that converges to the optimal solution, but
its convergence speed is not guaranteed for the general Riccati equation, especially when the
discrete time system’s poles close to the unit circle [28].

One assumption in the fault detection of linear time-varying systems is that Dgy(t) is full
row rank for all time ¢ > 0. However, this restriction could be a little strong for some time
varying systems that rank deficiency happens at only a few ’singular’ points. For instance,

for a system with time-varying term

Dy(t) is of full rank for all time ¢ except t = 1. The relaxation of our assumption to include
the case that Dy(t) is rank deficient at some discrete points makes sense. Mathematically,

the rank deficient set is of countable points.
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Another issue is the extension to sampled-data systems. This work will make much sense
because, as we all know, most modern systems that have computer involved are sampled-
data systems, a kind of hybrid systems that have continuous input and output for the plant,
but have discrete-time input and output for the controller. Actually, there are quite a few
of works on fault detection of sampled-data systems [39]. In [39] Izadi et al. the authors
considered maximizing the ratio of fault sensitivity and disturbance sensitivity in terms of
H5 or H2, norm, while the popular 77 index was not considered. By employing the similar
lifting technique in frequency domain or time domain, it may be possible to extend our
framework to sampled-data systems.

Our framework could be extended to infinite-dimensional systems as well. Infinite-
dimensional systems are systems in which system coefficients may be represented by op-
erators in Hilbert space, but not finite dimensional matrices. The extension of the result
to infinite-dimensional systems could be rather hard and the Riccati equation involved in
our fault detection framework could be an operator Riccati equation for infinite-dimensional
systems.

Optimal robust fault detection with model uncertainties could be a challenging work. In
this case, the plant in the framework is not exactly known, i.e., it may be represented by a
nominal plant G and model error Ga. The optimal fault detection filter design will be much
difficult since the residual generator should attenuate the negative effect of the uncertain
model error G on the residual signal.

Nonlinear robust fault detection is another challenging work. One way is to look for
a broader solution set, i.e. nonlinear filter. The other is to linearize the nonlinear plant

to obtain a time varying (possibly time invariant) nominal model with plant error. This
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linearization method turns out to be the robust fault detection problem with model uncer-

tainty.
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Chapter 8

Conclusion

Several multi-objective fault detection problems such as /3, 75/ and . | 7o
have been given for linear continuous time-varying systems (LCTVS) in time domain for
finite horizon and infinite horizon case, respectively. It has been proven that the optimal
solution is an observer determined by solving a standard differential Riccati equation. The
solution has also been extended to the case when the initial state for the system is unknown.
An example has also been given to illustrate the results.

The parallel problems have also been solved for linear discrete time-varying systems in
time domain. The solution is also an observer whose gain is determined by solving a standard
recursive difference Riccati equation (DDRE). The solution is also extended to the case when
the initial state for the system is unknown. An example has also been given to illustrate the
results.

We have also extended the framework to the more general case in which G4 may be a tall
or square transfer matrix, and Dy may not have full column rank for linear discrete time-
invariant systems (LDTIS). In this situation, the common 7/ 7, /.7 and 6, | 72
frameworks are not applicable. Based on several novel definitions of norms over a certain
subspace, we have proposed some new frameworks for both decoupling and optimization and

the solution has been given in state space form. Here, the solution is related to a generalized
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Riccati equation (GRE). To be more specific, with this filter, some faults in certain subspace
can be completely decoupled from the residual signal, while the others are optimized in
terms of fault sensitivity. Furthermore, disturbance rejection based on the solution has been
discussed. In addition, we have provided a procedure for computing the fault detection filter
in transfer matrix form. Several examples have been given to illustrate the results.

Finally, some further explorations based on this framework have been also discussed.
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